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bstract

The Pd(NH3)4
2+-loaded NaY zeolite was found to be a highly active catalyst precursor for Suzuki–Miyaura (SM) reactions of aryl bromides

nd aryl chlorides at low Pd concentrations in air. Aryl bromides and arylboronic acids can couple effectively both in pure water and in N,N-

imethylacetamide/water mixtures (1/1) within minutes with turnover frequencies (TOF) up to 4 × 105 h−1. The presence of a minute amount of
ater was crucial for the success of the reaction with chloroarenes. The excess amounts of as-received zeolite provided the necessary water for the

eaction. The results suggest that the combined use of the water-zeolite system may have a synergistic effect in the reaction.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Substituted biaryls are important intermediates for the
roduction of biologically active substances such as pharma-
euticals and herbicides and engineering materials such as
onducting materials and liquid crystals [1–7]. The palladium
atalyzed cross-coupling reaction of aryl halides with aryl-
oronic acids (Suzuki–Miyaura (SM) reaction) is currently the
ost versatile method for the synthesis of these chemicals.
Numerous studies have contributed towards improving the

fficiency of this reaction in the last decade. Presently, high
urnover numbers (TON) can be achieved even with the electron
ich chloroarenes by the catalysis of variety of Pd complexes
r Pd-ligand combinations under homogeneous and relatively
ild reaction conditions [8–17]. Nevertheless, the pharmaceu-

ical industry in particular is highly reluctant to employ the Pd
atalyzed processes since there is always a risk of contamination

f the end products by the transition metal and ligand residues.
herefore, effective methods need to be developed for the recov-
ry of the catalyst after the reaction. Numerous reports have

∗ Corresponding author. Tel.: +90 232 7507529; fax: +90 232 7507509.
E-mail address: leventartok@iyte.edu.tr (L. Artok).
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roposed techniques which involve the use of heterogeneous Pd
atalysts on a variety of supporting materials for the effective
ecovery of Pd [18].

Ligand-free Pd on widely available active carbon or inorganic
upports appears to be the most suitable catalyst for the indus-
rial applications of Pd catalyzed reactions. Zeolites are good
andidates for inorganic support materials since they possess
arge specific surface areas and contain well-defined micropores
nd mesopores for the encapsulation of the Pd species. Further-
ore, the presence of inherent negative sites may lead to better

ispersion of the cationic Pd units by ion exchange. Hence, Pd-
oaded zeolites were demonstrated to be highly active catalysts
or the cross coupling of alkenyl halides with arylboronic acids
19], �-arylation of malonate [20], Heck [21], amination [22],
uzuki–Miyaura [23–25], and Sonogashira [26] reactions.

We reported previously that Pd-loaded NaY zeolites were
ighly active and re-usable catalysts in Suzuki–Miyaura cross-
oupling reactions of aryl bromides at room temperature [23,24].
evertheless, the method required high Pd loadings (typically
.5 mol%) for effective coupling. Also, the activities were

ot satisfactory for industrially more important aryl chloride
eagents under the experimental conditions tested. Therefore, we
imed at extending the study to determine limits of the catalyst
or SM coupling of wide range of aryl bromides and chlorides

mailto:leventartok@iyte.edu.tr
dx.doi.org/10.1016/j.molcata.2007.09.010
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ith arylboronic acids. We present in this paper that the cat-
lyst functioned very effectively, affording SM reactions with
xcellent TONs and turnover frequencies (TOF).

. Experimental

.1. Catalyst preparation

Pd(NH3)4
2+ was introduced into the NaY zeolite (Zeolyst

nternational, #CBV100, SiO2/Al2O3 mol ratio: 5.1) by
on exchange using 200 mL, 0.1 M NH4OH solution of
d(NH3)4Cl2 for 2 g of zeolite in as-received form, correspond-

ng, approximately, to 0.2 wt% of Pd on the zeolite. The solution
ixture was stirred for 2 h at room temperature, filtered and
ashed with water until no Cl− ion was detectible within the
ltrate. The solid was left under ambient conditions to eliminate

ts excess water content since the application of higher temper-
tures and high vacuum were observed to result in a less active
atalyst. In order to analyze the palladium content of the zeolite,
d(II)-NaY was dissolved in a mixture of concentrated HBF4,
NO3, and HCl (3:3:2) in a Teflon reactor by heating at 180 ◦C

nd subjecting it to 600–650 W microwave power.

.2. Typical reaction procedure

.2.1. Reactions with aryl bromides
Phenylboronic acid used for the reactions with aryl bromides

as a Fluka’s reagent. 4-Methoxyphenylboronic acid reagent
as supplied from Merck, and 4-acetylphenylboronic acid and
-(trifluoromethyl)phenylboronic acid reagents were supplied
rom Alfa Aesar.

Aryl bromide (10 mmol), boronic acid (12 mmol), hex-
decane (as an internal standard), Na2CO3 (20 mmol),
,N-dimethylacetamide (DMA)/water (1/1, 20 mL), catalyst
nd zeolite (1 g overall) were introduced into a two-necked round
ottomed flask which was equipped with a condenser and a sep-
um and heated at 100 ◦C in a preheated oil bath while being
tirred vigorously by a magnetic stirrer under ambient atmo-
phere. Small aliquots were periodically withdrawn by a syringe
rom these samples during the reaction, diluted in ethyl acetate,
ried by MgSO4 and analyzed by gas chromatography (GC). The
ourse of the reaction was followed until no further aryl halide
onversion was observed. At the end of the reaction, the mixture
as cooled to room temperature, filtered through a 0.2 �m mem-
rane filter and the solid was thoroughly washed successively
ith ethyl acetate and water.
For the reactions performed in pure water (20 mL), the filtrate

as extracted with ethyl acetate and the internal standard was
dded to the extract.

Microwave heated reactions were performed in a septum
ealed 10 mL glass tube using a CEM discoverS system.

Both yield and conversion percentages are reported with
espect to the aryl halide. The yields are presented as either iso-

ated products or gas chromatography yields. Conversions were
etermined by GC. GC data were calculated using response
actors determined with authentic samples with respect to the
nternal standard.

a
c
s
c
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Products were isolated by column chromatography and ana-
yzed by GC, GC/MS and NMR techniques. Most of the products
ere compounds which were well-known and well-reported in

he literature. The physical characteristics and spectroscopic
ata of these products are consistent with those previously
eported.

Others: 2-Amino-5-methylbiphenyl: Hexane/ethyl acetate
12/1); yellow oil; purity: 98%; (400 MHz, CDCl3) δ: 7.49–7.43
m, 4H), 7.37–7.33 (m, 1H), 7.01–6.98 (m, 2H), 6.73 (d, 1H,
= 7.6 Hz), 3.71 (broad, 2H, NH2), 2.30 (s, 3H); 13C NMR

100 MHz, CDCl3) δ: 140.8, 139.9, 131.2, 129.3, 129.2, 129.0,
28.3, 128.2, 127.3, 116.2, 20.7; MS: 183 (M+), 167. The 1H
MR is almost in agreement with the one reported of this com-
ound [27].

4-Amino-3-methylbiphenyl: Hexane/CH2Cl2 (1/2); yellow
il; purity: 99%; 1H NMR (400 MHz, CDCl3) δ: 7.59–7.26 (m,
H), 6.78 (d, 1H, J = 8.0 Hz), 3.67 (broad, 2H, NH2), 2.27 (s,
H); 13C NMR (100 MHz, CDCl3) δ: 144.1, 141.6, 132.1, 129.5,
28.9, 126.7, 126.4, 125.9, 122.9, 115.7, 17.8; MS: 183 (M+),
65.

2-Amino-3,5-dimethylbiphenyl: Hexane/CH2Cl2 (17/1);
ellow oil; purity: 96%; 1H NMR (400 MHz, CDCl3) δ:
.46–7.26 (m, 5H), 6.93 (d, 1H, J = 1.5 Hz), 6.86 (d, 1H,
= 1.5 Hz), 3.64 (broad, 2H, NH2), 2.28 (s, 3H), 2.23 (s, 3H);

3C NMR (100 MHz, CDCl3) δ: 140.2, 139.0, 130.7, 129.5,
29.0, 129.0, 128.1, 127.7, 127.3, 123.1, 20.6, 18.1; MS: 197
M+), 182. The 1H NMR is almost in agreement with the one
eported of this compound [28].

.2.2. Reactions with aryl chlorides
Merck’s arylboronic acid reagents were used for the reac-

ions with aryl chlorides. The catalyst exhibited less activity
or the reactions with Fluka’s and Aldrich’s phenylboronic acid
eagents.

Aryl bromide (1 mmol), boronic acid (2 mmol), Bu4NBr
1 mmol), hexadecane (as an internal standard), NaOEt
2 mmol), DMA (10 mL), catalyst (0.1 mol% Pd) and zeolite
3 g overall) were introduced into a two-necked round bottomed
ask which was equipped with a condenser and a septum and
eated at a prescribed temperature in a preheated oil bath while
eing stirred vigorously by a magnetic stirrer under air.

. Results and discussion

.1. Suzuki–Miyaura reactions of aryl bromides in
ater-polar aprotic solvent mixture

The catalyst was prepared through introduction of
d(NH3)4

2+ into NaY zeolite by the ion-exchange method. In
ur previous report, we showed that this catalyst was inactive
or the SM coupling reaction of bromoarenes at room tem-
erature in the presence of an alkali carbonate base, in an
,N-dimethylformamide (DMF)/water mixture (1/1), while its

ir calcined or reduced forms were highly active under the identi-
al reaction conditions [23,24]. Nevertheless, we noticed in this
tudy that the Pd(NH3)4

2+-loaded NaY shows very high SM
oupling activity at the reaction temperature of 100 ◦C. Inactiv-
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Table 1
Optimization of [Pd(NH3)4]2+-NaY catalyzed Suzuki reaction of 4-bromoanisole

Entry Catalyst Base Solvent/water ratio Conversion (%)a Yield (mol%)a

1 [Pd(NH3)4]2+-NaY Cs2CO3 DMF (1/1) 52 52
2 [Pd(NH3)4]2+-NaY K2CO3 DMF (1/1) 62 62
3 [Pd(NH3)4]2+-NaY Na2CO3 DMF (1/1) 87 86
4 [Pd(NH3)4]2+-NaY Na2CO3 DMA (1/1) 96 89
5 [Pd(NH3)4]2+-NaY Na2CO3 NMP (1/1) 81 81
6 [Pd(NH3)4]2+-NaY Na2CO3 DMA (2/1) 64 64
7 [Pd(NH3)4]2+-NaY Na2CO3 DMA (1/2) 82 82
8 [Pd(NH3)4]2+-NaY Na2CO3 DMA (1/3) 74 74
9b [Pd(NH3)4]2+-NaY Na2CO3 DMA (1/1) 94 94

10b,c [Pd(NH3)4]2+-NaY Na2CO3 DMA (1/1) 95 94 (92)
11c PdCl2 Na2CO3 DMA (1/1) 85 60
12c Pd(OOCCH3)2 Na2CO3 DMA (1/1) 77 55
13c Pd(OOCCH3)2/PPh3 (1/2) Na2CO3 DMA (1/1) 87 86
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a Determined by GC. Isolated yields in parentheses.
b The reaction medium contained 1 g of NaY zeolite.
c Open to the atmosphere.

ty of the Pd(NH3)4
2+-NaY catalyst at room temperature could

e associated with the inability of the palladium to reduce its
ctive zero-valent form at the lower temperature.

Initial studies were performed in order to optimize
he reaction conditions for the coupling of 4-bromoanisole
ith PhB(OH)2 using a Pd concentration of 0.005 mol%

0.017 ± 0.02 mmol Pd/g zeolite) at 100 ◦C for 0.5 h under an
nert atmosphere. Alkali carbonates were the only bases screened
n this study since they had been marked, previously, as being
he most suitable base types for the SM coupling activity of
alladium-loaded NaY zeolites [23,24]. In this study, sodium
arbonate was observed to be the most efficient base when the
eactions were performed in a DMF/water mixture (1/1). Other
arbonates K2CO3 and Cs2CO3 were significantly less effective
Table 1, Entries 1–3). Slightly higher product formation was
chieved when using DMA as the co-solvent (Table 1, Entry 4),
-methylpyrrolidone (NMP) was somewhat less effective co-

olvent for the method (Table 1, Entry 5). The optimum ratio
f the DMA/water solvent mixture appeared to be 1/1 (Table 1,
ntries 4, 6–8).

The reaction medium contained ≈32 mg of palladium-loaded
eolite for the experiments described above. However, the yield
ncreased slightly when overall zeolite content of the reaction

edium was increased to 1 g upon addition of NaY zeolite which
ontained no palladium originally (Table 1, Entry 9). Never-
heless, no further benefit was gained by additional increase
n the amount of zeolite. We were also happy to observe that
he replacement of the reaction atmosphere from an inert gas

o ambient atmosphere had no negative effect on the method
Table 1, Entry 10). For comparison, the SM reaction of 4-
romoanisole and phenylboronic acid was also performed with
igandless Pd(OAc)2, PdCl2 compounds and a regularly used

r
T
b
6

d(OAc)2/PPh3 (1/2) catalytic system under the established con-
itions. It was exciting to discover that the supported catalyst
xhibited higher activity than that observed with these homoge-
eous catalysts (Table 1, Entries 11–13).

Using the optimized reaction conditions (in the presence
f Na2CO3 as the base, in DMA/water (1/1) mixture, with
g overall NaY zeolite content, at 100 ◦C, in air), we next
xamined the scope and limitations of the catalyst for the cou-
ling of a variety of aryl bromides with several arylboronic
cid reagents. The results are summarized in Table 2. Even
hough, the reactions were performed in different Pd concen-
rations for each aryl bromide substrate employed, Table 2
llustrates the yields which are generally >70 mol%. All the
ctivated and deactivated substituted bromobenzenes could suc-
essfully couple with PhB(OH)2, albeit the catalyst activity
howed dependence on the substitution type and pattern. Typi-
ally, electron rich bromoarenes required comparatively longer
eaction times and higher Pd loadings for efficient product recov-
ry. As a general trend, the substitution pattern dependence on
he reactivity of mono-substituted aryl bromides is as follows:
,2- < 1,3- < 1,4-.

Bromobenzene, 4-bromophenol, 3- and 4-bromobenzoic
cids, and all other 4-substituted activated bromobenzenes used
n this study reacted smoothly with PhB(OH)2 in the presence
f 0.001 mol% palladium. The reactions yielded the correspond-
ng coupling products above 90 mol% within 15–105 min with
ONs and TOFs (calculated on the basis of coupling product)
arying in the range of 90,000–98,000, and 52,000–344,000 h−1,

espectively. To our knowledge, these are the highest TONs and
OFs achieved for the SM reactions of aryl bromides catalyzed
y any supported or colloidal Pd catalysts (Table 2, Entries 2, 5,
, 8–11, 19).
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Table 2
[Pd(NH3)4]2+-NaY catalyzed Suzuki–Miyaura cross-coupling reaction of aryl bromides and arylboronic acidsa

Entry Aryl bromide Arylboronic acid Product Pd
(mol%)

Time
(min)

Yield
(mol%)b

TON TOF

1 0.005 15 (95) 19000 76000

2 0.001 45 97 97000 129333

3 0.005 15 (95) 19000 76000

4c 0.05 90 0 0 0

5 0.001 30 (98) 98000 196000

6 0.001 60 (98) 98000 98000

7c 0.05 60 0 0 0

8 0.001 30 (95) 95000 190000

9 0.001 30 (97) 97000 194000

10 0.001 105 (91) 91000 52000

11 0.001 45 90 90000 120000

12 0.005 15 93 18600 74400

13 0.01 15 (93) 9300 37200

14 0.005 15 85 17000 68000

15c 0.1 15 (58) 580 2320

16 0.005 15 (93) 18600 74400

17 0.005 15 (95) 19000 76000

18 0.01 30 (92) 9200 18400
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Table 2 (Continued)

Entry Aryl bromide Arylboronic acid Product Pd
(mol%)

Time
(min)

Yield
(mol%)b

TON TOF

19 0.001 15 (86) 86000 344000

20 0.01 15 (98) 9800 39200

21 0.005 15 (76) 15200 60800

22 0.005 45 (94) 18800 25067

23c 0.05 15 (99) 1980 7920

24c 0.05 15 (78) 1560 6240

25c 0.05 15 (93) 1860 7440

26c 0.05 15 (85) 1700 6800

27 0.001 120 (93) 93000 46500

28 0.005 60 (99) 19800 19800

29 0.01 240 (78) 7800 325

30 0.01 120 0 0 0

31d 0.005 15 (97) 19400 77600

32d 0.005 15 (96) 19200 76800

33d 0.005 15 (98) 19600 78400

34 0.001 45 (99) 99000 132000
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Table 2 (Continued)

Entry Aryl bromide Arylboronic acid Product Pd
(mol%)

Time
(min)

Yield
(mol%)b

TON TOF

35 0.005 15 97 19400 77600

36 0.001 15 72e 72000 288000

37 0.01 15 85 8500 34000

38c 0.05 15 (77) 1540 6160

39 0.001 15 67e 67000 268000

a Aryl bromide: 10 mmol; arylboronic acid: 12 mmol; Na2CO3: 20 mmol; DMA/water (1/1): 20 mL; NaY: 1 g; 100 ◦C.
b GC product. The isolated products are given in parantheses.
c /wat
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Aryl bromide: 1 mmol; arylboronic acid: 1.2 mmol; Na2CO3: 2 mmol; DMA
d Arylboronic acid: 24 mmol; Na2CO3: 40 mmol; DMA/water (1/1): 40 mL.
e Conversion is not complete.

4-Bromoacetophenone afforded the coupling product at the
solated yield of 95 mol% within just 15 min when reacted with
hB(OH)2 at 0.005 mol% Pd level, whereas the reaction took
5 min to produce 97 mol% of the isolated product at a Pd load-
ng of 0.001 mol% (Table 2, Entries 1,2). 3-Bromoacetophenone
oupled to phenylboronic acid gave 95 mol% of the isolated
roduct with a Pd concentration of 0.005 mol% in 15 min
Table 2, Entry 3).

The quantitative conversion of 3-bromobenzoic acid required
longer time with 0.001 mol% Pd loading as compared to its

-substituted isomer (60 min versus 30 min) (Table 2, Entries
, 6). Interestingly, 2-bromoacetophenone and 2-bromobenzoic
cid reagents could not couple with PhB(OH)2 even with a
elatively high Pd loading (0.05 mol%) under the established
onditions (Table 2, Entries 4, 7). This could not be attributed
olely to the sterically demanding structures of these substrates
ince the catalyst could allow the coupling of a variety of
ther 2-substituted haloarenes. For example, the reaction of 2-
romotoluene with PhB(OH)2 at 0.005 mol% Pd loading for
5 min yielded 85 mol% of the coupling product (Table 2, Entry
4). Even 2,6-dimethylbromobenzene was observed to give rise
o 58 mol% of the corresponding biaryl product at 0.1 mol%
d within 15 min (Table 2, Entry 15). The lack of reactivity of
-bromobenzoic acid and 2-bromoacetophenone could be due
o chelation of the palladium in arylpalladium intermediates
y the neighboring carbonyl or carboxyl group, which reduces
he overall reactivity and increases the steric hindrance of these
ntermediates towards the transmetallation step.

SM coupling was also successful with all bromoanisoles, bro-
ophenols, and bromoanilines to yield the corresponding biaryl

tructures under low Pd concentrations in short times (Table 2,
ntries 16–23). Even highly inactivated multi-substituted ani-

ines, like 2-bromo-4-methylaniline, 4-bromo-2-methylaniline,
nd 2-bromo-4,6-dimethylaniline substrates led to high yields

f the desired coupling products with a Pd concentration of
.05 mol% within 15 min without the need for the protection of
he amino groups (Table 2, Entries 24–26). 1-Bromonaphthalene
equired a relatively higher Pd amount for the formation of

w
i
2
o

er (1/1): 10 mL.

ore than 90 mol% product than with 2-bromonaphthalene
0.001 mol% versus 0.005 mol%; Table 2, Entries 27–28).
he activities of 3-bromopyridine and 3-bromothiophene were
lso evaluated for the SM reaction to probe heteroaryl halide
olecules. While 3-bromopyridine led to a good coupling

roduct formation, the latter molecule failed to couple with
henylboronic acid (Table 2, Entries 29, 30). It seems that the
ulfur containing substrate poisoned the catalyst.

All dibromobenzene reagents were equally reactive in the SM
eaction, converting almost quantitatively to terphenyl products
t 0.005 mol% Pd level within 15 min (Table 2, Entries 31–33).

The activity of the catalyst was also evaluated for several
rylboronic acids. Electron rich arylboronic acids showed better
ctivity with the catalyst than did electron poor ones (Table 2,
ntries 34–39).

Important criteria in the commercial application of Pd
atalysts are to obtain Pd free end products, since metal contami-
ation is of great concern for food and pharmaceutical industries,
nd to consume little amounts of the expensive Pd catalyst.

The amount of Pd leached to the solution at the end of the reac-
ions was very minute in our case. The ICP-MS analyses revealed
he presence of less than 15 ppb Pd within the filtrates of the reac-
ions with aryl bromides, corresponding less than 0.6 mol% of
he Pd initially charged.

The catalyst cost is a significant concern for industrial appli-
ations, which could be minimized by using readily available
atalysts, by working at minimum catalyst amounts, and/or by
he recovery and re-use of the catalyst many times. Pd-loaded
aY catalysts evidently worked at very high TONs, and we

lready showed that the catalyst can be re-used in the SM
eactions of aryl bromides at room temperature with Pd con-
entration of 2.5 mol% after regeneration [23,24]. Nevertheless,
e have determined in this study that the catalyst is not quite

e-usable at low Pd loadings. For example, the catalyst which

as recovered from the reaction of Entry 1 in Table 2 follow-

ng filtering and washing with ethyl acetate and water gave only
1 mol% of the target product following its second use under
therwise similar conditions. Yet, we should note at this point
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hat, to our knowledge, there has been no example of the use of
ny immobilized Pd systems in recycling tests at such low Pd
evels. Gladysz pointed out that TON is more important for a
atalyst than its recyclability for practical applications [29].

Many immobilized palladium catalysts claimed to be recy-
lable [30–55]. Nevertheless, this conclusion is quite dubious
ecause the lessened yields, elongated reaction periods and
igh reaction temperatures required during subsequent uses
f the catalysts indicate a progressive deactivation of the
atalysts used. Given the rather high catalyst levels stud-
ed (typically 0.1–10 mol%), 100–10,000 recycles would be
eeded to match the effectiveness of our catalyst in terms of
ON values [56]. This seems to be highly unlikely consid-
ring the progressive deactivation of the catalysts mentioned
bove.

There are several studies with no indication of catalyst deac-
ivation after several re-uses in SM reactions [57–69]. However,
s was addressed by Das and Sayari [70], and by our recent study
71], excessive conditions such as high reaction temperatures,
igh level of Pd loading, and using highly reactive substrates
ould provide highly favorable conditions to obtain complete
onversions for several uses.

Likewise, Das and Sayari showed that a pore-expanded
CM-41 supported Pd could be recycled at least three times

n the SM reaction of iodobenzene and phenylboronic acid
t 100 ◦C without any decrease in the yield at each re-use
70]. In contrast, the catalyst failed to exhibit any recycla-
ility at the reaction temperature of 22 ◦C. The yield was

ower at each re-use of the catalyst at the lower temperature.
n another example, it was found that a silica immobilized
i(2-pyridyl)methylamine-PdCl2 complex was recyclable for
he coupling of 4-bromoacetophenone and phenylboronic acid,

r
e

m

able 3
Pd(NH3)4]2+-NaY catalyzed Suzuki–Miyaura cross-coupling reaction of aryl bromi

ntry R Pd (mol%) Time (min) Con

1 4-COOH 0.001 15 100
2 3-COOH 0.001 15 100
3 4-OH 0.001 15 100
4 3-OH 0.001 15 100
5 2-OH 0.01 15 100
6 4-COCH3 0.01 15 100
7 4-COCH3

b 0.01 15 100
8 4-COCH3

c 0.01 15 100
9 H 0.01 60 47
0 Hb 0.01 30 95
1 4-CH3

b 0.01 15 63
2 4-OCH3 0.01 60 3
3 4-OCH3

b 0.01 30 93
4 4-COCH3

d 0.01 15 88

a Determined by GC, isolated products in parantheses.
b 5 Mmol of Bu4NBr was added.
c 5 Mmol of cetyltrimethylammonium bromide was added.
d Microwave heated at 100 ◦C; 1 mmol of 4-bromoacetophenone; 1.2 mmol of PhB
lysis A: Chemical 278 (2007) 189–199 195

hereas the practical recycling of the catalyst was not possi-
le when a more challenging aryl halide, m-nitrochlorobenzene
as employed [30]. An oxime-carbopalladacycle anchored on
soluble PEG was determined to be a re-usable catalyst for

he SM reaction of 4-bromoacetophenone, but it was not re-
sable for the reactions involving 4-chloroacetophenone [31].

Pd(OAc)2/DABCO/PEG system could be recycled 10 times
or the coupling of bromobenzene without any significant drop
n conversion level using 3 mol% of Pd, but the product forma-
ion significantly diminished at each subsequent re-use of the
atalyst when the Pd level was held at 0.1 mol% [32]. Barnabé
t al. claimed that a dendritic perfluoro-tagged Pd catalyst is re-
sable on the basis of recycling tests done in the SM reactions
f 4-bromoacetophenone with phenylboronic acid. The cata-
yst afforded the target product almost quantitatively for three
onsecutive runs at 0.5 mol% Pd level, but the catalyst activity
eteriorated just after the first use when using 0.1 mol% Pd [33].

.2. Suzuki–Miyaura reactions of aryl bromides in water

Our next efforts focused on the SM reactions of bromoarenes
n pure water, since the catalyst was observed to preserve its
ctivity in water. Basic-water-soluble meta- or para-substituted
ryl bromides, such as bromobenzoic acids and bromophenols,
eacted promptly with phenylboronic acid, yielding nearly quan-
itative coupling products at a Pd loading of 0.001 mol% with
OF values of about 4 × 105 h−1 (Table 3, Entries 1–4). 2-
romophenol and other water immiscible substrates required
elatively higher Pd concentrations, typically 0.01 mol%, for
ffective coupling.

The presence of 0.5 equiv. of tetrabutylammonium bro-
ide (Bu4NBr) or cetyltrimethylammonium bromide (with

des in water

version (%)a Yield (mol%)a TON TOF (h−1)

(100) 100,000 400,000
(100) 100,000 400,000
(100) 100,000 400,000
(99) 99,000 396,000
(75) 7,500 30,000
74 7,400 29,600
77 7,700 30,000
79 7,900 31,600
7 – –
82 8,200 16,400
56 5,600 22,400
1 – –
86 8,600 17,200
43 4,300 17,200

(OH)2; 2 mmol of base; 2 ml of water; 0.5 mmol of Bu4NBr.
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espect to the aryl bromide substrate) additives in the
eaction medium had little effect on the SM coupling of
-bromoacetophenone (Table 3, Entries 6–8). Nevertheless,
he presence of a quaternary ammonium salt appeared to be
rucial for the reactions of bromobenzene and deactivated
ryl bromides (Table 3, Entries 9–13). An SM reaction with
-bromoacetophenone was also conducted under microwave
eating in water. The comparison of the results revealed that
hermal conditions were superior to microwave heating (Table 3,
ntry 14).

.3. Suzuki–Miyaura reactions of aryl chlorides

There are only a few reports that have shown supported Pd
atalysts having sufficient activity for the SM reactions of more
eadily available aryl chlorides.

It was demonstrated that a Pd/C catalyzed Suzuki cross-
oupling reactions of activated chloroarenes with various
rylboronic acids were possible upon fine adjustment of the
MA/water ratio [72]. However, these reactions were performed

t high Pd concentrations (5 mol%) and over long reaction times
24 h). The results of Köhler and co-workers also exhibited the
ctivity of Pd/C for the SM reaction of 4-chloroacetophenone
t relatively low Pd concentrations (0.05–0.25 mol%) in an
MP/water mixture (10:3) at 120 ◦C [73]. Pd/C was also demon-

trated to be an active catalyst for the SM reactions of aryl
hlorides in water [74]. Choudary et al. determined that Mg–Al
ayered double hydroxide supported Pd nanoparticles were
ighly active in SM and Mizoroki-Heck cross-coupling reac-
ions when the reactions were carried out in ionic liquids [67].

antam et al. recently illustrated the activity of a nanocrystalline
agnesium oxide-stabilized Pd(0) (3 mol% Pd) for aryl chlo-

ides [68]. Others used various Pd-complexes anchored onto a
olid matrix [32,39,50,61,63,75–78].

p
a
1
(

able 4
ffect of zeolite and water additives on the SM reaction of 4-chloroacetophenone

ntry Zeolitea (g) Water (g) T (◦C)

1 1 – 160
2 0.06 – 160
3c 1 – 160
4 0.06 0.23 160
5 1 – 140
6 2 – 140
7 3 – 140
8 4 – 140
9d 1 1 140
0e 1 3 140

a As-received.
b Determined by GC.
c The zeolite was dried under vacuum at 140 ◦C for 2 h prior the reaction.
d With 9 mL of DMA.
e With 7 mL of DMA.
lysis A: Chemical 278 (2007) 189–199

We also present herein that a Pd-loaded NaY zeolite can cat-
lyze the SM reactions of activated aryl chlorides with very high
OFs under aerobic conditions.

A systematic study was carried out to establish the optimum
onditions for the activity of the Pd-NaY catalyst towards the SM
eaction using 4-chloroacetophenone and PhB(OH)2 reagents in
MA solvent and 0.1 mol% Pd at 160 ◦C under ambient atmo-

phere and in the presence of overall 1 g NaY zeolite (zeolite
ontent of the reaction medium was completed to 1 g by the
ddition of NaY zeolite in as-received form). The presence of
u4NBr (1 molar equivalent with respect to aryl halide) was nec-
ssary for the effectiveness of the coupling and NaOEt was found
o be the most suitable base compared to the various bases tested,
.g. alkali carbonates, Ca(OH)2, K3PO4, NaOH, and KOH. In
ontrast to the aryl bromides, the presence of water as a co-
olvent was detrimental for the reaction of aryl chlorides. The
eaction was extremely fast under these conditions, generating
0 mol% coupling product within only 5 min (Table 4, Entry 1).

In order to clarify if there was any benefit from as-received
eolite addition, we also carried out a control reaction without
ny extra zeolite (the reaction medium contained about ∼60 mg
f Pd-loaded zeolite only). It was surprising to observe that prod-
ct formation was negligible in the control experiment (Table 4,
ntry 2). It was even more interesting to observe that, the cata-

yst displayed no activity when the as-received zeolite additive
as vacuum dried at 140 ◦C for 2 h prior to the addition (Table 4,
ntry 3), indicating that the intrinsic water content of the zeolite

which was measured to be around 23% based on the weight loss
uring vacuum drying at 140 ◦C for 2 h) was somehow respon-
ible for the activity increase in the system. In a Suzuki reaction

erformed in the presence of 230 mg of water (equivalent to the
mount of water that would be introduced by the addition of
g of NaY as-received zeolite, a moderate product formation

61 mol%) was observed. This indicates that the reaction can

Time (min) Conversion (%)b Yield (mol%)b

5 100 90
60 17 <1
60 18 <1

5 70 61
5 63 48

10 87 75
5 100 90
5 94 91
5 60 49

45 95 2



Cata

o
o
c

a
T
t
5
b
7
w
d
1
w
T
f
i
(
o
i
z
w
w
s

g
o
r
b
i
t
N
t
a

s
t

l
a
(
p
c
t
c
s
fi
l
[

t
t
c

P
z
o
a
a
t
5
v
T
P
b
t
t
l
a
t
b

T
[

E

1
1

G. Durgun et al. / Journal of Molecular

perate only in moist medium (Table 4, Entry 4) but also points
ut to the existence of a synergism arising from the water-zeolite
ombination.

The effect of changing the amount of the as-received zeolite
ddition was also examined at 140 ◦C (Table 4, Entries 5–8).
he product formation was modest (48 mol%) when the reac-

ion was carried out with an overall zeolite amount of 1 g for
min (Table 4, Entry 5). About 3–4 g of the zeolite seemed to
e required for the optimum product recovery (Table 4, Entries
, 8). Four grams of NaY zeolite would introduce nearly 1 g of
ater into the reaction medium. Therefore, a reaction was con-
ucted in the presence of 1 g of as-received zeolite along with
g of added water in order to clarify if the yield improvement
as solely due to the increased water amount in the system.
he yield was identical to that obtained in the experiment per-

ormed with 1 g original zeolite alone (compare Entries 5 and 9
n Table 4). Moreover, the presence of a larger amount of water
with DMA/water ratio of 7/3) completely destroyed the activity
f the catalyst (Table 4, Entry 10). These results clearly show that
mprovement gained by introducing higher amounts of original
eolite is not solely due to the increased amount of free water
ithin the reaction medium, but rather due to the presence of
ater encapsulated within the zeolite matrix, pointing out to a

ynergistic effect.
Even though the underlying reasons for the observed syner-

ism seem rather complicated, the fact remains that the presence
f a little amount of water is crucial for the activation of the
eaction system. The presence of zeolite probably controls the
ehavior of the water in the reaction system. On the other hand,
t can be considered that an acid–base reaction of NaOEt and
he water mixture should lead to OH− and EtOH components.
aOH has been much less promotive for the coupling reac-

ion, and this could account for the deleterious effect of excess

mounts of water to the reaction efficiency.

The coupling reactions seemed to be catalyzed by the dis-
olved Pd species leached from the Pd-NaY catalyst, because
he presence of 30,000 molar equivalent of an insoluble cross-

u
l
8
f

able 5
Pd(NH3)4]2+-NaY catalyzed Suzuki cross-coupling reaction of aryl chlorides

ntry R T (◦C) Time (min)

1 4-COCH3 140 5
2 120 45
3 100 60
4 4-NO2 140 5
5 120 60
6 4-CHO 140 5
7 120 60
8 4-CN 140 5
9 120 60
0 2-COCH3 140 60
1 120 60

a Determined by GC. The isolated yields are given within parantheses.
lysis A: Chemical 278 (2007) 189–199 197

inked poly(vinylpyridine) polymer (PVPy) greatly reduced the
ctivity of the catalyst under the established reaction conditions
only 20% coupling product after 4 h of reaction). It was shown
reviously that PVPy weakens the activity of Pd by strongly
oordinating the soluble Pd(II) species while remaining inert
owards the solid Pd [79,80]. Therefore, if the reactions were
atalyzed heterogeneously, no change in the reaction progress
hould be expected. This result is consistent with the previous
ndings that Pd-loaded zeolites and other supported Pd cata-

ysts act as soluble Pd reservoirs for C C coupling reactions
21,81–90].

The ICP-MS analyses revealed less than 0.2 ppm Pd concen-
rations within the filtrates after the reactions with aryl chlorides,
hese corresponding to less than 2 mol% of the Pd initially
harged.

Using the optimal conditions determined (2 equiv. of
hB(OH)2, 2 equiv. sodium ethoxide, 1 equiv. Bu4NBr, 3 g NaY
eolite and, under aerobic conditions), we explored the scope
f the reaction for a range of aryl chlorides with PhB(OH)2
t various temperatures. The results obtained with activated
ryl chlorides were quite good (Table 5). 4-Substituted elec-
ron poor chloroarenes led to desired coupling products within
min at 140 ◦C (Table 5, Entries 1, 4, 6, 8) with high TOF
alues, which, to the best of our knowledge, are the highest
OFs that have been achieved for chloroarenes using a supported
d catalyst. 4-Chloroacetophenone and 4-chloronitrobenzene
oth could couple with PhB(OH)2 at 120 ◦C as well, though
hey required longer reaction periods (45 and 60 min, respec-
ively), whereas others donated only moderate yields at this
ower temperature. Sterically congested 2-chloroacetophenone,
lso yielded 80 mol% isolated product after 60 min of reaction
ime at 140 ◦C (Table 5, Entry 10). It must be noted that 2-
romoacetophenone and 2-bromobenzoic acid were unreactive

nder the optimized conditions for bromoarenes. Neverthe-
ess, 2-bromoacetophenone could couple successfully to donate
6 mol% product when reacted under the conditions established
or chloroarenes (the conditions of Entry 1 in Table 5). The pro-

Conversion (%)a Yield (mol%)a TOF (h−1)

100 90 (86) 10320
100 90 1200
40 40 400
100 (92) 11040
100 95 950
100 (78) 9360
45 40 400
100 (90) 10800
77 63 560
100 (80) 800
28 22 220
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ess was not so satisfactory for chlorobenzene and inactivated
hloroarenes.

. Conclusion

In summary, it has been shown in this study that a Pd-loaded
aY zeolite is a highly active catalyst for Suzuki–Miyaura cross-

oupling reactions of aryl bromides and activated chloroarenes
ith arylboronic acids under aerobic conditions. Cross-coupling
f bromoarenes can be performed both in a DMA/water mixture
nd in pure water with excellent TONs and TOFs. The coupling
f chloroarenes can be achieved in the presence of a minute
mount of water. Our results show that the water to the reaction
ystem is supplied, in a controlled manner, by the addition of
s-received zeolite. It seems that there is an apparent synergism
rising from the use of zeolite and water together in the reactions.
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Özkal, J. Organomet. Chem. 691 (2006) 3027.

72] C.R. LeBlond, A.T. Andrews, Y. Sun, R.S. Sowa Jr., Org. Lett. 3 (2001)
1555.
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