OCArticle

Efficient Palladium(ll) Catalysis under Air. Base-Free Oxidative
Heck Reactions at Room Temperature or with Microwave Heating

Jonas LindH, Per-Anders EnquistAke Pilotti,;* Peter Nilssori,and Mats Larhed*

Organic Pharmaceutical Chemistry, Department of Medicinal Chemistry, Uppsala Biomedical Center,
Uppsala Unversity, P.O. Box 574, SE-751 23 Uppsala, Sweden, and Biotage AB, SE-753 18 Uppsala,
Sweden and Department of Organic Chemistry, Arrhenius Laboratory, Stockholmarkity,
SE-106 91 Stockholm, Sweden

mats@orgfarm.uu.se

Receied July 2, 2007

[Pd]
Ar-Olefin dmphen
air

rt

ArB(OH), + Olefin

[Pd]
dmphen r

B - ~ Ar-Olefin
p-benzoquinone

MW 100 °C

Scope and limitations of the base-free oxidative Heck reaction with arylboronic acids have been explored.
Under our conditions, the dmphepalladium(ll)-catalyzed arylation proceeded with aipdsenzoquinone

as reoxidants of palladium(0). We found that ambient temperature and mild aerobic conditions allow for
the use of substrates sensitive to palladium(ll)-catalyzed oxidation. Oxidative Heck couplings, employing
different arylboronic acids, were smoothly and regioselectively conducted with both electron-rich and
electron-poor olefins, providing high yields even with disubstituted butyl methacrylate, sensitive acrolein,
and a vinylboronate ester. Controlled microwave processing was used to reduce reaction times from
hours to minutes both in small scale and in 50 mmol scale batch processes.

Introduction
Independent research by Héékand Mizorok? in the early

1970s led to the discovery of a palladium(0)-catalyzed vinylic
substitution reaction, now commonly referred to as the Heck
reaction. This highly versatile and useful carbaarbon bond

forming methodology using aryl halides (or halide surrogates)
as substrates has gained much interest over the years and

today a cornerstone in synthetic organic chemi$tfyThe
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palladium(ll)-mediated version using organoboronic acids as
arylmetal precursors was first described by Heck in 1975, using
a full equivalent of palladium acetateThis stoichiometric
coupling did not cause much attention until almost two decades
later when Uemura and co-workers reported the first catalytic
protocol, allowing multiple turnovers of the catalytic cyél€he

first method using arylboronic acids and a dedicated reoxidant,

&u(OAc)z, to regenerate Pd(Il) from Pd(0), was introduced by
Du et al. in 2001° In 2003, Jung discovered that molecular
oxygen could act as an efficient reoxidant of palladitim.
Further, in 2004, we introduced the first ligand-modulated
oxidative Heck reaction employing 2,9-dimethyl-1,10-phenan-
throline (dmphenY to facilitate the palladium reoxidation, to
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increase catalytic stability and to control the regioselectivity with
electron-rich olefing314In addition, with dmphen, palladium

loadings could be reduced and atmospheric air could be used~¢q g,

as the sole reoxidant. Very recently, Jung’s research group
published the first base-free oxidative Heck reactfincluding
a plausible catalytic mechanism for the transformatfo®’ This
method employed oxygen gas for the essential Pd(Il) recycling.
The use of pure oxygen gas is, however, inconvenient,

Lindh et al.
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expensive, and associated with dangerous handling, reducingmicrowave-assisted transformations only a limited number of

the utility of the procedure, especially for large-scale applica-
tions.

Arylboronic acids or esters are commonly employed sub-
strates in the oxidative Heck reacti®ht3-1518.19 byt other
arylating agents have also been reported, e.g., arylstanffanes,
arylsilaneg! arylmercury?? arylphosphonic acid®, arylbis-
muth24 and arylantimon$? compounds. Many of these alterna-
tive organometallic or organometalloid reagents are unstable
and produce byproducts that are often highly toxic and difficult
to removeZ® In contrast, arylboronic acids are comparatively
air and moisture stable, relatively nontoxic, and easily acces-
sible11.13.14.18.19.27.2A nother reason for the rising interest in the
oxidative Heck transformation stems from the advancements
made in environmentally benign reoxidation systems, mainly
driven by the development of novel Pd(ll)-catalyzed oxidation
protocols!?:29:30

In modern synthetic organic chemistry laboratories, protocols
for convenient and rapid transformations are highly desired. To

meet these demands, dedicated microwave reactors have beeg

developed for fast processing of sealed small-scale reaction
mixtures$1-32 However, among the large number of published

(12) Cabri, W.; Candiani, |.; Bedeschi, A.; Santi,ROrg. Chem1993
58, 7421-7426.

(13) Andappan, M. M. S.; Nilsson, P.; Larhed, @hem. Commur2004
218-219.

(14) Andappan, M. M. S.; Nilsson, P.; von Schenck, H.; LarhedJM.
Org. Chem.2004 69, 5212-5218.

(15) Yoo, K. S.; Yoon, C. H.; Jung, K. WJ. Am. Chem. So2006
128 16384-16393.

(16) Adamo, C.; Amatore, C.; Ciofini, |.; Jutand, A.; Lakmini, H.Am.
Chem. Soc2006 128 6829-6836.

(17) Stahl, S. SAngew. Chem., Int. E®2004 43, 3400-3420.

(18) Andappan, M. M. S.; Nilsson, P.; Larhed, Mol. Div. 2003 7,
97-106.

(19) Enquist, P. A.; Lindh, J.; Nilsson, P.; Larhed, Green Chem2006
8, 338-343.

(20) Parrish, J. P.; Jung, Y. C.; Shin, S. |.; Jung, K. WWOrg. Chem.
2002 67, 7127-7130.

(21) Hirabayashi, K.; Ando, J.; Kawashima, J.; Nishihara, Y.; Mori, A,;
Hiyama, T.Bull. Chem. Soc. Jpr200Q 73, 1409-1417.

(22) Heck, R. FJ. Am. Chem. S0d.968 90, 5531-5534.

(23) Inoue, A.; Shinokubo, H.; Oshima, K. Am. Chem. So2003
125 1484-1485.

(24) Asano, R.; Moritani, |.; Fujiwara, Y.; Teranishi, Bull. Chem. Soc.
Jpn.1973 46, 2910-2911.

(25) Matoba, K.; Motofusa, S.; Cho, C. S.; Ohe, K.; UemuraJsS.
Organomet. Cheml999 574, 3—10.

(26) Negishi, E.-i., EdHandbook of Organopalladium Chemistry for
Organic Synthesjslohn Wiley & Sons, Inc.: New York, 2002; Vol. 1.

(27) Ishiyama, T.; Miyaura, NJ. Organomet. Chen2003 680, 3—11.

(28) Ishiyama, T.; Takagi, J.; Ishida, K.; Miyaura, N.; Anastasi, N. R.;
Hartwig, J. F.J. Am. Chem. So@002 124, 390-391.

(29) B&ckvall, J.-E.; EdModern Oxidation Method&Viley-VCH Verlag
GmbH & Co: Weinheim, 2004.

(30) ten Brink, G. J.; Arends, |.; Sheldon, R. 8cience&00Q 287, 1636~
1639.

(31) Nilsson, P.; Olofsson, K.; Larhed, Mop. Curr. Chem2006 266,
103-144.

(32) Kappe, C. OAngew. Chem., Int. EQR004 43, 6250-6284.

7958 J. Org. Chem.Vol. 72, No. 21, 2007

pressurized medium- and large-scale reactions are avail-
ablel4.33,34

This report addresses the base-free Pe@imhphen-catalyzed
oxidative Heck reaction and the impact of microwave-accelera-
tion on it. We report herein (1) a new room-temperature method
for chemo- and regioselective vinylation of arylboronic acids
under air, (2) a small-scale microwave-accelerated oxidative
Heck protocol usingp-benzoquinone as reoxidant and dmphen
as the regiocontrolling ligand, and (3) an oxidative Heck
arylation performed on a 50 mmol scale using air and microwave
energy to drive the reaction.

Results and Discussion

Reactions under Air. In previous work by our group in the
field of the oxidative Heck chemistry there were indications
that the choice of base had a distinct impact both on the product
yield and the amount of detected homocoupled byproduct
(Suzuki biaryl product§® To further investigate these observa-
tions, a model reaction was chosen and a series of different
ases were screened at room temperature in open vessels using
atmospheric air as the reoxidant (Scheme 1). The reaction system
contained the olefin-butyl acrylate {a, 1 mmol),p-tolylboronic
acid 2c, 2 equiv) as arylating agent, Pd(OA¢R mol %) as
Pd(ll) source, dmphen (2.4 mol %) as the ligand, and a base (2
equiv) in acetonitrile (3 mL). The selected bases were all
previously known to promote either Suzuki or oxidative Heck
reactions, providing a wide span in base strength and striéture.
Sodium hydroxide and cesium carbonate gave very little vinylic
substitution producsc but predominantly homocoupled bitolyl,
which under oxidative Heck reaction conditions is the expected
product from a competing Suzuki-type pathwdy2° In ac-
cordance with literature datdpreviously used oxidative Heck
bases such as tertiary amines gave predominantly arylated olefin
3c. Interestingly, a weak base such as sodium acetate worked
almost as well as the commonly employéanethylmorpholine
(NMM), furnishing a slightly slower but higher yielding reaction
without any concomitant biaryl formatici. This observation
prompted us to run an experiment under air without addition
of a base, and the result exceeded our expectations. The base-
free process was even faster (18 h) than the corresponding
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TABLE 1. Base-Free Oxidative Heck Arylations ofn-Butyl SCHEME 2
Acrylate (1a) at Room Temperature under Air or with Microwave BOH),
Heating and p-Benzoquinone \/©/ + Z>C0,Bu
Pd(OAc), HO 2d 1a
Z>C0,Bu + ArB(OH), AN c0,8u :
. oai dmphen sai 2 W S A 9
a a-l a-1 Q @
entry  boronic acid product T(CC) t yield (%)? . COBuU . CO,BU o CO,BuU
1 o o oan s " 3d " d 4 O1 3h
MeO 2a MeO 3a 100 10 min 86 83% 7'50/
e e (] ‘o
B(OH), COzBuU ) )
2 n o 18h 49 with a benzylic hydroxy group (Scheme 2). Prod@ct was
100 10 min 68 . . : .
n-Bu 2b n-Bu 3b isolated in 83% yield (Table 1, entry 4) without any traces of
B(OH), S COBU  18h 97 oxidized aldehyde2h and3h or the corresponding benzoic acid
3 /©/ /Ej/V 100 }g hmin g;b derivatives. This result implies that there is no need to protect
2 3 a benzylic hydroxy group when employing this mild protocol.
B(OH), X COzBu Interestingly, when the identical reaction was conducted under
4HO HO 24h 83 : ,
2d 34 100 10 min 85 an atmosphere of oxygen gas as the reoxidant, a mixture of
arylated alcohoBd and aldehyde3h (4:1) was produced in a
o BOH, o xCO,Bu i 0 : h lectivi
5 ( ]©/ { j@/v LI total yield of 75%, demonstrating a reduced chemoselectivity
o] 2e o} 3e utilizing oxygen gas as the Pd(.O)-OX|dant (Schemg 2). I'_|keW|se,
B(OH), o _CO,BuU substrate2h, carrying a sensitive aldehyde functionality, was
6 ©/ (j/V Mo 2ah. & selectively vinylated in high yield (95%) using our aerobic rt
# 3 conditions (Table 1, entry 8). Finally, a large-scale experiment
B(OH), NACOBE where 50 mmol ofla was arylated witt2c (100 mmol) was
7 Ac/©/29 Acm 100 10min 90 performed to verify the scalability of the protocol, resulting in
a 97% yield of isolated produ@c (Table 1, entry 3).
B(OH), xCO,BuU _ .
8 \/@/ v(j/\/ L Next, we selected arylboronic aci@s and 2g to evaluate
Ox 2h Ox 3h min the air-promoted protocol with five additional mono- and
B(OH), x-CO,Bu disubstituted electron-deficient olefinl—f, Table 2) and three
9 /©/ /@N Mo doh. 19 heteroatom-substituted alkendsy{-i). Good yields were ob-
FaC a4 FsC 3 tained for all reactions at ambient temperature using electron-

a|solated yield with purity =95% (GC-MS). Reactions at room poo'r olefins apart from the reaction betwd‘émd|methylacry-
temperature: Open vessel charged with boronic acid (2.0 mmdijty! lamidelcand2g (Table 2, entry 5). The previously unreported
acrylate (1.0 mmol), Pd(OAg)0.02 mmol), dmphen (0.024 mmol), and  Pd(ll)-catalyzed arylation of phenyl vinyl sulforie required
acetonitrile (3 mL) under vigorous stirring. Reactions at elevated temper- g 10 day reaction period witBc to obtain a satisfying yield

atures: Microwave-transparent vessel charged with boronic acid (1.0 mmol), 2 ;
nebutyl acrylate (0.5 mmolp-benzoguinone (0.5 mmol), Pd(OAQD.01 (Table 2, entry 8f2 As expected, it was further demonstrated

mmol), dmphen (0.012 mmol), and acetonitrile (2 mL), sealed under air, that the regiodirecting _SCOpe O_f the dmphen Ilga_nd was broad,
and exposed to microwave irradiatidhOpen vessel charged with boronic ~ affording excellent regioselectivities with all olefins excépt
acid (100 mmol)n-butyl acrylate (50 mmol), Pd(OAg]1 mmol), dmphen (Table 2, entries 9, 10). In comparison to our standard base-
(1.2 mmol), and acetonitrile (100 mL) under vigorous stirring. containing air-promoted methodolod¥,all reactions were
improved by omitting the base, with the exception of couplings
NMM-promoted reaction (24 h) and furnished no detected with 1f, which furnished slightly lower yields o8s and 3t
byproducts. Thus, we decided to explore the synthetic scope of (entries 9 and 10n-Butyl methacrylate Ib) provided a strong
this air-promoted and base-free Heck protocol for arylation ofa preference for styrene derivativ8gand3l (entries 2 and 3)?
wide variety of terminal olefins with different aryl boronic acids. The sensitive acroleihd was reacted witl2c and2g, providing
The preparative results of the arylationls (1 mmol) with 82% of3p and 93% of3q (entries 6 and 7). Terminal arylation
nine different arylboronic acids2é—i, 2 equiv) at room of the versatile vinylboronate estéi(1g) with 2c furnished a
temperature are presented in Table 1. Remarkably, all entriesyield of 67%, showing full selectivity for the Heck process
show an improvement compared to previously reported reactions(Table 2, entry 11). In contrast, when an identical reaction with
at 80 °C with the NMM basé? both in the form of faster  the addition of 2 equiv of NMM as base was performed,
reactions and in higher yields of cinnamic ester products. The extensive byproduct formation was obtained. A potential
only exception to this finding concermsbutyl-functionalized disadvantage of the base-free reaction system was realized
2b (Table 1, entry 2), which afforded a disappointingly low employing electron-rich olefinsh and1i (Table 2, entries 12
yield of 49% at rt while a 96% yield was previously reported 15). In these cases, the acid-sensitive internally arylated Heck
with NMM at 80 °C.1° This result might partly be a consequence products underwent direct and extensive in situ hydrolysis,
of the low solubility of2b at ambient temperature. Furthermore, vyielding the fully hydrolyzed methyl ketone®s and 3w after
the high yield of producBg was noteworthy because of the addition d 1 M HCI (aq).
low reactivity of electron-deficierzg (Table 1, entry 7}* Since Small-Scale Microwave ReactionsControlled microwave

similar Pd(ll) systems have also been used for oxidation of heating of small-scale reactions (620 mL volume) is
alcoholst! the chemoselectivity of the Pd(ihdmphen-air

catalytic combination was studied using a boronic acid equipped

(42) Electron-poo2g produced only traces of product after 240 h.
(43) Stewart, S. K.; Whiting, AJ. Organomet. Cheni994 482 293
(41) Peterson, K. P.; Larock, R. @.Org. Chem1998 63, 3185-3189. 300.
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TABLE 2. Base-Free Oxidative Heck Reactions with Different Olefins and Arylboronic Acids 2c and 2g at Room Temperature under Air or
with Microwave Heating
entry olefin product T(C) t yield (%)? entry olefin product T(C) t yield (%)?
t  24h  9gh

1 1a 3c 120 1h 74¢ .
120 10 min gq¢ = t  48h 75
100 20min ggd 9 Zpn 3s 100 10 min gak
100 10 min gye 1f o 120 1h  gool
B///\
mCOZBU Ph
. rt 24h  g5f Ac
5 COzBu 3 100 10min 779
CO,Bu 100 20min gqgh 10 1f 3t rt 72h 707
1b 100 10 min g4m
3k P
B>">pn

N CO,Bu .
o ? ?
Ac min 79/
100 20 min ggd, 11 X B~ B~o t 24h 67
3 1b mcozBu 100 20 min ggh,j 19 N 100 10 min @9
3
X

3u
Ac m
N 7 i t 72h n
\)]\ - ~ it 24h 71 2 2N 100 10 min 940
4 N N 100 10min 75 120 1h  qqeo
1c | 3n | 1h 3v
o
o}
13 1h . 240h 5"
5 1ec NN~ 120h 22 100 10min ge°
| 100 10min 86 3w
Ac 30 Ac o
X =N\ /k n
6 NN S0t 24h 82 14 =g too2an 91
° 100 10 mi 100 10 min 78
1d 3p min 37 1i 3v
X Xo (0]
t  48h 93 n
7  1d . . . 120h 15
Ac 3q 100 10 min g8 LI /©)\ 100 10min 3g°
3w
O, .° o, 0 Ac
8 X Ss EN t  240h 87
1e N TP 00 fomin 69
3r

a|solated yield with purity=95% (GC-MS). Reactions at room temperature: Open vessel charged with boronic acid (2.0 mmol), olefin (1.0 mmol),
Pd(OAc) (0.02 mmol), dmphen (0.024 mmol), and acetonitrile (3 mL) under vigorous stirring. Reactions at elevated temperatures: Microwave-transparent
vessel charged with boronic acid (1.0 mmol), olefin (0.50 mmol), Pd(@@®c)1 mmol), dmphen (0.012 mmofibenzoquinone (0.50 mmol), and acetonitrile
(2 mL), sealed under air, and exposed to microwave irradiatidrequiv ofp-benzoquinone, underN°® Water as solvent, molecular oxygen as reoxidant.
450 mmol scale, microwave irradiation, pressurized air (4 bar) as reox®amhmol scalep-benzoquinone as reoxidangj:3k (95:5) (GG-MS). Yield
based or8j:3k mixture. 9 3j:3k (90:10) (GC-MS). Yield based or8j:3k mixture." 50 mmol scale, microwave irradiation, 1 equivwbenzoquinone as
reoxidant.’ 31:3m (95:5) (GG-MS). Yield based or8l:3m mixture.i 31:3m (85:15) (GC-MS). Yield based or8l:3m mixture.* a/3 (20:80) (GC-MS).
Yield based orw/f mixture.! o/ (30:70) (GG-MS). Yield based o/ mixture.™ o/ (5:95) (GG-MS). Yield based o/ mixture." After hydrolysis
with 1 M HCI (aq).° After in situ hydrolysis.

commonly performed with single-mode synthesizers using septa-for these reaction.Hence, we turned our attention toward the
sealed reaction vessels with restricted head space volithe, use of pure oxygen as the catalyst reoxidant. Since the use of
strongly limiting the utility of air as the Pd(0) reoxidant. Thus, a flammable solvent such as acetonitrile, sealed vessels,
the difficulties encountered in performing air-promoted chem- microwave heating, and oxygen gas is a hazardous combination,
istry with standard microwave equipment spurred our search we attempted to utilize neat water as solvent gsin5 mL

for an alternative nongaseous oxidating agent. Cu(@aas septum-sealed reaction vessel purged with oxygen gas. The
previously used in a ligand-free microwave method for oxidative methodology initially showed promising results for the reaction
Heck arylation of electron-poor alken&sThis metal salt is, betweenla and?2c, providing a 74% yield of arylated acrylate
however, not compatible with the use of a dmphen-modulated 3c (Table 2, entry 1). Unfortunately, lower yields were
Pd(Il) catalyst due to competing ligand-copper coordinatfd, experienced fol8s (60%) and especially foBv (10%) using
affording poor reoxidation of palladium, low catalytic activity, pure water (Table 2, entries 9 and 12). Since the discussed
and deprived regioselectivity with electron-rich olefins. Hydro- reoxidants did not meet the expectations, we decided to
gen peroxide is known to oxidize arylboronic acids to their investigatep-benzoquinone as a solid organic alternafi®&?°
corresponding phenols and is therefore not suitable as reoxidanfTo evaluate the efficiency of this reoxidant, air was substituted

(44) Larhed, M.; Moberg, C.; Hallberg, AAcc. Chem. Re002 35, (47) Hawthorne, M. FJ. Org. Chem1957, 22, 1001.
717-727. (48) Backvall, J. E.; Gogoll, ATetrahedron Lett1988 29, 2243-2246.

(45) Harris, C. M.; Lockyer, T. N.; Waterman, Hature 1961 192 (49) Amatore, C.; Cammoun, C.; Jutand, Adv. Synth. Catal2007,
424-425. 349, 292-296.

(46) Edwards, D. A.; Richards, R. Chem. Soc., Dalton Tran975 (50) Popp, B. V.; Thorman, J. L.; Stahl, S.5.Mol. Catal.2006 251,
637—643. 2-7.
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for p-benzoquinone (1 equiv) under an atmosphere ghithe medium-scale microwave protocols. MethacrytHg50 mmol)
rt reaction betweetla and 2c, which furnished the product in ~ was arylated with2c (100 mmol), or less reactiv@g (100
an excellent yield of 98% (Table 2, entry 1). Rewardingly, the mmol), employingp-benzoquinone (50 mmol). The two 100
addition of 1 equiv ofp-benzoquinone directly enabled us to mL experiments furnished satisfying yields of 91% R&jf3k
transform the open air-promoted reaction methodology into a and 87% for3l/3m (Table 2, entries 2 and 3). These results
pressurized 0.5 mmol high-speed microwave protocol (Table 1 urged us to try the safer and more benign conditions using air
and 2). At a preset reaction temperature of 2Q0) reaction as the reoxidant. By employing pressurized air (4 bar) and a
times were cut down from 18240 h to only 16-20 min. The closed reaction chamber at a temperature of A00n-butyl
isolated yields were improved or remained essentially identical, acrylate {a, 50 mmol) was arylated wit@c (100 mmol) and
apart from the cases of the acetal boronic 2e@Table 1, entry 1b (50 mmol) was arylated witBg (100 mmol). Rewardingly,
5), which was partially hydrolyzed under the harsher conditions, full conversions were realized after only 20 min of irradiation
and the phenyl vinyl sulfonde (Table 2, entry 8), which to be compared to the long reaction times (24 and 192 h)
probably would have benefited from a longer reaction time. With observed for the corresponding open vessel reactions at ambient
the most unreactive reaction substrate combinations (Table 2,temperature (Table 2, entries 1 and 3). The yields were also
entries 3, 5, 8, 13, and 15), the elevated temperature conditionsexcellent withn-butyl acrylate produc8cisolated in 95% yield
were crucial for efficient product formation. The identified and the butyl methyl cinnamate produ@#3m isolated as a
protocol was suitable to a wide range of substrates, including 85:15 mixture in 88% vyield. The large-scale, environmentally
the high dmphen-mediated selective internal arylatiobhodind benign, aerobic protocol furnished equally high yields as the
1i, although complete hydrolysis of branched Heck products p-benzoquinone procotol, demonstrating the versatility of this
3vand3w was unavoidable, and they were thus directly isolated oxidative Heck method. The temperature and pressure profiles
as the analogous acetophenones (Table 2, entried )2 To of the large-scale microwave reactions are included in the
establish if the microwave method could improve the reactivity Supporting Information.
while maintaining the regioselectivity in thfeelimination step,
reactions of disubstitutetlb with 2c and2g were carried out. Conclusions
As shown in Table 2, entries 2 and 3, both reactions proceeded
successfully, although the selectivity for internal olefdjsand We have demonstrated that the base-free, room-temperature
3l was reduced slightly upon heating. A few sluggish olefins 0Xidative Heck reactions using arylboronic acids as arylpalla-
furnished depressing results also with microwave hedfing.  dium precursors can be regioselectively performed under air

Microwave Reactions on 50 mmol Scaleln order for with different olefins. The reactions proceeded using only 2 mol
microwave chemistry to evolve into a fully accepted and % of Pd(OAc) and were stabilized by the inexpensive 2,9-
industrially relevant synthetic technology, there is a need to dimethyl-1,10-phenanthroline (dmphen) bidentate ligand. The
further improve available scale-up possibilities. Stoichiometric Use of air, instead of oxygen, as the reoxidant enabled efficient
use of Cu(OAc) or p-benzoquinone is generally not viable for vinylic substitution without cor!comi_tqnt oxidation of benzy!ic
|arge_sca|e SynthesiS, even though an electrochemical methocﬁlcohol OI’. benzalldehyde functionalities. Sma”-'scale arylatlons
for recycling of p-benzoquinone was recently publisf@d? ~ were carried out in sealed vessels under20 min of 100°C
Neither is pure oxygen an appropriate alternative because ofMicrowave heating utilizingp-benzoquinone as the essential
the cumbersome and hazardous handling, leaving air as thecatalyst oxidant. To demonsyrate the §ca|abi|ity., four 50 mmol
cheapest and best alternative. Due to the limited vessel size offéactions were conducted in a dedicated microwave batch
single-mode microwave reactors, we turned our attention toward "éactor, two withp-benzoquinone as reoxidant and two with
a one-vessel batch-type multimode reactor for scale-up attemptsatmospheric air as the reoxidant. The developed Heck method
This equipment featured a maximum output power of 1200 W mer.its attention o!ue to the qonvenient, non-expensive, and
for rapid temperature ramp-up, a precise field-tuning mechanism, €nvironmentally friendly experimental procedure. Further sys-
efficient overhead paddle stirring (700 rpm) and a 350 mL tematic investigations will be necessary to take full advantage
sealable Teflon reaction vessel with the possibility to introduce ©f this mild method for G-C bond formation.
pressurized air during irradiatica.

A medium-scale experiment was first performed with a single Experimental Section

mode reactor using-benzoquinone in order to stepwise increase S .
the reaction scale under microwave conditions. Oléfan(5 General Procedure for Oxidative Heck Reactions at Room
) . ' Temperature. A 50 mL vial was charged with olefin (1.0 mmol),

mmo!) was arylated _thh?c (20 mmol) in a 20 mL sealed ArB(OH), (2.0 mmol), Pd(OAG) (4.5 mg, 0.02 mmol), 2,9-
reaction vessel following the small-scale microwave methodol- gimethyl-1,10-phenanthroline (dmphen) (5.0 mg, 0.024 mmol), and
ogy at 100°C. The product 3c) was successfully isolated in  acetonitrile (3.0 mL). The open vessel was vigorously stirred for
91% yield (Table 2, entry 1), allowing us to proceed to the large- the time specified in Tables 1 and 2. The reaction mixture was
scale batch reactor. Before trying the desired air-mediated thereafter concentrated and dissolved in a small amount of
reaction, two 50 mmol experiments were performed to verify dichloromethane. The crude product was purified on silica gel
the scalability of thep-benzoquinone-promoted small- and (ioshexane/ethyl acetate) by column chromatography to give the
isolated products in yields stated in Tables 1 and 2.

(51) Phenyl vinyl sulfide and phenyl vinyl sulfoxide showed only traces _ (E)-3-(3-Hydroxymethylphenyl)acrylic Acid Butyl Ester (3d).
of product (GG-MS) afte 1 h of microwave heating at 108C (possibly Following the general procedure allowed the product to be isolated
due to sulfur poisoning of the catalyst). Sterically hindered ethyl 2-cy- as a colorless oil in the yield stated in TabléH.NMR (400 MHz,
anoacrylate, benzylideneacetone and ethyl crotonate reacted very sIuggishI){:DC|3); 0 0.94 (t,J = 7.4 Hz, 3H), 1.36-1.46 (m, 2H), 1.6%

with 2c (I“ess than 5% yield aftel h of microwave heating at 108C). 1.69 (m, 2H), 3.01 (s, 1H), 4.20 (@,= 6.7 Hz, 2H), 4.65 (dJ =

12&2)135,&8'(.“”' J. E.; Gogoll, AJ. Chem. Soc., Chem. Commu987, 0.7 Hz, 2H), 6.39 (dJ = 16.0 Hz, 1H), 7.36-7.35 (m, 2H), 7.35
(53) The equipment used was a Biotage Advancer scale-up microwave 7-40 (m, 1H), 7.46-7.47 (m, 1H), 7.60 (dJ = 16.0 Hz, 1H).}3C

reactor. NMR (100 MHz, CDC}): ¢ 13.7, 19.2, 30.7, 64.5, 64.8, 118.5,
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126.3, 127.3, 128.7, 129.0, 134.7, 141.6, 144.3, 167.1. M2, ( process vessel was charged with olefin (50.0 mmol), ArB(OH)

relative intensity, 70 eV, El) 235 (M+ H, 100), 234 (M, 5), (200.0 mmol),p-benzoquinone (540.5 g, 50.0 mmol), and aceto-
161 (9), 143 (15), 131 (16). Anal. Calcd for£l,60s: C, 71.77, nitrile (90 mL). The Pd(OAg)and dmphen slurry from the 50 mL
H, 7.74. Found: C, 71.48; H, 7.69. vial was added to the Teflon process vessel, which was exposed to

General Procedure for Oxidative Heck Reactions under microwave heating for 20 min at 10CC. The reaction mixture
Microwave Irradiation. A test tube was charged with Pd(OAc)  was thereafter flash cooled to room temperature, and the mixture
(2.25 mg, 0.01 mmol), dmphen (2.5 mg, 0.012 mmol), and was concentrated followed by extractive workup (dichloromethane/
acetonitrile (1.0 mL) and stirred for 30 mid 5 mL microwave- 0.1 M NaOH (aq)). The organic layers were combined and
transparent process vial was charged with olefin (0.5 mmol), ArB- concentrated. The crude product was thereafter purified by column
(OH), (1.0 mmol), p-benzoquinone (54 mg, 0.5 mmol), and chromatography (silica gel, isohexane/ethyl acetate) to give the
acetonitrile (1.0 mL). The content from the test tube was added to isolated products in yields stated in Table 2.
the process vial, which was thereafter capped and exposed to General Procedure for 50 mmol Oxidative Heck Reaction
microwave heating for the time stated in Tables 1 and 2 at*@0  with Microwave Heating Employing Air as Reoxidant. A 50
(for temperature/pressure profiles see the Supporting Information). mL vial was charged with Pd(OAg}224.9 mg, 1.0 mmol), dmphen
The reaction vessel was thereafter cooled to room temperature, and249.7 mg, 1.2 mmol), and acetonitrile (10 mL) and the mixture
the mixture was concentrated and the residue dissolved in a smallstirred for 30 min. A 350 mL microwave-dedicated Teflon process
amount of dichloromethane. The crude product was finally purified vial was charged with olefin (50.0 mmol), ArB(O)100.0 mmol),
by column chromatography (silica gel, isohexane/ethylacetate) to and acetonitrile (90 mL). The Pd(OAcand dmphen slurry from
give the isolated products in yields stated in Tables 1 and 2. the 50 mL vial was added to the Teflon process vial before exposure

General Procedure for Oxidative Heck Reactions in HO to microwave heating for 20 min at 10C under a pressure of air
under Microwave Irradiation. A test tube was charged with Pd- (4 bar). The reaction mixture was thereafter flash cooled to room
(OAc), (2.25 mg, 0.01 mmol), dmphen (2.5 mg, 0.012 mmol), and temperature, and the mixture was concentrated followed by
deionized water (1.0 mL) and stirred for 30 midA 5 mL extractive workup (dichloromethane/0.1 M NaOH (aq)). The organic
microwave-transparent process vial was charged with olefin (0.5 layers were combined and concentrated. The crude product was
mmol), ArB(OH), (1.0 mmol), and deionized water (1.0 mL). The thereafter purified by column chromatography (silica gel, isohexane/
Pd(OAc) and dmphen slurry from the test tube was added to the ethyl acetate) to give the isolated product in yields stated in Table
process vial which was sealed with a septum and pressurized with2.
air through a syringe. The pressurized vial was exposed to .
microwavge heatir}llg fgr the timéJ stated in Table 2 at I@OpThe Acknowledgment. We gratefully acknowledge the Swedish
reaction mixture was thereafter cooled to room temperature and Reséarch Council and the Knut and Alice Wallenbergs Founda-
extracted with dichloromethane. The organic layers were combined tion. We also thank Dr. Luke Odell and Riina Arvela for critical
and concentrated. The crude residue was thereafter purified byreview of this paper.
column chromatography (silica gel, isohexane/ethylacetate) to give
the isolated products in yields stated in Table 2.

General Procedure for 50 mmol Oxidative Heck Reactions
with Microwave Heating Employing p-Benzoquinone as Reoxi-
dant. A 50 mL vial was charged with Pd(OA£)224.9 mg, 1.0
mmol), dmphen (249.7 mg, 1.2 mmol), and acetonitrile (10 mL)
and stirred for 30 min. A 350 mL microwave-dedicated Teflon JO701434S

Supporting Information Available: Experimental procedures,
spectroscopic data and references for known compounds, and
temperature and pressure profiles of small- and large-scale micro-
wave reactions. This material is available free of charge via the
Internet at http://pubs.acs.org.
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