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Density functional theory calculations were carried out to study the effect of different leaving ligands
X on transmetalation of organostannanes (vinylSnR3) with LnPd(Ar)(X) (X ) Cl, Br, I), an important
step found in Stille cross-coupling processes. The calculations indicate that the overall activation barriers
for the transmetalation process increase in the following order: X) Cl < Br < I. The model phosphine
ligands, PH3 and PMe3, were used to investigate this process. It was established that more electron-
donating phosphine ligands significantly increase the overall transmetalation barriers.

Introduction

The formation of new C-C bonds through cross-coupling
reactions catalyzed by palladium has received considerable
interest in recent years due to their importance in many synthetic
applications.1,2 Pd-catalyzed cross-couplings of organic elec-
trophiles (RX) with organostannanes (vinylSnR′3), better known
as Stille reactions, are widely used, particularly in more
demanding synthetic transformations, e.g., in natural product
or materials synthesis.3,4 The popularity associated with this
reaction stems from the fact that the organostannane reagents

tolerate a variety of functional groups, which are stable to both
moisture and oxygen.

The commonly accepted catalytic cycle for the mechanism
of Stille cross-coupling reactions of organic halides with
organostannanes is shown in Scheme 1.5 The first step of the
catalytic cycle involves oxidative addition of an organic hailde
(RX) to the active species LnPd0 (n ) 1, 2), which is usually
generated from a L2PdIIX2 precatalyst, where L is typically a
phosphine ligand and X is halide. The organopalladium(II)
species LnPd(R)(X) formed by the oxidative addition of the
organic halide then undergoes transmetalation with organostan-
nanes (R′SnR′′3) to afford LnPd(R)(R′). Finally, a reductive
elimination reaction occurs in LnPd(R)(R′), leading to C-C bond
formation (R-R′).

The mechanism of Stille cross-coupling has been well studied
both experimentally6 and theoretically.7,8 Specifically, the
thorough mechanistic studies by Espinet and co-workers estab-
lished the primary importance of a SE2(cyclic) mechanism for
the transmetalation step for X) halide (Scheme 1).6 A recent
DFT study provided support for such an SE2(cyclic) mecha-
nism.8

During the course of these mechanistic studies, Espinet and
co-workers found that the transmetalation reactions of (vinyl)-
SnBu3 with isolated trans-[Pd(Ar)(X)(AsPh3)2] (Ar ) 3,5-
dichlorotrifluorophenyl; X) halide) exhibit rates of Cl> Br
> I.6a This trend was explained as follows. First, an electrone-
gative leaving ligand makes the Pd(II) metal center more
electrophilic, facilitating the nucleophilic attack of R′SnR′′3 on
the Pd(II) complex.6a It was also noted that aryl iodides undergo
oxidative addition more rapidly than aryl bromides, although
crucially the rate-determining transmetalation of the resulting
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[Pd(Ar)(I)(PtBu3)] complex is slower than that of the related
complex [Pd(Ar)(Br)(PtBu3)], an observation attributable to the
strength of the Pd(II)-X bond.9

Clearly, a more electronegative halide, acting as a leaving
ligand, accelerates the transmetalation process. In this paper,
with the aid of B3LYP density functional theory (DFT)
calculations, we detail investigations into model transmetalation
reactions of (vinyl)SnMe3 with (PH3)2Pd(Ph)(X) (X) Cl, Br,
I) in order to provide a deeper insight into how the X ligands
influence the transmetalation reactions of R′SnR′′3 with LnPd-
(R)(X). We will also briefly discuss the effect of phosphine
ligands because phosphine ligands of high donicity have been
found to impede transmetalation,10 which is potentially a
hindrance in the cross-coupling of stronger C-Cl bonds in the
organohalide component, as an electron-rich ligand is often
required for C-Cl activation. Transmetalation of (vinyl)SnMe3

with (PMe3)Pd(vinyl)(Br) was found to be the rate-determining
step in a theoretical study on the Stille cross-coupling reaction
of the vinyl bromide.8 Through our understanding on how the
leaving ligand X affects the rate of transmetalation, we also
wish to report further computational investigations to support
the SE2(cyclic) mechanism proposed by Espinet and co-
workers.5,6

Computational Details

Gaussian 0311 was used to fully optimize all the structures
reported in this paper at the B3LYP12 level of density functional
theory. Frequency calculations were carried out at the same level
of theory for all the stationary points to characterize the transition
states (one imaginary frequency) and the equilibrium structures (no
imaginary frequency). The effective core potentials of Hay and
Wadt with double-ú valance basis sets (LanL2DZ)13 were chosen
to describe Pd, Cl, Br, I, Sn, and P. The 6-31G14 basis set was
used for other atoms. Polarization functions were also added for
C(úd ) 0.6), Cl(úd ) 0.514), Br(úd ) 0.389), I(úd ) 0.266), Sn(úd

) 0.183), and P(úd ) 0.340).15 Calculations of intrinsic reaction
coordinates (IRC)16 were also performed on transition states to
confirm that such structures are indeed connecting two minima.

The partial atomic charges were calculated on the basis of natural
bond orbital (NBO)17 analyses.

Results and Discussion

In the majority of Stille coupling reactions, the first step
involves oxidative addition of ArX to the coordinatively
unsaturated 14-electron species “L2Pd(0)”.18 We accept that
some of these reactions might involve the 12-electron species
“LPd(0)”, where L) a bulky phosphine or anN-heterocyclic
carbene.19 Experimental studies,20 supported by theoretical
work,21 have suggested that ArX reacts with Pd(0) by a three-
centered transition state, giving rise to acis-(L)2Pd(Ar)(X)
complex. Thecis-isomer subsequently isomerizes to the ther-
modynamically more stabletrans-isomer. Thus, it is reasonable
to consider the model complexestrans-(PH3)2Pd(Ph)(X) (X)
Cl, Br, I) as the active species for transmetalation reactions.

A recent theoretical study8 provided more details regarding
the mechanism of transmetalation of (vinyl)Sn(R′′)3 with trans-
(L)2Pd(R)(X), which consists of two key steps shown in Scheme
2: (1) formation of a π-complex 2, from 1 through an
associative substitution of one of the phosphine ligands with
(vinyl)Sn(Me)3 via transition stateTS1-2; and (2) transmetalation
in the π-complex proceeding via a cyclic four-coordinate
transition stateTS2-3 giving 3.

The calculated potential energy profiles for the transmetalation
of trans-(PH3)2Pd(Ph)(X) (X ) Cl, Br, I) on the basis of the
mechanism described in Scheme 2 are shown in Figure 1. It
can be seen that the transmetalation processes for the complexes,
where X ) Cl, Br, and I, take place with overall activation
barriers of 13.7, 18.0, and 22.3 kcal/mol, respectively. These
results are consistent with the experimental observations that
more electronegative halide ligands accelerate transmetalation
of R′SnR′′3 with LnPd(R)(X).

Substitution of PH3 with (vinyl)SnMe3. Let us first discuss
the ligand substitution step (1_X f 2_X) in the transmetalation
processes. The ligand substitution is endothermic in all cases
(Figure 1). The reaction energy of the ligand substitution, i.e.,
the energy difference between1_X and (vinyl)SnMe3 and2_X
and PH3, is reliant on the nature of the ligand X: 0.8 kcal/mol
for X ) Cl, 2.4 kcal/mol for X) Br, and 4.1 kcal/mol for X
) I (Figure 1). To understand the trend established in the
substitution reaction energies, we calculated the ligand dis-
sociation energies of PH3 in 1_X and the π-complexation
energies of (vinyl)SnMe3 in 2_X. The ligand dissociation
energies of PH3 in 1_Cl, 1_Br, and1_I were calculated as 22.8,
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22.8, and 23.0 kcal/mol, respectively. The trend found in the
ligand dissociation energies of PH3 suggests that the influence
of the X ligands on the dissociation energies is negligible. In
contrast, theπ-complexation of (vinyl)SnMe3 becomes more
favorable along the series X) I < Br < Cl (-18.9 kcal/mol
for 2_I, -20.3 kcal/mol for2_Br, and-21.9 kcal/mol for2_Cl).
The observed trend in theπ-complexation energies can be
rationalized through consideration of the steric repulsion
between the X and (vinyl)SnMe3 ligands; the larger the halide
ligand X in size, the stronger the repulsive interaction and the
smaller theπ-complexation energy.

To further support the steric argument above, we calculated
the π-complexation energy for the model complexes (PH3)-
(ethylene)Pd(Ph)(X) in which the (vinyl)SnMe3 ligand of (PH3)-

(vinylSnMe3)Pd(Ph)(X) is replaced by ethylene. The calculated
π-complexation energies of ethylene in (PH3)(ethylene)Pd(Ph)-
(X) follow the same trend,-18.9 kcal/mol for X) I, -19.6
kcal/mol for X) Br, and-20.1 kcal/mol for X) Cl. However,
the halide dependence of theπ-complexation energies of
ethylene is smaller than that of (vinyl)SnMe3 because the
ethylene ligand is sterically less demanding than (vinyl)SnMe3.
We also examined the effect of the X ligands on the P-Pd-X
angles (Scheme 3). We can see from Scheme 3 that the reduction
in the P-Pd-I angle from the (PH3)Pd(Ph)(I) metal fragments
to the olefin-coordinated complex (PH3)Pd(Ph)(I)(η2-olefin) is
the largest, 33.2° for olefin ) (vinyl)SnMe3 and 32.0° for olefin
) ethylene. The reduction is the smallest when X) Cl, 30.2°
for both olefins. All these results are consistent with the steric
argument.

One may ask whether or not the observed trend in the
π-complexation energies of (vinyl)SnMe3 can be explained
through electronic reasoning. It has been established that the
dominating bonding interaction between anη2-olefin and a Pd-
(II) metal center is the olefin(π)-to-Pd(II) σ-donation.22 The
C-C double-bond distances of theη2-coordinated (vinyl)SnMe3
were calculated as 1.376 Å for all three2_X complexes (Figure
2), indicating that the Pd(d)-to-olefin(π*) back-donation is
approximately the same regardless what X is. Because of the
dominant olefin(π)-to-Pd(II) σ-donation, we expect a good
correlation between theπ-complexation energies and the total
partial charges on the coordinated olefin ligand.22c The total
Mulliken and NBO partial charges on the coordinated (vinyl)-
SnMe3 ligand in complexes2_X are given in Table 1. Despite
the noticeable small differences, we can still see that the total
partial charge on the coordinated (vinyl)SnMe3 ligand gradually
increases on going from2_Cl to 2_I, indicating that the
coordinated (vinyl)SnMe3 ligand donates more electrons to the
(PH3)Pd(Ph)(X) metal fragment when X) I than when X)
Br and X ) Cl. In other words, the (PH3)Pd(Ph)(X) metal
fragment gains more electrons from the coordinated (vinyl)-
SnMe3 ligand when X) I. As mentioned above, theπ-com-
plexation of (vinyl)SnMe3 becomes more favorable along the
series X) I < Br < Cl (-18.9 kcal/mol for2_I, -20.3 kcal/
mol for 2_Br, and-21.9 kcal/mol for2_Cl), suggesting that
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Scheme 2

Figure 1. Potential energy profiles calculated for the transmeta-
lation of trans-(PH3)2Pd(Ph)(X) (X) Cl, Br, I) with (vinyl)SnMe3

on the basis of the mechanism described in Scheme 2.

Scheme 3
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gaining more electrons from the coordinated olefin does not
lead to a greaterπ-complexation energy. Therefore, the observed
trend in theπ-complexation energies cannot be explained by
electronics alone and that the proposed steric argument is
justified. The result that the (PH3)Pd(Ph)(X) metal fragment,

when X ) I, gains more electrons from the coordinated olefin
than when X) Cl is quite unexpected because one would feel
that the metal center should carry more positive charge when
X ) Cl and in turn gain more electron transfer from the
coordinated olefin ligand. The unexpected result can be
understood by invoking theπ-donation properties of chloride.
The Pd(II)-(vinyl)SnMe3 interaction is dominated by donation
from theπ-bonding orbital of (vinyl)SnMe3 to the Pd(II) center.
The LUMO of the (PH3)Pd(Ph)(X) metal fragment, responsible
for accepting electrons from the coordinated olefin ligand, is
dx2-y2, which is slightlyσ*-antibonding with both the Ph and

Figure 2. Calculated structures for species involved in the transmetalation step oftrans-(PH3)2Pd(Ph)(X) (X ) Cl, Br, I) with (vinyl)-
SnMe3.

Table 1. NBO and Mulliken Partial Charges on the
(vinyl)SnMe3 Ligand in 2_Cl, 2_Br, and 2_I

partial charges of
(vinyl)SnMe3 2_Cl 2_Br 2_I

NBO +0.113 +0.115 +0.117
Mulliken +0.286 +0.297 +0.305

Transmetalation of Organostannanes Organometallics, Vol. 25, No. 24, 20065791



PH3 ligands’ hybrid orbitals and slightlyπ*-antibonding with
the X ligand’s pπ orbital (Figure 3). The slightlyπ*-antibonding
interaction is more significant when X is Cl because the Pd-
Cl bond is the shortest among the three Pd-X bonds. Figure 3
shows that the LUMO energy decreases from-2.88 eV for
(PH3)Pd(Ph)(Cl) to-2.93 eV for (PH3)Pd(Ph)(Br) and then to
-3.02 eV for (PH3)Pd(Ph)(I). The (PH3)Pd(Ph)(I) metal frag-
ment has the lowest LUMO orbital, and therefore, the electron
transfer from the coordinated ligand to the metal fragment is
the most significant.

1_X undergoes dissociation of one of the PH3 ligands by
substitution with (vinyl)SnMe3 via the transition stateTS1-2_X,
giving 2_X. The transition stateTS1-2_X adopts a typical
trigonal-bipyramidal structure with the Ph and X ligands
occupying the two axial sites. The reaction barriers of1_X f
2_X are closely related to the stability of2_X. The barriers
increase down the group and range from 5.5 kcal/mol for X)
Cl to 8.4 kcal/mol for X) I (Figure 1).

Transmetalation. The transmetalation step corresponds to
the transfer of the SnMe3 group from the coordinated (vinyl)-
SnMe3 to the X ligand via a four-membered ring transition state
TS2-3_X, leading to the formation of3_X (Figure 1). Here we
used SnMe3 to model SnBu3 commonly used in experiments.
In view of the calculated transition state structures shown in
Figure 2, we do not expect that the steric bulk of the SnR3 affects
the qualitative conclusions we are going to make here. The2_X
f 3_X conversion is endothermic in all the cases. It can be
seen from Figure 1 that more electronegative halide ligands
make the transmetalation step more favorable both kinetically
and thermodynamically. The barrier from2_X is as follows:
12.9, 15.6, and 18.2 kcal/mol for X) Cl, Br, and I, respectively.
The stability of3_X relative to2_X is as follows: 7.0, 10.0,
and 12.2 kcal/mol for X) Cl, Br, and I, respectively.

Structural parameters of2_X, 3_X, andTS2-3_X are sum-
marized in Figure 2. In each transition state structure, the Sn-X
bond is almost formed, while the Sn-C(1) bond is almost
cleaved. Upon going from2_X to TS2-3_X, a reorganization
happens in the vinyl group; the Pd-C(1) bond is shortened,
while the Pd-C(2) bond is lengthened. The Pd-C(1) and Pd-
C(2) bond distances inTS2-3_X are almost the same as those
in 3_X. From these results, we concluded that these transition
states are quite product-like. Thus, the stabilities of the transition

statesTS2-3_Cl, TS2-3_Br, and TS2-3_I correlate well with
those of3_Cl, 3_Br, and3_I, respectively.

To understand the trend observed in the endothermicity in
the conversion of2_X f 3_X, the reaction energies for the
conversion based on a hypothetical energy decomposition
analysis shown in Scheme 4 were calculated. According to this
analysis, the reaction energy (∆E) for a given 2_X f 3_X
conversion can be described in eq 1.

E1 represents the Pd-X homolytic bond dissociation energy
in 2_X, where geometries (PH3)(Ph)(vinylSnMe3)Pd• and X•

are fully optimized.E2 is the energy required to dissociate the
(vinyl)SnMe3 ligand from (PH3)(Ph)(vinylSnMe3)Pd• to give
(PH3)(Ph)Pd•. The vinyl-SnMe3 homolytic bond dissociation
energy (E3) was evaluated by calculating the energy difference
between (vinyl)SnMe3 and the energy sum of the optimized
fragments vinyl• and •SnMe3. E4 is the bond energy derived
from the X-to-metal dative bonding interaction in3_X. E5
represents the homolytic bond dissociation energy of the Sn-X
bond, andE6 refers to the energy needed to homolytically cleave
the Pd-C bond in (PH3)(Ph)Pd(vinyl) to form (PH3)(Ph)Pd• and
vinyl•. Equation 1 can be further simplified to eq 2 because the
E2, E3, andE6 terms are independent of X.

The calculated values ofE1, E4, E5, andE1 - E4 - E5 are
given in Table 2. It follows that the Pd-X and Sn-X homolytic
bond dissociation energies,E1 andE5, respectively, increase
in the order X) I < Br < Cl. This trend is in agreement with
the general rule that the A-X homolytic bond dissociation
energies increase with decreasing size and increasing electro-

Figure 3. LUMO of the (PH3)Pd(Ph)(X) (X ) Cl, Br, I) metal
fragment that is responsible for accepting electrons from the
coordinated olefin ligand.

Scheme 4

Table 2. Bond Energies (kcal/mol) Calculated for the Pd-X
(E1), Pd-(XSnMe3) (E4), and X-SnMe3 (E5) Bonds

X E1 E4 E5 E1 - E4 - E5

Cl 78.5 8.6 97.5 -27.6
Br 68.1 8.0 84.8 -24.7
I 58.8 7.6 73.6 -22.4

∆E ) E1 + E2 + E3 - E4 - E5 - E6 (1)

∆E ) E1 - E4 - E5 + constant (2)

5792 Organometallics, Vol. 25, No. 24, 2006 Ariafard et al.



negativity of X.23 The X-to-Pd dative bonding energy (E4) in
3_X also increases in the order X) I < Br < Cl, but the
variation is not significant. Therefore, that theE1 - E4 - E5
values become more negative from-22.4 for X ) I to -27.6
kcal/mol for X ) Cl is a result of the Sn-X bond energies
(E5) increasing faster than the Pd-X bond energies (E1) in the
order X ) I < Br < Cl.

Effect of Phosphine Ligands.As mentioned in the Introduc-
tion, phosphine ligands of high donicity impede transmetalation,
although bulky ligands are expected to assist this process.10 To
assess the effect, we studied the model transmetalation reaction
of (vinyl)SnMe3 with trans-(PMe3)2PdPh(Br) and compared the
results with those from the model reaction of (vinyl)SnMe3 with
trans-(PH3)2PdPh(Br). Figure 4 shows the energy profile
calculated for the model reaction, and Figure 5 shows the
calculated structures for the species involved in the reaction.
The energy profile resembles those shown in Figure 1. The
calculated structures are comparable with those shown in Figure
2. However, we can see that the overall barrier for the
transmetalation process of the PMe3 system (Figure 4) is
significantly higher than that of the corresponding PH3 system
(Figure 1b), 33.1 versus 18.0 kcal/mol, consistent with the
experimental observation that phosphine ligands of high donicity
impede transmetalation.10

Carefully checking Figure 1b against Figure 4, we found that
both the (vinyl)SnMe3-for-phosphine substitution step and the
transmetalation step contribute to the significant increase (by
15.1 kcal/mol) in the overall barrier from the PH3 system to
the PMe3 system.1_Br f 2_Br is endothermic by only 2.4
kcal/mol (Figure 1b). However,1_Br_PMe3 f 2_Br_PMe3
is endothermic by 13.1 kcal/mol. On the basis of these results,
we can say that the (vinyl)SnMe3-for-phosphine substitution step
contributes 10.7 kcal/mol to the total increase of 15.1 kcal/mol
in the overall barrier from the PH3 system to the PMe3 system,
while the transmetalation step contributes only 4.4 kcal/mol.
In the (vinyl)SnMe3-for-phosphine substitution step,trans-
(PR3)2PdPh(Br)+ (vinyl)SnMe3 f (PR3)(η2-vinylSnMe3)PdPh-
(Br) + PR3, PMe3 gives greater endothermicity than PH3. The
dissociation energy of PMe3 in 1_Br_PMe3 (30.8 kcal/mol) is
calculated to be greater than that of PH3 in 1_Br (22.8 kcal/

mol). The result suggests that the two Pd-PMe3 bonds in a
trans arrangement do not significantly weaken each other,
although PMe3 is a strongertrans influence ligand than PH3.
Clearly, the stronger Pd-PMe3 bond, as a result of PMe3 being
a better donor than PH3,24 contributes to the greater endother-
micity. In addition, as the PMe3 ligand is sterically more
demanding and electronically strongertrans-influencing than
PH3, the Pd(II)-(η2-vinylSnMe3) bonding interaction is weak-
ened when PMe3 is present. The Pd-C bond distances in the
Pd(II)-(η2-vinylSnMe3) structural unit of2_Br_PMe3(Figure
5) are indeed longer than those of2_Br (Figure 2).

The barrier difference in the transmetalation step between
the two (PH3 and PMe3) systems correlates well with their
endothermicity difference. The greater endothermicity of
2_Br_PMe3f 3_Br_PMe3versus2_Br f 3_Br can be again
explained by the strongertrans-influencing property of PMe3
versus PH3. In 3_Br_PMe3, both the PMe3 and vinyl ligands
are stronglytrans-influencing and theirtrans arrangement is
destabilizing. Indeed, we can see that the Pd-C bond distance
in 3_Br_PMe3 (Figure 5) is longer than that in3_Br (Figure
2).

In this subsection, we have demonstrated that the more
electron-donating phosphine PMe3 significantly increases the
overall transmetalation barriers. Here, one may question the
validity of the conclusions made in the preceding subsections
due to the use of PH3 as the model phosphine ligand. It should
be noted that the conclusions made in the preceding subsections
focus on the comparison of different leaving ligands X.
Regardless what phosphine ligands were used, the conclusions
should be valid.

Conclusion

The effect of the leaving ligand X on the transmetalation of
(vinyl)SnMe3 with trans-(PH3)2Pd(Ph)(X) (X ) Cl, Br, I),
commonly found in Stille cross-coupling reactions, has been
theoretically studied with the aid of DFT calculations at the
B3LYP level. The calculations show that the overall activation
barrier for the transmetalation process, substitution of one of
the PH3 ligands with (vinyl)SnMe3 followed by transmetalation,
increases in the order X) Cl < Br < I. The results are
consistent with experimental observation that a more electrone-
gative leaving ligand assists the transmetalation process. Our
analysis shows that the energetics associated with the trans-
metalation oftrans-L(η2-vinylSnMe3)Pd(Ar)(X) f trans-L(η1-
vinyl)Pd(Ar)(XSnMe3) are closely related to the Pd-X and
Sn-X bond energies. The trend that the transmetalation barrier
decreased in the order X) I > Br > Cl is related to the fact
that the Sn-X bond energy increases faster than the Pd-X bond
energy in the order X) I < Br < Cl.

By employing the SE2(cyclic) mechanism proposed by
Espinet and co-workers, we have shown that it is possible to
theoretically reproduce and explain the trend observed experi-
mentally, thus further validating their proposal. Finally, it should
be emphasized that for aryl chlorides, although the transmeta-
lation step is faster than for aryl iodides, the oxidative addition
step is rate-determining and difficult, making the corresponding
Stille cross-coupling reactions much more challenging.25

More electron-donating phosphine ligands were found to
significantly increase the overall transmetalation barriers. A
more electron-donating phosphine ligand gives a stronger Pd-P

(23) (a) Sakaki, S.; Biswas, B.; Musashi, Y.; Sugimoto, M.J. Organomet.
Chem.2000, 611, 288. (b) Rauk, A.Orbital Interaction Theory of Organic
Chemistry; Wiley-Interscience: New York, 2001.

(24) Niu, S.; Hall, M. B.Chem. ReV. 2000, 100, 353.
(25) (a) Littke, A. F.; Fu, G. C.Angew. Chem., Int. Ed.1999, 38, 2411.

(b) Littke, A. F.; Schwarz, L.; Fu, G. C.J. Am. Chem. Soc.2002, 124,
6343.

Figure 4. Potential energy profile calculated for the model
transmetalation reaction oftrans-(PMe3)2PdPh(Br) with (vinyl)-
SnMe3.
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bond, making the substitution of phosphine with (vinyl)SnR3

difficult. At the same time, it exerts a strongertrans influence
on the Pd-vinyl bond, destabilizing the transmetalation product.
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Figure 5. Calculated structures for species involved in the model transmetalation reaction oftrans-(PMe3)2PdPh(Br) with (vinyl)SnMe3.
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