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An efficient synthesis of Pd nanoparticles in water has been developed using a Fischer carbene complex of tungsten as the reductant and
PEG as the capping agent. The colloidal palladium (1 mol %) efficiently catalyzes Hiyama cross-coupling reactions performed in air. Excellent
yields of products were obtained with a wide range of substrates. Catalytic activity and stability of the nanoparticles were found to be inversely
correlated.

In homogeneous metal-catalyzed reactions, each metal A prominent area of application of palladium nanoparticles
complex molecule in solution functions as the catalyst or as in organic chemistry concerns coupling reactions. Catalysis
a precatalyst. The ligand environment around the metal atomof several reactions such as Still§uzuki? and Hiyama
controls its reactivity and protects it from competitive coupling by palladium nanoparticles or nanosized mixed
decomposition pathways. In heterogeneous catalysis, themetal clusters has been reporfedlin this paper, we focus
catalytic surface offers a limited number of “active” sites

for catalysis, often necessitating harsher reaction conditions (3) (a) Stille, J. K.Angew. Chem., Int. Ed. Engl986, 25, 508—524.

for optimum catalytic efficiency. Of late, nanoparticles (b) Espinet, P.; Echavarren, A. Mingew. Chem., Int. E@004 43, 4704

P y . y ’ . P . 4734. (c) Mitchell, T. N.Metal-Catalyzed Cross-Coupling Reactip@ad
em_erged as Us_er| and unigue ?ataﬁ’mhose efficacy is ~ed.; de Meijere, A., Diederich, F., Eds.; Wiley-VCH: Weinheim, 2004;
attributed to their characteristic high surface-to-volume ratio Vol. 1, pp 125-162. (d) Farina, V.; Krishnamurthy, V.; Scott, W.Qrganic
that translates into a larger number of active sites per unit \ngfcég’”sbpﬁ%%‘;t_te' L. A., Bd.; John Wiley & Sons, Inc.. New York, 1996;
area compared to standard heterogeneous catalyi$ts. (4) (@) Miyaura, N.; Suzuki, AChem. Rev1995,95, 2457—2483. (b)

i i i i i Suzuki, A.J. Organomet. Chenl999,576, 147—168. (c) Suzuki, Al.
active .m.etal center is devoid of a Ilgand .enVIron.ment’ yet Organomet. Chen002,653, 83- 90. (d) Miyaura, N.Metal-Catalyzed
the efficiency and turnover numbers are impressive. Cross-Coupling Reactions, 2nd ed.; de Meijere, A., Diederich, F., Eds.;
Wiley-VCH: Weinheim, 2004; Vol. 1, pp 41124. (e) Suzuki, AProc.

(1) (@) Crooks, R. M.; Zhao, M.; Sun, L.; Chechik, V.; Yeung, L. K. Jpn. Acad., Ser. R004,80, 359- 371. (f) Bellina, F.; Carpita, A.; Rossi,
Acc. Chem. Re2001,34, 181—190. (b) Roucoux, A.; Schulz, J.; Patin, H.  R. Synthesi®004, 359—371.

Chem. Re»2002,102, 3757—3778. (c) Moreno-Mafias, M.; Pleixats, R. (5) (a) Denmark, S. E.; Sweis, R. Rcc. Chem. Re002,35, 835-
Acc. Chem. Re003,36, 638—643. (d) Astruc, D.; Lu, F.; Aranzaes, J. 846. (b) Hiyama, T.; Shirakawa, Bop. Curr. Chem2002,219, 61-85.

R. Angew. Chem., Int. E2005, 44, 7852—7872. (e) Astruc, Onorg. (c) Denmark, S. E.; Sweis, R. Metal-Catalyzed Cross-Coupling Reactipns
Chem.2007,46, 1884—1894. 2nd ed.; de Meijere, A., Diederich, F., Eds.; Wiley-VCH: Weinheim, 2004;
(2) Duran-Pachén, L.; van Maarseveen, J. H.; Rothenbergd@ Synth. Vol. 1, pp 163—216. (d) Denmark, S. E.; Baird, J.Chem.—Eur. J2006,

Catal. 2005,347, 811. 12, 4954—4963.
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Figure 1. UV —vis spectral change during the addition of aq Fischer
carbene solution to aqJRdCl, solution. Pd/Fischer carbene molar
ratio: (a) 1:0, (b) 1:0.087, (c) 1:0.174, (d) 1:0.261, (e) 1:0.348, (f)
1:0.435, respectively.

on catalysis of the Hiyama reaction using arylalkoxysilane.
Such a coupling reaction uses organosilicon compddnds
that have greater stability than organozinc or organomag-

nesium compounds, and they are less toxic than tin reagents.

They are often preferred to organoboron compounds which
are either unstable or difficult to purify and frequently lose
boron to give undesirable homocoupling products. Although
detection of nanoparticles of palladium in Hiyama reaction
catalyzed by ligand-supported palladium complékéms

(6) For nanoparticle-catalyzed Stille reactions, see: (a) Kim, N.; Kwon,
K. S.; Park, C. M.Tetrahedron Lett2004,45, 7057—7059. (b) Zhao, D.;
Fei, Z.; Geldbach, T. J.; Scopelliti, R.; Dyson, P.JJ.Am. Chem. Soc.
2004, 126, 15876—15882. (c) Garcia-Martinez, J. C.; Lezutekong, R.;
Crooks, R. M.J. Am. Chem. So&005, 127, 5097—-5103. (d) Calo, V.;
Nacci, A.; Monopoli, A.; Montingelli, F.J. Org. Chem2005, 70, 6040—
6044. (e) Li, J.- H.; Tang, B.-X.; Tao, L. -M.; Xie, Y.-X,; Liang, Y.; Zhang,
M.-B. J. Org. Chem2006,71, 7488—7490.

(7) For nanoparticle-catalyzed Suzuki reactions, see: (a) Reetz, M. T;
Westermann, EAngew.Chem.Int. Ed. 2000,39, 165—168. (b) El-Sayed,
M. A.; Collard, D. M.; Hong, X. M.; Li, Y. Org. Lett. 2000, 2, 2385—
2388. (c) Choudary, B. M.; Madhi, S.; Chowdari, N. S.; Kantam, M. L.;
Sreedha, BJ. Am. Chem. So@002,124, 14127—-14136. (d) Kogan, V.;
Aizenshtat, Z.; Popovitz-Biro, R.; Neumann, Brg. Lett. 2002,4, 3529—
3532. (e) Thathagar, M. B.; Beckers, J.; Rothenberd, Am.Chem.Soc.
2002,124, 11858-11859. (f) EI-Sayed, M. A.; Narayanan, R.Am. Chem.
So0c.2003,125, 8340—8347. (g) Stevens, P. D.; Li, G.; Fan, J.; Yen, M,;
Gao, Y.Chem. CommurR005, 4435—4437. (h) Bedford, R. B.; Singh, U.
G.; Walton, R. I.; Williams, R. T.; Davis, S. AChem. Mater2005,17,
701-707. (i) Cho, J. K.; Najman, R.; Dean, T. W.; Ichihara, O.; Muller,
C.; Bradley, M.J. Am. Chem. So2006,128, 6276—6277. (j) Wu, L.; Li,
B.-L.; Huang, Y.-Y.; Zhou, H.-F.; He, Y.-M.; Fan, Q.-HDrg. Lett. 2006,

8, 3605—3608.

(8) For nanopatrticle-catalyzed Hiyama reactions, see: (a)Path®.;
Thathagar, M. B.; Hartl, F.; Rothenberg, Bhys. Chem. Chem. PhyX)06,

8, 151—-157. (b) Alacid, E.; Najera, @dv. Synth. Catal2006,348, 945—
952.

(9) (@) Mowery, M. E.; DeShong, R. Org. Chem.1999,64, 1684—
1688. (b) Mowery, M. E.; DeShong, Prg. Lett.1999,1, 2137—-2140. (c)
Lee, H. M.; Nolan, S. POrg. Lett.2000,2, 2053—2055. (d) Correia, R.;
DeShong, P.J. Org. Chem.2001, 66, 7159—7165. (e) Murata, M.;
Shimazaki, R.; Watanabe, S.; Masuda,Synthesi®001, 2231—-2233. (f)
Lee, J.-Y.; Fu, GJ. Am. Chem. So003,125, 5616—5617. (g) McElory,
W. T.; DeShong, POrg. Lett.2003 5, 4779-4782. (h) Wolf, C.; Lerebours,
R.; Tanzini, E. HSynthesi2003, 2069—2073. (i) Wolf, C.; Lerebours, R.
Org. Lett.2004,6, 1147—1150. (j) Clarke, M. LAdv. Synth. Catal2005,
347, 303—307. (k) Seganish, W. M.; Handy, C. J.; DeShong]. ®rg.
Chem.2005, 70, 8948—8955. (I) Lerebours, R.; Wolf, Synthesi®005,
2287—2292. (m) Li, J.-H.; Deng, C.-L.; Liu, W.-J.; Xie, Y.-)Synthesis
2005, 3039—3044. (n) Xie, Y.-X.; Deng, C.-L.; Li, J.-1$ynthesi2006,
969—974. (0) Gordillo, A de Jesus, E.; Lopez-Mardomingo,@rg. Lett.
2006,8, 3517—3520. (p) Alacid, E.; Najera, @dv. Synth. Catal2006,
348, 2085—2091.
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Figure 2. (a) TEM image of the palladium nanoparticles (Pd/PEG
1:2). (b) Electron diffraction pattern of palladium nanoparticles.
(c) Plot of the size of a nanoparticle as a function of Pd/PEG molar
ratio and % vyield of the coupled product.

raised a question about their possible involvement as a
catalyst, no conclusive evidence is yet available to substanti-
ate such a claintt A recent report on Hiyama coupling
reaction catalyzed by the PdNi nanoclusturé prompted
us to disclose the first example of palladium nanoparticle
catalysis for Hiyama reactioin water where palladium
nanoparticles were prepared by employing a Fischer carbene
complex as the reducing agent for,RdCL. The major
advantage of the protocol is 3-fold: all operations are
performed in water; no additive other than a small amount
of PEG is required; and the temperture of the reaction is
usually lower than 100C. The products are obtained in
excellent yields ¥ 90% for most of the examples, see Table
2).

Commonly encountered methods for the preparation of Pd
nanoparticles involve either thermi@lor sonochemicéat

(10) (a) Hatanaka, Y.; Hiyama, T. Org. Chem1988,53, 918—920.
(b) Hatanaka, Y.; Fukushima, S.; Hiyama, Chem. Lett.1989, 1711—
1714. (c) Hatanaka, Y.; Goda, K.; Okahara, Y.; HiyamaT@&trahedron
1994 50, 8301-8316. (d) Hirabayashi, K.; Mori, A.; Kawashima, J.; Suguro,
M.; Nishihara, Y.; Hiyama, TJ. Org. Chem2000, 65, 5342—5349. (e)
Nakao, Y.; Oda, T.; Sahoo, A. K.; Hiyama, J. Organomet. Chen2003,
687, 570—573. (f) Riggleman, S.; DeShong,JP.Org. Chem2003, 68,
8106—8109. (g) Denmark, S. E.; Ober, M. Brg. Lett.2003,5, 1357—
1360. (h) Sahoo, A. K.; Oda, T.; Nakao, Y.; Hiyama,Adv. Synth. Catal.
2004,346, 1715—1727. (i) Seganish, W. M.; DeShongJPOrg. Chem.
2004,69, 1137—1143. (j) Denmark, S. E.; Sweis, R. F.; WehrliJDAmM.
Chem. So0c2004,126, 4865—4875. (k) Denmark, S. E.; Tymonko, SJA.
Am. Chem. So2005,127, 8004—8005. (I) Denmark, S. E.; Baird, J. D.
Org. Lett.2006,8, 793—795. (m) Denmark, S. E.; Liu, J. H.-C. Am.
Chem. Soc2007,129, 3737—3744.

(11) Thathagar, M. B.; ten Elshof, J. E.; RothenbergAGgew. Chem.,
Int. Ed. 2006,45, 2886—2890.
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Table 1. Screening of Conditions for Cross-Coupling Reaction

Table 2. Cross-Coupling Reactions of Arylsiloxanes with Aryl

in Watep Bromides Catalyzed by a Palladium Nanoparticle in Water
MeO~_)-Br +(MeO)Si—_)—rananoparticle, entry arylhalide siloxane  product time (h) %yield®
Base, 90 °C 1 Br Si (OMe),
1 © HNO 2.0 95
entry  PA/PEG base? time (h) % yielde v O 1 2
2 . a
1 1:1 NaOH 2 98 Br Si (OMe); NO,
2 12 NaOH 2 65¢ 2 @ 20 96
3 1:2 NaOH 3.5 98 Br N0z o (OMe) 16
4 1:3 NaOH 2 384 ®
5 1:3 NaOH 6 98 3 IC)-cHo 25 95
6 1:4 NaOH 2 254 CHO . 1c
7 14 NaOH 8 98 Br S1 (OMe)s CHO
8 1:5 NaOH 2 15¢ 4 o 25 94
. H 1
9 1:5 NaOH 10 704 Br Si (OMe);  OHe
10 1:1 KF 10 - @CHO " 5
11 11 K2CO; 10 204 5 O~ 5 9
12 1:1 KsPO, 10 - Br Si (OMe), 1e
13 1:1 KOH 2 95 . .
6 COCHg 2.0 98
14 11 CsF 10 = O °
15 11 CsOAc 10 - cocH, Si (OMe) 1f
16 1:1 NaOAc 10 - | PNl
7 HC[ 2.0 92
a A weighed amount of KPdCl, (0.003 g, 0.0092 mmol) and PEG 6000 Q O
(60 mg, 0.01 mmol) was dissolved in 4 mL of water. In another portion, 2 Cl 1g
mg of the Fischer carbene complex was dissolved in 5 mL of water. The Br Si (OMe)
water suspension of the Fischer carbene complex was added to the Pd(Il)
solution with vigorous stirring resulting in the formation of colloidal Pd (5 8 2.0 98
min). To this suspension of colloidal Pd were added aryltrialkoxysilane (2 -
mmol) and aryl bromide (1 mmol), and the mixture was heated &0 Br Si (OMe)s h_ome
for 1 min. Thereafter, 1 mL of 5 M NaOH solution was added dropwise, 9 3.0 95
and stirring was continued until completion of the reaction (2 h). The OMe g .
reaction mixture was then allowed to cool to room temperature and extracted Br Si (OMe)3 i
with Et,O (3 x 20 mL). The combined ethereal layers were dried over 10
anhydrous Ng5O, and concentrated in a vacuum. The residue thus obtained OMe 80 %
was purified by flash column chromatography on silica gel (2800 mesh) oM . 1]
with either a mixture of petroleum ether and acetone§®) or petroleum Br Si{OMe);  H,C
ether alone as eluert.1 mL of 5 M stock solution¢ Yield of isolated 11 @CHS 30 95
product.d Incomplete conversion.
Br Si (OMe); 1k CH,
y . . 12 @ e 30 95
decomposition of organometallic precursors or reduction of s CHa % oM O 1
metal salts with borohydride or other reducing agéh/e ' | (OMe)s
developeéf a mild synthetic method for the generation of 13 © CHs 25 95
colloidal palladium in water utilizing the reducing property CHa . 1m
of a Fisher carbene complex of tungsten, formally a W(0) Br o 1 (OFDs
compound. An aqueous solution of the metal acylate salt, 14 @ CH3 3.5 90
(COXBW=C(CHs;)O(—) NEWu(+), was added dropwise to a CH, CHO
solution of K,PdCl, containing PEG-6000 in water. (Water- Br Si (OEt)g 1n
soluble Fischer carbene comple¥esan be used instead of 15 Meod < )-cH, 35 88
the metal acylate for this purpose with similar efficiency.) OMe CHs 1o
The yellow solution turned dark brown quite rapidly indicat- Br Si (OEt)3
ing the formation of Pd nanoparticles which were character- 1g © H3CCH3 35 89
ized by TEM (Figure 2a), UV (Figure 1), and selected area CHs CH,

—_
o

(12) Kim, S.-W.; Park, J.; Jang, Y.; Chung, Y.; Hwang, S.; Hyeon, T.
Nano. Lett.2003,3, 1289—1291.

(13) (a) Nemamcha, A.; Rehspringer, J.-L.; Khatmi, JDPhys. Chem.

B 2006, 110, 383—387. (b) Mizukoshi, Y.; Okitsu, K.; Maeda, Y.;
Yamamoto, T. K.; Oshima, R.; Nagata, ¥. Phys. Chem. B997,101,
7032—7037.

(14) (a) Zhang, Z.; Wang, Z1. Org. Chem2006,71, 7485—7487. (b)
Hu, J.; Liu, Y.Langmuir2005,21, 2121—-2123. (c) Chen, F.; Zhong, Z;
Xu, X.-J.; Luo, J.J. Mater. Sci. Lett2005,40, 1517—1519.

(15) Samanta, D.; Sawoo, S.; Sarkar,Ghem. Commur2006, 3438—
3440.

(16) Samanta, D.; Sawoo, S.; Patra, S.; Ray, M.; Salamain, M.; Sarkar,
A. J. Organomet. Chen2005,690, 5581—5590.

2 Aryl bromide (1 mmol), aryltrialkoxysilane (2 mmol), catalyst (1 mol
%) under air at 90C. ? Yields of the isolated products.

electron diffraction (SAED) (Figure 2b) (for additional data,
see Supporting Information). The mildness of the conditions
and the neutral agueous medium make it an attractive method
for the preparation of palladium nanopatrticles for synthesis.
The Pd nanoparticle thus formed is stable in air for a month.
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Initial studies were performed with 4-bromoanisole (1 A range of substituted aryl bromides were used as
mmol), a relatively deactivated aryl bromide, phenyltri- substrates. The entries in Table 2 reveal that both electron-
methoxysilane (2 mmol) using an agueous suspension ofwithdrawing (entries 1—7 and 14) and electron-donating
colloidal Pd (10 mL, 1 mol %), and a base (0.5 M) under 90 (entries 9—13, 15, and 16) substituents yielded excellent
°C in air. Among the inorganic bases testdldOH and KOH  results. Even 2-substituted aryl bromides led to excellent
gave the desired coupling product in excellent yi¢3@— yield of the desired biaryl. With 4-chlorobromobenzene as
98%, see Table 1). The other bases likeCRs, KsPO,, substrate, bromide was selectively replaced by the phenyl

CsCO0;, KF, CsF, NaOAc, or CsOAc afforded only a trace  group in preference to chloride, as would be expected (entry
amount of the desired product. 7, Table 2).

It was observed that the size of the nanoparticles decreases

with increasing amount of the stabilizer PEG-6000 (Figure Itis noteworthy that aldehyde did not undergo transition-
2¢). When Pd/PEG 1:1 (particle size 9.70 nm) was used metal-catalyzed nucleophilic addition by aryltrimethoxysilane

the reaction was complete within 2 h. By increasing the &S 'eported recently as a competitive parallel reaction.
amount of PEG, both the particle size and the yield of product Chemoselectivity was total and in favor of the Hiyama
diminished in 2 h (Figure 2c). However, the yield of the Ccoupling reaction (entries35 and 14, Table 2). Although
coupled product for such reactions can be improved to 98% the reactions were carried out in air, no noticeable amount
by using a longer reaction time. Lower catalytic activity of ©Of radical-induced dimeric product was formed. Yield of
the smaller nanoparticles is often attributed to stronger products from reactions involving deactivated aryl bromides
adsorption of reaction intermediates on the particle sufface. remained very high.

Alternatively, the PEG might cover the surface of smaller |n summary, we have reported the use of Fischer carbene
particles more effectively and block the approach of reactants.complexes of tungsten as a reducing agent to synthesize
El Sayed and co-workers foutfdhat catalytic activity and  ¢gjioidal palladium capped by PEG in aqueous medium at
nanoparticle stability were anticorrelated, with capping agents room temperature. This palladium nanoparticle is stable in
that gave good nanoparticle st'ablllty'yleldlng slow reactlg.n air for a month and extremely active in Hiyama cross-
rates. For instance, G4 dendrimers imparted good stability ¢ 5jing reactions. The catalytic reaction is fluoride-free, is

but poor reaction rates, whereas G2 dendrimers affordedg.qo of conventional ligands for palladium, and uses the most
better coupling rates but relatively poor nanoparticle stability. benign solvent, i.e., water, for maximum efficiency. Use of

In our experlmepts, an increased gmount of PE_G not OnI).'galladium nanopatrticles in other coupling reactions are being
decreased the size of the nanoparticle but also increased it .
explored and will be reported elsewhere.

stability, which might explain its diminished catalytic activ-
ity.

yThe present procedure is superior to several earlier Acknowledgment. We thank CSIR and the Department
methods in that it does not use any organic solvent exceptof Science and Technology, India, for financial support. D.S
for workup. Also, nanoparticles can be used straight after and S.S are thankful to CSIR, India, for their fellowship.
preparation without any purification stépand the entire
operation is fluoride-free. The reaction involved hydrophobic  Supporting Information Available: Detailed experi-
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efficiency in watet”"" than when cosolvents (THF or DME)  coupling products. This material is available free of charge

were used. via the Internet at http://pubs.acs.org.
(17) Li, Y.; Boone, E.; El-Sayed, M. ALangmuir 2002 18, 4921 OL7015143
4925.

(18) Li, Y.; El-Sayed, M. AJ. Phys. Chem. R001,105, 8938—8943.
(19) When the aqueous extract containing residual catalyst was reused (20) For recyclability of nanoparticles, see: de Vries, A. H. M.; Parlevliet,

for a fresh batch of reaction, product yield was only moderaté506). F. J.; de Vondervoort, L. S.; Mommers, J. H. M.; Henderickx, H. J. W.;
Conditions are being developed to optimize recovery and recyclability of Walet, M. A. M.; de Vries, J. HAdv. Synth. Catal2002,344, 996—1002.
catalyst® (21) Wolf, C.; Lerebours, Rl. Am. Chem. So2006 128 13052-13053.
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