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Abstract: Palladium acetate was shown to be an extremely
active catalyst for the Heck reaction of aryl bromides. Both
the base and the solvent were found to have a fundamental
influence on the efficiency of the reaction, with KsPO, and
N,N-dimethylacetamide being the optimal base and solvent,
respectively.

Palladium-catalyzed coupling of olefins with aryl and
vinyl halides, known as the Heck reaction,? is one of
the prime tools for carbon—carbon bond formation in
organic synthesis. This powerful reaction can lead to the
construction of a C—C bond at an unfunctionalized
olefinic carbon in a single transformation employing a
wide variety of aryl and vinyl halide substrates. Unlike
other C—C bond-forming reactions that involve a polar
addition, the Heck reaction tolerates almost any sensitive
functionality such as unprotected amino, hydroxyl, al-
dehyde, ketone, carboxy, ester, cyano, and nitro groups.*
However, the traditional Heck reaction is typically
performed with 1—5 mol % of a palladium catalyst along
with a phosphine ligand in the presence of a suitable
base. Under these conditions, the maximum turnover
numbers (TON) are only 20—100 and large-scale indus-
trial application is not practical.? In recent years, numer-
ous efforts have been made to develop more efficient
catalyst systems. A major challenge in this area has been
the development of new Heck reaction catalysts with
higher TON and with enhanced reactivity toward deac-
tivated aryl bromides and, ultimately, toward the more
readily available aryl chlorides. Significant advances
have been made in the past several years in meeting
these goals. These include the use of sterically bulky and
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electron-rich phosphines,® phosphorus,* nitrogen,®> and
sulfurt-based palladacyles, and very recently, nucleophilic
carbene ligands.”® All of these catalyst systems suffer
from drawbacks of one kind or another, such as the high
ligand sensitivity toward air and moisture, the tedious
multistep synthesis, hence the high cost of the ligands,
and the use of various additives. On the other hand, the
operationally and economically more advantageous ligand-
free Heck reaction catalyst systems remain extremely
rare.®1% Pd(OAc), has been traditionally used only as a

(3) (a) Littke, A. F.; Fu, G. C. J. Org. Chem. 1999, 64, 10—11. (b)
Littke, A. F.; Fu, G. C. 3. Am. Chem. Soc. 2001, 123, 6989—7000. (c)
Shaughnessy, K. H.; Kim, P.; Hartwig, J. F. 3. Am. Chem. Soc. 1999,
121, 2123—2132. (d) Ehrentraut, A.; Zapf, A.; Beller, M. Synlett 2000,
1589—-1592. (e) Bohm, V. P. W.; Herrmann, W. A. Chem. Eur. J. 2000,
6, 1017—1025. B

(4) (@) Herrmann, W. A.; Brossmer, C.; Ofele, K.; Reisinger, C.-P.;
Priermeier, T.; Beller, M.; Fisher, H. Angew. Chem., Int. Ed. Engl.
1995, 34, 1844—-1848. (b) Herrmann, W. A.; Brossmer, C.; Reisinger,
C.-P.; Priermeier, T. H.; Ofele, K.; Beller, M. Chem. Eur. J. 1997, 3,
1357—1364. (c) Ohff, M.; Ohff, A.; van der Boom, M. E. D.; Milstein,
D. J. Am. Chem. Soc. 1997, 119, 11687—11688. (d) Shaw, B. L.; Perera,
S. D.; Staley, E. A. Chem. Commun. 1998, 1361—1362. (e) Albisson,
D. A.; Bedford, R. B.; Scully, P. N. Chem. Commun. 1998, 2095—2096.
(f) Miyazaki, F.; Yamaguchi, K.; Shibasaki, M. Tetrahedron Lett. 1998,
39, 7379—7383. (g) Morales-Morales, D.; Redon, R. Yung, C.; Jensen,
C. M. Chem. Commun. 2000, 1619—1620. (h) Bedford, R. B.; Welch,
S. L. Chem. Commun. 2001, 129—-130. (i) Gibson, S.; Foster, D. F.;
Eastam, G. R.; Tooze, R. P.; Cole-Hamilton, D. J. Chem. Commun.
2001, 779—-780.

(5) (a) Ohff, M.; Ohff, A.; Milstein, D. Chem. Commun. 1999, 357—
358. (b) lyer, S.; Ramesh, C. Tetrahedron Lett. 2000, 41, 8981—8984.
(c) Gai, X.; Grigg, R.; Ramzan, M. 1.; Sridharan, V.; Collard, S.; Muir,
J. E. Chem. Commun. 2000, 2053—2054. (d) Alonso, D. A.; Najera, C.;
Péacheco, M. C. Org. Lett. 2000, 2, 1823—1826. (¢) Mufioz, M. P.; Martin-
Matute, B.; Fernandez-Rivas, C.; Cardenas, D. J.; Echavarren, A. M.
Adv. Synth. Catal. 2001, 343, 338—342. (f) Beletskaya, I. P.; Kashin,
A. N.; Karlstedt, N. B.; Mitin, A. V.; Cheprakov, A. V.; Kazankov, G.
M. J. Organomet. Chem. 2001, 622, 89—96. (g) Alonso, D. A.; Najera,
C.; Pacheco, M. C. Adv. Synth. Catal. 2002, 343, 172—183 (h) Rocaboy,
C.; Gladysz, J. A. Org. Lett. 2002, 4, 1993—1996. (i) Consorti, C. S.;
Zanini, M. L.; Leal, S.; Ebeling, G.; Dupont, J. Org. Lett. 2003, 5, 983—
986.

(6) (@) Gruber, A. S.; Zim, D. Z.; Ebeling, G.; Monteriro, A. L.;
Dupont, J. Org. Lett. 2000, 2, 1287—1290. (b) Bergbreiter, D. E.;
Osburn, P. L.; Wilson, A.; Sink, E. 3. Am. Chem. Soc. 2000, 122, 9058—
9064.

(7) For selected recent reviews, see: (a) Bourissou, D.; Guerret, O.;
Gabbai, F. P.; Bertrand, C. B Chem. Rev. 2000, 100, 39—92. (b)
Herrmann, W. A. Angew. Chem., Int. Ed. 2002, 41, 1290—1309.

(8) For an elegant use of mixed phosphine—carbene ligand in the
Heck reaction, see: Nolan, S. P.; Lee, H. M.; Yang, C. Org. Lett. 2001,
3, 1511-1514.

(9) For discussions on a ligand-free Heck reaction, see: (a) Reference
2f. (b) Reetz, M. T.; Westermann, E. Angew. Chem., Int. Ed. 2000, 39,
165—168. Notable recent examples of a ligand-free Heck reaction: (c)
Sengupta, S.; Bhattacharyya, S. Tetrahedron Lett. 1995, 36, 4475—
4478. (d) Drisp, G.; Gebauer, M. G. Tetrahedron 1996, 52, 12465—
12474. (e) Desmazeau, P.; Legros, J.-Y.; Fiaud, J.-C. Tetrahedron Lett.
1998, 39, 6707—6710. (f) Reetz, M. T.; Lohmer, G.; Schwickardi, R.
Angew. Chem., Int. Ed. 1998, 37, 481—-483. (g) Reetz, M. T.; Wester-
mann, E.; Lohmer, R.; Lohmer, G. Tetrahedron Lett. 1998, 39, 8449—
8452. (h) Brathe, A.; Gundersen, L.-L.; Rise, F.; Eriksen, A. B.; Vollsnes,
A.V.; Wang, L. Tetrahedron 1999, 55, 211—-228. (i) Carmichael, A. J.;
Earle, M. J.; Holbrey, J. D.; McCormac, P. B.; Seddon, K. R Org. Lett.
1999, 1, 997—1000. (j) de Vries, A. H. M.; Parlevliet, F. J.; Schmieder-
Van de Vondervoort, L.; Mommers, J. H. M.; Henderickx, H. J. W_;
Walet, M. A. M.,; de Vries, J. G. Adv. Synth. Catal. 2002, 344, 996—
1002. (k) Okubo, K.; Shirai, M.; Yokoyama, C. Tetrahedral Lett. 2002,
43, 7115-7118. (k) Chandrasekhar, S.; Narsihmulu, C.; Sultana, S.
S.; Reddy, N. R. Org. Lett. 2002, 4, 4399—4401.

(10) For a ligand-free Heck reaction under phase-transfer conditions
(Jeffery’s conditions), see: (a) Jeffery, T. Tetrahedron 1996, 52, 10113—
10130. Some impressive examples: (b) Reiser, O.; Reichow, S.; de
Meijere, A. Angew. Chem., Int. Ed. Engl. 1987, 27, 1277—1278. (c)
Gozzi, C.; Lavenot, L.; llg, K.; Penalva, V.; Lemaire, M. Tetrahedron
Lett. 1997, 38, 8867—8879.

10.1021/j0034646w CCC: $25.00 © 2003 American Chemical Society
Published on Web 08/16/2003



TABLE 1. Effect of the Base on the Pd(OAc),-Catalyzed
Reaction of Bromobenzene and Styrene?

Pd(OAC),

JOCNote

TABLE 2. Effect of the Solvent on the
Pd(OACc),-Catalyzed Reaction of Bromobenzene and
Styrene?

g N o Ph
Ph-Br + (1P2he(;v) base (1.4 equiv.) P Pd(OAc),
' ' DMA, 140 ° %
0C PhBr + PN — o Pg.11m:|/)- X -Ph
mol % of (1.2 equiv,) KePOa (- eq;""')
entry base Pd(OAc), time(h) yield®(%) TON solvent, 140 °C
1 EtzN 0.1 21 entry solvent yield® (%)
2 Na,CO; 0.1 21 56 560
3 NaOAc 01 21 72 720 ) Dua >
4 KsPO, 0.1 19 93 930 3 NMP 54
5 K3PO4 0.01 19 82 8200 o dioxane o
6° K3PO4 0.00247 44 95 38500

a Unless otherwise noted, all reactions were performed with 1.0
mmol of PhBr in DMA (1—2 mL) at 140 °C. P Isolated yield after
chromatography on silica gel. ¢ 2.0 mmol of PhBr was used.

convenient and inexpensive source of palladium and its
role as an active catalytic species has not been fully
appreciated, except when the more reactive aryl iodides
are used as the substrates. Herein, we wish to report our
finding that Pd(OAc),, in combination with K3PO, as the
base, is an extremely effective catalyst for the coupling
of aryl bromides with terminal olefins.

Heck’s original recommendation for the catalyst cock-
tail involved the combination of Pd(OAc),, a triaryl
phosphine ligand, and a tertiary amine such as Et;N as
the scavenger base. It is commonly believed that one role
of the phosphine ligand is the reduction of Pd(Il) to a
catalytically active Pd(0) species, for which a stabilizing
ligand is required to prevent the formation of palladium
black.t22h11 The base Et;N has also been implicated as
a reducing agent for the generation of the Pd(0) species.?"
Since many catalytic systems such as these involving
palladacycles have been proposed to be operative by the
[PA(I1)—Pd(IV)] catalytic cycle,**912 the capability of Pd-
(OAc), to participate in productive catalytic turnovers
under appropriate conditions seems plausible.

Our initial attempt was to examine the efficiency of
Pd(OAC), in the coupling of bromobenzene with styrene
in the absence of any phosphine ligand. Not surprisingly,
no detectable conversion was observed when Et;N was
used as the base (Table 1, entry 1). However, when
several heterogeneous inorganic bases were substituted
for Et3N, all the reactions examined led to some conver-
sion, albeit with quite different efficiency (Table 1, entries
2—4), with K3PO, giving the best result. Thus, the
coupling of bromobenzene with styrene in the presence
of only 0.1 mol % of Pd(OAc), with N,N-dimethylaceta-
mide (DMA) as the solvent gave trans-stilbene in 93%
isolated yield after 19 h at 140 °C. Decreasing the catalyst
loading to 0.01 mol % still gave a respectable 82% yield
of the product (Table 1, entry 5). When the reaction was
performed for an extended period of time, 0.0025 mol %
of Pd(OAc), was found to be sufficient to give a high
conversion with 95% isolated yield of the product, cor-
responding to a TON of 38 000 (Table 1, entry 6). Several
other solvents including DMF, NMP, and 1,4-dioxane
were also tested under similar conditions but all gave
inferior results compared to DMA (Table 2).

(11) Amatore, C.; Jutand, A. Acc. Chem. Res. 2000, 33, 314—321.
(12) (a) Shaw, B. L. New J. Chem. 1998, 77—79. (b) Sundermann,
A.; Uzan, O.; Martin, J. M. L. Chem. Eur. J. 2001, 7, 1703—1711.

2 Unless otherwise noted, all reactions were performed with 1.0
mmol of PhBr in 1.6 mL of the solvent at 140 °C for 19 h. P Isolated
yield after chromatography on silica gel. ¢ This reaction was
performed at 100 °C.

Having established that the combination of Pd(OAc),
and K3PO, constitutes a highly active catalyst system for
the Heck reaction, we next examined the coupling of
several other representative aryl bromides with different
olefin substrates with the results listed in Table 3. As
expected, the more reactive 4-bromobenzaldehyde un-
derwent clean coupling with styrene, giving essentially
a quantitative yield of the product (entry 1). Reactions
involving deactivated aryl bromides bearing a methyl or
a methoxy group also gave high yields of the coupling
products with either styrene or 4-tert-butylstyrene (en-
tries 2—5), although the sterically hindered 2-bromotolu-
ene gave a diminished yield (entry 6). Furthermore, it
was found that the reaction also proceeded nicely with
the aliphatic olefin vinylcyclohexane. In all cases tested,
high yields of the trans products were obtained by using
0.05—0.1 mol % of Pd(OAc), regardless of the electronic
or sterical variation on the aryl bromides (entries 7—10).
Surprisingly, however, with activated terminal olefins
such as n-butyl acrylate the reaction gave low yields
except for the coupling with the more active 4-bromoben-
zaldehyde (entries 11—13). Cyclic olefins such as nor-
bornene and 3,4-dihydropyran did not participate in the
Heck reaction under these conditions. The reactivity of
aryl triflates and chlorides was also examined. The
catalyst system appeared to be completely ineffective for
the Heck coupling of phenyl triflate!” and chlorobenzene
with styrene.

The data presented in Table 4 show that the efficiency
of this new catalyst system toward the Heck coupling of
aryl bromides and terminal olefins compares® very
favorably with some of the most active catalyst systems
that utilize expensive ligands and/or require the presence
of various additives. The high activity of Pd(OAc), toward

(13) Younes, S.; Tchani, G.; Baziard-Mouysset, G.; Stigliani, J. L.;
Payard, M.; Bonnafous, R.; Tisne-Versailles, J. Eur. J. Med. Chem.
1994, 29, 87—93.

(14) Rimkus, A.; Sewald, N. Org. Lett. 2002, 4, 3289—3291.

(15) Ikeda, Y.; Nakamura, T.; Yorimitsu, H.; Oshima, K. J. Am.
Chem. Soc. 2002, 124, 6514—6515.

(16) Liu, J.-T.; Jang, Y.-J.; Shin, Y.-K.; Hu, S.-R.; Chu, C.-M.; Yao,
C.-F. J. Org. Chem. 2001, 66, 6021—6028.

(17) The reaction with phenyl triflate led to complete consumption
and self-coupling of the triflate starting material, and resulted in the
isolation of diphenyl ether in high yield (83%). Although the formation
of diphenyl ether under these conditions points to a process involving
the coupling between the phenyl triflate and a phenoxide nucleophile,
the exact nature of the facile formation of the aryl ether is not clear at
this time.
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TABLE 3. Pd(OAc),-Catalyzed Heck Reactions of Aryl Bromides with Terminal Olefins, Using KzsPO, as the Base?

Pd(OAC),
Ar-Br . RN K3POy (1.4 equiv.) AR
, DMA, 140 °C Ar
1 2 (1.2 equiv.) 3
mol % ) .
entry Ar-Br (1) X (2) product (3) PA(O. A::)z time (h) yield® TON
Ph

N 6a

1 OHC Br Q/\/ 3a 0.05 25.5 98% 1960
OHC

2 CH3

o]
=

P QY

3 CH3
t-Bu

4 CH30

@
&

el

~Ph
/©/\/ 3% 0.05 24.5 92% 1840
CHy t-Bu
O 3¢ 005 245 97% 1940

PP .
3d 0.05 17 71%° 1420
CH,0

t-Bu
g 3e 0.05 17 93% 1860
CH30

@
©/\
D/\
©/\
X
5 CH;0
t-Bu
3
Ph
X
6’ Br ©/\ @fw 3% 010 20 63% 630
CHs
AN
7 QBr O/\ AQ 3¢  olos 21 89% 1780
PR
AN
g9 CH3@Br O/\ 3’ 010 225 86% 860
CH3
CHs CH,
od @ O/\ x 3i 0.10 225 77% 770
Br . . 0
A
10° CH3°@Br O/\ /©/\/O 3 010 21 82% 820
CH;0
O S
11 Br 3k 0.05 22 36% 720
\/U\osu Ph/\)\osu
0
o}
12 OHC@Br \)j\ WOBU 38 0.10 22 91% 910
OBu
OHC 0
0
13 CHao@Bf A w OBu 3m®  0.10 2 o% %
OBu
CH;0

a Unless otherwise noted, all reactions were performed with 1.0 mmol of the aryl bromide, 1.2 mmol of the alkene, and 1.4 mmol of
K3PO, at 140 °C. ° Isolated yield after chromatography. Only the trans isomers were isolated in all cases. ¢ When this reaction was repeated
and run for a longer time (42 h), the product was isolated in quantitative yield. 4 0.5 mmol of the aryl bromide was used. ¢ 2.0 mmol of

PhBr was used.

the reaction of aryl bromides, regardless of the nature of
the substituent groups, is unprecedented. In light of the
low reactivity observed with n-butyl acrylate, which is
normally more reactive than styrene for most of the
existing Heck reaction catalysts, the classical Pd(0)—
Pd(11) catalytic cycle seems highly unlikely.*® Although
several Heck reaction mechanisms involving a Pd(l1)—

Pd(1V) catalytic cycle have been advanced previously,*912
the lack of precedent for a direct oxidative addition of
the aryl bromide to Pd(OAc), precludes an underligated
Pd(I1)—Pd(1V) catalytic cycle. A new mechanism that
reconciles most of our experimental results was proposed
in Scheme 1. This involves first the formation of a
transient palladacycle 1° by the reaction of Pd(OAc), with

(18) Gruber, A. S.; Pozebon, D.; Monteriro, A. L.; Dupont, J.
Tetrahedron Lett. 2001, 42, 7345—7348. The literature data compiled
in Table 4 were based on reactions that were performed under
comparable conditions including the reaction temperature and reaction
time.
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(19) Although we could not rule out the possibility of the involve-
ment of a Pd(0) species in the catalytic cycle, the formation of palladium
black, which could otherwise be expected at the reaction temperature
and in the absence of a stabilizing ligand, was not observed throughout
the reaction except when the acrylate was used as the terminal olefin.
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TABLE 4. Pd(OACc)2/K3PO,4 in DMA as an Active Catalyst System for the Heck Reaction: Comparison with Other

Catalyst Systems!8

wa o ps flave o
entry  Ar-Br [Pd] (mol %) base solvent Additive conditions yield TON Ref
(amount)
1 PhBr Pd(OAc),(0.01) KsPO4 DMA none 140°C, 19 h 82% 8,200  This work
2 PhBr Pd(OAc), (0.00247) KsPO4 DMA none 140°C, 44 h 95% 38,500  This work
3 4-MePhBr Pd(OAc), (0.05) K5PO4 DMA none 140°C,24.5h 92% 1,840  This work
4 4-MeOPhBr Pd(OAc), (0.05) K5PO4 DMA none 140°C, 17 h 71% 1,420  This work
5 PhBr Pd(OAc),(1.5) NaOAc NMP BusNBr 150°C, 30 h 70% 47 9g
(20 mol %)
6 PhBr PdCI(SEt2)2(0.1) NaOAc DMA BusNBr 150 °C,24 h 76% 760 18
(20 mol %)
7 4-MeOPhBr PdCIy(SEt;)2(0.1) NaOAc DMA BusNBr 140°C,24 h 38% 380 18
(20 mol %)
8 PhBr Dupont’s Pd-cycle NaOAc DMA BuNBr 140°C, 28 h 56% 28,000 6a
(0.002) (100 mol %)
9 4-MeOPhBr Dupont’s Pd-cycle Et:N DMA BuNBr 140 °C,90 h 10% 5,000 6a
(0.002) (20 mol %)
10°  PhBr Hermann’s Pd-cycle NaOAc DMA none 140°C,26 h 77% 770 4b
(0.1)
11 4-MeOPhBr Hermann’s Pd-cycle NaOAc DMA none 140 °C, 30 h 69% 690 4b
0.1)
b Herrmann's Pd-cycle: Me

2 Dupont's Pd-cycle:
t-Bu Me
cl_ /S
Pd_Pd
S |
Me tBu

R R
R oAc. Me
Pd.  Pd.
Me' OAc P\

R=otoy) N R e

SCHEME 1. Proposed Mechanism for the Heck
Reaction Catalyzed by Pd(OAc);
Me Ar—X

K, 7 N\

0o
PdOAC R

|
Pd(OAc)z
AcO -

X—PdOAc

PdOAc
Ar %2
R w " A

the olefin.?! The palladacycle | is expected to be able to
undergo oxidative addition by the aryl bromide, generat-
ing the Pd(1V) species I1. Base-promoted elimination of
the acetate ion gives intermediate 111, which subse-
quently collapses to the Pd(l1) species IV and releases
the coupling product. Equilibration of 1V with the acetate
ion then regenerates Pd(OAc),. Additionally, 1V itself
could participate in the catalytic cycle in a similar way
to that of the first turnover.

In summary, we have shown that Pd(OAc),, in combi-
nation with K3;PO, as the base and DMA as the solvent,
can be used as a highly reactive catalyst for the Heck

OAc X
PdOAc

(20) By analogy to other palladacycles, I may exist in equilibration
with its dimeric form:

)M\e )—o Lo /—(

2 0N
?’d(OAc) >—/ 0AE o%

(21) Electrophilic oxypalladation, including the acetoxypalladation
of alkenes with Pd(OACc),, is a well-documented process and is involved
in many alkene functionalization reactions such as the Pd(OAc),-
mediated Wacker-type oxidation, see: Tsuji, J. Transition Metal
Reagents and Catalysts; John Wiley: Chichester, UK, 2000; Chapter 11.

R

reaction of both activated and deactivated aryl bromides
in the absence of any stabilizing ligands or special
additives. Although the reactivity of Pd(OAc), under
these conditions is limited only to the coupling of aryl
bromides and unactivated terminal olefins, this limita-
tion is more than offset by the benefit of using a ligand-
free, inexpensive catalyst, as well as by the low cost of
the base used.??

Experimental Section

General Procedure for the Heck Reaction of Aryl
Bromides with Pd(OAc); as the Catalyst (Table 1, entry
4). An oven-dried 10-mL Schlenk flask was charged under Ar
with K3PO,4 (298 mg, 1.40 mmol) and DMA (1.0 mL). Bromoben-
zene (105 uL, 157 mg, 1.00 mmol) and styrene (140 uL, 127 mg,
1.20 mmol) were added via syringes. A solution of Pd(OAc); in
DMA (1.8 x 1073 M, 560 L, 0.0010 mmol) was then added via
syringe. The Schlenk tube was sealed under Ar and placed in
an oil bath preheated to 140 °C (controlled by a J-KEM
temperature controller) and the reaction mixture was stirred
for 19 h at this temperature. After being cooled to room
temperature, the reaction mixture was poured into water (25
mL) and extracted with ethyl acetate (3 x 20 mL). The combined
organic extracts were washed with brine, dried (Na,SO,), and
concentrated to dryness under vacuum. The crude product was
purified by flash chromatography on silica (hexane) to give 168
mg (93%) of pure trans-stilbene.
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(22) Although the reactions reported in Tables 1—-3 were run on
0.5—2 mmol scales, this protocol is readily scalable as exemplified by
the following reactions performed on a 10 mmol scale:

Pd(OAc),
(0.05 mol%)

KaPO4 (1.4 6 Qr Ph: 21 h, 99%
0 r= . N o
DMA(1M), 140°C )\ _ 4 MeOPh: 48 h, 96%

ArBr + PR X Ph

(1eq)  (1.2eq)
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