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Abstract: The transmetalation step of the Stille cross-coupling reaction catalyzed by PdL2 (L ) PH3, AsH3)
has been analyzed by means of DFT methods for PhBr as the electrophile and CH2dCHSnMe3 as the
nucleophile. Both experimentally proposed mechanisms (cyclic and open) were theoretically studied. For
the case of the cyclic mechanism, the associative and dissociative ligand substitution alternatives were
both analyzed. For the case of the open mechanism, the cis and the trans pathways were evaluated. All
the reaction pathways were also studied taking into account the solvent effects by means of continuum
models, for THF and PhCl as solvents. In selected cases, explicit solvent molecules were introduced to
account for their potential role as ligands. Theoretical analysis indicates that the open reaction mechanism
is preferred for organotriflate systems, whereas the cyclic mechanism is favored for the reaction with
organohalide systems.

1. Introduction

The Stille reaction is one of the most general and selective
Pd-catalyzed cross-coupling reactions,1-5 owing in part to the
easy preparation of organotin compounds, used as nucleophiles,
and their tolerance toward most functional groups.1,6,7After the
first mechanistic proposal by Stille in 1978, new suggestions
have been made trying to accommodate all the experimental
observations.3,5,7 A critical review of the experimental observa-
tions and their mechanistic implications has been recently
published.3

The reaction mechanism consists of three main steps (oxida-
tive addition, transmetalation, and reductive elimination), as well
as a cis-to-trans isomerization preceding transmetalation in the
case of organic halides as electrophiles. The oxidative addition
and reductive elimination are common to other catalytic coupling
processes (Suzuki, Negishi, Hiyama, etc.) and are reasonably
well understood, although new proposals are still being made.8-12

The transmetalation step is expected to show differences
depending on the corresponding nucleophile used (an organo-
metallic derivative of Sn, B, Zn, Si, etc.) and is less well-known.
For the Stille reaction, two mechanisms, dubbed ascyclic and
open, have been recently proposed to explain the retention or,
respectively, inversion of configuration in the products.

The existence of a cyclic mechanism for the reaction was
proposed to account for the evidence of Stille processes with
retention of configuration at the transmetalated carbon, which
requires a transition state where the X and R2 ligands are
bridging the two metal atoms.13 It was shown that the reaction
is kinetically compatible with an associative substitution mech-
anism producing an R2-for-L ligand substitution. A concerted
mechanism where the transmetalation and the ligand substitution
take place simultaneously was proposed (Scheme 1, upper
pathway) on the basis of the assumption that this should increase
the electrophilicity of palladium and the nucleophilicity of the
stannane. However, the same qualitative kinetic dependence
should be expected for a two-step exchange where a preequi-
librium of substitution of a leaving ligand by the entering
stannane took place first and was then followed by a rate
determining transmetalation. These two associative possibilities
can only be safely distinguished by theoretical calculation.
Previous to these associative proposals, a dissociative substitu-
tion mechanism had been postulated, where an L ligand is
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dissociated to form a T-shaped intermediate, and then stannane
coordination occurs.14 However, the dissociative mechanism was
found to afford a qualitatively similar rate law but to be
quantitatively incompatible with the experimental data for
ligands such as AsPh3.13

The open mechanism (the only one considered in the literature
until the recent inclusion of the cyclic mechanism) is proposed
for cases where the product presents inversion of configuration,
and can go through cis or trans geometries depending on the
relative position of the two R fragments after transmetalation
(Scheme 1, lower pathway).15 This pathway seems to be more
common and is expected to be favored for more electrophilic
Pd centers, as in species with bad coordinating anions (like
triflate) which are easily substituted by a neutral molecule, such
as a coordinating solvent or the ligand that is used in excess.15-17

Computational chemistry is a useful tool in mechanistic
analysis.18,19Theoretical analyses of the Stille reaction are rather
scarce,20,21compared to the studies performed on other coupling
reactions.11,22-36 In this work we present a theoretical study of

the transmetalation process for a model cross-coupling reaction
between aryl electrophiles and vinyl nucleophiles, in the same
conditions used for recent experimental kinetic studies,13,15 so
that calculated and experimental results are directly related.

2. Computational Details

All calculations were performed at DFT level, by means of
the hybrid Becke3LYP37-39 functional as implemented in
Gaussian 03.40 Pd, Br, P, As, and Sn atoms were described using
an effective core potential (LANL2DZ) for the inner elec-
trons,40-42 and its associated double-ú basis set for the more
external ones. In the case of Br, P, As, Sn, and S atoms a
d-polarization shell was added (exponent 0.428, 0.387, 0.303,
0.180, and 0.503 respectively).43 The 6-31G(d) basis set was
used for the C and Cl, and 6-31G for H and F atoms.44,45 The
O atoms were described by the 6-31G+(d) basis set.46 Arsines
and phosphines were modeled by PH3 and AsH3. Inclusion of
real ligands will modify the relative energies within the energy
profile, though the overall conclusions will probably remain
unchanged. The structures of the reactants, intermediates,
transition states, and products were fully optimized without any
symmetry restriction. Transition states were identified by having
one imaginary frequency in the Hessian matrix. Single point
solvent calculations were performed at the optimized gas-phase
geometries for all the minima and transition states, using the
CPCM approach,47,48 which is an implementation of the

(14) Farina, V.; Krishnan, B.J. Am. Chem. Soc.1991, 113, 9585-9595.
(15) Casado, A. L.; Espinet, P.; Gallego, A. M.J. Am. Chem. Soc.2000, 122,

11771-11782.
(16) Farina, V.; Krishnan, B.; Marshall, D. R.; Roth, G. P.J. Org. Chem.1993,

58, 5434-5444.
(17) Casado, A. L.; Espinet, P.; Gallego, A. M.; Martinez-Ilarduya, J. M.Chem.

Commun.2001, 339-340.
(18) Ujaque, G.; Maseras, F.Struct. Bonding2004, 112, 117-149.
(19) Maseras, F.; Lledos, A.Computational Modeling of Homogeneous Catalysis;

Kluwer Academic Publishers: Dordrecht, The Netherlands 2002; Vol. 25.
(20) Napolitano, E.; Farina, V.; Persico, M.Organometallics2003, 22, 4030-

4037.
(21) Alvarez, R.; Faza, O. N.; Lopez, C. S.; de Lera, A. R.Org. Lett.2006, 8,

35-38.
(22) Braga, A. A. C.; Morgon, N. H.; Ujaque, G.; Maseras, F.J. Am. Chem.

Soc.2005, 127, 9298-9307.
(23) Goossen, L. J.; Koley, D.; Hermann, H. L.; Thiel, W.J. Am. Chem. Soc.

2005, 127, 11102-11114.
(24) Goossen, L. J.; Koley, D.; Hermann, H. L.; Thiel, W.Organometallics

2005, 24, 2398-2410.
(25) Sumimoto, M.; Iwane, N.; Takahama, T.; Sakaki, S.J. Am. Chem. Soc.

2004, 126, 10457-10471.
(26) Balcells, D.; Maseras, F.; Keay, B. A.; Ziegler, T.Organometallics2004,

23, 2784-2796.
(27) Albert, K.; Gisdakis, P.; Rosch, N.Organometallics1998, 17, 1608-1616.
(28) Sundermann, A.; Uzan, O.; Martin, J. M. L.Chem.sEur. J.2001, 7, 1703-

1711.
(29) von Schenck, H.; Akermark, B.; Svensson, M.Organometallics2002, 21,

2248-2253.
(30) Matsubara, T.Organometallics2003, 22, 4286-4296.
(31) Amatore, C.; Jutand, A.; Lemaitre, F.; Ricard, J. L.; Kozuch, S.; Shaik, S.

J. Organomet. Chem.2004, 689, 3728-3734.
(32) Cundari, T. R.; Deng, J.; Zhao, Y.J. Mol. Struct.: THEOCHEM2003,

632, 121-129.

(33) Eberhardt, J. K.; Frohlich, R.; Wurthwein, E. U.J. Org. Chem.2003, 68,
6690-6694.

(34) Goossen, L. J.; Koley, D.; Hermann, H. L.; Thiel, W.Organometallics
2006, 25, 54-67.

(35) Kozuch, S.; Shaik, S.J. Am. Chem. Soc.2006, 128, 3355-3365.
(36) Braga, A. A. C.; Ujaque, G.; Maseras, F.Organometallics2006, 25, 3647-

3658.
(37) Lee, C.; Parr, R. G.; Yang, W.Phys. ReV. B 1988, 37, B785.
(38) Becke, A. D.J. Phys. Chem.1993, 98, 648.
(39) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.J. Phys.

Chem.1994, 98, 11623.
(40) Frisch, M. J.; et al.Gaussian 03; Gaussian, Inc.: Wallingford, CT, 2004.
(41) Hay, P. J.; Wadt, W. R.J. Phys. Chem.1985, 82, 299.
(42) Wadt, W. R.; Hay, P. J.J. Phys. Chem.1985, 82, 284.
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conductor-likescreening solvation model (COSMO) in Gaussian
03;49 THF (tetrahydrofurane) and PhCl (chlorobenzene), used
in the kinetic experimental studies, were chosen as solvents
(dielectric constantε ) 7.58 andε ) 5.62, respectively). The
CPCM approach is not exact for the comparison of mechanisms
involving charged and uncharged species but is able to provide
at least a semiquantitative approach to the importance of solvent
effects.

3. Results

The study of the transmetalation step for the Stille reaction
was carried out for the process depicted in eq 1. The starting
point for computation,trans-[PdPhBrL2] (1), is generated in the
catalytic cycle through oxidative addition of the organic halide
(PhBr) to PdL2(0), giving the cis complex, followed by fast cis
to trans isomerization.50 The stannane compound studied was
(CH2dCH)SnMe3 (2). Two ligands with different donor ability,
phosphines and arsines, were considered modeled by PH3 and
AsH3, respectively.

3.1. The Cyclic Mechanism.The three possibilities (con-
certed, stepwise associative, and stepwise dissociative) were
considered in the calculations for the cyclic mechanism. The
cyclic structure proposed for the concerted transmetalation
(Scheme 1) could not be identified as transition state, nor as a
hypothetic cyclic intermediate. It was found that the transmeta-
lation takes place in two steps. First, there is a substitution of
an L ligand by the incoming vinyl to form intermediate4. Then
the transmetalation takes place through a cyclic transition state
(Scheme 2). This confirmation of a cyclic mechanism is in
coincidence with the theoretical results found recently by

Napolitano and co-workers for alkynyl stannanes,20 and by
AÄ lvarez, de Lera and co-workers for alkenyl stannanes.21 As a
consequence of the two step (rather than concerted) mecha-
nism,13 the cyclic structure which had been initially proposed
as an intermediate is in fact formed in the transition stateTS2.

3.1.1. Substitution of an L Ligand by the Incoming
Stannane.The formation of intermediate4 involves substitution
of an L ligand by the stannane and might take place either by
an associative mechanism (with a five-coordinated palladium
in the transition state) or by a dissociative mechanism (with a
three-coordinated palladium in the transition state) where the
L ligand is dissociated previous to coordination of the organotin
group.

In the transition state of the associative mechanism,TS1a,
we have considered two different alternatives, one where the
organotin group replaces an L ligand (TS1aL) and another where
it replaces a solvent molecule (TS1aS). This last hypothesis
corresponds to the possibility that the substitution takes place
on trans-[PdPhBrL(S)] (S) solvent molecule), formed previ-
ously by L exchange for a solvent molecule.51

A representative example of the structure of these associative
transition states is included in Figure 1.TS1aL AsH3, shows a
bond breaking distance between Pd and the leaving As of 2.602
Å and distances between the metal center and carbon atoms of
the incoming vinyl moiety of 2.774 (CR) and 2.619 Å (Câ),
respectively.

The relative energies of all computed associative transition
statesTS1aL andTS1aS are included in Table 1. It can be seen
that they are always quite similar and low, with values between
5.7 kcal/mol (gas-phase AsH3) and 8.8 kcal/mol (THF PH3).
The minor differences between them will not be discussed in
detail, because, as it will be seen below, this is in no case the
rate-limiting step in the transmetalation process.

Considering now the dissociative mechanism (Scheme 2), the
formation of intermediate4 should proceed by an initial L bond
breaking process to generate a 14-electron intermediate,3. The

(48) Cossi, M.; Scalmani, G.; Rega, N.; Barone, V.J. Comput. Chem.2003,
24, 669.
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L. J. Am. Chem. Soc.2003, 125, 4212-4222.
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vacant coordination site generated might then be occupied by
the vinyl double bond of the entering stannane. The energy for
the corresponding structure, indicated as3 + 2 in Table 1,
presents values between 17.8 and 23.2 kcal/mol, always much

higher than the corresponding transition states for the associative
mechanism. Therefore, this substitution will take place through
an associative mechanism.

3.1.2. Cyclic Transmetalation Step.Once intermediate4 is
formed, the next step should properly correspond to the
transmetalation (Scheme 2). This step involves a large structural
rearrangement involving migration of the SnMe3 group, breaking
of the Sn-C bond and formation of a new Sn-Br bond. In
addition, the coordination mode of the vinyl group to the Pd
center changes fromη2- to η1-coordination. The energy of the
transition stateTS2 in gas phase is 14.9 kcal/mol for L) AsH3,
that is 9.2 kcal/mol higher thanTS1a. The inclusion of solvent
in the calculation increases this energy barrier, giving the same
value of 20.1 kcal/mol for THF and PhCl. This is the highest
energy transition state for the cyclic mechanism. Regarding the
geometry, the forming Sn-Br bond distance is 2.739 Å, whereas

Figure 1. Geometries of the transition states for the cyclic and open mechanism for L) AsH3.

Table 1. Energies (kcal/mol) Computed for the Cyclic Mechanism

gas phase THF chlorobenzene

cyclic
L PH3 AsH3 PH3 AsH3 PH3 AsH3

1 + 2 0.0 0.0 0.0 0.0 0.0 0.0
1S+ 2 3.8 1.4
3 + 2 23.2 21.0 21.8 17.8 22.3 18.5
TS1aL 7.3 5.7 8.8 7.7 8.5 7.8
TS1aS 7.7 5.1
4 3.4 0.1 7.0 2.5 6.9 2.8
TS2 19.0 14.9 25.1 20.1 24.4 20.1
5 13.4 9.2 19.8 14.7 19.5 14.7
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the breaking Pd-CR and Sn-Câ distances are 2.994 Å and 3.263
Å, respectively (Figure 1). For L) PH3, similar trends are
observed.

Interestingly, this mechanism affords directly an intermediate,
5, with the vinyl and phenyl groups in a cis arrangement,
therefore ready to produce the reductive elimination.

3.2. The Open Mechanism.The defining feature of the open
mechanism is the absence of a cyclic species. As shown in
Scheme 1, an open Pd-C-Sn-Br sequence in the transition
state is the actual proposal. To force the evolution of the reaction
toward the open mechanism we assumed the formation from1
of a cationic species where the leaving X ligand (halide or
triflate) has been substituted by a neutral ligand, whether an L
ligand (L ) phosphine or arsine) or a solvent molecule (S).
Obviously this process is very costly in energy for X) Br, but
not that much for triflate. Experimentally thetrans-[PdL2XR]
complexes formed after oxidative addition, in solution, are
found to be in equilibrium with other species such astrans-
[PdL2SR]+ or [PdL3R]+, depending on the reaction conditions,
specially on the X group and the solvent.15 In such cases the
transmetalation is considered to occur on these cationic species,
which are assumed to be generally more reactive than their
neutral counterparts because of their higher electrophilicity. The
relative stabilities of the ligand substitution processes involved
in the open transmetalation mechanism are gathered in Table
2.

3.2.1. Formation of a Cationic Species.The substitution of
the bromide ligand by a neutral group (an L ligand or a solvent
molecule) to generate a cationic species was evaluated in two
solvents with different coordination capacities: THF and PhCl.
The reaction energies of these substitution processes are given
in entries 1-8 of Table 2.

The energies associated to the substitution of the bromide
by an L ligand in THF are 16.7 and 14.9 kcal/mol for arsine
and phosphine (entries 1 and 2), respectively. These values are
21.9 and 19.8 kcal/mol in PhCl (entries 5 and 6), respectively.
On the other hand, the substitution of Br- by a solvent THF
molecule has an energy cost of 19.0 kcal/mol for the complexes
with both L ligands (entries 3 and 4, respectively). These values
are 34.1 and 35.0 kcal/mol for a PhCl molecule (entries 7 and
8), showing, as expected, that THF is a much better coordinating
ligand than PhCl, but worse than either AsH3 or PH3.

In addition to the case where X is a bromo ligand, the energies
for the ligand substitution of the analogous complex where X
is a triflate (OTf) were also evaluated (Table 2, entries 9-16).
The displacement of triflate is as expected always much easier
than that of bromide, with a cost as small as 0.7 kcal/mol in
the best case (row 10). Otherwise, the facility of substitution
follows the same trends resported above, PH3 is the strongest
replacing agent, followed by AsH3 and THF, with PhCl being
by far the weakest.

The next steps on the reaction mechanism (see Scheme 3)
were studied starting from intermediate8, with three L ligands
coordinated to the palladium center. In the presence of excess
ligand (as it is often the experimental conditions), these
complexes are usually more stable than their [PdPhSL2]+-
counterparts, and are highly predominant in noncoordinating
solvents or in solvents of moderate coordination ability toward
palladium (e.g., THF). Note, however that this may not be the
case in solvents highly polar and with good coordination ability
(e.g., hexamethyl phosphoramide, see experimental results in
ref 14) or in the absence of excess L.

3.2.2. R-for-L Substitution Step. Starting on the cationic
intermediate8, the next step in the open mechanism is the
replacement of one L ligand by the incoming stannane2, to
form intermediate9.52 This step may follow two different
competitive pathways, depending on whether the stannane group
goes cis (TS3c) or trans (TS3t) to the Ph group (Scheme 3).
Then, a SN2 substitution of the vinyl group by the bromide at
the Sn center (TS4) will follow. Both possibilities (cis open
and trans open mechanisms) were explored in gas phase and in
the two solvents (THF and PhCl). The energy results are
gathered in Table 3.

The transition state for the replacement of an arsine or
phosphine ligand by the stannane group (TS3) is a five-
coordinated structure, regardless of whether the cis or the trans
intermediate is formed, as expected for this type of ligand
substitution process. The structuresTS3c AsH3 andTS3t AsH3

(Figure 1) are in this sense typical examples. Both of them are
trigonal bipyramidal, differing in the arrangement of the ligands.

(52) An intermediate of type 9t has been reported as spectroscopically observed
in a reversible tin-to-palladium transmetalation of 2-furyl using 2-tribu-
tylstannylfuran: Cotter, W. D.; Barbour, L. K.; McNamara, L.; Hechter,
R.; Lachicotte R. J.J. Am. Chem. Soc. 1998, 120, 11016-11017.

Table 2. Reaction Energies (kcal/mol) for the Process PdR1XL2 + Y f [PdR1YL2]+ + X- a

entry solvent reaction ∆E

1 THF [PdPhBr(AsH3)2] + AsH3 f [PdPh(AsH3)3]+ + Br- 16.7
2 [PdPhBr(PH3)2] + PH3 f [PdPh(PH3)3]+ + Br- 14.9
3 [PdPhBr(AsH3)2] + THF f [PdPh(AsH3)2(THF)]+ + Br- 19.0
4 [PdPhBr(PH3)2] + THF f [PdPh(PH3)2(THF)]+ + Br- 19.0

5 PhCl [PdPhBr(AsH3)2] + AsH3 f [PdPh(AsH3)3]+ + Br- 21.9
6 [PdPhBr(PH3)2] + PH3 f [PdPh(PH3)3]+ + Br- 19.8
7 [PdPhBr(AsH3)2] + PhClf [PdPh(AsH3)2(PhCl)]+ + Br- 34.1
8 [PdPhBr(PH3)2] + PhClf [PdPh(PH3)2(PhCl)]+ + Br- 35.0

9 THF [PdPh(OTf)(AsH3)2] + AsH3 f [PdPh(AsH3)3]+ + OTf- 2.5
10 [PdPh(OTf)(PH3)2] + PH3 f [PdPh(PH3)3]+ + OTf- 0.7
11 [PdPh(OTf)(AsH3)2] + THF f [PdPh(AsH3)2(THF)]+ + OTf- 4.8
12 [PdPh(OTf)(PH3)2] + THF f [PdPh(PH3)2(THF)]+ + OTf- 4.8

13 PhCl [PdPh(OTf)(AsH3)2] + AsH3 f [PdPh(AsH3)3]+ + OTf- 6.6
14 [PdPh(OTf)(PH3)2] + PH3 f [PdPh(PH3)3]+ + OTf- 4.7
15 [PdPh(OTf)(AsH3)2] + PhClf [PdPh(AsH3)2(PhCl)]+ + OTf- 18.9
16 [PdPh(OTf)(PH3)2] + PhClf [PdPh(PH3)2(PhCl)]+ + OTf- 20.0

a Solvents: THF and PhCl; X) Br and OTf; Y ) L (PH3 or AsH3) or a solvent molecule (THF or PhCl).
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J. AM. CHEM. SOC. 9 VOL. 128, NO. 45, 2006 14575



As for bond distances, if we takeTS3c, it can be seen that values
for the forming Pd-C bonds have reasonable values as 2.340
Å (CR) and 2.287 Å (Câ), while the distance between Pd and
the leaving AsH3 ligand is 2.721 Å, (longer than inTS1a).

The relative energies of the cis and trans transition states are
in all cases close to each other, with the cis transition state being
more stable by 1.6 kcal/mol at most.

3.2.3. Open Transmetalation Step.Once the stannane is
coordinated to Pd, a SN2 substitution of the vinyl group by the
halide at the Sn center should follow (TS4). For this step, the
difference in energy barrier between the cis and trans pathways
for L ) AsH3 in gas phase is only 0.3 kcal/mol. In solvent, this
difference is somewhat larger, 1.2 kcal/mol in THF, and 1.4
kcal/mol in PhCl.

The geometry observed for the transition stateTS4 (Figure
1) with L ) AsH3 is representative. It is fully consistent with
a SN2 mechanism on the Sn atom. It corresponds to a trigonal
bipyramid around the Sn center with the incoming bromide and
the leaving vinyl occupying axial positions. Simultaneously, the
vinyl group switches fromη2- to η1-coordination. The Sn‚‚‚Br
bond forming and Sn‚‚‚CR bond breaking distances are 2.758
and 2.463 Å inTS4c (cis mechanism), and 2.768 and 2.448 Å

in TS4t (trans mechanism), respectively. In addition, the
Câ‚‚‚Pd distances are 2.504 and 2.644 Å inTS4c and TS4t,
respectively (Figure 1).

4. Discussion

The transmetalation step for the reaction between PhBr and
CH2dCHSnMe3 catalyzed by PdL4 (L ) PH3, AsH3) has been
analyzed by means of DFT methods as a model reaction for
the Stille cross-coupling. Experimental studies are available in
the literature for systems with ArX (Ar) Ph, C6F5; X ) I),
RSnMe3 (R ) Ph, C6H4Me-p, CH2dCH), and PdL4 (L ) PPh3,
AsPh3).13-17

4.1. Cyclic Mechanism.The analysis of the cyclic mecha-
nism shows that the transmetalation does not occur in a
concerted manner (Scheme 1), but is a two-step process (Scheme
2, upper pathway). For the first step, producing L-for-stannane
ligand substitution, the results of the theoretical analysis support
an associative mechanism for both, phosphine and arsine
ligands.53 In effect, in gas phase the associative mechanism is
around 16 kcal/mol lower than the dissociative. In solvent, the
difference decreases to 12 kcal/mol, with the associative
mechanism as the lowest energy one, still a difference big
enough to discard dissociative substitution as a rate competing
process.

It is known that associative ligand substitutions can occur
directly or via solvent assisted processes. For this reason, the
associative process starting from [PdPhBrL(THF)] species
(where the L ligand has been previously substituted by a solvent
molecule, S) THF) was also studied in gas phase. In this case
the S-for-stannane substitution process has somewhat lower
energy barriers than the L-for-stannane ligand substitutions
process (around 2 kcal/mol) for both L ligands. However,
considering the S-for-L exchange energy, the total energy
required is similar for both associative mechanisms. In other
words, associative substitutions on both complexes will have
competitive rates and in general one or the other might

(53) Casares, J. A.; Espinet, P.; Salas, G.Chem.sEur. J.2002, 8, 4843-4853.

Scheme 3

Table 3. Relative Energies (kcal/mol) Computed for Species
Involved in the Open Mechanism; L ) PH3 or AsH3

open gas phase THF chlorobenzene

PH3 AsH3 PH3 AsH3 PH3 AsH3

cis 8 + 2 + Br 0.0 0.0 0.0 0.0 0.0 0.0
TS3c+ Br 7.2 5.3 8.3 9.2 8.0 9.1
9c + Br + L 5.3 1.9 9.4 6.1 9.3 6.4
10c+ L 0.0 0.0 5.7 2.4 1.1 -1.9
TS4c+ L 0.1 0.9 7.9 5.3 3.5 0.9
7 + 11c+ L -26.1 -26.9 -6.1 -9.7 -11.2 -14.5

trans 8 + 2 + Br 0.0 0.0 0.0 0.0 0.0 0.0
TS3t + Br 7.2 5.8 8.9 10.5 8.7 10.7
9t + Br + L 2.4 -0.6 5.5 3.4 5.3 3.6
10t + L 0.0 0.0 3.2 1.4 -1.2 -2.8
TS4t + L 0.5 0.6 5.4 4.1 0.9 -0.3
7 + 11t + L -20.1 -20.2 -1.8 -3.6 -6.9 -8.5
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predominate depending on the solvent S, the ligand L, and the
ligand concentration in the medium.

This ligand substitution step is previous to the highest energy
barrier step. This means that complex4, with the stannane
coordinated as a ligand is a real intermediate, although its low
concentration can keep it below the observation level in front
of the higher concentration of1. The kinetic consequence is
that the reaction from1 to 4 should better be looked at as a fast
preequilibrium. The kinetic behavior experimentally observed
(order one in [Pd] and [Sn] and order minus one in [L]) is
consistent with the rate expression deduced for this process
(Scheme 4).

The second step, where strictly speaking the transmetalation
takes place, has the highest energy barrier for the cyclic
mechanism in the overall transmetalation pathway. The energy
barriers for the overall process are lower for AsH3, in agreement
with the higher reaction rates observed experimentally for AsPh3

as compared to PPh3. The introduction of solvent effects does
not modify importantly the reaction profile, though it is
noteworthy that the overall profile increases in energy for both
solvents. According to these results, the solvent represented as
a continuum is not accelerating the reaction for the cyclic
mechanism. On the contrary, this suggests that in order to favor
the cyclic mechanism one should choose solvents with small
dielectric constant. Since the open mechanism is favored when
ionic species are produced, this choice of solvents will, in
addition, disfavor the open mechanism.

It is important to remark that the first and the second steps
are both endothermic. Therefore the transmetalation process for
palladium halocomplexes is thermodynamically unfavorable, and
the success of the catalysis fully depends on an efficient
reductive elimination step, which will compensate for this
thermodynamic deficit.

4.2. Open Mechanism.The first step for the open mechanism
is the substitution of X- by a neutral ligand L (L) phosphine
or arsine) to form a cationic species [PdRL3]+. The cationic
complex (8) is considered to be the reactive species in the
catalytic cycle in the presence of excess L. Related species
[PdRL2(S)]+ could be operating in coordinating solvents. The
formation of the ionic complex [PdPhL3]Br by Br- displacement
with a L ligand has associated an unfavorable energy of ca.
14.9 kcal/mol for PH3 and 16.7 kcal/mol for AsH3 in THF,
reflecting the better coordination ability of PH3. In PhCl these
values are 19.8 and 21.9 kcal/mol (Table 2). Thus, the
equilibrium is very displaced to the left, in agreement with
experiment,13 but it is remarkable that moderate increase of
dielectric constant in the solvent, produces a large decrease in
the barrier of this first step, in fact larger than a change of ligand.

Comparison between the two solvents acting as the third
ligand shows that the substitution of Br- by a solvent molecule
is much less unfavorable for THF (ca. 19.0 kcal/mol for both L
ligands) than for PhCl (35.0 kcal/mol), probably because THF
is a much better coordinating solvent, in addition to the solvent
effect just commented.

Overall, a coordinating solvent with a high dielectric constant
should greatly facilitate the process of formation of cationic
species [PdRL2(S)]X and [PdRL3]X, thus driving the reaction
toward the open mechanism, even in cases where X- ) halide.
In fact, frequent solvents of choice for the Stille reaction are
MeCN, NMP (1-methyl-2-pyrrolidinone), and HMPA (hexa-
methylphosphoramide), which possess these properties.

As shown in Table 2, the formation of cationic species using
OTf- instead of Br- is much less costly. Thus, the energy
associated to the formation of the cationic species by substitution
of OTf- by PH3 or AsH3 is only 0.7 and 2.5 kcal/mol in THF,
respectively (Table 2). These results indicate that significant
concentrations of the cationic species, favoring an open trans-
metalation, will be present in the reaction medium when X is a
triflate, even in solvents of moderate dielectric constant or
coordination ability, as observed in the experiment for THF as
solvent.15

After the formation of the cationic species the highest energy
barrier corresponds to the substitution of the L ligand by the
stannane group,TS3, which is therefore the step controlling
the formation of cis and the trans intermediate. Considering the
values found forTS3, the energy of the transition states for the
cis and trans pathways are comparable. Including solvent effects
introduces a small differentiation in favor of the cis pathway,
for any combination of both L ligands and both solvents (Table
3). The energy barrier for the second step,TS4, which
corresponds to a SN2 reaction at the Sn center, is very moderate
and somewhat lower in energy for the cis than for the trans
pathway. The calculations fully agree with the experimental
observation of two competitive pathways for the transmetalation,
one leading fast to the coupling products (going via the
nonobserved cis intermediate11c), and another leading more
slowly to the coupling products and permitting an observation
of the trans intermediate11t in some cases.15

5. Conclusions

The reaction between PhBr and CH2dCHSnMe3 catalyzed
by PdL2 (L ) PH3, AsH3) was taken as a model reaction to
analyze the transmetalation process for the Stille cross-coupling
reaction by means of DFT methods. The general proposed
mechanisms, the cyclic and the open mechanism, including their
own variants have been studied in two solvents, THF and PhCl.

For the cyclic mechanism, a concerted pathway for the
transmetalation of the alkenyl stannane was not found. Instead,
a two step reaction process was characterized. The first step is
the substitution of the L ligand by the stannane group (with the
stannane acting as a metaloligand through the vinyl double
bond), whereas the second corresponds to the transmetalation,
properly speaking, where the vinyl group is transferred from
the stannane to the palladium center. For the first step both
ligand substitution mechanisms, the associative and dissociative,
were analyzed and computational results support the associative
mechanism. The second step does present a cyclic four member
ring transition state and has the highest energy barrier, therefore

Scheme 4
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becoming the controlling step in the overall cyclic mechanism.
The reaction profile is qualitatively similar for both L ligands,
though energy barriers are lower for the catalyst with arsine
ligands. Both solvents give similar qualitative and quantitative
results for each of the L ligands.

The open mechanism was also computationally analyzed. In
this case, the reactive species toward the stannane group is a
cationic species generated by a ligand substitution of an anion
X- (bromide or triflate) for a neutral ligand (L, or a solvent
molecule). This point will be more easily reached for triflate,
but will demand the use of solvents with high dielectric constant
and preferably coordinating in the case of bromide, to com-
pensate the much more unfavorable formation of the ionic
complex. The transmetalation process for the open mechanism
also takes place in two steps. There is an initial stannane-for-L
substitution (with the stannane acting as a metaloligand through
the vinyl double bond), followed by a SN2 reaction at the Sn
center with the previously dissociated X- as the incoming group
and the vinyl (already coordinated to Pd) as the leaving group.
In this case, conversely to the cyclic mechanism, the first step
(corresponding to the stannane-for-L substitution) has the highest
energy barrier within the overall profile. The analysis of the
cis and the trans pathways shows that both are energetically
comparable, and should be kinetically competitive, as observed
experimentally. As for the L ligands, energy barriers are slightly

lower for the phosphine than for the arsine ligand. In summary,
the mechanism for the transmetalation process is mainly affected
by the X group and the solvent, while the L ligand exerts a
smaller (although kinetically significant) effect.

Finally, the success of the complete cycle remains dependent
on the success of the reductive elimination step to give the
coupling product since all the obtained energy profiles for the
transmetalation process are endothermic. Computational studies
on this last step are in progress.
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