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Abstract: A palladium-catalyzed ortho-C-H amidation of anilides
by N-nosyloxycarbamates was developed for the synthesis of
2-aminoanilines. This reaction can be carried out under relatively
mild conditions and exhibits excellent regioselectivity and func-
tional group tolerance. The amidation reaction is probably initiated
by rate-limiting C-H cyclopalladation (kH/kD ) 3.7) to form an
arylpalladium complex, followed by nitrene functionalization.

2-Aminoanilines are essential precursors for benzimidazoles, 1,5-
benzodiazepines, quinoxalines, and benzotriazoles, which are
common scaffolds of many pharmaceutical products.1 Notable
examples include omaprazoles (Nexium), olanzapine (Zyprexa), and
bromonidine (Alphagan P) with a combined global sales value of
over $6.5 billion in 2008.2 Conventionally, 2-aminoanilines are
prepared from 2-fluoronitrobenzenes via a nucleophilic substitu-
tion-nitro group reduction sequence;1c,3 methods for direct ami-
nation of substituted aromatics are rare. Recently, Pd-catalyzed
aromatic C-H bond functionalizations proved to be an effective
strategy for C-C bond formation.4 With the assistance of a donor
group (e.g., pyridyl, imino, amido, carboxylato), highly ortho-
selective direct arylation and vinylation have been achieved.5,10b

To devise a straightforward synthesis of 2-aminoanilines, a protocol
for catalytic ortho-C-H amidation of anilides should be highly
desirable because of the improved synthetic efficiency.

Catalytic aromatic C-H amidation has been a subject of
extensive investigation.6 Since the pioneering work by Buchwald
and co-workers,7g Pd-catalyzed oxidative intramolecular amidation
has achieved significant advances.7 A majority of these transforma-
tions may proceed by initial arene C-H palladation, followed by
C-N bond formation probably via the PdII/PdIV manifold. Recently,
Hartwig and co-workers showed that the Pd0/PdII catalysis can also
effect the intramolecular aromatic C-H amination with oxime
esters.8 Yet, the analogous intermolecular amidation/amination
remains a challenge.9 Motivated by our earlier findings that
intermolecular coupling of organopalladium with nitrene would lead
to C-N bond formation,10e herein we describe a Pd-catalyzed
protocol for intermolecular C-H amidation of anilides by N-
nosyloxycarbamate.

Initially, we found that N-pivalanilide 1a failed to undergo
amidation reaction upon treatment with Pd(OAc)2 (10 mol %), ethyl
carbamate, and K2S2O8 (5 equiv) in DCE at 100 °C, and the starting
anilide was completely recovered. While there are many successful
examples of ortho-C-H cleavage of the anilides by Pd(II) cataly-
sis,11 we sought to overcome the amidation problem by searching
for more effective reagents. After screening several reagents,
gratifyingly 3aa was obtained in 57% yield with ethyl N-
tosyloxycarbamate and Pd(OAc)2 (10 mol %) in dioxane with

AcOH (20 equiv) as additive at 100 °C (entry 1). Previously, Lebel
and co-workers reported that N-tosyloxycarbamates are effective
reagents for the Rh-catalyzed intermolecular nitrene insertion of
aliphatic C-H bonds.12a As shown in Table 1, the N-pivalate (OPiv)
and N-pentafluorobenzoate (OPFB) derivatives are ineffective
reagents for the amidation reaction (entries 2 and 3); the best result
(70% yield) was achieved with ethyl N-nosyloxycarbamate 2a (entry
4). Without Pd(OAc)2, no 3aa was formed under the same
experimental conditions (entry 5).

Employing Pd(OAc)2 (10 mol %) and 2a (1 equiv), changing
the solvent systems (e.g., DCE, toluene, THF, DMA, MeCN) did
not lead to more favorable outcomes (entries 7-12). Yet, the
amidation reaction was mostly suppressed in the MeCN/AcOH
system (entry 12). Interestingly, the Pd(OAc)2-catalyzed amidation
was found to be equally effective at 80 °C in dioxane without
AcOH, and 3aa was obtained in 76% yield (entry 13). Inspired by
the recent works of Yu11a and Llyod-Jones11c on the C-H
carbonylation of anilides and N-phenylureas, we found that treating
1a with Pd(OTs)2(MeCN)2 (10 mol %) and 2a (1.2 equiv) in
dioxane at 80 °C for 6 h would furnish 90% of 3aa (entry 18).

Table 1. Reaction Optimizationa

entry Pd Y additive
(20 equiv) solvent temp

(°C)
yieldb

(%)

1 Pd(OAc)2 OTs AcOH dioxane 100 57
2 Pd(OAc)2 OPFB AcOH dioxane 100 <5
3 Pd(OAc)2 OPiv AcOH dioxane 100 0
4 Pd(OAc)2 ONs AcOH dioxane 100 70
5 -- ONs AcOH dioxane 100 0
6 Pd(OAc)2 ONs AcOH dioxane 80 84
7 Pd(OAc)2 ONs AcOH DCE 80 67
8 Pd(OAc)2 ONs AcOH toluene 80 58
9 Pd(OAc)2 ONs AcOH THF 80 34
10 Pd(OAc)2 ONs AcOH DMA 80 12
11 Pd(OAc)2 ONs AcOH DMF 80 28
12 Pd(OAc)2 ONs AcOH CH3CN 80 0
13 Pd(OAc)2 ONs -- dioxane 80 76
14 Pd(TFA)2 ONs -- dioxane 80 78
15 PdCl2(MeCN)2 ONs -- dioxane 80 56
16 Pd(OPiv)2 ONs -- dioxane 80 86
17 Pd(OTs)2(MeCN)2 ONs -- dioxane 80 86
18d Pd(OTs)2(MeCN)2 ONs -- dioxane 80 90c

a Conditions: 2′,4′-dimethylpivalanilide (0.2 mmol), N-oxycarbamate
(1 equiv), Pd (10 mol %), solvent (2 mL), 6 h. b Yields determined by
1H NMR. c Isolated yield ) 84%. d 1.2 equiv of ethyl
N-nosyloxycarbamate was used.
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With the optimized conditions in hand, we turned to examine
the scope and generality of the Pd-catalyzed amidation reaction
(Table 2). Acetanilides and benzamides can be converted to their
respective amides 3ba (52%) and 3ca (57%); however, pivalanilides
apparently produced better product yields (3aa: 84% yield) presum-
ably due to its favorable conformational properties. Parallel with
this finding, substrates with a tertiary amide group would undergo
facile ortho-C-H amidation in 68-85% yields for 3da-3fa. We
considered that this C-H amidation reaction would become
synthetically useful if amide groups of orthogonal reactivity can
be introduced to the anilides. Thus, further transformations of the
anilide scaffolds can be pursued by selective manipulation of the
nitrogen protecting groups.13 In this work, we studied the C-H
amidation reaction with 2,2,2-trichloroethyl (Troc) N-nosyloxycar-
bamate 2b and benzyl N-nosyloxycarbamate 2c as reagents. When
1a was treated with 2b/2c (1.2 equiv) and Pd(OTs)2(MeCN)2 (10
mol %) in dioxane at 80 °C for 6 h, the corresponding amides 3ab
and 3ac were obtained in 87% and 75% yield, respectively.
According to the literature, the N-Troc and N-benzyl groups can
be selectively removed by Zn reduction and hydrogenolysis without
affecting the N-pivaloyl group.13

As shown in Table 2, electron-donating (Me, benzyl, OMe) and
-withdrawing (F, Cl, Br) groups are tolerated under the amidation
conditions. Interestingly, anilides bearing a vinyl substituent can
be transformed to the expected amide 3ra in 50% yield. Note that
40% of the starting anilide was recovered after the reaction; this
reaction exhibits a mass balance of ca. 85%. Liu and Xu reported
earlier that O-pivaloyl esters would undergo Pd-catalyzed ortho-
C-H arylations.14 In this work, treating the pivalanilide containing
a pivaloyl ester moiety with 2a afforded 3sa exclusively in 67%
yield, suggesting that the amide group is a stronger directing group

than the ester group. In all cases, only monoamidation products
were obtained exclusively under our experimental conditions.15

It is plausible that the amidation reaction would be initiated by
cyclopalladation of 1a (Scheme 1). By means of competitive
experiments with acetanilide and acetanilide-d5 as substrates, a
primary kinetic isotope effect (kH/kD) ) 3.7 was obtained; this value
is compatible with the rate-determining C-H activation step.16

Consistent with this notion, the cyclopalladated complex 1a-Pd17

is an effective catalyst for the amidation reaction. It is noteworthy
that the stoichiometric reaction of 1a-Pd with 2a alone would afford
3aa in only 45% yield. However, when 1a-Pd was treated with 2a
(2 equiv) in the presence of free 1a (2 equiv), 3aa was formed in
70% yield.18 While the role of the free 1a is unclear, however, the
added anilide may be needed to stabilize some reactive Pd species
after the C-N bond forming step.

To probe the nature of the reactive nitrogen species,19 we
performed the stoichiometric reaction in the presence of inorganic
bases (e.g., K2CO3). It is known that treatment of arylsulfonyloxy-
carbamates with inorganic bases would spontaneously produce
reactive nitrene species.20 As expected, treatment of 1a-Pd (1 equiv)
and 1a (2 equiv) with 2a (2 equiv) in the presence of K2CO3 (2
equiv) in dioxane at 80 °C, furnished 3aa in 74% yield. Based on
this finding, it is possible that the N-nosyloxycarbamate produced
nitrene, which would then undergo formal nitrene insertion to the
cyclopalladated complex via a metal-nitrene pathway.21 Alterna-
tively, the C-N bond formation may involve the formation of a
Pd(IV)22b,c or a dimeric Pd(III) complex,18a,22a and its subsequent
reductive elimination would afford the product amide. A detailed
mechanistic investigation is underway.

In summary, we developed an intermolecular ortho-C-H ami-
dation of anilides using N-nosyloxycarbamate and have demon-
strated its high functional group tolerance, regioselectivity, and
scope under relatively mild conditions. In view of the synthetic
utility of 2-aminoanilines, this reaction would be of broad interest
to synthetic chemistry.

Acknowledgment. We thank the financial support from the
Hong Kong Research Grants Council (PolyU5017-07P; SEG_01
PolyU) and The Area of Excellence Scheme (AoE/P-10-01)
administered by the Hong Kong University Grants Committee.
K.H.N. thanks the Hong Kong Polytechnic University for the award
of a Postgraduate Studentship.

Supporting Information Available: Experimental procedures,
characterization data, and experimental data for reaction optimization.
This material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) For reviews, see: (a) Bhattacharya, S.; Chaudhuri, P. Curr. Med. Chem.
2008, 15, 1762. (b) Carta, A.; Piras, S.; Loriga, G.; Paglietti, G. Mini ReV.
Med. Chem. 2006, 6, 1179. (c) Kamal, A. K.; Reddy, K. L.; Devaiah, V.;
Shankaraiah, N.; Rao, M. V. Mini ReV. Med. Chem. 2006, 6, 71. (d) Horton,
D. A.; Bourne, G. T.; Smythe, M. L. Chem. ReV. 2003, 103, 893.

Table 2. Substrate Scope Studiesa,b

a Conditions: anilide (0.2 mmol), N-nosyloxycarbamate (1.2 equiv),
[Pd(OTs)2(MeCN)2] (10 mol %), 1,4-dioxane (2 mL), 80 °C, 6 h.
b Isolated yields. c Batchwise addition of 2a (2 × 1.2 equiv/6 h),12 h;
40% starting anilide was recovered. d Reaction run for 12 h.

Scheme 1. Proposed Mechanism

J. AM. CHEM. SOC. 9 VOL. 132, NO. 37, 2010 12863

C O M M U N I C A T I O N S



(2) Drug Top. 2009, 6, 7. For information of the drugs see: http://www.chem.
cornell.edu/jn96/outreach.html.

(3) For selected examples of 2-aminoaniline synthesis, see: (a) Wei, G. P.;
Phillips, G. B. Tetrahedron Lett. 1998, 39, 179. (b) Wei, G. P.; Phillips,
G. B. Tetrahedron Lett. 1996, 37, 4887.

(4) For reviews, see: (a) Lyons, T. W.; Sanford, M. S. Chem. ReV. 2010, 110,
1147. (b) Chen, X.; Engle, K. M.; Wang, D.-H.; Yu, J.-Q. Angew. Chem.,
Int. Ed. 2009, 48, 5094. (c) Daugulis, O.; Do, H.-Q.; Shabashov, D. Acc.
Chem. Res. 2009, 42, 1074. (d) Liegault, B.; Lapointe, D.; Caron, L.;
Vlassova, A.; Fagnou, K. J. Org. Chem. 2009, 74, 1826. (e) Alberico, D.;
Scott, M. E.; Lautens, M. Chem. ReV. 2007, 107, 174.

(5) For selected examples, see: (a) Hull, K. L.; Sanford, M. S. J. Am. Chem.
Soc. 2007, 129, 11904. (b) Chiong, H. A.; Pham, Q.-N.; Daugulis, O. J. Am.
Chem. Soc. 2007, 129, 9879. (c) Giri, R.; Maugel, N.; Li, J.-J.; Wang,
D.-H.; Breazzano, S. P.; Saunders, L. B.; Yu, J.-Q. J. Am. Chem. Soc.
2007, 129, 3510. (d) Shabashov, D.; Daugulis, O. Org. Lett. 2006, 8, 4947.
(e) Lazareva, A.; Daugulis, O. Org. Lett. 2006, 8, 5211.

(6) For reviews on metal-catalyzed aromatic C-H aminations, see: (a)
Armstrong, A.; Collins, J. C. Angew. Chem., Int. Ed. 2010, 49, 2282. (b)
Collet, F.; Dodd, R. H.; Dauban, P. Chem. Commun. 2009, 5061. (c) Davies,
H. M. L.; Manning, J. R. Nature 2008, 451, 417.

(7) (a) McDonald, R. I.; Stahl, S. S. Angew. Chem., Int. Ed. 2010, 49, 5529.
(b) Inamoto, K.; Saito, T.; Hiroya, K.; Doi, T. J. Org. Chem. 2010, 75,
3900. (c) Mei, T.-S.; Wang, X.; Yu, J.-Q. J. Am. Chem. Soc. 2009, 131,
10806. (d) Jordan-Hore, J. A.; Johansson, C. C. C.; Gulias, M.; Beck, E. M.;
Guant, M. J. J. Am. Chem. Soc. 2008, 130, 16184. (e) Wasa, M.; Yu, J.-Q.
J. Am. Chem. Soc. 2008, 130, 14058. (f) Li, J.-J.; Mei, T.-S.; Yu, J.-Q.
Angew. Chem., Int. Ed. 2008, 47, 6452. (g) Tsang, W. C. P.; Zheng, N.;
Buchwald, S. L. J. Am. Chem. Soc. 2005, 127, 14560.

(8) Tan, Y.; Hartwig, J. F. J. Am. Chem. Soc. 2010, 132, 3676.
(9) For recent examples of Cu-catalyzed intermolecular C-H amination

reaction, see: (a) Kawano, T.; Hirano, K.; Satoh, T.; Miura, M. J. Am.
Chem. Soc. 2010, 132, 6900. (b) Zhao, H.; Wang, M.; Su, W.; Hong, M.
AdV. Synth. Catal. 2010, 352, 1301. (c) Wang, Q.; Schreiber, S. L. Org.
Lett. 2009, 11, 5178. (d) Monguchi, D.; Fujiwara, T.; Furukawa, H.; Mori,
A. Org. Lett. 2009, 11, 1607. (e) A recent example of Ag-catalyzed C-H
amination was also reported: Cho, S. H.; Kim, J. Y.; Lee, S. Y.; Chang, S.
Angew. Chem., Int. Ed. 2009, 48, 9127.

(10) (a) Chan, W.-W.; Yeung, S.-H.; Zhou, Z.; Chan, A. S.-C.; Yu, W.-Y. Org.
Lett. 2010, 12, 604. (b) Yu, W.-Y.; Sit, W. N.; Zhou, Z.; Chan, A. S.-C.
Org. Lett. 2009, 11, 3174. (c) Yu, W.-Y.; Tsoi, Y.-T.; Zhou, Z.; Chan,
A. S.-C. Org. Lett. 2009, 11, 469. (d) Yu, W.-Y.; Sit, W. N.; Lai, K.-M.;
Zhou, Z.; Chan, A. S.-C. J. Am. Chem. Soc. 2008, 130, 3304. (e) Thu,
H.-Y.; Yu, W.-Y.; Che, C.-M. J. Am. Chem. Soc. 2006, 128, 9048.

(11) For selected examples of Pd-catalyzed ortho-C-H bond functionalizations
of anilides and arylureas, see: (a) Giri, R.; Lam, J. K.; Yu, J.-Q. J. Am.
Chem. Soc. 2010, 132, 686. (b) Rauf, W.; Thompson, A. L.; Brown, J. M.
Chem. Commun. 2009, 3874. (c) Houlden, C. E.; Hutchby, M.; Bailey,
C. D.; Gair Ford, J.; Tyler, S. N. G.; Gagne, M. R.; Lloyd-Jones, G. C.;
Booker-Milburn, K. I. Angew. Chem., Int. Ed. 2009, 48, 1830. (d) Yang,
S.; Li, B.; Wan, X.; Shi, Z. J. Am. Chem. Soc. 2007, 129, 6066. (e) Wan,
X.; Ma, Z.; Li, B.; Zhang, K.; Cao, S.; Zhang, S.; Shi, Z. J. Am. Chem.
Soc. 2006, 128, 7416. (f) Daugulis, O.; Zaitsev, V. G. Angew. Chem., Int.
Ed. 2005, 44, 4046. (g) Zaitsev, V. G.; Daugulis, O. J. Am. Chem. Soc.
2005, 127, 4156. (h) Boele, M. D. K.; van Strijdonck, G. P. F.; de Vries,
A. H. M.; Kamer, P. C. J.; de Vries, J. G.; van Leeuwen, P. W. N. M.

J. Am. Chem. Soc. 2002, 124, 1586. (i) Tremont, S. J.; Rahman, H. U.
J. Am. Chem. Soc. 1984, 106, 5759. (j) Horino, H.; Inoue, N. J. Org. Chem.
1981, 46, 4416. (k) A recent example of Rh-catalyzed ortho-C-H bond
vinylation of simple anilides was also reported: Patureaum, F. W.; Glorius,
F. J. Am. Chem. Soc. 2010, 132, 9982.

(12) (a) Lebel, H.; Huard, K. Org. Lett. 2007, 9, 639. (b) Lebel, H.; Huard, K.;
Lectard, S. J. Am. Chem. Soc. 2005, 127, 14198.

(13) Greene’s ProtectiVe Groups in Organic Synthesis, 4th ed.; Wuts, P. G. M.,
Greene, T. W., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, 2007; pp
706-732. (a) The N-pivalyl group can be selectively deprotected by reflux
in MeOH with conc. HCl: Phipps, R. J.; Gaunt, M. J. Science 2009, 323,
1593. Selective deprotection of the ethoxy carbonyl group of the carbamate
function can be achieved using an alcoholic solution of NaOH at room
temperature. The N-Troc group can be selectively deprotected by zinc dust
in THF/H2O at room temperature.

(14) Xiao, B.; Fu, Y.; Xu, J.; Gong, T.-J.; Dai, J.-J.; Yi, J.; Liu, L. J. Am. Chem.
Soc. 2010, 132, 468.

(15) Since both of the carbamate groups in the monoamidated products should
be able to direct further amidation to the arene ring, formation of
diamidation products should be possible. However, we did not observe
formation of any diamidation products under our experimental conditions.
Probably, the monoamidated products are less reactive for further palladation
than the substrate anilides. Moreover, employing only 1.2 equiv of the
N-nosyloxycarbamate would limit the chance for diamidation reactions.

(16) Intermolecular primary KIE (kH/kD) values of 2-5 have been reported for
Pd-catalyzed ortho-C-H activation of arenes. For selected examples, see:
(a) Stowers, K. J.; Sanford, M. S. Org. Lett. 2009, 11, 4584. (b) Desai,
L. V.; Stowers, K. J.; Sanford, M. S. J. Am. Chem. Soc. 2008, 130, 13285.
Also see ref 11f, g, and 18a.

(17) For the synthesis of 1a-Pd, see Supporting Information for experimental
details.

(18) Sanford and Ritter also observed a similar dependence on the exogenous
free ligand for the stoichiometric C-H functionalizations; see: (a) Powers,
D. C.; Geibel, M. A. L.; Klein, J. E. M. N.; Ritter, T. J. Am. Chem. Soc.
2009, 131, 17050. (b) Kalyani, D.; Deprez, N. R.; Desai, L. V.; Sanford,
M. S. J. Am. Chem. Soc. 2005, 127, 7330.

(19) Ascorbic acid was found to suppress the amidation reaction in a dose-
dependent manner; see Supporting Information for details. Yet, ascorbic
acid may affect the catalytic turnovers by its reducing properties.

(20) (a) Fioravanti, S.; Morreale, A.; Pellacani, L.; Tardella, P. A. Eur. J. Org.
Chem. 2003, 4549. (b) Barani, M.; Fioravanti, S.; Lereto, M. A.; Pellacani,
L.; Tardella, P. A. Tetrahedron 1994, 50, 3829. (c) Lwowski, W.; Maricich,
T. J. J. Am. Chem. Soc. 1965, 87, 3630.

(21) Analogous to nitrene, carbenes are known to undergo insertion to a Pd-C
bond probably via Pd-carbene; for examples, see: (a) Jellema, E.; Jongerius,
A. L.; Reek, J. N. H.; de Bruin, B. Chem. Soc. ReV. 2010, 39, 1706. (b)
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