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Hydroxyamination of aryl C–H bonds with
N-hydroxycarbamate by synergistic Rh/Cu
catalysis at room temperature†

Wei Yang, Jiaqiong Sun, Xianxiu Xu,* Qian Zhang* and Qun Liu

A novel hydroamination of aryl C–H bonds has been accomplished

using N-Boc-hydroxyamine via synergistic combination of rhodium

and copper catalysis. The merger of two robust catalytic systems

has allowed for the development of a mild and sustainable protocol

for the direct formation of benzo[c]isoxazol-3(1H)-ones.

Synergistic catalysis, a synthetic strategy wherein both the nucleo-
phile and the electrophile are simultaneously activated by two
distinct catalysts, has attracted increasing interest in the design
of new chemical reactions for improving efficiency and selectivity of
a known reaction in organic chemistry.1 During the past few years,
various co-catalyst systems, such as a combination of transition-
metal and organocatalysis,1,2 transition-metal and photoredox
catalysis,1,3 and other bimetal catalysis,1,4 have been extensively
investigated. However, despite their high synthetic potential, the
success of synergistic catalysis is still immature and there is a need
to develop new synergistic catalysis, especially for the sustainable
chemical process.

Nitrosocarbonyl compounds are very unstable and highly reactive
species and have attracted considerable attention in organic
synthesis.5–7 They are generally produced in situ as transient
intermediates and have been studied quite extensively in hetero-
Diels–Alder and ene reactions.7 Recently, Read de Alaniz and
co-workers extended the synthetic utility of nitrosocarbonyl to
a-hydroamination of reactive b-ketoesters by N-hydroxy-
carbamates using synergistic CuCl/Cu(OTf)2 catalysis, during
which nitrosoformate intermediates were generated in situ by
aerobic oxidation (eqn (1)).8 In addition, Maruoka reported an
enantioselective a-hydroxyamination of aldehydes with nitro-
socarbonyl compounds.9 Yamamoto developed a catalytic
enantioselective O-nitrosocarbonyl aldol reaction of b-dicarbonyl
compounds with nitrosocarbonyl compounds.10 On the other hand,
Rh(III) complexes have stood out as efficient catalysts for atom- and

step-economical C–C and C–heteroatom bond formation through
C–H functionalization.11 Among the various coupling partners
employed in the Rh(III)-catalyzed C–H bond activation reaction, some
electrophiles, such as imines,12 aldehydes13 and isocyanates,14 have
been successfully explored. Since nitrosocarbonyl compounds are
reactive electrophiles, it is reasonable that they may be good coupling
partners in the Rh-catalyzed C–H activation reactions.15 Thus, as part of
our continuing interest in the development of Rh(III)-catalyzed
C–H activation,16 we envisioned that the nitrosocarbonyl compounds
A could be trapped by the rhodacycle intermediate B if they can be
formed compatibly in situ (eqn (2)). Herein we present the successful
development of a synergistic Rh and Cu catalytic system applicable to
the hydroamination of aryl C–H bonds by commercially available
N-Boc-hydroxylamine using O2 as an oxidant at room temperature. This
synergistic catalysis provides a new sustainable process for the prepara-
tion of benzo[c]isoxazole derivatives, which are the subunits of natural
products, parnafungins A and B17 and other bioactive compounds.18

(1)

(2)

Initially, the reaction of N-methoxy benzamides 1a with N-Boc-
hydroxylamine 2a was employed to screen catalysts and reaction
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conditions for the hydroamination of aryl C–H bonds (Table 1).
Because copper salt is compatible with (Cp*RhCl2)2,11 Read de
Alaniz’s copper-catalyzed aerobic oxidation conditions8,19 were
employed to produce nitrosocarbonyl compounds. Fortunately,
benzo[c]isoxazol-3(1H)-one 3a was obtained in a 11% isolated yield,
when the reaction was conducted in methanol in the presence of
(Cp*RhCl2)2 (2.5 mol%), CuCl (10 mol%) and 1.0 equivalent of acetic
acid in the open air (Table 1, entry 1). Solvent screening revealed that
ethanol and acetone gave moderate product yields (Table 1, entries 2
and 4) when a mixture of ethanol and acetone (1 : 1) was used as
solvent, and to our delight, the yield of 3a was improved to 70%
(Table 1, entry 5). Among the copper salts tested, CuCl was the most
favorable with respect to product yield (Table 1, entries 5–9). Product
3a could not be detected in the absence of CuCl (Table 1, entry 10),
whereas 3a was obtained in a low yield upon increasing the amount
of CuCl to 50 mol% (Table 1, entry 11). Different additives were also
screened (Table 1, entries 5, 12 and 13) and it was found that PivOH
was as effective as HOAc (Table 1, entry 13). More importantly, the
yield of product 3a could be improved to 88% when 2 equivalents of
2a were employed (1 equivalent was added to the reaction mixture at
the beginning and the other was added after 24 h; Table 1, entry 14).
It should be noted that the reaction was performed under very mild
conditions, such as at room temperature and in the open air and
gave the benzo[c]isoxazole derivatives with exclusively N-selectivity of
the nitrosocarbonyl compounds.

With the optimal conditions in hand, we surveyed various
substrates to determine the scope of the reaction. Catalyzed by Rh
and Cu system, the reactions proceeded smoothly to afford benzo[c]-
isoxazol-3(1H)-ones in good to excellent yields (Table 2). Substrates
with both electron-donating and electron-withdrawing groups at the
para position of aryl groups participated in this reaction (3a–j). meta-
Substituted benzamides reacted smoothly to give the corresponding
benzo[c]isoxazol-3(1H)-ones in good to excellent yields and in a

highly regioselective manner (3h–m). Reactions with ortho-
substituted and disubstituted benzamides also proceeded smoothly
to give the corresponding products in good to high yields (3n–q).
a- and b-naphthamide also produced the corresponding naphtho-
[2,1-c]isoxazol-1(3H)-one 3r and naphtho[2,3-c]isoxazol-3(1H)-one 3s
regioselectively and in good yields. It is worth mentioning that a wide
range of important functional groups on the aryl moieties of benz-
amides 1, such as methoxy, chloro, bromo, iodo and trifluoromethyl
groups, were well tolerated under the reaction conditions (3f–j).

To shed light on the reaction mechanism of this synergistic
catalysis process, firstly, a routine Diels–Alder trapping for the
nitrosocarbonyl compound20 was performed to determine whether
this unstable and transient intermediate was involved. When
cyclohexa-1,3-diene (2.0 equiv.) was added to the reaction mixture
of 1a and 2a under the standard conditions, the Diels–Alder product
4 was obtained in 44% yield along with product 3a only in 10% yield
(eqn (3)). Then, deuterium-labeling experiments were further carried
out to gain some insights into the catalytic mechanism. When the
reaction of 1a was conducted in deuterated acetone and methanol in
the absence of 2a, 94% deuterium incorporation was observed at the
two ortho positions (eqn (4)). If the same reaction was conducted in
the presence of 2a, 89 and 94% deuterium incorporation into the
product 3a and the recovered starting material 1a were observed
respectively (eqn (4)). These results indicate that the C–H bond
metalation step is reversible under the reaction conditions.

Table 1 Optimization of reaction conditionsa

Entry Solvent
Catalyst II
(mol%)

Additive
(100 mol%)

Yieldb

(%)

1 MeOH CuCl (10) HOAc 11
2 EtOH CuCl (10) HOAc 35
3 t-AmOH CuCl (10) HOAc Trace
4 Acetone CuCl (10) HOAc 32
5 Acetone–EtOHc CuCl (10) HOAc 70
6 Acetone–EtOH CuBr (10) HOAc 42
7 Acetone–EtOH CuI (10) HOAc 40
8 Acetone–EtOH CuOAc (10) HOAc 60
9 Acetone–EtOH CuOTf (10) HOAc 0
10 Acetone–EtOH — HOAc 0
11 Acetone–EtOH CuCl (50) HOAc 53
12 Acetone–EtOH CuCl (10) HCOOH 17
13 Acetone–EtOH CuCl (10) PivOH 72
14 Acetone–EtOH CuCl (10) PivOH 88d

a Reaction conditions: 1a (0.2 mmol), 2a (0.24 mmol), additive
(0.2 mmol), solvent (2 mL). b Isolated yields. c The ratio of acetone
and EtOH is 1 : 1 (v : v). d 2 Equiv. of 2a was used, 1 equiv. was added
at the beginning of the reaction, the other 1 equiv. was added after 24 h.

Table 2 Synthesis of benzo[c]isoxazol-3(1H)-ones 3
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Moreover, a competition reaction between protio and deutero 1a was
conducted at early conversion, and 1H NMR spectroscopic analysis of
the product mixture gave a kinetic isotope effect (KIE) of 1.5 (eqn (5)).

On the basis of the above results, a mechanistic pathway is
proposed (Scheme 1). First, a reversible C–H bond cleavage of 1a
occurs to produce a five-membered rhodacycle intermediate A.
Next, coordination of the nitrosocarbonyl compound (produced
by copper-catalyzed aerobic oxidation of N-Boc-hydroxylamine
2a)8,19,20 affords intermediate B, which undergoes nucleophilic
addition to form seven-membered rhodacycle C. Protonolysis
gives a hydroxyamination intermediate D. Metal or acid catalyzed
nucleophilic substitution reaction occurs to furnish the final
product 3a with the release of a O-methyl hydroxamine (the
propan-2-one O-methyl oxime 5 was detected using GC-MS).

(3)

(4)

(5)

In summary, we have developed a novel aryl C–H bond hydro-
amination using N-Boc-hydroxyamine via synergistic combination of
rhodium and copper catalysis for the convenient synthesis of
benzo[c]isoxazol-3(1H)-ones. In this process, the unstable and transient
nitrosocarbonyl compounds were generated in situ by aerobic oxida-
tion and used as coupling partner to form both C–N and C–O bonds.
The reaction features mild reaction conditions (room temperature and
in the open air), broad substrate scope and good functional-group
tolerance. Additional mechanism studies and more transformations
by synergistic catalysis are being carried out in our laboratory.

This research is supported by the NNSFC (21172030). Prof.
Xingwei Li (Dalian Institute of Chemical Physics, Chinese
Academy of Sciences) is thanked for insightful discussions.

Notes and references
1 Reviews on synergistic catalysis or dual catalysis: (a) A. E. Allen and

D. W. C. MacMillan, Chem. Sci., 2012, 3, 633; (b) N. T. Patil,
V. S. Shinde and B. Gajula, Org. Biomol. Chem., 2012, 10, 211;
(c) C. Zhong and X. Shi, Eur. J. Org. Chem., 2010, 2999; (d) Z. Shao
and H. Zhang, Chem. Soc. Rev., 2009, 38, 2745.

2 Recent examples on synergistic transition-metal/organo-catalysis:
(a) S. Krautwald, D. Sarlah, M. l A. Schafroth and E. M. Carreira,
Science, 2013, 340, 1065; (b) J. M. Stevens and D. W. C. MacMillan,
J. Am. Chem. Soc., 2013, 135, 11756; (c) Y. Wei and N. Yoshikai, J. Am.
Chem. Soc., 2013, 135, 3756; (d) E. Skucas and D. W. C. MacMillan,
J. Am. Chem. Soc., 2012, 134, 9090; (e) S. P. Simonovich, J. F. Van
Humbeck and D. W. C. MacMillan, Chem. Sci., 2012, 3, 58;
( f ) D. A. DiRocco and T. Rovis, J. Am. Chem. Soc., 2012, 134, 8094;
(g) H. Qiu, M. Li, L.-Q. Jiang, F.-P. Lv, L. Zan, C.-W. Zhai, M. P. Doyle
and W.-H. Hu, Nat. Chem., 2012, 4, 733.

3 Recent examples on synergistic transition-metal/photoredox catalysis:
(a) B. Sahoo, M. N. Hopkinson and F. Glorius, J. Am. Chem. Soc., 2013,
135, 5505; (b) Y. Ye and M. S. Sanford, J. Am. Chem. Soc., 2012, 134, 9034.

4 Fe–Cu cooperative catalysis: (a) E. Shirakawa, D. Ikeda, S. Masui,
M. Yoshida and T. Hayashi, J. Am. Chem. Soc., 2012, 134, 272 and
references cited therein; (b) Synergistic Pd and Cu catalysis: B. Yao,
C. Jaccoud, Q. Wang and J. Zhu, Chem.–Eur. J., 2012, 18, 5864.

5 P. Selig, Angew. Chem., Int. Ed., 2013, 52, 7080.
6 Reviews on nitrosocarbonyl Diels–Alder reactions, see: (a) B. S. Bodnar

and M. J. Miller, Angew. Chem., Int. Ed., 2011, 50, 5630; (b) Y. Yamamoto
and H. Yamamoto, Eur. J. Org. Chem., 2006, 2031.

7 Reviews on nitrosocarbonyl ene reactions, see: W. Adam and
O. Krebs, Chem. Rev., 2003, 103, 4131.

8 D. Sandoval, C. P. Frazier, A. Bugarin and J. Read de Alaniz, J. Am.
Chem. Soc., 2012, 134, 18948.

9 T. Kano, F. Shirozu and K. Maruoka, J. Am. Chem. Soc., 2013, 135, 18036.
10 M. Baidya, K. A. Griffin and H. Yamamoto, J. Am. Chem. Soc., 2012,

134, 18566.
11 Reviews on rhodium(III)-catalyzed C–H activation: (a) G. Song, F. Wang

and X. Li, Chem. Soc. Rev., 2012, 41, 3651; (b) F. W. Patureau, J. Wencel-
Delord and F. Glorius, Aldrichimica Acta, 2012, 45, 31.

12 (a) A. S. Tsai, M. E. Tauchert, R. G. Bergman and J. A. Ellman, J. Am.
Chem. Soc., 2011, 133, 1248; (b) Y. Li, B.-J. Li, W.-H. Wang, W.-P.
Huang, X.-S. Zhang, K. Chen and Z.-J. Shi, Angew. Chem., Int. Ed.,
2011, 50, 2115; (c) K. D. Hesp, R. G. Bergman and J. A. Ellman, Org.
Lett., 2012, 14, 2304; (d) Y. Lian, R. G. Bergman and J. A. Ellman,
Chem. Sci., 2013, 3, 3088.

13 (a) Y. Li, X.-S. Zhang, K. Chen, K.-H. He, F. Pan, B.-J. Li and Z.-J. Shi,
Org. Lett., 2012, 14, 636; (b) Y. Li, X.-S. Zhang, Q.-L. Zhu and Z.-J. Shi,
Org. Lett., 2012, 14, 4498; (c) L. Yang, C. A. Correia and C.-J. Li, Adv.
Synth. Catal., 2011, 353, 1269.

14 (a) K. D. Hesp, R. G. Bergman and J. A. Ellman, J. Am. Chem. Soc.,
2011, 133, 11430; (b) B. Zhou, W. Hou, Y. Yang and Y. Li, Chem.–Eur.
J., 2013, 19, 4701; (c) W. Hou, B. Zhou, Y. Yang, H. Feng and Y. Li,
Org. Lett., 2013, 15, 1814.

15 During our manuscript preparation, a Rh-catalyzed pyridine-directed
addition reaction of aryl C–H bonds to nitrosobenzenes was reported,
see: (a) B. Zhou, J. Du, Y. Yang, H. Feng and Y. Li, Org. Lett., 2013,
15, 6302; after this manuscript was submitted, a Rh(III)-catalyzed C–H
amidation with N-hydroxycarbamates was reported, see: (b) B. Zhou,
J. Du, Y. Yang, H. Feng and Y. Li, Org. Lett., 2014, 16, 592.

16 X. Xu, Y. Liu and C.-M. Park, Angew. Chem., Int. Ed., 2012, 51, 9372.
17 C. A. Parish, S. K. Smith, K. Calati, D. Zink, K. Wilson, T. Roemer,

B. Jiang, D. Xu, G. Bills, G. Platas, F. Peláez, M. T. Dı́ez, N. Tsou,
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