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Combined gradient-corrected density functional theory and molecular mechanics (QM/
MM) has been used to investigate the copolymerization of ethylene with the CH,=CHX
o-olefins, where X = —H, —Me, —CN, —COOMe, —OC(O)—Me, —Cl. The cationic NAN—
Pd(II) diimine complex and its modified neutral and anionic derivatives have been used as
catalysts, where NAN = —NR"CR2CR3NR"'—, R" = aryl group, and R?, R® = BH;3~, H. The
consecutive insertion steps of CH,=CHX into the Pd—CHj3; bond and of ethylene into the
Pd—-C(X)HCH:;CHj; bond have been investigated. Focus has been put on the role of the X
functional groups and the effect of the cationic, neutral, and anionic environments on the
Pd(IT)—diimine system. Calculations have been performed on the CHy;=CHX monomers,
model catalysts, precursor z-complexes, and o-complexes of the monomers, as well as the
chelate and H-agostic insertion products. The transition state of the insertion reaction and
the corresponding activation energy was determined for both investigated insertion steps.
The results show that the X group has only a minor effect on the insertion of the CH,=CHX
monomers into the Pd—CHj; bond. On the other hand, the barrier for insertion of ethylene
into the Pd—CHXR bond revealed an increase with the electron-withdrawing ability of X.
We predict that the application of neutral and anionic catalysts leads to a preference for
sm-complexation over o-complexation of the polar monomers. Unfortunately, for an anionic
model system the barriers for the first and second insertion are significantly increased for
ethylene, whereas the first insertion barrier for the polar monomers only is moderately
increased. Thus, while anionic catalysts are highly tolerant toward polar monomers, they
are nearly inactive toward ethylene insertion.
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Introduction

Copolymerization of ethylene with polar comonomers
(CHy=CHX) by late transition metals! is a very active
research area. Coordination copolymerization of ethyl-
ene with vinyl ketones and acrylate?? has been explored
using the Pd(II)- and Ni(II)-based cationic diimine
catalysts introduced by Brookhart!* and co-workers. On
the other hand, insertion copolymerization of ethylene
with vinyl chloride has never been convincingly dem-
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onstrated, due to difficulties recently analyzed by
Jordan and co-workers.5 Acrylonitrile—ethylene copo-
lymerization is one of the biggest challenges of recent
polymer chemistry. Another family of catalysts that
tolerate functional groups are the Ni(II) salicylaldimi-
nato complexes by Grubbs and co-workers.62> Recently,
by the additions of Al or B(C¢F'5)3 to oxo-group-contain-
ing Ni(II) complexes, novel activations have been intro-

(5) (a) Foley, S. R.; Stockland, R. A., Jr.; Shen, H.; Jordan, R. F. J.
Am. Chem. Soc. 2003, 125, 4350. (b) For early-transition-metal-
catalyzed reactions, see: Stockland, R. A., Jr.; Foley, S. R.; Jordan, R.
F. J. Am. Chem. Soc. 2003, 125, 796.

(6) (a) Younkin, T. R.; Connor, E. F.; Henderson J. 1.; Friedrich, S.
K.; Grubbs, R. H.; Bansleben, D. A. Science 2000, 287, 460. (b) Wang,
C.; Friedrich, S.; Younkin, T. R.; Li, R. T.; Grubbs, R. H.; Bansleben,
D. A.; Day, M. W. Organometallics 1998, 17, 3149. (¢c) Komon, Z. J. A.;
Bu, X.; Bazan, G. C. J. Am. Chem. Soc. 2000, 122, 1830. (d) Lee, B. Y.;
Bu, X.; Bazan, G. C. Organometallics 2001, 20, 5425. (e) Lee, B. Y.;
Bazan, G. C.; Vela, J.; Komon, Z. J. A.; Bu, X. J. Am. Chem. Soc. 2001,
123,5352. (f) Kim, Y. H.; Kim, T. H.; Lee, B. Y.; Woodmansee, D.; Bu,
X.; Bazan, G. C. Organometallics 2002, 21, 3082. (g) Shim, C. B.; Kim,
Y. H,; Lee, B. Y; Dong, Y.; Yun, H. Organometallics 2003, 22, 4272.
(h) Lu, C. C.; Peters, J. C. J. Am. Chem. Soc. 2002, 19, 5273. (i)
Stradiotto, M.; Cipot, J.; McDonald, R. J. Am. Chem. Soc. 2003, 125,
5618.

10.1021/0m049485g CCC: $27.50 © 2004 American Chemical Society
Publication on Web 10/06/2004



Downloaded by NAT LIB UKRAINE on July 8, 2009
Published on October 6, 2004 on http://pubs.acs.org | doi: 10.1021/0m049485g

5566 Organometallics, Vol. 23, No. 23, 2004

Szabo et al.

Scheme 1. Elementary Reaction Steps in Copolymerization of Ethylene with CH,=CHX Comonomers
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M= late transition metal, in present study Pd(II)

duced by Bazan and co-workers.%¢7¢ Other zwitterionic
complexes®t are also active for dimerization, oligomer-
ization, and polymerization of ethylene and other ole-
fins.

Anionic complexes of late transition metals have also
been considered as polymerization catalysts. The greater
functional group tolerance of late-transition-metal com-
plexes’ relative to early metals makes them the likely
targets for the development of catalysts for the co-
polymerization of ethylene with polar comonomers
under mild conditions.8?

The mechanism of copolymerization involves a com-
petition between olefin and the polar monomer (see
Scheme 1). The incorporation of the polar and nonpolar
monomers into a polymer chain by coordination polym-
erization is likely to be possible if the polar monomer
insertion follows the same Cossee—Arlman mechanism!?
as the nonpolar monomer (Scheme 1). Thus, before
insertion, the polar monomer must be bound*8!1 to the
metal center by its C=C bond (B) rather than by its
polar functionality (C) (Scheme 1). There are two major
alternative insertion routes for CHy=CHX olefins, where
X is a functional group. The insertion step can follow a
1,2- and a 2,1-pathway in which the nonsubstituted or
the substituted carbon atom forms the bond with the
metal atom, respectively (see Scheme 1). In most of the
cases the 2,1-insertion has a lower barrier than the 1,2-
insertion.13ef This preference has been rationalized by
Michalak et al.13¢
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Cooligomers; Sen, A., Ed.; Kluwer: Dordrecht, The Netherlands, 2003;
pp 265—307.
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The insertion of ethene or propene gives rise to the
agostic complexes E and G of Scheme 1. These products
can insert another monomer, or they can isomerize into
other agostic complexes. In contrast, the insertion
mechanism of polar monomers is more complicated
because of the formation of chelate structures (D and
F). In a chelate structure, the polar group sitting on the
alkyl chain in o-, 8-, y-positions etc. can bind to the
metal atom, thus forming a chelate ring structure.
Further, smaller chelate rings can isomerize to higher
member chelate structures. The incorporation of the
next monomer unit requires an opening of the chelates
for the catalytic cycle to repeat itself. Thus, an under-
standing of the copolymerization processes requires
knowledge of the relative stabilities of all the reaction
intermediates as well as the energy barriers for all the
elementary steps.

We shall in the following consider copolymerization
between ethylene and the CHy=CHX monomers pro-
pene (2b), acrylonitrile (2¢), methyl acrylate (2d), vinyl
acetate (2e), and vinyl chloride (2f), with the X groups
given by —Me, —CN, —COOMe, —OC(O)Me, and —CI,
respectively (Chart 1). The process will be catalyzed by
the cationic Pd—diimine Brookhart complex 1 with
bulky aryl substituents on the N-heteroatoms (see Chart
D.

It is a prerequisite for a good polar copolymerization
catalyst that the w-complexation (1 — 4) be equal in
strength to the o-binding (1 — 3) (Scheme 2), so that
the catalyst is not poisoned. Recent experimentall? and
computational'31* works have revealed that cationic
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(14) (a) von Schenck, H.; Stromberg, S.; Zetterberg, K.; Ludwig, M.;
Akermark, B.; Svensson, M. Organometallics 2001, 20, 2813. (b)
Philipp, D. M.; Muller, R. P.; Goddard, W. A., III; Storer, J.; McAdon,
M.; Mullins, M. J. Am. Chem. Soc. 2002, 124, 10198.



Downloaded by NAT LIB UKRAINE on July 8, 2009
Published on October 6, 2004 on http://pubs.acs.org | doi: 10.1021/0m049485g

Copolymerization by a Pd—Diimine-Based Catalyst

Chart 1. Scope of the Investigated Monomers and
the Pd(II) Diimine Complex
Catalysts
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Pd(II) and Ni(II) diimine complexes in many cases
exhibit a preference for o-complexation. Fortunately,
computational work has also demonstrated that the
application of a neutral or anionic environment can
promote the 7-coordination mode over the o-mode.132.¢15
Therefore, we have also investigated the modification
of the cationic Brookhart complex by replacing one or
more hydrogen atoms by anionic BH3™ substituents on
the backbone of the Pd—diimine ring (Chart 1). Thus,
the first objective has been to gauge the relation
between catalyst charge and catalyst poisoning.

The second objective has been to examine how the X
group influences the activation barrier for the insertion
of the CHy=CHX monomer into the M—CHs bond
(Scheme 2). This examination will again be carried out
for the cationic Pd(II) Brookhart complex, as well as its
neutral and anionic derivatives, in order to gauge the
influence of the catalyst charge.

It is generally believed that a polar substituent at the
o-position of the growing polymer chain might inhibit
the second insertion because (i) the polar groups are able
to form a very stable chelate 6 with the metal atom, (ii)
polar groups can bind to the metal atom of the neigh-
boring molecule, forming oligomers, or (iii) they can act
with their electronic or steric influence, which might
inhibit the next monomer insertion. Therefore, as the
third objective of our study, we have investigated the
next step of the polymerization when a prior polar
comonomer insertion is followed by the ethylene inser-
tion 8 — 9 (Scheme 3), with the polar group X in the
o-position. Again special emphasis will be given to the
influence of the catalyst charge. The situation in which
the growing chain isomerizes 8214 to a chelate with the
polar group X in a f3-, y-, or d-position prior to insertion
will be considered elsewhere.%

(15) (a) Groux, L. F.; Piers, W. E. Manuscript in preparation. (b)
Yang, S.; Ziegler, T. Manuscript in preparation.
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Scheme 3. Ethylene Insertion into a
Pd—-CHXCH:R' Bond
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Computational Details

Molecular geometries have been optimized at the level of
gradient-corrected density functional theory using the Becke—
Perdew exchange-correlation functional.'®~18 The calculations
have been carried out with the Amsterdam Density Functional
(ADF 2000) program package developed by Baerends et al.1920
and vectorized by Ravenek.2’?? The numerical integration
scheme applied for the calculations was developed by te Velde
et al.?? The geometry optimization procedure was based on the
method of Versluis and Ziegler.?* For the palladium atom the
standard triple-¢ STO basis set, from the ADF database IV,
was employed with 1s—3d electrons treated as a frozen core.
For the nonmetal elements a standard double-¢ basis set with
one set of polarization functions (ADF database III) was
applied, with frozen cores including 1s electrons for B, C, N,
and O and 1s2s2p for C1.2526 Auxiliary?’ s, p, d, f, and g STO
functions centered on all nuclei were used to fit the Coulomb
and exchange potentials during the SCF process. The reported
relative energies include scalar relativistic corrections,?8~30
since it was shown that such an approach is sufficient for the
systems containing the 4d transition metals.?! All structures
shown correspond to minimum points on the potential surface,
except those prefixed by TS, which represent transition states.
Transition states were fully optimized using the algorithm of
Banerjee et al.,??3 starting from the structures obtained by
linear transit calculations. No symmetry constraints were
used.

The combined DFT and molecular mechanics calculations
were performed using the quantum mechanics/molecular

(16) Becke, A. Phys. Rev. A 1988, 38, 3098.

(17) Perdew, J. P. Phys. Rev. B 1986, 34, 7406.

(18) Perdew, J. P. Phys. Rev. B 1986, 33, 8822.

(19) Baerends, E. J. Ph.D. Thesis, Free University, Amsterdam, The
Netherlands, 1973.

(20) Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2, 41.
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Parallel Computers; te Riele, H. J. J., Dekker, T. J., van de Horst, H.
A., Eds.; Elsevier: Amsterdam, The Netherlands, 1987.

(22) Boerrigter, P. M.; te Velde, G.; Baerends, E. J. Int. J. Quantum
Chem. 1988, 33, 87.

(23) te Velde, G.; Baerends, E. J. J. Comput. Chem. 1992, 99, 84.

(24) Versluis, L.; Ziegler, T. J. Chem. Phys. 1988, 88, 322.

(25) Snijders, J. G.; Baerends, E. J.; Vernoijs, P. At. Nucl. Data
Tables 1982, 26, 483.

(26) Vernoijs, P.; Snijders, J. G.; Baerends, E. J. Slater Type Basis
Functions for the Whole Periodic System; Internal Report (in Dutch);
Department of Theoretical Chemistry, Free University: Amsterdam,
The Netherlands, 1981.

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

(28) Ziegler, T.; Tschinke, V.; Baerends, E. J.; Snijders, J. G.;
Ravenek, W. J. Phys. Chem. 1989, 93, 3050.

(29) Snijders, J. G.; Baerends, E. J. Mol. Phys. 1978, 36, 1789.

(30) Snijders, J. G.; Baerends, E. J.; Ros, P. Mol. Phys. 1979, 38,
1909.

(31) Deng, L.; Ziegler, T.; Woo, T. K.; Margl, P.; Fan, T. Organo-
metallics 1998, 17, 3240.
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mechanics (QM/MM) implementation in the ADF program.3*
An augmented Sybyl molecular mechanics force field was
utilized to describe the molecular mechanics potential, which
includes van der Waals parameters from the UFF force field3¢
for palladium and boron. In the combined QM/MM calcula-
tions, the QM part consisted of the generic complex, in which
the 2,6-diisopropylphenyl substituents on the nitrogen atoms
were replaced by hydrogen atoms. The actual bulky aryl
groups attached to the nitrogens were treated by the pure MM
method. QM(DFT) and MM parts are coupled self-consistently
according to the method prescribed by Maseras and Moro-
kuma?® and implemented into the ADF program by Woo et
al.®™ 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 N—C(aryl) distances were
constrained to be 0.33 A longer than the optimized N—H(ge-
neric) distance. Electrostatic interactions were not included
in the molecular mechanics potential. A similar approach has
been applied successfully in previous studies of the Brookhart
diimine systems.382~d The density functional theory methodol-
ogy we use has become a reliable tool for understanding the
chemistry of group 10 transition-metal complexes and for their
polymerization catalysts.383°

We should finally note that the energetics discussed below
are missing zero-point vibrational energy and entropy correc-
tions, since it was impractical to perform a vibrational analysis
on systems of the size considered here. Also, at this stage of
our work, we did not carry out investigation of the solvent and
counterion effects. From our experience with the Brookhart
catalyst, counterion effects are not important for the late
transition metals.3%2-4 Also, we do not expect solvation effects
to be important as long as no charge separation is involved.38h

Results and Discussion

o- vs 1-Complexation. The calculated complexation
energies for the various comonomers (2a—f) in the
o-mode (3c—f) or the -conformation (4a—f) (Scheme 2)
are given in Table 1. All binding energies are with
respect to the separated cationic (1(i)), neutral (1(ii,c)),
or anionic (1(iii)) [Pd]—Me complexes and the mono-
mers (2a—f). The results for the cationic complexes
presented in this paper compared well (to within a few
kcal mol~1) with estimates from previous calculations
by Goddard et al.,’** Svensson et al.,!*¢ and Ziegler et
al.13

(34) Woo, T. K.; Cavallo, L.; Ziegler, T. Theor. Chem. Acc. 1998, 100,
7

307.

(35) Clark, M.; Cramer, R. D., III; van Opdenbosch, N. J. Comput.
Chem. 1989, 10, 982.

(36) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.,
III; Skiff, W. M. J. Am. Chem. Soc. 1992, 114, 10024.

(37) (a) Maseras, F.; Morokuma, K. JJ. Comput. Chem. 1995, 16,
1170. (b) Woo, T. K.; Cavallo, L; Ziegler, T. Theor. Chem. Acc. 1998,
100, 307. (c) Ziegler, T.; Rauk, A. Theor. Chim. Acta 1978, 46, 1. (d)
Ziegler, T. NATO-ASI Ser. 1992, C378, 367—391.
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J. Am. Chem. Soc. 1997, 119, 6177. (b) Deng, L.; Ziegler, T.; Woo, T.
K.; Margl, P.; Fan, L. Organometallics 1998, 17, 3240. (c) Deng, L.;
Margl, P.; Ziegler, T. J. Am. Chem. Soc. 1999, 121, 6479. (d) Chan, M.
S. W.; Deng, L.; Ziegler, T. Organometallics 2000, 19, 2741. (e) Woo,
T. K.; Ziegler, T. JJ. Organomet. Chem. 1999, 591, 204. (f) Deng, L.;
Margl, P.; Ziegler, T. J. Am. Chem. Soc. 1997, 119, 1094. (g) Woo, T.
K.; Blochl, P. E.; Ziegler, T. JJ. Phys. Chem. A 2000, 104, 121. (h)
Michalak, A.; Ziegler, T. Organometallics 2003, 22, 2069.

(39) (a) Dedieu, A. Chem. Rev. 2000, 100, 543. (b) Musaev, D. G.;
Froese, R. D. J.; Morokuma, K. J. Am. Chem. Soc. 1997, 119, 367. (c)
Musaev, D. G.; Svensson, M.; Morokuma, K.; Stromberg, S.; Zetterberg,
K.; Siegbahn, P. Organometallics 1997, 16, 1933. (d) Musaev, D. G,;
Froese, R. D. J.; Morokuma, K. New J. Chem. 1997, 22, 1265. (e)
Froese, R. D. J.; Musaev, D. G.; Morokuma, K. J. Am. Chem. Soc. 1998,
120, 1581. (f) Musaev, D. G.; Froese, R. D. J.; Morokuma, K. Organo-
metallics 1998, 17, 1850. (g) Musaev, D. G.; Morokuma, K. Top. Catal.
1999, 7, 107. (h) Vyboishchikov, S. F.; Musaev, D. G.; Froese, R. D. J.;
Morokuma, K. Organometallics 2001, 20, 309. (i) Froese, R. D. J.;
Musaev, D. G.; Morokuma, K. Organometallics 1999, 18, 373.
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Table 1. Relative Energies (AE, keal mol!) and
Insertion Barriers (AE?) of the Studied Complexes
for Ethylene (2a) and Comonomers (2b—f)

AE(n)
monomer
CHX=CH; catalyst
o-compl® sz-compl®

X group 2a—f charge 4 TS 5¢ AE*(5)®
-H 2a cationic 1(i) —-40.2 —239 16.3
-H 2a neutral® 1(ii) -33.8 —-12.2 21.6
-H 2a anionic 1(iii) -30.7 —-6.3 244
—Me 2b cationic 1(i) —44.8 —25.9 189
—CN 2¢ cationic 1(i) —47.5 —-344 -18.1 16.3
—CN 2¢ neutral® 1) —34.2 —34.2 -13.8 205
—CN 2c¢ anionic 1(@iii) —29.6 -36.8 —17.5 19.3

—COOMe 2d cationic 1(i) —40.8 —-41.2 -26.0 15.1
—COOMe 2d anionic 1(@iii) -—19.7 -33.5 —15.6 17.9
—0C(O)Me 2e cationic 1(i) —38.6 —434 —249 186
—Cl 2f cationic 1(i) —26.9 —-38.5 —21.2 173
—Cl1 2f anionic 1(ii) -12.5 -31.3 —-10.1 21.2

@ Relative energies AE(n) (kcal mol™!) of the compounds (n =
3—5) are with respect to the separated [Pd]—Me complex and the
monomer. ® AE*(5) = AE(5) — AE(4). ¢ The energy of the thermo-
dynamically most stable isomer is shown.

Among the polar monomers acrylonitrile is an ex-
treme case. For the cationic Pd-based Brookhart catalyst
1(3), acrylonitrile 2¢ forms the most stable o-complex
among the polar monomers with a relative energy
relative to 1 and 2 of AE(8) = —47.5 kcal mol ! (Table
1). For the CN group the typical binding mode is the
end-on mode over the side-on coordination mode. ** The
oxygen-containing methyl acrylate (2d) and vinyl ac-
etate (2e) are next, with binding energies of —40.8 and
—38.6 kcal mol~1, respectively. The oxygen-containing
(2d,e) polar groups form O-complex binding with their
lone pair. Other binding modes are thermodynamically
less stable.13:14b The vinyl chloride 2f forms the weakest
bond, with an energy of —26.9 kcal mol~!. The hetero-
atom on the X group carries a negative charge that is
attractive to the positive metal charge and follows the
order N > O > CI. This order accounts for the stability
of the o-complex.

We note in turning to the 7-complexation that trends
in the binding energies AE(4) here can be rationalized
in terms of the s/m*-frontier orbitals!14 of the mono-
mers 2a—f (Figure 1). A monomer with an electron-
donating X group, e.g. a methyl group, has a destabi-
lizing effect on the frontier orbitals; therefore, propene
is a better donor and poorer acceptor than ethylene. A
monomer with a strongly electron withdrawing sub-
stituent, e.g. the CN group, has a stabilizing effect on
the frontier orbitals; therefore, acrylonitrile (2¢) is a
poorer electron donor and better acceptor than ethylene
(2a). For the oxygen-containing polar monomers and
vinyl chloride the relative energies of the 7-donor and
s¥-acceptor orbitals are between those of propylene and
acrylonitrile. It follows from Table 1 that 7-complexation
is more favorable that o-coordination for all monomers,
except acrylonitrile (2¢), bound to the cationic complex
1(i). Further, the dominating bonding mode for s7-com-
plexation to the cationic complex 1(i) must be 7-dona-
tion to the metal. It is thus not surprising that z-com-
plexation is strongest for propylene and weakest for
acrylonitrile, with the oxygen-containing polar mono-
mers and vinyl chloride in between.

We shall next gauge the influence of the overall
catalyst charge on the relative stability of z- and
o-complexation by substituting one or two hydrogen
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Figure 1. Frontier orbitals of the monomers studied.

Table 2. Relative Energies (AE, kcal mol!) of the Species, Complexation Energies, and Insertion Barriers
(AE?*) of Ethylene Insertion after a Prior 2,1-Insertion of Comonomers

[Pd]-CXR B-H agostic complex 7 AE(n)

X group charge chelate® 6 s-compd® 8 TS 9 7-compd? AE'(8) TSe AE¥(9)
—Me b cationic (i) -16.3 2.4 -16.3 18.7
-CN c cationic 1) —5.4 —24.7 -1.0 —-19.3 23.7
—CN c neutral’ (ii) —-3.4 —-23.1 4.0 —-19.7 27.1
—-CN c anionic (iii) -1.9 —-21.9 10.5 —20.0 32.4
—COOMe d cationic (63} -6.9 -194 1.8 -12.5 21.2
—0C(0O)Me e cationic (63) —15.6 —24.6 0.0 -9.0 24.6
—Cl f cationic @) —5.6 —25.3 0.2 —=19.7 25.6

@ Energy of chelate complex 6 relative to -agostic complex 7 of Scheme 3. ® Energy of 7z-complex 8 relative to free ethylene and S-agostic
alkyl complex 7. ¢ Energy of transition state 9 relative to 3-agostic complex 7 and free ethylene. ¢ Energy of 7r-complex 8 relative to free
ethylene and chelate complex 6. ¢ Energy of transition state 9 relative to AE(8). / The energy of the thermodynamically most stable isomer

is shown.

atoms on the backbone of the cationic Pd Brookhart
complex (see Chart 1) with BH3™ ligands to generate
the cis and trans neutral (1(ii,e) and 1(ii,t)) and anionic
(1(iii)) model catalysts, respectively. The cis neutral
alkyl complex 1(ii,c) is more stable than the trans
neutral complex 1(ii,t) by 1.7 kcal mol~1. Therefore, in
Tables 1 and 2, only the relative energies of the
thermodynamically more stable isomers are shown, with
respect to the separated monomer and the cis neutral
alkyl complex. Considering first acrylonitrile with the
strongest o-complexation in the cationic case (—47.5 kcal
mol~1), we note that the o-bond strength has declined
to —34.2 kcal mol~! (1(ii)) for the neutral system and
—29.6 kcal mol~1 (1(iii)) for the anionic complex (Table
1). The trend is easily rationalized when we note that
the interaction between the negative nitrogen on acry-
lonitrile and the metal complex 1 is weakened as the
charge on 1 goes from positive to negative (Table 1). The
same destabilization is seen for X = —COOMe, —Cl
when we go from the cationic to the anionic complex
(Table 1).

The influence of the overall catalyst charge on the
m-complexation can be studied by comparing 7-bonding
energies for acrylonitrile and ethylene. The strength of
the 7-bond is seen to decrease as we go from the cationic
to the anionic system for ethylene (Table 1). This is
understandable, since the predominating bonding mode
is switching from s-donation to z*-back-donation and
ethylene is a better donor than acceptor. On the other
hand, acrylonitrile with the electron-withdrawing group
is a better acceptor, for which the s-bond strength
increases from positive to negative catalyst charge
(Table 1). For methyl acrylate (2d) and vinyl chloride
(2f) we see a decrease in the z-bond strength as in the

case of ethylene. However, the decrease is smaller due
to the (moderately) electron-withdrawing substituents
—COOMe and —Cl. It follows from our study that the
relative strength of o- and w-complexation is strongly
influenced by the catalyst charge. Thus, in going from
a cationic to a neutral or anionic system, one is able to
switch from o- to m-complexation as the preferred
bonding mode and thus avoid any poisoning of the
catalyst.

Insertion of the CH,=CHX Monomer into the
Pd—CHj; Bond. The calculated energies AE(5) of the
transition states 5 relative to the monomer 2 and the
methyl complex 1 are given in Table 1 along with the
2,1-insertion barriers AE*(5) = AE(5) — AE(4). It follows
from Table 1 that the relative energies AE(5) of the
cationic transition states 5(i) are correlating with the
relative energy of the corresponding w-complexes, AE(4).
Thus, the lower the relative energy of the z-complex
AE(4) for one particular monomer, the lower the relative
energy of the transition state, AE(5). Therefore, the
calculated internal barriers of the 2,1-insertion step AE*-
(5) = AE(5) — AE(4) are within the range from 15.1 to
18.9 kcal mol~! and exhibit only a minor influence from
the X group (a—f).

It is well-known that the geometric structures of the
m-complexes and transition states are substantially
different (Scheme 1). In the z-complex the orientation
of the monomer C=C bond is perpendicular to the plane
of the Pd—diimine ring (Scheme 1). Moreover, in an
insertion step, the inserting olefin must turn into the
plane of the Pd—diimine ring (Scheme 1). With this
motion the attacking olefin also elongates the [Pd]—Me
bond, but of course it is not completely broken in the
transition state.
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Figure 2. Schematic representation of the donor—acceptor
interaction in the transition state of the ethylene insertion.

The key interactions between the (distorted) metal
fragment and the (distorted) monomer in the transition
state involves two electron pairs, the first of which
participates in a ligand to metal donation and the other
in a metal to ligand back-donation just as in the
m-complexation (Figure 2). The donation is a charge
transfer from the occupied s-orbital of the olefin (polar-
ized toward the substituted carbon) to an unoccupied
orbital of the metal fragments. The unoccupied orbital
has mainly metal d character. On the other hand, the
back-donation is a charge transfer from the metal
fragment orbital to the & of olefin (polarized toward
the unsubstituted carbon). The donor orbital (mainly
HOMO) of the metal fragment has a large contribution
from the methyl carbon atom (41% carbon p character),
because of the partially broken Pd—Me bond (Figure 2).
For the cationic metal fragment the donor mode is the
most important. It is not surprising for the cationic
metal fragments where donation is predominant that
good donor monomers (such as ethylene) are able to
stabilize not only the z-complex but also the transition
state 5, whereas poor donors (such as acrylonitrile) give
rise to a much weaker m-complex and a less stable
transition state (Table 1). As a result in the cationic
case, the 2,1-insertion barriers are nearly the same for
all the monomers whether they are poor or good
st-donors.

We apply the Curtin—Hammett reactivity rules to
calculate the insertion barriers of the neutral systems.13"
Moreover, all neutral data are located between the
cationic and anionic values. Therefore we carried out
studies only for the X = H and X = CN cases with the
neutral catalyst. Changing now the catalyst charge from
cationic to neutral and anionic, we note for ethylene a
destabilization of the transition state 5, as one would
expect for a poor acceptor monomer such as ethylene.
The destabilization is larger than for the z-complex,
with the result that the insertion barrier increases
substantially. For the good electron acceptor acryloni-
trile we notice that the substantial decrease in the TS
stability observed for ethylene is turned into a marginal
destabilization, due to the good acceptor ability of the
—CN group. As a result the increase in the 2,1-insertion
barrier is modest. For methyl acrylate (2d) and vinyl
chloride (2f), which are intermediate m-acceptors, we
observe an increase in the 2,1-insertion barrier AE*(5)
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that is larger than for ethylene but more modest than
for acrylonitrile. Thus, going from a cationic to a neutral
or anionic Pd—CHj polymerization catalyst is likely to
decrease the rate of insertion of CHy—=CHX into the Pd—
CHj; bond. The decrease is large for good m-donors
(X = —H, —CH3s) and only modest for good m-acceptors
(X = —-CN).

We shall end this section by making a few comments
about the preference for 1,2- vs 2,1-insertion. The
insertion barrier has two contributions. The first is a
deformation of the monomer and the Pd—Me complex
from the geometries in the 7-complex to the structures
in the transition states. The second is the difference in
interaction energy between the two fragments in the T'S
state and the 7-complex. We find the second term to be
nearly (~0.5 kcal mol™1) the same for the two insertion
processes, although one might have expected the
polarization!22.240 of the m*-orbitals toward the substi-
tuted carbon to favor 1,2-insertion. On the other hand,
the deformation term is largest for the 1,2-insertion. The
reason for this is that the carbon forming the new C—C
bond is sp® hybridized and that such a hybridization is
more difficult for a substituted carbon. 13¢

Ethylene Insertion into the Pd—C(X)HCH:CH3;
Bond. We considered in the previous section the 2,1-
insertion of the CHo=CHX monomer into the Pd—CHj;
bond. We shall now discuss the subsequent insertion of
ethylene into the Pd—C(X)HCH2CHjs bond (see Scheme
3).

The cationic complex Pd—C(X)HCH32CH3 can, prior to
ethylene uptake, adopt a conformation where the chain
is bound to the metal either through a -agostic interac-
tion involving a B-hydrogen (7) or through a chelate
interaction involving a heteroatom on the X group (6).
It follows from Table 2 that the chelate conformation
for all the X groups is preferred, since the energy AE(6)
of 6 relative to 7 in all the cases is negative. The most
stable chelate 6(i)-2f is formed by the vinyl acetate with
a relative energy of —15.6 kcal mol™!, with respect to
the -H agostic complex. The stability of the acetate
chelate is very high because of the formation of a five-
membered ring. Other chelate structures were found to
be less stable.!2d:132 After 2,1-insertion, acrylonitrile and
methyl acrylate form four-membered chelate rings with
relative energies of —5.4 and —6.9 kcal mol™!, respec-
tively. However, according to earlier computational
studies®14b these two chelates can isomerize to six- and
eight-membered rings by isomerization (chain walking).
However, in our work we are primarily interested in
how the X group at the a-position influences the
ethylene insertion barrier. We shall as a consequence
postpone a discussion of chain walking to a later
study.!®® The influence of the catalyst charge on the
preference for chelate formation, AE(6), was examined
for acrylonitrile (Table 2). As one could expect, the
preference decreases in going from the cationic to the
anionic complex, as the interaction between the negative
charge on nitrogen and the total charge on the complex
becomes less favorable. We expect a similar trend for
the other X groups.

The trend in the stability AE(8) of the m-complex (8)
relative to ethylene and the -agostic alkyl complex 7
with the —C(X)HCH2CH3 chain is a good measure of

(40) Deubel, D. V. J. Org. Chem. 2001, 66, 3790.
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how the X group influences ethylene complexation
(Table 2). We note for the cationic systems that the two
strongly electron withdrawing substituents X = —CN,
—Cl give rise to the most stable 7-complexes, whereas
the electron-donating substituent X = —CHjs affords the
least stable complex (Table 2). This trend is in line with
the fact that ethylene is a better donor than acceptor,
as discussed previously. One would expect the two
substituents X = —COOMe, —OC(O)Me of intermediate
electron-withdrawing strength to afford s-complexes of
intermediate strength. This is also the case for X =
—COOMe. However, for X = —OC(O)Me the w-complex
acquires some extra strength by forming a Pd—O chelate
bond in the axial position, which makes this 7-complex
equal in strength to those with X = —CN, —CI. The
other X groups do not form chelate bonds in the
m-complex. Changing the metal complex from cationic
to neutral and anionic reduces the stability AE(8) of the
ethylene m-complex, as is shown for acrylonitrile in
Table 2. This is to be expected, since the important
bonding mode changes from donation to back-donation,
and ethylene is a better donor than acceptor. We expect
a similar trend for the other X substituents. In reality
the most stable conformation for the alkyl complex has
a chelate bond (6) rather than a f-agostic interaction
(7). Thus, one should give the stability of the 7-complex
relative to 6, as is done in Table 2 under the heading
AE'(8). Now the regularity observed for AE(8) is to some
degree masked by the fact that the X substituents form
chelate bonds of different strengths.

We shall finally turn to the barrier for ethylene
insertion into the Pd=C(X)HCH2CHj bond. It will again
prove informative initially to consider the cationic
systems with the f-agostic alkyl complex 7 as the
reference state. Table 2 gives under the heading AE(9)
the energy of the transition state 9 relative to 7 and
free ethylene. We note the same trends as for the
ethylene complexes. Thus, 9 is least stable for X = —CHj
and most stable for X = —CN, —Cl, —OC(O)—Me, with
the last group again entering due to an axial chelate
interaction. X = —COOMe is intermediate. However, the
variation in AE(9) for different X groups is much smaller
than for AE(8). We see as a consequence that the barrier
AE#(9) = AE(9) — AE(8) primarily is set by the stability
of the 1-complex. Thus, the three-electron-withdrawing
substituents X = —CN, —Cl give rise to stable ;7-com-
plexes and high barriers, whereas X = —CHj3 is respon-
sible for a weaker 7-complex and a lower barrier. Again,
X = —COOMe is seen to be intermediate, whereas X =
—0OC(O)Me is off with a higher than expected barrier
due to chelate formation. Changing from the cationic
to the neutral and anionic systems for X = —CN
destabilizes both the 7-complex (AE(8)) and the transi-
tion state (AE(9)), again because ethylene is a better
donor than acceptor. However, the transition state is
destabilized more than the z-complex and the barrier
is therefore seen to increase from the cationic to the
anionic system (Table 2). We expect a similar trend for
the other X groups.

It should be pointed out that the most stable confor-
mation for the alkyl complex has a chelate bond (6)
rather than a f-agostic interaction (7). Thus, one should
give the stability of the 7-complex 8 and the transition
state 9 relative to 6, as is done in Table 2 under the
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headings AE'(8) and AE'(9). However, such a change of
reference does not affect the magnitude of the insertion
barrier, since AE¥(9) = AE(9) — AE@8) = AE'(9) —
AE'(8).

Conclusion

We have considered copolymerization between ethyl-
ene and the CHy=CHX monomers propene (2b),
acrylonitrile (2¢), methyl acrylate (2d), vinyl acetate
(2e), and vinyl chloride (2f), with the X groups given
by —Me, —CN, —COOMe, —OC(O)Me and —Cl, respec-
tively (Chart 1), with the cationic Pd—diimine Brookhart
complex (1(i)) and its neutral (1(ii)) and anionic deriva-
tives (1(iii)) as the catalysts.

It is a prerequisite for a good polar copolymerization
catalyst that the m-complexation (1 — 4) at least is
competitive in strength with the o-binding (1 — 3)
(Scheme 2), so that the catalyst is not poisoned. We have
shown that it is possible for all the monomers to turn
the preference from o-binding (1 — 3) in the cationic
system (1(i)) to --complexation (1 — 4) by going to the
neutral or anionic Brookhart catalyst. Thus, direct
poisoning of the catalyst by the polar monomer can
always be prevented by making the catalyst neutral or
negative.

The second part of the study investigated how the X
group influences the activation barrier for the insertion
of the CHy,=CHX monomer into the M—CHs bond
(Scheme 2). For the cationic system, it was shown that
the X group destabilized the z-complex and the insertion
transition state as it became more electron withdrawing
(relative to X = —CHj). However, the destabilization
was quite similar for the two systems, so that the barrier
of insertion remained constant within the narrow range
of 15.1—18.9 kcal mol~1. On the other hand, going to
neutral and negative complexes raised the insertion
barriers. The increase was only modest for the more
electron-withdrawing substituents such as X = —CN but
substantial for X = —H. Thus, for the anionic system
the barrier of insertion for X = —H is 24.4 kcal mol~1,
compared to 19.3 keal mol™! for X = —CN, whereas the
corresponding values were 16.3 and 16.4 kcal mol 1,
respectively, for the cationic systems. It is thus clear
that the change of the catalyst from cationic to anionic
might solve the problem of poisoning only to introduce
a reduced polymerization activity toward the nonpolar
monomer.

We have finally studied the second propagation step
in which ethylene inserts into the Pd—C(X)HCH2CHjs
bond. The barrier for this process was found to increase
with the electron-withdrawing ability of the X substit-
uents as well as the total electron charge on the catalyst.
Thus, the barrier of insertion for X = —H (cationic) is
18.7 kecal mol™1, compared to 23.7 kcal mol~! (cationic)
and 32.4 kcal mol ! (anionic), respectively, for X = —CN.
It is apparent for the second insertion step as well that
the change of the catalyst from cationic to anionic might
solve the problem of poisoning only to introduce a
reduced polymerization activity toward the nonpolar
monomer. Thus, while anionic Pd(II) catalysts are
highly tolerant toward polar monomers, they are nearly
inactive toward ethylene insertion.

It is generally believed®13.14¢ that a polar substituent
at the o-position of the growing polymer chain might
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inhibit the second insertion, because the polar groups
are able to form a very stable chelate with the metal
atom or polar groups can bind to the metal atom of the
neighboring molecule, forming oligomers. Experimental
and theoretical studies based on our idea of using
anionic substituents such as BF3;~ to reduce the poison-
ing of the catalyst by the polar group will appear later.1®
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