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Abstract

cis,cis,cis-1,2,3,4—Tetrakis(diphenylphosphinomethyl)cyclopentane/%[PdCl(C3H5)]2 system catalyses the Suzuki and Heck reac-
tions of aryl di-, tri-, or tetrabromides with a range of arylboronic acids or alkenes with moderate to high ratio substrate/catalyst
in good yields. Aryl polybromides such as dibromobenzenes, 1,3,5-tribromobenzene, 1,2,4,5-tetrabromobenzene, dibromopyridines
or a dibromothiophene have been successfully used. Convenient synthesis of a variety of di- and triarylated or vinylated compounds
and even a 1,2,4,5-tetraarylated compound were prepared by use of this reaction.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The palladium-catalysed Heck vinylation and Suzuki
cross-coupling reactions are two of the most powerful
methods for the formation of C—C bonds [1-3]. The ef-
ficiency of several catalysts for the reaction of bromo-
and iodobenzene derivatives has been studied in detail
[4,5]. On the other hand, the reaction in the presence
of dihalo-, trihalo- and tetrahalobenzene derivatives
such as di-, tri-, tetrabromobenzenes, dibromopyridines
or dibromothiophenes with thermally stable palladium
catalysts has attracted less attention. A few ligands have
been successfully employed for the reaction in the pres-
ence of polybromo- or polyiodobenzene derivatives. The
most popular ones are triphenylphosphine and tri(o-to-
lyl)phosphine, but the palladium complexes formed with
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these ligands are generally not very efficient in terms of
substrate/catalyst ratio [6-11]. The reaction also pro-
ceeds with Pd(OAc), without added ligand [12]. In re-
cent years, the ligand P(z-Bu); has also been
successfully tested with these substrates [13,14]. With
this ligand good results have been reported by Crociani
and co-workers [13] for Heck reaction on dibromoben-
zene derivatives. Hollow palladium spheres also
efficiently catalyses Suzuki reaction in the presence of
1,4-diiodobenzene [15]. If monophosphine ligands have
been successfully used for the reaction with these aryl
polyhalides derivatives, to the best of our knowledge,
the efficiency of tetraphosphine ligands has not been
demonstrated.

The nature of the phosphine ligand on complexes has
an important influence on the stability of the catalysts
and on the rate of the reactions. In order to find more
stable and more efficient palladium catalysts, we have
prepared the new tetrapodal phosphine ligand, cis,cis,-
cis-1,2,3,4-tetrakis(diphenylphosphinomethyl) cyclopen-
tane or Tedicyp (Fig. 1) [16]. in which the four
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Fig. 1.

diphenylphosphinoalkyl groups are stereospecifically
bound to the same face of the cyclopentane ring.

We have reported that the complex formed by associa-
tion of Tedicyp with [PdCI(C5Hs5)], is an extremely effi-
cient catalyst for allylic substitution [16], Sonogashira
alkynylation [17], Heck vinylation reaction [18] and for
the Suzuki cross-coupling of arylhalides with arylboronic
acids [19]. Now, we wish to describe the results obtained
with several aryl and heteroaryl polyhalides with a variety
of alkenes and arylboronic acids using Tedicyp as ligand.

2. Experimental
2.1. General

All reactions under argon were run using vacuum
lines in Schlenk tubes in oven-dried glassware. Xylene
analytical grade (98%) and DMF (99%) were not dis-
tilled before use. Some of the aryl halides were distilled
before use. Potassium carbonate (99+) was used without
drying. The reactions were followed by GC and NMR
for high boiling point substrates and by GC for low boil-
ing point substrates. '"H (300 MHz) and '*C (75 MHz)
spectra were recorded in CDCI; solutions. Chemical
shift (6) are reported in ppm relative to CDCl3. Flash

Table 1

chromatography were performed on silica gel (230-400
mesh) eluting with ether/pentane mixtures.

2.2. Preparation of the Pd-Tedicyp catalyst [16]

An over-dried 40-ml Schlenk tube equipped with a
magnetic stirring bar, under argon atmosphere, was
charged with [Pd(n*-C3Hs)Cl], (4.2 mg, 11.6 pmol)
and Tedicyp (20 mg, 23.2 pmol). 2.5 ml of anhydrous
DMF were added, then the solution was stirred at room
temperature for 10 min.

2.3. Catalytic procedure for Heck reactions

As a typical experiment, the reaction of aryl halide (1
mmol), alkene (4-6 mmol, see Tables 1 and 2) and
K,COj3 (4-6 mmol, see Tables 1 and 2) at 130 °C during
20 h in dry DMF (3 ml) in the presence of cis,cis, cis-
1,2,3,4-tetrakis(diphenylphosphinomethyl)cyclopentane/
I[PACI(C3Hs)]> complex under argon affords the corre-
sponding products after addition of water, extraction
with ether or dichloromethane, separation, drying
(MgSQ,), evaporation and chromatography on silica
gel.

2.4. Vinylation products with di- and tribromobenzene
(Table 1)

2.4.1. n-Butyl (E E)-4-(2-n-butoxycarbonylvinyl)cinna-
mate (la): (Table 1, entry 1)

1,4-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(0.1 pmol) and n-butyl acrylate (0.512 g, 4 mmol). The
residue was purified by column chromatography

Palladium catalysed Heck reactions with di- or tribromobenzenes (Schemes 1 and 2)

Entry Aryl bromide Alkene Ratio substrate/catalyst Product Ratio a/b or a/b/c? Yield in product a (%)

1 1,4-Dibromobenzene n-Butyl acrylate 10,000 la 100/0 87

2 1,4-Dibromobenzene n-Butyl acrylate 100,000 1a, 1b 70/30 61°

3 1,4-Dibromobenzene Styrene 10,000 2a 100/0 78

4 1,4-Dibromobenzene Styrene 100,000 2a, 2b 30/70 83°

5 1,4-Dibromobenzene 3-Methylstyrene 1000 3a 100/0 85

6 1,4-Dibromobenzene 3-Chlorostyrene 1000 4a 100/0 86

7 1,2-Dibromobenzene n-Butyl acrylate 2500 5a 100/0 81

8 1,2-Dibromobenzene Styrene 2000 6a 100/0 79

9 1,2-Dibromobenzene Styrene 10,000 6a, 6b 76/24 61>
10 1,2-Dibromobenzene 3-Methylstyrene 250 7a 100/0 82
11 1,2-Dibromobenzene 3-Chlorostyrene 250 8a 100/0 78
12 1,3-Dibromobenzene n-Butyl acrylate 10,000 9a 100/0 88
13 1,3-Dibromobenzene n-Butyl acrylate 100,000 9a, 9b 20/80 47°
14 1,3-Dibromobenzene Styrene 10,000 10a 100/0 84
15 1,3,5-Tribromobenzene n-Butyl acrylate 100 11a 100/0/0 734
16 1,3,5-Tribromobenzene n-Butyl acrylate 250 11b, 11¢ 0/64/36 100°¢

Conditions: catalyst [Pd(C3H;s)Cl],/Tedicyp 1/2, aryl bromide (1 eq.), alkene (4 eq.), K;CO3 (4 eq.), DMF, 130 °C, 20 h, isolated yields.
# See Schemes 1 and 2.
® GC yield (mixture of mono-, di- and triaddition products).
¢ Alkene (6 eq.) and K,COj3 (6 eq.).
4 Solvent NMP, 150 °C.
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Table 2

Palladium catalysed Heck reactions with dibromopyridines or 3,4-dibromothiophene (Schemes 3 and 4)

Entry Aryl bromide Alkene Ratio substrate/catalyst Product Ratio a/b® Yield in product a (%)
1 3,5-Dibromopyridine n-Butyl acrylate 1000 12a 100/0 76
2 3,5-Dibromopyridine Styrene 500 13a 100/0 79
3 3,5-Dibromopyridine 3-Methylstyrene 100 14a 100/0 83
4 2,6-Dibromopyridine n-Butyl acrylate 100 15a 100/0 62
5 2,6-Dibromopyridine n-Butyl acrylate 250 15a, 15b 70/30 54°
6 2,6-Dibromopyridine Styrene 100 16a 100/0 78
7 2,6-Dibromopyridine 3-Methylstyrene 100 17a, 17b 58/42 47
8 2,6-Dibromopyridine 3-Chlorostyrene 100 18a 100/0 77
9 3,4-Dibromothiophene n-Butyl acrylate 25 19a 100/0 95¢

10 3,4-Dibromothiophene n-Butyl acrylate 250 19a, 19b 18/82 65¢

11 3,4-Dibromothiophene Styrene 250 20a 100/0 82

12 3,4-Dibromothiophene Styrene 1000 20a, 20b 48/52 100°

13 3,4-Dibromothiophene Styrene 5000 20b 0/100 20°

14 3,4-Dibromothiophene 3-Methylstyrene 250 21a 100/0 78

15 3,4-Dibromothiophene 3-Chlorostyrene 250 22a 100/0 80

Conditions: catalyst [Pd(C3;H;s)Cl],/Tedicyp 1/2, heteroaryl bromide (1 eq.), alkene (4 eq.), K,CO3 (4 eq.), NMP, 150 °C, 20 h, isolated yields.

# See Schemes 3 and 4.
® GC yield (mixture of mono- and diaddition products).
¢ Solvent DMF, 130 °C.

(ether/pentane: 1/4) to give 1a in 87% (0.287 g) isolated
yield. White solid, m.p. 73 °C. '"H NMR (300 MHz,
CDClL): 6=17.66 (d, J=16.0 Hz, 2H, =CH), 7.53 (s,
4H, Ar), 647 (d, J=16,0 Hz, 2H, —CH), 4.21 (t,
J=6.4 Hz, 4H, CH,), 1.69 (m, 4H, CH,), 1.42 (m, 4H,
CH,), 0.96 (t, J=7.3 Hz, 6H, CH;). >*C NMR (75
MHz, CDCl3): 0=166.8, 143.1, 132.1, 129.4, 119.0,
64.6, 30.7, 19.2, 13.7. MS (70 eV); m/z (%): 330 (100)
[M™]. Anal. Calc. for CyH»cO4 C, 72.70; H, 7.93.
Found: C, 72.48; H, 7.69%. When a ratio substrate/cat-
alyst of 100,000 was used (Table 1, entry 2), n-butyl 4-
bromocinnamate 1b was also obtained: 'H NMR (300
MHz, CDCl3): 6=7.60 (d, J=16.1 Hz, 1H, —CH),
7.54 (d, J=8.5 Hz, 2H, Ar), 7.38 (d, J=8.5 Hz, 2H,
Ar), 6.42 (d, J=16.1 Hz, 1H, —CH), 4.20 (t, 2H,
CH,), 1.68 (m, 2H, CH,), 1.43 (m, 2H, CH,), 0.95 (t,
3H, Me).

2.4.2. (E E)-1,4-distyrylbenzene (2a): (Table 1, entry 3)

1,4-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(0.1 pmol) and styrene (0.416 g, 4 mmol). The residue
was purified by column chromatography (ether/pentane:
1/6) to give 2a in 78% (0.220 g) isolated yield. '"H NMR
(300 MHz, CDCly): 6=7.55-7.45 (m, 8H, Ar), 7.40-
7.22 (m, 6H, Ar), 7.12 (m, 4 H, —CH). When a ratio sub-
strate/catalyst of 100,000 was used (Table 1, entry 4),
(E)-4-bromostilbene 2b was also obtained: 'H NMR
(300 MHz, CDCly): 6=7.54-7.44 (m, 4H, Ar), 7.40-
7.32 (m, 4H, Ar), 7.29 (t, J=7.5 Hz, 1H, Ar), 7.10 (d,
J=16.3 Hz, 1H,—=CH), 7.02 (d, /=16.3 Hz, 1H, =CH).

2.4.3. (E E)-1,4-bis(3-methylstyryl)benzene (3a): (Ta-
ble 1, entry 5)

1,4-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(1 pmol) and 3-methylstyrene (0.472 g, 4 mmol). The

residue was purified by column chromatography
(ether/pentane: 1/6) to give 3a in 85% (0.263 g) isolated
yield. "H NMR (300 MHz, CDCls): §=7.50 (s, 4H, Ar),
7.35-7.20 (m, 6H, Ar), 7.09 (m, 4H, =CH), 7.07 (d,
J=8.2 Hz, 2H, Ar), 2.38 (s, 6H, Me).

2.4.4. (E E)-1,4-bis(3-chlorostyryl)benzene (4a): (Ta-
ble 1, entry 6)

1,4-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(1 pmol) and 3-chlorostyrene (0.554 g, 4 mmol). The
residue was purified by column chromatography
(ether/pentane: 1/4) to give 4a in 86% (0.301 g) iso-
lated yield. '"H NMR (300 MHz, CDCls): 7.50 (m,
6H, Ar), 7.38 (dt, J=7.9 and 1.7 Hz, 2H, Ar), 7.30
(m, 2 H, Ar), 7.22 (dt, J=7.9 and 1.7 Hz, 2H, Ar),
7.12 (d, J=16.5 Hz, 2H, Ar), 7.04 (d, J=16.5 Hz,
2H, =CH).

2.4.5. n-Butyl (E,E)-2-(2-n-butoxycarbonylvinyl)cinna-
mate (5a): (Table 1, entry 7)

1,2-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(0.4 pmol) and n-butyl acrylate (0.512 g, 4 mmol). The
residue was purified by column chromatography
(ether/pentane: 1/4) to give 5a in 81% (0.267 g) isolated
yield. White solid, m.p. 74 °C. 'H NMR (300 MHz,
CDCly): 6=8.01 (d, J=15.8 Hz, 2H, =CH), 7.56 (dd,
J=6.2 and 2.4 Hz, 2H, Ar), 7.38 (m, 2H, Ar), 6.33 (d,
J=15.8 Hz, 2H, —CH), 4.21 (t, J=6.7 Hz, 4H, CH,),
1.68 (m, 4H, CH,), 1.42 (m, 4H, CH,), 0.95 (t, J=7.2
Hz, 6H, CH;). '>*C NMR (75 MHz, CDCls): 6=166.6,
143.2 (2¢), 136.0 (2c), 128.3 (4c), 119.2 (2¢), 64.0, 30.6,
19.1, 13.6. MS (70 eV); m/z (%): 330 (39) [M']. Anal.
Calc. for CyyH,04: C, 72.70; H, 7.93. Found: C,
72.39; H, 7.71%.
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2.4.6. (E E)-12-distyrylbenzene (6a): (Table 1, entry §)

1,2-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(0.5 pmol) and styrene (0.416 g, 4 mmol). The residue
was purified by column chromatography (ether/pentane:
1/6) to give 6a in 79% (0.223 g) isolated yield. "H NMR
(300 MHz, CDCl3): 6="17.62-7.55 (m, 2H, Ar), 7.55-7.50
(m, 4H, Ar), 7.46 (d, J=16.3 Hz, 2H, =—CH), 7.40-7.33
(m, 4H, Ar), 7.31-7.26 (m, 4H, Ar), 7.01 (d, /=16.3 Hz,
2H, =—CH). When a ratio substrate/catalyst of 10,000
was used (Table 1, entry 9), (E)-2-bromostilbene 6b
was also obtained: 'H NMR (300 MHz, CDCl):
0=17.67 (dd, J=8.0 and 1.7 Hz, 1H, Ar), 7.62-7.54 (m,
3H, Ar), 747 (d, J=16.3 Hz, 1H, =CH), 7.42-7.26
(m, 4H, Ar), 7.12 (td, J=8.0 and 1.7 Hz, 1H, Ar), 7.05
(d, J=16.3 Hz, 1H, =—CH).

2.4.7. (E E)-12-bis(3-methylstyryl)benzene (7a): (Ta-
ble 1, entry 10)

1,2-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(4 pmol) and 3-methylstyrene (0.472 g, 4 mmol). The
residue was purified by column chromatography
(ether/pentane: 1/6) to give 7a in 82% (0.254 g) isolated
yield. '"H NMR (300 MHz, CDCls): 6=7.58 (dd, J=5.7
and 3.5 Hz, 2H, Ar), 7.45 (d, J=16.3 Hz, 2H, =CH),
7.38-7.26 (m, 8H, Ar), 7.11 (d, J=7.4 Hz, 2H, Ar),
6.98 (d, J=16.3 Hz, 2H, —CH), 2.39 (s, 6H, Me).

2.4.8. (E,E)-1,2-bis(3-chlorostyryl)benzene (8a): (Ta-
ble 1, entry 11)

1,2-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(4 umol) and 3-chlorostyrene (0.554 g, 4 mmol). The res-
idue was purified by column chromatography (ether/
pentane: 1/4) to give 8a in 78% (0.274 g) isolated yield.
White solid, m.p. 61 °C. '"H NMR (300 MHz, CDCls):
0=7.58 (dd, J=5.7 and 3.5 Hz, 2H, Ar), 7.52-7.48 (m,
2H, Ar), 7.45 (d, J=16.3 Hz, 2H, =CH), 7.40-7.20
(m, 8H, Ar), 6.92 (d, J=16.3, 2H, =CH). '*C NMR
(75 MHz, CDCl;): 6=139.2, 135.7, 134.7, 130.2, 129.9,
128.1, 127.8, 127.7, 126.8, 126.6, 124.8. MS (70 eV);
miz (%): 350 (100) [M*]. Anal. Calc. for C,,H¢Cl,: C,
75.22; H, 4.59. Found: C, 74.98; H, 4.68%.

2.4.9. n-Butyl (E E)-3-(2-n-butoxycarbonylvinyl)cinna-
mate (9a): (Table 1, entry 12)

1,3-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(0.1 umol) and n-butyl acrylate (0.512 g, 4 mmol). The
residue was purified by column chromatography
(ether/pentane: 1/4) to give 9a in 88% (0.290 g) isolated
yield. '"H NMR (300 MHz, CDCl5): §=7.62 (d, J=16.0
Hz, 2H, =CH), 7.59 (s, 1H, Ar), 7.46 (d, J=7.4 Hz, 2H,
Ar), 7.33 (t, J=7.4 Hz, 1H, Ar), 6.42 (d, J=16.0 Hz, 2
H, =CH), 4.17 (t, J=6.7 Hz, 4H, CH,), 1.65 (m, 4H,
CH,), 1.40 (m, 4H, CH,), 092 (t, J=7.4 Hz, 6H,
CH3). When a ratio substrate/catalyst of 100,000 was
used (Table 1, entry 13), n-butyl 3-bromocinnamate 9b
was also obtained: 'H NMR (300 MHz, CDCl;):

§=17.66 (s, 1H, Ar), 7.58 (d, J=16.1 Hz, 1H, =CH),
749 (d, J=7.9 Hz, 1 H, Ar), 7.43 (d, J=7.9 Hz, 1H,
Ar), 7.25 (t, J=7.9 Hz, 1H, Ar), 6.43 (d, J=16.1 Hz,
IH, =CH), 420 (t, J=6.7 Hz, 2H, CH,), 1.68 (m,
2H, CH,), 1.43 (m, 2H, CH,), 0.96 (t, J=7.4 Hz, 3H,
CH,).

2.4.10. (E E)-1,3-distyrylbenzene (10a): (Table 1, entry
14)

1,3-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(0.1 pmol) and styrene (0.416 g, 4 mmol). The residue
was purified by column chromatography (ether/pentane:
1/6) to give 10a in 84% (0.237 g) isolated yield. "H NMR
(300 MHz, CDCl3): 6=17.65 (s, 1H, Ar), 7.57-7.52 (m,
4H, Ar), 7.46-7.33 (m, 7 H, Ar), 7.31-7.24 (m, 2H,
Ar), 7.15 (s, 4H, =—CH).

2.4.11. n-Butyl (EEE)-3,5-bis(2-n-butoxycarbonylvi-
nyl)cinnamate (1la): (Table 1, entry 15)
1,3,5-Tribromobenzene (0.315 g, 1 mmol), Pd com-
plex (0.01 mmol) and n-butyl acrylate (0.768 g, 6 mmol).
The residue was purified by column chromatography
(ether/pentane: 1/4) to give 11a in 73% (0.333 g) isolated
yield. White solid, m.p. 85 °C. '"H NMR (300 MHz,
CDCly): 6=7.64 (d, J=16.1 Hz, 3H, —CH), 7.63 (s, 3
H, Ar), 6.50 (d, J=16.1 Hz, 3H, —CH), 4.22 (t,
J=6.8 Hz, 6H, CH,), 1.66 (m, 6H, CH,), 1.44 (m, 6H,
CH,), 0.96 (t, J=7.4 Hz, 9H, CH;). >*C NMR (75
MHz, CDCls): 6=166.5, 142.7, 135.9, 128.5, 120.2,
64.6, 30.7, 19.2, 13.7. MS (70 eV); m/z (%). 456 (52)
[M*]. Anal. Calc. for Cy;H3¢04: C, 71.03; H, 7.95.
Found: C, 70.98; H, 7.86%. When a ratio substrate/cat-
alyst of 250 was used (Table 1, entry 16), n-butyl (£, E)-
3-bromo-5-(2-n-butoxycarbonylvinyl)cinnamate 11b
was also obtained: 'H NMR (300 MHz, CDCls):
0=7.65 (s, 2H, Ar), 7.57 (d, J=16.1 Hz, 2H, —CH),
7.54 (s, 1H, Ar), 6.46 (d, J=16.1 Hz, 2H, =—CH), 4.21
(t, J=6.5 Hz, 4H, CH,), 1.66 (m, 4 H, CH,), 1.44 (m,
4H, CH,), 0.96 (t, J=7.3 Hz, 6H, Me), and the n-butyl
E-3,5-dibromocinnamate 11¢ was observed by GC/MS.

2.5. Vinylation products with dibromopyridines and 3,4-
dibromothiophene (Table 2)

2.5.1. n-Butyl (E E)-3-[5-(2-butoxycarbonylvinyl)pyri-
din-3-yljacrylate (12a): (Table 2, entry 1)

3,5-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(1 pmol) and n-butyl acrylate (0.512 g, 4 mmol). The res-
idue was purified by column chromatography (ether/
pentane: 1/3) to give 12a in 76% (0.251 g) isolated yield.
"H NMR (300 MHz, CDCls): 6=8.69 (d, J=2.0 Hz, 2
H, Ar), 7.92 (t, J=2.0 Hz, 1H, Ar), 7.64 (d, J=16.1
Hz, 2H, =CH), 6.53 (d, J=16.1 Hz, 2H, =CH), 4.20
(t, J=6.4 Hz, 4H, CH,), 1.67 (m, 4H, CH,), 1.42 (m,
4H, CH,), 0.93 (t, J=7.5 Hz, 6H, Me).
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2.5.2. (E E)-3,5-distyrylpyridine (13a): (Table 2, entry
2)

3,5-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(2 umol) and styrene (0.416 g, 4 mmol). The residue was
purified by column chromatography (ether/pentane: 1/3)
to give 13a in 79% (0.224 g) isolated yield. '"H NMR
(300 MHz, CDCly): 6=8.59 (s, 2H, Ar), 7.95 (s, 1H,
Ar), 7.54 (d, J=8.0 Hz, 4H, Ar), 7.37 (t, /J=7.8 Hz,
4H, Ar), 7.27 (t, J=7.8 Hz, 2H, Ar), 7.23 (d, J=16.5
Hz, 2H, =—CH), 7.08 (d, J=16.5 Hz, 2H, —CH).

2.5.3. (E E)-3,5-bis(3-methylstyryl)pyridine (14a): ( Ta-
ble 2, entry 3)

3,5-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(10 pmol) and 3-methylstyrene (0.472 g, 4 mmol). The
residue was purified by column chromatography
(ether/pentane: 1/3) to give 14a in 83% (0.258 g) isolated
yield. White solid, m.p. 175 °C. '"H NMR (300 MHz,
CDCly): 6=8.59 (s, 2H, Ar), 7.92 (s, 1H, Ar), 7.40—
7.22 (m, 6H, Ar), 7.19 (d, J=16.5 Hz, 2H, =CH),
7.12 (m, 2H, Ar), 7.07 (d, J=16.5 Hz, 2H, —CH),
240 (s, 6H, Me). '*C NMR (75 MHz, CDCly):
0=147.1, 138.3, 136.5, 1329, 131.0, 129.2, 129.0,
128.6, 127.3, 124.4, 123.8, 21.3. MS (70 eV); ml/z (%):
311 (61) [M™]. Anal. Calc. for Co3H,N: C, 88.71; H,
6.80. Found: C, 88.79; H, 6.71%.

2.5.4. n-Butyl (E E)-3-[6-(2-butoxycarbonylvinyl)pyri-
din-2-ylJacrylate (15a): (Table 2, entry 4)

2,6-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(10 pmol) and n-butyl acrylate (0.512 g, 4 mmol). The
residue was purified by column chromatography
(ether/pentane: 1/3) to give 15a in 62% (0.205 g) isolated
yield. White solid, m.p. 86 °C. '"H NMR (300 MHz,
CDClL): 6=7.72 (t, J=7.8 Hz, 1H, Ar), 7.66 (d,
J=15.6 Hz, 2H, =CH), 7.36 (d, J=7.8 Hz, 2H, Ar),
7.03 (d, J=15.6 Hz, 2H, —CH), 4.23 (t, J=6.8 Hz,
4H, CH,), 1.70 (m, 4H, CH,), 1.45 (m, 4H, CH,), 0.96
(t, J=7.3 Hz, 6H, CH3). >°C NMR (75 MHz, CDCls):
0=166.7, 153.0, 142.6, 137.5, 124.5, 123.2, 64.6, 30.7,
19.1, 13.7. MS (70 eV); m/z (%): 331 (26) [M"]. Anal.
Calc. for Ci9H,5NO4: C, 68.86; H, 7.60. Found: C,
68.67; H, 7.75%. When a ratio substrate/catalyst of
250 was used (Table 2, entry 5), n-butyl (E)-3-(6-bromo-
pyridin-2-yl)acrylate 15b was also obtained: 'H NMR
(300 MHz, CDCl;3): 6=7.46 (d, J=15.7 Hz, 1H,
=CH), 7.45 (t, J=17.8 Hz, 1H, Ar), 7.32 (d, J=7.8 Hz,
1H, Ar), 7.22 (d, J=7.8 Hz, 1H, Ar), 6.83 (d, J=15.7
Hz, 1H, =—CH), 4.09 (t, /J=6.8 Hz, 2H, CH,), 1.53 (m,
2H, CH,), 1.35 (m, 2H, CH,), 0.87 (t, /J=7.3 Hz, 3H,
CH3).

2.5.5. (E E)-2,6-distyrylpyridine (16a): (Table 2, entry
6)

2,6-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(10 pmol) and styrene (0.416 g, 4 mmol). The residue

was purified by column chromatography (ether/pen-
tane: 1/3) to give 16a in 78% (0.221 g) isolated yield.
'"H NMR (300 MHz, CDCl;): 6=7.71 (d, J=16.1 Hz,
2H, =CH), 7.64 (t, J=79 Hz, 1H, Ar), 7.60 (d,
J=17.2 Hz, 4H, Ph), 7.42-7.25 (m, 8H, Ar), 7.21 (d,
J=16.1 Hz, 2H, —CH).

2.5.6. (E E)-2,6-bis(3-methylstyryl)pyridine (17a): ( Ta-
ble 2, entry 7)

2,6-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(10 pmol) and 3-methylstyrene (0.472 g, 4 mmol). The
residue was purified by column chromatography
(ether/pentane: 1/3) to give 17a in 47% (0.146 g) isolated
yield. White solid, m.p. 95 °C. 'H NMR (300 MHz,
CDCl3): 6=17.67 (d, J=16.1 Hz, 2H, =—CH), 7.62 (t,
J=179 Hz, 1H, Ar), 7.45-7.40 (m, 4H, Ar), 7.31-7.23
(m, 4H, Ar), 7.19 (d, J=16.1 Hz, 2H, =—CH), 7.12 (d,
J=17.5 Hz, 2H, Ar), 2.39 (s, 6H, Me). >°C NMR (75
MHz, CDCl3): 0=155.4, 138.2, 137.0, 136.6, 133.8,
129.1, 128.6 (2c¢), 127.8, 124.4, 120.2, 21.4. MS (70
eV); mi/z (%): 311 (43) [M]. Anal. Calc. for Co3H,N:
C, 88.71; H, 6.80. Found: C, 88.47; H, 6.72%. (E)-2-bro-
mo-6-(3-methylstyryl)pyridine 17b was also obtained:
'"H NMR (300 MHz, CDCl5): 6=7.62 (d, J=16.0 Hz,
1H, =CH), 7.46 (t, J=1.5 Hz, 1H, Ar), 7.40-7.33 (m,
2H, Ar), 7.32-7.27 (m, 2H, Ar), 7.26 (t, J=7.5 Hz,
1H, Ar), 7.12 (d, J=7.5 Hz, 1H, Ar), 7.06 (d, J=16.0
Hz, 1H, =—=CH), 2.37 (s, 3H, Me).

2.5.7. (E E)-2,6-di(3-chlorostyryl)pyridine (18a): (Ta-
ble 2, entry 8)

2,6-Dibromopyridine (0.237 g, | mmol), Pd complex
(10 umol) and 3-chlorostyrene (0.554 g, 4 mmol). The
residue was purified by column chromatography
(ether/pentane: 1/3) to give 18a in 77% (0.272 g) isolated
yield. "H NMR (300 MHz, CDCls): 6=7.66 (d, J=16.0
Hz, 2H, —CH), 7.65 (t, J=7.5 Hz, 1H, Ar), 7.58 (s, 2H,
Ar), 7.46 (d, J=6.2 Hz, 2H, Ar), 7.35-7.25 (m, 6H, Ar),
7.18 (d, J=16.0 Hz, 2H, —CH).

2.5.8. n-Butyl (E E)-3-[4-(2-butoxycarbonylvinyl)thien-
3-yljacrylate (19a): (Table 2, entry 9)
3,4-Dibromothiophene (0.242 g, 1 mmol), Pd com-
plex (0.04 mmol) and n-butyl acrylate (0.512 g, 4 mmol).
The residue was purified by column chromatography
(ether/pentane: 1/3) to give 19a in 95% (0.319 g) isolated
yield. '"H NMR (300 MHz, CDCl5): 6=7.73 (d, J=15.8
Hz, 2H, —CH); 7.56 (s, 2H, Ar), 6.29 (d, J=15.8 Hz,
2H, =—CH), 4.20 (t, J=6.6 Hz, 4H, CH,), 1.68 (m, 4H,
CH,), 1.42 (m, 4H, CH,), 0.95 (t, J=7.4 Hz, 6H,
CH3). When a ratio substrate/catalyst of 250 was used
(Table 2, entry 10), n-butyl (E)-3-(4-bromothien-3-
ylacrylate 19b was obtained: '"H NMR (300 MHz,
CDClL): 6=7.67 (d, J=16.3 Hz, 1H, =—CH), 7.58 (d,
J=3.9 Hz, 1H, Ar), 7.31 (d, J=3.9 Hz, 1H, Ar), 6.43
(d, /J=16.3 Hz, 1H, =CH), 4.20 (t, J=6.6 Hz, 2H,
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CH,), 1.69 (m, 2H, CH,), 1.42 (m, 2H, CH,), 0.95 (t,
J=7.4 Hz, 3H, CH;).

2.5.9. (E E)-3,4-distyrylthiophene (20a): ( Table 2, entry
11)

3,4-Dibromothiophene (0.242 g, 1 mmol), Pd com-
plex (4 umol) and styrene (0.416 g, 4 mmol). The residue
was purified by column chromatography (ether/pentane:
1/3) to give 20a in 82% (0.236 g) isolated yield. White
solid, m.p. 190 °C. '"H NMR (300 MHz, CDCls):
0=17.50 (d, J=17.5 Hz, 4 H, Ar), 7.40 (s, 2H, Ar), 7.36
(t, J=7.9 Hz, 4H, Ar), 7.26 (t, J=7.5 Hz, 2H, Ar),
7.18 (d, J=16.3 Hz, 2H, =—CH), 6.97 (d, /J=16.3 Hz,
2H, =CH). 3C NMR (75 MHz, CDCl;): §=138.6,
137.4, 130.7, 128.7, 127.7, 126.4, 121.7, 121.3. MS (70
eV); mlz (%): 288 (100) [M*]. Anal. Calc. for C,oH 6S:
C, 83.29; H, 5.59. Found: C, 83.02; H, 5.74%. When a
ratio substrate/catalyst of 5000 was used (Table 2, entry
13), (E)-3-bromo-4-styrylthiophene 20b was obtained se-
lectively: 'H NMR (300 MHz, CDCly): §=7.52 (d,
J=7.2 Hz, 2H, Ar), 7.43 (dd, J=3.4 and 0.5 Hz, 1H,
Ar), 7.36 (t, J=7.5 Hz, 2H, Ar), 7.31-7.25 (m, 2H,
Ar), 7.12 (d, J=16.3 Hz, 1H, =—=CH), 7.04 (d, J=16.3
Hz, 1H, =CH).

2.5.10. (EE)-3,4-bis(3-methylstyryl)thiophene (2la):
(Table 2, entry 14)

3,4-Dibromothiophene (0.242 g, 1 mmol), Pd com-
plex (4 pmol) and 3-methylstyrene (0.472 g, 4 mmol).
The residue was purified by column chromatography
(ether/pentane: 1/3) to give 21a in 78% (0.247 g) isolated
yield. White solid, m.p. 55 °C. '"H NMR (300 MHz,
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CDCly): 6=7.39 (s, 2H, Ar), 7.31-7.36 (m, 4H, Ar),
7.27 (t, J=7.3 Hz, 2H, Ar), 7.19 (d, J=16.3 Hz, 2H,
—CH), 7.10 (d, J=7.3 Hz, 2H, Ar), 6.96 (d, J=16.3
Hz, 2H, =CH), 2.40 (s, 6 H, Me). '*C NMR (75
MHz, CDCls): 6=138.6, 138.2, 137.3, 130.8, 128.6,
128.5, 127.1, 123.6, 121.5, 121.1, 21.4. MS (70 eV); m/z
(%): 316 (100) [M™]. Anal. Calc. for C,H»,S: C, 83.50;
H, 6.37. Found: C, 83.42; H, 6.49%.

2.5.11. (E E)-3,4-bis(3-chlorostyryl)thiophene
(Table 2, entry 15)

3,4-Dibromothiophene (0.242 g, 1 mmol), Pd com-
plex (4 pmol) and 3-chlorostyrene (0.554 g, 4 mmol).
The residue was purified by column chromatography
(ether/pentane: 1/3) to give 21a in 80% (0.286 g) isolated
yield. Oil. "H NMR (300 MHz, CDCls): 6=7.48 (s, 2H,
Ar), 7.41 (s, 2H, Ar), 7.37 (d, J=7.3 Hz, 2H, Ar), 7.28 (t,
J=7.3 Hz, 2H, Ar), 7.23 (d, J=7.3 Hz, 2H, Ar), 7.16 (d,
J=16.1 Hz, 2H, =CH), 6.89 (d, J=16.1 Hz, 2H,
—CH). '3C NMR (75 MHz, CDCl;): 6=139.1, 138.0,
134.6, 129.9, 1294, 127.6, 126.3, 124.6, 122.8, 121.9.
MS (70 eV); miz (%): 356 (34) [M*]. Anal. Calc. for
CyoH14CLLS: C, 67.23; H, 3.95. Found: C, 66.97; H,
4.04%.

(22a):

2.6. Catalytic procedure for Suzuki reactions

As a typical experiment, the reaction of aryl halide (1
mmol), arylboronic acid (3—6 mmol, see Tables 3 and 4)
and K,CO; (3-6 mmol, see Tables 3 and 4) at 130 °C
during 20 h in dry xylene (3 ml) in the presence of cis,-
cis,cis-1,2,3 4-tetrakis(diphenylphosphinomethyl)cyclo-

Palladium catalysed Suzuki cross-coupling reactions with di-, tri- or tetrabromobenzene (Schemes 5-7)

Entry  Aryl bromide Arylboronic acid Ratio substrate/catalyst Product Ratio a/b®  Yield in product a (%)

1 1,4-Dibromobenzene Benzeneboronic acid 1000 23a 100/0 92

2 1,4-Dibromobenzene Benzeneboronic acid 10,000 23a, 23b  60/40 88

3 1,4-Dibromobenzene 4-Fluorophenylboronic acid 1000 24a 100/0 95

4 1,4-Dibromobenzene 4-Fluorophenylboronic acid 10,000 24a, 24b  97/3 100°

5 1,4-Dibromobenzene 2-Methylphenylboronic acid 250 25a 100/0 93

6 1,4-Dibromobenzene 2-Methylphenylboronic acid 1000 25a, 25b  95/5 100°

8 1,2-Dibromobenzene Benzeneboronic acid 250 26a 100/0 96

9 1,2-Dibromobenzene Benzeneboronic acid 1000 26a, 26b  89/11 100°
10 1,2-Dibromobenzene Benzeneboronic acid 10,000 26a, 26b  40/60 50°
11 1,2-Dibromobenzene 4-Fluorophenylboronic acid 250 27a 100/0 90
12 1,2-Dibromobenzene 2-Methylphenylboronic acid 250 28a 100/0 88
13 1,3-Dibromobenzene Benzeneboronic acid 1000 29a 100/0 92
14 1,3,5-Tribromobenzene Benzeneboronic acid 250 30a 100/0 94°¢
15 1,3,5-Tribromobenzene Benzeneboronic acid 1000 30a, 30b 97/3 §3be
16 1,3,5-Tribromobenzene 4-Fluorophenylboronic acid 250 31a 100/0 85¢
17 1,3,5-Tribromobenzene 2-Methylphenylboronic acid 250 32a,32b  71/29 66°
18 1,2,4,5-Tetrabromobenzene  Benzeneboronic acid 250 33a, 33b  92/8 764

Conditions: catalyst [Pd(C3Hs)Cl],/Tedicyp 1/2, aryl bromide (1 eq.), arylboronic acid (3 eq.), K,COs (3 eq.), xylene, 130 °C, 20 h, isolated yields.

# See Schemes 5-7.
® GC yield (mixture of mono-, di- and triaddition products).
¢ Arylboronic acid (4.5 eq.) and K,COs (4.5 eq.).

4 Benzeneboronic acid (6 eq.) and K»CO; (6 eq.), traces of mono- and diaddition products were also observed by GC/MS.
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Entry  Aryl bromide Arylboronic acid Ratio substrate/catalyst ~ Product  Ratio a/b®  Yield in product a (%)
1 3,5-Dibromopyridine Benzeneboronic acid 1000 34a 100/0 88

2 2,6-Dibromopyridine Benzeneboronic acid 250 35a 100/0 82

3 2,6-Dibromopyridine Benzeneboronic acid 1000 35a,35b  68/32 99°

4 2,5-Dibromopyridine Benzeneboronic acid 1000 36a 100/0 85

5 2,5-Dibromopyridine 4-Fluorophenylboronic acid 100 37a 100/0 67

6 3,4-Dibromothiophene  Benzeneboronic acid 250 38a, 38b  89/11 82

Conditions: catalyst [Pd(C3;H;s)Cl],/Tedicyp 1/2, heteroaryl bromide (1 eq.), arylboronic acid (4 eq.), K,CO3 (2 eq.), xylene, 130 °C, 20 h, isolated

yields.
# See Schemes 8 and 9.
® GC yield (mixture of mono- and diaddition products).

pentane/i[PdCI(C;Hs)], complex under argon affords the
corresponding products after evaporation and chroma-
tography on silica gel.

2.7. Suzuki cross-coupling with di-, tri- and tetrabromo-
benzene (Table 3)

2.7.1. 1,4-Diphenylbenzene (23a): (Table 3, entry 1)

1,4-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(1 pmol) and phenylboronic acid (0.366 g, 3 mmol).
The residue was purified by column chromatography
(ether/pentane: 1/4) to give 23a in 92% (0.212 g) isolated
yield. "H NMR (300 MHz, CDCls): §=7.67 (s, 4H, Ar),
7.63 (dd, J=7.8 and 1.3 Hz, 4 H, Ar), 7.45 (dd, J=7.8
and 7.0 Hz, 4H, Ar), 7.34 (t, J=7.0 Hz, 2H, Ar). When
a ratio substrate/catalyst of 10,000 was used (Table 3,
entry 2), 4-bromobiphenyle 23b was also obtained: 'H
NMR (300 MHz, CDCly): 6=7.55 (m, 4H, Ar), 7.44
(m, 4H, Ar), 7.36 (t, J=7.0 Hz, 1H, Ar).

2.7.2. 1,4-Bis(4-fluorophenyl)benzene (24a): (Table 3,
entry 3)

1,4-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(1 pmol) and 4-fluorophenylboronic acid (0.420 g, 3
mmol). The residue was purified by column chromatog-
raphy (ether/pentane: 1/4) to give 24a in 95% (0.253 g)
isolated yield. '"H NMR (300 MHz, CDCl5): §=7.60
(s, 4H, Ar), 7.56 (dd, J=8.8 and 5.5 Hz, 4H, Ar), 7.13
(dd, J=8.8 and 8.7 Hz, 4 H, Ar).

2.7.3. 1,4-Bis(2-methylphenyl)benzene (25a): (Table 3,
entry 5)

1,4-Dibromobenzene (0.236 g, 1 mmol), Pd complex (4
pmol) and 2-methylphenylboronic acid (0.408 g, 3
mmol). The residue was purified by column chromatog-
raphy (ether/pentane: 1/4) to give 25a in 93% (0.240 g)
isolated yield. '"H NMR (300 MHz, CDCl5): 6=7.33 (s,
4H, Ar), 7.18-7.27 (m, 8 H, Ar), 2.30 (s, 6H, CH3). When
a ratio substrate/catalyst of 1000 was used (Table 3, entry
6), 1-bromo-4-(2-methylphenyl)benzene 25b was also ob-

tained: "H NMR (300 MHz, CDCl): §=7.54 (d, J=8.5
Hz, 2H, Ar), 7.30-7.10 (m, 6H, Ar), 2.25 (s, 3H, CH;).

2.7.4. 1,2-Diphenylbenzene (26a): (Table 3, entry 8)

1,2-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(4 umol) and phenylboronic acid (0.366 g, 3 mmol).
The residue was purified by column chromatography
(ether/pentane: 1/4) to give 26a in 96% (0.221 g) isolated
yield. "H NMR (300 MHz, CDCly): 6=7.42 (m, 4H,
Ar), 7.17-7.22 (m, 6H, Ar), 7.11-7.16 (m, 4 H, Ar).
When a ratio substrate/catalyst of 10,000 was used (Ta-
ble 3, entry 10), 2-bromo-biphenyle 26b was also ob-
tained: '"H NMR (300 MHz, CDCly): d=7.61 (d,
J=17.3 Hz, 1H), 7.37 (m, 4H, Ar), 7.33 (t, J=7.0 Hz, 1
H, Ar), 7.27 (m, 2H, Ar), 7.11 (m, 1H, Ar).

2.7.5. 1,2-Bis(4-fluorophenyl)benzene (27a): (Table 3,
entry 11)

1,2-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(4 pmol) and 4-fluorophenylboronic acid (0.420 g, 3
mmol). The residue was purified by column chromatog-
raphy (ether/pentane: 1/4) to give 27a in 90% (0.240 g)
isolated yield. White solid, m.p. 97 °C. 'H NMR (300
MHz, CDCl;): 6=7.40 (m, 4H, Ar), 7.06 (dd, J=8.8
and 5.5 Hz, 4H, Ar), 6.91 (dd, /=8.8 and 8.7 Hz, 4H,
Ar). C NMR (75 MHz, CDCly): 6=161.8 (d,
J=245.9 Hz), 139.5, 137.2, 131.3 (d, /=8.2 Hz), 130.5,
127.7, 115.1, 1149 (d, J=21.4 Hz). MS (70 eV); m/z
(%): 266 (100) [M']. Anal. Calc. for C;gH,F» C,
81.19; H, 4.54. Found: C, 81.43; H, 4.47%.

2.7.6. 1,2-Bis(2-methylphenyl)benzene (28a): (Table 3,
entry 12)

1,2-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(4 pmol) and 2-methylphenylboronic acid (0.408 g, 3
mmol). The residue was purified by column chromatog-
raphy (ether/pentane: 1/4) to give 28a in 88% (0.227 g)
isolated yield. '"H NMR (300 MHz, CDCls): §=7.50—
7.16 (m, 4H, Ar), 7.15-6.80 (m, 8H, Ar), 2.20-2.00 (m,
6H, Me).
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2.7.7. 1,3-Diphenylbenzene (29a): (Table 3, entry 13)

1,3-Dibromobenzene (0.236 g, 1 mmol), Pd complex
(1 pmol) and phenylboronic acid (0.366 g, 3 mmol).
The residue was purified by column chromatography
(ether/pentane: 1/4) to give 29a in 92% (0.211 g) isolated
yield. "H NMR (300 MHz, CDCls): 6=7.79 (t, J=1.9
Hz, 1H), 7.63 (m, 2H), 7.61 (m, 2H), 7.56-7.52 (m,
2H), 7.50-7.39 (m, 5 H), 7.37-7.29 (m, 2H).

2.7.8. 1,3,5-Triphenylbenzene (30a): (Table 3, entry 14)

1,3,5-Tribromobenzene (0.315 g, 1 mmol), Pd com-
plex (4 pmol) and phenylboronic acid (0.549 g, 4.5
mmol). The residue was purified by column chromatog-
raphy (ether/pentane: 1/4) to give 30a in 94% (0.288 g)
isolated yield. "H NMR (300 MHz, CDCly): 6=7.78
(s, 3H, Ar), 7.71 (d, J=7.1 Hz, 6H, Ph), 7.44 (t, J=7.1
Hz, 6H, Ph), 7.39 (t, J=7.1 Hz, 3H, Ph). When a ratio
substrate/catalyst of 1000 was used (Table 3, entry 15),
1-bromo-3,5-diphenylbenzene 30b was also obtained:
'"H NMR (300 MHz, CDCl;): §=7.70 (m, 3H, Ar),
7.60 (d, J=7.2 Hz, 4 H), 7.46 (t, J=7.2 Hz, 4 H), 7.36
(t, J=7.2 Hz, 2H).

2.7.9. 1,3,5-Tris(4-fluorophenyl) benzene (31a): ( Table 3,
entry 16)

1,3,5-Tribromobenzene (0.315 g, 1 mmol), Pd com-
plex (4 pmol) and 4-fluorophenylboronic acid (0.630 g,
4.5 mmol). The residue was purified by column chroma-
tography (ether/pentane: 1/4) to give 31a in 85% (0.306
g) isolated yield. "H NMR (300 MHz, CDCls): 6=7.66
(s, 3H, Ar), 7.61 (dd, J=8.7 and 5.3 Hz, 6H, Ar), 7.16
(t, J=8.7 Hz, 6H, Ar).

2.7.10. 1,3,5-Tris(2-methylphenyl)benzene (32a): (Table
3, entry 17)

1,3,5-Tribromobenzene (0.315 g, 1 mmol), Pd com-
plex (4 pmol) and 2-methylphenylboronic acid (0.612
g, 4.5 mmol). The residue was purified by column chro-
matography (ether/pentane: 1/4) to give 32a in 66%
(0.230 g) isolated yield. '"H NMR (300 MHz, CDCls):
0=7.40-7.20 (m, 15H, Ph), 2.38 (s, 9 H, Me). 1-Bro-
mo-3,5-bis(2-methylphenyl)benzene 32b was also ob-
tained: '"H NMR (300 MHz, CDCl;): 6=7.45 (s, 2H,
Ar), 7.35-7.20 (m, 9H, Ar), 2.30 (s, 6H, Me).

2.7.11. 1,2,4,5-Tetraphenylbenzene (33a): (Table 3,
entry 18)

1,2,4,5-Tetrabromobenzene (0.394 g, 1 mmol), Pd
complex (4 pumol) and phenylboronic acid (0.732 g, 6
mmol). The residue was purified by column chromatog-
raphy (ether/pentane: 1/4) to give 33a in 76% (0.290 g)
isolated yield. '"H NMR (300 MHz, CDCl5): §=7.55
(s, 2H), 7.24 (m, 20 H). Traces of the mono-, di- and tri-
arylated compounds 33b, 33c¢ and 33d were also ob-
served by GC and GC/MS.

2.8. Suzuki cross-coupling with dibromopyridines and 3,
4-dibromothiophene (Table 4)

2.8.1. 3,5-Diphenylpyridine (34a): (Table 4, entry 1)

3,5-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(1 umol) and phenylboronic acid (0.366 g, 3 mmol). The
residue was purified by column chromatography (ether/
pentane: 1/4) to give 34a in 88% (0.203 g) isolated yield.
"H NMR (300 MHz, CDCl3): 6=8.81 (s, 2H, Ar), 8.04
(t, J=2.2 Hz, 1H, Ar), 7.64 (d, J=8.5 Hz, 4H, Ph),
7.52-7.39 (m, 6H, Ph).

2.8.2. 2,6-Diphenylpyridine (35a): (Table 4, entry 2)
2,6-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(4 pmol) and phenylboronic acid (0.366 g, 3 mmol). The
residue was purified by column chromatography (ether/
pentane: 1/4) to give 35a in 82% (0.189 g) isolated yield.
"H NMR (300 MHz, CDCl5): 6=8.18 (d, J=7.3 Hz, 4H,
Ph), 7.80 (t, J=8.5 Hz, 1H, Ar), 7.69 (d, J=8.5 Hz, 2H,
Ar), 7.54 (dd, J=7.3 and 7.3 Hz, 4H, Ph), 7.45 (t, J=17.3
Hz, 2H, Ph). When a ratio substrate/catalyst of 1000 was
used (Table 4, entry 3), 2-bromo-6-phenylpyridine 35b
was also obtained: 'H NMR (300 MHz, CDCls):
0="H NMR (300 MHz, CDCls): 8.00 (m, 2H, Ph),
7.60 (d, J=6.0 Hz, 1H, Ar), 7.50 (t, J=6.0 Hz, 1H,
Ar), 7.39 (m, 3H, Ph), 7.30 (d, /J=6.0 Hz, 1H, Ar).

2.8.3. 2,5-Diphenylpyridine (36a): (Table 4, entry 4)

2,5-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(1 pmol) and phenylboronic acid (0.366 g, 3 mmol). The
residue was purified by column chromatography (ether/
pentane: 1/4) to give 36a in 85% (0.196 g) isolated yield.
"H NMR (300 MHz, CDCl5): 6=8.94 (d, J=2.3 Hz, 1H,
Ar), 8.04 (d, /=7.0 Hz, 2H, Ph), 7.95 (dd, /=8.3 and 2.3
Hz, 1H, Ar), 7.80 (d, J=8.3 Hz, 1H, Ar), 7.63 (d, J=7.7
Hz, 2H, Ph), 7.52-7.38 (m, 6H, Ph).

2.8.4. 2,5-Bis(4-fluorophenyl)pyridine (37a): (Table 4,
entry 5)

2,5-Dibromopyridine (0.237 g, 1 mmol), Pd complex
(0.01 mmol) and 4-fluorophenylboronic acid (0.420 g, 3
mmol). The residue was purified by column chromatog-
raphy (ether/pentane: 1/4) to give 37a in 67% (0.179 g)
isolated yield. '"H NMR (300 MHz, CDCl;): 6=8.85
(d, J=2.2 Hz, 1H, Ar), 8.01 (dd, J=8.0 and 5.5 Hz,
2H, Ar), 7.88 (dd, /=8.3 and 2.2 Hz, 1H, Ar), 7.74 (d,
J=8.3 Hz, 1H, Ar), 7.56 (dd, J=7.8 and 5.3 Hz, 2H,
Ar), 7.17 (m, 4H, Ar).

2.8.5. 3,4-Diphenylthiophene (38a): (Table 4, entry 6)
3,4-Dibromothiophene (0.242 g, 1 mmol), Pd com-
plex (4 umol) and phenylboronic acid (0.366 g, 3 mmol).
The residue was purified by column chromatography
(ether/pentane: 1/4) to give 38a in 82% (0.194 g) isolated
yield. "H NMR (300 MHz, CDCl3): 6=7.33 (s, 2H, Ar),
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7.30-7.19 (m, 10H, Ph). Traces of 38b were also ob-
served by GC and GC/MS.

2.9. CAS Registry No.

1b, 131061-14-8; 2a, 1608-41-9; 2b, 13041-70-8; 3a,
131941-43-0; 4a, 54842-62-5; 5a, 501124-77-2; 6a,
27164-48-3; 6b, 54737-45-0; 7a, 96585-71-6; 7b,
226712-64-7; 9a, 113236-22-9; 9b, 423775-08-0; 10a,
1725-76-4; 12a, 477723-54-9; 13a, 477723-55-0; 16a,
125311-40-2; 18a, 53925-20-5; 19a, 9280144 (Beilstein
Registry No.); 20b, 75997-24-9; 23a, 92-94-4; 23b, 92-
66-0; 24a, 72864-01-8; 24b, 398-21-0; 25a, 53092-64-1;
25b, 106475-19-8; 26a, 84-15-1; 26b, 2052-07-5; 28a,
75896-77-4; 28b, 251320-87-3; 29a, 92-06-8; 30a, 612-
71-5; 30b, 103068-20-8; 30¢c, 16372-96-6; 31a, 448-60-2;
32a, 87226-88-8; 32b, 247575-70-8; 33a, 3383-32-2; 34a,
92-07-9; 35a, 3558-69-8; 35b, 39774-26-0; 36a, 15827-
72-2; 37a, 171820-18-1; 38a, 16939-13-2; 38b, 23062-
41-1.

3. Results and discussion

3.1. Heck vinylation products with di- and tribromoben-
zene

First, we have investigated the Heck vinylation reac-
tions of 1,2-, 1,3- and 1,4-dibromobenzenes with n-butyl
acrylate or styrene (Scheme 1, Table 1). For these reac-
tions, DMF or NMP were chosen as the solvents and
potassium carbonate as the base. The reactions were
performed at 130 or 150 °C, under argon, in the pres-
ence of a ratio 1/2 of [Pd(C;H5)Cl],/tedicyp as catalyst.

/BI’+ R

The results presented in the Table 1 disclose an influence
of the position of the bromide substituents on the aryl
on the reaction rate. The reaction with 1,3- or 1,4-di-
bromobenzene can be performed with as little as
0.01% catalyst with n-butyl acrylate or styrene. In all
cases the divinylation products were obtained selectively
(Table 1, entries 1, 3, 12 and 14). When higher ratios
subtrate/catalyst were used, mixtures of di- and mono-
vinylated adducts were obtained (Table 1, entries 2, 4
and 13). As expected, lower turnover numbers (TONs)
were obtained with 1,2-dibromobenzene and the diaddi-
tion products were obtained selectively when 0.05-
0.04% catalyst were used (Table 1, entries 7 and 8).
1,2- and 1,4-dibromobenzene with 3-methyl or 3-chloro-
styrene also led selectively to the divinylated adducts
(Table 1, entries 5, 6, 10 and 11).

If the divinylations could be performed with high ra-
tios substrates/catalyst, the trivinylation of 1,3,5-tri-
bromobenzene was slower and 1% catalyst had to be
used to obtain selectively the trisubstituted adduct 11a
(Scheme 2, Table 1, entries 15-16). We also reacted
1,2,4,5-tetrabromobenzene with n-butyl acrylate but a
mixture of several products was observed including
products arising from partially reduced polybromide.
No significant pure product could be separated from
this reaction mixture.

3.2. Heck vinylation products with dibromopyridines and
3,4-dibromothiophene

Palladium chemistry involving heterocycles has its
unique characteristics stemming from the heterocycles’
inherently different structural and electronic properties
in comparison to the corresponding carbocyclic aryl

= [PACI(C3Hs)]o/ 1/2 Tedicyp R \ \*, . R\_@
N 7Br

| —/ °
17 K»,COg, DMF, 130°C R
1a-10a 1b-10b
Scheme 1.
~ COn-Bu
. [PACICsHs)l. . guo,C
. ~cOoun /1/2 Tedicyp 3
ro+ 2/-Bu K>COgz, DMF ’
. 130°C /
CO,n-Bu  11a
~ COpn-Bu Br
n-BuO,C
B0, \ . uQs w
Br 11b 11c B

Scheme 2.



F. Berthiol et al. | Journal of Organometallic Chemistry 689 (2004) 2786-2798 2795

compounds. Pyridines are m-clectron deficient. Thiophe-
nes are m-electron excessive. If the oxidative addition of
the aryl halides to the palladium complex is the rate-lim-
iting step of the reaction with this catalyst, the reactions
should be slower with thiophenes than with pyridines.
Furthermore palladium(II) possesses strong thiophili-
city. This is reflected in the poisoning effects of the sul-
phur atom on some palladium-catalysed reactions.
This poisoning effect has also been observed in the pres-
ence of nitrogen atom. For this reason, the position of
the halide on a heteroaromatic ring has an effect on
the reactions rates.

First, we studied the influence of position of the bro-
mo substituent on dibromopyridines on the rate of the
coupling with n-butyl acrylate or styrene. Due to the
electronegativity of the nitrogen atom, the o position
of bromopyridines should be the most susceptible to
the oxidative addition to Pd(0) [3]. In fact, we observed
higher TON’s for the coupling of B,B’-disubstituted 3,5-
dibromopyridine than with o,0’-disubstituted 2,6-di-
bromopyridine (Scheme 3, Table 2, entries 1-8). These
results seem to indicate that with this o,o’-disubstituted
dibromopyridine, a possible interaction between the ni-
trogen atom and the palladium complex has a decelerat-
ing effect on the reaction rate. With this substrate the
oxidative addition is probably not the rate-limiting step
of the reaction. Next, we tried to evaluate the influence
of the substituents on the styrene on the rate of this re-
action, so we investigated the coupling of 3-methyl- and
3-chlorostyrene with these dibromopyridines. Similar re-
action rates were observed with all these substituted
styrenes (Table 2, entries 3, 7 and 8).

Thiophenes are m-clectron-excessive heterocycles.
Oxidative addition to palladium should be slower with
bromothiophenes, than with bromopyridines. 3,4-Di-
bromothiophene with n-butyl acrylate led to the diviny-
lation adduct 19a selectively with a very low TON of 25
(Scheme 4, Table 2, entry 9). In the presence of 0.4% cat-
alyst the mono addition product can be obtained quite

Br\/\\/\Br R

[PACI(C3Hs)], / 1/2 Tedicyp

selectively (entry 10). An higher reaction rate was ob-
served in the presence of styrene (Table 2, entry 11).
The relatively low reactivity of this substrate may be ex-
plain both by a slow oxidative addition and also by
steric factors due to two adjacent bromo groups.

3.3. Suzuki cross-coupling with di-, tri- and tetrabromo-
benzene

The palladium-catalysed cross-coupling reaction be-
tween aryl halides and arylboronic acids provides a very
efficient method for the preparation of polyaryls deriva-
tives. Organoboron reagents exhibit greater functional
group compatibility than organozinc or Grignard
reagents. Moreover, the innocuous nature of boronic
acids, which are generally nontoxic and thermally, air-,
and moisture-stable, is a practical advantage of the
Suzuki reaction, relative to many other cross-coupling
processes.

For this study, xylene was chosen as the solvent and
potassium carbonate as the base. The reactions were
performed at 130 °C, under argon, in the presence of a
ratio 1/2 of [Pd(C5H;5)Cl],/tedicyp as catalyst.

We observed that 1,3- or 1,4-dibromobenzene with
arylboronic acids led to the diarylation adducts in the
presence of 0.1% catalyst (Scheme 5, Table 3, entries
1, 3, 6 and 13). Similar TONs were observed in the pres-
ence of 4-fluorophenylboronic acid or 2-methylboronic
acid (Table 3, entries 4-6). Lower TONs were obtained
with 1,2-dibromobenzene (entries 8—12).

We also reacted 1,3,5-tribromobenzene with benzene-
boronic acid, 4-fluorophenylboronic acid and 2-methyl-
phenylboronic acid (Scheme 6, Table 3, entries 14-17).
The triarylated products were obtained in all cases,
but higher reactions rates were observed with benzene-
boronic acid and 4-fluorophenylboronic acid. With ben-
zeneboronic acid the triaddition products 30a was
obtained in 97% selectively in the presence of 0.1% cat-
alyst. In order to present a more simple procedure, we

| S —
N

Z K>CO3, DMF, 130°C

~

R\T/Z/R 5 /:/R
. T

12a-18a 15b, 17b

Scheme 3.

[PACI(C3Hg)], / 1/2 Tedicyp

Br. Br R

S

K-CO3, DMF, 130°C

R R R
— — — Br
I\ + 7\
S S
19a-22a 19b, 20b

Scheme 4.
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Ar@Ar

e
\ 7Br

Br KoCOg, xylene, 130°C
23a-29a 23b-29b

Scheme 5.

Br. Ar Ar
[PACI(C3Hg)]p / 1/2 Tedicyp
Br + (HO),B-Ar - Ar + Ar
K>COg, xylene, 130°C

Br Ar Br
30a-32a 30b, 32b

Scheme 6.

also performed the same reaction using 1% of First, we studied the influence of position of the bromo

[PA(C3Hs)CI], as catalyst in absence of ligand. Under
these conditions the triaddition product 30a was ob-
tained in a satisfactory yield (58%) but the presence
18% of the diaddition product 30b and of 19% of prod-
uct 29a arising from partial debromation of tribromo-
benzene was also observed.

The 1,2,4,5-tetrabromobenzene also did undergo the
normal arylation with benzeneboronic acid to give
1,2,4,5-tetraphenylbenzene 33a in 92% selectivity and
76% yield (Scheme 7, Table 3, entry 18).

3.4. Suzuki cross-coupling with dibromopyridines and 3,4-
dibromothiophene

Next, we studied the reactivity of dibromopyridines
and a dibromothiophene for Suzuki reaction (Table 4).

substituent on pyridines on the rate of the coupling
with benzeneboronic acid. The reactivity of three di-
bromopyridines was studied: 3,5-, 2,6- and 2,5-di-
bromopyridines. A similar reactivity was observed
than for Heck reaction and slightly better results were
obtained for the coupling of B,B’-disubstituted 3,5-di-
bromopyridine than with o,0'-disubstituted 2,6-di-
bromopyridine (Scheme 8, Table 4, entries 1-3). The
o,p’-disubstituted 2,5-dibromopyridine also led selec-
tively to the diarylated adducts 36a and 37a in the
presence of 1-0.1% catalyst (Table 4, entries 4 and
5). Finally, we examined the reactivity of 3,4-dibromo-
thiophene with phenylboronic acid. The corresponding
diarylated compound 38a was obtained in 89% selectiv-
ity and 82% yield when 0.4% catalyst was used
(Scheme 9, Table 4, entry 6).

Br Br [PACI(C3H5)], / 1/2 Tedicyp  Ph Ph Ph Ph
j@ + (HO),B—Ph - j@ + j@
Br Br K2COs, xylene, 130°C  ppy Ph  Ph Br

33a 33b
Scheme 7.
B, Br [PACI(CaHs)l, / 1/2 Tedicyp ’\\ A'\A JBr
\ + (HO),B-Ar L J + L
NG K>COg, xylene, 130°C
34a-37a 34b-37b
Scheme 8.
Ph.  Ph
Br.  Br [PACI(C4Hs)l, / 1/2 Tedicyp Z—\j Ph/ \ Br
+ (HO),B—Ph
Z/S\; (HO) K,COg, xylene, 130°C S S
38a 38b

Scheme 9.
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4. Conclusion

The Tedicyp-palladium complex provides a conven-
ient catalyst for the reaction of several aryl or heteroaryl
polybromides with arylboronic acids or with alkenes. In
the presence of this catalyst 1,2-, 1,3- or 1,4-dibromo-
benzene derivatives led to the expected disubstitution
products in good yield. The position of the halide on
the aromatic has an effect on the reaction rate and faster
reactions were generally observed with 1,3- or 1,4-di-
bromobenzene than with 1,2-dibromobenzene. With
some substrates, the reaction can be performed with as
little as 0.001% catalyst. In the presence of 1,3,5-tri-
bromobenzene the trivinylation and the triarylation
products were also selectively obtained. To date, only
a few other ligands have achieved this objective; most
of the other ligands were used with more reactive but
more expensive aryliodides. On the other hand, if the se-
lective tetraarylation of 1,2,4,5-tetrabromobenzene was
possible, the tetravinylation led to a mixture of prod-
ucts. These results represent economically attractive
procedures and due to the high price of palladium, the
practical advantage of such low catalyst loading reac-
tions can become increasingly important for industrial
processes.
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