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Abstract: A theoretical investigation at the DFT(B3LYP) level on the carbonylation reaction of allyl bromide
catalyzed by nickel tetra-carbonyl Ni(CO)4 is discussed. The computational results show the following: (i)
Three main steps characterize the catalytic cycle: (a) an oxidative addition step, (b) a carbonylation step,
and (c) a reductive elimination step where the acyl product is obtained and the catalyst is regenerated. (ii)
Both Ni(CO)3 and Ni(CO)4 complexes can behave as “active” catalytic species. (iii) The oxidative addition
leads to the formation of either η3 or η1-allyl nickel complexes, which are involved in a fast equilibrium. (iv)
The carbonylation occurs much more easily on the η1 than on the η3 intermediates.

Introduction

The carbonylation of allyl halides catalyzed by transition
metals represents a powerful synthetic tool to obtainâ-γ-
unsaturated acyl derivatives,1 and a number of papers, where
different transition metal complexes are used as catalysts, have
appeared in the literature.1-16 The carbonylation of allyl halides
can be catalyzed by nickel tetracarbonyl Ni(CO)4

2,11-19 and it
was first reported by Chiusoli.2,11 This reaction can be carried
out under mild conditions i.e., room temperature and atmo-
spheric or low (2-3 atm) CO pressures.13 At higher pressures,
the reaction is suppressed, unless the temperature is also raised,
whereas at lower pressures the dimerization of the allyl groups

is favored. When inert solvents, such as ethers or aromatic com-
pounds, are used, the reaction products are acyl halides. In alco-
hol and other solvents, the reaction proceeds up to the formation
of the corresponding acids and esters, depending on the media.
The nickel tri-carbonyl complex Ni(CO)3, in equilibrium with
the Ni(CO)4 species, is postulated to represent the “active” form
of the catalyst.20 However, because the decomposition of
Ni(CO)4 into Ni(CO)3 and CO is an endothermic process (by
22.1 kcal mol-1 in n-hexane solutions21 and by 35 kcal mol-1

when measured using calorimetric techniques22), only a small
amount of Ni(CO)3 should be available in the reaction medium.

During the last two decades, the nickel catalyzed carbony-
lation has lost some of its popularity among the chemical
community mainly because of the hazardous nature of Ni(CO)4.
It has been replaced in many cases by palladium catalyzed
carbonylation3-10 even if this reaction has the disadvantage of
requiring a very high carbon monoxide pressure. However, quite
recently the use of nickel complexes has attracted again much
interest since alternative techniques have been proposed that
avoid the direct manipulation of the toxic Ni(CO)4. This
procedure has been applied by Moreto and co-workers18,19 to
the Ni-mediated cyclocarbonylation of allyl halides and alkynes,
a reaction reported some time ago by Chiusoli.13,15These authors
have shown that cyclopentanones can be efficiently and
selectively obtained without any handling of nickel carbonyl
by preparing theπ-allyl Ni complex (the suggested key species
of the process) in the way suggested by Mackenzie et al.23 (i.e.,
from Ni(COD)2, acryladehydes and Me3SiCl). This renewed
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interest for nickel catalyzed carbonylations has prompted us to
consider in detail the mechanism of this reaction. Also, it is
worth to outline that only a few theoretical papers on the car-
bonylation catalyzed by Ni(CO)4 are available in the liter-
ature20,24-26 and, as far as we know, no papers have appeared
on the nickel catalyzed carbonylation of allyl halides.

A schematic representation of the commonly postulated
catalytic cycle for the carbonylation of allyl halides is reported
in Scheme 1. The mechanism consists of three major steps: (1)
The oxidative addition of allyl halides XCH2-CHdCH2 to
nickel to formη3 and/orη1-allyl complexes. (2) The carbony-
lation step where a CO molecule inserts into a carbon-nickel
bond and nickel-acyl complexes are obtained. (3) The reductive
elimination, which affords the acyl product (acyl halide) with
the regeneration of the catalyst.

In light of the experimental evidence11-19 published in the
literature, it is possible to propose a much more detailed mecha-
nism (see Scheme 2). The structures of the possible intermedi-
ates involved in the various reaction paths are based on those
suggested in the literature. In this scheme, the Ni(CO)3 is

assumed to be active catalytic species. The initial oxidative addi-
tion step (1) could proceed either via an attack of the terminal
CC double bond of the allyl halide on the metal, or via a direct
attack of the halogen. In the former case we have the formation
of η3-allyl complexes, whereas in the latter, the reaction leads
to η1-allyl complexes. The experiments suggest the existence
of a possible equilibrium between these two complexes. This
equilibrium requires the addition or the expulsion of a CO ligand
from the metal coordination sphere. The carbonylation (step 2)
could occur, in principle, either on theη3 or theη1-allyl species.
Three-coordinated and four-coordinated nickel-acyl complex
intermediates are obtained in the former and latter case,
respectively. Reductive elimination (step 3) from the four-
coordinated complexes leads toâ,γ-unsaturated acyl halides
and the regenerated catalyst. As the experimental data of Scheme
2 suggest that most of the catalyst is present in the reaction
medium as Ni(CO)4, a similar scheme starting from Ni(CO)4

and involving equivalent steps should be also considered.

Despite being one of the first useful examples of allyl halide
carbonylation of technological interest, various mechanistic
details (partially reported in Scheme 2) have not been elucidated
yet, and many questions still remain unanswered. What is, for
instance, the real “active” catalytic species; Ni(CO)3, which is
present in the reaction medium in small amount, or the
tetracarbonyl nickel complex Ni(CO)4? Are π-complexes in-
volved in the process? Does carbonylation occur on theη3 or
η1 species? Are theη3 andη1 complexes in equilibrium? What
is the rate-determining step of the process?

In the present paper, to answer these and other questions and
to obtain a detailed mechanistic picture, the carbonylation reac-
tion of allyl halides catalyzed by nickel tetra-carbonyl has been
investigated in detail at the DFT level. The model-system is
formed by an allyl bromide molecule. We have studied its reac-
tion with Ni(CO)4 and Ni(CO)3 because, as mentioned before,
both complexes, in principle, can play the role of “active”
catalyst.

2. Computational Procedure.All the DFT computations
reported here have been performed with the Gaussian 9827 series
of programs using the nonlocal hybrid Becke’s three-parameter
exchange functional28,29 denoted as B3LYP. Following the
Gaussian formalism, this functional can be written as follows
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Scheme 1

Scheme 2

0.80E(S)X + 0.20E(HF)X + 0.72E(B88)X +
0.19E(LOCAL)C + 0.81E(NON-LOCAL)C
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where E(S)X is the Slater exchange,30 E(HF)X the Hartree-Fock
exchange, E(B88)X represents the Becke’s 1988 nonlocal
exchange functional corrections,31 E(LOCAL)C corresponds to
the Vosko, Wilk, and Nusair local correlation functional32 and
E(NON-LOCAL)C to the correlation functional of Lee, Yang,
and Parr (E(LYP)C),33 which includes both local and nonlocal
terms. This functional has been demonstrated to be able of
providing a reliable description (structures and energies) of
transition metal complexes and of the potential surfaces associ-
ated with catalytic processes.20,24,25,34-37 In particular, in refs
20, 24, 25, and 37 examples are reported which show that the
B3LYP functional is adequate to describe oxidative addition,
carbonylation and reductive elimination steps occurring in the
catalytic cycle. The geometry of the various critical points on
the reaction surface has been fully optimized with the gradient
method available in Gaussian 98 using the DZVP basis set,38

which is a Local Spin Density (LSD)-optimized basis set of
double-ú quality in the valence shell plus polarization functions.
A computation of the harmonic vibrational frequencies has been
carried out to determine the nature of each critical point. To
check the reliability of the DZVP basis, the structure of the
most important critical points has been re-optimized using a
more accurate basis set: the 6-31G* basis27 for carbon and
hydrogen atoms and the 6-311G* basis27 for the metal and the
bromine (6-31G*/6-311G* basis).

To roughly evaluate the effect of the solvent, in some cases,
we carried out single-point computations on the gas-phase
optimized structures using the Polarized Continuous Model
(PCM)39 method available in Gaussian 98.

3. Results and Discussion

In this section, we discuss in detail the singlet potential energy
surface associated with the various steps of the catalytic cycle
of Scheme 2.

A. Mechanism of the Oxidative Addition: Formation of
η3 Complexes.The energy profile for this process is represented
in Figure 1, whereas the structures of the various critical points
located on the potential surface, with the values of the most
relevant geometrical parameters, are reported in Figure 2. From
the energy profile it is evident that the oxidative addition
involves a preliminaryη2 π-complex (M1), where the terminal
CC double bond interacts with the nickel atom. If we consider
Ni(CO)3 as the “active” form of the catalyst, M1 forms without
any barrier and is 10.1 kcal mol-1 lower than reactants
(Ni(CO)3 + allyl bromide). In M1, the lengths of the two Ni-C
bonds are 2.225 and 2.198 Å. The CC bond has slightly lost its
double bond character and is now 1.375 Å (1.339 Å in free

allyl bromide). On the other hand, if we consider Ni(CO)4 as
“active” species, the formation of M1 requires the overcoming
of a barrier of 19.4 kcal mol-1 (transition state TS1). The barrier
is associated to the expulsion of a CO ligand as the allyl bromide
enters the metal coordination sphere. A rotation around the CC
single bond leads from M1 to a new and less stable (by 2.5
kcal mol-1) intermediate M2, where the bromine atom is much
closer to the metal atom (Br-Ni distance) 3.860 Å). The
transition state for the M1 to M2 pathway is 5.0 kcal mol-1

higher than M1, although it is still below the energy of the initial
Ni(CO)3 + allyl bromide reactants. Once in M2, it is possible
for the bromine atom to migrate from the carbon to the metal.
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Figure 1. Energy profile for the oxidative addition leading toη3 complexes.
(Energies are in kcal mol-1). Values in parentheses have been obtained at
the 6-31G*/6-311G* level. Values in square brackets include solvent effects.

Figure 2. Schematic representation of the structures of the critical points
M1, TS1, M2, TS2, TS3, and M5. Bond lengths are in Ångstroms and angles
in degrees. The energies (kcal mol-1) are relative to reactants (Ni(CO)3 +
allylbromide). The absolute energy of reactants is:-4539.1862 au (DZVP
basis);-4539.7511 au (6-31G*/6-311G* basis). Values in parentheses have
been obtained at the 6-31G*/6-311G* level. Values in square brackets
include solvent effects.
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This leads to theη3-complex intermediate M5, placed 6.4 kcal
mol-1 higher than the asymptotic limit (Ni(CO)3 + allyl
bromide). In this way, the bromine atom replaces one CO ligand
in the metal coordination sphere. In M5 the two CC bond
distances have similar values (1.416 and 1.405 Å) in agreement
with the complete delocalization of the allylπ system. This
transformation occurs via transition state TS3 and requires the
overcoming of a rather large barrier (25.9 kcal mol-1), which
is mainly due to the breaking of the nickel-carbon bond when
the CO ligand is expelled. The migration of the halogen is
evident in the schematic representation of TS3 (Figure 2). Here,
the bromine atom is halfway between the carbon and the metal,
(the C1-Br and Ni-Br distances are 2.443 and 2.595 Å,
respectively), whereas the new forming Ni-C1 bond is 2.524
Å. The transition vector obtained from the frequency computa-
tions on TS3 is dominated by the C1-Br and Ni-Br distances
and the C2-Ni-Br angle.

A secondη3-complex (M6), almost degenerate to M5 (only
0.5 kcal mol-1 lower in energy), exists on the potential surface.
This complex, which can be obtained from M5 through transition
state TS6 with a barrier of 3.7 kcal mol-1, hasC2V symmetry
and, thus, identical values of the two C-C bonds (1.409 Å)
and the two external Ni-C bonds (2.038 Å). A picture of M6
and TS6 is reported in Figure 3.

B. Alternative Oxidative Addition: Direct Attack of Br
on the Nickel Atom. We have demonstrated the existence of
an alternative oxidative addition path whose energy profile is
reported in Figure 4. This reaction channel corresponds to a
direct attack of the bromine atom on the Ni(CO)3 complex and
leads to a preliminary intermediate M3, where the halogen is
simultaneously bonded to the allyl carbon and the metal (see

Figure 5). Because Ni(CO)3 has an unsaturated coordination
sphere, no ligands must be expelled, and the formation of M3,
which is 5.1 kcal mol-1 lower than that of the reactants, does
not require any energy barrier. As discussed in the previous
section, if we assume Ni(CO)4 as an “active species”, the
formation of M3 is characterized by an activation energy of 19.1
kcal mol-1 (transition state TS1*). Two separate channels lead
from M3 to theη1-allyl-nickel complex M11. One requires the
overcoming of a large barrier (30.7 kcal mol-1) and corresponds
to a migration of the allyl fragment from the halogen to the
metal (transition state TS11*). This pathway is confirmed by
the relative weights of the components of the transition vector,
which is dominated by the C1-Br and C1-Ni distances. The
other pathway is much more interesting since a significantly
lower activation barrier of 20.5 kcal mol-1 characterizes it. In
this case, the allyl fragment slides along a direction parallel to
the Ni-Br bond (transition state TS11) and the carbon originally
bonded to bromine becomes the terminal methylene carbon in
the final complex M11. Accordingly, the most important com-
ponents of the transition vector for TS11 are the two C1-Br
and C3-Ni distances. M11 is a five-coordinated nickel species,
which is 8.9 kcal mol-1 higher than the asymptotic limit.
Schematic representations of TS11*, TS11, and M11 are given in
Figure 5. The entity of the barrier found for TS11 indicates that
the direct oxidative addition path can be highly competitive with
that leading toη3 complexes.

C. η3 and η1 Species are in Equilibrium.Theη3 complexes
M5 and M6 can be converted toη1 complexes after coordination

Figure 3. Schematic representation of the structures of the critical points
TS6 and M6. Bond lengths are in Ångstroms and angles in degrees. The
energies (kcal mol-1) are relative to reactants (Ni(CO)3 + allylbromide).

Figure 4. Energy profile for the oxidative addition leading toη1 complexes.
(Energies are in kcal mol-1). Values in parentheses have been obtained at
the 6-31G*/6-311G* level. Values in square brackets include solvent effects. Figure 5. Schematic representation of the structures of the critical points

TS1*, M 3, TS11*, TS11, and M11. Bond lengths are in Ångstroms and angles
in degrees. The energies (kcal mol-1) are relative to reactants (Ni(CO)3 +
allylbromide). Values in parentheses have been obtained at the 6-31G*/
6-311G* level. Values in square brackets include solvent effects.
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of an additional CO ligand. The corresponding energy profile
is represented in Figure 6 and the detailed structures of the
various critical points are shown in Figure 7 (its top part just
highlights the equilibrium between M5 and M6). The addition
of a CO ligand to M5 or M6 leads to the formation of two
preliminary long-range complexes M8 and M10. These species
are slightly more stable than the startingη3 complexes M5 or
M6, (1.2 and 1.6 kcal mol-1 more stable than M5 + CO and
M6 + CO, respectively). The weak bonding interaction between
CO and the metal is characterized in both cases by a Ni-C

distance of 4.111 Å. M8 and M10 can be converted to the five-
coordinatedη1 complexes M9 and M11 (see also Figure 5) by
overcoming a barrier of 4.6 (transition state TS8) and 8.0 kcal
mol-1 (transition state TS9), respectively. In the two transition
states the metal atom has approximately a square planar structure
where the incoming CO is approaching the metal along a
direction orthogonal to the molecular plane. The distance
between the metal and the carbon of the approaching CO is the
dominant component of the transition vectors computed for both
transition states. The newly forming nickel-carbon(CO) bond
is 2.765 and 2.494 Å in TS8 and TS9, respectively. In both cases,
the metal is bonded to one terminal carbon of the allyl moiety.
This atom has sp3 hybridization, and consequently, the central
CC bond is basically a single bond (about 1.48 Å), whereas the
terminal CC bond definitely has a double bond character (about
1.35 Å). The two finalη1 complexes M9 and M11 are five-
coordinated species with a distorted trigonal bi-pyramid struc-
ture. In M9, which is 1.4 kcal mol-1 lower than M8 and 5.1
kcal mol-1 lower than M11, the bromine and the allyl fragment
are in axial positions, while in M11, 3.6 kcal mol-1 higher than
M10, the axial Br atom is replaced by a CO molecule. A
comparison of the two energy profiles (thermodynamic stability
of the product and kinetic barriers) indicates that the most
convenient way to carry out the transformationη3 f η1 is
represented by the channel M5 f M8 f TS8 f M9.

Also, a transition state (TS10) connecting the two five-
coordinated complexes M9 and M11 has been located. This
transition state is shown in Figure 6 (enlargement on the bottom
side) and describes the interchange of bromine and CO from
axial to equatorial position (Berry pseudorotation), as pointed
out by the corresponding transition vector. TS10 is characterized
by a nonnegligible lengthening of the bonds between the
metal and the two atoms involved in the pseudorotation i.e., Br
(Ni-Br ) 2.543 Å) and C(CO) (Ni-C ) 1.890 Å). The channel
connecting M9 to M11 is symbolically indicated in Figure 6,
together with the values of the corresponding activation barrier
(11.1 kcal mol-1). The reverse barrier (M11 f M9 transforma-
tion) is 6.0 kcal mol-1.

D. Carbonylation Step: Does this Process Occur viaη1

or η3 Species?The carbonylation process has been investigated
for both theη1 and η3 complexes discussed in the previous
sections. The energy profiles associated with the carbonylation
of M9 and M11 (η1 complexes) are reported on the right-end
side of Figure 6, whereas the structures of the corresponding
critical points are illustrated in Figure 8. If we consider the more
stableη1 complex M9, the insertion of a CO ligand into the
nickel-carbon bond can be accomplished by overcoming a
barrier of 13.7 kcal mol-1. As a matter of fact, the insertion of
CO (transition state TS15) is actually a migration of the allyl
unit from the metal to the carbon atom of one CO ligand and
does not cause any weakening of the nickel-carbon(CO) bond,
which, on the contrary, becomes stronger (1.754 Å in TS15 and
1.818 Å in M9). This analysis is in agreement with the form of
the computed transition vector whose most important compo-
nents are the two C1-Ni and C1-C(CO) distances and the
C1-Ni-Br angle. Also, inspection of Figure 8 shows that TS15

is a reactant-like transition state: the breaking Ni-C bond is
still quite strong, its length being 2.276 Å (2.048 Å in M9) and
the new forming C(allyl)-C(CO) bond is only 2.056 Å (1.532
Å in the acyl complex M15).

Figure 6. Energy profile for the equilibriumη3 f η1 (left side) and the
carbonylation involvingη1 complexes (right side). (Energies are in kcal
mol-1). The structure of TS10 is reported in the enlargement. Values in
parentheses have been obtained at the 6-31G*/6-311G* level. Values in
square brackets include solvent effects.

Figure 7. Schematic representation of the structures of the critical points
M8, M10, TS8, TS9, and M9. Bond lengths are in Ångstroms and angles in
degrees. The energies (kcal mol-1) are relative to reactants (Ni(CO)3 +
allylbromide).
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A similar transition state (TS16) describes the CO insertion
occurring on the less stableη1 complex M11. The computed
transition vector (dominant components) C1-Ni and
C1-C(CO) distances and C1-Ni-C(CO) angle) again indicates
a migration of the allyl moiety. Interestingly, this transition state
leads to the acyl complex M16 by overcoming a significantly
lower activation barrier of 4.7 kcal mol-1. The values of the
two insertion barriers and that of the Berry pseudorotation barrier
suggest that, for complex M9, the two-step-process involving
first a Berry pseudorotation (TS10, Ea ) 11.1 kcal mol-1) and,
then, the insertion (TS16, Ea ) 4.7 kcal mol-1) can represent an
alternative and competitive way to undergo carbonylation.

We have found that the carbonylation can also occur on the
η3 complexes M5 and M6 (see Figure 9 for the corresponding
energy profiles and Figure 10 for the structures of the various
critical points). By overcoming a barrier of 17.9 kcal mol-1

(transition state TS12) one goes from M5 to an intermediate acyl
complex M13. The path corresponds again to a migration of the

allyl fragment as indicated by the shape of the transition vector,
where the largest components are the C1-Ni and the C1-C(CO)
distances and the C2-Ni-C(CO) angle. In M13, the insertion
process is completed, but the allyl fragment is still interacting
with the metal atom via the terminal CCπ system. Because of
this interaction M13 is a cyclic penta-atomic structure with the
bromine atom orthogonal to the molecular plane. A very small
barrier (only 0.3 kcal mol-1 associated with transition state TS13)
divides M13 from the final tricoordinate acyl complex M14. Be-
cause M14 has an unsaturated coordination sphere, it is sig-
nificantly less stable than the four-coordinated acyl complex
derived from theη1 species (10.8 kcal mol-1 higher than the
asymptotic limit represented by Ni(CO)3 + allylbromide). It is
worth noting that the real physical meaning of the very small
barrier associated with TS13 is arguable. Most likely, it is a com-
putational shortcoming due, perhaps, to a basis set superposition
error. Also, we should remember that the underestimation of
the energy barriers is a well-known feature of the DFT method.

The carbonylation occurs in a similar way on the M6 species.
Even if in this case no intermediate acyl complex has been
located, the barrier required for the insertion (18.6 kcal mol-1),
and the corresponding transition state structure (TS14) and
transition vector are very similar to those found for M5. The
final three-coordinated acyl complex M17 is almost degenerate
to M14 (only 0.2 kcal mol-1 higher) and corresponds to a
different conformational arrangement of the acyl moiety. These
computational results indicate that the carbonylation is favored
when theη1 complexes are involved.

E. Reductive Elimination Step: Final Acyl Bromide
Product and Catalyst Regeneration.We have investigated in
detail the reductive elimination process, which produces the final

Figure 8. Schematic representation of the structures of the critical points
TS15, TS16, M15, and M16. Bond lengths are in Ångstroms and angles in
degrees. The energies (kcal mol-1) are relative to reactants (Ni(CO)3 +
allylbromide. Values in parentheses have been obtained at the 6-31G*/
6-311G* level.

Figure 9. Energy profile for the carbonylation involvingη3 complexes.
(Energies are in kcal mol-1). Values in parentheses have been obtained at
the 6-31G*/6-311G* level. Values in square brackets include solvent effects.

Figure 10. Schematic representation of the structures of the critical points
TS12, TS14, M13, M17, TS13, and M14. Bond lengths are in Ångstroms and
angles in degrees. The energies (kcal mol-1) are relative to reactants
(Ni(CO)3 + allylbromide. Values in parentheses have been obtained at the
6-31G*/6-311G* level. Values in square brackets include solvent effects.
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â,γ-unsaturated acyl product and regenerates the catalyst. To
this purpose, we have considered the process as originating from
the four-coordinated nickel acyl complex M15. We have chosen
M15 instead of M16 since the two complexes are isomers (almost
degenerate) and we do not expect relevant differences in the
reductive elimination. The potential surface is depicted in Figure
11 and the structures of the various critical points are reported
in Figure 12.

Following the mechanism represented in these figures, M15

can coordinate an additional CO ligand to provide the five-
coordinated nickel complex M18, which is 5.2 kcal mol-1 more
stable. An insertion of the bromine atom into the metal-carbon-
(acyl) bond occurs easily by overcoming a small barrier of 2.6

kcal mol-1 (TS19). This transition state is characterized by a
cyclic structure with the bromine atom approximately halfway
between nickel and acyl carbon (Ni-Br and Br-C bond
distances are 2.515 and 2.352 Å, respectively). It has a reactant-
like character, because the nickel-carbon bond (2.294 Å) is
only slightly longer (approximately 14%) than in the complex
M18 (2.003 Å). The resulting species (M20) is again a four-
coordinated nickel complex with a bridged bromine among
nickel and acyl carbon. This complex can undergo reductive
elimination after addition of a new CO molecule. This is a likely
event because, in the real experimental conditions, an excess
of carbon monoxide is present in the molecular environment.
After formation of a long-range complex M21, where the new
approaching CO weakly interacts with the metal (nickel-
carbon(CO) distance) 3.801 Å), the overcoming of a small
barrier of 0.8 kcal mol-1 (transition state TS20) gives rise to
the final product (â,γ-unsaturated acyl bromide) and the
regenerated catalyst in the form of Ni(CO)4 complexes.

F. Solvent Effect and Basis Set Effect.The values of the
most relevant energy barriers (Ea) have been re-computed in
the presence of the solvent effects and are reported in square
brackets in Figures 1, 4, 6, and 9 for the following transforma-
tions: (i) M2 f TS3; (ii) M 3 f TS11; (iii) M 3 f TS11*; (iv)
M11 f TS16; and (v) M5 f TS12. The emulated solvent is
CH2Cl2 (dielectric constantε ) 8.93), which is the solvent
commonly used in the experiment. The values obtained for the
corresponding activation barriers are 25.3, 19.7, 29.4, 5.1, and
16.6 kcal mol-1, respectively. Thus, in all cases, the inclusion
of the solvent effects in the computations affects the results only
slightly and indicates that the simple gas-phase model used here
is adequate for describing this class of reactions.

To validate the results obtained with the DZVP basis set, we
have re-optimized the critical points for the above-mentioned
transformations using the more accurate 6-31G*/6-311G* basis
set (see computational section). The new geometrical parameters
and the energy values (relative to reactants: Ni(CO)3 +
allylbromide) of the various critical points and the corresponding
activation energies are reported in parentheses in the figures.
The mechanistic scenario, which stems from these data is very
similar to that obtained from the DZVP results. For instance,
the barriers involved in the three oxidative addition steps M2

f TS3, M3 f TS11, and M3 f TS11
* become 24.2, 14.9, and

29.2 kcal mol-1 (25.9, 20.5, and 30.7 with the DZVP basis).
Thus, the direct oxidative addition mechanism (attack of the
bromine atom) remains favored. Also, the carbonylation of the
η1-ally-Ni(CO)3Br species (M11 f TS16, Ea ) 7.2 kcal mol-1)
is again highly favored with respect to that of theη3-ally-
Ni(CO)2Br intermediate (M5 f TS12, Ea ) 20.0 kcal mol-1).

4. Conclusions

In this paper, we have carried out a theoretical investigation
at the DFT(B3LYP) level on the carbonylation reaction of allyl
halides catalyzed by nickel tetra-carbonyl. A model-system
formed by an allyl bromide molecule reacting either with the
Ni(CO)3 or the Ni(CO)4 species, has been considered. The most
relevant results obtained in the present study can be summarized
as follows:

(i) In agreement with the common mechanistic assumptions,
three main steps have been recognized to characterize the
catalytic cycle: (1) An oxidative addition step; (2) a carbony-

Figure 11. Energy profile for the reductive elimination. (Energies are in
kcal mol-1).

Figure 12. Schematic representation of the structures of the critical points
M18, TS19, M20, M21, TS20, and M22. Bond lengths are in Ångstroms and
angles in degrees. The energies (kcal mol-1) are relative to reactants
(Ni(CO)3 + allylbromide).
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lation step; and (3) a reductive elimination step where the acyl
product is obtained and the catalyst is regenerated.

(ii) It has been demonstrated that the initial oxidative addition
can start either from Ni(CO)3 or Ni(CO)4. Thus, both complexes
can behave as “active” catalytic species.

(iii) Two main channels for the oxidative addition exist on
the reaction surface. One involves the attack of the allylπ
system on the metal and leads to the formation ofη3-allyl nickel
complexes (η3-ally-Ni(CO)2Br) by overcoming a barrier of 25.9
kcal mol-1. The other is a direct attack of the bromine on the
nickel atom. In this case, a barrier of 20.5 kcal mol-1 has been
computed andη1-allyl nickel complexes (η1-ally-Ni(CO)3Br)
are obtained. Thus, at least for the simple model-system used
here, the latter reaction pathway is favored. However, because
the difference between the two activation barriers is not
remarkably large, in principle, in the real experimental condi-
tions (solvent, temperature, pressure), the two reaction pathways
could compete in the oxidation addition phase.

(iv) The η3 and η1 allyl complexes are involved in a fast
equilibrium. The activation barrier for the transformation
M5(η3) f M9(η1) is, in fact, only 4.6 kcal mol-1 and that for
M11(η1) f M6(η3) is 4.5 kcal mol-1. Thus, even if the easiest
way to carry out the oxidative addition is that leading directly
to η1 allyl complexes, bothη1 and η3 species should be
simultaneously present in the reaction medium.

(v) The carbonylation occurs more easily on theη1 than on
the η3 species as suggested by the relative magnitude of the
various activation barriers that are involved. The fastest way to
afford the acyl product requires a barrier of only 4.7 kcal mol-1

(M11 f TS16 f M15).

(vi) The general features of the potential surface indicate that
the most likely reaction path leading from reactants to the final
acyl product is given by the following simple sequence of
transformations: (1) oxidative addition and formation of the
η1-ally-Ni(CO)3Br complex M11 (barrier of 20.9 kcal mol-1);
and (2) fast carbonylation of the complex M11, which requires
a barrier of only 4.7 kcal mol-1. Thus, the oxidative addition
would represent the rate-determining step of the reaction. An
alternative reaction path can be followed if the oxidative addition
leading to theη3-ally-Ni(CO)2Br complexes (M5) becomes
competitive. In this case, the following transformations can lead
to the final products: (a) Equilibrium between M5 and the
η1-ally-Ni(CO)3Br complex M9 (this requires a barrier of 4.6
kcal mol-1). (b) Isomerization of M9 to the otherη1 complex
M11 via a Berry pseudorotation (barrier of 11.1 kcal mol-1).
(c) Carbonylation of M11 to form the acyl-Ni complex M15

(barrier of 4.7 kcal mol-1).
(vii) The solvent effect, which mimics CH2Cl2, has a negli-

gible consequence on the activation barriers. This finding
suggests that the simple gas-phase model-system used here is
reliable to describe this class of catalyzed reactions.
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