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The possible use of Ni in Heck reactions was investigated with use of the density function
theory method. It was found that the mechanisms of the Ni- and Pd-catalyzed Heck reactions
are quite similar to each other. Nevertheless, oxidative addition and olefin insertion occur
with lower energy barriers in the Ni system than in the Pd system. Because f-hydride
elimination is more efficient in the Pd system than in the Ni system, there is a poorer
selectivity to vinylation over Michael addition in the Ni system than in the Pd system. In
addition, catalyst regeneration through HX removal is considerably harder to achieve with
the Ni system than with the Pd system. Therefore, either a very strong base should be used
for the Ni catalysis or a reductive pathway should be designed to remove HX from the Ni
complex. Compared to the Pd system, oxidative addition of an alkenyl or aryl chloride is not
much harder than oxidative addition of an alkenyl or aryl iodide in the Ni system. Therefore,
the Ni-catalyzed Heck reaction may be applied to alkenyl or aryl chloride relatively easily.
Also, because S-hydride elimination is more difficult in the Ni system than in the Pd system,
the Ni-catalyzed Heck reaction may be applied to aliphatic halides. For an olefin with an
electron-donating substituent, the Ni-catalyzed coupling should slightly favor the Mark-
ovnikov-type product, if the steric effect is not significant. For an olefin with an electron-
withdrawing substituent, the Ni-catalyzed coupling should provide the anti-Markovnikov-
type product as the major product. In addition, it was found that phosphine and pyridine
ligands can reasonably well reduce the free energy in the HX removal step. Therefore, they
appear to be promising ligands for the Ni-catalyzed Heck reactions. Finally, we found that
the solvation effects, cation pathway, and anionic pathway in the Heck reactions did not
change the general trends for the reactivities of the Ni and Pd catalysts.

Introduction Scheme 1

R;

of an aryl or alkenyl halide with an olefin is known as
the Heck reaction® (Scheme 1). This reaction is one of
the most powerful methods for the formation of C—C
bonds.

The catalyst in the standard Heck reaction is a Pd(0)
species stabilized by two phosphine ligands. The reac-
tion mechanism includes fours steps! (Scheme 2): (1)
A o-aryl—Pd(ll) or o-alkenyl—Pd(Il) complex is formed
via oxidative addition. (2) Either one of the phosphine
ligands or the halide anion dissociates from the complex,
leaving behind a vacant coordination site that is oc-
cupied by the olefin substrate. Insertion of the olefin at
the aryl—Pd or alkenyl—Pd bond takes place subse-
quently. (3) An intramolecular $-hydride elimination
occurs, which gives the coupling product. (4) PdL,
catalyst is regenerated after the removal of HX from
the complex mediated by the base.
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Because of the importance of the Heck reaction in
organic synthesis, considerable effort has been devoted
to the improvement of the efficiency and selectivity of
the Pd-catalyzed Heck reactions. Due to the high cost
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of Pd, researchers are also interested in the Heck
reactions catalyzed by much cheaper transition metals
such as Co,%® Cu,* and Ni.5 These new Heck reactions
may provide chemists opportunities to achieve novel
reaction selectivities which cannot be accomplished with
the Pd catalysts.

Among the inexpensive transition metals, Ni appears
the most promising for the replacement of Pd. The
earlier attempts to use the Ni(ll) complexes such as
NiCl,(PPhg), to catalyze the coupling between activated
olefins (e.g. ethyl acrylate) and aryl halides were
moderately successful.> Mixtures of addition and sub-
stitution products were obtained resulting in poor
selectivity to the vinylation. In addition, stoichiometric
amounts of a reductant such as Zn dust were required
in the reaction to ensure the catalytic effect. Neverthe-
less, recently lyer et al. found that some Ni(0) complexes
such as Ni[P(OPh)s]4 and Ni[P(OEt)s]4 could catalyze
the Heck reactions between aryl and vinyl halides with
olefins and alkynes in the absence of any reductant.®
Furthermore, Arai et al. found that a catalyst system
consisting of Ni/triphenylphosphine trisulfonate catalyst
in ethylene glycol film supported on high surface area
silica was effective in heterogenizing the Heck reaction.”

Although so far no Ni catalyst has been able to rival
Pd for the Heck reaction, the Ni-catalyzed Heck reaction
has one distinct advantage over the classic Pd-catalyzed
reaction as it allows for the use of aliphatic halides (e.g.,
cyclohexyl bromide, secondary alkyl bromides) in addi-
tion to aryl and vinyl halides.> The mild conditions of
the reductive Ni-catalyzed Heck process are also worth
noting. Furthermore, chlorobenzene was found to be
reactive and gave a result very close to that obtained
with bromobenzene in Ni-catalyzed Heck reactions,
under very mild conditions and without any specific
efforts of optimization.® Therefore, Ni is very likely to
have a huge but still largely hidden, due to scarce efforts
given hitherto to this metal, potential for Heck chem-
istry.8

We recently initiated a project to study how to use
inexpensive light transition metals (i.e., Fe, Co, Ni, Cu)
to replace Pd in various catalytic reactions using both
experimental and theoretical methods. We became quite
interested in the probable application of Ni to Heck
reactions. On the basis of the previous work,>=8 we
envisioned that Ni must be able to participate in the
Heck catalytic cycle, although with a different balance
of individual steps and varied behavior of key interme-
diates compared to Pd. Detailed experimental studies
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(3) (a) Ikeda, Y.; Nakamura, T.; Yorimitsu, H.; Oshima, K. J. Am.
Chem. Soc. 2002, 124, 6514. (b) Fujioka, T.; Nakamura, T.; Yorimitsu,
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are ongoing now in our lab. A detailed theoretical study,
which is reported herein, should also provide some
important insights into the difference between Ni and
Pd in catalyzing the Heck reaction.

Method

All the structures were completely optimized by using the
gradient-corrected hybrid density function theory B3LYP
method as implemented in the G98 set of programs.® A basis
set of valence double-¢ quality was used. Relativistic effects
were addressed implicitly by the use of relativistic effective
core potentials (RECPs) for | and Pd. For H and C the standard
Dunning-Hay D95V basis was used. This basis set/RECP
combination is usually denoted by the acronym “LANL2DZ”.1°

Harmonic vibrational frequencies were calculated with the
B3LYP method for the optimized geometries. Zero-point
vibrational energy corrections were obtained by using unscaled
frequencies. The vibrational frequencies were also used to
obtain thermodynamic corrections and entropies. All transition
structures possessed one and only one imaginary frequency.
They were further characterized by following the correspond-
ing normal mode toward each product and reactant. In
ambiguous cases for which an assignment by inspection of the
corresponding imaginary eigenmode was not obvious, the
correct topology of the potential energy hypersurface was
verified by calculation of the intrinsic reaction coordinate (IRC)
at the B3LYP/LANL2DZ level.

All species were treated as singlets. To obtain more reliable
thermochemical data, additional single-point energy calcula-
tions were performed at the B3LYP/LANL2DZ+p level. The
basis set LANL2DZ+p!° consists of the LANL2DZ basis set
augmented by a single d polarization function for P, ClI, Br,
and I. A single f polarization function is added for Ni and Pd.
For H, C, and O the D95v(d) basis of Dunning was used. The
single energy was used to calculate the free energy of each
species at 298 K, 1 atm in the gas phase. The thermal
corrections to the free energy were obtained from the B3LYP/
LANL2DZ frequency calculations. It should be noted that the
computation method used in this study is commonly more
reliable in studying trends than providing absolute numbers
for the reactions, although model calculations have been shown
to afford remarkably accurate figures in absolute terms for
migratory insertions.}1~13

In addition to the gas-phase energetics, the solvent effects
on the Ni- and Pd-catalyzed Heck reactions were also consid-
ered. For this purpose, we used the continuum description of
the solvent based on an SCRF method at the B3LYP/
LANL2DZ+p level. The gas-phase geometry was used. The
polarized continuum model (PCM) developed by Tomasi and
co-workers!* was employed. Only the electrostatic contribu-
tions to the solvent effects were considered. Bondi radii were

(9) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,
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Scheme 3
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used for the solvent effect calculations. It should be mentioned
that all the free energies in the solution correspond to a
standard state of 1 mol/L, 298 K.

Results and Discussion

1. A Catalytic Cycle. At first, we studied the full
catalytic cycles of the Ni- and Pd-catalyzed Heck reac-
tions, using the CH,=CH,/CH,=CHCI coupling as a
model reaction and Ni(PHj3), or Pd(PHs3), as the catalyst
(Scheme 3). Use of PH3 as a phosphine ligand instead
of some bulky ones (e.g., PPhs) may lead to some
unrealistic calculation results because the steric effects
and some electronic effects may not be fully covered.
However, the current computational resources make it
necessary when the whole system is treated using the
DFT theory.1213

l.a. The Catalysts. In Figure 1 are shown the
structures of the Ni and Pd catalysts (1 and 1'). Both
complexes are linearly coordinated. The calculated total
binding free energy of both PH; ligands to the metal
center is 87.2 kcal/mol for Ni and 41.7 kcal/mol for Pd.
Clearly, metal—ligand interaction is considerably stron-
ger in the bicoordinated Ni complex than in the bico-
ordinated Pd complex. In addition, the Ni—P bond
length is 2.181 A, which is smaller than the Pd—P bond
length (2.374 A). The shorter length of the Ni—P bond
suggests that the steric effect in the Ni-catalyzed process
should be more important than that in the Pd-catalyzed
process.

The free energy changes for the binding between the
Ni (or Pd) catalyst with some important species in the
Heck reactions are shown in Table 1. According to Table
1, the binding strength decreases in the order alkene >
alkenyl halide > phosphine > aryl halide for Ni and
alkene > alkenyl halide > phosphine > aryl halide for
Pd. (The same trends are also predicted by the CCSD-
(T)Y/LANL2DZ+P//B3LYP/LANL2DZ method, although

(11) (a) Fan, L.; Krzywicki, A.; Somogyvari, Z. T. Inorg. Chem. 1996,
35, 4003. (b) Musaev, D. G.; Svensson, M.; Morokuma, S.; Stromberg,
S.; Zetterberg, K.; Siegbahn, P. E. M. Organometallics 1997, 16, 1933.
(c) Deng, L.; Woo, T. K.; Cavallo, L.; Margl, P. M.; Ziegler, T. 3. Am.
Chem. Soc. 1997, 119, 6177. (d) Michalak, A.; Ziegler, T. 3. Am. Chem.
Soc. 2001, 123, 12266. (e) Zhang, D.-J.; Liu, C.-B. Huaxue Xuebao 2001,
59, 1406. (f) Tomita, T.; Takahama, T.; Sugimoto, M.; Sakaki, S.
Organometallics 2002, 21, 4138. (g) Zhang, D.-J.; Liu, C.-B.; Liu, Y.-
J.; Hu, H.-Q. Chin. J. Chem. 2002, 20, 220. (h) Zhang, D.-J.; Zhang,
C.-Q.; Liu, C.-B. Gaodeng Xuexiao Huaxue Xuebao 2002, 23, 876. (i)
Tobisch, S. Chem. Eur. J. 2002, 8, 4756 (j) Liu, Y.; Liu, J.-W.; Yang,
X.-Z. Wuli Huaxue Xuebao 2002, 18, 1068. (k) Tobisch, S. Acc. Chem.
Res. 2002, 35, 96. (I) Deubel, D. V.; Ziegler, T. Organometallics 2002,
21, 4432. (m) Michalak, A.; Ziegler, T. Organometallics 2003, 22, 2660.
(n) Liu, Y.; Liu, Y.; Drew, G. B. M,; Liu, J.-W. Chin. J. Chem. 2003,
21, 481. (0) Li, Q. S.; Guan, J. J. Phys. Chem. A 2003, 107, 8584. (p)
Schlappi, D. N.; Cedeno, D. L. J. Phys. Chem. A 2003, 107, 8673. (q)
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Alexander, B. D.; Dines, T. J. J. Phys. Chem. A 2004, 108, 146.
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7, 1703.
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Barone, V.; Cossi, M.; Tomasi, J. J. Chem. Phys. 1997, 107, 3210. (c)
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Figure 1. Optimized structures of Ni(PH3), and Pd(PHj3),.

Table 1. Free Energy Changes for the Reaction
M(PHz3), + L — M(PH3).L (kcal/mol)

Ni(PHs)z Pd(PHs);

L B3LYPa CCSD(T)* B3LYPa CCSD(T)
CH2=CH (%) -179  —-30.3 1.4 -8.7
CH,=CH,—Cl (3y) —17.3  -27.3 1.3 -8.2
Ph—CI (21) 0.2 -7.9° 16.5 0.9¢
PH3 -93  -115 1.8 2.0

a Calculated with the B3LYP/LANL2DZ+P//B3LYP/LANL2DZ
method. P Calculated with the CCSD(T)/LANL2DZ+P//B3LYP/
LANL2DZ method. ¢ Due to the size of the system, the energy was
calculated with the B3LYP/LANL2DZ//B3LYP/LANL2DZ method.

the two methods provide different reaction energies.
This suggests again that the DFT method used in this
study should be more reliable in studying trends than
providing absolute numbers.) Since the oxidative addi-
tion of aryl or alkenyl halide to the catalyst needs a
vacant coordination site, one may expect to see serious
inhibition effect of alkenes (or phosphine ligands) on the
Heck reactions for both Ni and Pd. Indeed, the impor-
tance of ligand dissociation for the initiation of Heck
reaction has been shown by experimental studies by
Amatore and Jutand on the oxidative addition of Phl
to Pd(0) complexes with various ligands.1®> Similar
results have also been obtained in a recent theoretical
study.13

1.b. Oxidative Addition. It is believed that before
oxidative addition the catalyst should form a zx complex
with the halogenated alkene.’® Our results are in
agreement with this theory. (See Figure 2.) The &
complex (2 or 2") formation decreases the system free
energy by 17.3 kcal/mol for Ni but increases the system
free energy by 1.3 kcal/mol for Pd. It is worthy to note
that in 1972 Tolman et al. measured the equilibrium
constants for MLz + C,Hs — M(C,Hg)L, + L in benzene
(L = PPh3). They found that the equilibrium constant
at 25 °C is 300 for M = Ni and 0.013 for M = Pd.’
Therefore, both theoretical and experimental results
show that the Ni—alkene complexation is much stronger
than the Pd—alkene complexation.

The transition state for the oxidative addition (TS1
or TS1') is shown in Figure 2. The activation free energy
for the oxidative addition is +20.1 kcal/mol for Ni and

(15) (a) Amatore, C.; Jutand, A. Coord. Chem. Rev. 1998, 178—180,
511. (b) Amatore, C.; Fuxa, A.; Jutand, A. Chem. Eur. J. 2000, 6, 1474.
(c) Amatore, C.; Carre, E.; Jutand, A.; Medjour, Y. Organometallcs
2002, 21, 4540.

(16) (a) Rajaram, J.; Pearson, R. G.; lbers, J. A. 3. Am. Chem. Soc.
1974, 96, 2103. (b) Stille, J. K.; Lau, K. S. Y. Acc. Chem. Res. 1976, 9,
434. (c) Amatore, C.; Azzabi, D.; Jutand, A. J. Am. Chem. Soc. 1991,
113, 1670. (d) Brown, J. M.; Cooley, N. A. Oganometallics 1990, 9, 353.
(e) An alternative mechanism for oxidative addition (i.e., a mechanism
via ate complexes) has been investigated by Siegbahn et al. (see:
Siegbahn, P. E. M.; Blomberg, M. R. A. Catal. Met. Complexes 1995,
18, 15.

(17) Tolman, C. A.; Seidel, W. C.; Gerlach, D. H. 3. Am. Chem. Soc.
1972, 94, 2669.
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Figure 3. Insertion of CH,=CHy, into the metal—carbon bond.

+25.3 kcal/mol for Pd. Therefore, the Ni catalyst trig-
gers a faster oxidative addition.

The initial product of the oxidative addition is a cis
complex (3 or 3').28 The total reaction free energy of the
oxidative addition is —1.9 kcal/mol for Ni and +2.5 kcal/
mol for Pd. Presumably, Ni is easier to oxidize than Pd
because Ni is less electronegative than Pd.

1l.c. Insertion. Thorn and Hoffmann found that
insertion from a five-coordinate intermediate is usually
hard.!® Therefore, a vacant coordination site is required
to allow for a coordination of CH,=CH,; to the metal
center. Since the chloride anion binds more strongly
than PH3 to the metal center, we propose that one PH3
ligand should dissociate from the complex providing
complex 4 or 4" as shown in Figure 3. This dissociation
step increases the system free energy by +8.8 kcal/mol
for Ni and +12.8 kcal/mol for Pd. A positive free energy
change here means that the phosphine ligand may
retard the reaction (as shown later, the cationic pathway
does not have this phosphine retardation problem).

Addition of CH,=CH, to 4 (or 4') leads to complex 5
(or 5'). This step decreases the system free energy by
4.2 kcal/mol for Ni and 7.6 kcal/mol for Pd. Notably, the
metal—alkene interaction for Pd is stronger than that
for Ni in these tetracoordinated complexes. This result
contradicts the former observation for the bicoordinated
complexes, presumably due to the larger steric effect

(18) The product of oxidative addition could isomerize to a trans
complex. However, we only considered the cis complex in this study to
simplify the calculations.

(19) Thorn, D. L.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 2079.

in the tetracoordinated Ni complex. The different po-
larizability and back-bonding ability in the Pd and Ni
complexes may also play a role here.

Rotation of the ethylene ligand initiates the insertion
into the metal—C,H3 bond. The transition state for this
transformation (TS2 or TS2') is shown in Figure 3. The
activation free energy for this step is +7.7 kcal/mol for
Ni and +12.8 kcal/mol for Pd. Thus, Ni also triggers a
faster insertion than Pd.

The immediate product from the insertion (6 or 6) is
a four-coordinate complex. There is a metal-C=C
m-interaction in the complex. Due to the formation of a
C—C bond, the total free energy change for the insertion
step is highly negative, i.e., —22.6 kcal/mol for Ni and
—19.5 kcal/mol for Pd.

1.d. g-Elimination.?°g-Hydride elimination (Figure
4) is initiated by a rotation of the CH,—CHz—CH=CH>
moiety around the C,—Cg bond leading to the S-agostic
complex 7 or 7'. A transition state (TS3 or TS3') for this
Cy—Cp bond rotation is found. The rotation barrier is
calculated to be +8.7 kcal/mol for Ni and +10.8 kcal/

(20) Deeth et al. proposed that s-hydrogen elimination did not occur
in the Heck reactions because the agostic hydrogen is kinetically the
more acidic one and hence preferentially deprotonated. (See: (a) Deeth,
R. J.; Smith, A.; Hii, K. K.; Brown, J. M. Tetrahedron Lett. 1998, 39,
3229. (b) Hii, K. K.; Claridge, T. D. W.; Brown, J. M.; Smith, A.; Deeth,
R. J. Helv. Chim. Acta 2002, 84, 3043.) In disagreement with Deeth’s
proposal, our results suggest that S-elimination is the preferential
pathway. It is noteworthy that others have also proposed the j-hy-
drogen elimination pathway in related reactions. Some also found that
f-hydrogen elimination occurs more easily in the Pd complex than in
the Ni complex (see: Musaev, D. G.; Morokuma, K. Top. Catal. 1999,
7, 107).
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Figure 4. p-Hydride elimination.

mol for Pd. The free energy change of the C,—Cg bond
rotation is +4.6 kcal/mol for Ni and +8.9 kcal/mol for
Pd.

The Cz—H bond of the g-agostic complex 7 (or 7') is
then broken and a metal—H bond is formed leading to
complex 8 (or 8'). The transition state for this step is
TS4 or TS4'. The activation free energy for this step is
calculated to be +14.7 kcal/mol for Ni and +8.5 kcal/
mol for Pd. The reaction free energy for this step is
+12.7 kcal/mol for Ni and +4.0 kcal/mol for Pd. Clearly,
p-hydride elimination in the Ni system is harder than
that in the Pd system.?0

l.e. Regeneration of Catalyst. After losing the
product CH,=CH-CH=CHy,, complex 8 or 8 changes
into complex 9 or 9. The free energy of the system
increases in this step by 13.3 kcal/mol for both Ni and
Pd.

Complex 9 or 9" has a vacant coordination site, which
could be occupied by PHj;. This step decreases the
system free energy by 18.8 kcal/mol for Ni and by 20.3
kcal/mol for Pd. The product is complex 10 or 10'.

Reductive elimination of HCI from 10 or 10’ increases
the system free energy by +16.0 kcal/mol for Ni but
decreases the system free energy by 4.4 kcal/mol for Pd.
Clearly, HCI elimination in the Ni system is much
harder than that in the Pd system.

1.f. Comparison between Ni- and Pd-Catalyzed
Heck Reaction. From the above calculations, we can
see that Ni causes a faster oxidative addition and
insertion than Pd (Chart 1). It is worthy to note that in
a recent theoretical study on the copolymerization of
olefins with N-containing polar monomers'* Deubel and
Ziegler also found that the Ni systems have lower
insertion barriers than do their Pd counterparts. How-
ever, we find that Sg-hydride elimination in the Ni
system is less efficient than that in the Pd system. This
explains the observation of mixtures of addition and
substitution products in the original studies on Ni-
catalyzed Heck reactions.® The difficulty in S-hydride
elimination for the Ni system may also explain why
aliphatic halides (e.g., cyclohexyl bromide and secondary
alkyl bromides) in addition to aryl and vinyl halides can
be used in Ni-catalyzed Heck reactions.®

The elimination of HCI to regenerate the catalyst in
the last step is considerably easier with the Pd catalyst
than with the Ni catalyst. This observation indicates
that Ni(0) species cannot be effectively regenerated by
the mechanism common to the Pd-catalyzed Heck
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reaction through deprotonation of hydride complex by
base. In the earlier experiments, it was found that
stoichiometric amounts of a reductant such as Zn dust
were required in the Ni-catalyzed reaction to ensure the
catalytic effect.>

2. Comparison between Aryl Halide and Alkenyl
Halide. Due to the CPU limitation, in the present study
we will focus on the Heck reaction between alkenyl
halide and alkene. Nevertheless, in this section we
would like to briefly compare the aryl halide coupling
with the alkenyl halide coupling (Table 2).

According to Table 2, the major difference between
aryl coupling and alkenyl coupling arises in the break-
ing of the aryl or alkenyl chloride bond. The complex-
ation between the metal and alkenyl halide is much
stronger than that between the metal and aryl halide.
As a result, the energy barrier for the oxidative addition
is much lower in the aryl coupling than that in the
alkenyl coupling.

The activation barrier in the insertion step does not
vary significantly from the alkenyl coupling to the aryl
coupling. The g-hydride elimination is slightly easier in
the alkenyl coupling than that in the aryl coupling.
Therefore, as long as we bear in mind the difference
between the oxidative addition step, we can focus on
the alkenyl coupling to study the Heck reaction in
general.
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Table 2. Comparison between Aryl and Alkenyl

Coupling?
reaction NI(PH3)2 Pd(PH3)2

coord CH,=CH-CI Ph—ClI  CH,=CH-CI Ph—CI
1 0 0 0 0

2 -17.3 0.2 1.3 16.5
TS1 2.8 9.1 26.6 29.9
3 -19.2 —-19.1 3.8 4.0
4 -10.4 -10.0 16.2 16.8
5 —-14.6 -14.5 8.6 8.8
TS2 —-6.9 —-5.6 21.4 22.6
6 -37.2 -31.0 -10.9 —-4.0
TS3 -28.5 —-27.8 -0.1 0.1
7 —-32.6 —-33.3 —-2.0 —-2.9
TS4 -17.9 —16.6 6.5 8.6
8 -19.9 -19.1 2.0 3.1
9 —6.6 -5.9 15.3 16.0
10 —25.4 —24.7 —5.0 —-4.3
1 —-9.4 —-8.7 —-9.4 —-8.7

a Values in kcal/mol. In each row of the table we used the metal
complex to show the stage in the catalytic cycle. The free energy
was calculated for all the species at each particular stage. For
example, in the first row the free energy was calculated for 1 +
RCI + CH2=CHy>. In the last row, the free energy was calculated
for 1 + R—CH=CH, + HCI.

Table 3. Comparison between Alkenyl Chloride,
Bromide, and lodide in the Coupling of CH,=CHX
with CH2=CH2a

reaction NI(PH3)2 Pd(PH3)2

coord Cl Br | Cl Br |

1 0 0 0 0 0 0

2 -17.3 -—18.6 —194 1.3 0.4 0.9
TS1 2.8 —-2.9 —-8.0 26.6 20.1 14.0
3 —-19.2 213 224 3.8 -0.0 —-2.9
4 -10.4 -—-13.7 -—16.1 16.2 10.2 4.9
5 —-146 -—-163 —17.2 8.6 4.8 2.1
TS2 —-6.9 —8.6 —-8.9 21.4 17.8 15.8
6 —-37.2 -39 -39.3 -109 147 -16.7
TS3 —-285 —-304 -—31.0 -0.1 —4.1 —6.4
7 —326 —34.7 —35.6 —-2.0 -6.1 —8.8
TS4 =179 -—-211 236 6.5 1.6 —-2.3
8 —-199 —-229 —-25.2 2.0 -3.0 -7.1
9 -6.6 —-10.0 -—135 15.3 7.7 0.8
10 —254 —-284 —-30.6 =50 -10.1 -141
1 —-9.4 -9.3 —-9.2 —-9.4 -9.3 -9.2

aValues in kcal/mol. In each row of the table we used the metal
complex to show the stage in the catalytic cycle. The free energy
was calculated for all the species at each particular stage. For
example, in the first row the free energy was calculated for 1 +
RX + CH,;=CH,. In the last row, the free energy was calculated
for 1 + R—CH=CH, + HX.

It is worthy to note again that in the aryl coupling,
Ni again triggers a faster oxidative addition and inser-
tion than Pd. However, -hydride elimination in the Ni
system is less efficient than that in the Pd system.
Finally, regeneration of the Ni catalyst is considerably
more difficult than regeneration of the Pd catalyst.

3. Comparison between Alkenyl Chloride, Bro-
mide, and lodide. Table 3 shows the free energy
changes in the coupling of alkenyl chloride, bromide,
and iodide. According to Table 3, the energy barriers
for the oxidative additions of alkenyl chloride, bromide,
and iodide are +20.1, +15.7, and +11.4 kcal/mol in the
Ni system. In comparison, the energy barriers for the
oxidative additions of alkenyl chloride, bromide, and
iodide are +25.3, +19.7, and +13.1 kcal/mol in the Pd
system. These results indicate that the efficiency of the
oxidative addition decreases in the order alkenyl iodide
> alkenyl bromide > alkenyl chloride for both Ni and
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Scheme 4. Regiochemistry in Heck Reactions
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Pd systems. Also, oxidative addition is always less
efficient in the Pd system than in the Ni system.

For the Pd system, the energy barrier of oxidative
addition for alkenyl chloride is 12.2 kcal/mol higher than
that for alkenyl iodide. For the Ni system, the energy
barrier of oxidative addition for alkenyl chloride is only
8.7 kcal/mol higher than that for alkenyl iodide. There-
fore, compared to the Pd-catalyzed Heck reactions, Ni
catalysts may exhibit higher reactivity with alkenyl or
aryl chloride. This prediction is in agreement with the
experimental observation, i.e., chlorobenzene is reactive
and gives a result very close to that obtained with
bromobenzene in Ni-catalyzed Heck reactions.>

The energy barriers for the insertion step are +7.7,
+7.7, and +8.3 kcal/mol for alkenyl chloride, bromide,
and iodide in the Ni system. In comparison, the energy
barriers for the insertion step are +12.8, +13.0, and
+13.7 kcal/mol for alkenyl chloride, bromide, and iodide
in the Pd system. Therefore, the change of halide does
not affect the insertion step significantly. Also, insertion
is always more efficient in the Ni system than in the
Pd system.

The energy barriers for the g-hydride elimination are
+14.7, +13.6, and +12.0 kcal/mol for alkenyl chloride,
bromide, and iodide in the Ni system. The same energy
barriers in the Pd system are +8.5, +7.7, and +6.5 kcal/
mol for alkenyl chloride, bromide, and iodide. Therefore,
the efficiency of g-hydride elimination decreases in the
order alkenyl iodide > alkenyl bromide > alkenyl
chloride. Also, the elimination energy barriers for the
Ni systems are always significantly larger than those
for the Pd systems.

Removal of HX from the catalyst to regenerate the
catalyst leads to a free energy increase of +16.0, +19.1,
or +21.4 kcal/mol for alkenyl chloride, bromide, or iodide
in the Ni systems. These values are significantly larger
than the corresponding values for the Pd system, which
are —4.4, +0.8, and +4.9 kcal/mol, respectively.

4. Substitution on Olefins. In this section the effect
of olefin substitution on the Heck reaction is examined.
An important issue here is the regiochemistry (see
Scheme 4). The detailed free energy changes for the
catalytic cycle can be found in the Supporting Informa-
tion. Herein, to focus on the regiochemistry problem we
show in Table 4 the free energy changes in the insertion
step.

According to Table 4, CH3 substitution on the olefin
slightly increases the energy barrier of insertion for both
the Ni and Pd systems. C1 coupling is slightly favored
over C2 coupling in both the Ni and Pd system, in
accordance with the Markovnikov rule. Similar results
were obtained in recent elegant studies by von Schenck
et al.?t

(21) (a) von Schenck, H.; Stroemberg, S.; Zetterberg, K.; Ludwig,
M.; Akermark, B.; Svensson, M. Organometallics 2001, 20, 2813. (b)
von Schenck, H.; Kermark, B.; Svensson, M. Organometallics 2002,
21, 2248. (c) von Schenck, H.; Kermark, B.; Svensson, M. J. Am. Chem.
Soc. 2003, 125, 3503.
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Table 4. Free Energy Changes in the Insertion Step (kcal/mol)
HiR - Cl HiR - Cl
M M
X .~CH=CH, —> CH=CH
HR - Cl / R R
M,
/ \CH—CH H3R, Cl
= 3 H3R Cl
R/\ 5 ' k \M/ ’ \M/
) RN\ CH=CHy  ——» R/</CH=CH2
TS2 6
Ni(PH3)2 Pd(PH3)2
coupling H CHs COOH H CHs COOH
pOSitiOﬂ - Cl C2 C]_ Cz - C]_ Cz C]_ Cz
AG*(5—TS2) +7.7 +8.2 +9.7 +10.5 +5.6 +12.8 +14.0 +14.7 +16.2 +10.6
AG(5—6) —22.6 —20.7 —18.3 —20.0 —26.4 —19.5 —-17.6 —16.3 —-17.5 —23.3

COOH substitution on the olefin changes the regio-
chemistry considerably. In this case, C2 coupling is
significantly more efficient than C1 coupling. This
behavior should be due to the electron-withdrawing
property of COOH. The insertion energy barrier for C2
coupling of CH,=CHCOOH is lower than that for CH,=
CH: coupling. Therefore, electron-poor olefins should be
better substrates than electron-rich olefins in both Ni-
and Pd-catalyzed Heck reactions. This prediction is in
agreement with the experimental results.58

pB-Hydride elimination is another step where the olefin
substitution has significant effects. According to Table
3, the energy barriers of 5-hydride elimination for CH,=
CH,, CH3—CH=CH; (C1 coupling), and CH,=CH-—
COOH (C2 coupling) are +14.7, + 14.3, and +18.0 kcal/
mol in the Ni systems. The same barriers are +8.5,
+7.1, and +10.1 kcal/mol in the Pd systems. Therefore,
electron-poor olefins tend to provide more (Michael)
addition products than electron-rich olefins in both Ni-
and Pd-catalyzed Heck reactions.

5. Effects of Ligands on Ni-Catalyzed Heck
Reactions. According to the above results, there are
two major problems for the Ni-catalyzed Heck reactions.
First, the energy barrier for s-hydride elimination is too
high resulting in poor selectivity to the vinylation.
Second, removal of HX from the Ni(ll) complex to
regenerate the Ni(0) catalyst is highly endothermic.

An appropriate choice of ligands may solve the above
two problems. Because the last step, i.e., removal of HX,
appears to be the most serious problem for the Ni-
catalyzed Heck reactions, we first attempt to decrease
the free energy change of this step by changing the
ligands. The results are shown in Table 5.

According to Table 5, without any ligand removal of
HCI from Ni(0) increases the system free energy by
+79.2 kcal/mol. Neutral monodentate ligands including
NHs, H,O, PHs, and H,S decrease this free energy
change. Since PH3 is the most effective in these ligands,
use of NR3, R20, PR3, and R3S ligands will not solve
the problem in catalyst regeneration. Use of bidentate
phosphine ligands may not solve the problem either. In
fact, the free energy of HCI removal with H,P—CH,—
CH2—PH; or H,P—(CH3)3—PHz; is higher than that with
PHs.

As expected, PMes is a worse ligand than PHj3 for the
HCI removal because of the electron-donating property
of Me. However, despite the fact that OR groups are
o-withdrawing, the free energy of the HCI removal with
P(OH); and P(OMe)s is 21.0 and 28.3 kcal/mol, which

Table 5. Ligand Effects on the Reaction Free
Energy of HCI Removal (kcal/mol)

ligands AG Enomo (au)? ELumo (au)?

none 79.2

NH; 27.1 —0.252 0.079
H>0 32.6 —0.291 0.063
PH3 16.0 —0.276 0.032
H>S 19.7 —0.262 0.020
H,P—CH,—CH,—PH; 26.6 —0.240 0.024
H,P—(CH3)3—PH> 24.6 —0.242 0.021
H;P—O—-CH,—0—PH3 23.1 —0.254 —0.012
PMes 219 —0.220 0.064
P(OMe); 28.3 —0.232 0.038
P(OH)3 21.0 —0.266 0.021
OH~ 58.7 0.161 0.413
SCN~ 43.8 —0.015 0.272
CN~ 42.8 0.018 0.354
H,C=NH 16.4 —0.268 —0.009
(NH>)2C: 27.0 —0.188 0.062
CcO —6.8 —0.371 —0.022
CH>;=CH> —6.0 —0.267 0.019

2 Enomo and ELumo were calculated with the B3LYP/6-31G(d)
method.

is higher than that with PH3. Therefore, it appears that
use of P(OR)3; may not improve the HX removal reaction.
Nevertheless, recently lyer et al. reported that Ni-
[P(OPh)s]s and Ni[P(OEt)s]s could catalyze the Heck
reactions between aryl and vinyl halides with olefins
and alkynes in the absence of any reductant.®

Use of anionic ligands (e.g., OH~, SCN~, CN~) does
not effectively decrease the free energy of HCI removal.
Therefore, more serious problems in catalyst regenera-
tion are expected for these types of ligands. A carbene-
type ligand, (NH2).C:, provides a free energy of +27.0
kcal/mol for HCI removal. Clearly, it does not solve the
problem either.

H>C=NH (a model compound for pyridines) provides
a free energy of +16.4 kcal/mol for HCI removal. It
should be mentioned in this system that H,C=NH
coordinates to Ni via the lone pair electrons on the
nitrogen (i.e., end-on geometry). Since this energy is
very close to that for PH3, pyridines may be an interest-
ing type of ligands for Ni-catalyzed Heck reactions.

Strikingly, CO provides a free energy of —6.8 kcal/
mol for HCI removal. This particular value should be
caused by the fact that CO is a strong x acid. A strong
back-bonding between the ligand z* orbital and the
d-orbital of Ni is expected, which removes some electron
density from Ni. As a result, this Ni complex (i.e., Ni-
(CO)2HCI) can lose HCI readily through reductive
elimination.
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Figure 6. The correlation between the reaction free
energies of HX removal and the HOMO energies of the
ligands.

Unfortunately, a low HCI removal energy associated
with CO does not mean that CO is a desirable ligand
for the Ni-catalyzed Heck reaction. By using CO as the
ligand for Ni-catalyzed coupling between CH,=CHCI
and CH,=CHj, the energy barrier for oxidative addition
becomes +21.2 kcal/mol, a value significantly higher
than that for PH3; (+14.8 kcal/mol). This is to be
expected, because a complex easy to reduce must be a
complex hard to oxidize. Besides, in addition to olefin
insertion CO may also insert into the Ni—C bond. This
reactivity may complicate the whole reaction.

Another interesting ligand is CH,=CH,. It also leads
to a negative free energy change in HCI removal (—6.0
kcal/mol). This behavior should also be caused by the
fact that alkenes are m-acceptors. However, use of
alkene ligands in the Heck reaction may lead to
undesirable ligand insertion into the M—C bond. There-
fore, we are not certain whether an olefin-type ligand
can be developed for the Ni-catalyzed Heck reactions.

At this point, it is worthy mentioning that there is
an interesting correlation between the reaction free
energies of HX removal and the HOMO energies of the
ligands (see Figure 6). Generally, a higher HOMO
energy corresponds to a higher HX removal free energy.
Therefore, using the HOMO energies we may predict
the reactivities of some ligands. A similar correlation
was observed in the previous studies between the
HOMO energies and reaction barriers.?2t Nonetheless,
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Table 6. Gas-Phase Free Energy Changes in the
Coupling of CH,=CHOTf with CH,=CH, through a
Cationic Pathway (kcal/mol)

Ni(PH3), Pd(PHs).
AG*(insertion, gas) 5.6 9.3
AG(insertion, gas) —-21.2 —-20.1
AG¥(8-H-elimination, gas) 9.6 5.7
AG(B-H-elimination, gas) 8.3 2.9
AG(catalyst regeneration, gas)? 210.8 197.3

2 The catalyst regeneration step of the cationic pathway is
[HML,]" — ML, + H*. The electronic energy of proton is treated
as 0. It is worthy to note that because the solvation effects have
not been considered for proton, the absolute energy changes in
this step are not realistic. Only the relative value between Ni and
Pd is meaningful.

it is clear from Figure 6 that the correlation is not
perfect. The same problem is noticeable in the previous
studies.?!

6. Solvent Effect. The above calculations are con-
ducted in the gas phase. To examine whether the solvent
effects may significantly change the results from the
above calculations, we calculated the solution-phase free
energy changes in the coupling of CH,=CHCI with
CH2;=CH,. We considered THF (dielectric constant =
5.78) and DMF (dielectric constant = 36.71). These two
solvents represent the nonpolar and polar solvents,
respectively.

The detailed calculation results for the solvent effects
can be found in the Supporting Information. According
to the results, there are some solvent effects on the Heck
reaction. In the oxidative addition step, the activation
free energies are +20.1 (vacuum), +19.5 (THF), and
+17.5 (DMF) kcal/mol for the Ni catalyst and +27.9
(vacuum), + 24.2 (THF), and +22.2 (DMF) kcal/mol for
Pd. Clearly, a more polar medium favors the oxidative
addition step because of the charge separation in the
addition.

For the olefin insertion step, the activation free
energies are +7.7 (vacuum), +7.4 (THF), and +6.9
(DMF) kcal/mol for the Ni catalyst and +12.8 (vacuum),
+12.0 (THF), and +11.3 (DMF) kcal/mol for Pd. For the
p-hydride elimination step, the activation free energies
are +14.7 (vacuum), +14.2 (THF), and +11.0 (DMF)
kcal/mol for the Ni catalyst and +8.5 (vacuum), +7.8
(THF), and +5.2 (DMF) kcal/mol for Pd. Therefore, a
more polar medium slightly favors these two steps.

For the HCI removal step, the reaction free energies
are +16.0 (vacuum), +21.6 (THF), and +22.8 (DMF)
kcal/mol for the Ni catalyst and —4.4 (vacuum), +1.0
(THF), and +2.7 (DMF) kcal/mol for Pd. A more polar
solvent disfavors this step because the metal center is
reduced from M(II) to M(0) in this step.

On the basis of the above results, it is clear that the
solvent effects do not significantly affect the trends in
the Ni- or Pd-catalyzed Heck reactions. All the conclu-
sions drawn from the gas-phase calculations are still
qualitatively valid for the solution-phase Heck reactions.

7. Cationic Pathway. In the previous sections we
mentioned that for alkenyl or aryl halide, before the
coordination of CH,=CH, it must be the phosphine but
not the halide ligand that leaves the metal center. This
is the so-called neutral pathway. It occurs because
halide binds more strongly with the metal center than
phosphines. Nevertheless, for the Heck reaction of
alkenyl or aryl triflate one may expect a cationic
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Table 7. Gas-Phase and Solution-Phase (THF or DMF) Free Energy Changes in the Oxidative Addition of
CH,=CHCI to Ni(PH3)CIl~ and Pd(PH3)CIl~ (kcal/mol)2

Ni(PH3)(Cl) Pd(PH3)(CI)

in a vacuum in THF in DMF in a vacuum in THF in DMF
M(PH3)CI~ 0.0 0.0 0.0 0.0 0.0 0.0
(CH,=CHCI)M(PH3)CI~ —-17.2 —-13.5 -12.6 0.1 4.6 6.4
TS 2.7 45 4.6 18.6 22.6 25.2
(CH,=CH)M(PH3)Cl,~ —-31.6 —-29.9 —-29.3 -115 -8.0 -6.7

Ni(PH3)2 Pd(PH3),

in a vacuum in THF in DMF in a vacuum in THF in DMF
M(PH3s), 0.0 0.0 0.0 0.0 0.0 0.0
(CH,=CHCI)M(PHj3), -17.3 —-19.6 -19.5 1.3 -0.5 0.1
TS 2.8 -0.1 -2.0 26.6 23.7 22.3
(CH,=CH)M(PH3).CI —-19.2 —24.3 —26.6 3.8 -14 -3.1

pathway. In this pathway, it is the triflate anion but
not the phosphine ligand that leaves the metal center
as the metal—triflate interaction is very weak.?? Herein
we briefly examined if the cationic pathway may change
the conclusions we have drawn for the difference
between Ni- and Pd-catalyzed Heck reactions. There-
fore, we calculated the gas-phase free energy changes
in the coupling of CH,=CHOTf with CH,=CH through
a cationic pathway. The results show that the insertion
step is faster in the Ni case than in the Pd case. The
p-hydride elimination and the catalyst regeneration
steps are much easier in the Pd case than in the Ni case.
Therefore, the basic conclusions drawn from the neutral
pathway can also apply to the cationic pathway.

8. Anionic Pathway. Usually it is postulated that
the effective catalyst in the Heck reaction is Pd(0)L,,
which is used in the above sections. However, recent
studies by Amatore and Jutand have shown that the
ligand on the palladium precatalyst can profoundly
influence the mechanism of Heck reactions.?®> Amatore
and Jutand proposed that halide and acetate anions
coordinate Pd(0)L, to form anionic tricoordinated com-
plexes Pd(0)L,Cl~ or Pd(0)L(OAc)-, which undergo
oxidative addition to aryl halide. Thus, the tricoordi-
nated anionic complex Pd(0)L,X~ was suggested to be
the effective catalyst instead of the usually postulated
Pd(0)L, complex in Heck reactions.

To test if this anionic pathway may change the
conclusions drawn in the above sections, we have also
studied the possibility of using Ni(PH3),Cl- and Pd-
(PH3).Cl~ as the effective catalysts. However, we cannot
find any stable form of the tetracoordinated complex
(CH,=CHCI)PdCI(PHs3),~, which always automatically
decomposes into Pd(PH3)2(CH,=CHCI) and a free CI~
ion. For the Ni case, although the tetracoordinated
complex is stable, the pentacoordinated complex
(CH2=CH)NIi(PH3).Cl,~ is not found to be a stable
species. Therefore, our theoretical results do not support
the proposed anionic pathway through which oxidative
addition of RX to MCIL,~ gives a pentacoordinated
anionic complex RMXCIL;™.

It is worthy to note that in Amatore and Jutand’s
study Pd(0)L,CI~ or Pd(0)L,(OAc)~ was found to be the
reactive species?? but there is no evidence that they are
the real catalyst. An alternative anionic catalyst is the

(22) Ozawa, F.; Kubo, A.; Hayashi, T. 3. Am. Chem. Soc. 1991, 113,
1417.

(23) (a) Amatore, C.; Carre, E.; Jutand, A.; M'Barki, M.; Meyer, G.
Organometallics 1995, 14, 5605. (b) Amatore, C.; Jutand, A. Acc. Chem.
Res. 2000, 33, 314.

14-electron complex Pd(O)LCI~ or Pd(0)L(OAc)~ that is
a perfectly reasonable species in equilibrium with
Pd(0)LCIl~ or Pd(0)L,(OACc)~ in the solution. Herein, we
test the possibility of using Ni(PH3)CI~ and Pd(PH3)CI~
as the catalyst. We find that oxidative addition of CH,=
CHCI to Ni(PH3)CI~ and Pd(PH3)CI~ can give (CH,=CH)-
Ni(PH3)Cl,~ and (CH,=CH)Pd(PH3)Cl, . All the inter-
mediates and transition states in these oxidative reac-
tions are successfully modeled by the theoretical meth-
ods. The results are shown in Table 7.

According to Table 7 it can be seen that in the gas
phase the free energy barrier for the oxidative addition
is +19.9 and +18.5 kcal/mol for Ni(PH3)Cl~ and
Pd(PH3)CI—, respectively. These values are smaller than
the corresponding values for Ni(PHs3), and Pd(PHs).
(neutral pathway), which are +20.1 and +25.3 kcal/mol.
Clearly the anionic pathway causes a faster oxidative
addition because the metal center is more electron rich
in an anionic complex. This effect is much larger for Pd
than for Ni, possibly because more negative charge is
located at the metal center in the Pd complex than in
the Ni complex.

The above results also indicate that using the anionic
pathway Ni causes a slower oxidative addition than
Pd in the gas phase. This trend is different from that
observed for the neutral pathway. Nevertheless, in THF
the free energy barrier for the oxidative addition
is +18.0 and +18.0 kcal/mol for Ni(PH3)Cl~ and
Pd(PH3)CI—, respectively. In DMF the free energy bar-
rier for the oxidative addition is +17.2 and +18.8 kcal/
mol for Ni(PH3)CIl~ and Pd(PH3)CI~, respectively. There-
fore, in solution it is possible that Ni still causes a
slightly faster oxidative addition than Pd with use of
the anionic pathway.

4. Conclusion

In the present study we investigated the possible use
of Ni in Heck reactions. On the basis of detailed
comparisons, we can draw the following conclusions.

(1) The mechanism of the Ni-catalyzed Heck reaction
is quite similar to that of the Pd-catalyzed Heck reac-
tion. There are four major steps in a catalytic cycle. (a)
A o-aryl—=M(Il) or o-alkenyl-M(I1) (M = Ni or Pd)
complex is formed via oxidative addition. (b) An olefin
substrate coordinates to the metal, followed by the
insertion of the olefin at the C—M bond. (c) An intramo-
lecular pB-hydride elimination occurs, providing the
coupling product. (d) M(0) catalyst is regenerated after
the removal of HX from the complex.
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(2) Oxidative addition and olefin insertion occur with
lower energy barriers in the Ni system than in the Pd
system. However, -hydride elimination is more efficient
in the Pd system than in the Ni system. This leads to
poorer selectivity to vinylation over Michael addition in
the Ni system than in the Pd system. More importantly,
catalyst regeneration through HX removal is consider-
ably harder to achieve with the Ni system than with
the Pd system. Either a very strong base should be used
for the Ni catalyst or a reduction method should be
designed to remove HX from the Ni complex.

(3) Compared to the Pd system, oxidative addition of
an alkenyl or aryl chloride is not much harder than
oxidative addition of an alkenyl or aryl iodide in the Ni
system. Therefore, the Ni-catalyzed Heck reaction may
be applied to alkenyl or aryl chloride relatively easily.
Also, because -hydride elimination is more difficult in
the Ni system than in the Pd system, the Ni-catalyzed
Heck reaction may be applied to aliphatic halides.

(4) For an olefin with an electron-donating substitu-
ent, the Ni-catalyzed coupling should slightly favor the
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Markovnikov-type product, if the steric effect is not
significant. For an olefin with an electron-withdrawing
substituent, the Ni-catalyzed coupling should provide
the anti-Markovnikov-type product as the major prod-
uct.

(5) Phosphine and pyridine ligands can reasonably
well reduce the free energy in the HX removal step.
Therefore, they appear to be promising ligands for the
Ni-catalyzed Heck reactions.

(6) Solvation effects, cation pathway, and anionic
pathway do not change the general trends for the
reactivities of the Ni and Pd catalysts in Heck reactions.
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