
Visible Light-Mediated Ullmann-Type C−N Coupling Reactions of
Carbazole Derivatives and Aryl Iodides
Woo-Jin Yoo, Tatsuhiro Tsukamoto, and Shu ̅ Kobayashi*
Department of Chemistry, School of Science, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

*S Supporting Information

ABSTRACT: The combined use of an iridium-based photo-
catalyst and a copper salt under blue light emitting diode
irradiation enables the Ullmann-type C−N cross-coupling
reaction between carbazole derivatives and aryl iodides to
proceed under mild conditions.

Visible light-driven photoredox catalysis has emerged as a
powerful means to promote efficient organic trans-

formations under mild conditions.1 This is, in part, due to the
realization that photoredox active transition metals can mediate
single electron transfer (SET) processes of various organic
functional groups to generate reactive charged radical
intermediates. Moreover, it has been demonstrated that the
inclusion of photoredox catalysis into other types of catalytic
cycles can lead to new synthetic methodologies and improve the
reaction conditions of established organic transformations.2−4

Owing to the numerous examples of functionally important
nitrogen-containing organic compounds found in the pharma-
ceutical, agrochemical, and material sciences, the development of
efficient methods to construct carbon−nitrogen (C−N) bonds is
of paramount importance. As such, the palladium-catalyzed
Buchwald−Hartwig5 and the copper-catalyzed Ullmann-type6

coupling reaction between aryl halides and nitrogen-based
nucleophiles have been extensively studied. Although the original
report by Ullmann required the use of a stoichiometric amount of
copper under extremely harsh reaction conditions to effectively
form the C−N bond, the use of copper as a catalyst is
advantageous due to its lower cost and toxicity when compared
to palladium. Thus, considerable efforts have been made to
improve the Ullmann-type C−N coupling reaction and catalytic
protocols that permits the cross-coupling reaction to occur under
mild conditions have been developed. Recently, Fu and Peters
disclosed a series of copper-catalyzed protocols for the cross-
coupling reactions of various heteroatom nucleophiles with aryl
and alkyl halides under ultraviolet (UV) light irradiation
(Scheme 1, eq 1).7 Interestingly, they reported that the
copper-catalyzed cross-coupling reaction of indole and iodo-
benzene did not occur under visible light irradiation, even in the
presence of Ru(bpy)32PF6 as a photoredox catalyst.

7c However,
the combined use of visible light photoredox catalysis and
transition metal catalysis in cross-coupling reactions has recently
appeared. For instance, Doyle and MacMillan demonstrated a
productive merger between a nickel catalyst and a heteroleptic
iridium photocatalyst to effectively induce the decarboxylative
cross-coupling reaction of aryl and vinyl halides with alkyl
carboxylic acids.4e,k Similarly, Molander reported that alkyltri-
fluoroborates could undergo efficient transmetalation via

photoredox catalyst-mediated SET for the nickel-catalyzed
cross-coupling reaction with aryl halides.4c,d,j In addition, Lu
and Xiao found that a dual catalyst system comprising a nickel
catalyst and a ruthenium-based photoredox catalyst allowed for
an efficient carbon−phosphorus cross-coupling reaction.4a

Related to these redox-neutral cross-coupling reactions, we
recently reported a copper-catalyzed Chan−Lam coupling
reaction of aniline derivatives and aryl boronic acids under
visible light irradiation in air.4b Based on these examples, we
believed that it was possible to achieve the copper-catalyzed
Ullmann-type C−N coupling reaction under visible light
irradiation. Herein, we describe the productive merger between
copper catalysis and photoredox catalysis that enables the cross-
coupling reaction of aryl iodides and carbazole derivatives under
visible light irradiation (Scheme 1, eq 2).
The starting point of our optimization studies was based on Fu

and Peters’s previous conditions for the photoinduced C−N
Ullmann-type coupling reaction7c using carbazole (1a) and
iodobenzene (2a) as model substrates with Ir(ppy)3 as a
photoredox catalyst under white light emitting diode (LED)
irradiation (Table 1).
We initially screened various solvents (entries 1−3) and found

that DMSO provided 9-phenylcarbazole (3a) in a moderate
yield. Since oxygen gas can diminish the performance of a
photoredox catalyst,8 we carefully degassed the reaction mixture

Received: June 5, 2015
Published: July 7, 2015

Scheme 1. Light-Mediated, Copper-Catalyzed C−NUllmann-
Type Coupling Reactions

Letter

pubs.acs.org/OrgLett

© 2015 American Chemical Society 3640 DOI: 10.1021/acs.orglett.5b01645
Org. Lett. 2015, 17, 3640−3642



by the freeze−pump−thaw method and found that 3a could be
obtained in a good yield (entry 4). Next, we screened various
well-established polypyridyl metal complexes as photoredox
catalysts and could not find a suitable replacement for Ir(ppy)3
(entries 5−9). In addition, no improvement was observed when
factors, such as the copper source, ligands, and bases, were
examined.9 However, when the reactionmixture was subjected to
blue LED irradiation, a slight improvement in the yield of 3a was
observed (entry 10). In addition, we found that the amount of
iodobenzene (2a) could be reduced to 1.1 equiv without
affecting the yield (entry 11). Finally, control studies were
performed, and it was found that some of the expected C−N
cross-coupled product 3a was observed with blue LED
irradiation in the absence of Ir(ppy)3 (entry 12), while the
absence of blue LED irradiation prevented the copper-catalyzed
cross-coupling reaction from occurring (entry 13).
Next, we investigated the substrate scope of the photoinduced,

copper-catalyzed C−N Ullmann-type coupling reactions with
various carbazole derivatives (1a−f) and aryl iodides (2a−m)
(Scheme 2). When various 4-substituted aryl iodides 2b−e were
examined, it was found that the yields of the desired carbazole
derivatives 3b−e were generally lower than that of the model
reaction. In particular, aryl iodides bearing sensitive functional
groups, such as carbonyl, nitrile, and hydroxyl moieties failed to
provide the desired products in synthetically useful yields.9 The
substitution pattern of the aryl moiety was examined using 3- and
2-iodotoluenes 2f−g as substrates, and it was found that no
significant difference in the yields of the corresponding carbazole
products 3f−g was observed. Furthermore, various nitrogen-
containing heteroaromatic iodides 2i−m were examined and
modest to excellent yields of carbazoles bearing heteroaromatic
moieties 3i−m were obtained. Finally, various 3- and 1-
substituted carbazoles 1b−f were tested as nucleophiles for the
photoinduced, copper-catalyzed C−N Ullmann-type cross-

coupling reaction, but in all cases, the yields of the desired
products 3n−r were lower than the model reaction.
A plausible reaction mechanism to account for the dual

catalytic system needed to facilitate the room temperature C−N
Ullmann-type reaction of carbazole derivatives and aryl iodides
under visible light irradiation is described in Scheme 3. Initially,

we assume that copper iodide could form copper(I) amide
complex B in the presence of carbazole (1a) under strong basic
conditions. Concurrently, a blue LED-induced metal-to-ligand
charge transfer (MLCT) of Ir(ppy)3 would lead to the formation
of photoexcited complex I, and this transient iridium polypyridyl
complex I could be quenched by B to afford excited copper
carbazolide C and the ground state Ir(ppy)3. Next, iodobenzene
(2a) could experience a SET from the excited copper complex C
to generate its corresponding radical anion 2a′. Disproportiona-
tion of 2a′ would result in the formation of an aryl radical, which

Table 1. Screening of Reaction Conditionsa

entry photocatalyst solvent yield (%)b

1 Ir(ppy)3 MeCN 8
2 Ir(ppy)3 DMF 41
3 Ir(ppy)3 DMSO 67
4c Ir(ppy)3 DMSO 72
5c Ir(dFppy)3 DMSO 41
6c Ir(ppy)2(dtbbpy)PF6 DMSO N.D.
7c Ir[dF(CF3)ppy]2(dtbbpy)PF6 DMSO 14
8c Ru(dtbbpy)32PF6 DMSO 22
9c Ru(bpz)32PF6 DMSO N.D.
10c,d Ir(ppy)3 DMSO 80
11c,d,e Ir(ppy)3 DMSO 79
12c,d,e DMSO 39
13c,e,f DMSO N.D.

aReaction conditions: 1a (0.25 mmol), 2a (0.38 mmol), CuI (0.025
mmol, 10 mol %), photocatalyst (0.005 mmol, 2 mol %), LiOtBu (0.38
mmol), solvent (1.0 mL) for 18 h under an atmosphere of Ar and
white LED irradiation. bYield based on 1a and determined by 1H
NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard.
cReaction mixture was degassed via freeze−pump−thaw method.
dIrradiation with blue LED. eUsing 1.1 equiv of 2a (0.28 mmol). fIn
the absence of light.

Scheme 2. Substrate Scopea

aReaction conditions: 1a−f (0.50 mmol), 2a−m (0.55 mmol), CuI
(0.050 mmol, 10 mol %), Ir(ppy)3 (0.01 mmol, 2 mol %), LiOtBu
(0.75 mmol), DMSO (2.0 mL degassed via freeze−pump−thaw
method) for 18 h under an atmosphere of Ar and blue LED
irradiation. Yield based on 1a−f and determined by weight of 3a−r.

Scheme 3. Proposed Mechanism
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could react with copper(II) amide D to produce 9-phenyl-
carbazole (3a) and close the copper catalysis cycle.10 An
alternative mechanistic proposal based on a single-electron
oxidation of A or reduction of 2a by photoexcited Ir(ppy)3*
could be used to rationalize the effect of Ir(ppy)3 for the
photoinduced, copper-catalyzed C−N Ullmann-type coupling
reaction. However, Ir(ppy)3* may not be a sufficiently strong
enough oxidant (E1/2*

III/II = −0.3 V vs Fc/Fc+)11 to oxidize the
copper amide complexes, and emission quenching experiments
revealed that 2a does not quench Ir(ppy)3*.

12

In summary, we have demonstrated that copper catalysis and
visible light photoredox catalysis can work in concert to facilitate
the C−N Ullmann-type cross-coupling reactions between
carbazole derivatives and aryl iodides under mild reaction
conditions. Further investigations into expanding the scope and
understanding the mechanism are ongoing.
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