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Aryl imidazylates are effective electrophilic partners in copper-free palladium-catalyzed Hiyama and
Sonogashira cross-coupling reactions. The Sonogashira cross-coupling of estron-3-yl imidazylate afforded
the corresponding phenylacetylene derivative in excellent yield.
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Scheme 1. Preparation of aryl imidazylates.
Transition metal-catalyzed cross-coupling reactions have ma-
tured to the point where they now represent major cornerstones
of organic synthesis. While halides are the most common electro-
philic partners for these reactions, in recent years the use of various
sulfonates such as mesylates,1–3 tosylates3–5, and fluoroalkylsulfo-
nates (e.g., triflates,5,6 nonaflates,7 and tetraflates8) have been
reported. These sulfonates have allowed the use of phenols as
chemical feedstocks for cross-coupling reactions, however, mesy-
lates and tosylates commonly suffer from poor reactivity.1,9 Fluor-
oalkylsulfonates exhibit improved reactivity but suffer from a lack
of stability and a higher cost of preparation.8 Moreover, the byprod-
ucts obtained by the use of either halides or sulfonates are classified
as genotoxic, dissuading from their use on scale.9

Imidazolyl-1-sulfonates (imidazylates) have been widely de-
ployed as leaving groups for nucleophilic substitution reactions
in the carbohydrate and nucleoside arenas.10 Goddard-Borger and
Stick reported the development of imidazolylsulfonylazide hydro-
chloride as a stable diazotransfer reagent.11 More recently, Alban-
eze-Walker et al.9 reported the first use of aryl imidazylates12 in
Suzuki-Miyaura and Negishi cross-coupling and carbonylation
reactions. Aryl imidazylates, being electron-deficient aryl sulfa-
mates, exhibit reactivity similar to triflates but are cheaper to pre-
pare, especially on scale, and produce non-toxic leaving group
derived byproducts, imidazole and sulfate.9 More recently, aryl
imidazylates have been used in the palladium-catalyzed formation
of aryl phosphonates13 and palladium-catalyzed arylation of
oxazoles.14

The Sonogashira15 and Hiyama16 reactions are highly effective
processes for the construction of sp–sp2 and sp2–sp2 carbon–carbon
bonds, respectively. The resulting products are highly valued in
natural product and materials synthesis and in the pharmaceutical
ll rights reserved.
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s).
industry. Each of these reactions has the advantage of producing
little waste from the ‘nucleophilic’ component. Only a proton is lost
from the alkyne coupling partner in Sonogashira reactions. In Hiy-
ama couplings a relatively benign silyl group is released and the
use of HOMSi�� reagents (o-hydroxymethylphenyldimethylsilyl
groups) allows for recycling of the resultant siloxane byproduct.17

Protocols have been reported for Hiyama couplings of aryl and vinyl
chlorides,18 aryl arenesulfonates, and mesylates.19 Herein, we report
the development of protocols allowing the use of aryl imidazylates
in Sonogashira and Hiyama reactions providing environmentally-be-
nign syntheses of arylacetylenes and biaryls.

Several methods were investigated for the preparation of aryl
imidazylates. While the procedure of Albaneze-Walker et al.
(Scheme 1, Method B) was effective for electron-rich phenols,9 no
product was obtained for the electron-poor phenols, 4-nitrophenol
and 4-acetylphenol. An alternative procedure using sulfuryl
� HOMSi
�
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Table 1
Optimization of the Sonogashira reaction of aryl imidazylates

O
S

N

O O

N
phenylacetylene

Pd(OAc)2 (0.1 equiv)

ligand, base (1.5 equiv)
DMSO, 65 °C, 18 hR

R

Entry R Ligand (equiv) Base Yielda (%)

1 4-NO2 PPh3 (0.1) Et2NH 60
2 4-NO2 PPh3 (0.1) Et3N 93
3 4-NO2 PPh3 (0.1) DABCO 0
4 4-NO2 PPh3 (0.1) DBU 0
5 4-NO2 PPh3 (0.1) Cs2CO3 37
6 4-NO2 PPh3 (0.1) K3PO4 78
7 4-Ac PPh3 (0.1) Et3N 73
8 4-Ac PPh3 (0.1) K3PO4 81
9 4-MeO PPh3 (0.1) K3PO4 23

10 4-MeO SPhos (0.2)b K3PO4 43
11 4-MeO SPhos (0.2)c K3PO4 72
12 4-MeO XPhos (0.2)c K3PO4 93

a Isolated yield.
b Water-mediated catalyst preactivation as described in Ref. 22.
c A catalyst stock solution was used as decribed in Ref. 20.
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chloride and imidazole (Scheme 1, Method A) proved effective for
the synthesis of imidazylates from these low pKa phenols (67%
from 4-nitrophenol; 52% from 4-acetylphenol).
Table 2
Palladium-catalyzed Sonogashira reactions of aryl imidazylates with phenylacetylene

phenylace
Pd(OAc)2 (0.

XPhos (0.2 equ
DMSO, 65 °

O
S

N

O O

N

R

Entry Substrate

1

O2N

O

2

OS

O

3

MeO

O

4

Me

OS

5

OSO2Im

Me

6

OS

N

7
OS

a Isolated yield.
b Triethylamine as a base.
Our initial Sonogashira studies investigated the use of Ph3P,
Pd(OAc)2 and Et2NH with the activated 4-nitrophenyl substrate
(Table 1). Using a THF/H2O solvent system, no cross-coupled
product was obtained owing to hydrolysis of the substrate. Grat-
ifyingly, a 60% yield was obtained in dry DMSO (entry 1).
Screening different bases led to an optimized yield of 93% using
triethylamine (entries 1–6). When applied to 4-acetylphenyl imi-
dazylate, a 73% yield was obtained (entry 7), however, an im-
proved yield was obtained using K3PO4 (81%, entry 8). With
the electron-rich substrate, 4-methoxyphenyl imidazylate, a dra-
matically reduced yield was obtained (23%, entry 9). Conse-
quently, we next investigated the bulky biarylphosphine
ligands SPhos and XPhos, which are known to promote the for-
mation of highly reactive 12-electron monovalent Pd0-com-
plexes.20,21 Comparison of protocols for water-mediated catalyst
preactivation (entry 10)22 versus a premixed catalyst preparation
(entry 11)20 revealed that the latter provided superior results. Fi-
nally, XPhos proved superior to SPhos (entries 11 and 12).

Next, the scope of the palladium-catalyzed reaction of a range of
imidazylates was investigated under the optimized conditions.23

As shown in Table 2, palladium-catalyzed Sonogashira couplings
furnished the corresponding diarylacetylenes in generally good
yields, with similar results seen for electron-rich, electron-poor,
ortho-substituted, and bicyclic imidazylates. A poorer yield was ob-
tained for the quinoline imidazylate (entry 6).

As a test case to illustrate the use of imidazylates of more com-
plex phenols for which the corresponding halides are unavailable,
we applied the optimized protocol to estron-3-yl imidazylate. As
tylene
1 equiv)

iv), K3PO4
C, 18 h

R
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Scheme 2. Sonogashira cross-coupling of estrone imidazylate and phenylacetylene.

Table 3
Hiyama cross-coupling reactions with 4-methoxyphenyl HOMSi reagent

O
S

N

O O

N

Pd(dppf)Cl2 (0.05 equiv)

H2O (0.1 equiv), DMSO
K2CO3, 65 °C, 18 h

Si

HO

OMe

OMe

+

O
Si

+
RR

Entry Substrate Yielda (%)

1 4-Nitrophenyl 76
2 4-Methoxyphenyl 72b,c

3 4-Acetylphenyl 76b

4 2-Methylphenyl 36
5 2-Naphthyl 99

a Isolated yield.
b Reaction run at 65 �C.
c 1 equiv of dppf added.
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expected, the cross-coupled product was obtained in an excellent
91% yield (Scheme 2).

We next examined the use of aryl imidazylates in the Hiyama
reaction. Nakao et al. have demonstrated that the use of HOMSi re-
agents allows the recovery of the released silicon auxiliary, as a
cyclic silyl ether, and that this may be recycled for the preparation
of new HOMSi reagents.17 Again, we were unable to establish a
cross-coupling protocol with aryl imidazylates under aqueous con-
ditions. However, using Pd(dppf)Cl2

24 as a source of palladium in
dry DMSO, with K2CO3 as a base under copper-free25 conditions
afforded the expected products in good yields.26 We obtained sim-
ilar results for electron-rich, electron-poor, and bicyclic imidazy-
lates, and a somewhat poorer yield with the ortho-substituted 2-
methylphenyl imidazylate (Table 3).

In summary, aryl imidazylates have been shown to function as
electrophiles in palladium-catalyzed Sonogashira and Hiyama
cross-coupling reactions. The advantages of these protocols include
excellent reactivity and broad scope. Together with the recently re-
ported examples of aryl imidazylates as substrates for Suzuki–Miya-
ura, Negishi, and H-phosphonate couplings, these results point to
the potential for aryl imidazylates to supplant aryl triflates as inex-
pensive, readily accessible, and stable electrophilic partners for pal-
ladium-catalyzed cross-couplings. This work is complementary to
the recent reports of nickel-catalyzed cross-coupling reactions of
other simple phenolic derivatives: aryl pivalates and acetates,27 aryl
N,N-dimethylsulfamates,28 carbonates28 and carbamates,28,29 and
diaryl sulfates.30 As illustrated by the use of estrone imidazylate as
a substrate, such cross-couplings allow the use of complex phenols
as starting materials, which is of particular value when the corre-
sponding halide is unavailable.

Acknowledgments

We thank the Australian Research Council for financial support.
Ethan Goddard-Borger is thanked for helpful advice.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2010.03.110.

References and notes

1. Percec, V.; Bae, J. Y.; Hill, D. H. J. Org. Chem. 1995, 60, 1060.
2. (a) Percec, V.; Bae, J. Y.; Zhao, M. Y.; Hill, D. H. J. Org. Chem. 1995, 60, 176; (b)

Fors, B. P.; Watson, D. A.; Biscoe, M. R.; Buchwald, S. L. J. Am. Chem. Soc. 2008,
130, 13552.

3. (a) Kobayashi, Y.; Mizojiri, R. Tetrahedron Lett. 1996, 37, 8531; (b) Munday, R.
H.; Martinelli, J. R.; Buchwald, S. L. J. Am. Chem. Soc. 2008, 130, 2754.

4. (a) Wu, J.; Liao, Y.; Yang, Z. J. Org. Chem. 2001, 66, 3642; (b) Fu, X. Y.; Zhang, S.
Y.; Yin, J. G.; Schumacher, D. P. Tetrahedron Lett. 2002, 43, 6673; (c) Gelman, D.;
Buchwald, S. L. Angew. Chem., Int. Ed. 2003, 42, 5993; (d) Ogata, T.; Hartwig, J. F.
J. Am. Chem. Soc. 2008, 130, 13848; (e) Hamann, B. C.; Hartwig, J. F. J. Am. Chem.
Soc. 1998, 120, 7369; (f) Klapars, A.; Campos, K. R.; Chen, C. Y.; Volante, R. P.
Org. Lett. 2005, 7, 1185; (g) Tang, Z. Y.; Hu, Q. S. J. Am. Chem. Soc. 2004, 126,
3058; (h) Nguyen, H. N.; Huang, X.; Buchwald, S. L. J. Am. Chem. Soc. 2003, 125,
11818; (i) Zhang, L.; Meng, T.; Wu, J. J. Org. Chem. 2007, 72, 9346; (j) Wu, J.; Zhu,
Q.; Wang, L.; Fathi, R.; Yang, Z. J. Org. Chem. 2003, 68, 670.

5. (a) Fernández-Rodriguez, M. A.; Shen, Q.; Hartwig, J. F. J. Am. Chem. Soc. 2006,
128, 2180; (b) Zhang, L.; Meng, T.; Fan, R.; Wu, J. J. Org. Chem. 2007, 72, 7279.

http://dx.doi.org/10.1016/j.tetlet.2010.03.110


2974 S. J. Shirbin et al. / Tetrahedron Letters 51 (2010) 2971–2974
6. (a) Littke, A. F.; Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2000, 122, 4020; (b) Zeni, G.;
Larock, R. C. Chem. Rev. 2006, 106, 4644; (c) Wolfe, J. P.; Tomori, H.; Sadighi, J.
P.; Yin, J.; Buchwald, S. L. J. Org. Chem. 2000, 65, 1158; (d) Molander, G. A.; Ito, T.
Org. Lett. 2001, 3, 393.

7. (a) Anderson, K. W.; Mendez-Perez, M.; Priego, J.; Buchwald, S. L. J. Org. Chem.
2003, 68, 9563; (b) Lyapkalo, I. M.; Webel, M.; Reissig, H. U. Eur. J. Org. Chem.
2001, 4189.

8. Rostovtsev, V. V.; Bryman, L. M.; Junk, C. P.; Harmer, M. A.; Carcani, L. G. J. Org.
Chem. 2008, 73, 711.

9. Albaneze-Walker, J.; Raju, R.; Vance, J. A.; Goodman, A. J.; Reeder, M. R.; Liao, J.;
Maust, M. T.; Irish, P. A.; Espino, P.; Andrews, D. R. Org. Lett. 2009, 11, 1463.

10. (a) Hanessian, S.; Vatèle, J.-M. Tetrahedron Lett. 1981, 22, 3579; (b) Hanessian,
S.; Vatèle, J.-M. Tetrahedron 1996, 52, 10557; (c) Vatèle, J.-M.; Hanessian, S. In
Preparative Carbohydrate Chemistry; Hanessian, S., Ed.; Marcel Dekker: New
York, 1997; p 127; (d) Lepore, S. D.; Mondal, D. Tetrahedron 2007, 63, 5103.

11. Goddard-Borger, E. D.; Stick, R. V. Org. Lett. 2007, 9, 3797.
12. Fevig, T. L.; Mao, M. K.; Katzenellenbogen, J. A. Steroids 1988, 51, 471.
13. Luo, Y.; Wu, J. Organometallics 2009, 28, 6823.
14. Ackermann, L.; Barfusser, S.; Pospech, J. Org. Lett. 2010, 12, 724.
15. Chinchilla, R.; Nájera, C. Chem. Rev. 2007, 107, 874.
16. (a) Denmark, S. E.; Baird, J. D. Chem. Eur. J. 2006, 12, 4954; (b) Hiyama, T. Chem.

Rec. 2008, 8, 337; (c) Nakao, Y.; Chen, J.; Tanaka, M.; Hiyama, T. J. Am. Chem. Soc.
2007, 129, 11694; (d) Nakao, Y.; Sahoo, A. K.; Imanaka, H.; Yada, A.; Hiyama, T.
Pure Appl. Chem. 2006, 78, 435.

17. Nakao, Y.; Imanaka, H.; Sahoo, A. K.; Yada, A.; Hiyama, T. J. Am. Chem. Soc. 2005,
127, 6952.

18. Ackermann, L.; Gschrei, C. J.; Althammer, A.; Riederer, M. Chem. Commun. 2006,
1419.

19. (a) Zhang, L.; Wu, J. J. Am. Chem. Soc. 2008, 130, 12250; (b) Zhang, L.; Qing, J.;
Yang, P.; Wu, J. Org. Lett. 2008, 10, 4971; (c) So, C. M.; Lee, H. W.; Lau, C. P.;
Kwong, F. Y. Org. Lett. 2009, 11, 317.

20. Altman, R. A.; Fors, B. P.; Buchwald, S. L. Nat. Protoc. 2007, 2, 2881.
21. (a) Barder, T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S. L. J. Am. Chem. Soc.

2005, 127, 4685; (b) Walker, S. D.; Barder, T. E.; Martinelli, J. R.; Buchwald, S. L.
Angew. Chem., Int. Ed. 2004, 43, 1871; (c) Martin, R.; Buchwald, S. L. Acc. Chem.
Res. 2008, 41, 1461.

22. Fors, B. P.; Krattiger, P.; Strieter, E.; Buchwald, S. L. Org. Lett. 2008, 10, 3505.
23. General procedure for the Pd-catalyzed Sonogashira coupling of aryl imidazylates:

A dry, screw-capped test tube containing Pd(OAc)2 (0.10 equiv) and XPhos
(0.20 equiv) was purged with nitrogen gas for 10 min. Dry DMSO (1.5 ml) was
then added to the test tube and the catalyst-stock solution was stirred for
30 min at rt. Over this period the catalyst-stock solution changed color from
bright orange to dark brown. Separately, a round-bottomed flask containing
aryl imidazylate (1.0 equiv) and K3PO4 (1.7 equiv) or triethylamine (15 equiv)
was purged with nitrogen for 30 min. Dry DMSO (5 ml/mmol) was added to the
flask containing the aryl imidazylate and base, followed by the catalyst stock
solution, which was transferred via syringe. The contents of the flask were
sparged with nitrogen for 10 min at rt and then the flask was heated to 65 �C.
Phenylacetylene (1.2 equiv) was added to the flask dropwise over 15 min and
the mixture was stirred at 65 �C under nitrogen for 16 h. The reaction mixture
was then allowed to cool to rt, diluted with EtOAc (20 ml), washed with H2O
(3 � 10 ml) and brine (3 � 5 ml). The organic phase was collected, dried
(MgSO4), and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (EtOAc/petroleum spirit).

24. Driver, M. S.; Hartwig, J. F. J. Am. Chem. Soc. 1996, 118, 7217.
25. Nakao, Y.; Sahoo, A. K.; Yada, A.; Chen, J.; Hiyama, T. Sci. Technol. Adv. Mat.

2006, 7, 536.
26. General procedure for the Pd-catalyzed Hiyama reaction of aryl imidazylates: H2O

(0.1 equiv) and Pd(dppf)Cl2 (0.05 equiv) were added to a nitrogen-sparged
solution of aryl imidazylate (1.0 equiv), (2-[(4-
methoxyphenyl)dimethylsilanyl]phenyl)methanol (1.25 equiv), and K2CO3

(2.0 equiv) in dry DMSO (15 ml/mmol). The reaction mixture was heated at
110 �C overnight, then diluted with EtOAc (30 ml) and filtered through a Celite
plug. The plug was washed with H2O (30 ml) and then with EtOAc (30 ml). The
organic eluents were combined and washed with H2O (30 ml), brine (30 ml),
dried (MgSO4), filtered, and concentrated in vacuo. The resulting crude product
was purified by flash chromatography on silica gel (EtOAc/petroleum spirit).

27. (a) Quasdorf, K. W.; Tian, X.; Garg, N. K. J. Am. Chem. Soc. 2008, 130, 14422; (b)
Guan, B. T.; Wang, Y.; Li, B. J.; Yu, D. G.; Shi, Z. J. J. Am. Chem. Soc. 2008, 130,
14468; (c) Li, B. J.; Li, Y. Z.; Lu, X. Y.; Liu, J.; Guan, B. T.; Shi, Z. J. Angew. Chem.,
Int. Ed. 2008, 47, 10124.

28. Quasdorf, K. W.; Riener, M.; Petrova, K. V.; Garg, N. K. J. Am. Chem. Soc. 2009,
131, 17748.

29. Xu, L.; Li, B. J.; Wu, Z. H.; Lu, X. Y.; Guan, B. T.; Wang, B. Q.; Zhao, K. Q.; Shi, Z. J.
Org. Lett. 2010, 12, 884.

30. Guan, B. T.; Lu, X. Y.; Zheng, Y.; Yu, D. G.; Wu, T.; Li, K. L.; Li, B. J.; Shi, Z. J. Org.
Lett. 2010, 12, 396.


	Copper-free palladium-catalyzed Sonogashira and Hiyama cross-couplings  using aryl imidazol-1-ylsulfonates
	Acknowledgments
	Supplementary data
	References and notes


