OChote

directed toward using aqueous solvents for chemical reactions,
including the Heck reactiohHowever, high temperatures were
required in all of the latter cas@Moreover, although regiose-
lectivity is required for constructing complex molecules, to the
best of our knowledge, there has been no report about the
regioselectivity of aryl iodides in the Heck reaction, except for
the regioselective coupling of-position of olefin double bonél.

In this study, we report a Heck reaction with excellent
regioselectivity of para- over ortho-substitution in phenyl
iodides that is catalytized in situ by palladium nanoparticles
under aqueous and ultrasonic condition at ambient temperature
(25°C).

The Heck reaction of iodobenzene with methyl acrylate was
initially studied in the presence of PdGh water. The reaction
mixture of 1 mmol of iodobenzene, 2 mmol of methyl acrylate,
0.02 mmol of PdG, N&CO; as base, and 1 mmol of
tetrabutylammonium bromide (TBAB) was stirred in 3 mL of
water at 25°C for 4.5 h. E)-Methyl cinnamatel was obtained
with a yield of only 10%. Inspired by the report that ultrasonic
irradiation may promote organic reactioffswe performed the
same reaction under ultrasonic irradiation hoping to realize the
Heck reaction in water without heating. Indeed, the reaction
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Ra R, carried out under such conditions resulted in an enhancement
I A, S )AL H,0 Vs of the yield from 10% to 86%. The reaction conditions were
PdCl,, Na,CO3, TBAB R systematically optimized, and the results are presented in Table
R
! Ri (3) For a general introduction to organic reactions in water, see: (a) Li,
R =H, OMe, Cl, Br,OMOM, NHCOMe or NO, . 2005 105, 3095. (b)Organic Synthesis in WateGrieco,
E - : oCrT—IO orH yield: 43-93% P. A., Ed,; Blackie Academic and Professional: London, 1998. (c) Li, C
X =_002Me CO,Et, CO,H, CN or Ph J.; Chan T, HOrganic Reactions in Aqueous MegWiley: New York,

1997. (d) Li, C. shimfiitei® 1993 93, 2023. (e) Genet, J.-P.; Savignac,

. . M. ni999 576 305.
An aqueous Heck reaction carried out under ultrasonic 9576

! A4 - (4) For recent examples, see: (a) Arvela, R. K.; Leadbeater, N. E.
irradiation at the ambient temperature (26) has been  Qumaia 2005 70, 1786. (b) Hagiwara, H.; Sugawara, Y.; Hoshi, T.;

Suzuki T.seminaiiee ?005 2942. (c) Bhattacharya, S, Srivastavaa,
shown in this study to afford high yields of corresponding A Sengupe 12005 46, 3557. (d) Botella, L. Njora,
products. It was found that as a catalyst for the reaction

tt2004 45, 1833. (e) Solabannavar, S. B.; Desai, U.
palladium forms nanoparticles in-situ, characterized by V.; Mane, R. B. 2002 4, 347. () Mukhopadhyay, S

transmission electron microscopy (TEM) and X-ray powder Rothenberg, G.; Joshi, A.; Baidossi, M.; Sassorjiisiitimiiage|2002

. . 344, 348. Ansos, M. S.; Mirza, A. R.; Tonks, L.; William, J. M. J.
diffraction (XRD) analyses, and can be recycled. Further- ©) 11999 40, 7147. (h) Uozumi, Y.; Kimura, TSyQlei2002

more, the Heck reaction under such mild and environmentally 2045. (i) Botella, L.; Ngera, C. Amiimiiaai 2005 70, 4360. (j) Ngera,
friendly conditions offers excellent regioselectivity dra- C.; Gil-molto, J.; Karlstron, S.; Falvello, L. R il 2003 5, 1451.

- . L= ) . (k) Jeffery, T. Mlgga 52, 10113.
over OrthO'SUb_S“tUt'On in phenyl iodides especially with (5) Heck couplings proceeding in organic solvent at room temperature
electron-donating groups.

in the presence of air-sensitive phosphine ligands or catalyzed by chloro-
palladated propargylamine were reported, see: (a) Littke, A. F.; Fu, G. C.
@001, 123 6989. (b) Stambuli, J. P.; Stauffer, S. R.;
Shaughnessy, K. H.; Hartwig, J. jinniissmiio 2001, 123 2677. (c)
Consorti, C. S.; Zanini, M. L.; Leal, S.; Ebeling. G.; DupontQiglatt.
2003 5, 983.
(6) Regioselective couplings at tleposition of an olefin double bond

The palladium-catalyzed Heck reactldsetween aryl halides
and alkenes is a versatile method for carboarbon bond
formation in organic synthestd.o minimize adverse impact of , | o
organic solvents on the environment, recent efforts have been\ggg‘é ;ezgogtgf‘ é?%véi)ng/lb?}n“;’ ;(u’,\llﬁ‘sggnxgoi_;;mt?'
2004 69, 3345. (c) Nilsson, P.; Larhed, M.; Hallberg.

Soc.2003 125 3430. (d) Glorius, Fiensessssstt2003 44, 5751. (e)
BarC|a J. C.; Cruces, J.; Estz, J. C.; Estez, R. J.; Castedo,

T University of Science and Technology of China.
#Mount Sinai School of Medicine, New York University.

(1) (@) Mizoroki, T.; Mori, K.; Ozaki, A. NG 1971,
44, 581. (b) Heck, R. F.; Nolley, J. P., Jiniitaisagin 1972 37, 2320.

(2) For selected reviews of Heck reaction, see: (a) Nicolaou, K. C; M2002 67, 1682. (h) Ashlmon

Bulger, P. G.; Sarlah, @005 44, 4442. (b) Dounay,
. B.; Overman, L. EghaiR8 2003 103,2945. (c) Whitcombe, N. J.;
Hii, K. K.; Gibson, S. E.aakahagan?001 57, 7449. (d) Beletskaya, |.
P.; Cheprakov A. VahamaRg 2000 100, 3009. (e) Shibasaki, M.; Vogl,
E. V. BESSS——,r15%0 576 1. (7) Crisp, G. T Glammintuilc
1998 27, 427. (g) Shibasaki, M.; Boden, C. D. J.; Kojima, Aakabassan
1997 53, 7371. (h) Negishi, E.; Cdpet, C.; Ma, S Liou, S.-Y.; Liu, F.
ShamaRe 1996 96, 365. (i) De Meijere, A,; Meyer, F. BiSiiniRa
1.1995 33, 2379. (j) Cabri, W.; Candlam emSiaautmine-s
1995 28, 2.

10.1021/j0o060372b CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/04/2006

tt2002 43, 5141 (U] Ishlyama T.; Hartwig.
So0c.200Q0 122, 12043. (g) Huang, Y. C,; Majumdar K. K.; Cheng. C. H
; Bachand, B.; Calter, M.
A.; Govek, S. P.; Overman, L. E.; Poon, D._: 1998

120, 6488.

(7) Ultrasound-promoted Heck reaction and Sonogashi reaction in room-
temperature ionic liquids were reported, see: (a) Deshmukh, R. R

Rajagopal, R.; Srinivasan, K. 2001, 1544. (b) Gholap,

A. R.; Venkatesan, K.; Pasricha, R.; Daniel, T.; Lahoti, R. J.; Srinivasan,

K. V. sinifeisli@in 2005 70, 4869.
(8) For a Heck coupling assisted by ultrasound in NMP using Pd/C,

see: Ambulgekar, G. V.; Bhanage, B. M.; Samant, Siiiusisasasssagtt
2005 46, 2483.
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TABLE 1. Optimization of Base and PTC for Heck Reaction of TABLE 2. Heck Reaction Promoted by Ultrasonic Aqueous
lodobenzene and Methyl Acrylaté Media?
o} O entry AX alkens product time(h) yield(%)
O'+ e 4 @_//—(OM = 1 ?
| "“PdCl,, Base, PTC, H,0 ° ) 1 @I CoMe Q_\c(o )M 45 86
L,Me
entry base PTC yield(%)” 2 @—. oot Q—\ @ a5 82
1 Na,CO, TBAB 86 = Cg)zE‘
2 Na,CO — 0 3 @-I Q_L 5 8
3 Nazco3 TEAB® t SO \ coon
= O w O
4 Na,COs3 ™A trace 4 I oN \ ((;L) 5 78
5 Na,CO, TEAI® trace Q \ )
6 NaOH TBAB 53 s Q' A O >
7 EtsN TBAB 67 = 6
8 NaOAc TBAB 40 6 Meo@' come M0 P\ co(zrzne 6 76
MeO,C
aReaction conditions: iodobenzene (1 mmol), methyl acrylate (2 mmol), | ¢ ,O, :\co Ve z —\\_Q_\\_m 12 43
phase transfer catalyst (PTC) (1 mmol), base (3 mmol), and.R0@2 2 CO,Me
mmol) in 3 mL of water; the mixtures was sonicated at ambient temperaturef g CI@I = CI‘@X ® 45 o3
(25 °C) in running water bath for 4.5 R.solated yieldc TEAB is COoMe CO,Me
tetraethylammonium bromid€.TMAI is tetramethylammonium iodide. . = Br_@_\_(g) 55 9
e TEAI is tetraethylammonium iodide. o B ! COMe \ COMe
I =
. . 10 CO.Me — 4 —
1. It was found that tetrabutylammonium bromide (TBAB) was 2

the best phase transfer catalyst (PTC) among the quaternar I

ammonium salts tested (Table 1, entry 1) and no product wag ' @ CO,Me
observed without PTC (Table 1, entry 2) while sodium carbonate 1 NO2
was the best base for this reaction. Although the reaction could

: >>:: —

) . 12° MeO Y M
also proceed in organic solvents (such as DMFCN, or ¢ COMe ¢
EtOH), the yields are lower than that in water. It may be partly N

T~

(10) 4 55

5
J

8

kS

5

2

) 8 68
CO,Me

v

4

(12)

due to NaCQO; having greater solubility and showing stronger =

basicity in water than in organic solvents. 13 MOMO | CcoMme MOMO come °
To expand the scope of reaction substrates, different aryl ! ! :

iodides and olefins were employed in this Heck reaction under _ 1

the same ultrasonic aqueous condition, as shown in Table 2§ 14° MeO@*' ~copMe MeO@—\( ) s 7

Heck reactions of iodobenzene with ethyl acrylate, acrylic acid, ond ond CO:Me

acrylonitrile, and styrene afforded good yields (entries52 I !

Table 2). All the products in these Heck reactionsiigomers 15° 1o OGHN >D |:\COQMe MeOCHN @_\\:14) 5 75

except for cinnamonitrile, which was a mixture © isomers | CO,Me

(4:1) (entry 4, Table 2). The iodobenzene with electron-donating|

substitution could also be the reaction substrate with a gooq ! = OZNQ—\—S;))M 43

reaction yield (entry 6, Table 2). The reaction of 1,4-diiodo- 1° ozw@—| CO:Me MeO,C 2ve 6

benzene proceeded well in both two substitution positions and - (16) 20

afforded dicoupling product with modest yield (entry 7, Table O.N \

2). Chemoselectivity was observed when 1-chloro-4-iodoben- CO-Me

zene or 1-bromo-4-iodobenzene was employed as the reaction aReaction conditions: ArX (1 mmol), alkene (2 mmol), TBAB (1 mmol),
substrate. The reactions occurred exclusively with aryl iodides, NaC0Os (3 mmol), and PdGI(0.02 mmol) in 3 mL of water; the mixtures
but not aryl bromide or hloride, and gave corresponcding W' S aTier TReis (0 e e S e
products8 and9 with e?(ce"er.]t yields (entries 8 and 9, Table NMR. €1 r'EL of ClgilzCIz was added to dissglve the phenyl iodidéksolated
2). For an ortho-substituted iodobenzene, however, could notyje(q.
react with alkenes smoothly under this condition. Even after 4
h sonication, no product was detected by TLC from the mixture i.e., as much as 6 times more than aryl iodides, and 6%dCl
of 1-iodo-2-methylbenzene and methyl acrylate (entry 10, Table only monocoupling products opara-substitution, but not
2), but moderate yield of the product was isolated from the dicoupling products, were isolated with good yields{G&%).
coupling reaction between 1-iodo-2-nitrobenzene and methyl As for phenyl iodides with an electron-withdrawing group (entry
acrylate (entry 11, Table 2). These results indicated that this 16, Table 2), both mono- and dicoupling products were ob-
reaction was highly sensitive to both steric hindrance and tained. However, the former one is highly in excess compared
electron efforts because methyl and nitro have similar size butto the other one. Also, because of the mild condition, this
methyl is a mild electron-donating group while nitro is a strong reaction is applicable to substituents, including aldehyde,
electron-withdrawing one. methoxy, methoxy methoxy{OMOM), and acetamide groups,
To understand the regioselectivity of this Heck reaction, we which are sensitive to heat and acidic conditions (entries
studied several aromatic polyiodides. As expected, aryl iodides 12—15, Table 2).
with electron-donating groups can be carried out in these To the best of our knowledge, this is the first example of
coupling reactions in theara but not ortho-substitution regioselectivity of phenyl iodides in the Heck coupling reaction.
positions (entries 1215, Table 2). Notably, in each of these These monocoupling produds-15 (entries 8-9, 12-16) can
reactions, even with an excess amount of methyl acrylate, be further carried out in the next coupling reactions (such as

4340 J. Org. Chem.Vol. 71, No. 11, 2006
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TABLE 3. Heck Coupling Reactions of Aromatic Polyiodides with
Methyl Acrylate in Water at 90 °C?
enty  AX  product  tme(h) yieldd 40
TR
1 7 5 62
X -
MeO,C CO,Me 2
— Ig 10
| MeO \ (18) 15 ]
CO,Me 4 8 12 16
25¢ MeO@I MeO,C I * 10 Diameter/nm
[
Me();}}—\(19) 73 FIGURE 1. TEM image of Pd nanoparticles formed under ultrasound
COzMe (left). Distribution of the size of the palladium nanoparticles (right).
MeO,C .
MeO,C. of NaOAc at 130°C or Pd(NQ), with an excess of tetraoctyl-
I — ammoniumacetatex{CgH17)4NT(CH3CO, ™) in THF at 60°C,
(20) and it was proven that acetate serves as the reductant in these
3*¢ MOMO [ HO \ 8 60 cases? Sonochemical preparation of Pd nanoparticles from
| _ CO:Me metal salt (kPdCL or NaPdCl) in aqueous solution was also
MeO,C reported, and it was presumed thaZPdan be reduced to Pd
| MeO,C by radical produced by acoustic cavitation under ultrasound
= conditions!® To understand how the palladium particles were
4bd Meo—©—| MeO 21) 10 83 generated in our study, we first examined and found that the
\ CO,Me mixture of PdC} (0.1 mmol), TBAB (1 mmol), and kD (3
OHC OHC mL) after ultrasonication for 30 min showed no palladium
| MeO,C particles (Figure 2a). Palladium particles were formed in such
b - 22) 6 74 a mixture upon addition of 2 mmol of methyl acrylate followed
MeOCHN | MeOCHN \ by sonication for 20 min. The formation of in situ palladium
MeO,C, CO,Me particles was confirmed by mixing PdQJ0.1 mmol), methyl
! — acrylate (2 mmol), TBAB (1 mmol), and 4@ (3 mL) followed
& N@' C (16) 5 738 by sonication for 30 min (Figure 2b). These results suggest that
2 ON \ COMe methyl acrylate, which was required for formation of the

palladium particles, possibly acted as a reducing agent for,PdCI
@ 2 Reelt)ctiﬁn |;:t(a:r(l;ii(téons: AI)rX (1OI r;rgéllzbrggthyl a?)ryla;e (<|5_ mfmol)t, ;?AB (Figure 2a,b}¢ The XRD pattern of the in situ formed palladium
mmol), Na mmol), an . mmol) In 5 mL of water. H H i H H
ML of CH,Cl, was added to dissolve the aryl iodidé®dCh (0.06 mmopy  Particles in the Heck reaction seems consistent with that of
was usedd PdCh (0.04 mmol) was usedlsolated yield. _meta_lhg palladium (F|gl_Jre _201)4. It was noted th{it uItrasom_c
irradiation was essential in the Pd nanoparticle formation;
without it, generation of the nanoparticles was slow, and
aggregation would likely occur. We postulated that insertion
of Pd into a C-1 bond benefits from synergistic action between
the surface energy of Pd nanoparticles and the energy of
ultrasonication stemming from cavitatidh.Formation and

Heck, Suzuki, Stille, etc.) via a change of reaction conditions
to afford various molecules. It was noted that temperature played
a crucial role in controlling the regioselectivity of coupling. The
similar regioselectivity could be acquired when these aromatic
polyiodides reacted with methyl acrylate at 80 and by using
.NaHCQ instead of N&CO; as basg:. If the temperature was (10) For recent reports on nano-Pd catalyst organic reactions, see: (a)
increased to 90C, the corresponding polycoupling products  ching M.-K.; Schiaf, M i 2004 126, 7386. (b) Jansat,
18—22 and 16 were obtained with good yields (entries-@, S.; Gamez, M.; Philippot, K.; Muller, G.; Guiu, E.; Claver, C.; Castillo
Table 3). The-OMOM group decomposed toOH under these ~ S.; Chaudret, Bji il 2004 126, 1592. (c) Ooe, M.; Murata,

; " M.; Mizugaki, T.; Ebitani, K.; Kaneda, KNagguliit.-2002 2, 999. (d)
reaction conditions (entry 3, Table 3) and was stable under Calg, V.; Nacci, A.; Monopoli, A.: Montingell, - g 2005

ultrasonic irradiation (entry 13, Table 2). 70, 6040. (e) Schmidt, BChem. Commur2003 1654. (f) Luo, C. C.;

To determine the catalyst for the reaction, we further Hiroyuki, O.; Wai, C. M.; Kim, H.; Kim, J.; Ohde, Vi —. .
investigated the reaction process. After 30 min reaction of 2002 124 4550. . _
. - . . (11) For recent reports on nano-Pd catalyst Heck reaction, see: (a) Cassol,
iodobenzene with methyl acrylate the reaction mixture was ¢ C:'Umpierre, A. P.; Machado, G.; Wolke, S. I.; Dupon .
isolated and analyzed by “in situ” transmission electron Soc. 2005 127, 3298. (b) Zhang, Y. H.; Wang, Y

microscopy (TEM) (Figure 1) and X-ray power diffraction WZOOE? 2297 (0) Calo V' Nacci, A” Monopol; A Laere, S Cuof
- f N. SiiSeiaaain 2003 68, 2929. (d) Klm S.-W.; Kim, M.; Lee, W. Y.
(XRD) (Figure 2c). The TEM image showed the Pd nanopar- Hyeon, T. o ©002, 124, 7642 (e) Yeung, L. K.; Crooks.

ticles were formed with a size of-6l6 nm (Figure 19711 It R. M. Nano Lett.2001 1, 14.
has been shown that colloidal palladium nanoparticles were (12) (a) Reetz, M. T.; Westermann, |- 2000 39,

: ; ; 165. (b) Reetz, M. T.; Maase, Nagkmbdatay 1999 11, 773.
generated via thermolysis of [PdQTsHsCN),] in the presence (13) (a) Fujimoto, T.. Terauchi S-Y. Umehara, H.. Kojima, I.:

Henderson, W higikesbdidgr 2001, 13, 1057. (b) Okitsu, K.; Yue, A;
(9) Several reviews about nano catalysis were reported, see: (a) Roucoux,Tanabe, S.; Matsumoto, fsaaitabdai 2000 12, 3006.

A.; Schulz, J.; Patin, Hkaklag 2002 102, 3757. (b) Astruc, D.; Lu, (14) The XRD patterns have three characteristic dihedrals: 40.119,
F.; Aranzaes, J. RN 005 44, 7852. (c) Moreno- 46.659, and 68.125, with the relative intensities of 100%, 60%, and 42%,
Mahas, M.; Pleixats, Risatisiattesige 2003 36, 638. respectively.
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FIGURE 2. (a) XRD pattern of PdGI(0.1 mmol), TBAB (1 mmol), and kD (3 mL) under ultrasonic irradiation for 30 min. (b) XRD pattern of
PdC} (0.1 mmol), TBAB (1 mmol), methyl acrylate (2 mmol), and® (3 mL) under ultrasonic irradiation for 30 min. (c) XRD pattern of the
reaction system (1 mmol iodobenzene, 2 mmol methyl acrylate, 0.02 mmo}, Ri@mol NaCO;, and 1 mmol TBAB in 3 mL of water) under
ultrasonic irradiation for 30 min.

100 In conclusion, we have developed an environmentally sound
o 80 Heck reaction in this study. This palladium-catalyzed reaction
5 60 can be carried out in agueous solution at ambient temperature
> 40

with good yields of corresponding products. This method can
distinguish the &1 bonds with good regioselectivity in different
chemical environments. In situ formation of palladium nano-
particles has been confirmed by TEM and XRD analyses, and
the palladium nanoparticles can be reused for multiple reactions.
Further study for the mechanism of the reaction and the scope
of its application is in progress in our laboratory.

20
0

1 2. 3 4
Reaction Cycle

FIGURE 3. Recycling experiments for the Heck reaction.

collapse of bubbles in ultrasonic irradiation may liberate a
considerable amount of energy in a short time. Moreover, the Experimental Section

use of TBAB not only stablizes Pd nanoparticles and mediates ) ]

dispersion of reactants in water, but also enhances the polarityI dTyl;olcal Prczgezd(;ge fi’r Hec||)< Ret?]Ctl'O” ‘Jln‘tjeEOlJl';rgso‘;”d- )
of the G-1 bond, and no product was observed without TBAB '0d0Penzene (0.20s g, 2 mmoi), methy! acrylate (U.1/2 g, 2 mmol),
(Table 1, entry 2}8 Therefore, both ultrasonication and TBAB TBAB (0.322 g, 1 mmol), N&CO; (0.318 g, 3 mmol), and Pdgl

. ; - . (0.0035 g, 0.02 mmol) were placed in a 10 mL glass flask with 3
];Z\f:lcc):ic():n I bond insertion by Pd, thereby promoting the Heck mL of water. After the mixture was sonicated at ambient temper-

ature (25°C) in running water bath for 4.5 h, it was extracted with
In view of the economy of the reaction, recovery and ethyl acetate for three times. The combined organic extracts were
recycling of the Pd catalyst is significant, which we investigated dried using anhydrous N8O, and evaporated under reduced
on a model reaction with iodobenzene and methyl acrylate. In pressure; the mixture was then purified by column chromatography
the first cycle, the coupling product was obtained with a yield over silica gel to afford product with high purity. *H NMR
of 86% (Figure 3). After the product was separateeew (CDCls, 300 MHz, ppm): 6 = 7.69 (d,J = 16.1 Hz, 1H), 7.56-
starting materials were added to the remnant water layer that’-23 (ml, 2H), 7.39.7.37 (m, 3H), 6.44 (_dJ = 16.1 Hz, 1H), 3.80
contained the palladium particles from the first reaction. After (& 3H)-C NMR (CDCl, 75 MHz, ppm):0 = 167.1, 114.7, 134.2,

sonication for another 4.5 h, the mixture produced the coupling %32.12,1172189.8,152.01, 415107'I;lgi'51'2|$6(|Ifgé%f'ﬁ}czmggoz%%ziRMS

product with a yield of 83% in the second cycle. Similarly, the g GoH1002 (MF). 162.0681. Found: 162.0676.
third cycle afforded a yield of 85%, and the fourth afforded '
80% yield. After the four cycles, it was found that palladium Acknowledgment. The authors are grateful to the Natural
still was present in the nanosized form, suggesting that the Science Foundation of China (20472078 and 30572234) and
reaction activity of the palladium can remain for many cycles. tr}th.S. N(?tional Institutes of Health (to M.-M.Z.) for support

of this study.
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