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Density functional theory calculations were carried out to study the effect of different leaving ligands
X on transmetalation of organostannanes (vinylgnith L,Pd(Ar)(X) (X = ClI, Br, 1), 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 orders & < Br < I. The model phosphine
ligands, PH and PMeg, 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 bonds through cross-coupling

tolerate a variety of functional groups, which are stable to both
moisture and oxygen.
The commonly accepted catalytic cycle for the mechanism

reactions catalyzed by palladium has received considerableof Stille cross-coupling reactions of organic halides with
interest in recent years due to their |mp0rtance In many Synthethorganostannanes is shown in SchenfeThe first step of the

applications-? Pd-catalyzed cross-couplings of organic elec-
trophiles (RX) with organostannanes (vinylSg)Rbetter known
as Stille reactions, are widely used, particularly in more

catalytic cycle involves oxidative addition of an organic hailde
(RX) to the active species,Pd (n = 1, 2), which is usually
generated from a 4Pd'X, precatalyst, where L is typically a

demanding synthetic transformations, e.g., in natural product phosphine ligand and X is halide. The organopalladium(ll)

or materials synthesi? The popularity associated with this

species LPd(R)(X) formed by the oxidative addition of the

reaction stems from the fact that the organostannane reagentgrganic halide then undergoes transmetalation with organostan-
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nanes (RSnR's) to afford L,Pd(R)(R). Finally, a reductive
elimination reaction occurs in,Pd(R)(R), leading to C-C bond
formation (R-R').

The mechanism of Stille cross-coupling has been well studied
both experimentalf and theoretically:® Specifically, the
thorough mechanistic studies by Espinet and co-workers estab-
lished the primary importance of g&&cyclic) mechanism for
the transmetalation step for % halide (Scheme B A recent
DFT study provided support for such ag2¥cyclic) mecha-
nism?

During the course of these mechanistic studies, Espinet and
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SnBy with isolated trans[Pd(Ar)(X)(AsPhy),] (Ar = 3,5-
dichlorotrifluorophenyl; X= halide) exhibit rates of CH Br
> |.%aThis trend was explained as follows. First, an electrone-
gative leaving ligand makes the Pd(Il) metal center more
electrophilic, facilitating the nucleophilic attack of $R'; on
the Pd(Il) complex¥21t 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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Scheme 1 The partial atomic charges were calculated on the basis of natural

RR' LPd° RX bond orbital (NBO)” analyses.

Results and Discussion

Reductive [Pd--R' 1 Oxidative
Elimination L addition In the majority of Stille coupling reactions, the first step
X"Si”\ involves oxidative addition of ArX to the coordinatively
% = hallde unsaturated 14-electron species;Pd(0)"'® We accept that
some of these reactions might involve the 12-electron species
L,PAdR)(R) ﬁ LPAR)(X) “LPd(0)", where _L= a bulky phosphine or ahl-heterocyc!ic
carbené?® Experimental studie¥, supported by theoretical

Jransmetalatio work,2! have suggested that ArX reacts with Pd(0) by a three-

centered transition state, giving rise toca-(L)-Pd(Ar)(X)
XSnR" R'SNR", complex. Thecis-isomer subsequently isomerizes to the ther-
modynamically more stabkeansisomer. Thus, it is reasonable
[PA(AN(I)(PBus)] complex is slower than that of the related to consider the model complex&ans-(PHs).Pd(Ph)(X) (X=
complex [Pd(Ar)(Br)(fBus)], an observation attributable to the ~ Cl, Br, 1) as the active species for transmetalation reactions.
strength of the Pd(I1)y X bond? A recent theoretical studyprovided more details regarding
Clearly, a more electronegative halide, acting as a leaving the mechanism of transmetalation of (vinyl)SH{gRwith trans-
ligand, accelerates the transmetalation process. In this paper(L)2Pd(R)(X), which consists of two key steps shown in Scheme
with the aid of B3LYP density functional theory (DFT) 2: (1) formation of am-complex 2, from 1 through an
calculations, we detail investigations into model transmetalation associative substitution of one of the phosphine ligands with

reactions of (vinyl)SnMegwith (PHs),Pd(Ph)(X) (X= ClI, Br, (vinyl)Sn(Me}; via transition statd S;—»; and (2) transmetalation
) in order to provide a deeper insight into how the X ligands in the z-complex proceeding via a cyclic four-coordinate
influence the transmetalation reactions 68BR's with L,Pd- transition statel'S,—3 giving 3.

(R)(X). We will also briefly discuss the effect of phosphine The calculated potential energy profiles for the transmetalation
ligands because phosphine ligands of high donicity have beenof trans-(PHs),Pd(Ph)(X) (X= ClI, Br, 1) on the basis of the
found to impede transmetalatiéth,which is potentially a mechanism described in Scheme 2 are shown in Figure 1. It
hindrance in the cross-coupling of strongerCl bonds in the can be seen that the transmetalation processes for the complexes,
organohalide component, as an electron-rich ligand is often where X = CI, Br, and |, take place with overall activation
required for C-Cl activation. Transmetalation of (vinyl)SnMe  barriers of 13.7, 18.0, and 22.3 kcal/mol, respectively. These
with (PMe;)Pd(vinyl)(Br) was found to be the rate-determining results are consistent with the experimental observations that
step in a theoretical study on the Stille cross-coupling reaction more electronegative halide ligands accelerate transmetalation
of the vinyl bromide® Through our understanding on how the of R'SnR's with L,Pd(R)(X).
leaving ligand X affects the rate of transmetalation, we also  Substitution of PH3 with (vinyl)SnMe . Let us first discuss
wish to report further computational investigations to support the ligand substitution sted (X — 2_X) in the transmetalation
the S2(cyclic) mechanism proposed by Espinet and co- processes. The ligand substitution is endothermic in all cases
workers>6 (Figure 1). The reaction energy of the ligand substitution, i.e.,
the energy difference betweén X and (vinyl)SnMg and2_X
Computational Details and PH, is reliant on the nature of the ligand X: 0.8 kcal/mol
for X = ClI, 2.4 kcal/mol for X= Br, and 4.1 kcal/mol for X
= | (Figure 1). To understand the trend established in the
substitution reaction energies, we calculated the ligand dis-
sociation energies of PHin 1_X and the z-complexation
energies of (viny)SnMgin 2_X. The ligand dissociation
energies of PElin 1_CI, 1_Br, andl_| were calculated as 22.8,

Gaussian 08 was used to fully optimize all the structures
reported in this paper at the B3LY¥Pevel 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 doublet valance basis sets (LanL2DZ)were chosen ) _ _ —
to describe Pd, Cl, Br, |, Sn, and P. The 6-31@asis set was (Vérlsfgr?ﬂ;j;egg‘gs'géﬁ"Irfec‘?f‘dﬁi@éa'r;irgi’jt%dg.E"We'”hO'w’BD
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22.8, and 23.0 kcal/mol, respectively. The trend found in the (vinylSnMes)Pd(Ph)(X) is replaced by ethylene. The calculated
ligand dissociation energies of RlHuggests that the influence mw-complexation energies of ethylene in (B¢e¢thylene)Pd(Ph)-

of the X ligands on the dissociation energies is negligible. In (X) follow the same trend;-18.9 kcal/mol for X=1, —19.6
contrast, ther-complexation of (vinyl)SnMgbecomes more kcal/mol for X= Br, and—20.1 kcal/mol for X= Cl. However,
favorable along the series % | < Br < Cl (—18.9 kcal/mol the halide dependence of the-complexation energies of
for 2_1, —20.3 kcal/mol for2_Br, and—21.9 kcal/mol for2_ClI). ethylene is smaller than that of (vinyl)Snyiéecause the

The observed trend in the-complexation energies can be ethylene ligand is sterically less demanding than (vinyl)SaMe
rationalized through consideration of the steric repulsion We also examined the effect of the X ligands on theP—X
between the X and (vinyl)SnMédigands; the larger the halide  angles (Scheme 3). We can see from Scheme 3 that the reduction
ligand X in size, the stronger the repulsive interaction and the in the P-Pd—1 angle from the (PB)Pd(Ph)(l) metal fragments

smaller thez-complexation energy. to the olefin-coordinated complex (R{¥Pd(Ph)(I)§?-olefin) is
To further support the steric argument above, we calculated the largest, 332for olefin = (vinyl)SnMe; and 32.0 for olefin
the -complexation energy for the model complexes §PH = ethylene. The reduction is the smallest wher=)Cl, 30.2
(ethylene)Pd(Ph)(X) in which the (vinyl)SnM&gand of (PH)- for both olefins. All these results are consistent with the steric
argument.
25 -
22 Ph Scheme 3
e e SN T I I
13 ] “Snies HsPPd HgP—Pd—{| HgP—Pd—||
10 1 Tsaci e\ | 91k| SnMe; 92\|
7 A s X X X
‘1‘ 1 pn X ) 6, 6,
2 o0 0 HBP—Z?SM_,}I\% c 1141 83.9 83.9
-5 ;.SP_F:,d_PH3+u Hsp_p:,d_u + PH, 3.cl Br 1158 84.0 84.9
c SnMe; C1  SMe, [ 118.0 84.8 86.0
1_Cl 2_Cl
@ One may ask whether or not the observed trend in the
25 7 o m-complexation energies of (vinyl)SnMean be explained
221 ToaaBr TETA hrough electronic reasoning. It has been established that the
19 1 180 Br_ h} through electronic re 9 .
16 1 HP F|’d:| o s dominating bonding interaction betweenigholefin and a Pd-
13 4 B Ssome, (1) metal center is the olefin)-to-Pd(ll) o-donation?? The
10 124 C—C double-bond distances of thé-coordinated (vinyl)SnMg
74 i were calculated as 1.376 A for all threeX complexes (Figure
4+ PPN 2), indicating that the Pd(d)-to-olefinf) back-donation is
; — oh 3Br approximately the same regardless what X is. Because of the
51 Hip—pa={| + PH, dominant olefinf)-to-Pd(ll) o-donation, we expect a good
H3P—Fl’d-PH3+usnMe & snMes correlation between the-complexation energies and the total
18{3’ ° 2.Br partial charges on the coordinated olefin lig&AdThe total
- () Mulliken and NBO partial charges on the coordinated (vinyl)-
Sl H P_F.:; SnMe ligand in complexe®_X are given in Table 1. Despite
25 - ’ 22_; ;_\ the noticeable small differences, we can still see that the total
22 Ph SnMes partial charge on the coordinated (vinyl)SriMigand gradually
19 1 increases on going fron2_CIl to 2_I, indicating that the
16 7 y coordinated (vinyl)SnMgligand donates more electrons to the
:g X (PHs)Pd(Ph)(X) metal fragment when | than when X=
71 PRI Br and X = Cl. In other words, the (PHIPd(Ph)(X) metal
4 e fragment gains more electrons from the coordinated (vinyl)-
1 b SnMe; ligand when X=I. As mentioned above, the-com-
29 o 00 HGP_F',(,_L, + PH, plexation of (vinyl)SnMe becomes more favorable along the
-5H3P—}%'d—PH3+u | snMes series X=1 < Br < CI (—18.9 kcal/mol for2_I, —20.3 kcal/

| SnMe; 21

mol for 2_Br, and—21.9 kcal/mol for2_ClI), suggesting that

11
- ()
. . . 22 St berg, S.; S , M.; Zetterb talli
Figure 1. Potential energy profiles calculated for the transmeta- 195(,7 iéa%lsg?%)ggabo M\./gﬁs;:rr&an R E_.e&iggggﬁg%?m:rz '\?Vs E.-

lation of trans-(PHs),Pd(Ph)(X) (X= ClI, Br, I) with (vinyl)SnMey Weiss, T.; Yang, S.-Y.; Ziegler, TOrganometallics2004 23, 5565. (c)
on the basis of the mechanism described in Scheme 2. Zhao, H.; Ariafard, A.; Lin, Z.Inorg. Chim. Acta2006 359 3527.
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2_| TS,5_| 3|

Figure 2. Calculated structures for species involved in the transmetalation stepnsf(PH;),Pd(Ph)(X) (X= ClI, Br, I) with (vinyl)-
SnMe;.

Table 1. NBO and Mulliken Partial Charges on the when X = I, gains more electrons from the coordinated olefin
(vinyl)SnMe; Ligand in 2_Cl, 2_Br, and 2_| than when X= Cl is quite unexpected because one would feel
partial charges of that the metal center should carry more positive charge when
(viny)SnMe; 2.Cl 2_Br 2| X = Cl and in turn gain more electron transfer from the
NBO +0.113 +0.115 +0.117 coordinated olefin ligand. The unexpected result can be
Mulliken +0.286 +0.297 +0.305

understood by invoking the-donation properties of chloride.
gaining more electrons from the coordinated olefin does not The Pd(ll)-(vinyl)SnMe; interaction is dominated by donation
lead to a greatet-complexation energy. Therefore, the observed from thezz-bonding orbital of (vinyl)SnMeto the Pd(ll) center.
trend in thez-complexation energies cannot be explained by The LUMO of the (PH)Pd(Ph)(X) metal fragment, responsible
electronics alone and that the proposed steric argument isfor accepting electrons from the coordinated olefin ligand, is
justified. The result that the (R§Pd(Ph)(X) metal fragment,  di-2, which is slightly o*-antibonding with both the Ph and
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X
H
Cl -288eV
X =< Br -2.93 eV
I 3.02eV

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

PHs ligands’ hybrid orbitals and slightly*-antibonding with

the X ligand's g orbital (Figure 3). The slightlyr*-antibonding
interaction is more significant when X is Cl because the-Pd
Cl bond is the shortest among the three-Xdbonds. Figure 3
shows that the LUMO energy decreases frer@.88 eV for
(PHs)Pd(Ph)(CI) to—2.93 eV for (PH)Pd(Ph)(Br) and then to
—3.02 eV for (PH)Pd(Ph)(I). The (PRPd(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 Plfjands by
substitution with (vinyl)SnMgvia the transition stat€S;—»_X,
giving 2_X. The transition statel'S;—, X adopts a typical
trigonal-bipyramidal structure with the Ph and X ligands
occupying the two axial sites. The reaction barrierd oK —
2_X are closely related to the stability @& X. The barriers
increase down the group and range from 5.5 kcal/mol fer X
Cl to 8.4 kcal/mol for X= I (Figure 1).

Transmetalation. The transmetalation step corresponds to
the transfer of the SnMegroup from the coordinated (vinyl)-
SnMe; to the X ligand via a four-membered ring transition state
TS,-3_X, leading to the formation d_X (Figure 1). Here we
used SnMegto model SnBy 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 Saffects
the qualitative conclusions we are going to make here.Zrbe

Ariafard et al.

Scheme 4
Fl’h |th
HsP—Pd—| — A HsP-Pd
T LS " N
X niies XSnMe;
2.X 3.X
El E4
Ph Ph
[J
HP—Pd—=| + X HyP-Pd—y + XSnMe,
¢ SnMe; N
E2 ES5
Ph
1 . Ph
HyP—Rd +u + X 1 e o
SnMe, H3P—Pd—\\+ X + SnMeg
E3 E6
Ph

| ° °
HP—Pd + X + SnMe; + ||'

Table 2. Bond Energies (kcal/mol) Calculated for the Pe-X
(E1), Pd—(XSnMej3) (E4), and X—SnMe; (E5) Bonds

X El E4 E5 El-E4—-E5
Cl 78.5 8.6 97.5 —27.6
Br 68.1 8.0 84.8 —24.7
| 58.8 7.6 73.6 —22.4

statesTS,—3_Cl, TS,—3 Br, and TS,—3_| correlate well with
those of3_CI, 3_Br, and3_I, respectively.

To understand the trend observed in the endothermicity in
the conversion oR_X — 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 energpE) for a given2_X — 3_X
conversion can be described in eq 1.

AE=E1+E2+E3—E4—E5—E6 Q)
E1 represents the P&X homolytic bond dissociation energy
in 2_X, where geometries (P}{Ph)(vinylSnMe)Pd and X
are fully optimized E2 is the energy required to dissociate the
(vinyl)SnMe; ligand from (PH)(Ph)(vinylSnMe)Pd to give
(PHs)(Ph)Pd. The vinySnMe homolytic bond dissociation
energy E3) was evaluated by calculating the energy difference
between (vinyl)SnMg and the energy sum of the optimized
fragments vinyl and *SnMe;. E4 is the bond energy derived

— 3_X conversion is endothermic in all the cases. It can be 00 the X-to-metal dative bonding interaction B X. E5

seen from Figure 1 that more electronegative halide ligands
make the transmetalation step more favorable both kinetically

and thermodynamically. The barrier froth X is as follows:
12.9, 15.6, and 18.2 kcal/mol for % ClI, Br, and |, respectively.
The stability of3_X relative to2_X is as follows: 7.0, 10.0,
and 12.2 kcal/mol for X= ClI, Br, and I, respectively.
Structural parameters & X, 3_X, andTS,-3 X are sum-
marized in Figure 2. In each transition state structure, theXSn
bond is almost formed, while the Si©(1) bond is almost
cleaved. Upon going frol2_X to TS,-3_X, a reorganization
happens in the vinyl group; the P&€(1) bond is shortened,
while the Pd-C(2) bond is lengthened. The P€(1) and Pd-
C(2) bond distances ifS,-3_X are almost the same as those

represents the homolytic bond dissociation energy of theXSn
bond, ancE6 refers to the energy needed to homolytically cleave
the Pd-C bond in (PH)(Ph)Pd(vinyl) to form (PH)(Ph)Pd and
vinyl*. Equation 1 can be further simplified to eq 2 because the
E2, E3, andE6 terms are independent of X.
AE = E1 — E4 — E5 + constant 2)
The calculated values &1, E4, E5, andE1l — E4 — E5 are
given in Table 2. It follows that the PeX and Si-X homolytic

bond dissociation energiegl andE5, respectively, increase
in the order X=1 < Br < ClI. This trend is in agreement with

in 3_X. From these results, we concluded that these transitionthe general rule that the -AX homolytic bond dissociation
states are quite product-like. Thus, the stabilities of the transition energies increase with decreasing size and increasing electro-
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Figure 4. Potential energy profile calculated for the model

transmetalation reaction dfans(PMe;),PdPh(Br) with (vinyl)-
SnMe;.

negativity of X?3 The X-to-Pd dative bonding energi4) in
3_X also increases in the order % | < Br < ClI, but the
variation is not significant. Therefore, that tké — E4 — E5
values become more negative fron22.4 for X=1to —27.6
kcal/mol for X = Cl is a result of the SaX bond energies
(E5) increasing faster than the P¥ bond energiesil) in the
order X=1 < 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 proeks.

assess the effect, we studied the model transmetalation reaction

of (vinyl)SnMe; with trans-(PMe;),PdPh(Br) and compared the
results with those from the model reaction of (vinyl)Srniveth
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mol). The result suggests that the two-FRMe; bonds in a
trans arrangement do not significantly weaken each other,
although PMg is a strongetrans influence ligand than P4
Clearly, the stronger PdPMe; bond, as a result of PMdeing

a better donor than P#4* contributes to the greater endother-
micity. In addition, as the PMeligand is sterically more
demanding and electronically strongeansinfluencing than
PHs, the Pd(l1)-(2-vinylSnMes) bonding interaction is weak-
ened when PMgis present. The PdC bond distances in the
Pd(Il)—(5?-vinylSnMe;) structural unit o2_Br_PMe3(Figure

5) are indeed longer than those 2fBr (Figure 2).

The barrier difference in the transmetalation step between
the two (PH and PMe) systems correlates well with their
endothermicity difference. The greater endothermicity of
2_Br_PMe3— 3_Br_PMe3versus2_Br— 3_Br can be again
explained by the strongeransinfluencing property of PMg
versus PH. In 3_Br_PMe3 both the PMg and vinyl ligands
are stronglytransinfluencing and theitrans arrangement is
destabilizing. Indeed, we can see that the-Bdbond distance
in 3_Br_PMe3 (Figure 5) is longer than that i&_Br (Figure
2).

In this subsection, we have demonstrated that the more
electron-donating phosphine Pysignificantly increases the
overall transmetalation barriers. Here, one may question the
validity of the conclusions made in the preceding subsections
due to the use of PHas 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
(viny)SnMe; with trans(PHg),Pd(Ph)(X) (X = CI, Br, 1),

trans-(PHs).PdPh(Br). Figure 4 shows the energy profile commonly found in Stille cross-coupling reactions, has been
calculated for the model reaction, and Figure 5 shows the theoretically studied with the aid of DFT calculations at the
calculated structures for the species involved in the reaction. B3| YP level. The calculations show that the overall activation
The energy profile resembles those shown in Figure 1. The parrier for the transmetalation process, substitution of one of
calculated structures are comparable with those shown in Figurethe PH, ligands with (vinyl)SnMe followed by transmetalation,
2. However, we can see that the overall barrier for the increases in the order X Cl < Br < I. The results are
transmetalation process of the PMsystem (Figure 4) is  consistent with experimental observation that a more electrone-
significantly higher than that of the correspondingsRiistem  gative leaving ligand assists the transmetalation process. Our
(Figure 1b), 33.1 versus 18.0 kcal/mol, consistent with the gnalysis shows that the energetics associated with the trans-
experimental observation that phosphine ligands of high donicity metalation oftrans-L(52-vinylSnMes)Pd(Ar)(X) — trans-L (5
impede transmetalatiof. vinyl)Pd(Ar)(XSnMe) are closely related to the P& and
Carefully checking Figure 1b against Figure 4, we found that sp—X bond energies. The trend that the transmetalation barrier
both the (vinyl)SnMe-for-phosphine substitution step and the decreased in the order % | > Br > Cl is related to the fact
transmetalation step contribute to the significant increase (by that the Sr-X bond energy increases faster than the-Rdbond
15.1 kcal/mol) in the overall barrier from the Rldystem to energy in the order ¥X= | < Br < Cl.
the PMQ SyStem.l_Br - 2_BI’ is endothermic by Only 2.4 By emp|0ying the Sz(cychc) mechanism proposed by
kcal/mol (Figure 1b). However]_Br_PMe3— 2_Br_PMe3 Espinet and co-workers, we have shown that it is possible to
is endothermic by 13.1 kcal/mol. On the basis of these resUItS,theoretica”y reproduce and exp|ain the trend observed experi_
we can say that the (vinyl)Snéor-phosphine substitution step  mentally, thus further validating their proposal. Finally, it should
contributes 10.7 kcal/mol to the total increase of 15.1 kcal/mol be emphasized that for aryl Ch|0ride3, a|th0ugh the transmeta-
in the overall barrier from the Pfystem to the PMgsystem, lation step is faster than for aryl iodides, the oxidative addition
while the transmetalation step contributes only 4.4 kcal/mol. step is rate-determining and difficult, making the corresponding
In the (vinyl)SnMe-for-phosphine substitution stefrans- Stille cross-coupling reactions much more challengfhg.
(PRs)2PdPh(Br)+ (vinyl)SnMe; — (PRs)(n*-vinylSnMe;)PdPh- More electron-donating phosphine ligands were found to
(Br) + PR, PMe; gives greater endothermicity than PHhe significantly increase the overall transmetalation barriers. A

dissociation energy of PMen 1_Br_PMe3(30.8 kcal/mol) is  more electron-donating phosphine ligand gives a strongeiPd
calculated to be greater than that of PH 1_Br (22.8 kcal/
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2_Br_PMe3 TS,.;_Br_PMe3
Figure 5. Calculated structures for species involved in the model transmetalation reactieams{PMes),PdPh(Br) with (vinyl)SnMe.

bond, making the substitution of phosphine with (vinyl)SnR appreciates the financial support from Islamic Azad University,
difficult. At the same time, it exerts a strongeans influence Iran.
on the Pa-vinyl bond, destabilizing the transmetalation product.
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