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Reported herein is a mild and efficient Pd(ll) catalysis, leading to the formation of carbon—carbon bonds between a broad spectrum of organoboron
compounds and alkenes. Molecular oxygen was employed to reoxidize the resultant Pd(0) species back to Pd(ll) during catalytic cycles. This
oxygen protocol promoted the desired Pd(ll) catalysis, whereas it retarded competing Pd(0) catalytic pathways such as Heck or Suzuki couplings.

The Heck reaction is one of the most widely used standard reagents and their byproducts are highly t&xind difficult
tools for carbon—carbon bond-forming reactions in organic to remove’ Comparatively, organoboron reagents are less
synthesid. In addition to the conventional Heck reaction of toxic? stable in air, and easily accessible; thus, it is
unsaturated compounds with organic halides and triflates asworthwhile to explore their synthetic utility for the Heck-
an electrophile, the use of nucleophilic organometallic type reactions. Uemura reported a Pd(0)-catalyzed cross-

reagents such as organosilafesganoantimony,and or-

coupling of boronic acids and alkenes via oxidative addition

ganoting have attracted much attention. Our group has also of Pd(0) to a carborboron bond. In this case, the reactions

reported an improved method for the arglkenyl coupling

required long reaction times (20—38 h) and acetic acid as a

by utilizing arylstannanes via Pd(ll) catalysis in the presence solvent. On the other hand, Mori reported a Pd(ll)-catalyzed

of oxygen or Cu(ll) oxidant8 However, these organometallic
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pathway for the reaction between organoboron reagents and
alkenes in the presence of Cu(OAe&s an oxidant, which
involved transmetalation as the initial step in the catalytic
cyclel® However, the reaction conditions remained harsh
(100°C, DMF) and excess Cu(ll) reagent was utilized as an
oxidant, generating a poisonous waste.
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The use of molecular oxygen as a sole reoxidant has beerthat molecular oxygen played a pivotal role in Pd(ll)-
reported in palladium-catalyzed methodologies, encompass-catalyzed reaction through the reoxidation of Pd(0) species

ing oxidation of alcohols to carbonyl compouridsycliza- to Pd(Il). Under these aerobic conditions, R&; proved
tion of olefinic compound$? and synthesis of hydrogen to be the best, and several bases such as NaOACEs
peroxide!* Recently, arylzinc compound3triarylbismuth- and KCO; were effective as well. DMF was the choice of

inesi®and arylboronic acidéwere reported to be dimerized the solvent, whereas protic solvents, including water and
in the presence of oxygen. Our group has also reported theEtOH, delivered biaryls via homocoupling reaction exclu-
use of oxygen for the oxidative homocouplings of aryl and sively!” Regarding temperature, optimal results were ob-
akenylboronic acid$® The mechanistic aspect of aerobic tained at 50C, while longer reaction times (24 h) were
oxidation of palladium catalysts via peroxopalladium(ll) required to complete the reactions at 23; increased
species has been well rationalized by Stahl. amounts of homocoupling products were produced at higher
Described herein is the use of molecular oxygen as the temperatures such as 100. When arylboronic acids were
catalyst oxidant in Pd(lIl)-catalyzed couplings of organoboron utilized as coupling partners, phenols were sometimes
compounds and olefins. The presence of oxygen was criticalobserved as minor side products along with the aforemen-
for catalyst reoxidation as we reported earkiétAs shown tioned biaryls'’®
in Table 1, a low yield of the product was obtained when  To examine substrate versatility, we first probed the effect

of electron density on olefins as shown in Tablée2t-Butyl
Table 1. Effect of Oxygen .

Table 2. Effect of Electron Density on Olefins

058U + PhBOH), — 2P o~ CO,Bu
NazCOs, DMF 2,10 mole% Pd(OAc), O
° s ° 2, V2
1 2 50°C,3h 3 -~ - Ph_,.w\/R
NayCOs, DMF, 50 °C, 3 h
entry Pd catalyst? oxidant yield X _
entry R yield E/Z ratio

1 Pd(OAc): noneP 12% .
2 Pd(OAC), air 44% 1 CO;'Bu (1) 87% (E)-only
3 Pd(OAC)z 0, 87% 2 OBu (4) 73%2 2/1
4 sz(dba)g 02 85% 3 Ph (5) 90% (E)—only
5 Pdz(dba)s none® 0% 4 CHaPh (6) 86% (E)-only

an-Butyl vinyl ether (2.0 equiv), 23C, 10 h. Yields were calculated on

a Amount used= 10 mol%.? N, condition. the basis of boronic acid

the reaction was run under a nitrogen condition (entry 1).
Under air and oxygen, the product was obtained in 44 and
87% yields, respectively (entries 2 and 3). In a further study,
it was found that Pd(OAg)was the choice of the catalyst
and that Pd(0) catalyst was also effective in delivering the
desired product in 85% yield in the presence of oxygen (entry
4), whereas no product was observed under nitrogen condi-
tions (entry 5). Comparable results were obtained when 5
mol% Pd(OAc) was used® From these results, we inferred

acrylate (), which is an electron-poor alkene, was converted
smoothly totert-butyl trans-cinnamate in 87% yield (entry
1). An electron-rich alkeney-butyl vinyl ether @) delivered
73% of B-butoxystyrene with an isomeric ratio of 2/1 at 23
°C after 10 h (entry 2). Styren&), an aromatic nonallylic
alkene, reacted with phenylboronic acid to give 90% afis
stilbene (entry 3). Allylbenzenes) was converted toH)-
1,3-diphenylpropene smoothly in 86% yield (entry 4). This
newly developed protocol was effective regardless of the
(12) (a) Steinhoff, B. A.; Fix, S. R.; Stahl, S. &.Am. Chem. S02002 electron density on olefins and was regioselective to provide
124, 766. (b) Brink, G. T.; Arends, I. W. C. E.; Sheldon, R. cience an (B-isomer exclusively except with an electron-rich alkene.
22?21%857.' 1636. (c) Peterson, K. P.; Larock, R.L.0rg. Chem1998, After screening olefins, we investigated the scope and
(13) (a) Rohn, M.; Backvall, J.; Andersson, P.Tetrahedron Lett1995 limitation of organoboron compounds as summarized in

36, 7749. (b) Larock, R. C.; Hightower, T. R.; Hasvold, L. A.; Peterson, _ ; i ;
K.P.J. Org. Chem1996.61, 3584, Table 3. 4-Methoxyphenylboronic acid)( which has an

(14) (a) Bianchi, D.; Bortolo, R.; D'Aloisio, R.; Ricci, MAngew. Chem., electron-donating group, and 3-acetylphenylboronic a&jid (
|3n1ts7Ed.1999,38, 706. (b) Thiel, W. RAngew. Chem., Int. EA.999,38, which has an electron-withdrawing group, showed similar
(15) Hossain, K. M.; Kameyama, T.; Shibata, T.; TagakiBkll. Chem. reactivities, furnishing the desired arylated products in 79

Soc. Jpn2001,74, 2415.
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Bull. Chem. Soc. Jpri999, 72, 1851 (20) Reaction conditions: HPd(OAc), NaCOs;, DMF, 50°C, 3 h.
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Naeslund, C. G. M.; Deacon, G. Bynlett1997, 131. (b) Wong, M. S.; :
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Y.; Ohshita, J.; Kunai. ATetrahedron Lett2003,44, 1541.
(18) Parrish, J. P.; Jung, Y. C.; Floyd. R. J.; Jung, K. Wtrahedron

1 mmole 1 mmole

Lett. 2002,43, 7899. Pd(OAc), 10 mole% 5 mole% 2.5 mole% 1 mole%
(19) (a) Stahl, S. S.; Thorman, J. L.; Nelson, R. C.; Kozee, Ml.AAm. -

Chem. S0c2001,123, 7188. (b) Stahl, S. S.; Thorman, J. L.; de Silva, N.; yield 81%  79% 66% 42%
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Table 3. Various Aryl Boronic Acids Coupled withert-Butyl
Acrylate

ArB(OR),, 10 mole% Pd(QAc),, Oy P
2 -CO,Bu -~ COBu
N ) 2 NayCOg, DMF, 50 °C, 3 h Ar
ArB(OR), yield ArB(OR), yield
MeO—@—B(OH)2 79% QB(OH)Q 78%
7 BOH), Ac 8
| o
75% @B\ >< 92%
N o)
SO,Ph 10
0
{ e X
85%

9
0
MeO B\ 79%
o
11

0
asete
(6]
o]
13

and 78% vyields, respectively. Indole derivatization on the
C-3 position was also possible by coupling 1-(phenylsul-
fonyl)-3-indoleboronic acidq) with alkenel in good yield.
We found that arylboronates functioned as benign coupling
partners for this methodology, decreasing the formation of
side product¥ such as biaryls and phendls2,2-Dimethyl-
1,3-propanediol benzeneboronat@®)was prepared from the
corresponding arylboronic acifsnd subjected to the Pd(ll)
catalysis, giving rise to the exclusive synthesigesf-butyl
transcinnamate. Likewise, 3,5-dimethyl-4-methoxybenzene
catechol boronatel(l) furnished the corresponding arylated
product in 79% yield. No biphenyl product was observed at
all. We were also interested in the reaction of fused aromatic
and heterocyclic boronic acids. The arylboronates of 1-naph-
thaleneboronic acidl@) and 4-dibenzofuranboronic aciti3)
afforded 85 and 77% yields of the desired arylated products,
respectively. Next, the coupling with 2,2-dimethyl-1,3-
propanediol boronate of thianaphthene-2-boronic acid (14)
was smooth with moderate yield.

Table 4 shows the reactions of allylbenzene (6) with
various boron compounds. Various arylboron compounds
were coupled with allylboenzene smoothly to deliver the

52%

(21) Reaction conditions : £10 mol % Pd(OAc), NaCO;, DMF, 50
°C, 3 h.
- CO2/Bu+PhB(OR); —a b\ ~CO2BU+Ph—Ph +Ph-OH
1 3 31 32
PhB(OR), (1.0 eq) 3 32

2 81% 5%
10 90% trace

31
7%
4%

(22) shi, B.; Boyle, R. WJ. Chem. Soc., Perkin Trans.2002,11,
1397.
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Table 4. Various Aryl Boron Reagents Coupled with
Allylbenzene

PN ArB(OR)z, 10 mole% Pd(OAC)s, Oz Ar_mn_Ph
6 NayCOs, DMF, 50 °C, 3 h ¥
entry ArB(OR); yield

1 7 80% (1/1.0)2

2 8 86% (1/1.6)2
3 11 83% (1/1.3)

4 12 85% (1/5.4)

5 13 82% (1/3.0)2

2 Reaction solvent= CH3;CN.

mixture of the double-bond-migrated isomers. Electron
density in arylboronic acids did not have a significant
influence on the results, still giving the desired products in
high yields (entries 1 and 2). Arylboronates containing bulky
fused aromatic or heterocyclic groups were equally effective
in this protocol to provide the regioisomeric mixtures (entries
3-5).

Having obtained satisfactory results with monosubstituted
alkenes, we then turned our attention to the arylation of a
highly substituted system as depicted in Table 5. Bitayls-

Table 5. Coupling with Highly Substituted Olefins

2,10 mole% Pd(OAc),, Op

Olefin » Product
NayCOs3, DMF, 50 °C, 3 h
entry olefins products yield
AN Ph =
1 CO,E(15) W/\COQEt (19 70%
Ph
~py, (16) %Ph (20)  82%
3 21)  86%7
16 Ac App 2 )
Ph 69%
17 J\ + e
)\Ph a7 ph_~ Ph; @2 (15
Ph
1 48%
cOm O w

a3-Acetylphenylboronic acid was used as a coupling partner.

crotonate (15) reacted with phenylboronic acid to give 70%
yield of ethyl g-methylcinnamate with exclusiveEf-con-
figuration (entry 1).trans-S-Methylstyrene (16) reacted
smoothly with both phenylboronic acid and 3-acetylphenyl-
boronic acid to furnish the corresponding transnethyl-
stilbenes in high vyields (entries 2 and 3). Conversely,
o-methylstyrene 17) delivered an inseparable mixture of
trans-a-methylstilbene and-benzylstyrene in 69% yield in

a ratio of 1/1.5 (entry 4). Cyclohexenelq), a cyclic
disubstituted olefin, was also effective in our protocol to fur-
nish a 1/2 mixture of 3-phenylcyclohexene and 4-phenyl-
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cyclohexene in 48% yield (entry 5). These data implied that
this oxygen protocol could be applicable to most highly
substituted olefin systems, resulting in outstandifg- ( % Ar-B(ORY)2
selectivity. AF-Pd-X f\;'x Pa(ll)

To elucidate the catalytic pathway of this oxygen protocol,

Transmetalation

Oxidative addition

we conducted the competition reactions usiegt-butyl Ar-Pd-L
acrylate {, 3 mmol)Z 2,2-dimethyl-1,3-propanediol boronate Cycle Il Cyclel
of 3-acetylphenylboronic acid24, 1 mmol), and 2-iodo- Heck Catalysis Pd(0)  Oxygen promoted SR
anisole £5, 1 mmol). As shown in Scheme 1, 71% of Pd(ll) Szuks Couplng path) Catalysrs )f
Ar/\(R
Scheme 1. Competition Reaction
CO,B e 2 A 0 pe TN NN
SAPEB AR >< ToAT L=0AcorX
(1,3 mmole) (24, 1 mmole)® (25, 1 mmole)?
c Figure 1. Reaction cycle.
* * * * + to produce the desired product and Pd(0) species. Molecular
Ar1/\/COZtBUAr2/\/COZtBUAr1—Ar2 Ar'—Ar" Ar'—OH oxygen then oxidizes the Pd(0) to Pd(Il) species, possibly
26 27 28 29 30 via a peroxopalladium(ll) comple®.The high efficiency of
Pd(ll) catalysis Heck Suzuki the Pd(0) complex, B(bak, can be explained by this
0,0 T1% 26% 0.5% 5% 6% scheme involving the oxidation step of Pd(0) species by
Ar 18% 74% 1% 0% 0% oxygen. The preference of our oxygen-promoted Pd(ll)

catalysis to the conventional Heck or Suzuki catalysis under
an oxygen atmosphere can also be explained by this reaction
scheme involving rapid oxidation of Pd(0) species. Therefore,
Pd(0)-catalyzed oxidative addition of 2-iodoanisole can be
suppressed to follow Heck or Suzuki pathways (cycle II).

catalysis produc®6 and 26% of Heck coupling produ2 In summary, we elaborgted a T“"d and efficien_t Pd(lh
were isolated using oxygen conditions, while only 18% of catalysis, an organometallic variation of Heck reaction. Our

26 was isolated together with Heck product as the major newly developed protocol uses an environmentally friendly

product using oxygen free conditions (argon atmosphere).and inexpensive oxidant, molecular oxygen, and provides

The Suzuki coupling produ#t28 was detected in low yield various ary]—alkenyl coupling products from a broad spec-
under both conditions. The side produét&29 and30, were trum of olefins and arylboron compounds in good to excellent

detected with oxygen conditions in 5 and 6% yields, yields. This oxygen protocol demonstrates a new mechanistic

respectively. From these results, we inferred that molecularconﬁept thag_oxygen would pLomote the_ P(Ii(él)ocatalyqtic_
oxygen promoted the desired Pd(ll) catalysis and suppressedJat way an mlgurnksupgressk'g N co:_npetlng (0) catalysis
the competing Pd(0) catalytic pathways. encompassing Heck or Suzuki couplings.
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