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The carbazole structural unit occurs in a large number of
natural products that show interesting biological activity.[1] In
addition, the carbazole moiety has also found application as
a building block in materials science.[2] Although different
valuable approaches to carbazoles have appeared,[1, 3] owing
to the importance of this substance class there is still demand
for novel synthetic methods for its preparation. Some
methods require the use of transition metals (TM). However,
for biological studies, TMs have to be carefully removed from
the final product. Also in the field of materials science, TM
impurities might influence the physical properties of the
targeted material. We therefore regard the development of
transition-metal-free protocols for preparation of carbazoles
as important.

In Scheme 1 different approaches for the construction of
the carbazole core are depicted. C�N bond formation has
been successfully used for the preparation of carbazoles[4] and

C�C bond formation in diarylamines by means of TM-
catalyzed C�H activation provides access to these important
heterocycles.[5] Anionic or cationic cyclization through C�N
bond formation also leads to the title compounds.[6] Intra-
molecular C�H insertion in biarylnitrenes is an alternative
approach towards carbazoles[7] and also radical chemistry has

been successfully used for their synthesis.[8] In all these
methods the key step comprises the formation of a C�C or a
C�N bond starting with an appropriately functionalized biaryl
or diarylamine. In terms of synthetic flexibility, in particular
for the synthesis of compound libraries, a two-component
reaction where two bonds are sequentially formed would be
more appealing. Indeed, this has already been achieved using
TM-catalyzed cascades.[9] Herein we report unprecedented
transition-metal-free two-component reactions of arynes with
nitrosoarenes as a novel route to NH-carbazoles.[19]

Arynes have recently gained increased attention as
reactive intermediates in multicomponent cascade reac-
tions.[10, 11] As part of our ongoing studies on the development
of nitrosoarene chemistry,[12] we decided to study the reac-
tivity of arynes towards nitrosoarenes. Arynes can be
generated readily from the corresponding b-trimethylsilyltri-
flates.[13] We first investigated the reaction of benzyne derived
from 1 a with nitrosobenzene (2a ; Table 1).

With KF/[18]crown-6 in THF and 2.1 equiv of 1a at room
temperature (RT) we obtained carbazole 3a in 29% yield
(Table 1, entry 1). The yield improved upon switching to
dimethoxyethane (DME) as the solvent (Table 1, entry 2) but
the reaction was less efficient at lower temperatures (Table 1,
entries 3 and 4). Aryne generation with tetrabutylammonium
fluoride (TBAF) delivered a lower yield (Table 1, entry 5)
and a similar result was achieved when the reaction was
conducted in DME with CsF as the fluoride source (Table 1,
entry 6). The reaction was more efficient in acetonitrile
(Table 1, entry 7) and a further improvement was noted in
toluene in the presence of CsF/[18]crown-6 (Table 1, entry 8).
The mixed solvent system toluene/CH3CN turned out to be
less suitable (Table 1, entry 11) and 3 a was not formed in
dichloromethane or in toluene at higher temperature
(Table 1, entries 9 and 10). The best yield (65 %) was obtained
upon diluting the reaction mixture, increasing the amount of
1a in CH3CN at room temperature, and using CsF (Table 1,
entry 12). Further dilution led to a lower yield (Table 1,
entry 13) and increasing the amount of 1a did not alter
reaction outcome to a large extent (Table 1, entry 14). In
refluxing acetonitrile, product 3a underwent further reaction
with benzyne, and N-phenylcarbazole was isolated as side
product in 16% yield along with 3a (40% yield; Table 1,
entry 15). The yield was lower when crown ether was added
(Table 1, entry 16). Under optimized conditions (see Table 1,
entry 12) the scope and limitations of the novel carbazole
synthesis were studied.

Substituted nitrosoarenes were investigated keeping 1a as
the reaction partner. ortho Substitution was tolerated and the
methyl derivative 3b was isolated in 60% yield (Scheme 2).
Increasing the size of the ortho substituent by switching to Et,

Scheme 1. Different approaches towards carbazoles.
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iPr, and tBu derivatives led to slightly lower yields (3c,[14]

3d,[14] 3e). The highest yield in this series was obtained with o-
methoxy-substituted nitrosobenzene (3 f ; 62 %). As expected,
para substituents in the nitrososarenes were also tolerated
(see 3g, 3h). Note that an aryl bromide functionality, which
undergoes reaction in typical TM-mediated processes, was
stable under the applied conditions. Surprisingly, nitrosoar-
enes bearing electron-withdrawing substituents such as the
methoxycarbonyl or the nitro group at the para position did

not react with the aryne (not
shown). Reaction of 2,4-dimethyl-
nitrosobenzene with benzyne
afforded 3 i in 54% yield.[14]

We next addressed the regiose-
lectivity of the novel two-compo-
nent carbazole synthesis. Pleasingly,
m-bromo-substituted nitrosoben-
zene reacted to give 3 l in high
yield (80 %) and with complete
regioselectivity. Excellent regiose-
lectivity but reduced yield was ach-
ieved with the I-substituted nitro-
soarene (3k). The size of the sub-
stituent is important for obtaining
high regioselectivity. Lower or no
selectivity was achieved with m-
isopropyl-, m-methoxy-, and m-
methylnitrosobenzenes (3m/3m’,
3n/3n’, and 3o/3 o’).

We also tested the substrate
scope with respect to the aryne
component and found that reaction
of the symmetrical 4,5-dimethyl-
benzyne with nitrosobenzene and

with o-methylnitrosobenzene delivered the corresponding
carbazoles 3p and 3q each in 51% yield (Scheme 3). Similar
results were achieved with the indane derivative (3 s, 3t).
However, the electron-poorer 4,5-difluoroaryne reacted with
nitrosobenzene in significantly lower yield (3r). A challenge
in aryne chemistry is the control of the regioselectivity in the
reaction with unsymmetrically substituted arynes. Pleasingly,
3-triethylsilylbenzyne[15] reacted with PhNO and o-TolNO
with complete regiocontrol to provide the carbazoles 3 u and
3v. However, the corresponding benzyne bearing the smaller
methyl group reacted with poor selectivity (see 3w/3b and 3x/
3x’). 3-Methoxybenzyne, which is known to be transformed
with good to excellent regioselectivity in other processes,[16]

reacted with PhNO to give 3o’ with complete regiocontrol. As
expected, 4-substituted arynes did not show high regioselec-
tivity in the reaction with nitrosobenzene (see 3m/3 y and 3o/
3g).

These studies indicated that the yield of the cascade
reaction is influenced by the size of the ortho substituent and
by electronic effects exerted by substituents at the nitroso
component. Nitrosoarenes bearing p-electron-withdrawing
substituents (methoxycarbonyl- and nitro-substituted deriva-
tives) did not react. Since nitrosoarenes remained unchanged
in such cases, likely the first step of the cascade (cyclo-
addition, see mechanism below) fails.

Our suggested mechanism for the cascade is depicted in
Scheme 4. The intermediately generated aryne 4 first reacts
with the nitroso component in a [2+2]-cycloaddition to
provide the strained heterocycle 5. Cycloreversion leads to
the o-quinone derivative 6. There is precedence for such
cycloaddition/cycloreversion steps in aryne chemistry.[10c,d]

Intermediate 6 can then undergo an intramolecular electro-
philic aromatic substitution to give 7. It is obvious that for
systems bearing bulky meta substituents, cyclization occurs at

Table 1: Reaction of 1a with 2a under different conditions.

Entry Equiv 1a Solvent T [8C] F� source[a] Yield [%][b]

1 2.1 THF 20 KF/[18]crown-6 29
2 2.1 DME 20 KF/[18]crown-6 40
3 2.1 DME 0 KF/[18]crown-6 25
4 2.1 DME 4 KF/[18]crown-6 37
5 1.8 THF 20 TBAF (1m) 21
6 1.7 DME 20 CsF 23
7 1.7 CH3CN 20 CsF 35
8 1.7 toluene 20 CsF/[18]crown-6 42
9 1.7 CH2Cl2 20 CsF –
10 1.7 toluene 110 CsF –
11 1.7 toluene/CH3CN[c] 20 CsF 20
12 2.5 CH3CN (0.025m) 20 CsF 65
13 2.5 CH3CN (0.015m) 20 CsF 51
14 4.0 CH3CN (0.025m) 20 CsF 56
15 2.5 CH3CN (0.025m) 81 CsF 40[d]

16 4.0 CH3CN (0.025m) 20 CsF/[18]crown-6 49

[a] 2 equiv of fluoride source with respect to 1a was used. [b] Traces of N-phenylcarbazole were
identified by thin-layer chromatography in these reactions. [c] Ratio 3:1. [d] N-phenylcarbazole formed
as side product in 16% yield.

Scheme 2. Variation of the nitroso component.
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the sterical less demanding distal 3-position with respect to
the meta substituent. The C�O bond will be subsequently
cleaved by a nucleophile[17] to give 8, which upon protonation
eventually affords carbazole 3. The high regioselectivity
observed in the reaction with 3-triethylsilylbenzyne is set in
the initial [2+2]-cycloaddition. It is known that this aryne
reacts in cycloadditions with high selectivity for steric
reasons.[15] Therefore, the bulkier NPh substituent should be

oriented away from the triethylsilyl group such that the
smaller O substituent is placed next to the silyl group. This is
in agreement with the regiochemistry observed in the
formation of 3u and 3v. The same regioselectivity was
observed for reactions of the 3-methoxy- and 3-triethylsilyl-
benzyne with nitrosobenzene. These results further indicate
that the processes proceed by means of an initial cyclo-
addition step, since in ionic processes these two arynes should
lead to different regioisomers.[15] Moreover, the low selectiv-
ity achieved in the reaction with 4-substituted aryne precur-
sors (see 3m/3y) gives strong support that arynes occur as
intermediates.

We found that the reactivity of the proposed intermediate
8 is influenced by the countercation and the solvent. Whereas
for the CsF-mediated processes in CH3CN N-arylation by the
aryne is a minor side reaction (see above), this route becomes
the major pathway if Bu4N/Ph3SiF2 (TBAT) is used as the
fluoride source. Reaction of 1a (2.2 equiv) with nitrosoben-
zene in DME in the presence of TBAT (2.6 equiv) provided
N-phenylcarbazole 9a in 60% yield (see Scheme 4 and
Scheme 5).[18] In analogy, in situ generated benzyne was
transformed to the mono- and disubstituted N-phenylcarba-
zoles 9b–g in 51–76% yield and the N-arylcarbazole 9h
(50 %) was obtained by reaction of the corresponding sym-
metrically substituted aryne with nitrosobenzene.

In conclusion, we have reported a novel method for the
synthesis of carbazoles. Nitrosoarenes and in situ generated
arynes react in the absence of any transition metal to provide
the corresponding carbazoles. The substrate scope is broad
and reactions occur under mild conditions (room temper-
ature). Depending on the fluoride source and the solvent,
either NH-carbazoles (for CsF in CH3CN) or N-arylated
carbazoles (for TBAT in DME) are obtained. In these
cascades, a C�C bond along with one or two C�N bonds are
formed. The two-component approach presented is well
suited for the preparation of carbazole libraries.
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Scheme 3. Variation of the aryne component.

Scheme 4. Suggested mechanism.

Scheme 5. N-arylated carbazoles using the TBAT protocol.
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