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Various aqueous surfactants proved to be excellent media for
carrying out palladium-catalyzed Suzuki-Miyaura cross-
coupling reactions under mild conditions. The dehalogena-
tion side reaction, which is usually a drawback with the
aqueous protocol, was not observed. The concentration of the
surfactant in water played a pivotal role for the reaction out-
come. Smooth cross-coupling of iodoanisole and a variety of
aryl bromides, including electron-rich derivatives, with aryl

boronic acids occurred at room temperature in high yields
either with [Pd(PPhj),] or Pd/C as catalyst. The water-sur-
factant Pd/C system combines high activity under ambient
conditions (air), easy separation and recyclability. Palladium
acetate was found to be effective in cross-coupling of the less
reactive aryl chlorides at 100 °C.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

The palladium-catalyzed cross-coupling reaction of aryl
halides and arylboronic acids [the Suzuki—Miyaura reac-
tion (SM reaction)]l! 7 is one of the most widely used syn-
thetic protocols in modern chemistry and in industrial ap-
plications.®] The synthesis and utilization of biaryl com-
pounds are implicated in key steps for the building of nu-
merous conducting polymers, molecular wires, liquid
crystals, agrochemicals, pharmaceuticals, and chiral skel-
etons of many asymmetric catalysts.[>!% In particular, pro-
gress in cross-coupling reactions has strongly impacted the
pharmaceutical industry!'!~13 by accomplishing the prep-
aration of a great diversity of chemical structures for lead
identification and optimization of drug candidates. Besides
the classic general Ulmann'4l and Stille!'> couplings, the
SM synthesis of biaryls is very attractive because organo
boronic acids are highly advantageous as reagents in
laboratories and industry. They are largely unaffected by
the presence of water, tolerate a broad range of functionali-
ties and yield non-toxic by-products which can be readily
separated from the desired compound. This is of great im-
portance in the development of more environmentally fri-
endly and economically sound manufacturing processes.!'°]
The widely employed reaction protocol utilizes aqueous or-
ganic solvents in the presence of an inorganic base (typi-
cally carbonate, hydrogencarbonate, or hydroxide) and
phosphorous derivatives as ligands. In the past few years,
great advances have been made in developing active and
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efficient catalysts by modifying traditional ligands and dis-
covering new ones.['”724 In the meantime, new types of
non-phosphane ligand complexes, such as heterocyclic
carbenes,>>261 oxime palladacycles,?”l imine and amine
palladacycles,?® 3% diazabutadienes?*!! and 2-aryl-2-oxazo-
lines!*?! have also emerged for use in the SM reaction. Re-
garding industrial applications, however, these ligands and
Pd-precursors are expensive. Moreover, homogeneous ca-
talysis presents problems in separation and, furthermore,
wasted inorganic materials are difficult to reuse. Deacti-
vation of the soluble palladium catalysts by forming inac-
tive particles is also often encountered at high reaction tem-
peratures. To overcome these problems, heterogeneous pal-
ladium catalysts, such as palladium complexes immobilized
on polymericB?¥ or inorganic supports,3*371 palladium
powder,*® mixed nanocluster catalysts,*] cyclodextrin-
capped palladium nanoparticles,*” microencapsulated pal-
ladium catalysts,*!7 and fluorous biphasic catalysis without
perfluorinated solvents,? have been developed. In addition
to reusable catalysts, from the standpoint of green chemis-
try, the development of more environmentally benign reac-
tion conditions, for example the use of water instead of or-
ganic solvents and the use of non-toxic reagents, would be
desirable. Subsequently, SM reactions have been achieved
in supercritical carbon dioxide, under solventless con-
ditions,[* in ionic liquids with methanol as co-solvent un-
der ultrasonic irradiation™ and in water using microwave
and conventional heating.*’! An oxime—carbapalladacycle
complex covalently anchored to silica has been used as an
active and reusable heterogeneous catalyst for Suzuki cross-
couplings in water at reflux.*®l Interestingly, the cheaper
Pd/C, one of the most common heterogeneous palladium
catalysts, has been found to work efficiently as a reusable
catalyst for the coupling reaction of water-soluble iodo- or
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bromophenols and arylboronic acids in aqueous media at
room temperature.*”! The development of water-based or-
ganic transformations is growing in importance in chemis-
try. Its low cost and lack of inflammable, explosive, muta-
genic and carcinogenic properties makes water the most
suitable solvent for the production of fine chemicals. In ad-
dition, several synthetic advantages are expected using
water as the solvent. Among others, phase separation is eas-
ier because most organic compounds are lipophilic and are
easily separated from the aqueous phase. Provided that the
heterogeneous catalysts exhibit high catalytic activity in
water, the catalysis would represents an almost ideal syn-
thetic process. Water is compatible with most of the known
palladium-catalyzed reactions.*8! The low solubility of the
majority of organic compounds in water is a great prob-
lem.™ This should be addressed by using surfactants in
concentrations above the cmc (critical micelle concen-
tration) level, which for common surfactants are in the
range of 1073 to 1072 m. It has recently been shown®” that
formation of C—C and C—O bonds occurs efficiently in
water in the presence of surfactants. In this work we pre-
pared biaryls in good yields from aryl halides and aryl-
boronic acids using water as solvent, various surfactants
and [Pd(PPhs),], Pd/C or Pd(OAc), as catalyst. The obvious
advantages of working in aqueous suspensions are that
water-insoluble reaction products can be isolated by simple
liquid-liquid extraction and that Pd/C can be separated by
simple filtration. Ultra filtration could lead to recovery of
the surfactants. The dehalogenation side reaction, which is
usually a drawback with the aqueous protocol of SM coup-
ling, was not observed.!!

Results and Discussion

The general process involves formation of biaryl 3
(Scheme 1) from the parent aryl halide 2 (0.2—2.0
mol-dm—3), K,CO; (0.4—4.0 mol-dm™3) in an aqueous
solution of 0.15 mol-dm™3 surfactant, Pd catalyst (6.25
1073 mol-dm™3), and aryl boronic acid 1 (0.10—1.0

mol-dm™?).

R R
H,O/CTAB
AB(OH),  + @x i bbbl @m
R} PA/C;K,CO; R
1 2 3
X =1, Brand Cl
Scheme 1

The surfactants concentration are, in all reactive cases, at
least one order of magnitude (two orders for CTAB) higher
than their cmc levels and the reactants concentrations are
equal to or in excess of that of the surfactants.

The results of coupling reactions are collected in Tables
1—3 and are discussed below.

The various factors which affect the investigated reaction
can be analyzed separately, as follows:
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Type of Surfactant

The effect on varying the surfactant structure can be in-
terpreted in the light of the results obtained for reactions
of 4-iodoanisole 2a with phenyl boronic acid 1a, using a
solution 0.15 M of a surfactant in water/1-butanol (8:1) as
the reaction medium, [Pd(PPh;)4] or Pd/C as the palladium
source and potassium carbonate as the base. We chose to
start with an aryl iodide, since the large difference in the
coupling rate of iodo- versus bromo- and chloro-functions
in the SM cross-coupling reaction should have presented
some advantages in the optimization studies. In the prelimi-
nary experiments a small amount of butanol was added to
the reaction mixtures in order to obtain more stable sys-
tems. In fact, the presence of surfactants in amounts far
exceeding the cmc could lead to the formation of complex
systems, like gels, that are not desirable as media for reac-
tions. Under the above conditions, the reaction product 4-
methoxybiphenyl (3a) was isolated in high yields, at room
temperature, in the presence of cationic, anionic, zwit-
terionic, and non-ionic surfactants (Scheme 2, Table 1).
Very likely, the moderate yields of 3a obtained in the pres-
ence of cetyltrimethylammonium iodide (CTAI) and cetylp-
yridinium chloride (CPyCl) were due to the low solubility,
at room temperature, of the former surfactant and base-
promoted decomposition of the latter.

H,0/S
PhB(OH), + I@*OC% 2 ph~<i>~ocﬂ3
Cat.; K,CO;5 ;
la 2a 3a
S = Surfactant; Cat. = Pd(PPhs), or Pd/C

Scheme 2

Table 1. Reaction of 1a with 2a in the presence of surfactants

Entry  Surfactant Time  Catalyst Product 3al®!
[h] Yield [0 (\]
1 SDS 3 [Pd(PPhs),]" 80
2 CTAB 3 [Pd(PPhs),]®! 96
3 CTAB 3 [Pd(PPhy),]bleldl 98
4 None 3 [Pd(PPhs),]" 26
5 CTAB 24 Pd/C 95
6 CTAB 24 Pd/Cll 95
7 SB3— 141 3 [Pd(PPhs), 77
8 BHDC" 3 [Pd(PPhs),]" 85
9 CTAI 3 [Pd(PPhs),]" 33
10 TritonX 1002 3 [Pd(PPhs),]" 85
11 CpyCl 3 [Pd(PPhs),]" 47
12 TBAB 27 Pd/Cl 5

[l Typical experimental procedure: 0.60 mmol of surfactant, 4 mL
of water, 0.5 mL of butanol, 0.5 mmol of 1a, 1.0 mmol of 2a,
2.0 mmol of K,CO; were mixed together by gentle stirring until an
optically isotropic system was obtained. Palladium catalyst
(0.025 mmol) was then, added. [ The reaction was carried out un-
der nitrogen atmosphere. [ The reaction was carried out without
butanol. [ At room temperature the system has a milk-like appear-
ance. [ 3-(Dimethyltetradecylammonium)propane sulphonate. [l
Benzyldimethylhexadecylammonium chloride. [8 Ethoxylated oc-
tylphenol.
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In contrast to results obtained in the pioneering work
on the palladium-catalyzed carbonylation of iodoarenes in
aqueous solubilized systems,’?! the reaction gave the best
yield in the presence of CTAB, even without adding butanol
as co-solvent (Table 1, entries 2 and 3). Using this surfac-
tant, the coupling proceeded readily in the presence of Pd/
C or [Pd(PPh;),] as catalyst. The same result was observed
with or without adding the co-solvent (Table 1, entries 5
and 6). The formation of 3a (26% yield) using [Pd(PPh;),]
as the catalyst in water/butanol (8:1), without surfactant,
shows that butanol also facilitates the dissolution of the re-
actants and the catalyst in the reaction medium (Table 1,
entry 4). The failure to form 3a using tetrabutylammonium
bromidel>3! (TBAB) (Table 1, entry 12) should rule out the
use of CTAB as a phase-transfer catalyst.

The concentration of the surfactant in water played a piv-
otal role for the reaction outcome. Taking the coupling of
phenylboronic acid 1a with 4-bromoanisole 2b as a model
system, we performed the reaction on a 0.5 mmol scale of
la using different concentrations of CTAB and constant
quantities of 1a, 2b, K,COs3, and Pd/C. An increase in the
yield of 3a, from 5% to 93%, was observed on changing the
concentration of CTAB from 10™* to 0.1 mol-dm™3
(Scheme 3, Table 2, entries 2—5). Higher yields were ob-
tained at [CTAB] well above cmc. We next turned our atten-
tion to a larger scale reaction. We performed the coupling
on a 5 and 10 mmol scale of 1a, by placing 1a in 4 mL of
an aqueous solution of 0.15 M CTAB, a proportional
amount of 2b and K,COs;, and exactly the same amount of
Pd/C catalyst used in the runs carried out on the 0.5 mmol
scale. Again, we obtained impressive yields (73—99%) of
biaryl 3a. Of course, with a lower loading of the catalyst,
longer reactions times were required when the reactions was

H,O/CTAB
PhB(OH), + Br—@OCH3 i Ph@OCH;
Pd/C; K,CO, ‘
1a 2b 3a
Scheme 3

Table 2. Reaction of 1a with 2b at variable [CTAB]

Entry [CTAB], M [CTAB]/[2b] Product 3al®
102 102 Yield [%]

1 0 0.0 2101

2 0.01 0.04 5lb]

3 0.1 0.40 50101

4 1 4.0 70101

5 10 40 93[bl

6 15 6.0 73lel [d]

7 15 6.0 98[cl [e]

8 15 3.0 991l

[al Experimental procedure: CTAB, 1a, 2b, and K,CO; are mixed
together in 4 mL of water by gentle stirring. Palladium catalyst
(0.025 mmol) was then added. ™ 0.5 mmol of 1a, 1.0 mmol of 2b
and 2.0 mmol of K,COs, at room temperature for 24 h. [ 5.0 mmol
of 1a, 10.0 mmol of 2b and 20.0 mmol of K,CO5. [ Room tem-
perature for 72 h. (140 °C for 24 h. 1 10.0 mmol of 1a, 20.0 mmol
of 2b and 40.0 mmol of K,COs, at 60 °C for 24 h.
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carried out at room temperature. An increase in the turn-
over frequency (TOF, number of moles of aryl boronic acid
converted/moles of Pd per hour) was accomplished by in-
creasing the reaction temperature (Table 2, entries 6—S8).
The ratio [CTAB]/aryl halide did not seem to have any sig-
nificant effect on the reaction outcome if the [CTAB] was
greater than 100 times its cmc.

Thus, the aqueous surfactant systems proved to be excel-
lent media for carrying out palladium-catalyzed reactions.
These systems have the following advantages in comparison
with more conventional procedures: no organic solvent is
needed; ultra low surface tension allows fast and easy mix-
ing of reagents; the systems are formed spontaneously and
vigorous mechanical or ultrasonic agitation is not needed
to obtain and maintain these systems.

Structure of the Aryl Halide

We studied the SM cross-coupling reaction of phenylbo-
ronic acids with aryl iodides, bromides, and chlorides. Al-
though aryl iodides, bromides, and triflates are most com-
monly used, recently aryl chlorides, hitherto regarded as in-
ert to palladium-catalyzed cross-coupling reactions, have
been shown to be effective participants, provided that there
is an electron-withdrawing group on the aryl ring and/or a
basic phosphane ligand on the palladium. Representative
cross-coupling reactions using both electron-rich and elec-
tron-poor haloarenes were investigated. The results are
summarized in Table 3.

All the experiments were performed on 0.15 M aqueous
solutions of CTAB. In all cases a small amount of biphenyl
(1-6%) was formed as a by-product from the homocoup-
ling reaction of phenylboronic acid. The phenylboronic
acid/aryl halide ratio greatly influenced the yield of this lat-
ter by-product, which could become relevant in the presence
of an excess of the arylboronic acid with respect to the aryl
halide. In a number of cases, the comparison of the catalytic
activity of palladium-phosphane complexes with ligand-free
palladium catalysts, in the presence of surfactants, was the
key to obtaining useful results from a synthetic point of
View.

It is clear that the cross-coupling is efficient over a broad
spectrum of ortho- and para-substituted aryl halides and
that variations in the electronic nature of the substituents
are well tolerated. The SM coupling of heteroaryl bromides
with phenylboronic acid also occurs in good yields. Appli-
cation of the general conditions developed, allowed for
smooth coupling of iodoanisole and a variety of aryl bro-
mides, including electron-rich derivatives with arylboronic
acids at room temperature in high yields. Although steric
hindrance of aryl halides is not a major factor for the for-
mation of substituted biaryls, the cross-coupling reaction of
ortho-substituted aryl bromides required heating at 60 °C
for 24 h to give the expected biaryl derivatives in high yields.
Competitive deboronation was not observed. As expected,
aryl chlorides were less reactive than iodides and bromides.
Nevertheless, high conversions of the activated aryl chlo-
rides were achieved at 100 °C in the presence of Pd/C as
catalyst and K,CO; as base. Encouraged by these results
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Table 3. Cross-Coupling of aryl halide with aryl boronic acids in 0.1 m aqueous CTAB

Entry Compound Compound Procedure 7[°C] Time Product Conversion to
1 2 [h] 3 (%) biphenyl (%)
B(OH), OCH; = =
T T e e Ol
I
Ia 2a 3a (96)
2 1a 2a B’ 24 3a (95) L5
OCH,
3 1a /©/ A w3 3a (90) 25
Br
2b
4 1a 2b B o 24 3a (94) 2
B(OH),
5 i:j' 2 B on 2 me —( )—ocu
H,C 3b (96)
1b
B(OH), e =
6 Q 2b B noo24 \ )\ ) OcH;
F 3c (89)
lc
B(OH), H;CO
7 2b B o 24
OCH, \ / \ / OCH
1d 3d (65)
8 1 N/j/Br A 24 <N7> <7 5
a ‘ N\ N\ /
KN/ N
2¢ 3e (52)
9 1a 2¢ A 40 45 3e (65) 4
10 1a 2¢ B it 24 3e (65) 6
0 0
3
" 1a /©)kH A o 24 \_.7 \_/
3 (75
Br (15
2d
12 1a 2d B it 24 3 (74) 5
Br NO,
13 1a NO, B 60 24 §_< 35
L=
2e 3g (95)
Br O O
14 1a B 60 4 CH, 25
L))
i 3h (89)
o} H,yC
15 1a Q)‘\CH* A o3 o) < } <\ > 3
3
Br i (89)
2g
o
16 1a A 60 24 3i ()
CH;
Cl
2h
17 1a 2h A 100 24 3i(-)
18 1a 2h foy 100 24 3i(-)
19 1a 2h D’ 100 24 3i ()
20 1a 2h B 100 24 3i (85)
21 1a 2h E° 100 24 3i(-)
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Table 3. ( Continued)

Entry Compound Compound Procedure 7[°C] Time Product Conversion to
1 2 [h] 3 (%) biphenyl (%)
H,N CF; NH,
2 la D/ B 100 24 O—Q
o RN\ s
! 3j (96)
23 OCH;
la Q/ B 100 24 3a(6)
Cl
2j X
24 la 2j I 100 20 3a (22) 10
25 la 2j G 100 20 3a (9) 20
26 1a 2j H 100 22 3a (65) 9

Typical procedure: 0.60 mmol of CTAB, 4 mL of water, 0.5 mmol of 1, 1.0 mmol of 2 and 2.0 mmol of an inorganic base were mixed
together by gentle stirring until an optically isotropic system was obtained; catalyst (0.025 mmol) was then added, unless specified.

[al Procedure A: under a nitrogen atmosphere with 0.5 mL of butanol as co-solvent, K,COj3 as inorganic base and [Pd(PPhs),] as catalyst.
(I Procedure B: K,COj; as inorganic base and Pd/C as catalyst. [ Procedure C: under a nitrogen atmosphere with 0.5 mL of butanol as
co-solvent, Cs,COj as inorganic base and [Pd(PPhs),] as catalyst. [ Procedure D: under a nitrogen atmosphere, 0.5 mL of butanol as
co-solvent, KF as inorganic base and [Pd(PPhs),] as catalyst. [l Procedure E: without surfactant, K,CO; as inorganic base and Pd/C as
catalyst. 1 Procedure F: under a nitrogen atmosphere, 1.9 mmol of NaOH as inorganic base and [Pd(PPhs),] as catalyst. & Procedure
G: under a nitrogen atmosphere, 1.9 mmol of NaOH as inorganic base and Pd,(dba); and 0.050 mmol of 1,2-bis(diphenylphosphino)-

ethane as catalyst. ™ Procedure H: under a nitrogen atmosphere, 1.9 mmol of NaOH as inorganic base and Pd(OAc), as catalyst.

we decided to see whether the CTAB-based reaction me-
dium was suitable to activate the electronically challenging
4-chloroanisole with Pd/C as catalyst. Many of the ap-
proaches for the activation of aryl chlorides in the SM reac-
tion rely on the development of either new ligand sets or
new pre-catalyst types, both of which require a substantial
degree of synthetic elaboration.['”) Interestingly, it was re-
cently reported® that “ligand-free” TBAB-Pd systems,
using Pd(OAc), as Pd source, are capable of showing good
activity in the Suzuki coupling, even of electronically deac-
tivated aryl chlorides, provided that the reactions are per-
formed in the presence of water. So, we performed a concise
base/catalyst screening. The use of Pd/C as catalyst, in
aqueous CTAB and variation of the base (K,CO;, KF,
Cs,CO;, K5PO4, and NaOH) gave disappointing results. In
fact, the highest level of cross-coupling derivative (6%) was
observed when NaOH was employed as base. In contrast
with the CTAB/H,O/NaOH system, species formed from
Pd(OAc), were capable of catalyzing efficiently the cross-
coupling process and we obtained results similar to that re-
ported in the coupling of aryl chlorides in TBAB-water
mixtures.’* We failed to obtain the cross-coupling deriva-
tive omitting CTAB from the system. The disappointing re-
sults obtained on adding phosphorous ligands to Pd(OAc),
gives support to the hypothesis that the true active catalysts
are palladium colloids. The in situ reduction of Pd" species
can generated Pd nanoparticles which would be uniformly
dispersed and mixed with the reactants resembling a homo-
geneous catalytic system.>!

Structure of the Arylboronic Acid

We evaluated the influence of the substituents of the bo-
ronic acid on the outcome of the reaction by investigating
the cross-coupling of 4-fluoro-, 4-methyl-, and 3-methoxy-
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phenylboronic acids with 4-bromoanisole 2b. The corre-
sponding biaryl derivatives 3b—d were isolated in high
yields. Usually, slightly lower conversions were observed
when electron-donating substituents were present on the
aryl moiety of the boronic acid derivatives. Under our con-
ditions the results seem to indicate that the reaction out-
come is not affected by electronic factors.

Catalyst

We chose to investigate heterogeneous Pd/C as catalyst
to build-up a novel SM reaction system based on surfac-
tant/water mixtures. These new systems should present no-
table features including fast and efficient reactions in air,
catalyst/CTAB recyclability, and total catalyst stability un-
der the reaction conditions. This system should not only
solve the basic problems with catalyst separation and recov-
ery but should also avoid the need for phosphane ligands.
In contrast, homogeneous catalysts require air-sensitive li-
gands (usually phosphanes) with removal of the catalyst
from the product being difficult, this applies to the ligand
as well as the expensive precious metal. A specially optim-
ized air-stable Pd on activated carbon catalystl*® was shown
to be a highly active, selective, and convenient hetero-
geneous catalyst for SM reactions in N-methylpyrrolidone
(NMP)/water (10:3) system at 120 °C. Furthermore, these
ligand-less heterogeneous Pd catalystsl®” showed the unique
ability to activate aryl chlorides for SM cross-couplings.
The choice of solvent system was the determining factor for
obtaining the SM cross-coupling product selectively and for
blocking the homo-coupling pathway. Based on the concept
that dispersing metal catalysts utilizing microemulsion as
the reaction medium could improve the effectiveness of the
catalyst for the SM cross-coupling reaction, we found that
Pd/C could represent a convenient air stable, phosphane-
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free catalyst for SM reactions in a water-surfactant system.
Recently, ultrafine Pd particles have been prepared in a
water/AOT/n-hexane microemulsion by hydrogen gas re-
duction of PdCl,>, and their efficiency has been evaluated
for hydrogenation reactions of olefins.>> As stated in re-
lated studies®® on the correlation of activity, catalyst
properties and palladium leaching of Pd/C catalysts, the re-
action should be accompanied by a Pd dissolution/precipi-
tation process. Thus in the presence of surfactant aggre-
gates, a fresh catalyst exhibiting a higher Pd dispersion and
more uniform distribution than the starting Pd/C can be
generated in situ. The mechanism of the Pd-catalyzed SM
reaction of aryl halides with boronic acids involves oxidat-
ive addition of Pd° to aryl halide, transmetallation of
Ar—Pd—X with Ar'B(OH);~ M™ and reductive elimin-
ation to give Ar—Ar’. The presence of positive R;N* ions
at the surface of the surfactant aggregates could enhance
the synergistic anchimeric and electronic effects occurring
upon anchoring the arylboronate intermediate close to a Pd
site. In the presence of microemulsions in water the trans-
metallation step seemed to be rate-determining.!*”! The co-
operative anchimeric and electronic effects are absent with
[Pd(PPhs),] which explains the excellent reactivity of Pd/C
catalyst with electron-poor aryl chlorides. When we investi-
gated the coupling of the electronically very deactivated
substrate 4-chloroanisole, the formation of the cross-coup-
ling derivative was observed only with Pd(OAc), as catalyst.
The different reactivity of Pd(OAc), could be due to Pd
dispersion and the uniform distribution of palladium nano-
particles giving the most active catalyst. It is noteworthy
that the water—surfactant Pd/C system combines high ac-
tivity, under ambient conditions (air), easy separation and
recyclability. The experimental procedure is very simple.
Liquid-liquid extraction with common organic solvent,
such as diethyl ether, allows the quantitative recovery of the
product from the water-surfactant Pd/C system. The ac-
tivity of the recovered water-surfactant Pd/C system was
monitored using the reaction of 4-bromoanisole with
PhB(OH),. Although the catalytic activity gradually dimin-
ished (yield of 3a: 1st reuse 95%, 2nd reuse 88%, 3rd reuse
85% and 4th reuse 80%), the yield was still 80% even after
the fourth reuse.

Conclusion

In summary we have demonstrated that the water-surfac-
tant palladium-catalyst system can accomplish the SM
cross-coupling in milder and more environmentally friendly
conditions. CTAB aggregates could generate in situ (on
their surfaces?) highly dispersed palladium nanoparticles
from simple Pd/C and Pd(OAc),. Additional ligands are un-
necessary. Surface effects could explain the excellent reactiv-
ity of heterogeneous Pd catalysts with aryl chlorides. These
effects are absent with homogeneous catalysts. Our water-
surfactant Pd/C system could solve the basic problems of
catalyst separation and recovery. Other notable features in-
clude efficient reactions, recyclability, and catalyst stability
in air.
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Experimental Section

General Remarks: All starting materials and surfactants [dodecyl
sulfate sodium salt (SDS), cetyltrimethylammonium iodide (CTAI),
cetylpyridinium chloride (CPyCl), benzyldimethylhexadecylam-
monium chloride (BHDC), ethoxylated octylphenol (TritonX 100)]
are commercially available and were used as purchased without
further purification, unless otherwise stated. 3-(Dimethyltetradecy-
lammonium)propane sulfonate (SB3—14) and cetyltrimethylam-
monium bromide (CTAB) were purified by recrystallization from
acetone and ethanol/diethyl ether respectively. Solutions were made
with redistilled, deionized water. The products, after conventional
workup, were purified by flash chromatography on silica gel, elut-
ing with n-hexane/ethyl acetate mixtures. Products are all known
and were identified by comparison of physical and spectroscopic
data with those given in the cited references: 3a,[°"! 3b and 3c,®!]
3,621 3e,1631 3£,[641 3g [651 3]y [66] 3 1671 and 31681

Typical Experimental Procedure: Surfactant (0.60 mmol), aryl-
boronic acid (0.5, 5.0 or 10.0 mmol), aryl halide (1.0, 10.0 or
20.0 mmol), and an inorganic base (2.0, 20.0, or 40.0 mmol) were
dissolved in 4 mL of water (in some experiments 0.5 mL of butanol
was added as co-solvent) and mixed together by gentle stirring (un-
der a nitrogen atmosphere with homogeneous catalysts) until an
optically isotropic system was obtained. A palladium-based cata-
lyst (0.025 mmol) was then added. The reaction was monitored by
TLC or GC-MS. After completion, the solvent was removed, and
the reaction mixture was purified by flash chromatography (silica
gel, n-hexane/ethyl acetate mixtures).

Recycle Procedure: CTAB (2.73 g, 7.5 mmol), phenylboronic acid
(0.76 g, 6.25 mmol), p-bromoanisole (1.55g, 10.0 mmol) and
K,CO; (2.76 g, 20.0 mmol) were dissolved in 50 mL of water and
mixed together by gentle stirring, until an optically isotropic system
was obtained. Pd/C (10% Pd) (0.068 g, 0.06 mmol) was then added
and the mixture stirred for 72 h at room temperature. At the end
of each reaction cycle the product was recovered from the water-
surfactant Pd/C catalyst by a liquid-liquid extractor using, as sol-
vent, diethyl ether. To the recovered system was then added all the
starting reagents, except surfactant and Pd/C catalyst, for a new
reaction cycle. The recovered organic solvent was evaporated and
the crude product was purified by flash chromatography (silica gel,
hexane/EtOAc, 99:1).
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