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Multi C@H Functionalization Reactions of Carbazole Heterocycles
via Gold-Catalyzed Carbene Transfer Reactions

Sripati Jana,[a] Claire Empel,[a, b] Thanh Vinh Nguyen,*[b] and Rene M. Koenigs*[a, b]

Abstract: Herein we describe a multiple C@H functionali-

zation reaction of carbazole heterocycles with diazoal-
kanes. We show that gold catalysts play a distinct role in

enabling a multiple C@H functionalization reaction to in-
troduce up to six carbene fragments onto molecules con-

taining multiple carbazole units or to link multiple carba-

zole units into a single molecule. A one-pot stepwise ap-
proach enables the introduction of two different carbene

fragments to allow orthogonal deprotection and straight-
forward derivatization.

C@H functionalization reactions are a facile strategy to directly

introduce new functional groups onto organic frameworks
without the need for specific pre-functionalization of the sub-

strate molecule.[1–3] In this context, the use of metal-catalyzed
carbene transfer reactions for C@H functionalization has

emerged as an important strategy to construct new C@C
bonds.[2] The reactivity and site-selectivity of the C@H function-

alization reaction can be typically controlled by the choice of
catalyst. Previous reports using precious metal catalysts such

as RhII,[3] AuI,[4] PdII,[5] or others[6] have demonstrated the poten-

tial of this approach in the single functionalization of discrete
C@H bonds (Scheme 1 a). To the best of our knowledge, the

functionalization of multiple C@H bonds, in a highly site-selec-
tive and controlled stepwise manner, has been studied only to

a very limited extent. In this context, the Davies group report-
ed on the double C@H functionalization of 1,5-cyclooctadiene

to access a new chiral family of COD ligands (Scheme 1 b).[7]

Based on our previous studies,[8, 9] we hypothesized that
double benzannellated heterocycles could undergo multiple
consecutive site-selective C@H functionalization reactions.[7, 8a]

In this context, the carbazole heterocycle is particularly suited
due to its two flanking benzenoid rings that can be subjected
to C@H functionalization.[7] Moreover, the carbazole framework

finds regular applications in materials’ chemistry[10] and
drugs[11] and thus methods to introduce multiple functional

groups in a streamlined fashion are demanded for further ap-
plications, such as the development of photoluminescent ma-

terials. In general, the C@H functionalization of electron-rich

arenes (Scheme 1 a), a class of compounds which carbazole be-
longs to, can occur in different positions and thus a chemose-

lective C@H functionalization is key to further address the chal-
lenge of multi C@H functionalization reactions. Recently, we

have uncovered a highly selective C@H functionalization reac-
tion of unprotected carbazoles using a AuI catalysts featuring

Scheme 1. Mono and multi C@H functionalization reactions.
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high reactivity and reaction times of less than 15 minutes.[7, 12]

We believe that the efficiency and rapid catalyst turnover of

AuI complexes were the key to achieve both site-selectivity
and reactivity in those reactions. Thus, such catalytic system

can potentially also address the synthetic challenge of multi
C@H functionalization reaction (Scheme 1 c).

We set out our investigations by first identifying a suitable
catalyst to conduct multiple C@H functionalization reactions of

N-methyl carbazole 1 a with an excess of the diazoalkane re-

agent 2 a. Among the pool of organometallic complexes we
examined, catalysts based on PdII, RhII or CuI unsurprisingly
provided only non-detectable to minor amounts of the double
C@H functionalization product (Table 1, entries 1–4). Gratifying-

ly, we were met with initial success when testing AuI NHC com-
plexes for the reaction (Table 1, entries 5 and 6). These cata-

lysts led to the formation of the double C@H functionalized 4 a
as the major reaction product, though only in moderate yield
and with a substantial amount of the undesired monofunction-

alized product 3 a. These results encouraged us to examine dif-

ferent mono- and bidentate phosphine ligands for the AuI cat-
alyst. Among all phosphines tested, notable results were ob-

tained using XPhos (Table 1, entry 7), which gave a good yield
and a good selectivity towards the double functionalization

product. However, the best results were achieved by using an
AuI complex with phosphite-derived ligand (L1) in diluted reac-

tion mixture and a reaction time of 3 hours (Table 1, entry 15).
Further investigations, regarding the counteranion,[13] solvent
and reaction stoichiometry, did not improve the reaction out-

comes (for details, please see Table S1 in the ESI).
Having established the optimal conditions to selectively in-

troduce two carbene fragments onto N-methyl carbazole 1 a,
we decided to explore the scope of this reaction with different
carbazole heterocycles. N-alkyl carbazoles (1 a–g) delivered the
corresponding double C@H functionalized products (4 a–g) in

good to high yields. 9-(2-Methylallyl)-9H-carbazole 1 f gave the
product 4 f in decreased yield. N-aryl carbazoles (1 h–k) under-
went a similar double functionalization reaction and the corre-

sponding products (4 h–k) were isolated in good to high
yields. No by-product formation arising from C@H functionali-

zation of the N-phenyl group was detected for 4 h or its ana-
logues (4 i–4 k). This is a surprising observation and might be

related to the aromatic character of the carbazole that decreas-

es the nucleophilicity of the N-phenyl group.
To probe the general feasibility of multi C@H functionaliza-

tion of three different aromatic rings, we studied the reaction

Table 1. Reaction optimization.

#[a] Catalyst Additive Yield [%] (3 a/4 a)[d]

1 Pd(OAc)2 PPh3 11/n.d.
2 Rh2(OAc)4 – 51/17
3 Rh2(esp)2 – 42/26
4 CuPF6(MeCN)4 2,2’-bipyridine 19/n.d.
5 (IPr)AuCl AgSbF6 16/46
6 (IMes)AuCl AgSbF6 10/49
7 (XPhos)AuCl AgSbF6 8/69[e]

8 (tBu-XPhos)AuCl AgSbF6 23/50
9 (JohnPhos)AuCl AgSbF6 13/61
10 (tBu3P)AuNTf2 – 42/16
11 dppf(AuCl)2 AgSbF6 41/31
12 (L1)AuCl AgSbF6 <5/76[e]

13 (L1)AuCl AgBF4 7/ 32
14 (L1)AuCl AgPF6 17/ 44
15[b] (L1)AuCl AgSbF6 <5/84[e]

16[c] (L1)AuCl AgSbF6 <5/67[e]

[a] Reaction conditions: 0.2 mmol 1 a, 5 mol % catalysts, 6.0 mol % addi-
tive were dissolved in 1.5 mL dry CH2Cl2. 2 a (0.8 mmol, 4.0 equiv) was dis-
solved in 0.5 mL of dry CH2Cl2 and added to the reaction mixture over
60 min. The reaction mixture was stirred for an additional 2 h at RT under
argon. [b] 4 mL of dry CH2Cl2 was used. [c] With 1.6 mol % catalyst,
2.0 mol % additive on 0.6 mmol scale in 4.5 mL CH2Cl2. [d] Yield deter-
mined by 1H NMR integration, 0.2 mmol mesitylene was used as an inter-
nal standard; n.d. = not detected. [e] Yield of isolated product. L1 =

tris(2,4-di-tert-butylphenyl)phosphite.
Scheme 2. Double C@H functionalization reactions of carbazole and reaction
with triphenyl amine. Isolated yields are shown.

Chem. Eur. J. 2021, 27, 2628 – 2632 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH2629

Chemistry—A European Journal
Communication
doi.org/10.1002/chem.202004724

http://www.chemeurj.org


of triphenylamine with different stoichiometries of methyl phe-
nyldiazoacetate 2 a. Interestingly, by only employing different

stoichiometry, we could observe smooth mono (5 a), double
(5 b), or triple (5 c) C@H functionalization of triphenylamine

under otherwise identical reaction conditions (Scheme 2).
These results are clear evidence for the applicability of our

newly developed protocol to multi C@H functionalization of
electron-rich arenes in a highly selective and controlled

manner.

In additional experiments, we probed a stepwise protocol
(Scheme 3 a) to functionalize C@H bonds with different car-

benes in one pot. For this purpose, methyl phenyldiazoacetate
2 a was added over 30 minutes to a mixture of carbazole 1 a
and catalyst, let reacted for 30 minutes before the subsequent
addition of a tert-butyl phenyldiazoacetate 2 b over another
30 minutes. This approach gave the double functionalized car-

bazole 4 l bearing two orthogonally protected ester groups in
comparable yield as in the case of the direct double functional-

ization with a single diazoalkane (Scheme 2, 4 a). In a similar
fashion, N-phenyl carbazole could be decorated with two dif-

ferent diazoalkanes and the product 4 m was obtained in high
yield. This strategy thus enables to selectively introduce two

new functional groups onto the carbazole scaffold with high
selectivity and efficiency, further enhancing the applicability of

our protocol.
To further explore this concept, we subsequently investigat-

ed the C@H functionalization reaction of molecules containing
multiple carbazole moieties (Scheme 3 b). Three carbene frag-

ments could be transferred onto a 3,9’-bicarbazole—one onto

each reactive C@H bond of the carbazole skeleton frame-
work—affording 6 in relatively high yield. When introducing

different aromatic linkers between different carbazole units, C@
H functionalization occurred in all activated positions of each

carbazole unit. Arene-linked dicarbazoles readily underwent
four-fold C@H functionalization using 8.0 equivalents of methyl

phenyldiazoacetate 2 a to give 7, 8, and 9 in excellent yields

for such type of transformations. When studying the terphen-
yl-linked tricarbazole and 10.0 equivalents of methyl phenyldia-

zoacetate 2 a, even a six-fold C@H functionalization reaction
could be achieved to provide 10 in a pleasing yield of 63 %.

Scheme 3. Stepwise protocol for the introduction of two different carbenes and multi C@H functionalization. Isolated yields are shown.
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An important point to be noted here is that all of these reac-
tions in Scheme 3 were conducted using 5 mol % of the AuI

catalyst and reaction times of only 3 hours.

After establishing conditions to introduce multiple carbene
fragments onto one carbazole unit, we next aimed at demon-

strating the connection of multiple carbazole units (Scheme 4)
by gold-catalyzed carbene transfer reactions of bis-diazoalkane

11. This reagent should ideally serve as a dual carbene linchpin
reagent and allow the linkage of two identical fragments on

both carbene units. We thus investigated the reaction of 1.0

equivalent of the linchpin reagent 11 with an excess of N-
methyl carbazole 1 a, yet only an unidentifiable mixture of

products was obtained, which can be rationalized by uncon-
trolled polymerization reactions. To prevent the polymerization

of both reaction partners, the linchpin reagent 11 was then
slowly added via syringe pump over one hour, which then

gave access to the dicarbazole 12 in good yield (Scheme 4).

Relevant to this type of linchpin reactivity, when we switched
from methyl phenyldiazoacetate 2 a to (1-diazo-2,2,2-trifluoroe-

thyl)benzene (13) in reaction with N-methyl carbazole 1 a, we
observed a surprising reaction. Compound 13 unexpectedly
underwent a double C@H functionalization reaction with two
carbazole molecules to give the short-linked compound 14 in
good yields. This fluorinated diazoalkane thus acts as an equiv-

alent of bis-diazoalkane 11 in the role of a linchpin reagent to
link two carbazole molecules into one framework, though pre-
sumably via a different mechanism. We hypothesized that this
reaction occurred via formation of a benzylic cation intermedi-
ate (15), followed by a Friedel–Crafts type electrophilic substi-
tution reaction to a second carbazole molecule. Compound 15
can also be transformed into 14 via an electrophilic coupling
reaction with a gold alkyl complex intermediate (15’). The for-
mation of 15 or 15’ has been documented in literature
before.[14]

In summary, we report on the multi C@H functionalization

reaction of aryldiazoacetates with carbazole heterocycles.
While typical carbene transfer catalysts give only diminutive

amounts of the multi-functionalization product, it was shown
that gold catalyst exhibits a distinct role in this reaction and

enables the introduction of up to six carbene fragments onto

(poly)carbazole frameworks. The application of linchpin re-
agents, bearing two carbene precursors, allows the linkage of

two carbazole fragments and opens up new pathways toward
polycarbazoles via C@H functionalization of simple and readily

accessible building blocks.
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