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Abstract: Gradient-corrected density functional theory has been used to study the elementary reactions for
the copolymerization of ethylene with methyl acrylate catalyzed by Pd-based diimine catalysts, modeled by
the generic complex NN-Pd{-CsH7)™, with NAN = —NHCHCHNH-—. The steric effects in the real systems

are discussed on the basis of the calculations for the catalyst with N —NArCRCRNAr—, R = CHjs, and

Ar = CgHs(i-Pr) and the previous calculations on ethylene/propylene polymerization. Considerations have
been given to the different possible acrylate complexes, as well as the transition states and the products (agostic
complexes and the alternative chelates) for two acrylate insertion paths (1,2 and 2,1). The chelate-opening
reactions have also been studied. The results revealed a strong electronic preference for the 2,1-insertion paths,
with a barrier that is 4.5 kcal/mol lower than any other studied insertion pathway. In the real systems the
2,1-insertion of acrylate is preferred by 0.5 kcal/mol. The 2,1-insertion barrier calculated for the real system
of 12.4 kcal/mol is in very good agreement with the experimental value of 12.1 kcal/mol. The six-member
chelate is the most stable insertion product with an energy that is 21 kcal/mol lower than the kinetic insertion
product. The reactions of the chelate opening by ethylene that start from the lowest energy complexes have
the lowest barrier for the four-member ring (23 kcal/mol) and the highest for the six-member structure (30.4
kcal/mol). The high barrier for the opening of the six-member chelate suggests the possibility of a two-step
chelate-opening mechanism. The internal barriers for the chelate-opening reactions starting from the higher
energy complexes are lower then the one-step reaction that starts from the preferred complex and comparable
to those of the ethylene insertion into the-Radkyl bond. While the chelate opening by a subsequent acrylate
insertion seems to be facile for the generic catalyst, steric effects in the real catalyst are likely to decrease the
acrylater-complexation energies and increase the insertion barriers to the extent where such a reaction becomes
unfeasible.
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Scheme 1.Initial Steps in the Copopymerization afOlefins with Polar Monomefs
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alcohols, acids, and esters. Presently, available polar copolymers However, the use of less oxophilic, late-transition-metal
are produced in radical polymerization processes under high-complexes has shown some promise in the design of a direct
temperature and high-pressure conditiéhhe design of a copolymerization catalyst, as demonstrated by some recent
single-site copolymerization catalyst would open new, less pioneering studie®> >’ The Brookhart Pd-based diimine
expensive routes to commercially available copolymers. Also, catalyst®—%1 has been shown to copolymeriz&®ethylene and
it could lead to the synthesis of novel materials, since even small higher a-olefins with acrylates and vinyl ketones. Other late-
amounts of polar monomers dramatically modify the polymer transition-metal-based complexes are also known to tolerate the
properties compared to regular polyolefins. presence of polar functional grol$€3

The heterogeneous ZiegieNatta system and the homoge- An incorporation of polar monomers into a polymer chain
neous catalysts based on early-transition metals are highlyby coordination copolymerization is only possible if the polar
oxophilic and inactive in random copolymerization processes. monomer insertion follows the same reaction mechanism as that
A few known polar homopolymerizatidh242° and block of a-olefin Ziegler-Natta polymerizatiod®34 Thus, before
copolymerizatio®® 32 processes based on group 4 metals, are insertion, the polar monomer must be bound to the metal center
known but they involve mechanisfig425different from that by its double G=C bond rather than by the oxygen atom of the
of the Ziegler-Natta-type polymerization of ethylereble- polar group. Initially, the mechanism of copolymerization
fins 3334Hence, the attempts to incorporating polar groups into involves a competition between olefin and the polar monomer
a polyolefin chain must employ alternative approaches, such (Scheme 1). Further steps in the copolymerization mechanism

olefin insertion
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Scheme 2.Monomer Insertion in the Polar Copolymerization Processes
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example for the monomer. For both the olefin and polar the reaction intermediates, as well as the activation barriers for
monomer, two alternative insertion routes are possible: 1,2- all the elementary reaction steps.

insertion (RA in Scheme 2) in which the unsubstituted carbon  In the present studies, we have computationally investigated
atom forms the bond with the metal, and the 2,1- insertion (RB), the elementary reactions in the copolymerization of ethylene
in which the substituted carbon is linked to the metal. In the with methyl acrylate catalyzed by the Pd-based diimine catalyst.

olefin case, the stable insertion products Aragostic com-  Despite the fact that the systems developed by Brookhart et al.
plexes D andE; they can capture the next olefin/polar monomer were the first successful examples of active catalysts in polar
molecule or isomerize to other agostic complexesr G. In copolymerizatior?>56 there have not been any computational

the case of a polar monomer, the insertion mechanism is morestudies of these processes yet. The main goal of the present
complicated because of the formation of the chelate structures.investigation was to understand the details of the copolymeri-
Thus, after the 1,2-insertion of acrylate the agostic complexes, zation mechanism. We believe that a comparison of the results
D andD’, may isomerize to a five-member chelateSimilarly, presented here with similar studies for other systems may be
the 2,1-insertion may be followed by the formation of a four- helpful for the design of an even more active copolymerization
member chelatd, that may further isomerize to the five- and  catalyst with a larger tolerance for polar monomers. Theoretical
six-member structures, andK. The latter has been found to  calculations has previously been very useful in studies of many
be a stable resting state for the Brookhart Pd-based catafifst.  aspects of polymerization chemisf4/%5

A next step involves an opening of one of the chelates by : :

another monomer molecule, after which the catalytic cycle can | 4§%4;§dafgfi'r:hc}<eé tshkéf:él\r’lv' M.; Casewit, C. £hem. Re. 2000 10
repeat itself. Thus, an understanding of the copolymerization = (g5) Angermund, K.; Fink, G.; Jensen, V. R.; Kleinschmidt,Ghem.
processes requires knowledge of the relative stabilities of all Rev. 200Q 100, 1457 and references therein.
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Scheme 3.Complexes Studied in the Present Work
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In the following, we will discuss the stability of the acrylate Thus, the role of the steric effects will be discussed on the basis
complexes, the transition states, and the products for two acrylateof these calculations and previous studies?
insertion paths (1,2 vs 2,1), as well as the chelate opening by a
subsequent ethylene/acrylate insertion.

We point out that in most of the calculations presented here  The molecular systems studied in the present work are shown in
a generic model for the catalyst has been used; the results ofScheme 3. In most of the calculations, the Pd-based diimine cata-
such calculations reflect the electronic effects only. However, lyst was modeled by a genericAW-Pd" complex, with NAN =
for the gcrylate-r—complexes and the alternative insertion TS, ™ (gg) Michalak, A.; Ziegler, TOrganometallicsL999 18, 3998.
calculations have been performed for the real catalyst as well.  (67) Michalak, A.; Ziegler, TOrganometallics2000,19, 1850.

Computational Details and the Model Systems
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—NHCHCHNH-, in which the bulky substituents of the real catalysts
were replaced by hydrogen atoms. The polymer chain initially attached
to the catalyst was modeled byrepropyl group. Starting from the
acrylate complexl, both, 1,2- and 2,1-insertion paths have been
considered. Thus, calculations have been performed on the 1,2- and
2,1-insertion transition stateg &nd3, respectively), as well as the

(4 and5) and-agostic insertion product$ @nd7), corresponding to

the structures present in tlheolefin homopolymerization processes.
Further, the following chelate structures have been considered: the five-
member ring 8) formed after 1,2-insertion and the 4-, 5-, and six-
membered rings¥—11) present in the 2,1-acrylate insertion path. As
the next step, the chelate opening by both, ethylene and acrylate, has
been investigated. Calculations have been carried out for the ethylene
(12 14, 16) and acrylateX3, 15, 17) =-complexes (formed from four-,
five-, and six-membered chelates, respectively), as well as for the
corresponding insertion transition statd8§/(9, 20/21, and22/23 for
ethylene/acrylate, respectively). Here, in the acrylate case, only the 2,1-
insertion has been taken into account, as the preferred insertion path.

In addition, for the 1,2- and 2,1-acrylate insertion transition states,
the calculations have been performed for the real catalyst, with R
CHs and Ar= CgHs(i-Pr), in order to investigate the influence of steric
bulk on the insertion barriers and its regioselectivity preference.

For agostic complexes, the chelates, and especially for the structures
resulting from the chelate opening, various isomeric structures are
possible. Numerous alternative structures have been considered in the
calculations. In the following, we discuss mainly the most stable
minimums on the potential energy surface. However, in the case of Figure 1. Geometries of the methyl acrylate (1) andO-complexes
the six-member chelate opening, we also discuss the possibility of a (1') with the Pd-based Brookhart catalysts. The key interatomic
two-step mechanism, in which there is an isomerization to a higher distances are indicated.
energy complex prior to the monomer insertion.

All the results were obtained from a DFT calculations based on the 2 and listed in Table 1. The relative energies for the reaction
Becke-Perdew exchange correlation functioffafl® using the Am-  intermediates in the chelate-opening reactions (ethylene and
sterdam density functional (ADF) prograih? The standard double- -~ 5rvjate 7-complexes and the insertion transition states) are
STO basis with one set of polarization functions was applied for H, C, summarized in Figure 5 and Table 2. The most important

N, and O atoms, while the standard trigésasis sets were employed A
for the Pd aton¥® The 1s electrons of C, N, and O as well as the 1s structures of the present work are shown in Figures 1, 3, 4, and

3d electrons of Pd were treated as frozen core. Auxiliagy §, f, and 6. In the following, we will first discuss the stability of methyl

g STO functiong?® centered on all nuclei, were used to fit the electron acrylate complexes and then 1,2- and 2,1-insertion paths, the

density and obtain accurate Coulomb and exchange potentials in eactstability of alternative chelate structures, and finally, the chelate-

SCF cycle. The reported energy differences include first-order scalar opening reactions.

relativistic correctiorf®®8 since it has been shown that such an Acrylate Complexes.For the Pd-based Brookhart catalyst,

relativistic approach is sufficient for 4d transition metal atdths. the most stable methyl acrylate complex is a structure in which

the polar monomer is bound to the metal by its olefinic

. . . . functionality (see Figure 1, left side). Suchmacomplex is
Relative energies of the stationary points for the methyl onqrgetically preferred by 3.4 kcal/mol over the alternative

acrylate 1,2- and 2,1-insertion reactions are presented in F'gureO-compIex, in which the acrylate molecule is bound to the metal

Results and Discussion

(68) Deng L.; Woo, T. K.; Cavallo, L.; Margl, P M.; Ziegler 0. Am. by the carbonyl oxygen atom (see Figure 1, right side). The
Ch(eﬁng)' Sg%?i?; #Ag%gﬁlg ;7Zieg|er, T Am, Chem. S08997 116, 1004. relative stability of alternative- and O-complexes for different

(70) Musaev, D. G.: Svensson, M.. Morokuma, K.; Stierg, S.: monomers and catalysts was discussed in detail in a recent
Zetterberg, K.; Siegbahn, P. E. Mdrganometallics1997, 16, 1933. paper’® Here, we point out only that the preference for the
19521)12':{10;22'13 D. J.; Musaev, D. G.; Morokuma,JKAm. Chem. Soc. m-complex over the O-bound structure, or at least an easy

(72) Musaev, D. G.; Froese, R. D. J.; Morokuma, ®ganometallics interconversion between the O- amecomplexes, is a necessary
1998 17, 1850. condition for a random copolymerization to occur. To follow

(73) Margl, P.; Deng, L.; Ziegler, 1. Am. Chem. 504999 121, 154. an insertion mechanism similar to that of etylenelefins
12&?4) Woo, T. K.; Bleehl, P. E.; Ziegler, TJ. Phys. Chem. 2000 104 homopolymerization, the polar monomercomplex must be

(75) Michalak, A.; Ziegler, TOrganometallic2001, 20, 1521. formed. Thus, the computational result presented here shows

(76) Becke, APhys. Re. A 1988 38, 3098. that for Pd-based diimine catalyst this condition is fulfilled,

g;g Eg:ggw j $E¥§ Eg' giggg 2‘3‘ ;ggg' unlike for the analogous Ni-based catalyst (inactive in copo-

(79) TeVelde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra, lymerization) for which the O-complex is more stable by 4 kcal/
C.; Van Gisbergen, S. J. A;; Snijders, J. G.; Ziegled. TTomput. Chem. mol.”®
2001 22, 931 and references therein. Similarly to a-olefins, in the case of the acrylatecomplexes,
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(81) Boerrigter, P. M.: te Velde, G.; Baerends, Elit. J. Quantum a polar monomer adapts an orientation in which tkeGbond
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Figure 2. Energy profile for the two acrylate insertion paths. The energy differences (in kcal/mol) between two subsequent species in the reaction

path are indicated.

acrylate complexes do not form a stable minimum on the
potential energy surface. There exist four minimums corre-

sponding to four different “perpendicular” orientations of

acrylate, with the most stable geometry shown in Figure 1. As
in the case of propylene, in the most stable complex, the distance

between the COOCHgroup of acrylate and the alkyl chain

attached to the catalyst is maximized, to minimize the steric

repulsion between these groups.
In all acrylate 7-complexes, the two P€C bonds are

inequivalent (2.21 and 2.25 A); the bond involving unsubstituted
acrylate carbon is shorter, as indicated in Figure 1. A similar

effect has been observed for propyléhas well as other polar
monomer complexe®,and comes from the polarization of the
monomers/*-orbitals toward the CH group.

The calculated methyl acrylate bonding energy for the
m-complex with a generic catalyst1s20.7 kcal/mol. Compared
to the corresponding-olefin complexes, the acrylatecomplex
stabilization energy lies between those for ethylendg.82
kcal/mol) and propylene—<20.85 kcal/mol). As we discussed
in a recent pap€e¥, for a generic catalyst, this energetic order
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Table 1. Relative Energiésfor the Stationary Points in the
1,2- and 2,1-Acrylate Insertion Reactions into the-2dkyl Bond
(see Scheme 3)

relative energy

structure 1,2-insertion path 2,1-insertion path
m-complex 1 —20.70 (0.00)
[—13.60 (0.00)]
insertion TS 2 +324(23.93) 3 —1.31(+19.39)
[—0.65 +12.95)] [F1.16 (+12.44)]
y-agostic 4 —15.52 (+5.18) 5 —19.77 ¢-0.93)
p-agostic 6 —20.28 (+0.42) 7 —25.39 (4.69)
4-member chelate 9 —33.64(12.95)
5-member chelate 8 —39.38 -18.70) 10 —39.68 (-18.98)
6-member chelate 11 —40.77 20.07)

aWith respect to the isolated reactants (methyl acrylafgagostic
alkyl complex), and to the acrylatecomplex (in parentheses); in kcal/
mol. The numbers in brackets refer to the real catalysteRCHs,
Ar = C5H3(i-PI')2].

system, a similar preference of the 2,1-insertion path has been
found for propylene, with a much smaller energy difference
(2.05 kcal/mol) between the two transition states; in the real

of the monomers is d_etermine(_j by the electroni_c fact_ors that systems, this preference has been inverted: the 1,2-propylene
are overridden by steric factors in the complexes involving real insertion barrier is lower by-0.5 kcal/mol that that of the 2,1-
catalysts with bulky substituents; for the real Brookhart complex insertion®®

[R = CHs, Ar = CgHs(iPr)], the acrylate bonding energy is
decreased te-13.6 kcal/mol. Thus, the calculations for the real

Let us now discuss the origin of the 2,1-insertion preference.
We point out here that this preference is not intuitive: one could

Brookhart Pd-based systems indicate the largest bonding enerexpect the opposite trend from the asymmetry of thePd

gies for ethylene £16.4 kcal/mol)}” followed by propylene
(—16.3 kcal/mol§” and acrylate{13.6 kcal/mol), in agreement
with known experimental relative binding constabfts.

1,2- versus 2,1-Insertion of Methyl Acrylate.The calculated
barriers for the 1,2- and 2,1-insertion of methyl acrylate into
the Pd-carbon bond are listed in Table 1. The energy profile
of the copolymerization process following two insertion paths
is shown in Figure 2. The results clearly show that for the
generic catalyst (R= H, Ar = H) the 2,1-insertion is strongly

bonds in the acrylata-complexes (see previous section) that
reflects a stronger interaction between the metal and the
unsubstituted carbon. Definitely, such an asymmetry would
determine the transition-state preference in the reactions with
early-transition states (i.e., in which the transition state is
reactant-like).

However, in the case of late-transition-metal complexes, for
which the geometries of the insertion transition states are closer
to the product (see distances in Figure 3), the factor of

preferred: the transition state for the 2,1-insertion has a lower importancé® for the barrier is the energy required to distort the

energy by 4.5 kcal/mol than the corresponding 1,2-transition-

olefin from the geometry of the free monomer. For Pd-based

state structure. For the real system, the 2,1-insertion has a lowediimine catalyst, the propylene distortion energy accounts

barrier by~0.5 kcal/mol than the 1,2-insertion. For a generic

already for~76% of the insertion barriers, and the difference



12272 J. Am. Chem. Soc., Vol. 123, No. 49, 2001 Michalak and Ziegler

regioselectivity observed in the generic systems, and the 2,1-
insertion pathway remains preferred for the real catalyst. The
calculated preference of 0.5 kcal/mol is slightly smaller than
the experimental value o1 kcal/mol (corresponding te95%
selectivity at—100 °C).56
It comes as no surprise that the insertion barriers calculated
for a generic catalyst are incomparably larger than those for
the real catalyst. As we have already discussed, the steric effects
strongly destabilize the-complex (relative to the mother alkyl
complex+ free olefin) and thus decrease tingernal insertion
barrier (relative to ther-complex). The 2,1-insertion barrier of
12.4 kcal/mol calculated for the real catalyst is in excellent
agreement with the experimental value®fi* = 12.1+ 1.4
kcal/mol>6
An important conclusion from the experimental resilend
the above consideration is that in the real systems the acrylate
insertion barriers are substantially lower than those for ethylene.
Thus, a low incorporation of the polar comonomer does not
come from a difficult insertion, but comes from a low population
of the acrylater-complexes, compared to the ethyleneom-
plexes, as reflected by their respectiveomplexation energies.
From the above and the-complexation enegies of ethylene
and acrylate obtained for the generic and real catalysts[R
CHs; Ar = CgH3(i-Pr)], it is easy to explain the experimental
observation that an incorporation of acrylate increases for the
catalysts with less bulky substituents. Both, ethylene and acrylate
3 s-complexes are destabilized in the real complexes. Since the
( ) effect is larger for acrylate than for ethylene, for the catalysts
Figure 3. Structures of two alternative transition states (1,2 and 2,1) with less bulky substituents, the complexation energy difference
for methyl acrylate insertion. The key interatomic distances are P€tween the two monomers must be then smaller than that
indicated. Structure numbering as in Scheme 3. observed for the catalyst with R CHz and Ar= CgHsi-Pr,

(see Figure 4). As a result, the population of the acrylate
between the two propylene distortion energies is very close to Z-complexes is increased for the less bulky catalysts and so is
the difference between the energies of the two transition States. the comonomer incorporation.

For methyl acrylate’ the distortion energies in 1'2_ and 211_ Fina”y, we point out that in all the insertion transition states
transition states are 16.3 and 13.6 kcal/mol, respectively. Thus,there is no extra stabilization coming from the metaxygen
the difference between these two values (27 kca|/mo|) is interaCtion; in the transition-state geometries, the-©ddis-
substantially smaller than the difference between the energiestances are 3.51 and 3.30 A, for the 1,2- and 2,1 insertion,
of the alternative insertion transition states (4.5 kcal/mol). This respectively. (see Figure 3). Instead, as in the mechanism of
is because yet another factor, almost negligible for propylene, @-olefin_homopolymerization, the acrylate insertion TS is
influences the relative stability of the two transition states: the Stabilized by ay-agostic interaction. The agostic-+Pd bond
steric repulsion between the olefin substituent §@Hpropylene  lengths are 2.35 and 2.21 A, for the 1,2- and 2,1-insertion
and COOCH here) and the polymer (alkyl) chain destabilizes transition states, respectively. Therefore, theégostic complex
the 1,2-TS and does not affect the 2,1-TS. Thus, compared tocan be considered as a kinetic insertion product which may
propylene, in the case of methyl acrylate, the preference for further isomerize to more stable compounds.
the 2,1-insertion is strengthened for a generic catalyst. Stability of Insertion Products: Agostic Complexes versus

As in the case of propylene, in the real systems, the 2,1- Chelates.As has already been mentioned, the kinetic product
acrylate insertion TS is destabilized due to the steric repulsion from the methyl acrylate insertion into the metalkyl bond
between the bulky substituents of the catalyst and the olefin is & structure involving-agostic interaction between the alkyl
substituent. The 1,2-insertion TS is practically not affected by hydrogen and the metal ator, 6; see Figure 5). The results
the steric effects. As a result, the energy difference betweenof our calculations show that both tireand-agostic structures
the two TS is decreased. In propylene, this effect leads to the form a stable minimum on the potential energy surface. This is
inversion of the regioselectivity: the 2,1-TS is preferrec~s/ true for both, 1,2- and 2,1-insertion paths. The results presented
kcal/mol for the generic system, and the 1,2-, by 0.5 kcal/mol, in Table 1 show that the agostic complexes formed after 2,1-
for a real catalyst; thus, the steric effects destabilize the 2,1-TSinsertion are more stable (by—=% kcal/mol) than the corre-
by ~2.5 kcal/mol compared to the 1,2-TS. In the acrylate case, sponding structures resulting from the 1,2-insertion. Kinetic
it is understandable that this steric destabilization of the 2,1- products of both acrylate insertions are less stable than the
TS must be larger than for propylene, due to the size of the starting acrylater-complex (by 0.9 and 5.2 kcal/mol, for 2,1-
substituents on both monomers (COOGHK CHs). Indeed, our ~ and 1,2-insertions, respectively). The energiesfedgostic
calculations indicate a steric destabilization of the 2,1-TS by products §, 7) are lower by 4.55.5 kcal/mol than those of
~4.0 kcal/mol, compared to the 1,2-TS (corresponding to a ¥-agostic complexes}( 6). All these results are very similar to
decrease in the TS energy difference from 4.5 to 0.5 kcal/mol). those from homopolymerization of propyleffe.
However, unlike for propylene, this steric effect is not large The structures of the agostic complexes formed after acrylate
enough to invert a strong electronic preference of the insertion insertion are qualitatively similar to those formed in the
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Figure 4. Influence of the catalyst substituents on theomplexation energies of ethylene and acrylate.

energy by 20.1 kcal/mol. Compared to the isolated reactants
(alkyl g-agostic complext- free acrylate), it is lower in energy
by 40.8 kcal/mol.

The structures of the four chelat®s11are shown in Figure
6. It should be noticed that in all these structures the chelating
Pd—0 bond is very short (2.122.15 A), comparable to the
Pd—0 bond in they;-O-bound complex’ of methyl acrylate
(2.14 A, see Figure 1); this reflects a relatively strong-Pd
bond in this structures.

The results presented here are in good qualitative agreement
with experimental observations. All the chelate structures
discussed here have been observed experimentally. The six-
member chelate has been found to be a stable resting state of
the catalyst in acrylate/olefin copolymerization catalyzed by Pd
diimine complexe$§>-56

Finally, we point out that we have not studied mechanistic
details of the isomerization reactions leading from the four- to
six-member chelate. Although these reactions involve a hydro-
gen transfer between two carbon neighbors, like the chain
isomerization reactions in thee-olefin homopolymerization, the
mechanism can be slightly different. The chain isomerization
) reactions involve hydrogen transfer to the metal with the
Figure . Sirucures ofthg- andj-agosic complexes resuting rom (T 118 A AT TR IS R RO
the 2,1-acrylate insertion. The key interatomic distances are indicated.. . - . . .
Structure numbering as in Scheme 3. !nte_rmedlate_s. W|t_hqut detailed studies of the chelate isomer-
ization reactions, it is hard to speculate about the barriers of
such reactions. However, the barriers for the chain isomerization
in the homopolymerization processes catalyzed by Pd-based
diimine has been experimentéihdetermined to bAG* = 7.2
kcal/mol (AH* = 6.1 kcal/mol); i.e., they are much lower than
the olefin insertion barriers. Moreover, since the experimental
values are very close to the theoretical reSBlfAH* = 5.8
kcal/mol; AG* = 6.8 kcal/mol) obtained for the generic catalyst,
it seems that the isomerization barriers are practically not
affected by the steric bulk. Thus, even if the barriers for the
chelate isomerization were higher in comparison to regular chain
isomerization reactions, it seems reasonable to assume that they
are negligible, compared to the insertion. In what follows, we
have assumed that there exists an equilibrium between the
alternative chelate structures, with a very low population of the
four-membered species.

Chelate Opening by Ethylene. (1) Ethylener-Complexes.

The relative energies of the structures involved in chelate-
opening reactions are listed in Table 2 and schematically
presented in Figure 7. The results show that formation of
ethylener-complexes is exotermic by 780.1 kcal/mol. The
most stable is the complex2 formed from a four-member
chelate, and the least stable is structldelerived from a five-
member chelate.

homopolymerizations of regular-olefins6 Here, we point out
that in these structures no chelating-Pd bond is present.
Except for the olefin substituent, there is no qualitative
difference compared to the agostic complexes present in
propylene homopolymerization. As an example, in Figure 5,
y- and f-agostic interactions are presented in the structures
resulting from the 2,1-insertion.

Unlike the a-olefin homopolymerization, the agostic com-
plexes following acrylate insertion may easily isomerize to
chelate structures, which are substantially lower in energy. In
the case of the 1,2-insertion, the five-member rigg &nd in
the case of the 2,1-insertion, the four-member ri@gdan be
formed immediately from bothy- and g-agostic complexes,
by a simple rotation around the P& bond, accompanied by
breaking the agostic bond. The five-member chefig 19.1
kcal/mol lower in energy than thg-agostic structures, and
the four-member chelat® is 8.26 kcal/mol lower than the
pB-agostic complex’.

Further, the four-member chela®eresulting from the 2,1-
insertion can isomerize to a five-member rid@, lower in
energy by another 6 kcal/mol (by 14.3 kcal/mol with respect to
the f—agostic complex’), and to the most stable structukg,
comprising the six-member chelate ring. Compared to the initial
acrylate 7-complex, the six-member chelatel is lower in (90) Shultz, L. H.; Brookhart, MOrganometallics2001, 20, 3975.




12274 J. Am. Chem. Soc., Vol. 123, No. 49, 2001

Michalak and Ziegler

Figure 6. Geometries of alternative chelates. The key interatomic distances are indicated. Structure numbering as in Scheme 3.

Table 2. Relative Energigsfor the Stationary Points in the
Chelate-Opening Reactions (see Scheme 3)

relative energy

structure s-complex insertion TS

4-member chelate

ethylene 12 —10.14(0.00) 18 +12.83(+22.97)

acrylate 13 —13.00(0.00) 19 +13.22 (+26.22)
5-member chelate

ethylene 14  —7.79(0.00) 20 +17.25 (25.04)

acrylate 15 —-9.5(0.00) 21 +15.43(25.93)
6-member chelate

ethylene 16 —9.09 (0.00) 22 +21.35(30.44)

acrylate 17 —-11.0(0.00) 23 +20.65 (+30.65)

aWith respetct to the isolated reactants (free ethylereorrespond-
ing chelate), and to the correspondimgcomplexes (in parentheses);
in kcal/mol.

A comparison of ther-complex stabilization energies of
Table 2 with the corresponding results for ethylemeomplexes
formed from alkyl agostic complexes with the same catalyst
(—18.8 kcal/mol) shows that the acrylatecomplexes are

keal/mol
\ Insertion TS

20T

Chelate
15T + free olefin

T

4 %

5 N Chelate - olefin
A-member n-complex
L

—— cthylene

EsuEmENER acrylate

substantially less stable. We have performed frequency calcula-Figure 7. Energy profile for the chelate opening by ethylene and

tions on the systemdl and 16 to evaluate the entropic
contribution to the free energy of the reactibh + C,Hy <

16. The calculated-TAS value of+10.1 kcal/mol (at 300 K)

is in a very good agreement with the experimental vétues
varying between 9 and 10.2 kcal/mol for the catalysts with
different substituents. Taking into account this entropic contri-
bution, it may be concluded that the equilibrium of the
m-complex formation reaction is shifted toward the chelates.
The complexation free energy oAG = +1.0 kcal/mol
calculated for the generic catalyst compares well with the
experimental free energi®obtained for six-member chelates
with the real catalystsAG = +2.0 to +3.6 kcal/mol. The
difference comes mainly from the enthalpic part (calculated
AE = —9.1 kcal/mol, experimentaAH = —5.7 to —8.1 kcal/
mol, for the systems with different substituent), due to a steric
destabilization of the olefin complex in the real systems. A

methyl acrylate.

comparison between our results for the generic catalyst and the
experimental results for the real systems indicates that the steric
destabilization of the ethylene-complexes derived from the
chelates (free energy difference up to 2.6 kcal/mol) is similar
in magnitude for ethylener-complexes derived from alkyl
complexes, discussed in the previous pé&pédestabilization

by 2.4 kcal/mol in the most bulky system).

Let us now examine the structures of the most stable ehylene
m-complexes resulting from the chelates, presented in Figure
8. It is clearly seen that the chelating P@ bond has been
moved from an equatorial to an axial position, but it is still
present in all the structures of thecomplexes. Thus, formation
of the ethylene complexes from the chelates is not yet, formally,
the chelate-opening reaction. The bond lengths of Figure 8 show
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Figure 8. Structures of the ethylene-complexes and the insertion TS for opening of the chelates. The key interatomic distances are indicated.
Structure numbering as in Scheme 3.

that the chelating bond is shortest (and in what follows, the olefin insertion into a regular PeC(alkyl) bond; this is true
strongest) in a six-member structure (2.20 A) and substantially for the general orientation of the four atoms forming/breaking
extended for five- (2.46 A) and four-member chelates (2.52 A). the bonds, as well as for the bond lengths (cf. Figure 3 and refs
This trend is understandable from the fact that the flexibility of 66 and 67). It can be observed that in all the structures the
a six-member ring easily allows for the P® coordination in chelating bond has been broken. Instead, all the structures
16, while in the five- and four-member structures, the strain in contain a stabilizing agostic interaction betweenjtheydrogen
the ring results in extended (weakened)y®bonds. The extent  and the metal (2.222.25 A). In18and22, the carbonyl oxygen
of the Pd-O chelating bond strength is also reflected in the is located far away from the Pd atom (3.6 A).2 it is directed
Pd—C bond length. Thus, the shorter the-R@ distance, the  toward the metal. However, in this structure as well, the-©d
longer the P&C bond. distance (2.61 A) is much larger than otheral coordination

It should also be observed that the stronger (shorter) the bonds discussed here.
Pd—0O bond, the weaker (longer) is ethylene coordination. In  Finally, we discuss the relative importance of the insertion
structurel6, the Pa-C bond lengths are 2.26 and 2.28 A, while barriers into three alternative chelates for the whole copolym-
in 12 they are shortened to 2.19 and 2.23 A. Also, in all the erization process. Our results suggest that the opening of the
structures, ethylene is slightly shifted from an equatorial toward four-member chelate is much easier than that of five- and six-
an axial position; this results in an asymmetry in the twe-Ed member structures. However, it should be emphasized that the
bond lengths. opening of the six-member structure is anyway inevitable in

Finally, we point out that, except for the structures discussed the copolymerization process. This is because even if ethylene
here with the chelating bond present in an axial position, there is inserted into the four-member structure (before it isomerizes
exist numerous isomers of the ethylene complexes resulting fromto larger chelates), such an insertion will add two carbon atoms
the chelates, in which the chelating-P@ bond is completely  to the ring. Thus, the kinetic product of such an insertion
broken. Although these complexes are higher in energy, their (y-agostic complex) can easily isomerize to another six-member
presence in the copolymerization cycle can be very important. chelate, an analogue of structuté. Although we have not
We will discuss this point later. studied the products of ethylene insertion into the chelate

(2) Ethylene Insertion. The results of Table 2 and Figure 8 structures, from the results for acrylate insertion (Table 1 and
show that the barriers of ethylene insertion are substantially Figures 2, 5, and 6), it seems obvious that such an analogous
different for various chelates. The opening of the four-member six-member chelate must be more stable than both alternative
chelate is the easiest, with a internal barrier of 22.9 kcal/mol. agostic complexes. Also, opening of such a chelate will be
For the five-member chelate, the insertion barrier increases toequally difficult. Thus, the barrier for the six-member chelate
25.0 kcal/mol, and for the six-membered ring, it goes up to 30.4 opening seems to be a crucial parameter for characterizing the
kcal/mol. Thus, the barriers for opening of all the chelates are polar copolymerization processes.
much larger than the corresponding barriers for ethylene and The very high barrier for opening the six-member chelate of
acrylate insertion into a regular P€(alkyl) bond. As also 30.4 kcal/mol suggests that the entire copolymerization process
suggested by experimental resi¥fishe opening of the chelate  looks unfeasible, in disagreement with the experimental d&fa.
structures seems to be the rate-determining step in the polarn the last section, we will discuss an alternative mechanism
copolymerization processes. for the chelate opening.

Let us now examine the structures of the ethylene insertion Chelate Opening by Acrylate. Finally, we briefly discuss
transition states presented in Figure 8. The transition-statethe possibility of chelate opening by a subsequent insertion of
geometries resemble the structures of the transition states foran acrylate molecule. In Table 2, thecomplexation energies
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Scheme 4. Alternative Chelate-Opening Mechanisms
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are listed, together with the barriers for the 2,1-insertion. We acrylate insertion are comparable, while for the four-member
point out that all the structures involved in the chelate opening ring, the barrier for acrylate insertion is substantially higher (by
by acrylate are qualitatively similar to those presented for 3.3 kcal/mol). Again, it may be expected that the steric repulsion
ethylene and can be easily imagined by combining the plots of in the real systems will affect the acrylate insertion barriers more
Figures 1 and 3 with those of Figure 8. Therefore, we do not than the barriers for the ethylene insertion. However, even if
present these structures here (see Supporting Information). this steric effect was negligible, two subsequent acrylate
(1) Acrylate z-Complexes. A comparison of ther-complex insertions seem to be quite unlikely, due to a very low population
stabilization energies for ethylene and acrylate indicates that of the acrylater-complexes derived from the chelates, compared
for the generic catalyst the acrylate complexes formed from the to the population of the corresponding ethylene complexes.
chelates are more stable 532 kcal/mol. This is not surprising Two-Step Chelate Opening.The high ethylene/acrylate
in view of a the previous comparison between the acrylate insertion barriers after formation of the chelates suggest the
complexl and the respective ethylene complexes. Also, it can possibility of an alternative two-step mechanism of chelate
be expected that the acrylate complexes analogous,ta5, opening: first, the chelating bond is broken at theomplex
and 17 but formed with the real catalysts will be strongly stage, and then olefin is inserted, starting from the higher energy
destabilized, due to steric effects. As we have already discusseds-complex without a Me-O bond (see Scheme 4). It can be
the steric effects are comparable for the ethylene complexesexpected that, if the chelating bond is broken and the polar group
resulting from the chelates and from the alkyl complexes. We is situated far from the metal center, the ethylene insertion
will recall here that the analogue of compléwith the real barriers (relative to the starting complexes) should not be much
catalyst is destabilized by 7 kcal/mol?® while the correspond- larger than the barriers for ethylene insertion into the @bond
ing ethylene complex with a real catalyst is destabilized only involving the secondary carbon atom (18.8 kcal/n%6l).
by 2.4 kcal/mok’ compared to a generic catalyst. Thus, asimilar ~ To check whether such a mechanism is feasible, we per-
effect must occur in the case of complext3 15, and 17 formed calculations on the ethylene/acrylatecomplexes
compared td.2, 14, and16. Therefore, it can be expected that without a chelating bond resulting from the six-member chelate.
for the real catalysts the acrylatecomplexes derived fromthe  We further determined the insertion TS starting from such a
chelates will be less stable than those of ethylene by at least Scomplex. Due to the complexity of the system, there are likely
kcal/mol. Thus, it seems very unlikely that in the case of the to exist hundreds of isomerie-complex structures (resulting
real catalysts the formation of the next acrylateomplex would from the rotations around all the-€& bonds) and, thus, many
immediately follow an acrylate insertion. Therefore, already alternative insertion paths. Besides chelated structures, there
from this, and regardless of the acrylate insertion barriers, two exist three groups af-complexes: with the carbonyl oxygen

subsequent acrylate insertions seem to be very unlikely. situated either far from the catalyst and all the chain atoms,
The experimental results do not give definitive answers about interacting with the hydrogens of the chain, or interacting with
the probablity of two subsequent acrylate insertighS.How- the hydrogen of the NH group of catalyst. We optimized

ever, if in thisrandom copolymerizatiothe resting state of the  geometries for 30 structures, in which we have the examples
catalyst is the six-member chelate, and if the polar monomer from all the three groups. All the structures without a chelating
incorporation is relatively low (£12%)25%6it can be concluded  bond are higher in energy comparedi6 of Figure 7 (with
that the acrylate insertion must be preceded and succeeded bghelating bond) by 1.713.1 kcal/mol. For further studies, we
a series of ethylene insertions. Otherwise, an incorporation of selected the lowest energy complesa (higher in energy than
the polar monomer would have to be much larger, or the 16 by 1.7 kcal/mol), with the ©@H—N hydrogen bond and
mechanisms for the chelate opening by ethylene and acrylatecomplex16b (higher in energy thah6 by 11.8 kcal/mol)which
would have to be different. has the lowest energy among the structures from the first group
(2) Acrylate Insertion Barriers. Although the discussion  (see Figure 9).
above suggests that, in the case of the real systems, the formation The transition-state optimizations have been performed for
of acrylate complexes derived from the chelates seems to bethe ethylene and the acrylate insertions starting from the two
unlikely, we have still determined the acrylate 2,1-insertion example structure$6a and 16b and their acrylate analogues;
barriers for the sake of completeness. A comparison with the the TS structures for ethylene insertion are shown in Figure 9
corresponding results for ethylene insertion (Table 2) indicates (223 22b). They have energies of 20.7 and 18.1 kcal/mol,
that, already for a generic catalyst, the acrylate insertion is relative to the mother complexd$a and 16b (i.e., they are
slightly less favorable than ethylene insertion for all the chelates. higher in energy thai6 by 22.5 and 29.9 kcal/mol, respec-
For six- and five-member chelates, the barriers for ethylene andtively). Thus, 22a is substantially lower in energy than the
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Figure 9. Examples of the alternative structures of the ethylereomplexes (without the chelating P® bond) and the corresponding inser-
tion TS.

previously discussed T32 (by 7.9 kcal/mol), and®2b is of Concluding Remarks
similar energy (lower by 0.5 kcal/mol). Similarly, for acrylate ] ] ]
insertion, the corresponding barriers are 21.3 and 18.3 kcal/ We have carried out DFT studies on the mechanism for
mol, relative to the mother complexes (without chelating bond), CoPOlymerization of methyl acrylate catalyzed by a generic Pd-
and 22.3 and 29.5 relative to the most stable comfiegwith based diimine compounds. The formation of the acrylate
chelating bond). complexes, regioselectivity of the acrylate insertion, stability
The results presented here support the two-step chelateOf the insertion products (agostic complexes vs alternative
opening mechanism. It can be expected that in the real chelate structure_s), ar_ld chelate opening by a subsequent
copolymerization cycle at finite temperatures there exists a ethylene/acrylate insertion were stuo_lled. The result_s show that
dynamic equilibrium between the complexes with and without the acrylater-complexes are stable with a complexation energy
a chelating bond. Moreover, since the number of possible of —20.7 kcal/mol and preferred over the O-bound complexes.
ethylene complexes without the chelating bond is very large, The acrylate insertion follows the 2,1-regioselectivity, with a
the population of the species without a chelating bond will barrier of 19.4 kcal/mol, lower by 4.5 kcal/mol than the 1,2-
bond. As a consequence, the meaningful insertion barriers cannoProduct of this reaction is g-agostic complex that may
be calculated relative to the single, lowest energy compiex ~ iSomerize to the more stabfeagostic complex, but also to the
From the practical point of view, it is not possible to perform energetically preferred oxygen chelates. The most stable chelate
the calculations for all the possible isomersi&fand all the ~ Structure is a six-member ring, with an energy that is 21.0 kcal/
possible insertion TS for the reaction paths starting from them, Mol lower than that of the isomerie-agostic complex.
especially because the evaluation of the entropic contributions The chelate-opening reactions involve formation of ethylene
would be required to adequately describe the dynamic equilib- complexes followed by insertion. The ethyleneomplexes are
rium at finite temperatures. Here, the molecular dynamic characterized by relatively low complexation energies {7.8
approach seems to be more suitable, as it can model thel0.1 kcal/mol). In the most stable-complex structures, the
equilibrium at the free energy surfaces in a natural way. chelating bond is still present (in the axial position), and it is
However, such a study is certainly beyond the scope of the broken in the insertion TS geometries. Starting from the most
present investigation and will be the subject of a future study. stable complexes, the ethylene insertion barriers are lowest for
It should be pointed here, however, that from the preliminary the opening of the four-member chelate (23.0 kcal/mol) and
MD simulation we have found that the barrier for the opening highest for the six-member ring opening-30.65 kcal/mol).
of the six-member chelate at tmecomplex stage (i.e., for the  However, the four-member chelate opening may be followed
reaction16 — 16g) is as low as 9 kcal/mol. Also, frequency by the formation of another six-member chelate. Therefore, the

calculations have been done for the complek6s16a and barrier for opening of the six-member chelate may be considered
16b. It is found that the entropic contributionsTAS to the as the crucial parameter that characterizes the copolymerization
free energy at 300 K of the chelate-opening reactib6s— process. The high barrier for the six-member chelate opening

16aand16 — 16b are only slightly destabilizing, by 0.8 and  suggests the possibility for a two-step chelate-opening mech-
1.0 kcal/mol, respectively. anism, in which the chelating bond is broken at theomplex
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stage, and insertion starts from the higher energypmplexes. internal insertion barriers will be strongly affected by steric
The barriers for such insertions are in the range of28 kcal/ effects. Thus, two subsequent acrylate insertions in the real
mol, relative to the startingr-complexes. Due to the large copolymerization systems seems to be very unlikely.
number of isomers for such complexes, a dynamic approach The present studies have focused on the Pd-based catalyst
seems to be required to describe the equilibrium between thegnly. It would be interesting to perform similar mechanistic
isomeric species and the alternative insertion paths, at the finite-stydies on the analogous Ni-based catalyst (inactive in copo-
temperature free energy Surface; it will be a Subject of a future |ymerization) as well as on other late-transition-metal-based
study. ) _ systems. We believe that computational studies of this kind can
Calculations on the real catalyst [with-RCHs, Ar = CgHs- be helpful in understanding the factors inhibiting polar copo-

(i-Pr)] indicate that the presence of the steric bulk decreases|ymerizations and, thus, in the development of highly active
the acrylatez-complexation energy by-7 kcal/mol. As a catalysts for such processes.

results, both insertion barriers are decreased as well. Since the
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For a generic catalyst, the acrylatezomplexes denv_ed from etries of the structures discussed (Cartesian coordinates, in A).
the chelates are more stable than the corresponding ethylene’, . S : ; i
his material is available free of charge via the Internet at http://

complexes, while the acrylate insertion barriers are higher for ubs.acs.ord. See anv current masthead page for orderin
the four-member chelate opening and comparable for five- and P49s-acs.org. y pag 9

six-member chelates. However, it can be expected that in themformatlon and Web access instructions.
real systems both the acrylatecomplexation energies and the  JA010876L

Supporting Information Available: The optimized geom-



