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The second level of a computational screening of late-transition-metal catalysts and
nitrogen-containing polar monomers toward an incorporation of amines and nitriles in the
polymer chain of polyolefins is reported. The structures and energies of the transition states
for the insertion of the C=C bond of ethylene, propylene, acrylonitrile, and vinylamine into
the metal—carbon bond of generic models for Ni(Il) and Pd(ll) complexes with diimine
(Brookhart) and salicylaldiminato (Grubbs) ligands have been calculated using density
functional theory. The calculations reveal the general trend that the activation energies for
the ethylene, propylene, and acrylonitrile insertion in the Brookhart systems are similar,
whereas the activation energies for the vinylamine insertion are much higher. The nickel
systems show lower insertion barriers than do their palladium counterparts. For the chain
propagation with the Grubbs catalysts, a Curtin—Hammett-type energy profile involving
cis—trans isomerization and subsequent C—C insertion is predicted. The regioselectivity of
the propylene, acrylonitrile, and vinylamine insertion is rationalized by the analysis of the

frontier orbitals of the free monomers.

Introduction

Copolymers of olefins and nitrogen-containing polar
monomers such as poly(styrene—acrylonitrile) are still
produced via an expensive radical polymerization pro-
cess, and current research efforts have focused on the
development of alternative copolymerization methods
using single-site catalysts.??® Since Brookhart and co-
workers,* Grubbs and co-workers,®> and others®7 recently
reported novel late-transition-metal catalysts which
tolerate a variety of functional groups and enable the
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incorporation of O-containing polar monomers in the
polymer chain of polyolefins, we started a purely
computational and very systematic screening of Ni(ll)
and Pd(lIl) catalysts toward the copolymerization of
olefins with N-containing polar monomers such as
amines and nitriles. The density functional theory (DFT)
methodology we use (see Computational Details) has
become a reliable tool for an understanding of the
chemistry of group 10 metal complexes® and, in par-
ticular, of polymerization catalysis.® 13

In our first study,’* we investigated the relative
stabilization energies for the coordination of the & and
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N moieties of the w-unsaturated amines CH;=CH-
(CH2)n(NH>) and the nitriles CH,=CH(CH),CN (n =
0) to the metal center of generic models for Ni(ll) and
Pd(I1) catalysts with diimine (Brookhart) and salicyl-
aldiminato (Grubbs) ligands.1516 The calculations indi-
cated similar stabilization energies for the = and N
complexation of the neutral Grubbs Ni(ll) and Pd(II)
complexes, whereas the cationic Brookhart Ni(ll) and
Pd(l1) catalysts strongly prefer the N coordination of
acrylonitrile, CH,=CHCN, nonconjugated nitriles CH,=
CH(CH_2),CN (n > 0), and nonconjugated amines, CH,=
CH(CH2)n(NH)) (n > 0), over their z-binding mode. In
contrast, vinylamine, CH,=CH(NH), was found to favor
mt coordination with all model catalysts. The palladium
catalysts showed a larger relative preference for the &
mode, in comparison with the nickel counterparts.

A strong stability of the = complex, formed from the
free monomer and the S-agostic catalyst complex, was
considered promising,14 since = complexes are interme-
diates in the chain-propagation process, while the N
complexation is a potential dead end. However, if the &
complexes are too stable with respect to the transition
states (TS), it might be difficult to achieve copolymer-
ization with these systems. Consequently, we have now
explored the reactivity of the - complexes by calculating
the energy profile of chain propagation for the four
model catalysts and the four model monomers given in
Figure 1. Intermediates and transition states that have
been considered are shown in Figure 2 for the Brookhart
catalysts.

Two additional aspects in the chain propagation
mediated by group 10 complexes are important. First,
the intrinsic regioselectivity of olefin insertion is one of
the factors that determine the polymer or copolymer
microstructure.’” The pathway with a bond formation
between the metal-coordinated carbon atom of the
polymer chain and the terminal carbon of the monomer
is denoted 2,1-insertion and the regioisomeric pathway
is denoted 1,2-insertion (Figure 3). Hence, we have
studied both pathways (2,1 and 1,2) in each case.
Second, the mechanism of chain propagation with the
Grubbs-type complexes is more complicated due to the
potential presence of geometric isomers (Figure 4).11 The
exploration of possible reaction pathways is of current
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Figure 1. Model substrates ethylene (a), propylene (b),
acrylonitrile (c), and vinylamine (d) and model catalysts
1-4. Legend: R = 2,6-bis(1-methylethyl)phenyl; R' =
polymer chain; (R""), = benzo group with additional sub-
stituents. Computational screening was performed using
R=R =R"=H.

interest,!® including a comparison of the isomerization
barriers for the g-agostic and = complexes as well as
an investigation of the insertion reactivity of the dif-
ferent = complexes.

Results and Discussion

Brookhart Catalysts. The geometries of the =«
complexes of the catalysts 1—4 with the model mono-
mers a—d were previously reported.'* We now briefly
discuss the calculated transition structures for the
insertion of the C=C bond into the metal—C(ethyl) bond
of the diimine catalysts.'® Figure 5 displays the opti-
mized TS geometries for the 1,2-insertion (left) and the
2,1-insertion (right) in the Brookhart nickel systems.
The calculated C2—C3 distance in the TS for 2,1-
insertion (right) reveals that the acrylonitrile insertion
has an earlier transition state (C2—C3 = 2.149 A) than
the ethylene (2.104 A) and propylene (2.076 A) insertion,
whereas the vinylamine insertion has a later transition
state (2.026 A). This trend is confirmed by comparing
the Ni—C1, Ni—C3, and C1—C2 distances in the 2,1-
TS. Furthermore, the 2,1-TS species are earlier than
the 1,2-TS (Figure 5).

Qualitative relations among the extent of reaction at
the TS, activation energy, and reaction energy belong
to the tools of every chemist:2° (i) more exothermic
reactions usually have earlier transition states, known
as the Hammond postulate;?! (ii) more exothermic
reactions are usually faster, known as the Bell-Evans—
Polanyi principle;?? (iii) faster reactions have earlier
transition states, concluded from (i) and (ii). Applying

(18) Younkin, T. R.; Grubbs, R. H.; Henling, L. M.; Day, M. W. Abstr.
Pap. Am. Chem. Soc. 2001, 221, INOR 253.
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Figure 2. Intermediates and transition states (TS) of the ethylene polymerization with Brookhart's catalysts via a f-agostic
complex (Ni, 1; Pd, 3), a = complex of the monomer, TS for insertion, and a g-agostic complex with an extended polymer

chain.

Table 1. Calculated Energies (in kcal/mol) of the £ Complexes of the Monomers a—d with the Brookhart
Ni and Pd Catalysts 1 and 3 and Transition States for 2,1- and 1,2-Insertion of the C—C Unit into the
Metal—-C Bond?

1 3
p-agostic [-agostic
complex + TS 2,1- TS 1,2- complex + TS 2,1- TS 1,2-
monomer monomer 7z complex insertion insertion monomer 7 complex insertion insertion

a ethylene 0.0 (=7.1)® —-16.2¢(0.0) -—-2.7(135) d 0.0 (—=3.3)> —20.0°(0.0) 0.9(20.9) d
b  propylene 0.0 (—-5.0)° —18.3°(0.0) —2.8(15.5) —1.9(16.4) 0.0(-0.9° —22.4°(0.0) 0.3(22.7) 1.4(23.8)
¢ acrylonitrile 0.0 (-11.8)° —11.5°(0.0) 3.9(154) 9.8(21.3) 0.0 (—6.7)° —14.6°(0.0) 7.3(21.9) 11.9(26.5)
d  vinylamine 0.0 (3.7)b —27.0°(0.0) —4.6(22.4) 0.2(27.2) 0.0 (6.9)° —30.2¢(0.0) —2.2(28.0) 2.7(32.9)

a Energies relative to the $-agostic complexes; in parentheses are given energies relative to the = complexes. P Energies relative to the
m complex of the previous insertion step. The reaction energy of one insertion step is estimated by the reaction C,Hs4 + CoHg — C4Hao
(—23.3 kcal/mol). ¢ Energies taken from: Deubel, D. V.; Ziegler, T. Organometallics 2002, 21, 1603. 9 No 2,1- versus 1,2-regioselectivity.
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Figure 3. 1,2- versus 2,1-regioselectivity of the insertion

of substituted C=C bonds, CH,=CHX: X = H (a, no
regioselectivity), CHz (b), CN (c), and NH, (d).

(iii) to the transtion structures, we predict the activation
energies for the insertion with Brookhart's nickel cata-
lyst, 1, to be in the order acrylonitrile < propylene <
vinylamine and the transition states for 1,2-insertion
to be higher in energy than the 2,1-TS. These qualitative
trends will be confirmed by the calculated relative
energies.

The computed energy profile of an insertion step with
the Brookhart Ni systems, 1, is listed in Table 1 and
displayed in Figure 6. In this figure, the energies are
given relative to those of the 7 complexes. We first focus
the discussion on the 2,1-insertion (solid lines in Figure
6). The calculations reveal that the barrier for the
acrylonitrile insertion (14.4 kcal/mol) is slightly lower
than the propylene insertion barrier (14.5 kcal/mol),
while vinylamine has a much higher activation barrier
(21.3 kcal/mol). Note that the insertion step is endo-
thermic for vinylamine, while it is exothermic for the
other monomers. As predicted from the transition
structures, the 2,1-insertion (solid lines in Figure 6) has
a lower barrier than the 1,2-insertion (dashed lines).

The calculated energy profile of one insertion step
with the Brookhart Pd systems is presented in Table 1,
the transition structures for the 1,2-and 2,1-insertion
of acrylonitrile are shown in Figure 7. Most of the
transition states of the palladium system are later than
those of the nickel conterparts. The energy profile is
qualitatively very similar to the results for the nickel
catalysts, but the activation energies of the Pd(ll)
complexes are larger than the barriers for the Ni(ll)
complexes by approximately 6—7 kcal/mol. Consider-
ation of the energies relative to the S-agostic complex
(Table 1) shows that half of the activation-energy
difference, approximately 3—4 kcal/mol, is due to the
larger stability of the palladium z complexes.

Grubbs Catalysts. The reaction mechanism of the
chain propagation with the salicylaldiminato catalysts
is more complicated, since geometric cis and trans
isomers might be involved (Figure 4).11.18 Note that the
cis pathway leads to the trans product and vice versa
(Figure 4). We have calculated the structures and
energies of the isomers and transition states which are
potentially important. Optimized geometries for the
Grubbs Ni system are presented in Figure 8; the
corresponding energies are given in Table 2 and Figure
9. The cis isomer of the -agostic complex is more stable
than the trans isomer, since the imine moiety of the
chelate ligand is a stronger ligand than the enolate
moiety. The alkyl ligand is stronger than the S-hydrogen
and prefers the coordination trans to the enolate moiety.
The same trend holds for the 7 complexes, because the
C=C ligand is weaker than the alkyl ligand. Isomer-
ization of the -agostic complexes or of the st complexes
or both might occur. Tetrahedral transition states have



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on September 20, 2002 on http://pubs.acs.org | doi: 10.1021/0m0202975

Catalysts with Brookhart and Grubbs Ligands

Organometallics, Vol. 21, No. 21, 2002 4435

IIR _] I Rll
/ | "R / | \(%
N ~ N 0 N—
\./ R R Ve R
M \\ Y \ﬂ/
H. \ \"\ N H
. R' S )/‘\R.
RN M=Ni 2 R'
M=Pd 4
cis cis cis trans
B-agostic complex 7 complex TS insertion [-agostic complex
trans trans trans cis
llR R" R" —| i Ru
Y ) Y T
0 N— 0] N— 0 N—_ N—_
N/ R R v
v M., , | D4
"’f,H /\/ ! :\\/,' H
y e
Rl

Figure 4. Intermediates and transition states (TS) of the ethylene polymerization with Grubbs catalysts (Ni, 2; Pd, 4).
The cis pathway (top) leads to the trans isomer and vice versa; interconversion of geometric isomers might occur.

Table 2. Calculated Energies (in kcal/mol) of the #x Complexes (Cis and Trans Isomers) of the Monomers
a—d with the Grubbs Ni Catalyst 2, Transition States for Cis—Trans Isomerization of the x Complexes, and
Transition States (Cis and Trans Isomers) for 2,1- and 1,2-Insertion of the C—C Unit into the Metal-C

Bond?2
pB-agostic
complex? + 7 complex & complex TS TS 2,1- TS 2,1- TS 1,2- TS 1,2-
monomer monomer cis trans isomerizn insertion cis insertion trans insertion cis insertion trans
a ethylene 0.0 (—5.3)* —18.09(0.0) —13.7(4.3) —2.8(15.2) 10.2(28.2) 3.3(21.3) e e
b propylene 0.0 (—6.5)° —16.89(0.0) —12.3(45) —1.7(15.1) 11.1(27.9) 5.4 (22.2) 12.4 (29.2) 5.9 (22.7)
c acrylonitrile 0.0 (—4.3)° —19.09(0.0) —15.6(3.4) —5.5(13.5) 7.2 (26.1) 0.6 (19.6) 13.9 (32.9) 6.6 (25.6)
d vinylamine 0.0 (—2.3)* —21.09(0.0) —15.4(5.6) —0.8(20.2) 12.4(33.4) 8.3 (29.3) 15.3 (36.3) 8.4 (29.4)

a Energies relative to the S-agostic complexes; in parentheses are given energies relative to the = complexes.  Cis isomer. The trans
isomer is higher in energy by 4.5 kcal/mol; the isomerization barrier is 32.7 kcal/mol. ¢ Energies relative to the z complex of the previous
insertion step. Reaction energy of one insertion step estimated by the reaction CoH4 + C2Hg — C4H1o (—23.3 kcal/mol). @ Energies taken
from: Deubel, D. V.; Ziegler, T. Organometallics 2002, 21, 1603. ¢ No regioselectivity.

been found in both cases. The calculations reveal that
the barrier of isomerization of the S-agostic complex is
very high (32.7 kcal/mol). In contrast, the barriers of
isomerization of the = complexes are between 13.5 kcal/
mol (acrylonitrile) and 20.2 kcal/mol (vinylamine) and
are lower than the insertion barriers (Figure 9). A
typical Curtin—Hammett profile?® with two reactive
structures which are connected by a low isomerization
barrier has been found. In contrast to the 7 complexes,
the trans transition states are lower in energy than the
cis transition states by approximately 7 kcal/mol (Figure
9). The & ligand, which is transformed into a o ligand,

(23) (a) Curtin, D. Y. Rec. Chem. Prog. 1954, 15, 111. (b) Adam, W_;
Bach, R. D.; Dmitrenko, O.; Saha-Méller, C. R. J. Org. Chem. 2000,
65, 6715.

now competes with the metal—C(alkyl) bond being
cleaved and favors the coordination site trans to the
enolate moiety. We conclude that chain propagation
follows the mechanism x cis — TS isomerization — &
trans — TS insertion trans — 3 cis — x cis rather than
the direct insertion pathway (Figure 9). The Grubbs
nickel complexes of the four monomers show a reactivity
trend similar to that of the Brookhart analogues: i.e.,
the acrylonitrile complex has a low insertion barrier,
while the enamine complex has a much higher barrier.
2,1-Insertion is again preferred over 1,2-insertion, with
one exception: the energies of the two regioisomeric
transition states for the insertion of vinylamine into the
Ni—C bond of the Grubbs catalyst are equal. This
surprising result will be discussed below.
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Figure 5. Calculated transition structures for the insertion of the C=C moiety of ethylene into the metal—C bond of the Brookhart Ni catalyst 1, and for the 1,2- and
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Figure 7. Calculated transition structures for the 1,2- and 2,1-insertions of the C=C moiety of acrylonitrile into the

metal—C bond of the Brookhart Pd catalyst 3.

The relative energies of the chain propagation with
the Grubbs Pd catalyst, 4, are presented in Table 3. The
most significant difference between the Ni and Pd
systems is the height of the barrier for m-complex
isomerization via the tetrahedral transition state, which
is as much as 9 kcal/mol higher in the palladium
systems. Palladium(l11) clearly favors a square-planar
coordination environment, while the coordination envi-
ronment in the complexes of nickel(Il) is much more
variable.?* The Grubbs Pd complexes of the four mono-

mers show a reactivity trend similar to that of the nickel
counterparts.

Origin of the Insertion Regioselectivity. The
intrinsic regioselectivity of olefin insertion is one of the
factors governing the microstructure of the polymer or
copolymer.l” We have found that the 2,1-insertion is
preferred over the 1,2-insertion, with the two equal

(24) Huheey, J. E.; Keiter, R. L.; Keiter, E. A.; Inorganic Chemis-
try: Principles of Structure and Reactivity; Harper-Collins College:
New York, 1993.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on September 20, 2002 on http://pubs.acs.org | doi: 10.1021/0m0202975

4438 Organometallics, Vol. 21, No. 21, 2002

1.866A 1.898A

1.905A 1.827A

GA! 1.907A 1.936A \ 1.60§ﬁ
£

1,69
qf 2.149A 2.114A

1.177A 1.464A gt 1A
1.488A

B cis B trans

1.915A 1.954A

1.986A

1.976A 2.041A 1.413A

T CiS n trans

TS B isom. TS & isom.

Deubel and Ziegler



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on September 20, 2002 on http://pubs.acs.org | doi: 10.1021/0m0202975

Catalysts with Brookhart and Grubbs Ligands Organometallics, Vol. 21, No. 21, 2002 4439

TS 1,2 ins. trans

TS 2,1ins. cis TS 2,1 ins. trans

Figure 8. Calculated structures of the §-agostic complexes, & complexes, and transition states for the 1,2- and 2,1-insertions
with the Grubbs Ni catalyst 2 and acrylonitrile.

Table 3. Calculated Energies (in kcal/mol) of the # Complexes (Cis and Trans Isomers) of the Monomers
a—d with the Grubbs Pd Catalyst 4, Transition States for Cis—Trans Isomerization of the # Complexes, and
Transition States (Cis and Trans Isomers) for 2,1- ,and 1,2-Insertion of the C—C Unit into the Metal-C

Bond?2
pB-agostic
complex? + 7 complex & complex TS TS 2,1- TS 2,1- TS 1,2- TS 1,2-
monomer monomer cis trans isomerizn insertion cis insertion trans insertion cis insertion trans
a ethylene 0.0 (1.4 —24.09(0.0) —20.1(4.6) —0.5(24.2) 8.1(32.8) 2.8 (27.5) e e
b propylene 0.0 (0.9 —24.29(0.0) —19.3(4.9) 0.4 (24.6) 8.9 (33.1) 5.8 (30.0) 10.5 (34.7) 6.9 (31.1)
c acrylonitrile 0.0 (1.5)° —24.89(0.0) —20.5(4.3) —2.2(22.6) 6.2 (31.0) 0.8 (25.6) 11.9 (36.7) 6.2 (31.0)
d vinylamine 0.0 (4.1)¢ —27.49(0.0) —21.0(6.4) 1.4 (28.8) 9.6 (37.0) 7.1(34.5) 11.9 (39.3) 7.2 (34.6)

a Energies relative to the S-agostic complexes; in parentheses are given energies relative to the = complexes.  Cis isomer. The trans
isomer is higher in energy by 3.8 kcal/mol; the isomerization barrier is 30.6 kcal/mol. ¢ Energies relative to the = complex of the previous
insertion step. The reaction energy of one insertion step is estimated by the reaction CoH4 + CoHg — C4H1o (—23.3 kcal/mol). @ Energies
taken from: Deubel, D. V.; Ziegler, T. Organometallics 2002, 21, 1603. ¢ No regioselectivity.

barriers for the 2,1-and 1,2-insertion of vinylamine in rather complicated, a rationalization of the regioselec-
the Grubbs systems being an exception. Since the tivity based on electronic properties of the monomers
electronic structure of transition-metal complexes is would be useful. We concluded in our study* that, in
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Figure 9. Calculated energy profile for a chain propagation step with the Grubbs Ni catalyst 2, and the four monomers:
Curtin—Hammett reactivity versus direct insertion. Energies are given relative to the cis = complexes.

Monomer HOMO LUMO

H/'-'_“\_, ('l-"“\l H

ethylene

propylene

acrylonitrile

vinylamine

Figure 10. Schematic representation of the frontier
orbitals of the four monomers.

the 7 complexes, predominantly the HOMO of the
monomer interacts with the cationic Brookhart cata-
lysts. The frontier orbitals of the monomers are plotted
in Figure 10. The p; coefficients in the HOMO of all
monomers with a substituted C=C bond are larger at
the terminal carbon atom than at the vicinal carbon
atom.?5 The 2,1-insertion, which involves the formation
of the new C—C bond to the terminal carbon, is therefore
favored. In contrast, both the HOMO and LUMO of the
monomer interact with the neutral Grubbs catalyst.*
The p; coefficient in the LUMO of acrylonitrile is also
larger at the terminal carbon than at the vicinal carbon,
and the 2,1-pathway is also preferred. The LUMO of
vinylamine, which is an analogue of the allyl anion,
however, has a large coefficient at the central carbon.
The interaction of the vinylamine LUMO with occupied

(25) For quantitative data of the frontier orbitals of the monomers,
see: Deubel, D. V. J. Org. Chem. 2001, 66, 3790.

Grubbs catalyst orbitals favors 1,2-insertion, while the
HOMO with vacant catalyst orbitals favors 2,1-inser-
tion. As a result, both barriers were found to be equal.

Conclusions

We have completed the first two levels of a compu-
tational screening of four group 10 catalysts and nitrogen-
containing polar monomers toward an incorporation of
amines and nitriles in the polymer chain of polyolefins.
The initial study was the investigation of the relative
energies of w and N binding of nitrogen-containing
monomers with the metal center of the catalysts.4 The
calculations revealed similar stabilization energies for
sz and N coordination to the salicylaldiminato (Grubbs)
Ni(Il) and Pd(I1) complexes, while the cationic diimine
(Brookhart) Ni(ll) and Pd(ll) catalysts strongly prefer
N coordination of acrylonitrile, CH,=CHCN, nonconju-
gated nitriles, CH,=CH(CH3),CN (n > 0), and noncon-
jugated amines, CH,=CH(CH3)s(NH2) (n > 0), over &
binding. Vinylamine, CH,=CH(NH), was found to favor
sz coordination with the Brookhart complexes. The
palladium catalysts showed a stronger preference for
the 7 mode than do the nickel counterparts.

We have now reported the structures and energies of
the transition states for insertion of acrylonitrile and
vinylamine into the metal—C bond of the four catalysts.
The calculations show that the activation energies for
the vinylamine insertion are much higher than for the
ethylene and propylene insertion, making a copolym-
erization with these monomers difficult. In contrast, the
energies for acrylonitrile have been predicted to have
insertion barriers similar to those of ethylene and
propylene. Qualititively equivalent results have been
found with both metal centers, with the nickel =
complexes showing a greater reactivity than their
palladium counterparts.

Furthermore, it has been demonstrated that chain
propagation with the Grubbs catalysts follows a Curtin—
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Hammett mechanism with a cis—trans isomerization of
the r complexes via a tetrahedral transition state. The
trans isomer is less stable than the cis isomer, but much
more reactive. Isomerization of the -agostic complexes
does not occur, since the activation energies are too
large. Investigation of the insertion regioselectivity
revealed that the 2,1-insertion is usually favored over
the regioiosmeric pathway, with equal barriers for the
2,1-and 1,2-insertion of vinylamine in the Grubbs
systems being an exception. This unexpected exception
is elucidated by the relative importance of electron back-
donation from the neutral Grubbs catalyst to the
monomer and by the large p, coefficient at the central
carbon in the LUMO of the allyl anion analogue, in
contrast to the other monomers.

Computational Details

Quantum-chemical calculations were performed at the
gradient-corrected density functional theory (DFT) level using
Becke's exchange functional?® and Perdew’s correlation func-
tional?” (BP86). Uncontracted Slater-type orbitals (STOs) were
used as basis functions in the SCF calculations.?® The basis
functions at the metals have triple-¢ quality, augmented with
a set of p functions. The basis set at the other atoms has
double-¢ quality, augmented with a set of d-type polarization
functions. The (1s)? core electrons of C, N, and O, the (1s2s2p)©
core electrons of Ni, and the (1s2s2p3s3p3d)?® core electrons
of Pd were treated within the frozen-core approximation.?® An
auxiliary basis set of s, p, d, f, and g STOs was utilized to fit
the molecular densities and to represent the Coulomb and
exchange potentials in each SCF cycle. Relativistic effects were
considered using the zeroth-order regular approximation
(ZORA).%° In view of the fact that the compounds studied in
this work show a large HOMO—-LUMO gap, a spin-restricted
formalism was used for all calculations. The calculations were
carried out with the ADF 2000 program package.?® The
transition structures were optimized at the BP86/LANL2DZ
level using Gaussian 98% before calculating the energies with
the methods described above. Vibrational frequencies were also

(26) Becke, A. D. Phys. Rev. A 1988, 38, 3098.

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

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

(29) Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2, 41.

(30) Van Lenthe, E.; Ehlers, A. E.; Baerends, E. J. 3. Chem. Phys.
1999, 110, 8943 and references cited therein.
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computed at the BP86/LANL2DZ level. For selected transition
states in the present work and other metalla-analogous
cycloadditions,®® geometries and relative energies calculated
at the BP86 level with the two programs were found to be very
similar to each other. This procedure allowed us to perform
(i) a systematic study of the insertion TS and s-complex-
isomerization TS for 16 catalyst—monomer combinations with
up to 8 stereoisomers for each TS, (ii) the characterization of
all transition states by exactly one imaginary frequency and
by inspection of the corresponding eigenvector, and (iii) a
comparison to related systems by employing our standard
methodology for energy calculations.
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