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ABSTRACT

A Pd-catalyzed oxidative C�H amination of N-Ts-2-arylanilines under ambient temperature using Oxone as an inexpensive, safe, and easy-to-
handle oxidant has been developed. This process represents a green and practical method for the facile construction of carbazoles with a broad
substrate scope and wide functional group tolerance.

Carbazoles have attracted considerable attention in
biological and material sciences as a ubiquitous structural
motif with wide-ranging physiological and photophysical
properties.1,2 Thus, a number of synthetic strategies
have been reported for the construction of these privi-
leged molecular entities. Among the repertoire of syn-
thetic methods, transition-metal-catalyzed C�C or

C�N bond forming reactions are the most powerful
and attractive considering that the starting material
could be easily prepared with synthetic convergency
and practicality (Scheme 1).

C�H bond functionalization has emerged as an effi-
cient, atom-economical, and eco-friendly process with
widespread applications and industrial potential.3,4 In-
deed, powerful variants of pathways (a)5 and (b)6 in
Scheme 1 have been demonstrated where C�H bond

Scheme 1. Carbazole Synthesis via C�C or C�N Bond For-
mation
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activationwas followed by subsequentC�C (Scheme 1c)7 or
C�N (Scheme 1d)8 bond formation to afford carbazoles.9

Recently, we reported a Pd-catalyzed domino reaction
ofN-Ts-2-arylanilines with activated olefins that involved
a directed C�H activation, C�C bond formation, and
intramolecular conjugate addition reaction to generate di-
hydrophenanthridines in good to excellent yields (Scheme
2, routeB).10 In this process, reactions proceeded smoothly
at room temperature via C�H activation followed by oxi-
dative C�C bond formation at the C20-position. Inspired
by this finding,we reasoned that a carefully chosenoxidant
would promote the oxidation of palladacycle A followed
by reductive elimination of the so-obtained PdIV species
(B) with concomitant C�Nbond formation,11 leading to a
carbazole product (Scheme 2, route A). Although an
analogous reaction using 2-arylanilines bearing a N-elec-
tron-withdrawing group (e.g., R = Ac, Scheme 1d) has
been demonstrated by Buchwald and co-workers, the
elevated temperature with the prolonged reaction time
reported therein may present limitations to the substrate

scope and practicality.8a,b Furthermore, a Pd0/PdII process12

has been put forward to account for the electronic influence
of the substrates examined.8a,b In contrast, Gaunt and co-
workers had demonstrated a related process that operates
at ambient temperature through a PdII/PdIV catalytic cycle
with 2-arylanilines bearing an electron-donating group
(e.g., R = Bn, Scheme 1d),8d though the costly use of
PhI(OAc)2 as the oxidant may appear less attractive
together with stoichiometric formation of a toxic bypro-
duct, i.e., PhI.While significant progress has been made in
transition-metal-catalyzed C�H amination by several
leading research groups,13�15 practical synthetic methods
for the construction of the carbazole system via catalytic
C�H amination using environmentally benign and inex-
pensive oxidants under mild conditions are yet to be
realized. In view of the prevalence of the carbazole motif
in bioactive alkaloids and electronic materials, such a
synthetic method is particularly valuable. Here, we report
a Pd-catalyzed intramolecular oxidative C�H amination
of N-Ts-2-arylanilines that involves a directed C�H acti-
vation followed by a subsequent C�Nbond formation via
a PdII/PdIV process (R = Ts in Scheme 1d and route A in
Scheme 2), leading to carbazoles as valuable chemical enti-
ties. In particular, the reaction conditions described herein
significantly improved the efficiency and practicality of
carbazole formation through the use of Oxone as an envi-
ronmentally benign, nontoxic, easy-to-handle, and inex-
pensive oxidant, under mild conditions, to promote the
formation of PdIV species followed by C�N bond

Scheme 2. Pd-Catalyzed Synthesis of N-Heterocycles from
2-Arylanilines through C�H Activation at the C20-Position
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construction via reductive elimination.16 This protocol,
using sulfonamide derivatives as an electron-withdrawing
alternative, should prove complementary to Gaunt’s ear-
lier report.8d Last but not least, as we shall see, high
functional group tolerance in this newly developed process
is also highly noteworthy.
In light of our recent success in Pd-catalyzed domino

reactions of N-Ts-2-arylanilines with activated olefins,10

we began our studies on the proposed oxidative C�H
amination reaction usingN-Ts-2-phenylaniline (1a) as the
test substrate. Our studies revealed the inexpensive, safe,
and easy-to-handle Oxone as the oxidant of choice for this
transformation, and the pivalic acid (PivOH)17/DMF
cosolvent system proved the most ideal.18 Moreover, the
use of p-TsOH as an additive along with PivOH/DMF
further improved the reaction yield. Lastly, among all the
Pd complexes examined, Pd(OAc)2 was found to be the
most effective Pd catalyst for this reaction, and no reaction
occurred in the absence of Pd(OAc)2 even at a high
temperature (80 �C). This result is notable in view of the
recent report by Chang et al., where a hypervalent iodine-
(III)-mediated oxidative radical process at elevated tem-
perature promoted the formation of carbazoles from
sulfonamides under metal-free conditions.8e Inclusion of
TEMPO as an additive had no deleterious effect on the
efficiency of the carbazole formation, providing evidence
in support of a nonradical mechanistic pathway. Conti-
nuation of our reaction optimization ultimately secured
a reagent blend consisting of Pd(OAc)2 (5 mol %), Oxone
(1 equiv), and p-TsOH (0.5 equiv) in PivOH/DMF (1:3),
which operates at rt to afford N-Ts-carbazole 2a with an
impressive 98% yield (Scheme 3).

Before proceeding, a cursory survey of the effect of
N-protecting groups including sulfonyl (e.g., Ts, PhSO2,
Ms), acyl (e.g., Ac, Bz), carboalkoxy (e.g., Boc), and alkyl

(e.g., Me, Bn) reconfirmed the effectiveness of sulfonyl,
especially p-toluenesulfonyl (Ts), as the preferred group
for this reaction (Scheme 3).18 In sharp contrast to the
earlier reports,8 alkyl-protected amines led to a complex
reaction mixture and no reaction was observed with
anilides under our optimized conditions. These findings
also appear to be consistent with the fact that no reaction
took place using oxidants generally employed in the Pd0/PdII

catalytic pathway (Cu(OAc)2, benzoquinone, and AgOAc),
suggesting a mechanistic difference with the related C�H
amination of N-Ac-2-arylanilines reported by the Buchwald
group.8a�c The reaction in hand that operates in the presence
of strong oxidants (e.g., Oxone, PhI(OAc)2, K2S2O8) at
ambient temperature is in closer analogy with that developed
by theGaunt groupwith the nitrogen guarded by an electron-
donating group8d through the PdII/PdIV pathway.16

With the optimized reaction conditions in hand, we set
out to explore the substrate scope of this process by first
examining the substituent effect of the tosylamide bearing
an aromatic ring (Scheme 3, 2b�2f). Similar to our pre-
vious work,10 a subtle change in the acidity of the NH
moiety through the introduction of substituents including
Me, NO2, and CF3 at the C4- or C5-position had a
significant influence on the chemical reactivity, an obser-
vation that is in line with the protecting group effect
described earlier. As such, a delicately balanced acidity of
the NH group through the nitrogen protecting group and
the aryl substituent of the protected aniline is required to
achieve high efficiency for this reaction. A sterically hin-
dered substratewith a substituent at theC6-position required
more forcing conditions, giving product 2c in 74% yield.
The substituent effect of the 2-aryl moiety of substrate 1

was also explored (Scheme 4). In this context, both elec-
tron-donating and -withdrawing substituents were well
tolerated, with the exception of a substrate bearing a
strongly electron-withdrawing group (e.g., NO2) at the
C30-position, which required more forcing reaction

Scheme 3. Substituent Effect of the Aniline Moiety of 2-Phe-
nylanilines

aDetermined by 1H NMR. bDecomposed. c10 mol % Pd(OAc)2.
d80

�C. e40 �C. fWith nBu4NF in THF at reflux for 4 h.

Scheme 4. Substituent Effect of the 2-Aryl Moiety of N-Ts-2-
Arylanilines

a10 mol % Pd(OAc)2.
b80 �C. cWithout p-TsOH.

(16) For selected examples using Oxone as an oxidant for C�C or
C�O bond formations, see: Hull, K. L.; Lanni, E. L.; Sanford, M. S. J.
Am. Chem. Soc. 2006, 128, 14047 and ref 11f.

(17) For the effect of PivOH, see ref 7d and references therein.
(18) For details, see Supporting Information.
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conditions to afford product 2e with comparable yield.
Furthermore, while the reaction with the 20-OMe substi-
tuted substrate proceeded uneventfully at rt (2g, 72%
yield), the reaction of the 20-NHTs substituted substrate
required a higher catalyst loading (10 mol % Pd(OAc)2)
at an elevated temperature (80 �C) and the exclusion of
p-TsOHfromour standard conditions, to afford2k in 88%
yield. On the other hand, C30-substituted substrates
showed remarkable regioselectivity, leading to products
originating fromactivation of the less hinderedC�Hbond
(2h, 2m, 2p, and 2e, Scheme 4). This method also proved
useful in the preparation of carbazoleswith substitutionon
both aromatics rings, leading to products 2q�u in good
yields (Scheme 5). The functional group compatibility of
the developed reaction conditions is particularly note-
worthy, including but not limited to methoxy, halogen,
ketone, ester, amino, and nitro groups. Halogenated sub-
strates afforded products with the halogen substituents
remaining intact, where the formation of dehalogenated
products was not observed (3b, Scheme 3; 2l�n, Scheme 4;
2s, Scheme 5).

As a further demonstration of the developed method in
the construction of N-heterocycles, N,N0-bistosyl-2,200-
diamino-[1,10;30,100]terphenyl provided fused pentacyclic
indolo[2,3-b]carbazole 2v in good yield (Scheme 5).19a It
is also noteworthy that the vinylic C�H bond of N-Ts-2-

styrylaniline could engage in C�H amination to afford
2-substituted indole 2w (Scheme 5). The synthesis of two
naturallyoccurringcarbazoles, glycozoline19b (2q0, Scheme5),
and clausine C19c (2u0, Scheme 5), as well as 9H-carbazole
(2a0, Scheme 3), was achieved through deprotection of the
Ts group.
To gain insight into this reaction, we first performed

competition experiments with a series of 30-substituted
N-Ts-2-phenylanilines.18 This study revealed an electronic
dependence on variation of the substituent from electron-
donating to electron-withdrawing, an observation that is
consistent with the initial electrophilic cyclopalladation.
Further evidence in support of the electrophilic nature of
this process was made available through kinetic isotope
studies, where competition experiments demonstrated
modest but notable secondary intermolecular (kH/kD =
1.41) and intramolecular (kH/kD = 2.03) kinetic isotope
effects.18,20

In summary, we have developed an effective Pd-cata-
lyzed oxidative C�H amination of N-Ts-2-arylanilines
under ambient temperatureusingOxoneasan inexpensive,
safe, and easy-to-handle oxidant. This method offers a
straightforward access to a wide range of carbazoles, an
important structural motif in natural and designed com-
pounds with interesting biological and physical properties.
Equally noteworthy is the functional group tolerance of
the developed reaction, a feature that should permit
further transformation of the carbazole product and pro-
vide an entry to structurally diverse heterocycles. In viewof
the growing understanding of transition-metal-mediated
C�H activation/functionalization processes, the reaction
described herein showcased a reactivity profile that is
notably different to those previously reported.8 Further
investigations to expand the scope of this reaction are
currently underway in our laboratory.
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Scheme 5. Pd-Catalyzed C�H Amination for the Synthesis of
Various Substituted Carbazoles

a10 mol % Pd(OAc)2.
b40 �C. cWithout p-TsOH at 80 �C. dWith

nBu4NF in THF at reflux for 2.5 h.

(19) (a) Kn€olker, H.-J.; Reddy, K. R.Tetrahedron 2000, 56, 4733. (b)
Forke, R.; Krahl, M. P.; Krause, T.; Schlechtingen, G.; Kn€olker, H.-J.
Synlett 2007, 268. (c) Krahl,M. P.; J€ager, A.; Krause, T.; Kn€olker, H.-J.
Org.Biomol. Chem. 2006, 4, 3215.

(20) (a) Yip, K.-T.; Yang, D. Org. Lett. 2011, 13, 2134. (b) Seregin,
I. V.; Ryabova, V.; Gevorgyan, V. J. Am.Chem. Soc. 2007, 129, 7742. (c)
Chiong, H. A.; Daugulis, O. Org. Lett. 2007, 9, 1449. (d) Lane, B. S.;
Brown, M. A.; Sames, D. J. Am. Chem. Soc. 2005, 127, 8050. (e)
Campeau, L.-C.; Parisien, M.; Leblanc, M.; Fagnou, K. J. Am. Chem.
Soc. 2004, 126, 9186. (f) Hennessy, E. J.; Buchwald, S. L. J. Am. Chem.
Soc. 2003, 125, 12084.


