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ABSTRACT

N =
, 2" Pd(PMes), anal
—_— —_— +
DMF
ZSnMe;, BrSnMe,

The species presumably involved in the associative ligand substitution mechanism for the Stille cross coupling of vinyl bromide and trimethylvinyl
stannane with Pd(PMe 3),/PMe; as catalysts in DMF (as ligand and solvent) have been structurally and energetically characterized. The cyclic
four-coordinate transition state for the rate-determining transmetalation step explains the retention of configuration in the Stille coupling of
chiral nonracemic alkyl stannanes.

Metal-catalyzed cross-coupling processasparticular, the aryltriflates and tributyl vinylstannane and with the stereo-
Stille and Suzuki reactions, are powerful synthetic methods chemical outcome in the coupling of some chiral nonracemic
for C—C bond formation because of their high selectivity, alkyl stannane$.The associative mechanism that proceeds
functional group tolerance, and mildness of the reaction through a cyclic transition state (or intermedidtedsulting
conditions. However, the choice of reaction conditions (i.e., in the replacement of a ligand by the stannane-transferring
palladium source, additives, solvents, halide or pseudohalide,substituent was favored over the alternative open transition
ligands, the “copper cocatalyst”, etc.) is still rather empirical. state for the coupling of X-bridging electrophiles and
Accounting for those variables, multifaceted reaction mech- stannanes.

anisms (more comprehensive than the classical oxidative In this communication, we wish to report that the proposed
addition, transmetalation, and reductive elimination) are associative transmetalation mechanism in the Stille coupling
emerging? Casado and Espinet proposed two associative is supported by DFT computations (B3LYP) and to
mechanisms for the transmetalation step of the Stille reaction

to comply with the reaction rates in the coupling of  (3)(a) Casado, A. L.; Espinet, B. Am. Chem. S0d.998,120, 8978.
(b) Casado, A. L.; Espinet, P. J.; Gallego, A. 81.Am. Chem. So000,

122, 11771. (c) Casares, J. A.; Espinet, P.; Salagt@m.—Eur. J2002,
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(1) de Meijere, A.; Diederich, RVietal-catalyzed Cross-coupling Reac- (4) (a) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
tions; Wiley-VCH: Weinheim, Germany, 2004. Molecules; Oxford: New York, 1989. (b) Ziegler, Them. Rev1991,

(2) Espinet, P.; Echavarren, A. Mingew. Chem., Int. EQ2004, 43, 91, 651. (c) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B 1988 37,
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Figure 1. Computed reaction free-energy profiles in the gas phase (solid line) and in solves€ENCBOSMO; dotted line) for the
catalytic cycle of Scheme 1 with & PMe; (top) and L= DMF (bottom). The free energy of activation for the rate-determining steps is

labeled asAG*.

characterize an associative ligand substitution as well as aSn, and BrY. Donating solvents (DMF) as Pd ligands were
cyclic species as the highest-energy transition state in thealso included in the study because they might replace labile
complete catalytic cycle. As a model reaction, we computed phosphine ligands to generate a more electrophilic Pd with

the Stille coupling of vinyl bromide. and trimethyl vinyl-
stannan& catalyzed by Pd(PMg/PMe; in DMF as solvent
(Figure 1) using density functional theory calculatid(&-
31G* basis set for C, H, and P, in conjunction with the
Stuttgart/Dresden relativistic-effective core potentials for Pd,

(5) Computational details, the geometries of the transition states, and

products in this study are gathered in the Supporting Information.

(6) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A;; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.
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increased reactivity toward transmetalatfoithe energy
profile of Scheme 1 is shown in Figure 1. Table 1 contains,

for an easier evaluation of the reaction profile, the electronic

energy, the electronic energy plus the zero-point vibrational
energy (zpve) correction, and the free-energy differences
(AG) for all species, taking compléek as a reference.

The oxidative addition of palladium to the-®Br bond
is a concerted step with a large energy barrier (18.9 kcal/

(7) (@) Schwerdtefeger, P.; Dolg, M.; Schwarz, W. H.; Bowmaker, G.
A.; Boyd, P. D. W.J. Chem. Phys1989, 91, 1762. (b) Andrae, D
Haubermann, U.; Dolg, M.; Stoll, H.; Preuss, Fheor.Chim. Actal990,

77, 123. (c) Bergner, A.; Dolg, M.; Kiichle, W.; Stoll, H.; Preuss\tbl.
Phys.1993,80, 1431.

(8) (a) Ricci, A.; Angelucci, F.; Bassetti, M.; Lo Sterzo, L Am. Chem.
So0c.2002,124, 1060. (b) Amatore, C.; Bahsoun, A. A.; Jutand, A.; Meyer,
G.; Ntepe, A. N.; Ricard, LJ. Am. Chem. So2003,125, 4212.

(9) For this (favored) and other (disfavored) proposals for oxidative
addition, see: (a) Bickelhaupt, F. M.; Ziegler, T.; Schleyer, P. v. R.
Organometallics1 995,14, 2288. (b) Diefenbach, A.; Bickelhaupt, F. M.
Chem. Phys2001,115, 4030. For oxidative addition of Pd to aryl halides,
see: (a) Kozuch, S.; Amatore, C.; Jutand, A.; ShaikD8anometallics
2005,24, 2319. (b) Goopen, J.; Koley, D.; Hermann, H.; Thiel, @hem.
Commun2004, 2141.
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Scheme 1. Catalytic Cycle for the Associative Stille
Cross-Coupling Reaction through a Cyclic Transmetalation
Transition State
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mol). The double bond of vinyl bromidg coordinates first

to Pd to give ap?-complex, in a three-centered transition

and C—Br bond lengths. Square planar compiehaving a
cis arrangemetft is then formed, in an overall exothermic
process (the energy difference betweeh 1 andii is 9.8
kcal/mol).

A solvent- or ligand-assisted topomerization through a
five-coordinated complex (Y= DMF, iii; Y = PMs;, Vi)
with square pyramidal geometry was found to provide a low
energy pathway for the conversion of Pd(P)&inyl)Br
cis-ii into trans-iv (or vii).*

The bromine occupies the apical position {fBl distances
of 3.85 A iniii and 3.10 A invi) stabilizing the complex by
electrostatic interaction along tlzeaxis, where the electron
density is lowef? The trans square planar complexeand
vii are formed by trans-ligand release from these transition-
state structure’s. The overall cis-trans isomerization process
is exothermic (4.8 kcal/mol fai—iv; 11.3 kcal/mol forii—
vii). The solvato complexv is less stable than the corre-
sponding phosphine analogu@. This ground-state desta-
bilization and the higher electrophilicity of for subsequent
attachment of the stannane nucleophile combine to provide
a reaction path of lower energy for the solvato complex.

Casado and Espinet depicted an L-for{Rr@nsmetalation
at the Pd center with X ligands capable of acting as bridging
groups in which ligand substitution and formation of a cyclic
species occurred in concert via a five-coordinate transition
state (or intermediate) at Pddowever, at least for alkenyl
stannane%! computations support a stepwise process in
which associative ligand substitution precedes the formation
of a cyclic transition state. Thug?-coordination of trimethyl
vinylstannane2 to the trans-Pd complexedv and vii

state, TSi—ii, characterized by 1.90 and 2.40 A distances facilitates substitution of the phosphine or solvato ligands
between the Pd and the unsaturated carbon atoms (proximaVia a transition stateT(Sy,—, and TSyj—y) with a geometry
and distal) and by 2.88 and 2.49 A distances for the Pd

Table 1. Thermodynamic Data (in kcal/mol) of the Catalytic
Cycle of Scheme 1 (Gas Phase) Relative to Strudtare

electronic electronic
structure energy energy + zpve AG
i+1 25.3 23.8 9.8
TSi-ii 32.0 30.2 28.7
ii 0.0 0.0 0.0
TSii-iii —4.1 -3.0 8.0
iii, Y = DMF -5.0 -3.3 6.9
TSiii-iv 3.3 3.6 12.5
iv, Y = DMF -1.9 -1.9 —4.8
TSiv—v 6.9 7.1 15.6
v 4.7 4.7 4.3
TSv—viii 25.9 24.9 24.7
viii 21.8 20.5 17.1
ix 29.9 27.8 12.6
TS1ix—i 32.7 30.6 16.7
TS2ix—i -10.1 -10.1 —23.4
TSii—vi 2.0 2.8 15.4
vi, Y = PMes 5.4 —-2.8 10.2
TSvi-vii -2.9 -2.6 9.4
vii, Y = PMeg -10.9 -11.0 -11.3
TSvii—v 7.0 7.4 19.1

aCalculated at the B3LYP/6-31G*-SDD level.
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that shows features of a trigonal bipyramid. The apical
positions are occupied by the bromine and vinyl substituents.
Coordination of stannan2 is against an energy barrier of
20.4 and 30.4 kcal/mol, respectively, whereas the energy
difference betweeiv or vii andv amounts to 9.2 and 15.6
kcal/mol, respectively.

Thecyclic four-coordinatdransition statd'S,—;i (Figure
1) with a bridging Br ligand was characterized next. The
Br—Pd, Br—Sn, and ¢—Sn bond distances are 2.71, 2.79,
and 3.23 A, respectively. Inspection of the vibrational normal
mode associated with the imaginary frequencyT&, i
reveals that the M&n is shifting between the vinyl and Br
groups!® The entire process from intermediateis endo-
thermic; an energy difference betweeandviii of 12.8 kcal/

(10) Urata, H.; Tanaka, M.; Fuchikami, Them. Lett1987, 751.

(11) Casado, A. L.; Espinet, R@rganometallics1998,17, 954.

(12) Albanese-Walker, J.; Bazaral, C.; Leavey, T.; Dormer, P. G.; Murry,
J. A. Org. Lett.2004,6, 2097.

(13) Complexes with a phosphine ligand and an R group in a trans
relationship are unstable, a feature associated with the high trans influence
of the C-ligands (transphobia). See: Vicente, J.; Arcas, A.; Bautista, D.;
Jones, P. GOrganometallics1997,16, 2127.

(14) Among other modifications, we explored the transition structures
for the series of halogens (CI, Br, 1) with restrained distances and angles of
the key bonds. When unconstrained after minimization, the ring opens and
the dihedral flips, keeping an-XSn distance that increases with the size
of the halogen. In addition, adding a ligand to palladiumT&)_;i leads
to unstable structures which points to the reluctance of Pd to engage in
bipyramidal geometries with two of the ligands in a four-membered
ring.
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mol was computed, and reachifiS,_i requires us to
surmount an energy barrier of 20.4 kcal/mol. Last, the
intermediateviii eliminates trimethyltin bromidé, affording

a three-coordinate (T-shaped) palladium complestabi-
lized by 4.5 kcal/mol. The activation barrier for transmeta-
lation is 29.5 kcal/mol for the solvato complex and 36.0 kcal/
mol for the phosphine analogue.

The rapid elimination of butadien8 from the three-
coordinate cis 14eintermediateix is a highly exothermic
step ¢40.1 kcal/mol).® occurring in a stepwise manner. Two
transition structures were found: Y-shap€fix—3; located
only 4.1 kcal/mol abovéx (C—C bond distance of 2.17 A)
andTSi-z located further downhill corresponding to th&
coordination of the dien8 to the Pd complex prior to its
release (C—C bond distance of 1.46‘A).

for the oxidative addition indicates that for other substrates
and/or reaction conditions this step might become rate
determining.

In summary, although the palladium-catalyzed coupling
of organic electrophiles with stannanes (Stille reaction) shows
complex mechanistic features, a complete structural and
energetic description of one of the postulated variants of the
catalytic cycle has been achievidAlthough the ongoing
theoretical treatment of the entire mechanistic manifold (open
associative transmetalation vs dissociative mechanism) for
the Stille reaction awaits completion, the results presented
here indicate that the ligand substitution during the trans-
metalation step via a cyclic transition state, proceeding with
retention of configuration, is indeed feasible. We found that
solvent as a ligand plays a role by not only lowering the

Solvation energies were considered using the PCM andactivation energy of the rate-determining transmetalation step

COSMO models. Both THF and GBN provided the same

but also favoring the isomerization ofs-Pd(PMe).RBr ii

general trends: all structures are stabilized with the exceptionto trans-PdY (PMe)RBr (Y = PMe; vii or DMF iv) via five-

of the square planar complexdésand iv (L = DMF).
Stabilization is particularly significant for the transition
structures and intermediates in the pathway betweti
andviii. Consequently, the slight destabilization of the trans
square planar solvato compléx and the stabilization of

TS,—vi translate into an energetically more favorable mech-

anism having an energy of activation of only 19.0 kcal/Afol.
The 16.6 kcal/mol activation energy computed in {CN

(15) A cyclic transition state was also found by Napolitano et al., in

their study of the transmetalation step using, as a model reaction, the transfe|

of an ethynyl group from tetraethynyltin to thans-Pd(PH).ethynyl—Br
complex: Napolitano, E.; Farina, V.; Persico, rganometallics2003,
22, 4030. However, alternative nucleophilically assisted {Nkansmeta-
lation mechanisms were found to provide pathways of lower energy.

(16) Brown, J. M.; Cooley, N. AChem. Re»1988,88, 1031.

(17) For similar results with Pias the ligand, see: (a) Ananikov, V.
P.; Musaev, D. G.; Morokuma, K.. Am. Chem. So@002,124, 2839. (b)
Ananikov, V. P.; Musaev, D. G.; Morokuma, KOrganometallics2005,
24, 715.

(18) The coupling of tributylvinyltin ang-iodostyrene takes place at
room temperature in DMF using (GBN),PdCk (6 min) or PhCHPd-
(CI)(PPh)2 (12 h) as catalysts. See: Stille, J. K.; Groh, BJLAm. Chem.
Soc.1987,109, 813.

coordinate Pd species after the oxidative addition. Moreover,
depiction of the reaction course for the oxidative addition
and the reductive elimination steps is of value because these
are common not only to other cross-coupling reactions but
also to other processes catalyzed by palladium as well (i.e.,
the oxidative addition in the Heck reaction).
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