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Abstract: A novel C, symmetrical and sterically bul-
ky thiourea ligand 1 has been successfully applied to
Heck, Suzuki and Suzuki-type carbonylative cou-
pling reactions under aerobic conditions. Since the
metal-sulfur bond in the thiourea complexes is stron-
ger than the metal-phosphorus bond of typical phos-
phine complexes, thiourea ligands generally do not
easily dissociate from the metal center under catalyt-
ic conditions, which establishes the thiourea 1-based
palladium complexes as effective catalysts for the
palladium-catalyzed cross-coupling reactions.

Keywords: cross-coupling; Heck reaction; palladium;
Suzuki reaction; thiourea

The Pd-catalyzed cross-coupling reaction is a well-
known method for C—C bond formation. In this context,
the design of novel ligands and transition metal catalysts
that can affect desired transformations with both high
efficiency and high selectivity has been a fertile area of
research.l!! Phosphine-based ligands have played very
important roles in the Pd-catalyzed cross-coupling reac-
tions. However these ligands usually need to be handled
in an inert atmosphere or in dry conditions, and some-
times suffer from significant P—C bond degradation at
elevated temperatures, which leads to palladium aggre-
gation and affects the catalytic activity.

Recently, phosphine-free ligands, such as N-heterocy-
clic carbenes,” and sulfur-containing ligands®' have
been applied in some metal-catalyzed synthetic trans-
formations, which open up new opportunities in cataly-
sis.

Thioureas are compounds that are stable in air and
moisture, and are renowned for their great tunability
by varying substituents on the nitrogen,* and they can
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coordinate to metal centers in either the neutral state
or as monoanion or dianion forms.®! Therefore, their
physical and chemical properties can be changed by
modifying their nitrogen substituents.[!

We recently reported that our newly synthesized thio-
urea 1 (Figure 1) can be effectively utilized in the Pd-cat-
alyzed bismethoxycarbonylation of styrene and the
cross-coupling reaction of diazonium salts and boronic
acids under oxygen™ and aerobic conditions."™ Addi-
tional work to define the scope and limitations of thiour-
ea 1in a broad spectrum of reactions is imperative. To
this end, three types of coupling reactions have now
been profiled, and the details are described herein.
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Figure 1. The structure of thiourea 1.

The first reaction investigated was the Suzuki cou-
pling because of its usefulness for C—C bond forma-
tion.®! Considerable effort has been made to develop
catalyst systems that facilitate the cross-coupling and ex-
pand its scope.”’ However, most Suzuki couplings need
degassed solvents, and the reactions have to be carried
out under in an inert atmosphere.'” For this particular
reason, we tested the Suzuki coupling under aerobic
conditions with a thiourea 1-ligated palladium catalyst
in consideration of its beneficial air- and moisture-sta-
bility.

To this end, seven aryl iodides together with six arylbor-
onic acids were selected for the coupling reactions with
Pdl,/thiourea 1 as catalyst. As expected, good to excellent
yields of coupling products were obtained under aerobic
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Table 1. Suzuki reaction of iodides with boronic acids.!!

) Pdl,, Ligand 1
A+ A%-B(OH), Ar-Ar2
1.0 equiv. 1.0 equiv. I-PrOH/H;0 (10/1.5)
K,CO3, 80 °C
Entry lodide Boronic acid Product  Yield [%]P!
O Qeen
OMe
2 MeO-@—I <j>—[3(0H)2 2a 99
3 MeOOCOI CIOB(OH)Z 3a 72
/—B(OH),
4 MeOOCOl @—F 4a 96
|
: S S
6 \_/ [ Me@B(OH)Z 6a 95
N
7 @-I Me@B(OH)Z 7a 93
8 >—@—| @B(OH)Z 8a 90
0 0

[ Reactions between arylboronic acid (1.0 mmol), aryl io-
dide (1.0 mmol) and base K,CO; (3.0 mmol) carried out
at 80°C for 5 hours in the presence of Pdl, (1 mol %), li-
gand 1 (2 mol %) and solvent (10 mL).

[l Isolated yield after silica gel chromatography.

conditions, and the results are shown in Table 1. Interest-
ingly, in these coupling reactions, the ratio of Pdl, to thio-
urea 1 (1:2)is an important parameter to achieve good re-
sults, changing the ratio led to decreased yields.

We then ran similar reactions with the less reactive
aryl bromides with boronic acids. To our delight, all re-
actions worked well under the conditions listed in Ta-
ble 2, both electron-poor and electron-rich aryl bro-
mides gave similar results under aerobic conditions.

The metal-catalyzed three-component reaction with
arylmetal (B, Zn, Cu, Al, Si, In),'! carbon monoxide
(CO), and aryl electrophile is a valuable method for
the synthesis of unsymmetrical ketones as opposed to
the Lewis acid-catalyzed Friedel—Crafts acylation.
However, one problem associated with this reaction is
the formation of a significant amount of biaryl products
when electron-deficient aryl halides were used, presum-
ably because the halides react too quickly with arylme-
tals without insertion of CO."'™

Miyaura and co-workers have resolved this issue by
applying CO at higher pressures to get the high yields
of coupling products.""™ Andrus and co-workers recent-
ly achieved good yields by the imidazolium-based Pd-
catalyzed coupling of diazonium salts and boronic acids
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Table 2. Suzuki reaction of bromides with boronic acids.

Pdl, (1 mol %)
Ligand 1 (2 mol %)

Ar'-Br + Ar-B(OH), Ar'-Ar?

i-PrOH/H,0O (10/1.5)

1.0 equiv. 1.0 equiv. K,CO,, 80 °C
Entry Bromide Boronic acid  Product Yield [%]®
1 @Br B(OH), 1b 87
_ ome FA
2 N\ 7 Br A 2b 70
N
3 OHC@Br A 3b 99
4 er A 4b 92
CHO

S e o o
7 MeOOBr A 7b 91

8 B MeO@B(OH)Z 8b 88
9 B <i%5(0|—|)2 9b 98
10 B CI@B(OH)Z 10b 70

[2] Isolated yield after silica gel chromatography.

at 1 atm CO.""™! The beneficial effect of thiourea 1 to in-
corporate CO into the palladium complex in our previ-
ous study of the bismethoxycarbonylation of sty-
rene!” prompted us to apply thiourea 1 to this unsym-
metrical ketone synthesis.

Thus, eight diazonium salts were reacted with several
arylboronic acids under the conditions listed in Table 3.
Fortunately, all substrates gave the desired products.
However, the nitro-based salts (see entries 17-23)
gave lower yields than Andrus’ method.'! It should
be noted that only trace amounts of biaryl coupling
products were obtained in most of our coupling reac-
tions, which indicated the favorable effect of thiourea
1in the Pd-catalyzed carbonylative reaction.

To further extend the scope of these carbonylative re-
actions, aryl iodides were reacted with boronic acids in
anisole!”! at 80°C under balloon pressure of CO, and
better results were obtained (see Table 4).

Our final investigation was the Heck coupling. When
the active aryl iodides were reacted with methyl acryl-
ate, good to excellent yields of coupling products were
obtained (see Table 5). But no desired products were
generated when the less active aryl bromides were ap-
plied in this reaction.
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Table 3. Suzuki-carbonylative reaction of diazonium salts
with arylboronic acids.

AI’1NZBF4 + ArZB(OH)2 Pd(OAc),, Ligand 1 ACOAZ
1.0 equiv. 1.0 equiv. THF, CO, 10 h
Entry Diazonium salt Boronic acid Product Yield [%][C]

1 @N25F4 p-MeO-CH,-B(OH),  1¢ g7kl
2 A =A 0-MeO-C,H,-B(OH),  2¢ 70
3 A p-Me-CgH,-B(OH), 3c 7288]
4 A o-Me-CH,B(OH),  4c 76%
5 A p-CI-C¢H,-B(OH), 5¢ 650
6 A Ph-B(OH), 6c 661
7 CI@NZBFA Ph-B(OH), 5¢c 699
8 Br@Nﬁﬁ Ph-B(OH), 7c 738l
9 QNZBF A Ph-B(OH), 4c 30!
10 @NZBH Ph-B(OH), 8c 621!
1 @sta p-MeO-CHH,B(OH),  9¢ 80!
12 B (=8l 0-MeO-C,H.-B(OH), 10¢ 748l
13 B p-Me-C,H,-B(OH),  11¢ 701
14 B o-Me-C,H,-B(OH), 12c 7481
15 B p-C-CH,-B(OH), 13c 738
60N B Ph-B(OH), 3c 798
17 @sta Ph-B(OH), 14¢ 708
O,N
18 [=C] p-MeO-CH,-B(OH), 15¢ 761
N,BF,
19 ( 0-MeO-CH,-BOH), 16¢ 81!
20 C p-Me-CH,-B(OH), 17¢ go®!
21 c o-Me-C;H,-B(OH), 18¢c 8gl!
22 c p-CI-CH,-B(OH),  19¢ 720!
23 c Ph-BOH),  20c 7o

[a

Reactions between arylboronic acid (1.0 mmol), CO (bal-
loon pressure), and diazonium salt (1.0 mmol) were car-
ried out at 50°C for 10 hours in the presence of Pd(OAc),
(2 mol %), ligand 1 (2 mol %) and solvent (10 mL).

[l Reactions between arylboronic acid (1.0 mmol), CO (bal-
loon pressure), and diazonium salt (1.0 mmol) were car-
ried out at 20°C for 10 hours in the presence of Pd(OAc),
(5 mol %), ligand 1 (2 mol %) and solvent (10 mL).

[} Isolated yield after silica gel chromatography.
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Table 4. Suzuki carbonylative reaction of aryl iodides with
arylboronic acids.

Pd(OAc),, Ligand 1

Arl +  ArB(OH), ArCOAr
1.0 equiv. 1.0 equiv. Anisole, K;CO4
80 °C, CO
Entry  Aryliodide  Boronicacid  Product Yield [%]®
1 [ MeO@B(OH)Z 1c 94
[=A]
2 B(OH), 2c 70
OMe
3 OB(OH)z 3c 98
4 @B(OH) 4c 84
2
5 CI‘@*B(OHh 5¢ 89

®B<OH)2 1d 89
OMe @B(OH)Z 1c 92

N
=
2z > » » » »

[=B]
8 I COOMe B 2d 97
8 I B 3d 90
10 |Q B 4d 88

[a] Tsolated yield after silica gel chromatography.

In summary, we have illustrated the utilization of our
newly synthesized thiourea 1in a variety of Pd-catalyzed
cross-coupling reactions, and satisfactory results were
obtained. In consideration of its thermal stability, insen-
sitivity to air and moisture, and tunability by modifying
its nitrogen substituents, thiourea 1 is worthy of further
investigation.

Experimental Section

General Information

All reagents were purchased from Aldrich and used without
further purification. All solvents were distilled prior to use.
The boiling point of petroleum ether is between 60-90 °C. Sili-
ca gel (200-300 mesh) for purification was purchased from
Qing Dao Hai Yang Chemical Industry Co. of China.
'"HNMR and “CNMR were recorded at 300 MHz and
75 MHz with a Varian Mercury 300 spectrometer or at
400 MHz and 100.6 MHz with a Bruker ARX400 spectrome-
ter. Mass spectrometric data were obtained using a ZAB-HS
mass spectrometer. The purity of the synthesized compounds
was checked by 'H and *C NMR spectroscopy.
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Table 5. Heck cross-coupling reaction of aryl iodides with
methyl acrylate.l?!

Pdl, (1 mol %)
Ligand 1 (2 mol %)

A+ 7 COOMe Arcoome
Et;N, DMF, 80 °C
Entry lodide Product Yield [%]®
COOMe
o O
1e
COOMe o8
Al g
MeO 2
COOMe
Me €
COOMe "
4 Meooc—<:j>—| J[::rﬁ\/
MeOOC de
COOMe
5 Br@l /(j/V 98
Br 5e
COOMe
F.C be
COOMe
: ST P
7e
. — mCOOMe o
\ I 8e
N % N/
S S
[ {47/“\/COOMe
95
0 o Wi

[l Reactions between methyl acrylate (1.2 mmol), aryl iodide
(1.0 mmol) and Et;N (3.0 mmol) carried out at 80°C for 5
hours in the presence of PdIl, (1 mol %), ligand 1
(2 mol %) and DMF (10 mL).

[l Isolated yield after silica gel chromatography.

General Procedure for the Synthesis of Biaryl
Compounds by Coupling of Aryl Iodides or Bromides
and Arylboronic Acid (1a-8a, and 1b-10b)

Aryl iodides or bromides (1.0 mmol), arylboronic acid
(1.0 mmol), K,CO; (3.0 mol), PdI, (0.015 mmol, 1.5 mol %)
and thiourea 1 (0.03 mmol, 3 mol %) were mixed in isopropyl
alcohol/H,O (10 mL/1.5 mL) under aerobic conditions, and
the reaction mixture was stirred at 80 °C for 5 hours. The reac-
tion mixture was first passed through a silica gel plug, and then
washed with ethyl acetate. The filtrate was concentrated under
vacuum and the residue was purified by flash chromatography
on silica gel.

General Procedure for the Syntheses of
Unsymmetrical Aryl Ketones by the Carbonylative
Coupling of Aryldiazonium Salts with Arylboronic
Acids (1c-20c)

Aryldiazonium tetrafluoroborate (1.0 mmol), arylboronic acid
(1.0 mmol), Pd(OAc), (0.02 mmol, 2 mol %) and thiourea 1
(0.02 mmol, 2 mol %) were mixed under nitrogen in a round-
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bottom flask. Anhydrous THF (10 mL) was added and the
flask was charged with CO (balloon), and the reaction mixture
was stirred at 50°C for 10 hours. The reaction mixture was
worked up by removing the solvent under vacuum and the res-
idue was purified by a flash chromatography on silica gel.

General Procedure for the Syntheses of
Unsymmetrical Ketones by the Carbonylative
Coupling of Aryl Iodide with Arylboronic Acid
(1d-44d)

Aryl iodide (1.0 mmol), arylboronic acid (1.0 mmol), K,CO;
(3.0 mmol), PdI, (0.0l mmol, 1mol %) and thiourea 1
(0.02 mmol, 2mol %) were mixed in anhydrous anisole
(10 mL) under balloon pressure of CO, and the reaction mix-
ture was stirred at 80°C for 10 hours. The reaction mixture
was worked up by removing the solvent under vacuum and
the residue was purified by flash chromatography on silica gel.

General Procedure for the Synthesis of Compounds
1e—9e by Coupling of Aryl Halides and Methyl
Acrylate

Aryl iodides (1.0 mmol), methyl acrylate (1.2 mmol), Et;N
(3.0 mmol), PdI, (0.01 mmol, 1.0 mol %) and thiourea 1
(0.02 mmol, 2.0 mol %) were mixed in DMF (10 mL), and the
reaction mixture was stirred at 80 °C for 5 hours under aerobic
conditions. The reaction was worked up by extraction of the re-
action mixture with ethyl acetate, washed with saturated NaCl
solution, and dried over Na,SO,. After removing the solvent
under vacuum, the residue was purified by flash chromatogra-
phy onssilica gel.

Acknowledgements

We gratefully acknowledge financial support of this work by the
National Science Foundation of China (grants 20272003 and
20325208), and VivoQuest Inc. through the sponsored research
program.

References and Notes

[1] a) Metal-Catalyzed Cross-Coupling Reactions, (Eds.: F.
Diederich, P.J. Stang), Wiley-VCH, Weinheim, 1998;
b) J. Tsuji, Palladium Reagents and Catalysts: Innovations
in Organic Synthesis, John Wiley and Sons, Chichester,
1995, p 19; c) E. N. Jacobsen, A. Pfaltz, H. Yamamoto,
(Eds.), Comprehensive Asymmetric Catalysis, Springer,
Berlin, 1999, Vols. 1-3; d) Catalytic Asymmetric Syn-
thesis, 2nd edn., (Ed.: 1. Ojima), Wiley-VCH: New
York, 2000; e¢) R. Noyori, Asymmetric Catalysis in Or-
ganic Chemistry, John Wiley and Sons, New York, 1994.

[2] a) M. F. Lappert, J. Organomet. Chem. 1975, 100, 139;
b) M. F. Lappert, J. Organomet. Chem. 1988, 358, 185;
c) M. Regitz, Angew. Chem. Int. Ed. Engl. 1996, 35,
725; d) W. A. Herrmann, C. Kocher, Angew. Chem. Int.

asc.wiley-vch.de Adv. Synth. Catal. 2004, 346, 1669-1673



Thiourea Ligand in Pd-Catalyzed Heck, Suzuki and Suzuki Reactions

COMMUNICATIONS

Ed. Engl. 1997, 36, 2162; ¢) S. Chandrasekhar, S. Moha-
patra, Tetrahedron Lett. 1998, 39, 695.

[3]a) T. Y. Zhang, M. J. Allen, Tetrahedron Lett. 1999, 40,
5813; b) D. E. Bergbreiter, P.L. Osburn, Y.-S. Liu, J.
Am. Chem. Soc. 1999, 121, 9531; ¢) D. Zim, A. L. Mon-
teiro, J. Dupont, Tetrahedron Lett. 2000, 41, 8199; d) D.
Zim, A.S. Gruber, G. Ebeling, J. Dupont, A. L. Mon-
teiro, Org. Lett. 2000, 2, 2881; e) D. A. Evans, F. E. Mi-
chael, J. S. Tedrow, K. R. Campos, J. Am. Chem. Soc.
2003, 125, 3534.

[4] @) L. Gomez, F.; Gellibert, A. Wagner, C. Mioskowski, J.
Comb. Chem. 2000, 2, 75; b) S.-1. Sasaki, M. Mizuno, K.
Naemura, Y. Tobe, J. Org. Chem. 2000, 65, 275;
c) A.N. Acharya, J. M. Ostresh, R. A. Houghten, J.
Comb. Chem. 2001, 3, 612; d) M. Dubber, T. K. Lind-
horst, Org. Lett. 2001, 3, 4019; ¢) E. Y.; Wu, Z. Li, Z. C.
Wen, N. Zhou, Y. F. Zhao, Y. B. Jing, Org. Lett. 2002,
4, 3203.

[5]a) S. E. Livingstone, in: Comprehensive Coordination
Chemistry, (Eds.: R. D. Gillard, J. A. McCleverty), Perga-
mon, Oxford, 1987, Vol. 2, p. 639; b) W. Henderson, B. K.
Nicholson, Polyhedron 1996, 15, 4015; c) W. Henderson,
R.D. W. Kemmitt, S. Mason, M. R. Moore, J. Fawcett,
D. R. Russell, J. Chem. Soc. Dalton Trans. 1992, 59;
d) R. S. Pilato, K. A. Eriksen, E. I. Stiefel, A. L. Rhein-
gold, Inorg. Chem. 1993, 32, 3799.

[6] a) U. Boas, A. J. Karlsson, B. F. M. de Waal, E. W. Meij-
er, J. Org. Chem. 2001, 66, 2136; b) W. Henderson, B. K.
Nicholson, C.E.F. Rickard, Inorg. Chim. Acta 2001,
#35#320, 101; ¢) K.K.-W. Lo, J. S.-Y. Lau, V. W.-Y.
Fong, N. Y. Zhu, Organometallics 2004, 23, 1098.

[7] a) M. J. Dai, C. H. Wang, G. B. Dong, J. Xiang, T. P. Luo,
B. Liang, J. H. Chen. Z. Yang, Eur. J. Org. Chem. 2003,
4346; b) M. J. Dai, B. Liang, C. H. Wang, J. H. Chen, Z.
Yang, Org. Lett. 2004, 6, 221.

[8] For reviews, see: a) A. Suzuki, in: Metal-Catalyzed Cross-
Coupling Reactions, (Eds.: F. Diederich, P. J. Stang), Wi-
ley-VCH, Weinheim, 1998; b) N. Miyaura, A. Suzuki,
Chem. Rev. 1995, 95, 2457; c¢) A. Suzuki, J. Organomet.
Chem. 1999, 576, 147.

[9] a) J. P. Wolfe, R. A. Singer, B. H. Yang, S. L. Buchwald, J.
Am. Chem. Soc. 1999, 121, 9550; b) A.F. Littke, C.Y.
Dai, G.C. Fu, J Am. Chem. Soc. 2000, 122, 4020;
¢) R. B. Bedford, C.S.J. Cazin, Chem. Commun. 2001,

1540; d) H. N. Nguyen, X. H. Huang, S. L. Buchwald, J.
Am. Chem. Soc. 2003, 125, 11818.

[10] For selected Suzuki coupling reactions, see: a) H. Chen,
M. Z. Deng, Org. Lett. 2000, 2, 1649; b) X. Sava, L. Ri-
card, F. Mathey, P. Le Floch, P. Organometallics 2000,
19, 4899; ¢) S. A. Frank, H. Chen, R. K. Kunz, M. J.
Schnaderbeck, W. R. Roush, Org. Lett. 2000, 2, 2691;
d)C.R. LeBlond, A.T. Andrews, Y.K. Sun, JR.
Sowa, Jr. Org. Lett. 2001, 3, 1555; ) Y. M. A. Yamada,
K. Takeda, H. Takahashi, S. Ikegami, Org. Lett. 2002,
4, 3371; f) P. R. Parry, C. S. Wang, A. S. Batsanov, M. R.
Bryce, B. Tarbit, J. Org. Chem. 2002, 67, 7541; g) S. R.
Dubbaka, P. Vogel, Org. Lett. 2004, 6, 95.

[11] a) T. Yamamoto, T. Kohara, A. Yamamoto, Chem. Lett.
1976, 1217; b) Y. Tamaru, H. Ochiai, Y. Yamada, Z.-I.
Yoshida, Tetrahedron Lett. 1983, 24, 3869; c) N. A. Bu-
magin, A. B. Ponomaryov, 1. P. Beletskaya, Tetrahedron
Lett. 1985, 26, 4819; d) A. M. Echavarren, J. K. Stille, J.
Am. Chem. Soc. 1988, 110, 1557; ¢) Y. Hatanaka, T.
Hiyama, Chem. Lett. 1989, 2049; f) P. G. Ciattini, E. Mor-
era, G. Ortar, Tetrahedron Lett. 1991, 32, 6449; g) T. Ish-
iyama, N. Miyaura, A. Suzuki, Bull. Chem. Soc. Jpn.
1991, 64, 1999; h) T.; Ishiyama, N. Miyaura, A. Suzuki,
Tetrahedron Lett. 1991, 32, 6923; i) Y. Hatanaka, S. Fu-
kushima, T. Hiyama, Tetrahedron 1992, 48, 2113; j) T.
Ishiyama, H. Kizaki, N. Miyaura, A. Suzuki, Tetrahedron
Lett. 1993, 34, 7595; k) M. Ishikura, M. Terashima, J. Org.
Chem. 1994, 59, 2634; 1) S.-K. Kang, T. Yamaguchi, T.-H.
Kim, P--S. Ho, J. Org. Chem. 1996, 61, 9082; m) T. Ishiya-
ma, H. Kizaki, T. Hayashi, A. Suzuki, N. Miyaura, J. Org.
Chem. 1998, 63, 4726; n) R. Skoda-Foldes, Z. Székvolgyi,
L. Kollar, Z. Berente, J. Horvath, Z. Tuba, Tetrahedron
2000, 56, 3415; o) E. Morera, G. Ortar, Bioorg. Med.
Chem. Lett. 2000, 10, 1815; p) S. Ceccarelli, U. Piarulli,
C. Gennari, J. Org. Chem. 2000, 65, 6254; q) S. Couve-
Bonnaire, J.-F. Carpentier, A. Mortreux, Y. Castanet,
Tetrahedron Lett. 2001, 42, 3689; r) B. Gotov, J. Kauf-
mann, H. Schumann, H.-G. Schmalz, Synlett 2002, 1161;
s) M. B. Andrus, Y. Ma, Y. Zhang, C. Song Tetrahedron
Lett. 2002, 43, 9137, t) B. Gotov, J. Kaufmann, H. Schu-
mann, H.-G. Schmalz, Synlett 2002 1161; u) P. H. Lee,
S. W. Lee, K. Lee, Org. Lett. 2003, 5, 1103; v) Y. Urawa,
K. Ogura, Tetrahedron Lett. 2003, 44,271-273; w) M. A.
Pena, J. P. Sestelo, L. A. Sarandeses, Synthesis 2003, 780.

Ady. Synth. Catal. 2004, 346, 1669—-1673 asc.wiley-vch.de

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1673



