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A novel P,S-heterodonor ligand and palladium(0) complex
catalyzed Suzuki cross-coupling reaction
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Abstract—Axially dissymmetric P,S-heterodonor ligand L3 synthesized from BINOL is an effective promoter in the palladium(0)-
catalyzed Suzuki cross-coupling reaction of phenylboronic acid with aryl bromides and iodide at 60–80 �C. On the basis of 13C and
31P NMR spectroscopic investigation and X-ray diffraction, it was revealed that N,N-dimethylthiocarbamate–phosphine ligand L3
might be a P,S-heterodonor bidentate ligand to palladium(0) center.
� 2004 Published by Elsevier Ltd.
Palladium-catalyzed Suzuki cross-coupling reaction of
aryl halides with arylboronic acids is a powerful method
for accessing structurally diversified biaryls.1,2 Cross-
coupling between aryl bromides,3 chlorides,4 fluorides,5

tosylates,6,7 and boronic acids is possible by using palla-
dium complexes with sterically hindered and electron-
rich phosphines ligands8,9 or N-heterocyclic carbene
(NHC) ligand such as those developed by Buchwald
and co-workers4b,10 Fu,4a,11 and Herrmann,12 respec-
tively. The formation of asymmetric, multidentate
ligands, focusing on the aspects of hemilability,13 has
been of great interest. In particular, the improved cata-
lytic activity of transition metal complexes with hemila-
bile ligands has been received considerable attention in
recent years.14 The hemilabile P/S�,15 P/S,16 P/O,17

and N/O�,18 ligand systems to rhodium, palladium,
nickel, or other transition metals are well known. Those
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Figure 1.
P/S ligands have been successfully used in asymmetric
allylic substitution reactions19 and Heck reaction.20

However, only one example of P/S ferrocenediyl ligands
used in Suzuki cross-coupling reaction was reported.21

Recently, we are interested in the axially chiral P,S-
heterodonor ligands derived from (R)-BINOL [(R)-(+)-
1,1 0-bi-2-naphthol] in asymmetric catalysis and found
that they are effective chiral ligands in asymmetric palla-
dium-catalyzed allylic substitution of 1,3-diphenyl-2-
propenyl acetate by dimethyl malonate in the presence
of organic base.22 Herein we report the Suzuki cross-
coupling reaction of various aryl bromides and iodide
with phenylboronic acid catalyzed by a Pd(0) complex
derived from P,S-heterodonor ligand and Pd(dba)2.

Heterodonor ligands L1–L3 shown in Figure 1 were
prepared from BINOL according to the previous
Dimethylthiocarbamate–phosphine ligand; P,S-Heterodonor bidentate
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Table 1. Screening of solvents and bases for Suzuki cross-coupling of

bromobenzene with phenylboronic acid using P,S-heterodonor ligand

L3a

+ PhB(OH)2

Pd(dba)2 (1 mol%)
P,S-ligand L3 (2 mol%)

Br

1a 2a
base (3 equiv.), solvent, 80 oC

Entry Base Solvent Time (h) Yield (%)b

2a

1 tBuOK PhMe 9 64

2 tBuOK DMF 10 69

3 tBuOK 1,4-Dixane 10 22

4 tBuOK DMSO 4 94

5 tBuOK iPrOH 10 16

6 Cs2CO3 DMSO 38 10

7 Na2CO3 DMSO 38 9

8 KOH DMSO 13 16

9 K3PO4Æ3H2O DMSO 10 82

10c tBuOK DMSO 4 15

11d tBuOK DMSO 4 90

12e tBuOK DMSO 6 58

a Reactions were carried out with 1.0equiv of bromobenzene, 1.5equiv

of phenylboronic acid, and 3.0equiv of base in 3mL of solvent,

1mol% of Pd(dba)2 used as the catalyst precursor with 2mol% of

P,S-ligand L3.
b Isolated yield.
c 1.5equiv of base was used.
d 1mol% of P,S-ligand L3 was used.
e No ligand was used.

Table 2. Palladium-catalyzed Suzuki cross-coupling of aryl bromides

and isobenzene with phenylboronic acid using P,S-heterodonor ligand

L3a

+ PhB(OH)2 tBuOK (3 equiv.), DMSO, 80 oC

Pd(dba)2 (1 mol%)
P,S-ligand L3 (2 mol%)

ArBrAr
1a-g 2a-g

Entry ArX Time

(h)

Yield (%)b

2

1 1a: Bromobenzene 4 2a, 94

2 1b: 2-Bromotoluene 4 2b, 99

3 1c: 4-Bromobiphenyl 4 2c, 81

4c 1d: 4-Bromochlorobenzene 15 2d, 93

5d 1e: 4-Bromoanisole 9.5 2e, 52

6 1f: 1-Bromo-3-5-dimethylbenzene 4 2f, 99

7e 1g: Iodobenzene 6 2g, 91

a Reactions were carried out with 1.0equiv of aryl bromides, 1.5equiv

of phenylboronic acid, and 3.0equiv of tBuOK in 3mL of DMSO,

1% of Pd(dba)2 used as the catalyst precursor with 2mol% of P,S-

ligand L3.
b Isolated yield.
c DMF was used as the solvent.
d K3PO4Æ3H2O was used as the base and the reaction was carried out at

120�C.
e The reaction was carried out at 60�C.
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literature.23 Ligand L4 was prepared upon heating lig-
and L1 with sulfur in toluene at 120 �C for 10h. These
heterodonor ligands L1–L4 were examined in the Suzuki
cross-coupling reaction catalyzed by Pd(dba)2. On a pre-
liminary survey, we found that the palladium(0) com-
plex derived from P,S-heterodonor ligand L3 with
Pd(dba)2 was the best catalyst in this reaction.24 The
corresponding Suzuki cross-coupling products could
be obtained in higher yields in the presence of ligand
L3. In our next search for optimal reaction conditions,
we examined the reaction of bromobenzene 1a with
phenylboronic acid in the presence of various solvents
such as toluene, DMF (N,N-dimethylformamide), 1,4-
dioxane, DMSO (dimethyl sulfoxide), and iPrOH (iso-
propanol) with base tBuOK. The results are summarized
in Table 1. The best yield of 2a (94%) was obtained
when DMSO was used as solvent for 4h (Table 1, entries
1–5). Since a base is required in this cross-coupling reac-
tion, we also examined different bases such as tBuOK,
Cs2CO3, Na2CO3, KOH, and K3PO4Æ3H2O in this reac-
tion. We found that tBuOK is a better base for the cou-
pling reaction of 1a with phenylboronic acid compared
with others under the identical conditions (Table 1, en-
tries 4, and 6–9). We also found that 3.0equiv of base
was necessary because using 1.5equiv of tBuOK as a
base, the cross-coupling product 2a was isolated in low
yield (15%) (Table 1, entry 10). In the presence of
1.0mol% of ligand L3, the yield was slightly decreased
to 90% (Table 1, entry 11). Although many palladium
catalysts themselves were proved to be excellent cata-
lysts for biaryl coupling even in the absence of phos-
phine ligands,25,26 we found that Pd(dba)2 was less
effective (58% isolated yield) in DMSO compared with
those in the presence of ligand L3 (Table 1, entry 12).
Therefore, the combination of L3 with Pd(dba)2 is
required to get 2a in higher yield.

A wide range of electronically and structurally diverse
aryl bromides with phenylboronic acid can be cross-cou-
pled efficiently under these optimized conditions. The re-
sults are summarized in Table 2. As can be seen from
Table 2, with respect to the electron-rich, electron-neu-
tral, and electron-poor aryl bromides, they reacted with
phenylboronic acid smoothly to provide the correspond-
ing biaryl products in good to high yields in most cases
(Table 2, entries 1–5). Using sterically hindered aryl bro-
mide 1f as substrate, the corresponding cross-coupling
product was also obtained in high yield (99%) (Table
2, entry 6). In addition, the cross-coupling reaction of
iodobenzene with phenylboronic acid can be carried
out at lower temperature (60 �C) under the similar con-
ditions to give 2a in high yield (91%) (Table 2, entry 7).

Since the Pd complex derived from N,N-dime-
thylthiocarbamate–phosphine ligand L3 and Pd(dba)2
in situ is the active catalyst for Suzuki cross-coupling
reaction of aryl halides with phenylboronic acid, we next
investigated the NMR spectroscopic behavior of this
complex in solution to gain more information of the
coordination style of ligand L3 to palladium(0) center.
As it is well known that phosphine and sulfur atom
can both coordinate to palladium(II) center,19,21 we be-
lieve that ligand L3 is a P,S-bidentate ligand to Pd(0)
center. The evidence was obtained from 13C and 31P
NMR measurements of L3 in the absence or presence
of Pd(dba)2 in DMSO-d6. We found that the thiocarba-
mate signal (C@S) of L3 in 13C NMR spectrum was
downfield shifted from 185.19 to 188.47ppm. Simi-
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larly, the 31P NMR spectrum of L3 was also changed
from �14.71 to +20.62ppm after heating at 80 �C
for 1h with Pd(dba)2, unless two signals appeared
at �14.71 and +20.62ppm.27 These 13C and 31P NMR
spectroscopic data suggest that the sulfur atom and
the phosphorus atom in ligand L3 do indeed coordinate
to the Pd(0) center and the sulfur atom in thiocarbonyl
group of L3 can more easily coordinate to Pd(0) center
than the phosphorus atom of triarylphosphine group.
In order to get more straightforward evidence of the
coordination pattern of L3 to Pd center, we decided to
prepare a Pd(II) complex from L3 with bis(benzonit-
rile)palladium dichloride [Pd(PhCN)2Cl2] because it is
known that sulfur and phosphorus atoms can coordi-
nate to Pd(II) center to give a stable Pd(II) complex,
which can be subjected to the X-ray diffraction.19 The
Pd(II) complex 3, prepared from the reaction of L3
with Pd(MeCN)2Cl2, was obtained as an orange pow-
der. The single crystals for X-ray diffraction were ob-
tained by recrystallization from dichloromethane and
toluene (1:4). The ORTEP draw is shown in Figure 2
in which L3 acts as a bidentate ligand to Pd(II)
center providing a nine-membered chelate ring with an
irregular, partially boat-like conformation.28 The bond
distances of Pd–S and Pd–P are 2.3012 and 2.2585Å,
respectively, which are in the normal region.19 Overall,
these results indicate that N,N-dimethylthiocarbamate
ligand L3 might be a P,S-bidentate heterodonor ligand
to Pd(0) center under reaction conditions, although the
detailed mechanism awaits further investigation.

In this communication, we disclosed an efficient cata-
lytic system for Suzuki cross-coupling reaction of aryl
halides with phenylboronic acid catalyzed by Pd(dba)2
and an easily available and novel N,N-dime-
thylthiocarbamate ligand L3. These reactions could take
place at 60–80 �C and complete within 4–6h. We con-
firmed that this N,N-dimethylthiocarbamate ligand is a
novel type of a P,S-bidentate ligand to Pd(0) center
under reaction conditions on the basis of 13C
NMR and 31P NMR spectroscopic investigation and
Figure 2. The ORTEP draw of complex 3.
X-ray diffraction. Efforts are underway to elucidate the
mechanistic details of this catalytic system and to extend
the scope of this novel P,S-bidentate ligand in other C–
C bond forming transformations.
Acknowledgements

We thank the State Key Project of Basic Research (Pro-
ject 973) (No. G2000048007), Shanghai Municipal Com-
mittee of Science and Technology, and the National
Natural Science Foundation of China for financial sup-
port (20025206, 203900502, and 20272069).
References and notes

1. Suzuki, A. In Metal-Catalyzed Cross-Coupling Reactions;
Diederich, F., Stang, P. J., Eds.; Wiley-VCH: Weinheim,
1998; pp 49–97.

2. For recent reviews, see: (a) Miyaura, N.; Suzuki, A. Chem.
Rev. 1995, 95, 2457–2483; (b) Stanforth, S. P. Tetrahedron
1998, 54, 263–303; (c) Suzuki, A. J. Organomet. Chem.
1999, 576, 147–168; (d) Littke, A. F.; Fu, G. C. Angew.
Chem., Int. Ed. 2002, 41, 4176–4211; (e) Kotha, S.; Lahiri,
K.; Kashinath, D. Tetrahedron 2002, 58, 9633–9695.

3. Selected reports recently see: (a) Dai, W.; Li, Y.; Zhang,
Y.; Lai, K. W.; Wu, J. Tetrahedron Lett. 2004, 45, 1999–
2001; (b) Tang, Z.-Y.; Lu, Y.; Hu, Q.-S. Org. Lett. 2003, 5,
297–300; (c) Pramick, M. R.; Rosemeier, S. M.; Beranek,
M. T.; Nickse, S. B.; Stone, J. J.; Stockland, R. A.;
Baldwin, S. M.; Kastner, M. E. Organometallics 2003, 22,
523–528; (d) Hierso, J.-C.; Fihri, A.; Amardeil, R.;
Meunier, P.; Doucet, H.; Santelli, M.; Donnadieu, B.
Organometallics 2003, 22, 4490–4499.

4. (a) Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. 1998,
37, 3387–3388; (b) Old, D. W.; Wolfe, J. P.; Buchwald, S.
L. J. Am. Chem. Soc. 1998, 120, 9722–9723; (c) Bedford,
R. B.; Cazin, C. S. J.; Hazelwood, S. L. Angew. Chem., Int.
Ed. 2002, 41, 4120–4122.

5. Widdowson, D. A.; Wilhelm, R. Chem. Commun. 2003,
123, 578–579.

6. Nguyen, H. N.; Huang, X.; Buchwald, S. L. J. Am. Chem.
Soc. 2003, 125, 11818–11819.

7. (a) Netherton, M. R.; Fu, G. C. Angew. Chem., Int. Ed.
2002, 41, 3910–3912; (b) Kirchhoff, J. H.; Netherton, M.
R.; Hills, I. D.; Fu, G. C. J. Am. Chem. Soc. 2002, 124,
13662–13663.

8. Applications of phosphine ligands in homogeneous cataly-
sis: (a) Parshall, G. W.; Ittel, S. Homogeneous Catalysis;
J. Wiley and Sons: New York, 1992; (b) Homogeneous
Catalysis with Metal Phosphine Complexes; Pignolet, L.
H., Ed.; Plenum: New York, 1983.

9. Stambuli, J. P.; Kuwvano, R.; Hartwig, J. F. Angew.
Chem., Int. Ed. 2002, 41, 4746–4748.

10. (a) Yin, J.; Rainka, M. P.; Zhang, X.-X.; Buchwald, S. L.
J. Am. Chem. Soc. 2002, 124, 1162–1163; (b) Wolfe, J. P.;
Buchwald, S. L. Angew. Chem., Int. Ed. 1999, 38, 2413–
2416; (c) Wolfe, J. P.; Singer, R. A.; Yang, B. H.;
Buchwald, S. L. J. Am. Chem. Soc. 1999, 121, 9550–9561.

11. For a recent review, see: Littke, A. F.; Fu, G. C. Angew.
Chem., Int. Ed. 2002, 41, 4176–4211.

12. For a recent review, see: (a) Herrmann, W. A. Angew.
Chem., Int. Ed. 2002, 41, 1290–1309; (b) Hillier, A. C.;
Grasa, G. A.; Viciu, M. S.; Lee, H. M.; Yang, C.; Nolan,
S. P. J. Organomet. Chem. 2002, 653, 69–82; (c) Herr-
mann, W. A.; Reisiner, C. P.; Spieger, M. J. Organomet.



8924 W. Zhang, M. Shi / Tetrahedron Letters 45 (2004) 8921–8924
Chem. 1998, 557, 93–96; (d) Zhang, C.; Huang, J.; Trudell,
M. L.; Nolan, S. P. J. Org. Chem. 1999, 64, 3804–3805.

13. (a) Bader, A.; Lindner, E. Coord. Chem. Rev. 1991, 108,
27; (b) Slone, C. S.; Weinberger, D. A.; Mirkin, C. A.
Prog. Inorg. Chem. 1999, 48, 233–350; (c) Borner, A. Eur.
J. Inorg. Chem. 2001, 67, 327–337.

14. (a) Gladiali, S.; Alberico, E.; Pulacchini, S.; Kollar, L. J.
Mol. Catal. A 1999, 143, 155–162; (b) Nandi, M.; Jin, J.;
RajanBabu, T. V. J. Am. Chem. Soc. 1999, 121, 9899–
9900; (c) Verdaguer, X.; Moyano, A.; Pericas, M. A.;
Riera, A.; Maestro, M. A.; Mahia, J. J. Am. Chem. Soc.
2000, 122, 10242–10243; (d) Lam, H.; Cheng, X.; Steed, J.
W.; Aldous, D. J.; Hii, K. K. Tetrahedron Lett. 2002, 43,
5875–5877.

15. Review article: (a) Dilworth, J. R.; Wheatley, N. Coord.
Chem. Rev. 2000, 199, 89; Other examples: (b) Brugat, N.;
Polo, A.; Alvarez-Larena, A.; Piniella, J. F.; Real, J. Inorg.
Chem. 1999, 38, 4829; (c) Hauptman, E.; Fagan, P. J.;
Marshall, W. Organometallics 1999, 18, 2061.

16. (a) Perez-Lourido, P.; Romero, J.; Garcia-Vezquez, J. A.;
Sousa, A.; Zheng, Y.; Dilworth, J. R.; Zubieta, J. J. Chem.
Soc., Dalton Trans. 2000, 769; (b) Foreman, M. S. J.;
Woollins, J. D. J. Chem. Soc., Dalton Trans. 2000, 1533;
(c) Aucott, S. M.; Slawin, A. M. Z.; Woollins, J. D. J.
Chem. Soc., Dalton Trans. 2001, 2279; (d) Albinati, A.;
Eckert, J.; Pergosin, P.; Ruegger, H.; Salzmann, R.;
Stossel, C. Organometallics 1997, 16, 579.

17. (a) Klabunde, U.; Ittel, S. D. J. Mol. Catal. 1987, 41, 123;
(b) Kiem, W.; Appel, R.; Gruppe, S.; Knoch, F. Angew.
Chem., Int. Ed. 1987, 26, 1012.

18. Desjardins, S. Y.; Cavell, K. J.; Hoare, J. L.; Skelton, B.
W.; Sobolev, A. N.; White, A. H.; Keim, W. J. Organomet.
Chem. 1997, 544, 163.

19. (a) Evans, D. A.; Campos, K. R.; Tedrow, J. S.; Michael,
F. E.; Gagne, M. R. J. Am. Chem. Soc. 2000, 122, 7905;
(b) Gladiali, S.; Dore, A.; Fabbri, D. Tetrahedron:
Asymmetry 1994, 5, 1143–1146; (c) Hiraoka, M.; Nishi-
kawa, A.; Morimoto, T.; Achiwa, K. Chem. Pharm. Bull.
1998, 46, 704; (d) Hiroi, K.; Suzuki, Y. Tetrahedron Lett.
1998, 39, 6499; (e) Hauptman, E.; Shapiro, R.; Marshall,
W. Organometallics 1998, 17, 4976; (f) Enders, D.; Peters,
R.; Runsink, J.; Bats, J. W. Org. Lett. 1999, 1, 1863.
20. Kostas, I. D.; Steele, B. R.; Terzis, A.; Amosova, S. V.
Tetrahedron 2003, 59, 3467–3473.

21. Gibson, V. C.; Long, N. J.; White, A. J. P.; Williams, C.
K.; Williams, D. J.; Fontani, M.; Zanello, P. J. Chem.
Soc., Dalton Trans. 2002, 123, 3280–3289.

22. Zhang, W.; Xu, Q.; Shi, M. Tetrahedron: Asymmetry 2004,
15, 3161–3169.

23. Gladiali, S.; Medici, S.; Pirri, G.; Pulacchini, S.; Fabbri,
D. Can. J. Chem. 2001, 79, 670–678.

24. Ligands L1 and L2 produced the Suzuki cross-coupling
products in 6% and 21% yields, respectively, in general
Suzuki cross-coupling experimental procedure [Pd(dba)2
(1.0mol%), ligand (2.0mol%), tBuOK (3.0equiv), bromo-
benzene (1.0equiv), and phenylboronic acid (1.5equiv) in
DMSO at 80 �C]. Ligand L4 gave no product under the
same conditions.

25. For reviews, see: (a) Beletskaya, I. P. Bull. Acad. Sci.
USSR, Div. Chem. Sci. (Engl. Transl.) 1990, 39, 2013–
2028; (b) Beletskaya, I. P. J. Organomet. Chem. 1983, 250,
551–564.

26. Wallow, T. I.; Novak, B. M. J. Org. Chem. 1994, 59, 5034–
5037.

27. The 31P NMR spectrum showed one signal at �14.71ppm
at the moment after addition of Pd(dba)2 at room
temperature. Upon heating at 80 �C for 0.5h, a new signal
at +20.62ppm appeared along with the signal at
�14.71ppm and continuously upon heating at 80 �C for
1h, the signal at �14.71ppm disappeared and the signal at
+20.62ppm left.

28. The X-ray crystal data of Pd complex 3:
C43H38NOPCl4PdS, formula weight: 895.97, temperature:
293(2) K, crystal system, space group: orthorhombic,
P2(1)2(1)2(1), unit cell dimensions: a = 11.7766(6) Å,
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