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Abstract: The role of the base in the transmetalation step of the Suzuki—Miyaura cross-coupling reaction
is analyzed computationally by means of DFT calculations with the Becke3LYP functional. The model system
studied consists of Pd(CH=CH;)(PHz3).Br as the starting catalyst complex, CH,=CHB(OH), as the
organoboronic acid, and OH™ as the base. The two main mechanistic proposals, consisting of the base
attacking first either the palladium complex or the organoboronic acid, are evaluated through geometry
optimization of the corresponding intermediates and transition states. Supplementary calculations are carried
out on the uncatalyzed reaction and on a process where the starting complex is Pd(CH=CHy,)(PHz3).(OH).
These calculations, considered together with available experimental data, strongly suggest that the main
mechanism of transmetalation in the catalytic cycle starts with the reaction of the base and the organoboronic
acid.

1. Introduction In particular, it is known that the reaction requires the presence

| of a base to take place, but its role has not been fully clarffied.

synthetic tools for the generation of carbecarbon bondé:* Cross-coupling processes are usually accepted to take place
The Suzuki-Miyaura reactiorf;6 where palladium complexés in three main steps: (I) oxidative addition, (II) transmetalation,
catalyze the coupling between organic halides (or triflates) and and (lll) reductive elimination (see Scheme!%)Oxidative
organoboronic acids (eq 1), occupies a prominent place amongadditior?* and reductive eliminatici are quite common in
transition-metal-catalyzed reactions, and are reasonably well

understood. Nevertheless, less is known about the transmeta-
lation step (eq 232 Moreover, in the case of the Suzuki

Cross-coupling reactions are among the most powerfu

R-X + R—B(OH),— R-R' + X—B(OH), (1)

them. The ability of organoboronic acids to tolerate a large

variety of functional groups and reaction conditidhas led to

the development of coupling processes involving a number of

different saturated and unsaturated organic gréups.A
complete mechanistic knowledge is however still lackiAg?®

T Universitat Autmoma de Barcelona.
* Universidade Estadual de Campinas.
§ICIQ.
(1) Metal Catalyzed Cross-Coupling Reactip@8ederich, F., de Mejiere, A.
Eds.; John Wiley & Sons: New York, 2004.
(2) (a) Miyaura, N.Top. Curr. Chem2002 219, 11. (b) Tamao, K.; Hiyama,
T.; Negishi, E.J. Organomet. Chen2002 653 1.
(3) Espinet, P.; Echavarren, A. M\ngew. Chem., Int. ER004 43, 4704.
(4) Cadenas, D. JAngew. Chem., Int. EQ003 42, 384.
(5) (a) Suzuki, A.; Miyaura, NChem. Re. 1995 95, 2457. (b) Suzuki, Al.

Organomet. Cheni999 576, 147. (c) Suzuki, AJ. Organomet. Chem.

2002 653 83.
(6) (a) Stanforth, S. PTetrahedron1998 54, 263. (b) Kotha, S.; Lahiri, K.;
Kashinath, D.Tetrahedron2002 58, 9633.

(7) For cross-coupling reactions using other transition metals see, for in-
stance: (a) Hassan, J.;\sgnon, M.; Gozzi, C.; Schulz, E.; Lemaire, M.

Chem. Re. 2002 102 1359. (b) Fagnou, K.; Lautens, @hem. Re. 2003
103 169. (c) Netherton, M. R.; Fu, G. @dv. Synth. Catal2004 346,
1525.

(8) (@) Yin, J.; Rainka, P., Zhang, X.-X.; Buchwald S.1.Am. Chem. Soc.
2002 124, 1162. (b) Walker, S. D.; Barder, T. E.; Martinelli, J. R.;

Buchwald, S. L.Angew. Chem., Int. EQ2004 43, 1871.
9298 m J. AM. CHEM. SOC. 2005, 127, 9298—9307

(9) (a) Littke, A. F.; Dai, C.; Fu, G. CJ. Am. Chem. So00Q 122 4020.
(b) Littke, A. F.; Dai, C.; Fu, G. CAngew. Chem., Int. EC2002 114
4350. (c) Littke, A. F.; Fu, G. CAngew. Chem., Int. ER002 41, 4176.

(10) Chemler, S. R.; Trauner D.; Danishefsky, SAdgew. Chem., Int. Ed.
2001, 40, 4544.

(11) Farina, V. Adv.Synth. Catal2004 346, 1553.

(12) (a) Zhang, C.; Huang, J.; Trudell, M. L.; Nolan, SJPOrg. Chem1999
64, 3804. (b) Navarro, O.; Kelly, R. A.; Nolan, S. B. Am. Chem. Soc.
2003 125 16194.

(13) Gstatmayr, C. W. K.; Bdym, V. P. W.; Herdtweck, E.; Grosche, M.;
Herrmann, W. A.Angew. Chem., Int. E002 41, 1363.

(14) Zapf, A.; Ehrentraut, A.; Beller, MAngew. Chem., Int. EQ200Q 112
4315.

(15) Feuerstein, M.; Doucet, H.; Santelli, Wletrahedron Lett2003 42, 6667.

(16) (a) Denmark, S. E.; Sweis, R. F.; Wehrli, D.Am. Chem. So€004 126,
4865. (b) Denmark, S. E.; Sweis, R. F.; Wehrli, D.Am. Chem. Soc.
2004 126, 4876.

(17) Kataoka, N.; Shelby, Q.; Stambuli, J. P.; Hartwig, JJ.FOrg. Chem2002
67, 5553.

(18) (a) Botella, L.; Ngra, C.Angew. Chem., Int. EQ002 41, 179. (b) Ngera,
C.; Gil- Molto J Karlstion, S. Adv. Synth Catal2004 346, 1798.

(29) (a) Amatore, C.; Jutand, /Acc. Chem. Re00Q 33, 314. (b) Amatore,
C.; Bahsoun, A. A.; Jutand, A.; Meyer, G.; Ntepe, A. N.; RicardJLAm.
Chem. Soc2003 125 4212. (c) Jutand, AEur. J. Inorg. Chem2003
2017.

(20) Miyaura, N,J. Organomet. Chen2002 653 54.

(21) (a) Senn, H. M.; Ziegler, TOrganometallic2004 23, 2980. (b) Goossen,
L. J.; Koley, D.; Hermann, H.; Thiel, WChem. Commur2004 23, 2980.

(22) Ananikov, V. P.; Musaev, D. G.; Morokuma, B. Am. Chem. So2002
124, 2839.

10.1021/ja050583i CCC: $30.25 © 2005 American Chemical Society



Role of Base in Suzuki-Miyaura Reaction

ARTICLES

Scheme 1
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Miyaura cross-coupling reaction, the transmetalation is the
specific step where the base seems to be required.

Pd-X + B—R— Pd—R + B—X )

addition of a base (path €J:32In fact, this discovery has been
sometimes used to support path B, and will also be analyzed
here.

Computational chemistry is a useful tool in mechanistic
analysis®® and in this work we present a theoretical study of
the transmetalation process for the cross-coupling reaction
between two vinyl groups that will serve as model compounds
for the general cross-coupling reaction. The mechanisms
proposed for the role of the base in the SuztMiyaura cross-
coupling reaction will be analyzed here. In addition, and for
the sake of comparison, the mechanism without the addition of
a base will also be investigated (path 0); this will also serve to
account for the effect of the base speeding up the reaction rate.

Several roles have been proposed for the added base on the The coupling reaction between diboron and iodobenzene has
basis of experimental studies, though they have not beenpeen recently reported by Miyaura and co-workérsnd

definitely established. In their initial investigations on the cross-

theoretically studied by Sakaki et &lIn that study detailed

coupling of haloalkenes and alkenylboranes, Suzuki and co- and valuable information is provided about the transmetalation

workerg§2.20.2425proposed a catalytic cycle adding a new step process, though the role of the base was not addressed; they
to the general one, where the base replaces the halide in theassumed that the base replaces the halide in the coordination
palladium complex, prior to the transmetalation process itself. sphere of the catalyst. Hence, this investigation complements

Later mechanistic investigations on biaryl couplings by means

previous studies on the structure of the catatystnd on the

of electrospray mass spectrometry were not able to locate anymechanism of the SuzukiMiyaura®® and other cross-coupling

intermediate where the halide had been replaced by the?base.
In another mechanistic study on the coupling of aryl halides
with arylboronic acids, Smith and co-workéfgroposed that
the base binds the boronic acid, forming [RB(GH)species,
with the latter becoming the reactive species. Afterward, in a
very thorough work on the cross-coupling reaction of alkylbo-

reactions¥’

2. Computational Details

Most calculations were performed at the DFT level, by means of
the hybrid Becke3LYF® functional as implemented in Gaussiarf98.
Pd and Br atoms were described using an effective core potential

ranes?® Matos and Soderquist proposed that the base can eithedLANL2DZ) for the inner electron}“° and its associated doube-

replace the halide in the palladium complex or bind to the

organoborane species depending on the base affinity of the latter

In their study on alkylboranes, Ridgway and Woerpel demon-
strated that the reaction proceeds with retention of configura-

tion.2° Another mechanism has been recently proposed for the
particular case of cross-coupling reactions between thiol esters

and boronic acid} though it is beyond the scope of this work.
The mechanism of the palladium-catalyzed homocoupling of
arylboronic acids has also been studiéd.

Most of the information available about the role of the base

on the transmetalation process was recently summarized by

Miyaura in a very clarifying papet Two main pathways have

basis set for the outer ones. In the case of the Br atom a d-polarization
function was added (exponent 0.428b)The 6-31G* basis set was
used for the P, B, C, O, and H atoA$<? In the mechanisms where
anionic species are involved, a set of diffuse functions were added for
Br atomg®and P, O, C, and B atontéThe structures of the reactants,

intermediates, transition states, and products were fully optimized
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Scheme 2
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Path B
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~
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R-[Pd]-OR" + R'-B(OH), R-[Pd]-R'

Path 0

<

X-B(OH),

R{Pd]-X + R-B(OH),

R-[Pd-R'

without any symmetry restriction (otherwise specified in the text). will be separately analyzed in the following subsections. In the

Transition states were identified by having one imaginary frequency first subsection the hypothetic mechanism that would take place

in the Hessian matrix. An additional set of calculations was carried f,, the reaction without the addition of a base is discussed. The

out with .the ONIOM (B.eCk63LYP:UFF) methédon a lar.ger model next subsection is dedicated to analyze the mechanism where

where triphenylphosphine (PPhwvas used. The QM region was the . .

same model system of the pure DFT calculations, and the basis :setthe reactive species is supposed to be RBEOH) (path A).

was the same. For the MM region, containing the six phenyl The following subsection is devoted to the evaluation of the

substituents, the UFF force field was ugéd. mechanism where the base directly replaces the halide in the

coordination sphere of the catalyst (path B). After that, in the

last subsection, the mechanism where the catalyst is an (0xo)-
The organohalide compound selected for the computational palladium(ll) complex will be discussed.

study was CH=CHBr, 1, and the boronic acid was GHCHB- 3.1. Path 0: Direct Mechanism without the Addition of a

(OH), 2. The catalyst was modeled as the P(B}3, complex. Base.The transmetalation process between,€EBHB(OH),,

The catalyst is considered to be a 14-electrofLRdpecies, 2, andtransPd(CH=CH,)(PHs),Br, 5 (the Pd square-planar

where L is usually a mono- or bldentatg Ilgaﬁd/;_/e chose this complex obtained after oxidative addition), is analyzed in this
as a general catalyst, though several kinds of ligands have been

developed?® The OH-, 4, group was selected as the base ;sefrt]lo?. -I;hf tra?hsmetalatlcijn prqces;aiakezlplazce tm ,:r\:v oPs(;eps.
because it is one of the most typical bases, giving excellent N the first step, the organoboronic adaoordinates to the

results. Other bases are used that also provide very good resultgomplex by means of the double bond throughyaoordina- .
(amines, F, AcO™, etc.), but will not be analyzed here. tion mode. The second step corresponds to the transmetalation

To check the effect of the base on the reaction, by investi- itself, with the bromide migrating from Pd to B centers, and
gating the transmetalation process for the different pro- the double bond becoming exclusively bonded to the Pd
posed reaction paths, we will assume for the calculations thatcomplex as a vinyl group. Figure 1 presents the geometries of
the oxidative addition of the organic halide to the palladium the most relevant structures for this process.
catalyst gives rise to thdransPd(CH=CH,)(PHs).Br, 5, At the initial transition stateTS01, where the double bond
complex. This is the intermediate that is commonly depicted in is incorporated to the coordination sphere of palladium, the
the general catalytic cycle after the initial oxidative addition distances between the Pd and the incoming carbon atoms of
step (Scheme 1). the double bond are 2.675 and 2.682 A, respectively. Once the

The different mechanisms proposed for the role of the base square-pyramidal complex02 is formed, these distances
during the reaction that have been described in the Introductionpecome 2.479 and 2.493 A, respectively; the Becupies the
apical position with a bond distance of 3.080 A. The second

3. Results

(45) (a) Maseras, F.; Morokuma, K. Comput. Chem1995 16, 1160. (b)

Vreven, T.; Morokuma, KJ. Comput. Chen00Q 21, 1419.

(46) Rappe, A. K.; Casewit, C. J.; Colwell, D. S.; Goddard, W. A.; Skiff, W.
N. J. Am. Chem. S0d.992 114, 10024.

(47) See also: (a) Portnoy, M.; Milstein, @rganometallics1993 12, 1665.
(b) Hartwig, J. F.; Paul, K. Am. Chem. So&995 117, 5373. (c) Galardon,
E.; Ramdeehul, S.; Brown, J. M.; Cowley, A.; Hii, K. K.; Jutand Afgew.
Chem., Int. Ed.2002 41, 1760. (d) Bedford, R. B.; Cazin, C. S. J.
Organometallics2003 22, 987.

(48) For arecent review see: Miura, Mngew. Chem., Int. EQ004 43, 2201.
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step corresponds to the formation of tihensPd(CH=CHy).-
(PHs)2 complex, 7, and boronic acid. In this step there is a
notable atomic rearrangement, with the™Bigand leaving
from the metal complex to become bonded to the boronic acid
and the transformation of the coordinated double bond to a
vinyl group. At the transition stateTS02 the forming
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TS01 TS02 3.2. Path A: Initial Formation of the Organoboronate
2675 2.199 Species.n this proposed mechanism, the base initially binds
Q-0 to the organoboronic acid to form the corresponding orga-
noboronate speciesHB(OH);™, 6. This acid-base reaction is
expected to have a low barrier in solution. However, our gas-
phase calculation on OH+ R—B(OH), introduces a compu-
tational artifact in the form of a very stable intermediate with
a strong hydrogen bond between the oxygen of the base and
one of the protons of the boron species. This intermediate would
not be that stable in solution because of the competition for
hydrogen bonds of solvent molecules. To avoid this computa-
tional artifact, we repeated this calculation with OH RB-
(OCHg),, where the hydroxyl ligands at boron are replaced by
methoxy groups to avoid the overstabilizing hydrogen bonds.
In this case, there is a weak intermediate 68.4 kcal/mol below
the separate reactants and 33.0 kcal/mol above the organobo-
Figure 1. Geometries of selected structures for reaction path 0. Distances ronate product. T,he path between this Intermedlate,‘ and the
are in angstroms. product has a barrier of only 2.7 kcal/mol. Therefore, this second
set of calculations confirms the expectation that the formation
A . U on of the organoboronate species from the addition between the
boronic species and the base is practically barrierless. Because
of this, we will use as a starting point for this path the
R—B(OH);™, 6, species in what follows.

The initial species considered for the mechanistic analysis,
IA1, corresponds to the van der Waals complex between the
transPd(CH=CH,)(PHs).Br, 5, complex and the organobor-
onate specieB. The first step on the reaction profile corresponds
BrB(OH), to the substitution of the halide by the organoboronate species

P oH in the coordination sphere of the catalyst. This is a concerted
N\ g’ /_,'3 d/\B: step that proceeds through a transition state with a geometry
HaP OH 7 '!)H\Br OH that can be considered as a trigonal bipyramid with the two
/_,;d_Br«—' s phosphines in the apical positioRSAL. The distances of the
4 II°H3 forming Pd-O and the breaking PeBr are 2.528 and 2.951
Figure 2. Energy profile for reaction path 0 A, respectively (see_Flgu_re _3). In the newly formed mte_rmedlate
: ’ IA2, the OH group is bridging the Pd and B atoms with bond

Pd—Cyinyi and B-Br bond distances are 2.199 and 2.081 A, lengths of 2.168 and 1.645 A, respectively.

respectively, whereas the breaking-FBt bond distance is In the next step there is an intramolecular substitution within
3278 A. the complex where the OH group is substituted by the alkene

gof the boronated ligand, both groups belonging to the boronate
ligand. In this intermediatdA3, the vinyl group is coordinated

to the palladium through the double bond. In the transition state
for this step,TSA2, the two forming Pe-C bond distances are
2.881 and 2.711 A, respectively, whereas the-Bdbreaking
bond distance is 2.529 A. The latter distance, as expected, is

E|l 2 HP .-OH
CH,=CHB(OH), ! ."X-B
+ 7 I\ OH
5 PH;
Pd-Br
7
PH,

-7.9

The energy profile of this transmetalation process is presente
in Figure 2. The energy of the initial structui@l, a hydrogen-
bonded complex betweed and 5, is —7.9 kcal/mol; all the
energies will be referred to those of separated reactants. After
that, the double bond of the organoboronic acid is incorporated
into the Pd coordination sphere, forming a square-pyramidal - - ¢ -7
complex, with the bromide ligand occupying the apical position. V€Y similar to the one found in the previous transition state,
The energy of the transition state for this proc@s301, is 6.7 TSAL, for the formation of the PO bond.
kcal/mol, whereas the energy of the five-coordinate intermediate ~ The last step corresponds to the formation of intermediate
102 is 5.3 kcal/mol. In the last step, there is a large structural the commonly accepted intermediate in the general depicted

rearrangement to produce produdtsand BrB(OH), 8; the cycle formed after the transmetalation process that is depicted
energy of the corresponding transition sta&02, is 44.6 kcal/  in the general cycle (see Scheme 1). In the corresponding
mol. transition statef SA3, the breaking B-C distance is 2.000 A,

The overall reaction profi]e is uph|||, g|v|ng an endothermic whereas the forming PelC distance is 2.250 A In the transition
process with an energetic difference between reactants andstate the alkene group acts as a bridging group between the Pd
products of 31.6 kcal/mol. The energy profile for the reaction and B metal centers. In this step, the alkene group changes its
shows a large energy barrier, having the most energetic transitioncoordination mode with respect to the palladium fromsgn
state 44.6 kcal/mol above the separated reactants. This energgoordination mode to a coordination through a single carbon
profile indicates that the transmetalation is too energy demandingatom, therefore becoming a vinyl group.

for the reaction between the reactants themsel2em@5) to The energy profile is presented in Figure 4. The energy of
proceed; in fact, experiment shows that if a base is not addedthe initial van der Waals complekj1, is 16.2 kcal/mol lower
to the medium, the reaction does not take place. than those of the separated reactants. The next step corresponds

J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005 9301
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Figure 3. Geometries of selected structures for reaction path A. Distances are in angstroms.
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Figure 4. Energy profile for reaction path A.
to the replacement of the Brby the [(CH=CH)B(OH)]~ The last step corresponds to the formation of titees-Pd-

ligand in the coordination sphere of the palladium complex; (CH=CHy,),(PHs), complex,7, and the B(OHy, 9, species. The

the newly formed intermediate corresponds to the van der Waalsformer is considered to be the intermediate complex formed
complex between théransPd(CH=CH,)(PHz),(CH=CH,— after the transmetalation and prior reductive elimination pro-
B(OH)s) complex and the Branion,IA2. In this intermediate cesses within the catalytic cycle. This intermediate is 11.6 kcal/
the organoboronate ligand is bonded to the metal center throughmol more stable than the preceding on&3, and 17.4 kcal/

one of the hydroxyl groups. This intermedialt&é2, is 4.0 kcal/ mol more stable than the separated reactants. The energy barrier

mol higher in energy than the previous intermedid4d,. The for this step is 10.0 kcal/mol, though its energy in the overall
energy barrier for the substitution of the bromide ligand by the pathway is 4.2 kcal/mol (see Figure 4); therefore, this stationary
organoboronate species is 12.4 kcal/mol. point corresponds to the highest energy transition state of the

Once the reaction reaches this point, the transmetalationoverall transmetalation process within this mechanism. In this
process itself takes place, with the transfer of the vinyl group step, the GB bond is broken at the same time that the vinyl
from the organoboronate to the palladium species. At first, the group becomes bonded to the Pd through a single carbon atom.
vinyl group replaces the hydroxyl group in the coordination On the basis of these results, this pathway corresponds to a
sphere of the catalyst, with both groups belonging to the samefeasible mechanism for the reaction. It is important to note that
organoboronate ligand. The vinyl group is coordinated to the the boronate species is able to quite easily replace the halide in
metal center through the double bond, thus giving rise to a the coordination sphere of the catalyst, and the reaction occurs
species withy? coordinationJA3. The energy of this intermedi-  very smoothly (as usually required in a catalytic process), with
ate is 6.4 kcal/mol above that of the previous ol ; the the highest energy transition state only 4.2 kcal/mol above the
energy barrier for this intramolecular substitution is 10.3 kcal/ separated reactants.
mol. At this point, none of the hydroxyl groups are directly In addition, it is worth mentioning that contrary to the
bonded to the metal center. common transmetalation processes that are believed to take place
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through a four-center transition st&fayith two bridging groups
between both metal atoms, in this case there is only one bridging
group, the vinyl group. In addition, the transmetalation process

does not take place in one step, but several steps are needed.

3.3. Path B: Direct Replacement of the Halide by the
Base. To evaluate the reaction mechanism where the base
directly replaces the halide in the coordination sphere of the
palladium complex, the corresponding reaction profile was
theoretically investigated. In this mechanism, once the oxidative
addition step has taken place to fotransPd(PH),(C,H3)Br,

5, the next step should correspond to the replacement of the
Br~ ligand by the OH group.

Despite the great effort dedicated to find and characterize
the transition state for the direct replacement of the halide by a
hydroxyl group, none of the attempts were successful. This result

was somehow unexpected because the ligand substitution
mechanism for a square-planar complex is a generally accepted

mechanism going through a trigonal-bipyramidal structfire.
Nevertheless, all the different optimizations ended up in either
high-energy chemically unreasonable structures or two different
complexes: one with the OHoxidizing one of the phosphine
ligands of the palladium complex, and another with the base
replacing one of the phosphine ligands of the catalyst.

The search for the transition state for the direct substitution
can be illustrated by our exploration of geometries with a forced
Cs symmetry. The incoming OHgroup was located in such a
way that the whole structure had a mirror plane. The mirror
plane contains the Pd, vinyl, Brand OH groups, whereas
both of the phosphine ligands are each on every side of the

symmetry plane. Nevertheless, even performing such a calcula-

tion, forcing theCs symmetry, it was not possible to locate a
transition state for this substitution. This transition-state search
provided a stationary point, though the analysis of the geometry
and the imaginary frequencies (three negative eigenvalues)
showed that this stationary point corresponds to the migration
of the OH group from one of the phosphine ligands to the
other one. Hence, the fact that this stationary point (forcing the
Cs symmetry) does not involve the bromide ligand at all is a
strong indication that the direct substitution of Byy OH~ does

not take place, at least in the gas phase.

During the exploration of the potential energy surface for
the direct substitution of Brby OH~, the Pd(CH=CH,)(PH)-
(OH)Br, 10, complex was found. It corresponds to a complex
where starting frond the base replaces one of the phosphine
ligands. This intermediate is thermodynamically more stable
than the separated reactants (by 37.3 kcal/mol), but it is not
relevant for the catalytic reaction. This complex could certainly
give rise, in principle, to the transmetalation process with the
organoboronic acid. But if the mechanism were to go through
this intermediate, the catalytic cycle could not be closed; to close
the catalytic cycle, the palladium complex must get rid of the
bromide ligand at some point, to restore the initial PA{RH
reactive species. Hence, we decided not to further explore the
reactivity of specieslO, which moreover has been neither
experimentally characterized nor proposed as a possible inter-
mediate for the SuzukiMiyaura cross-coupling reaction.

The other species located in the potential surface was that
where the OH group oxidizes one of the phosphine ligands,

IB1

T

1 / ® \\éTB?G

3.204 2.520

10

SO B L .
o o) © 2.680
2.105 2.028

Figure 5. Geometries of selected structures associated with path B.
Distances are in angstroms.

forming thetrans[Pd(CH=CH,)(PHs)(PH:OH)Br] ", IB1, com-

plex. In this complex, the PO distance adopts a value of 1.916

A (see Figure 5); the phosphorus atom adopts a trigonal-
bipyramidal bonding mode, with the OHyroup occupying an
apical position, and the Pd occupying an equatorial position.
This species is 46.9 kcal/mol below the separated reactants.
Despite its stability, the presence of an oxidized phosphorus
group makes the presence of this species in the reaction cycle
quite unlikely. Indeed phosphine oxidation is one of the known
causes of catalyst destruction, and it seems to be already
incipient in this compound.

In any case, the cross-coupling process can progress from
IB1, and we were able to locate a transition state with an energy
barrier of 6.3 kcal/mol connecting this species to comgl&x
where the halide has been replaced by the base. In the transition
stateTSB2, the OH initially bonded to the phosphine migrates
to the metal center, concomitantly with the release of the
bromide ligand. The energy barrier for this process is 6.3 kcal/
mol. IntermediatdB2 is 0.5 kcal/mol above intermediatB1
and 46.4 kcal/mol below the reactants. We will label this
alternative mechanism as,Bo emphasize that the bromide is
not replaced in one step by the base, as in mechanisiBB.
is in fact analogous to the starting point for path C, which will
be described in detail below, and from this point the transmeta-
lation process takes place.

It is interesting to compare our computational results on
mechanism Bwith experiment. Experimental results show that,
in the absence of organoboron species, the addition of a base
to a complex like the one formed after the oxidative addition
(5 in the studied case) leads to a complex partially hydrolyzed
(which would correspond to complel), and the amount of
the oxidized phosphine present in the media increases signifi-
cantly28:500ur computed mechanisn B fully consistent with
both observations. However, oxidation of phosphine is much
smaller when the organoboron compound is present, and as a
consequence, mechanism I@as to be discarded as the main
path for the catalytic cycle.

In summary, theoretical calculations do not support a mech-
anism where the OFgroup directly replaces the Biigand in

(49) Hegedus, L. STransition Metals in the Synthesis of Complex Organic
Molecules University Science Books: Mill Valley, CA, 1994.

(50) Grushin, V. V.; Alper, HOrganometallics1996 15, 5242.
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Figure 6. Geometries of selected structures for reaction path C. Distances
are in angstroms.

the coordination sphere of the palladium catalyst prior the

transmetalation process itself (path B); the base by itself is not

able to replace the bromide ligand in the coordination sphere

of the catalyst. In a recent study by Sakaki and co-workers, the

transition state for the substitution of a halide (iodide in that
case) by OH was not located eithéP. The reaction going
through a pathway where the base initially binds one of the
phosphine ligands, with the subsequent migration to the Pd
center, along with the release of theBigand (path B), could

be an alternative way. Nevertheless, this path would produce a

large amount of phosphine oxidation, which is not observed
experimentally when the SuzukMiyaura cross-coupling takes

place. Because of this, we think that the catalytic process does

not go through any of these two possible paths.

3.4. Path C: Reaction from an (Oxo)palladium(ll) Com-
plex. The schematic representation of such an (oxo)palladium-
(I) complex is transPd(RO)(P)X, where RO is an alkoxy
group, P is a phosphine, and X is a halide. It has been
experimentally proven that the reaction of this kind of complex
with organoboronic acids takes place without the addition of a
base on the reaction medi&3?For theoretical calculations the
RO~ group has been modeled by an OHroup, the simplest
0XO0 group.

Once the (oxo)palladium(ll) complekl is formed, usually
by oxidative addition of an R-OR group, the transmetalation

the energy values are different here because they are referred
to a different starting point. Hence, in the next step from the
IC2 intermediate, the double bond replaces the~GHl the
coordination sphere of the catalyst, to form intermedia®,
going throughTSC2, and their energies are9.4 and—5.6 kcal/

mol, respectively. The transition state for the last sTEC3,
which corresponds to the formation of produ¢@and8, has an
energy of 0.6 kcal/mol. In this case, the overall reaction is
exothermic by 21.0 kcal/mol, and the most energetic transition
state is only 0.6 kcal/mol above the separated reactants.
Therefore, this is a plausible mechanism for the transmetalation
process.

The calculated reaction profile perfectly agrees with the
experimental data where the cross-coupling reaction takes place
starting from an (oxo)palladium(Il) complex without the addition
of a base. In fact, the reaction takes place smoothly, with the
highest transition state being only 0.6 kcal/mol above the
separated reactants.

The initial process corresponds to the formation of G2
intermediate starting from the H-bond complé&1. This
complex is analogous to the one formed by the substitution of
the Br- by the R-B(OH)3™ in the coordination sphere of the
palladium in path A. The following steps take place analogously
to the mechanism described by path A. In fact, the difference
is in the initial step, where in one case the bromide is replaced
by the organoboronate species to form the hydroxo complex,
whereas in the other case the hydroxo complex is directly
formed by oxidative addition of an ROR' to the Pd(PH):
catalyst. Therefore, this is a clear indication that the palladium
complex must get rid of the bromide ligand for the reaction to
occur.

4, Discussion

The role of the base in the Suzuliliyaura cross-coupling
reaction between a palladium complex formed after the initial

process involves several steps. The first step corresponds to th@xidative addition stefrans-Pd(CH=CH,)(PH;)2Br, 5, and an

formation of an intermediatéC2 (starting from the H-bonded
complexIC1), where the boronic acid is bonded to the catalytic
complex through the OHligand. The bond distances between
the B and O atoms at the transition stai&C1 and the
intermediatelC2 are 2.634 and 1.645 A, respectively (Figure
6). ThelC2 intermediate is equivalent to that found in path A,

organoboronic acid, Cy#+=CHB(OH),, 2, has been analyzed by
means of theoretical calculations. The different pathways
proposed to include the base in the reaction pathway have been
studied and their intermediates and transition states identified.
Scheme 3 summarizes the view that emerges from our calcula-
tions. This has to be compared with Scheme 2, which presented

IA2, having the boron and palladium centers bonded by meansthe view preliminary to this set of calculations.

of a hydroxyl group. The reaction mechanism from this point

Reaction path A consists of the initial reaction between the

until the transmetalation process is completed is equivalent to base and the organoboronic acid to forrrBOH);™, 6. The

that found for path A once thiA2 intermediate is formed. In
fact, the geometries ofC2, TSC2, IC3, and TSC3 are
equivalent to those found fdA2, TSA2, IA3, and TSA3,

formed organoboronate species is able to easily undertake the
substitution of the Br ligand in the coordination sphere of the
trans-Pd(CH=CH,)(PHs).Br, 5, complex (the complex resulting

respectively. Hence, all of these geometries have already beerfrom the initial oxidative addition step). In fact, boron centers

commented on in a previous section. In addition, if their
structures are equivalent, so are their relative energies.
Figure 7 shows the energy profile for the transmetalation
process starting from the (oxo)palladium(ll) complek The
energy of the initial H-bond complexC1, is —19.2 kcal/mol,
which indicates a strong H-bond interaction. The energy of the
intermediate formed in the next std2, is —15.9 kcal/mol,
whereas the transition state for this st@§C1, is —5.7 kcal/

are known to exhibit high oxophilicity, and consequently, the
addition of alkaline base to a solution of-B(OH),, 2, shows

an equilibrium fairly displaced to the formation of the
R—B(OH);™, 6, species; theoretical calculations show that this
reaction is almost barrierless, and highly displaced to the
formation of the organoboronate species. Moreover, the highest
energy barrier found in the complete reaction pathway is quite
smooth, only 4.2 kcal/mol above the separated reactants.

mol. The energies of the intermediates and transition states from Therefore, given these results, this mechanism is a plausible
IC2 till the transmetalation process is completed are analogousmechanism for the SuzukMiyaura cross-coupling reaction,

to those found in path A from thiA2 intermediate; however,
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Figure 7. Energy profile for reaction path C.
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catalytic cycle. The major implication of this pathway is that results obtained in (iii) give rise to a conceivable mechanism
the base does not directly react with the catalyst, but it does for path B, which we label as'B
react with the boronic acid. These results are also in agreement |n path B, the base initially binds to one of the phosphines
with the experimental fact that organoboronic acids are unre- coordinated to the palladium center, and after that, there is a
active toward cross-coupling reactions, whereas boronate speciesnigration of the OH group from the phosphine to the Pd center,
(R4B~, RsBOR™, etc.) are much more reactive. along with the release of the Biligand. Once the reaction
The proposed reaction mechanism where the™ @oup reaches this point, the catalyst reacts with the boronic acid,
directly replaces the Brligand in the coordination sphere of performing the transmetalation process.
the palladium catalyst was also analyzed (path B). Despite the Given the fact that phosphine oxidation is usually one of the
great effort dedicated to searching for a stationary point, the sources of catalyst destruction, a mechanism that implies the
transition state for the direct ligand substitution could not be initial oxidation of a phosphine ligand is dubious as the main
located. All the different trials indicated any of the following reaction mechanism. In fact, pati Ban be related to other
possibilities: (i) high-energy chemically unreasonable structures, experimental observations. For instance, in the experimental
(if) a complex where one of the phosphine ligands was replaced study by Matos and SoderquiStthey realized that after the
by the base, or (iii) a complex where one of the phosphine addition of NaOH totransBrPdPh(PP¥), the amount of
ligands was oxidized. Results from (i) and (ii) do not provide triphenylphosphine oxide increases significantly in the mixture.
any insight into the mechanism proposed in pathway B becauseThis observation can be directly related to the intermediate found
the located structures are not in the catalytic cycle; in contrast, for pathway B, IB1, where a coordinated phosphine binds the

J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005 9305



ARTICLES Braga et al.

TSA1Ph TSA3Ph

Figure 8. Geometries of selected ONIOM-calculated structures for reaction path A. Hydrogens are omitted for clarity. Distances are in angstroms.

OH~ group. From this intermediate, the reaction could evolve 5. Effect of the Phosphine Substituents
to form the oxidized phosphine that is experimentally observed.
On the other hand, the reaction profile for path<Benergetically
accessible, and in fact, this could be the reaction pathway for
those cases where the organoborane species cannot form th
corresponding organoborate species.

The mechanism starting from the (oxo)palladium(ll) complex
(path C) has also been analyzed. The energy profile for this

?eﬁhanlsm shows tha_lt the rea_ct|on|gooe2 Eu'ts srr:oo;hly. -Lhethrough the use of the ONIOM (Becke3LYP:UFF) approach.
Ighest energy transition state is only 0.6 kcal/mol above the 1o - opergatics will be discussed here, and the computed

separated reactants. The calculations agree with eXperimemabeometries are collected in the Supporting Information. The
results that show that this reaction goes easily without the needlabels will be the same used above for the model systems, with
fpr a b_as_e. In th's_ case, the Pd cor_nple_x already has_an_ OXOthe addition ofPh to indicate that they refer to the PPtase.
ligand in its coordination sphere, which is the one facilitating The structures involved in the profiles presented in Figures
an easy bond formation with the boronic acid, therefore allowing 2—4 were recomputed with th'g ne phos hine Forg the
the transmetalation process to occur. Therefore, the efficiency W pu with This new phosphine. .

. . structures related to the profile in Figure 2, corresponding to
of path C does not support path B, because the starting point Ofpath 0, the relative energies far+ 5Ph, 101Ph, TSO1Ph
path C is after the phosphine oxidation step that is critical for ! ' ’

I02Ph, TS02Ph and7Ph+ 8 are 0.0,-12.5, 12.1, 11.2, 54.1,

the validity c_)f path B ) ) and 31.4 kcal/mol, respectively. These values should be
The reaction profile for the reaction without the base (path compared with the corresponding values for thes Pibdel

0) hgs also been ar_1z_alyzed. This hypothetic reaction serves tosystem, which were 0.0-7.9, 6.7, 5.3, 44.6, and 31.6 kcal/
confirm that the addition of a base is necessary for the reaction mol, respectively. The differences in relative energies are in
to proceed. The reaction profile shows that the highest energy some cases remarkable, reaching a maximum of 9.5 kcal/mol
transition state is 44.6 kcal/mol above the separated reactantspanveerTS02Ph andTS02 but the overall qualitative picture
Thus, the energy barrier is too high for the reaction to occur, js ynchanged. Path 0 stays indeed with a prohibitively high
and this is the reason the base is required. barrier. One can also look at changes in the relative energies of
The ensemble of results indicates that one of the key problemsthe particular species. The overall endothermicity of the reaction,
of the catalytic cycle is the displacement of the bromide ligand indicated by the relative energy of the produéih + 8 with
from the metal coordination sphere. The boronic acid itself is respect to the reactar?st+ 5Ph, is practically unchanged, 31.6
obviously incapable of performing this replacement at a kcal/mol (vs 31.4 kcal/mol) for the model system. This is
reasonable energy cost, as shown by mechanism 0. Hence, @onsistent with the square-planar geometry with a trans ar-
base is therefore necessary for the process to take placerangement of the phosphines in batRh and 5Ph, with little
Nevertheless, OHis unable to directly attack the metal center steric interaction. For most other species, suchT&91Ph
(what would be path B), which does not seem oxophilic enough, 102Ph, andTS02Ph there is an increase between 5.4 and 9.5
and attacks first the boron (path A) or the phosphorous (path kcal/mol in the relative energy associated with the presence of
B'); only afterward the base can be transferred to palladium, the phenyl groups. The entry of the organoboronate into the
where it displaces the bromide. PathrBust be discarded as  coordination sphere of the palladium introduces some steric
the main mechanism because it easily leads to ligand oxidationcrowding, with a subsequent increase in energy. In contrast,
and catalyst destruction. The main catalytic cycle must thus 101Ph has a lower relative energy th#iil. This suggests some
proceed through path A, which has low-energy barriers and no attractive long-range interaction between the phenyl susbstituents
obvious undesired subproducts. and the organoboronic acid in this initial intermediate.

All the calculations presented above were carried out on a
model system where the phosphine ligand was modeled By PH
ghis choice was motivated by the computational cost. In this
section, we consider a more realistic ligand to see how it affects
the qualitative picture just presented. The steric effects of the
triphenylphosphine ligand, PBhoften used in experimental
Suzuki-Miyaura systems, were introduced into the calculation
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The structures related to path A, presented for the model analyzed by means of theoretical calculations based on DFT
system in Figure 4, were also recomputed. The relative energiesand ONIOM methods. The resulting picture, summarized in
for 6 + 5Ph, IA1Ph, TSA1Ph, I1A2Ph, TSA2Ph, IA3Ph, Scheme 3, explains satisfactorily most of the available experi-
TSA3Ph, and7Ph + 9 were 0.0,-13.9,—6.1,—10.1, 6.8, 1.7, mental evidence on the topic.

12.4, and—17.2 kcal/mol, respectively. The corresponding  The analysis of the transmetalation process without the
energies for the model system were 0:36.2,-3.8, ~10.1,  aqdjtion of a base shows that this reaction has an elevated energy
—1.9,-538, 4.2, and-17.4 kcal/mol, respectively. The maxi-  parrier. This agrees with experimental results where the base is
mum difference in relative energies in this case i§ 8A2Ph, critical for the reaction to proceed. In light of the results obtained
which was 1.9 kcal/mol below the reactants withaid 6.8 516 \e conclude that, in the most feasible mechanism, which

Ecal/ mol abor:/e th(ejmﬂ\]/wth PBﬂ Thef'lqualltatlve pltr:]tlure '3 1o e have labeled as path A, the base initially reacts with the
owever unchanged. The overall profile goes smoothly, and the o i acid to form a boronate species (this is an equilibrium

thf:ghest ?ne:gy_ll_sr,]éltSA3Ph, ;\(Q'Ch IS not\)/vt%,fA kcte;l/mol a?ovte Eirly displaced to the right), and the latter species is the one
€ reactants. The energy ditierence between Ihe reactants ang, o -\, yeriakes the transmetalation process with the palladium

products changes only by 0.2 kcal/mol. As for the intermediate catalvst. The ener rofile is quite smooth. as expected for a
species, two sets of geometries can be distinguishadPh, yst. gy p q ’ P

TSALPh, andIA2Ph and TSA2Ph, IA3Ph, andTSA3Ph In  Catalvtic process. _
the first block, the relative energies are within 2.5 kcal/mol of ~ The main alternative mechanism that had also been proposed,
those for the model system, these species corresponding to th&vhere the halide is directly substituted by the base in the
replacement of the bromide by the boronic acid. In the second coordination sphere of the catalyst (path B), does not seem to
block, the relative energies are ca. 8.0 kcal/mol higher than for take place in the system we have considered. A new mechanism,
the model system. In this second block, the vinyl group attached B, has been instead computationally characterized. This new
to the boron approaches the metal, thus inducing a larger stericmechanism goes through an intermediate that corresponds to
crowding. Geometries, in turn, are slightly modified compared the oxidation of one of the phosphine ligands of the catalyst.
to those obtained with PHas ligand (see Figure 8). Path B is quite smooth from an energy point of view, but it is
Finally, the structures in reaction C, corresponding to the a dubious candidate to be the main process in the catalytic
profile reported in Figure 7, were recomputed. In this case, the system because it would likely produce large amounts of

relative energies fo2 + 11Ph IC1Ph, TSC1Ph IC2Ph, oxidized phosphine.

TSC2Ph IC3Ph, TSC3Ph, and 7Ph + 9 were 0.0,—-21.5, The transmetalation process starting from an-eRd com-
—8.7,-14.8,2.2,-3.0, 7.7, and-21.8 kcal/mol, respectively.  plex (path C) has also been studied. The results show that this
The associated values for the model system were-619.2, process takes place very smoothly, and in this case the base is

—5.7,-15.9,—5.6,—-9.4, 0.6, and-21.0 kcal/mol, respectively.  not needed for the reaction to proceed, in agreement with
The general pattern discussed above for path A is reproducedeyperiment.

for path C. The profile is smooth, with the highest energy being

: The current results on the Suzui¥liyaura cross-couplin
at TSC3Ph 7.7 kcal/mol above the reactants. The relative y Ping

reaction of this particular system cannot be directly extrapolated

energies for speciekC1Ph, TSC1Ph and IC2Ph are very . . . .
. o to the entire variety of available cross-coupling processes, but
similar between the Pfand the PPhsystems, with differences . . . )
we hope that they will provide at least a reasonable interpretation

being larger forTSC2Ph IC3Ph, and TSC3Ph These latter of general validity. In fact, the consideration of a more realistic

species appear after the vinyl group attached to boron approaches . - .
palladium and increases the steric pressure. phosphine ligand does not affect the overall picture of the

In summary, in the three recomputed profiles the consider- reac?on._ln_thwilsense, |thseemts c[lear thatIchte transmetala_tlflk(])n
ation of the more realistic triphenylphosphine affects the reaction 1S in all cases shown 10 be a mulistep process. he

energetic details, but leaves the overall trends practically complete _reactlon ) cycle_ for th'_s and other—C_ coupling
unchanged. Path 0 continues to be forbidden, while both pathsrea(:tIons is under investigation in our laboratories.

A and C have low barriers. We expect path B to remain
forbidden, but we did not recompute it because the lack of
stationary points for the exchange of bromide by hydroxyl in
the model system made the calculation more complicated. The
fact that the qualitative picture is unchanged by the introduction
of more realistic ligands confirms the validity of the Pidodel

for this particular problem. Moreover, it also suggests that these
results will continue to be valid for minor variations in the nature
of both the phosphine and the substrates.
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