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Computational Study of a New Heck Reaction Mechanism Catalyzed by

Palladium(1/1v) Species

Andreas Sundermann, Olivier Uzan, and Jan M. L. Martin*[?l

Abstract: In this theoretical study on
the Heck reaction we explore the feasi-
bility of an alternative pathway that
involves a Pd'/Pd" redox system. Usu-
ally, the catalytic cycle is formulated
based on a Pd%Pd! mechanism. We
performed quantum chemical calcula-
tions using density functional theory on
a model system that consisted of diphos-

nisms. Accordingly, the Pd"/Pd" mech-
anism is most likely to occur in the
equatorial plane of an octahedral Pd"
complex. The energy profiles of both
reaction pathways under consideration
are largely parallel. A major difference

Keywords: density functional calcu-

is found for the oxidative addition of the
C—I bond to the palladium centre. This is
a rate-determining step of the Pd"/Pd"v
mechanism, while it is facile for a Pd’
catalyst. The calculations show that
intermediate ligand detachment and re-
attachment is necessary in the course of
the oxidative addition to Pd'. Therefore,
we expect the Pd"/Pd" mechanism to be

phinoethane (DPE) as a bidentate li-
gand and the substrates ethylene and
phenyl iodide to compare both mecha-

neous catalysis
nisms

Introduction

The Heck reaction (i.e., the palladium catalysed olefination of
aryl halides, Scheme 1) has become an important tool for the
formation of C—C bonds in organic synthesis.!'*!
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Scheme 1. The Heck reaction.

In the “standard” Heck reaction, the catalytically active
complex is formed in situ (starting from palladium(o) com-
plexes or palladium(ti) salts). Although its molecular structure
is not exactly known, a coordinative unsaturated 14-electron
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lations - Heck reaction - homoge-

reaction mecha- only feasible if a weakly coordinating

ligand is present.

palladium(0) complex “[PdL,]” is assumed to be the active
species. The ligand “L” is typically either a monodentate
phosphine or part of a chelating diphosphine ligand. Usually,
the reaction mechanism is described as in Scheme 2.

In a first step the C—X bond of an aryl halide (X =1, Br) is
oxidatively added to the palladium atom. The resulting square
planar palladium(i) complex has to dissociate (either by Pd—L
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Scheme 2. Heck catalytic cycle with PA®") redox pair.
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or Pd—X bond breaking) to provide a coordination site for
alkene association. If the alkene and the o-aryl ligand are in
cis positions, the alkene can insert into the Pd—C,, bond. Via a
four-centred transition state, a o-alkyl palladium complex is
formed. This intermediate is converted into the reaction
product by a f-hydride elimination, and the catalyst is
regenerated after HX elimination in the presence of an
auxiliary base. (The Heck reaction is typically carried out in
highly polar solvents such as dimethylformamide, N-methyl-
pyrrolidone and dimethylacetamide.)

Recently, very high activities and long lifetimes have been
reported for new palladium catalysts for the Heck reac-
tion.*4 In these studies, structurally well-defined species
have been used that contain palladacycles with phosphine
groups A, or with phosphine-free ligands B.[!]
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Because these complexes have a palladium(1) centre and no
palladium(o) species could be detected in the reaction
mixture, a new reaction mechanism involving a PdY/Pd
redox pair (instead of the usual Pd%Pd" pair) has been
proposed. An experimental proof for the reaction mechanism
is difficult because of the elusive nature of the active species.
Therefore we want to contribute computational results
demonstrating that a Pd"/Pd'" route is energetically compet-
itive to the “classical” mechanism.

A possible mechanism involving the Pd/PdY system is
depicted in Scheme 3. The catalytic cycle begins with a
cationic T-shaped palladium(ir) complex. As in the Pd%Pd!
mechanism, this complex fragment is a 14-electron species,
but it is formally a d® fragment (instead of a d'° configuration
as in the Pd® complex). Oxidative addition of an aryl halide
and alkene coordination results in an octahedrally coordi-
nated palladium atom that formally has a d° configuration. If
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Scheme 3. Heck catalytic cycle with PA®™™Y) redox pair.

the phenyl group and the alkene are in a mutual cis
arrangement, the alkene can insert into the Pd—C,, bond as
assumed for the “classical” mechanism. Now, S-hydride
elimination can take place. The product is released and the
catalyst is regenerated by HX elimination.

Essentially, the two mechanisms are expected to involve
identical reaction steps. The question we want to address in
this study is: Are the corresponding barriers of comparable
height, that is, is the suggested Pd"/Pd"Y mechanism of the
Heck reaction a possible alternative to the Pd%Pd" mecha-
nism?

Computational Methods

All structures presented here were completely optimised at the density
functional theory (DFT) level by using the B3LYP hybrid functional
proposed by Beckel'” as implemented in the Gaussian 98 set of pro-
grams.!'! For all optimisations a basis set of valence double-{ quality was
employed. Relativistic effects were addressed implicitly by the use of
relativistic effective core potentials (RECPs) for P, I and Pd.['""-**) For H and
C the standard Dunning—Hay D95V basis was used.?) This basis set/
RECP combination is commonly denoted by the acronym “lanl2dz”.

Although most of the molecules included in this study adopt C;
symmetry—and therefore no symmetry constraints could be applied—all
stationary points were characterised by analysis of the analytically
calculated Hessians. Estimates for AG(298 K) and AH(298 K) have been
calculated within the rigid rotor/harmonic oscillator (RRHO) approxima-
tion. 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.

In order to obtain more reliable thermochemical data, additional single-
point energy calculations were performed at the B3LYP/lanl2dz + p and
the B3LYP/B,,,,. level. The basis set lanl2dz +p consisted of the lanl2dz
basis set augmented by a single d polarisation function for P and I and a
single f polarisation function for palladium.?> %! For H and C the cc-pVDZ
basis of Dunning was used.” The basis set “By,,.~ was essentially a
polarised (i.e., 2f1g, 2d1f, 2p1d) valence triple-{ basis set. For the atoms H,
C and P the cc-pVTZ basis set of Dunning®* »! was recontracted according
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to Davidson®!; for Pd and I the Stuttgart/Dresden small core RECPs?” 21
were utilised. A [6s5p3d] contraction of the (8s7p6d) primitive set for Pd
was taken from the literaturel?” and supplemented with two f and one g
polarisation functions optimised at the CISD level for the electronic
ground state ({;=0.6122, 2.1857; {,=1.3751). The valence basis set for I
was generated in our laboratory: Even-tempered sequences (§=a ")
with six s (a=0.106898, f=2.388398) and six p (a=0.082252, f=
2.602393) primitives were optimised at the SCF level for the 2P state, and
contracted to a [3p3s] set in a [411] pattern. Two d and one f polarisation
functions were optimised at the CISD level (&;=0.1861, 0.3637, {i=
0.4279), again for the 2P state. Symmetry and spin restrictions were
imposed during these calculations, which were carried out by using
MoLPrO.?!

Because of the known deficiencies of the B3LYP density functional for
predicting barrier heights* we verified our results by single-point
calculations using the mPW1PWO91 functional by Adamo and Baronel*!l
with the lanl2dz + p basis set.

To ensure reproducibility of all computed data, all DFT calculations were
carried out with finer grids than the defaults: specifically, following the
recommendations in reference [32], a pruned (99, 590) grid was used for
energies and gradients, and (in frequency calculations) a pruned (50, 194)
grid for the coupled perturbed Kohn—Sham step.*l The default pruned
(95, 302) grid was employed only for the largest basis set single-point
calculations, in order to keep the computational cost to an acceptable level.

For all calculations the Gaussian 98 set of programs!'*! was used, running on
the SGI Origin 2000 of the Faculty of Chemistry of the Weizmann Institute
and on SGI Octane, Compaq XP 1000, and Compaq ES40 workstations in
our laboratory. The structures were visualised using the program MOL-
DEN 3.6.534

Results and Discussion

We performed quantum chemical calculations on a model
system consisting of the bidentate 1,2-diphosphinoethane
(DPE) ligand and the substrates phenyl iodide and ethylene
to model the steps of the “classical” Heck reaction
(Scheme 2). For the Pd"/Pd" pathway (Scheme 3) an addi-
tional ligand is required to take into account that the
preferred coordination number for a Pd!V centre is six rather
than four (as in the square-planar coordination found for Pd!
complexes). In order to minimise the number of possible
isomers we chose I~ for this purpose.

Only recently a theoretical study has been published by
Albert, Gisdakis, and RéschP on the Pd’/Pd" mechanism.
These authors modelled the catalytic cycle involving a
carbene-stabilised palladium centre. Although our results
for the PdPd" mechanism are very similar, we report them
here together with the Pd"/Pd!V catalytic cycle to allow a
comparison between the two pathways for one system without
changing the ligands.

The active catalyst: The active catalyst for the Pd%/Pd"
pathway is anticipated to be a neutral, C, symmetric DPE-
palladium(0) complex. Our calculations result in a Pd—P bond
length of 2.400 A and a P-Pd-P bond angle of 94.3° for this
structure. The carbon atoms are twisted out of the P-Pd-P
plane by 11.0° to allow a strain-free, staggered conformation
of the ethane backbone. Complex 1.y, is capable of o bonding
and 7 back-bonding towards an additional ligand approaching
the palladium atom along the symmetry axis. This can be
demonstrated by a plot of the frontier orbitals (Figure 1).
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Figure 1. Isosurface representation of the frontier orbitals of Pd(dpe).
Left: HOMO, B symmetry, right: LUMO, A symmetry (assignments
according to point group C,)

Thus, 7’-ethylene as well as (C—C) #u*phenyl iodide
complex formation is possible in the presence of these
substrate molecules (for the corresponding structures 2.
and 3, see Figure 2). Ethylene is bound more strongly by
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Figure 2. Complexes formed by 1. and 1y, with ethylene and/or
phenyl iodide. These complexes are relevant as entry channels for the Heck
reaction.

~70 kJmol~!, implying that reaction temperatures in the
experiment have to be high enough to ensure reversibility of
the ethylene coordination and the formation of 3y, which
is—according to our calculations—the entry channel for C—I
oxidative addition. The importance of ligand dissociation for
the kinetics of this reaction step has been demonstrated by
experimental studies by Amatore and Jutand on the oxidative
addition of Ph—I to palladium(o) complexes with various
ligands.(36 371

0947-6539/01/0708-1705 $ 17.50+.50/0 1705



FULL PAPER

J. M. L. Martin et al.

For the Pd"/Pd" pathway the 14-electron complex 1y, is
assumed to be the active catalyst. This tricoordinate species
can be described as a fragment of a square-planar complex
(which is a stable ligand field for a d® transition metal atom)
with a vacant coordination site cis to the iodo ligand: P-Pd-I
angles of 88.3° and 175.5° are found. The I-Pd bond is
directed only 0.9° out of the P-Pd-P plane. Complex 1.y, also
has the ability to coordinate ethylene (to form 2 y,)) or to
form complexes with phenyl iodide (3vy). These two
complexes have stabilisation energies comparable to the
corresponding palladium(o) species (See Tables 1 and 2).

Oxidative addition of Ph-I: In the Pd/Pd" system C—I bond
cleavage starts with the formation of the #? complex 3, ;) with
the palladium atom coordinating to the Cj,;—C,o bond of

the phenyl ring (see Figure 2). The Pd—C,,, bond is calculated
to be slightly shorter than the Pd—C,,;,, bond (Pd—C;,,, =2.184
and Pd—C,,,=2.295 A), for electronic reasons (electron-
withdrawing I atom on C,,). These bond lengths are
comparable to those in the ethylene complex 2.,
(Pd—Cpy, =2.193 A).

Complex 3 ) is connected to the transition state TS-3-4,
on the energy hypersurface. Interestingly, this transition state

is nonplanar (for a perspective view see Figure 3). The P-Pd-P

TE':‘\I-'EIIJ-"«':

TEBedljpiny

TE-Jdimav;

Figure 3. Perspective view of the transition states for the oxidative
addition of phenyl iodide to Pd” or Pd" complexes.

Table 1. Relative energies [in kJ mol~'] for the Pd’/Pd" mechanism.

Structure AER AEPI AElF AEW AG(298 K)I AH(298 K)l#)

1o + PhI + GH, 0.0 0.0 0.0 0.0 0.0 0.0

gwrn) + fthI{ - 1222 —2(7)3 - 12‘1‘; - 1;(5)2 —512 - 12;1 and C-Pd-I planes are almost perpendicular (dihedral angle
o + CH, —-463 -307 -315 -506 —1. —43. D_PdT — . . . .

TS-3-4, + GH, —365 —177 —158 —342 84 _358 P-P-Pd-1 '116.7 ). A d1§cussm:1 of this une'xpe'cted st.rl}cture

40 + CH, 1547 —1263 —1418 —142.1 —105.1 1476 has been given by Sakaki et al.l’®! for the oxidative addition of

The following energies are relative to 5. C—C and Si—C bonds to a Pt® complex. According to these

Som 0.0 0.0 0.0 0.0 0.0 0.0 authors, the nonplanarity of the transition state structure can

TS-5-60.11) 278 340 379 292 331 24.6 only be attributed to steric factors. In contrast to experimental
o-m) —787 -769 —620 -9%04 -654 —745 studies on the oxidative addition of aryl chlorides,™ a

15-6-Tom —362 -84 —210 —422-302 - 376 population analysis  (utilizing the NPA-partitioning

To-my —-517 =574 —-476 -638 —46.1 —-528 10,41

TS-7-8.1 2307 —407 —323 —439 —_322 _ 406 schemel 4l at the B3LYP/lanl2dz level) reveals no pro-

8 —434 -50.1 —412 -458 —442 —479 nounced charge separation in this transition state. For TS-3-

9o + styrene 946 793 886 969  40.6 83.5 41y a group charge of —0.3 was found for the phenyl ring;

[a] B3LYP/lanl2dz.

[b] B3LYP/lanl2dz + p//B3LYP/lanl2dz.

B3LYP/lanl2dz. [d] mPW1PW91/lanl2dz + p//B3LYP/lanl2dz.

[c] B3LYP/B,,//

Table 2. Relative energies [in kJ mol~!] for the Pd"/Pd"Y mechanism. As origin of
the energy scale we chose 1(.1v) + Phl + ethylene.

Structure AER AEPI AEEF AFEW AG(298 K)lBI AH(298 K)l#
1qv) + GH, + Phl 0.0 0.0 0.0 0.0 0.0 0.0
3av) + GH, —-81.7 —-760 —69.5 —-930 -24 —-51.9
TS-3-4;1.v) + CH, 38.9 67.5 708 569 923 39.1
4aqy) + GH, 19.4 49.1 470 37.6 703 22.1
deqyy + GHy 349 67.6 71.1 587 792 36.8
4dgv) + GH, 41.6 599 573 442 952 454
2q1.1vy + PhI —109.7 —99.6 —88.0 —116.0 —58.3 —103.3
3agy) —808 —644 —478 -—854 8.3 —-705
TS-3a-511v) 44.0 66.4  84.0 39.8 146.0 50.9
Sagy 0.3 28.8 358 3.6 1029 10.3
Sbrv) 2.9 229 248 —-16.0 1163 15.7
5ea) 65 378 483 74 1140 17.0
Sdgy) —-323 —-6.3 09 —-438 798 —19.7
TS-5-6,1.1v, 95 253 358 —158 1055 0.4
61.1v) —130.1 —102.0 —81.2 —150.5 -7.9 —114.0
TS-6-7,1.1v, 863 —658 —503 —103.8 29.9 ~752
Tartv) —105.0 -84 —-703 —1229 52 —-93.5
TS-7-81.1v, 905 695 —568 —1094 150 —887
811v) —-113.8 —-903 —-764 —119.7 —-8.8 —106.3
9ar1vy + styrene 28.5 33.6 316 223 70.6 28.4

[a] B3LYP/lanl2dz. [b] B3LYP/lanl2dz + p//B3LYP/lanl2dz. [c] B3LYP/B,,.,//B3LYP/
lanl2dz. [d] mPW1PW91/lanl2dz + p//B3LYP/lanl2dz.
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this value is very similar to the values found for 4, (—0.3)
and phenyl iodide (—0.2). Thus, the reaction of phenyl iodide
has more the character of a concerted bond cleavage rather
than a nucleophilic aromatic substitution.

Our calculated barrier height implies that this oxidative
addition is a rapid reaction step. (In this discussion all energies
are calculated at the B3LYP/B,,,,.//B3LYP/lanl2dz level unless
noted otherwise.) The transition state TS-3-4(, is only
15.7 kJmol~!' higher in energy than the corresponding #?
complex of phenyl iodide 3,1, and, therefore, actually below
the reactants in energy. Thus, for the Pd’/Pd" mechanism
oxidative addition can be ruled out as the rate-determining
step of the catalytic cycle. Instead, inhibition of the active
catalyst due to alkene coordination may have an important
impact on the reaction rate, because the high stability of 2,
results in a low concentration of free 1y, in the pre-
equilibrium 1.y, + ethylene ==2,y;.

As a product of the exothermic (AE=—141.8 kJmol™)
and, therefore, presumably irreversible oxidative addition
reaction, a square-planar palladium(i) complex 4y, is
formed. Due to the strong trans influence of the phenyl
ligand, the Pd—P bond trans to the Pd—C bond becomes longer
in comparison with 1y, (Pd—P 2.515 A), while the length of
the other Pd—P bond is almost unchanged (Pd—P 2.411 A).
Our calculated Pd—Cy, bond length of 2.035 A corresponds to
a palladium —carbon single bond. (For the carbene system a
value of 2.06 A has been reported.*)
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In order to initiate the C—C coupling reaction, an alkene
has to coordinate in a position cis to the phenyl ligand.
Because the palladium(i1) complex is coordinatively saturated,
an axial coordination is impossible. Therefore, previous ligand
dissociation is necessary to provide a vacant coordination site.
We verified this by performing optimisations on several
pentacoordinated species (with ethylene as the fifth ligand).
None of our attempts led to a minimum with a pentacoordi-
nated palladium centre; the energy surface was rather found
to be dissociative with respect to the loss of one ligand.

For our model calculations we chose to replace the iodo
ligand by the alkene—forming a cationic complex—to allow a
comparison with the reaction steps in the Pd"/Pd" system,
which also bears a positive charge. In principle, phosphine
detachment could also be considered, but since the dissoci-
ation into ions is strongly solvent dependent, a decision on
whether Pd—1I or Pd—P cleavage is more facile lies beyond the
scope of this computational study. However, we note that
reference [35] favours I~ cleavage over Pd—P cleavage; this
buttresses our decision to consider exclusively the path
following I~ release. This reaction path should likewise be
favoured by a polar solvent. The replacement of I~ with
ethylene has only minor influence on the other bond lengths
(Pd—P 2.535 and 2.389 A respectively), an indication that I-
and C,H, have a comparable trans influence.

For the Pd"/Pd" pathway the mechanism of the oxidative
addition step is much less straightforward to derive. There are
two possibilities: a) complex 1 v, reacts analogously to 1y
but involves the formation of a pentacoordinate intermediate
or b) the alkene coordinates in the first step and oxidative
addition occurs afterwards. Both pathways lead to a octahe-
dral Pd" complex as depicted in Scheme 4.

4d(ll-lV)
I
R | arl*
Ar-1I \Pd{ —
A e = L
1 4 :‘L ' /Al‘
I N
P — ’
el e \/
| I
L L—Pd"—"
lpw = Ar-1 5d g qv)
hS
2(n.w)

Scheme 4. Alternate pathways for the oxidative addition step.

For this study we took both pathways into account and
calculated the relevant stationary points for both reactions. If
the oxidative addition is assumed to be the first step of the
formation of the octahedral complex, 3.1y, is determined as a
probable entry complex (for a perspective view of the
molecular structure see Figure 2). This structure can be
understood as a distorted #? complex of the Pd centre with
the C,—C, bond of the phenyl ring (Pd—C,=2.432 A, Pd—C; =
2.639 A).

Upon C-I bond cleavage four isomers are possible
(permutations of the phenyl ligand and the vacant coordina-
tion site). Three of them are depicted in Figure 4 (top row).

Chem. Eur. J. 2001, 7, No. 8
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Figure 4. Perspective view of the three stable isomers of [Pd(dpe)L,Ph]*
(top) and the four isomers of [Pd(dpe)(C,H,),Ph]* (middle) in comparison
with the oxidative addition product of the Pd’ complex (bottom). For the
relative stabilities of these structures see Table 2.

The fourth one with the phenyl ligand in the axial position and
the vacant coordination site in an equatorial position is not a
minimum. Instead, a barrierless rearrangement to 4a; v, the
most stable isomer, occurs. The stability ordering of the
structures (i.e., 4a,.1v) > 4 ¢y, > 4d11v)) can be rationalised
in terms of the trans influence of the ligand in trans position of
the vacant site in each case; this is expected to be largest for
phenyl and smallest for the phosphine ligand. All of the
intermediates are unstable toward dissociation into the
reactants (1;yv) + I=Ph). The corresponding transition states
are found very late on the reaction coordinate of the oxidative
addition reaction. Apart from energetic considerations, this
can also be verified by comparison of the structural param-
eters of TS-3-4(;1v, and 4¢gpyy (see Table 3), which are very
similar. Reductive elimination of I-Ph from 4d .y 4¢(1.1v) is a
fast process, making the existence of this intermediate
questionable.

Table 3. Optimised structural data [in A] for the stationary points of the
oxidative addition of Ph—I (at the B3LYP/lanl2dz level).

Structure Pd-P Pd-1 Pd—C C-1
TS-3-4.11) 2.467,2.602 2.949 2.128 2.330
30 2.411,2.515 2.685 2.035 3.378
TS-3-4(11.1v) 2.463,2.531 2.702 2.094 3.113
4cqiry 2.454,2.599 2.646 2.068 3.472
TS-3a-51y) 2.408,2.913 2.755 2.316 2.622
S5dy) 2.382,2.587 2.780 2.171 3.720
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FULL PAPER

J. M. L. Martin et al.

According to our calculations, the mechanism that involves
2(1.1v) seems to be a more realistic alternative. Complex 2.1y,
is able to form complex 3a; v, (see Figure 2), in which I-Ph is
coordinated through a Pd-I interaction (Pd—I=2.846 A).
Due to phosphine detachment (Pd—P =2.433 A and 3.140 A,
respectively) the palladium coordination remains square
planar (as one would expect for a d® complex). Because the
Pd—P bond is stronger than the Pd—I bond to the phenyl
bound iodine, this coordination reaction is endoenergetic by
40.2 kI mol L.

The entry complex 3a; v, is connected to a transition state
for C—I bond cleavage TS-3a-5,v, (see Figure 3); this leads
to an hexacoordinate intermediate with the two iodo ligands
in the axial positions. In the course of the oxidative addition
via a three-centred (Pd-I-C) transition state, the phosphine
attaches simultaneously to the palladium centre. For the
transition state a P—Pd bond length of 2.913 A is found for this
phosphine group; for the other one the bond length is much
shorter (2.408 A). The intermediate structure Sagpy, has
more symmetrical Pd—P bond lengths of 2.587 A and 2.382 A,
respectively. This difference is comparable to 5., and can be
explained by the trans influence of the ethylene and the
phenyl ligand. Interestingly, the Pd—I bond length does not
change greatly in the course of the oxidative addition. In-
stead, the Pd—C bond length decreases significantly on
going from TS-3a-5(,y, to 5d vy, which is in contrast to
the Pd%Pd" mechanism in which both the Pd—I and the
Pd—C bond lengths become significantly smaller upon the C—1
bond cleavage. This finding can be attributed to the
more polar character of the transition state in the Pd"/Pd"™
reaction.

Our calculations give evidence that the oxidative addition
step in the PdWPdY catalytic cycle is preceded by an
additional, simultaneous change in the coordination number
of the palladium centre. This finding is supported by
experimental and theoretical results for the reductive elimi-
nation reaction (the “reverse counterpart” of the oxidative
addition) from PtV complexes*> 4l or Rh™ complexes.[* #]
For this reaction, ligand dissociation (reducing the coordina-
tion number to five) was found to be favoured prior to the
reductive elimination. Because of the importance of inter-
mediate ligand detachment, we expect that this reaction step
is promoted by a bidentate ligand with one weakly coordinat-
ing group, which allows facile change of the coordination
number. In contrast, the oxidative addition is the rate-
determining step for the Pd"/Pd"V mechanism (possibly in
competition with the final dissociation step, depending on the
solvent), while it is fast in the case of the Pd%/Pd" pathway.

Once a hexacoordinate Pd'V species is formed, the Heck
reaction can proceed. For the sake of completeness, we
optimised the structures of all four possible isomers. The
relative stability of the complexes decreases in the order
Sdgv) > Sagiy) > Sbharvy > Segrrvy. Thus, the most stable
isomer (5d.rv)) with the phenyl ligand and the alkene
occupying equatorial positions is the one resulting from our
proposed oxidative addition pathway. With the intermediates
5d1.1v) and 5 ) being qualitatively very similar for all further
steps of the catalytic cycle, equivalent stationary points have
to be expected.
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The alkene insertion step: In order to be able to compare the
two reaction pathways, we chose the qualitatively equivalent
intermediates 5., and S5d,y, as the origin of our energy
scale for the discussion of all subsequent reaction steps. An
energy profile of these reaction steps is depicted in Figure 5.

401~
N
AN
20| e R\
/4 \
A i
/ N
0 )
_ Insertion Rotation f-H-Elimination
8 20
0, 1
= v Pd/Pd
X
~
W 4ok -
—60 |-
780 -
Pd'/Pd”
_1 OO 1 1 1 1 1 I 1
5 TS-5-6 6 TS-6-7 7 TS-7-8 8
Reaction coordinate _—

Figure 5. The calculated relative energies reveal that the energy hyper-
surfaces for the two alternative reaction mechanisms are essentially parallel
(Energies are given relative to 54, and 5d;.v,, respectively). o: AE(Pd"/
Pd"); x : AGrosx(PAY/PdMY); + : AE(PAY/PAY); 0: AGoes (Pd"/PdY). For the
exact energetic data see Tables1 and 2. A perspective view of the
corresponding molecular structures is given in Figure 6.

Starting from 5, ;) the ethylene can insert into the Pd—C,,
bond. This reaction proceeds via a four-centred transition
state TS-5-6,.1;), which involves the breaking of the Pd—C, and
Pd—C,, bonds and the concerted C4;—C,, bond formation (see
Figure 6). The most pronounced structural changes in com-
parison with 5y, are the shortening of the Pd—C, bond by
0.232 A (an indication of the formation of a Pd—C ¢ bond) and
the reduced C;—C,, distance accompanied by a bending of the
phenyl ring by approximately 30° (due to the C—C bond
formation). Our calculated barrier height of 37.9 kJmol~' is
very similar to the value found for the system with carbene
ligands (34.3 kImol '), indicating that the choice of the
ligand system has only a minor effect on this reaction step.
Activation energies of comparable magnitude have been
calculated for ethylene insertions into transition-metal—
methyl bonds (for a collection of computed data on this topic
the reader is referred to a recent review by Niu and Hall“®),

Through the ethylene insertion, the alkyl complex 6.y is
formed as an intermediate. This structure is stabilised owing
to an intramolecular interaction of the vacant coordination
site of the Pd" centre and the 7 system of the phenyl ring. The
palladium carbon bond lengthg Pd—Cy,, =2.374, Pd—Coypo =
2.667, and Pd—C',;,=3.052 A may be interpreted as a
distorted #? interaction. Albert et al. found a similar arrange-
ment, although in their system the #? interaction is more
symmetric (Pd—Cjy, =2.48 and Pd—Cy,, =2.55 A).5 Com-
plex 61, was calculated to be 62.0 kJmol~' more stable than
the ethylene complex 5,.;); this is comparable to an exother-
micity of 64.4kJmol™' found in the case of the carbene
stabilised system.]
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Figure 6. Perspective view of all stationary points involved in the
conversion of 5.y and 51y, into the product complexes 8,1, and 8;.v)-
For selected structural parameters see Table 4 or in the text. The complete
set of Cartesian coordinates for all stationary points is available as
supplementary material.

For the Pd"W/PdYV mechanism, ethylene insertion also
proceeds via a four-centred transition state. According to
our calculations this reaction requires an activation energy of
34.9 kImol~!, which is similar to the value found for the Pd"/
Pd" system. An inspection of the graphical representation
given in Figure 6 reveals the qualitative equivalence of TS-5-
6.1y and TS-5-6,1v,. This equivalence is also found in the
calculated structural parameters (see Table 4).

In principle, the insertion could occur from all three isomers
with the phenyl and the alkene ligand in cis position.
According to our calculations, the corresponding activation
barriers for the alkene insertion starting from 5b.rv), S €.y
and 5d; v, are all very similar (See Table 2). Because 5d v,
was found to be the most stable isomer and connected to a
possible entry channel, we concentrated on the catalytic cycle
involving this isomer.

The corresponding product of the alkene insertion reaction
6q1v) is again stabilised by an interaction between the
palladium centre and the phenyl ring. (At first sight, 6y,

Chem. Eur. J. 2001, 7, No. 8
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Table 4. Selected structural data [in A] for some stationary points of the
insertion/elimination pathway (optimised at the B3LYP/lanl2dz level).

Structure Pd-P Pd—C;, Pd—C, Pd-C;
50 2.389, 2.535 2.074 2.389 2.406
Sagy) 2.460, 2.461 2114 2.974 3.034
Sbary) 2.388, 2.478 2.175 2.484 2.442
Seqy) 2.483, 2.597 2.136 2.570 2.568
S5d.y) 2.382, 2.587 2171 2.455 2.444
TS-5-6. 2.456, 2.483 2.143 2.157 2.468
TS-5-6(11.1v) 2.476, 2.496 2.237 2212 2.535
Pd-P Pd—H Pd—C, Pd-C;
7o 2.385, 2.499 1.909 2.078 2.435
Ty 2.381, 2.542 2.056 2.135 2.549
TS-7-8 .11, 2.430, 2.467 1.614 2.167 2.455
TS-7-81.1v) 2.473,2.481 1.644 2.198 2.548
8.1 2.396, 2.549 1.556 2.281 2.447
8Ly 2.425, 2.566 1.552 2.266 2.839

would appear to be an 7? complex, but the computed Wiberg
bond indices*’l show no sign of appreciable bonding to the
second ring carbon.) In contrast to 6y, the #* interaction is
much more asymmetric, favouring a short Pd—C,,, bond
(Pd—Cpyo =2.855, PAd—Co = 2.441 A) This can be rational-
ised by the repulsive interaction between the aryl hydrogen
atoms and the iodo ligands, which is minimised due to the
distortion. Because this repulsion is operative in 5d;y, and
TS-5-611.1v), the relative stabilisation of 6.1y, is larger than for
60 (AE=—821kJmol™"). This is also witnessed by the
increase of the I-Pd-I angle from 165.6° in Sd 1y, to 172.3° in

6(0-11) .

The f-hydride elimination: In order to release the desired
product of the Heck reaction (i.e., styrene in the case of our
model) a S-hydride elimination is necessary (see Scheme 2).
For the reaction the Pd—C, and the corresponding C;—H bond
have to be in cis position. This can be achieved by a rotation of
the coordinated alkane around the C,—Cg bond involving the
transition state TS-6-7y,. Because in TS-6-7, the inter-
action of the palladium atom with the phenyl ring is no longer
stabilising the system, this rotation requires an activation
energy of 41.0 kI mol~'. More than half of it (26.6 kJmol™') is
released upon the formation of a B-agostic complex 7y,
(which is therefore 14.4 kJmol™! less stable than 6,;)). Due
to the agostic interaction, the C;—H bond becomes weaker
(e.g., the C—H bond length for the interacting bond is found
0.1 A larger than for the noninteracting one). Thus, facile
cleavage of the C—H bond is possible. The calculated
activation barrier for the f-hydride elimination is only
15.3 kITmol ™ (relative to 7 y;): the transition state TS-7-8,
m is even slightly lower in energy than TS-6-7,r,. This finding
reveals that the major part of the barrier for the S-hydride
elimination step results from breaking the Pd—C,, bond. Due
to this intramolecular stabilisation of 6y, the elimination
step leading to the product complex 8. is endoenergetic by
20.8 kJmol~!. The overall insertion/elimination reaction is
exoenergetic by 41.2kJmol!; for the carbene stabilised
system 37.2 kI mol~! have been reported. A comparison with
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the results obtained by Albert et al.™® reveals that the barriers
involved in the insertion and the subsequent A-hydride
elimination differ only slightly between a carbene- and a
phosphine-stabilised palladium centre.

Compounds 8, and 7., are found to have almost the
same energy, that is, the barrier between the isomers is small,
and the following step has a high barrier. Therefore one can
expect a considerable lifetime of the system in conformation 7.
Hence our results support a mechanism proposed by Deeth
et al.,®! who considered a direct abstraction of the agostic
proton (in 7,;) by the auxiliary base present in the reaction
mixture without formation of the palladium hydride species
80.m- According to our calculations, the 8-hydride elimination
is reversible and an intermolecular reaction of 7, cannot be
ruled out.

Also in the course of the PdY/PdY reaction the bond
between the palladium atom and the phenyl ring has to be
broken to bring the (-hydrogen atom into an appropriate
position for the elimination step. Again, the transition state
for this rotation TS-6-7 v, is higher than the transition state
for the -hydride elimination TS-7-8 v, itself (the rotation
requires 30.9 kJmol~!, the elimination 13.5 kJmol~! relative
to the corresponding intermediates). Because the rotation
involves a large amplitude motion of the alkyl ligand (first the
Pd—C—C angle has to become larger, then the 120° rotation
around the C—C bond occurs and finally the Pd-C-C angle
becomes smaller again) the potential energy hypersurface in
this region is very flat, which makes the calculation of an
intrinsic reaction coordinate difficult (i.e., a small step size is
required). Nevertheless, we could verify that TS-6-7y,
connects 61y, with a f-H-agostic intermediate 7y, on the
energy hypersurface. As in the Pd%/Pd" mechanism 7y,
precedes the S-hydride elimination step. Because of the
higher electrophilicity of the Pd'V centre, the elimination step
is even more facile than for the Pd°/Pd" pathway. Overall, the
insertion/elimination step starting from 5d 1y, is exothermic
by 75.5 kJmol-.

In the product complex 8, the styrene is bound very
asymmetrically. The palladium atom interacts with one
carbon atom of the styrene molecule only (Pd—C,=2.266,
Pd—C;=2.839 A). To elucidate the reason for this distortion,
we performed additional calculations on a system in which the
coordinating styrene is replaced by ethylene. Since this
complex is found to be symmetric (Pd—C,=2.369, Pd—Cs;=
2.420 A), we assume that the distortion is caused by the
repulsive interaction between the phenyl group and one of the
axial iodo ligands. This interaction also results in systemati-
cally longer Pd—C; bond lengths for the Pd'/Pd' reaction
relative to the Pd’/Pd" reaction, while the Pd—C, bond lengths
are almost equal (see Table 4).

In 8. as well as in 8y, the styrene molecule forms a
stable complex with the palladium centre. The dissociation
into free styrene and the corresponding complex fragments
(9¢.n and 9¢11v)) is calculated to be strongly endothermic;
according to the reaction 8, ;) — styrene + 9, the disso-
ciation energy is 129.8 kJmol~' (108.0 kJmol~! for the Pd"/
Pd'"V pathway). Because the alkene dissociation is more facile
from 21y and 2y v, (104.1 and 88.0 kT mol™!, respectively) we
assume that, at least in the gas phase, the reduction of the
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transition metal (probably by an intermolecular proton
abstraction step involving the auxiliary base) is necessary
prior to the styrene release. (This may not be the case in a
polar solvent.)

Conclusion

A computational study on the Heck reaction by using density
functional theory has been performed. Our results obtained at
the B3LYP/B,,,//B3LYP/lanl2dz level of theory can be
summarised as follows:

1) The ethylene insertion and the S-H-elimination step
require only small activation energies. Therefore, these
steps have only minor importance for the overall
reaction rate of the catalytic reaction. This holds true
for the Pd*/Pd" as well as the Pd"/Pd"V pathway.

2) The hypothetical Pd"/Pd"Y mechanism and the usual
Pd%Pd" mechanism for the Heck reaction involve qualita-
tively similar stationary points. In the Pd"/Pd"V case, the
reaction takes place in the equatorial plane of an octahedral
PdY complex.

3) The Pd"/Pd" mechanism has no intermediate dissocia-
tion step to provide a vacant coordination site for 3-H-
elimination.

According to our calculations, the dissociation steps
necessary to provide vacant coordination sites (i.e., alkene
dissociation from 2y and 8y, and the iodide dissociation
from 4, ;) are likely to be rate-determining for the Pd%/Pd™
mechanism. For the PdY/PdY mechanism the oxidative
addition of I-Ph is the step with the highest activation
barrier. Because the oxidative addition occurs from a complex
with a tetracoordinate palladium atom, a chelating ligand with
one weak donor atom may reduce the activation barrier for
this step. A study regarding this point is presently in progress
in our laboratory.
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