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R” 707 "R Pd(OAC),, Na,CO3, 1-2 h 0
+  ArB(OH), = J
o 60 °C, H,0-additive R™ “Ar
R)]\C|
8 Recycles

additive: PEG 2000 or [bmim][PFg]

Average yield 95%

The palladium acetate-catalyzed coupling reaction of aryl boronic acid with carboxylic anhydride or
acyl chloride was carried out smoothly in water in the presence of poly(ethylene glycol) (PEG) or 1-butyl-
3-methylimidazolium hexafluorophosphate ([bomim]fPFo give high yields of ketones without the use

of phosphine ligands. The Pd(OAe)H,O—[bmim][PF] catalytic system can be recovered and reused
eight times with high efficiency for both carboxylic anhydride and acyl chloride.

Introduction

Aryl ketones are important building blocks in the synthesis
of natural products and pharmaceutical compounds, and a
number of approaches for the preparation of aryl ketones have

been introduced.One general approach is the Fried@rafts

acylation of substituted aromatic rin§She crucial disadvantage
of traditional Friedet-Crafts acylation is the use of more than
a stoichiometric amount of aluminum trichloride, which is

ketones® Generally, the mild organometallic compounds, such
as organotirt, -zinc? -cadmium® or -boron reagentscan be
used for the active acid chlorides, and more aggressive carbon
nuceophiles, usually Grignard or organolithium compounds, are
required for the less active acid derivatives (i.e., anhydrides and
amides) The formation of tertiary alcohols, however, dimin-
ishes the yields in some cases.

Recently, Yamamoto et &.and Goossen et &t reported
independently a new method for obtaining aryl ketones under

incompatible with many functional groups and generates a large
amount of waste. Furthermore, the formation of ortho and para (3) (a) Zapf. A Angew. Chem., Int. EG003 42, 5394-5399. (b)Wang
isomers with the untunable regioselectivity results in separation p iy hang, 7.-zOrg. Lett 2003 5, 4645-4648. () Oguma, K. Miura,
problems and makes the aryl ketones with meta substituentm.; Satoh, T.; Nomura, MJ. Organomet. Chen2002 648 297-301. (d)
difficult to access. In contrast, the acylation of aryl metal species Tatamidani, H.; Yokota, K.; Kakiuchi, F.; Chatani, 8l.Org. Chem2004

with functional carboxylic acid derivatives leads to single

69, 5615-5621. (e) Tatamidani, H.; Kakiuchi, F.; Chatani, Qrg. Lett
2004 6, 3597-3599. (f) Frost, C. G.; Wadsworth, K. @hem. Commun.

regioisomers and is extensively applied in the synthesis of aryl 2001 2316-2317. (g) Zhang, Y.-D.; Rovis, T1. Am. Chem. So@004
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mild conditions based on the cleavage of the@ bond of

carboxylic anhydrides in the presence of palladium catalysts.
This method is superior to the previous methods in terms of
reaction conditions, efficiency, and functional group compat-
ibility. However, both Yamamoto’s and Goossen’s studies
showed that the phosphine ligands played a key role in the

successful execution of the reactions, and no ketone product &MY

Xin et al.

TABLE 1. Coupling Reaction of Phenylboronic Acid with Benzoic

Anhydride in Water with Different Bases?
o]

B(OH)2 0.5 mol% Pd(OAc)2

was obtained under the given conditions in the absence of
phosphine ligands.

Concerns over hazardous waste generated during the catalytic

reactions and separation of the products from the catalyst led
to increasing attention on the use of less toxic and environ-
mentally compatible materials in the design of new synthetic
methods. Recently, the reaction in water has attracted much
attention, and there is increasing recognition that organic
reactions carried out in water may offer advantages over those
in organic solvent$? We have recently described the phosphine-
free palladium acetate-catalyzed Suzuki reaction in aqueous
media in the presence of poly(ethylene glycol) (PE&)r ionic
liquid.13P These catalytic systems are air-stable, insensitive to
moisture, and reusable with impressive reactivity for a wide
range of substrates. Herein, we report on the evaluation of
palladium-catalyzed cross-coupling of aryl boronic acid with
carboxylic anhydride or acyl chloride in the absence of
phosphine ligands in water. The method is straightforward, and

Base, 60 °C
base solvent (§) time (h)  yield (%)
1 NaCO; H:O (6) 1 56
2  NaCO; PEG (6) 1 20
3 NaCO; PEG/HO (3:2.5) 1 89
4  NaCO; PEG/HO (3:3) 1 94
5 NaCO; PEG/HO (3:3.5) 1 90
6 NaCO; PEG/HO (3:3) 1 97
7  NaCO; PEG/HO (3:3) 2 99
8 K2COs PEG/HO (3:3) 2 90
9  KPQ, PEG/HO (3:3) 2 78
10  NaOAc PEG/HO (3:3) 2 39
11  KOH PEG/HO (3:3) 2 63
12 KF PEG/HO (3:3) 2 71
13 EtN PEG/HO (3:3) 2 50
14 NaCO;  [bmim][PFg] 2 9
15  NaCO; [bmim][PFs)/H2O (3:2.5) 2 82
16  NaCO;  [bmim][BF4)/HO (3:2.5) 2 20
17 Na&CO;  [bmim][CI}/H20 (3:2.5) 2 NR
18  NaCO;  [bmim][PFg)/H-O (3:2.5) 2 og

a8 Reaction conditions: Benzoic anhydride (1.0 mmol), PhB(OH)2
mmol), base (1.6 mmolf Isolated yield.c Reaction temperature was 80
°C. 9Pd(OAc) was 1.8 mol %.

the ketones can be synthesized under mild reaction conditions

in high yields in short reaction times.

Results and Discussion

Our initial experiments comprised attempts to accomplish the
reaction in water in the presence of 0.5 mol % Pd(QA8)milar
to the results of Suzuki reaction in aqueous médthe reaction
in pure water, pure PEG, or pure ionic liquid delivered poor
yields (Table 1, entries 1, 2, 14). The addition of PEG led to a
rapid increase of activity in the aqueous media (Table 1, entries
3-5), and the optimal ratio of water and PEG was 3:3 g (Table
1, entry 4). The catalytic system was perfectly stable to air,
and the reaction could be conducted without the rigorous
exclusion of oxygen. Among the PEG species tested, including

(8) (@) Rubottom, G. M.; Kim, C. WJ. Org. Chem 1983 48, 1550~
1552. (b) Zeysing, B.; Gosch, C.; Terfort, Arg. Lett 200Q 2, 1843~
1845. (c) Tatamidani, H.; Kakiuchi, F.; Chatani, Rrg. Lett 2004 6,
3597-3599.
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J.J. Org. Chem2004 69, 936-942.
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1345. (d) Kakino, R.; Narahashi, H.; Shimizu, I.; Yamamoto,Ghem.
Lett. 2001, 1242-1243.

(11) (a) Goossen, L. J.; Ghosh, Kngew. Chem., Int. EQR001, 40,
3458-3460. (b) Goossen, L. J.; Ghosh, Eur. J. Org. Chem2002 3254—
3267. (c) Goossen, L. J.; Ghosh, &hem. Commur2001, 2084-2085.
(d) Goossen, L. J.; Winkel, L.; Doehring, A.; Ghosh, K.; Paetzol&yhlett
2002 1237-1240.

(12) (a)Organic Synthesis in WateBreico, P. A., Ed.; Blackie Academic
& Professional: London, 1998. (b) Li, C.-J.; Chen, T.®tganic Reactions
in Aqueous MediaKluwer Academic Publishers: Dordrecht, The Neth-
erlands, 1997. (c) Leadbeater, N. E.; Marco,®fg. Lett.2002 417, 2973~
2976. (d) Rideout, D. C.; Breslow, R. Am. Chem. S0498Q 102, 7816~
7817. (e) Blettner, C. G.; Konig, W. A.; Stenzel, W.; Schotten).TOrg.
Chem.1999 64, 3885-3890.

(13) (a) Liu, L.-F.; Zhang, Y.-H.; Wang, Y.-G.. Org. Chem2005 70,
6122-6215. (b) Xin, B.-W.; Zhang, Y.-H.; Liu, L.-F.; Wang, Y.-Gynlett
2005 20, 3083-3086.
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PEG 600, PEG 1000, PEG 2000, PEG 4000, and PEG 6000,
PEG 2000 showed the best reactivity, and therefore PEG 2000
was used as the source of PEG throughout the studies. The
increase of temperature from 60 to 80 has a positive effect

on the acylation reaction (Table 1, entry 6), but more byproduct
of biphenyl from the self-coupling of phenylboronic acid was
observed. A prolongation of reaction time led to a profound
increase in yield of benzophenone without the increase of
biphenyl (Table 1, entry 7). The reaction under nitrogen
presented virtually the same yields of desired product, albeit
the amount of biphenyl was decreased. When the various bases
were screened, N&O; and KCO;s resulted in a good vyield
(Table 1, entries 7 and 8). Moderate yields were afforded by
using the bases of o0y, KOH, and KF (Table 1, entries 9,

11, 12). NaOAc and BN gave the desired product with low
yields (Table 1, entries 10 and 13). It should be noted that the
reaction rate in this aqueous condition was faster than that in
organic solvent with the activation of phosphine ligaftis.

As a new type of reaction media, ionic liquids have many
unique properties? and therefore we tested the palladium
acetate-catalyzed acylation reaction in water using ionic liquids
as the additives. It was found that hydrophobic 1-butyl-3-
methylimidazolium hexafluorophosphate ([bmim]gpFcould
improve the cross-coupling reaction. Again, the ratio of water
and [bmim][PFk] acted on the reactivity, and best yield was
obtained when the ratio of [bmim][RFand water achieved 3:2.5
g (Table 1, entries 14 and 15). Compared with the Pd(@Ac)
H,O—PEG system, more Pd(OAcyvas required to complete
the reaction under the reaction conditions with the Pd(QAc)
H,O—[bmim][PFg] system (Table 1, entries 7 and 18). The
efficiency of the ionic liquid was strongly influenced by the

(14) (a) Dupont, J.; De Souza, R. F.; Suarez, P. ACBEem. Re. 2002
102 3667-3692. (b) Welton, TChem. Re. 1999 99, 2071-2083. (c)
Tzschucke, C. C.; Markert, C.; Bannwarth, W.; Roller, S.; Hebel, A.; Haag,
R. Angew. Chem., Int. EQR002 41, 3964-4000. (d) Swatloski, R. P.;
Visser, A. E.; Reichert, W. M.; Broker, G. A.; Farina, L. M.; Holbrey, J
D.; Rogers, R. DChem. Commur2001, 2070-2070.
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nature of the anions. For example, 1-butyl-3-methylimidazolium was isolated after the reaction. However, the coupling yields
tetrafluoroborate ([bmim][BH) presented a very poor effect of aliphatic acyl chloride in the Pd(OAg)H,O—[bmim][PFg]
on the reactivity (Table 1, entry 16), and no reaction was system were superior to those in the Pd(QAd),O—PEG
observed in the mixture of water and hydrophilic 1-butyl-3- system (Table 3, entries 17 and 18), analogous to results with
methylimidazolium chloride ([bmim][CI]) under the reaction aliphatic carboxylic anhydrides (Table 2, entries 18 and 19).
conditions (Table 1, entry 17). The hydrolysis of the aliphatic carboxylic anhydride and
The scope and limitations of the cross-coupling reaction in aliphatic acyl chloride appeared to be inhibited partially, and
Pd(OAcY»—H,0—PEG and Pd(OAg)-H,O—[bmim][PFs] were the coupling reaction rate was enhanced when [bmim][R&s
investigated, and the results are presented in Table 2. Eitherused as the additive, showing a special effect on the cross-
the electron-deficient or the electron-rich aryl boronic acid coupling reactiot® PEGs are miscible with water, and PEG
showed excellent reactivity and furnished the products in high 2000 has a solubility of about 60% in water at 2D.*” Thus,
yields in short reaction times in both catalytic systems (Table the Pd(OAc)—H,O—PEG system is a homogeneous agueous
2, entries t4). Naphthalen-2-ylboronic acid afforded the catalytic system, which possibly facilitates the hydrolysis of
desired product in excellent yield (Table 2, entry 5). The more more sensitive alkyl chlorides or alkyl carboxylic hydrides and
sterically hindered naphthalen-1-ylboronic acid also delivered leads to the low yields. In contrast, [bomim][gks immiscible
the desired ketone in high yield (Table 2, entry 6). The catalytic with water, and the Pd(OAg)H,O—[bmim][PFs] system is
systems were compatible with heteroarylboronic acids as two phase with the catalyst in [omim][gFIn this two-phase
exemplified in the reaction of thiophen-2-ylboronic acid and system, the hydrolysis reactions might be retarded since the
thiophen-3-ylboronic acid with benzoic anhydride to give the aliphatic acyl chlorides or aliphatic carboxylic anhydrides are
ketone in excellent yields (Table 2, entries 7 and 8). more isolated from water, which should be beneficial to the
The aromatic carboxylic anhydride with electron-donating cross-coupling reaction.
substituents in benzoic anhydride could be converted into the The reusability and efficiency of Pd(OAc)H,O—PEG
corresponding ketones in good to excellent yields and showedcatalytic systems were investigated on the model coupling
little difference in the reactivity in the two systems (Table 2, reactions of benzoic anhydride with phenylboronic acid and
entries 9-11). The reactivity of chlorobenzoic anhydride in Pd- benzoyl chloride with phenylboronic acid. Since PEG 2000 was
(OAC),—H,O—PEG was better, although all chlorobenzoic insoluble in diethyl ether, the product was easily isolated by
anhydrides delivered the desired ketones in good yields in the extraction with diethyl ether. The residue was recycled, and the
Pd(OAcY—H,0—[bmim][PFs] system (Table 2, entries $24). efficiency of the recyclability was shown in Figure 1. It was
The vyields of 2-substituted chlorobenzoic anhydride were seen that the efficiency of reusability of the Pd(OAej,O—
slightly decreased (Table 2, entry 14). Reactions involving the PEG system for both coupling reactions was rapidly decreased,
aromatic carboxylic anhydride bearing electron-withdrawing although benzoyl chloride was more active than benzoic
groups in benzoic anhydride delivered low yields in the Pd- anhydride.
(OAC),—H20—PEG system, but moderate to good yields were  The Pd(OAc)—H,O—[bmim][PFs] system was superior to
obtained in the Pd(OAg)H.O—[bmim][PF¢] system (Table  the Pd(OAc)—H,O—PEG system as the recyclable catalytic
2, entries 15 and 16). The method was applicable to furan-2- system (Figure 2). We found that washing the residue in every
carboxylic anhydride, and excellent yields were obtained in both cycle with water was important to the efficiency of recyclability.
of the systems (Table 2, entry 17). The reactions of aliphatic For example, the reactivity of the catalyst in the cycles was
carboxylic anhydrides were sluggish in the Pd(QAd)},0— reduced significantly when the residue was not washed with
PEG system, but the desired products were afforded in moderatevater after the reaction. A possible reason for this was that the
yields in the Pd(OAg}-H20—[bmim][PF¢] system under the  salt byproducts generated in the coupling reaction retarded the
reaction conditions (Table 2, entries 18 and 19). proceeding of the coupling reactiéhSince [bmim][Pk] was
Acyl chlorides are widely available acid derivatives and more immiscible with water, and after washing in every cycle with
active than carboxylic anhydride in the cross-coupling reaction water, the high efficiency in the recyclable experiment was
with boronic acid, but sensitive to moistufeWe applied the obtained (Figure 2). Unfortunately, PEGs were soluble in water,
Pd(OAc»—H,0—PEG and Pd(OAg)-H,0O—[bmim][PFg] sys- and it was difficult to improve the reactivity of the Pd(OAe)
tems to the cross-coupling of acyl chloride with aryl boronic H,O—PEG system in the recycle experiments (Figure 1). High
acid, and we were pleased to find that the coupling reaction recyclable efficiency (the average isolated yield of 95% for eight
was quite general and efficient under our mild reaction condi- consecutive runs) using the Pd(OAeHO—[bmim][PF]
tions. After the optimization of reaction conditions, various system was obtained for both benzoic anhydride and benzoyl
ketones were prepared in good to excellent yield as shown in chloride, which demonstrates the practical recyclable property
Table 3 in both systems, and the competitive hydrolysis for most of this catalyst.
of the acyl chlorides appears to be minimized. Except for  The acylation in the absence of phosphine ligands in water
4-nitrobenzoyl chloride (Table 3, entry 15), all of the aryl acyl was thought to proceed through the mechanism previously
chlorides with both electron-releasing and electron-withdrawing described by Yamamoto et ¥P and Goossen and GhokH.
substituents showed excellent reactivity in both systems (Table The oxidative addition of carboxylic anhydride onto palladium-

3, entries 9-14). The aliphatic chlorides were more sensitive (0) gives the (acyl)(carboxylato)palladium(ll) intermediate,
to water, and the related carboxylic acid from the hydrolysis

(16) (a) Wasserscheid, P.; Keim, \Wngew. Chem., Int. E00Q 39,

(15) (a) Haddach, M.; McCarthy, J. Retrahedron Lett1999 40, 3109~ 3772-3789. (b) Tzschucke, C. C.; Markert, C.; Bannwarth, W.; Roller, S;
3112. (b) Bumagin, N. A.; Korolev, D. NTetrahedron Lett1999 40, Hebel, A.; Haag, RAngew. Chem., Int. EQ2002 41, 3964-4000.
3057—-3060. (c) Bumagin, N. A.; Bykov, V. VTetrahedron1997, 53, (17) Che, J.; Spear, S. K.; Hunddleston, J. G.; Rogers, Br&en Chem.
14437-14450. (d) Urawa, Y.; Ogura, Kletrahedron Lett2003 44, 271~ 2005 7, 64—82.

273. (e) Chen, H.; Deng, M.-Drg. Lett.200Q 2, 1649-1651. (f) Urakawa, (18) Mathews, C. J.; Smith, P. J.; Welton, Them. Commun200Q
Y.; Nishiura, K.; Souda, S.; Ogura, Synthesi2003 2882-2885. 1249-1250.
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TABLE 2. Cross-Coupling of Carboxylic Anhydrides with Aryl Boronic Acids 2

O
R1)OJ\OJOJ\R1 * RZGB(OH)Z % R1)©\R
2
Entry R, R, Product Time (h)  Yield(%)® Yield (%) °
1 O, H 9 2 98 97
2 Q CH, 0 2 97 97
3 Q OCH, 2 2 97 94
4 @— CF, 0 3 90 87
5 a B(OH) o 2 96 95
o
6 Q B(OH), Q 2 90 71
/
8 B(OH), o} 2 92 91
gt oo
9 HaC@ H 9 2 89 91
10 Lo @ H 2 2 96 78
H5CO O O
11 OCHs H OCH; O 2 76 41
O~
12 C,@ H o 2 91 89
gepe
13 Cl H o 9 2 95 83
s
14 cl H ¢ o 3 82 76
as
15 ond ) H 9 2 30 75
16 ¢ @ H 2 2 66 91
L0
17 Q_ H \\ 9 2 97 96
(o}
18 NN H /\/\j\@ 12 9 30
19 ©/\ H O 2 20 73

O

aReaction conditions: Carboxylic anhydride (1.0 mmol), aryl boronic acid (1.2 mmobhC®a(1.6 mmol).? Isolated yield in a mixture of kO and
PEG 2000 (3:3 g), 0.5 mol % Pd(OAcY Isolated yield in a mixture of kO and [bmim][PF] (2.5:3 g), 1.8 mol % Pd(OAg)
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TABLE 3. Cross-Coupling Reactions of Acyl Chlorides with Aryl Boronic Acids?

Entry Acid Chloride  Boronic Acid Product Yield (%)°  Yield (%)¢
| ©* o “ i K
cl O O
) o B(OH), o 93 95
Cl Ij
©)'L HsC CH3
3 o B(OH), o 99 99
4 0 CrB(OH)z 0 93¢ 89
Cl
©)J\ FsC CF3
5 o B(OH), o ‘ 91 80
O sae
6 0 B(OH), 0 97 96
e R
7 0 Y\ 1 97 89
@*w (Daom, Ly
8 0 B(OH), ? 92 90
o g guo
S S
9 o B(OH), 0 92 95
Cl
e ©
10 o ©/B(OH)2 Q 96 88
: o0
AT Wege
11 o ©/B(0H)2 2 92 99
; fege
on O
12 0 B(OH), o Q 91 94
e ©
13 cl o ©/B(OH)2 cl o 78 80
o
14 Q B(OH), 0 77 98
o O
NC NC
15 0 B(OH), 9 35 52
o= YT o'
O,N O,N
16 0 B(OH), 0 99 99
MCl ©/ \\
o (0}
17 % ©/B(°H)2 2 no 54
/\/\)J\CI /\/\)KQ
18 15 78

©,B(0H)2

W,
O

JOC Article

aReaction conditions: Acyl chloride (1.0 mmol), aryl boronic acid (1.2 mmolx@® (1.6 mmol).? Isolated yield in a mixture of kD and PEG 2000
(3:3 g), 0.2 mol % Pd(OAg) 1 h.¢lIsolated yield in a mixture of kO and [omim][Pk] (2.5:3 g), 0.9 mol % Pd(OAg) 2 h.d Reaction time was 3 h.
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1004 I benzoyichloride
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1 2 3 4
nr. of cycles

FIGURE 1. Recycling experiments for the acylation reaction using
the Pd(OAc)—H,O—PEG system. A mixture of 0 and PEG 2000
(3:3 g) was used as solvent. 0.5 mol % Pd(Q#Ao) benzoic anhydride
and 0.2 mol % for benzoyl chloride were used. Reaction conditions:
benzoic anhydride or benzoyl chloride (1.0 mmol), PhB(©H).2
mmol), NaCO; (1.6 mmol), 60°C, isolated yield. Reaction time: 2 h
for benzoic anhydride @hl h for benzoyl chloride.

120
[ benzoicanhydride

1004 I benzoylchloride

80

60

Yield (%)

40

20

oH

1 2 3 4 5 6 7 8

nr. of cycles

FIGURE 2. Recycling experiments for the acylation reaction using
the Pd(OAc)—HO—[bmim][PFs] system. A mixture of HO and
[bmim][PF] (2.5:3 g) was used as solvent. 1.8 mol % Pd(QAoy
benzoic anhydride and 0.9 mol % for benzoyl chloride were used.
Reaction conditions: benzoic anhydride or benzoyl chloride (1.0 mmol),
PhB(OH} (1.2 mmol), NaCO; (1.6 mmol), 60°C, isolated yield.
Reaction time: 2 h for benzoic anhydridedah h for benzoyl chloride.

which then forms the (acyl)(aryl)palladium(ll) species with an
arylboronic acid. The reductive elimination liberates the coupling

Xin et al.

reactiof® in pure water should have properties different from
those in the presence of additiv@slt was possible that the
addition of PEG or [bmim][P§ might lead to competition
between water and the additives that opened the active sites on
the catalyst surface. At the same time, the ionic liquid or PEG
might be acting as ligand and/or stability reagent of palladium
in the reaction proces3.

Conclusions

In conclusion, we have developed an environmentally benign
and recyclable process for the preparation of aryl ketones, whose
significant features are as follows: (i) use of expensive and
environmentally unfavorable phosphine ligand is avoided, (ii)
high efficiency under mild conditions in aqueous media in air,
(i) easy isolation of the product, and (iv) catalyst recycling.
Further research is in progress in our laboratory to utilize these
catalytic systems in wide synthetic applications.

Experimental Section

General Procedure for the Acylation Reaction in PEG2000.

A round-bottomed flask was charged with a mixture of,Gi@;
(0.170 g, 1.6 mmol), Pd (OAg)1 mg, 0.5 mol %), PEG2000 (3

g), and HO (3 g). The solution was heated to 80 with stirring,

and carboxylic anhydride (1.0 mmol) and arylboronic acid (1.2
mmol) were added. The mixture was stirred at 8D for the
indicated time and cooled to room temperature. The resulting
suspension was extracted with diethyl ether (5 mL) four times. The
combined ethyl ether phase was concentrated, and the product was
obtained by purification of flash chromatography on a silica gel
column. In the recycle experiment, the residue was subjected to a
second run of the acylation reaction by charging with the same
substrates (benzoic anhydride, phenylboronic acid, andC &g
without further addition of Pd(OAg) PEG2000, or water.

General Procedure for the Acylation Reaction in [bmim]-
[PF¢]. A round-bottomed flask was charged with a mixture ogNa
CGO; (0.170 g, 1.6 mmol), Pd (OAg)(4 mg, 1.8 mol %),
[bmim][PFg] (3 g), and HO (2.5 g). The solution was heated to 60
°C with stirring, and carboxylic anhydride (1.0 mmol) and aryl-
boronic acid (1.2 mmol) were added. The mixture was stirred at
60 °C for the indicated time and cooled to room temperature. The
suspension was extracted with diethyl ether (5 mL) four times. The
combined ethyl ether phase was concentrated, and further purifica-
tion of the product was achieved by flash chromatography on a
silica gel column. In the recycle experiment, the residue after the
extraction was washed with water (8 6 mL) and then was
subjected to a second run of the acylation reaction by charging
with the same substrates (benzoic anhydride, phenylboronic acid,

product with the regeneration of the active Pd(0) species to water, and NgCOs) without further addition of Pd(OAg)or IL.
complete the catalytic cycle. Yamamoto and Goossen reported T1-—1 BenzophenonelH NMR (500 MHz, CDC}, TMS): 6

that the successful oxidative addition of anhydride onto pal-

ladium required the activation of phosphine ligands in organic
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Cross-Coupling Reaction of Arylboronic Acids

J=7.7 Hz, 4 H). MS (El): m/z (%): 182 (75) [M"], 105 (100),
77 (56), 51 (15).

T2—-5 2-Benzoylnaphthane:'H NMR (400 MHz, CDC},
TMS): 6 8.27 (s, 1 H), 7.96 (s, 2 H), 7.947.92 (d,J = 7.6 Hz,
2 H), 7.88-7.86 (d,J=6.8 Hz, 2 H), 7.647.61 (m, 2 H), 7.59
7.51 (m, 3 H). MS (El): m/z (%): 233 (M+ 17, 10), 232 (M,
60), 155 (100), 127 (80), 105 (40), 77 (75), 51 (20).

T2—7 2-Benzoylthiophene: 'H NMR (400 MHz, CDCE},
TMS): 6 7.87-7.85 (m, 2 H), 7.727.71 (q,J = 2.0 Hz, 1 H),
7.65-7.63 (q,J = 1.7 Hz, 1 H), 7.6+7.57 (m, 1 H), 7.5%+7.47
(m, 2 H), 7.177.15 (9, = 2.9 Hz, 1 H). MS (EIl): m/z (%): 188

(90) [M*], 171 (10), 160 (10), 111 (100), 105 (40), 77 (20), 51

(12).

JOC Article

T2-17 2-Benzoylfuran: 'H NMR (500 MHz, CDC}, TMS):
07.89-7.88 (t,J=4.2 Hz, 2 H), 7.63-7.62 (d,J = 0.8 Hz, 1 H),
7.53-7.49 (m, 1 H), 7.437.40 (t,J = 7.7 Hz, 2 H), 7.16-7.15
(d,J=3.5Hz, 1 H),6.526.51 (m, 1 H). MS (El):mV/z (%): 172
(M*, 80), 105 (100), 95 (80), 77 (60), 67 (30), 51 (10).
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