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Visible-light-driven photochemical Cadogan-type cyclization has been discovered. The organic D-A type
photosensitizer 4CzIPN found to be an efficient mediator to transfer energy from photons to the transient
intermediate that breaks the barriers of deoxygenation in Cadogan reaction and enables a mild metal-
free access to carbazoles and related heterocycles. DFT calculation results indicate mildly endergonic

formation of the intermediate complex of nitrobiarenes and PPhs, which corresponds with experimental
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findings regarding reaction temperature. The robust synthetic capacity of the photoredox Cadogan
reaction systems has been demonstrated by the viable productivity of a broad range of carbazoles and
related N-heterocycles with good tolerance of various functionalities.
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Published by Elsevier B.V. All rights reserved.

Nitrogen-containing heterocycles are ubiquitous structural
units that appear in numerous naturally occurring products,
pharmaceuticals, and functional materials, among others. Repre-
sentatively, indoles and carbazoles are recognized as privileged
architectures in biologically active compounds [1] and organic
optoelectronic materials [2], respectively. Consequently, intensive
attention has been continuously drawing upon their synthetic
methodology [3].

While some traditional name reactions provide viable access to
these nitrogen heterocycles [4], in the last few decades, diverse
strategies such as radical couplings [5], nitrene insertion [6], and
transition-metal-catalyzed C-H amination [7] have been widely
exploited to bring about bond formation/N-heterocyclization.
Specifically, in qualitative complementary to the Sundberg method
[8] for carbazole/indole formation, Cadogan reaction [9] represents
an essential alternative for azacyclizations from stable and easily
accessible feedstock reagents and has widespread applications in
the preparation of carbazole-based functional materials
(Scheme 1a). The common Cadogan transformations utilize
stoichiometric amounts of phosphines at very high temperatures
(150—-220°C) [10]. Milder catalytic protocols (80—120 °C) based on
transition-metal catalysis have also been developed [11]. Intrigu-
ingly, Radosevich et al. recently designed a novel small-ring
phosphacycloalkane that, combined with hydrosilane as the
terminal electron acceptor, served as an efficient catalyst to
enable scalable Cadogan-type azacyclizations with both C—N and
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N—N bond formation [12]. Despite utilities, these methods still
suffer from certain restrictions such as the indispensable transition
metal catalysis, air-sensitive reagent, or thermal conditions at high
temperature; thereby the development of mild and user-friendly
strategies for the formation of carbazoles and related heterocycles
remains highly desirable.

Photoredox catalysis provides an attractive alternative ap-
proach for the valuable N-heterocycle synthesis [13], with yet few
reports on carbazole construction using sustainable visible light
[14]. With primary insight into photolysis heterocyclization of o-
azido compounds [15] and recent photoredox reductive couplings
[16], we speculate that photo-irradiation could activate the
proposed intermediate of Cadogan reaction in the rate-determin-
ing deoxygenation process [9c], and thereby break the thermody-
namic barriers inherent to the overall cyclization under mild
conditions (Scheme 1b). Moreover, the electronically opposite
properties of nitro biaryls and phosphines may lead to the
transient generation of photosensitive electron donor-acceptor
(EDA) complexes [17], thus probably averting the need for external
photosensitizer. With our recent effort on this subject, herein, we
describe the mild visible-light-mediated Cadogan reaction, which
unexpectedly could be dramatically enhanced by an organic
photocatalyst. Hence, the photoactivation process of the vital
deoxygenation process in this protocol has been discovered.

To commence our studies, we set up the Cadogan reaction by
choosing o-nitrobiphenyl (1a) as the model substrate to optimize
reaction conditions (Tables S1-S8 in Supporting information for
details) and key parameters of screening the photoredox Cadogan
reaction are shown in Table 1. The photochemical reaction of o-
nitrobiphenyl 1a was initially treated with stoichiometric
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Scheme 1. Carbazole formation via intramolecular reductive amination of
o-nitrobiphenyl.

triphenylphosphine (PPhs) in the absence of any photosensitizer or
other additive. Visible light stimulation upon this mixture with
blue LEDs led to the formation of carbazole 2 in 14% yield within
three days, with the majority of starting material and PPhs
recovered (Table 1, entry 1). In order to improve the efficiency of
this cyclization transformation, a pad of photocatalysts were
screened. Among them, Ir or Ru complexes (PC-1 to PC-3)

Table 1
Optimization of reaction conditions®

Photocatalyst (PC, 2.0 mol%)
PR3 (2.5 equiv.)

O 1,4-dioxane, Ar

NOz Light source, T°C, 72 h

1a

Chinese Chemical Letters Xxx (XXXX) XXX—XXX

enhanced the cyclization to afford product in modest yields
(Table 1, entries 2-4). Then, organophotocatalysts were used.
While Rose Bengal featured moderate catalytic activity (49% yield,
Table 1, entry 5), Eosin type photosensitizer gave a slightly
increased yield than the catalyst-free conditions (22% yield, Table 1,
entry 6). To our delight, the organic D-A type photosensitizer
4CzIPN was superior to others, furnishing the carbazole product in
excellent yield with full conversion of 1a (90% yield, Table 1, entry
7). After screening different light sources (Table 1, entries 8-12), no
desired product was detected when using orange LEDs or under the
dark conditions. Further, green LEDs and white LEDs could enable
this reaction, albeit in low yields. Notably, the reaction tempera-
ture dramatically affected the efficiency of reaction systems, where
mild thermal condition was required (50—60 °C) (Table 1, entries
13-14). Regarding phosphine reductants (Table 1, entries 15-17),
among others P(4-FCgH,4)3 gave a good result with 4CzIPN. Tris(4-
methoxyphenyl)phosphine [P(PMP);] and tricyclohexylphosphine
[P(Cy)s] featured moderate reactivities (Table S3 in Supporting
information for details). We also used PPhs in a catalytic amount
combined with stoichiometric PhSiHs (Table 1, entry 18), which
generated 2-phenylaniline as the major product.

With the catalytic capacity of 4CzIPN for the mild photo-
chemcial Cadogan cyclization, we next probed the substrate scope
of the current system. Generally, the 4CzIPN-based photochemical
system featured high reactivities to afford the carbazole products
in good to excellent yields (Scheme 2). A broad range of
functionalities attached at the o-nitrobiphenyl motif such as
methoxy (5), trifluoromethyl (6), halogen (7, 17), nitrile (8), acetyl

-O O

F
g
\N/ \N/I F.

OO

> \
Br Br
fac-Ir(ppy)s [Ir]PFg = [Ir(dF(CF3)ppy)2(dtbpy)IPFg Ru(bpy)sCla Rose Bengal EosinY 4CzIPN
PC-1 PC-2 PC-3 PC4 PC-5 PC-6
Entry PC (2.0 mol%) Light source (35W) T (°C) Phosphine (2.5 equiv.) Yield (%)°
1 - blue LEDs 55 PPh; 14
2 PC-1 blue LEDs 55 PPh; 32
3 PC-2 blue LEDs 55 PPhs 41
4 PC-3 blue LEDs 55 PPh; 39
5 PC-4 blue LEDs 55 PPh; 49
6 PC-5 blue LEDs 55 PPhs 22
7 PC-6 blue LEDs 55 PPh; 90 (87)
8 PC-6 green LEDs 55 PPhs 45
9 PC-6 orange LEDs 55 PPhs ND
10 PC-6 white LEDs 55 PPh; 31
11 PC-6 uv 55 PPh; 37
12 PC-6 - 55 PPhs ND
13 PC-6 blue LEDs 45 PPh3 57
14 PC-6 blue LEDs 60 PPh; 86
15 PC-6 blue LEDs 55 P(PMP)3 59
16 PC-6 blue LEDs 55 P(4-FCgH4)3 80
17 PC-6 blue LEDs 55 P(o-Tol)s trace
18¢ PC-6 blue LEDs 55 PPhs trace

@ Reaction conditions: 1a (0.2 mmol), PC (2 mol%), PPhs (2.5 equiv.), 1,4-dioxane (0.1 mol/L) under Ar for 72 h.
b Yield was determined by GC analysis of the crude reaction mixture using dodecane as the internal standard. Isolated yield was given in parentheses.

¢ Catalytic amounts of PPh; (20 mol%) combined with PhSiH5 (2.0 equiv.).
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Z i 4CzIPN (2 mol%)
P PPh, (2.5 equiv.) TR
- \ 7
1,4-dioxane, 55 °C, Ar N
NO, 35 W Blue LEDs H
N N N N
H H H H
2, 87% 3, 85% 4, 86% 5, 80%

74%°
76% (7.5 mmol

6, 66% 7, 89% 8 50% 9, 78%
Me
\
N~Me
CO,Me CHO
10, 85% 11, 78% 12, 64% 13, 43%
Me R
Q-
N N N N
H H A H H
14, 40% 15, 65%° 16, 69% 17, 85%°

Scheme 2. Substrate scope for carbazole formation. ¢ 10 mol% of photocatalyst was
used within 24 h. ® Major isomer (rr = 3:1 determined by GC). € On a 0.1 mmol scale.

(9,15), ester (10), amide (11), formyl (12), free hydroxymethyl (13),
and even alkenyl (14) were all smoothly accommodated (40%-89%
yields). Among them, the substrates with electron-deficient groups
generally found higher reactivity than those bearing electron-
donating substituents, which in turn required prolonged reaction
times. The model reaction on a gram-scale also proved highly
effective and full conversion was observed within 4 d by the using
two 35W blue LEDs (7.5 mmol scale, 76% yield). Notably, the
reaction could complete within 24h when increasing catalyst
loading to 10 mol%.

Moreover, 2-(2-nitrophenyl)naphthalene substrates found
generally high reactivities and exclusive regioseletivities
(Scheme 3). Hence, a number of benzo[a]carbazoles have been
accessed in good to excellent yields (60%-98% yields), tolerating a
pad of useful functional groups attached at the nitrophenyl moiety
(18-27). Additionally, 1-(2-nitrophenyl)naphthalene and 9-(2-
nitrophenyl)phenanthrene were successfully participated to afford
the corresponding benzo[c]carbazole (28) and dibenzola,c]

R
Cl . Y
X 4CzIPN (2 mol%) )
PPhs (2.5 equiv. 4

TN - 2 o) - =
R i \
T 1,4-dioxane, 55°C, Ar 9
NO, 35 W Blue LEDs H =/

18, 97% 19, 75% 20, 63% 21, 98%

24, 89% 25,60% 22, 94% 23,89%%

26, 84% 27,79% 28, 80%° 29, 62%

Scheme 3. Substrate scope for benzocarbazole formation.  On a 0.1 mmol scale.
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4CzIPN (2 mol%) X
PPh, (2.5 equiv.) S @
B =

B

|X

> 1,4-dioxane, 55 °C, Ar - N
BOs 35 W Blue LEDs H
X=CH, N A = (Het)Ar
~ =N N
N
O3 O O O
N N NT N N \ N
H H H = H
30, 81%4 31, 90% 32, 82% 33, 80%
S B s
O O CO5Y
N N N Q
H H H
34, 83% 35, 71% 36, 98%

Scheme 4. Substrate scope for azacarbazole formation. * Major isomer (rr=10:1
determined by GC).

R 4CzIPN (2 mol%) R
LR PPh, (2.5 equiv.) m
1.4-dioxane, 55 °C, Ar N R
NO; 35 W Blue LEDs
Me
o0 o~ O P O S
N N Q N N
H H H e} H te)
37, 13% 38, 21% 39, 80% 40, 62%
Br Cl
Ony 3 On 3.
\ \
N N
H © H ©O
41, 75% 42, 80%

Scheme 5. Substrate scope for indole formation.

carbazole (29), respectively. We also exploited aza-biheteroarene
substrates such as those with pyridinyl (30, 33-36), pyrimidinyl
(31), and quinolinyl (32) moieties (Scheme 4). All of them exhibited
good efficiency to furnish azacarbazole and azabenzocarbazole
products (71%-98% yields). In terms of o-nitrostyrene reactants
(37-42), they worked with effectiveness highly dependent on the
electron effect of substituents (Scheme 5). Among them, electron
withdrawing acyl groups (enones) delivered 2-acylindole products
with satisfactory conversions (39-42, 62%-80% yields). Majority of
reactants were recovered in the cases of substrates containing
cyclohexanene and stilbene moieties. We also tried to improve the
reactivity of these unactivated alkenes by modification of reaction
conditions including solvent, photocatalyst loading and reaction

4CzIPN (2 mol%)

“
IR PPh; (2.5 equiv. =\_R
Sy B 3 ( quiv.) - =(
1,4-dioxane, 55 °C, Ar \N'
NO, 35 W Blue LEDs

O,Me
2 O~ O~ Qﬁd
N N N N

43, 51%, 90%2

| N Q =
N N N

48, 71%2

44, 86% 45, 86%7 46, 88%7

47, 93% 49, 82%2 50, 84%4
Scheme 6. Substrate scope for pyrido[1,2-blindazole formation. ¢ On a 0.1 mmol

scale.
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(b) Kinetic isotope effect
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(c) Hammett plot
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Concentration (mol/L) competitive KIE: kyyfkp = 1.1 o,
(d) DFT calculation and mechanism
O "\ “energy transfer”
_____ 4 (w/ 4CzIPN) PPhy
R —
NG, J\
O=PPhy
PPhy

Blue LEDs
Int-1

(0.0 kcal/mol) (2.2 keal/mol)

TS-1
(24.7 kcal/mol)

(-29.4 kcal/mol)

Scheme 7. Mechanistic studies. (a) Stern-Volmer quenching of 1a or/and PPh; to 4CzIPN. (b) Kinetic isotope effect. (c) Hammett plot for carbazole formation, Equation:
y=1.075x - 0.032; R?=0.9489. (d) DFT calculations for the initial deoxygenation step and proposed photoactivating models.

time, but the yields of indoles 37 and 38 did not increase
significantly.

The robust nature of our photocatalytic systems for Cadogan
cyclization was further mirrored by the effective N—N bond
formation (Scheme 6). Thereby, some functionalized 2-(2-nitro-
phenyl)pyridines transformed to the corresponding pyrido[1, 2-b]
indazoles in high yields (43-48, 71%-90% yields), as well as 1-(2-
nitrophenyl)isoquinoline (49, 82% yield) and 2-(2-nitrophenyl)
quinoline (50, 84% yield). It is noted worth that there appears a
substantial reactivity enhancement with smaller reaction scales in
some cases that the starting materials did not convert completely
on a larger scale even altering the reaction conditions with higher
concentration.

With the established reactivities of our mild visible-light-
driven Cadogan cyclization, we were attracted to depict its
photoactivation model. To this end, some mechanistic experiments
were carried out. First, the fluorescence quenching experiments
disclosed that while both 2-nitrobiphenyl (1a) and PPhs displayed
Stern-Volmer quenching effect with Ksy to be 354 and 105,
respectively [18], the combination of them obviously enhanced
such effect upon the excited photocatalyst (Ksy = 670), suggesting
formation of a complex of 1a and PPhs and superior energy transfer
from the excited 4CzIPN to this complex (Scheme 7a) [19]. Then,
the independent and competition kinetic isotope effect (KIE) of
carbazole formation was found to be ky/kp = 1.0 and 1.1,
respectively, indicating a kinetically irrelevant C-H cleavage in
the photochemical Cadogan cyclization (Scheme 7b). This result is
in line with the nitrene insertion mechanism of traditional
Cadogan reaction. To evaluate the electronic effect of substrates
on the yield, we studied Hammett linear free energy relationship. A
plot of log(kx/ku) versus constant o, of C5 functional groups
attached at o-nitrobiphenyl (X =0Me, F, Cl, CF3) affords a good
linear fit (o = 1.075) in the present system. This result is in line with
linear free energy relationships obtained by Cadogan and
Radosevich (Scheme 7c) [12b].

Further, we did density functional theory (DFT) calculations to
support the proposed photoactivation model (Scheme 7d). First,
the electron-poor nitroarene 1a and the electron-rich PPh; interact
via a coulombic attraction with a P-O distance of 3.57 Aand a 7—m

interaction with a shortest ;r-stacking distance of approximately
3.44 A. This assembly leads to the formation of the atom transfer
complex Int-1. It is calculated to be endergonic by 2.2 kcal/mol,
which is much lower than the generation of the dioxazaphosphe-
tane intermediate from trialkyl phosphines including Radosevich’s
phosphacycloalkane [12b]. Hence, in our method, the energy
transfer from the excited 4CzIPN to Int-1 promotes it to its excited
state, which then undergoes oxygen transfer to give nitro-
sobiphenyl and P(O)Phs;. These results could explain why the
photocatalysis system work at mild thermal temperature but much
lower than traditional Cadogan cyclization. Moreover, the time-
dependent DFT (TM-DFT) calculation (Fig. S12 in Supporting
information) on the excited state of Int-1 assigned the Sy-to-S,
excitation with an excitation energy of 3.52 eV. This peak was
predicted to be 352 nm and mainly contributed by local excitation
(92%) involving the nitrobiphenyl 7 orbitals (HOMO-1 to LUMO).

In summary, we have developed a mild visible-light-induced
photoredox Cadogan cyclization for the synthesis of carbazoles and
related heterocycles using 4CzIPN as photosensitizer. Hence, the
photoacitivating action model based on energy transfer have been
discovered to display unique kinetic characteristics. The mild
photochemical protocol affords a scalable metal-free access to a
broad range of azaheterocycles including carbazoles, benzocarba-
zoles, azacarbazole, azabenzocarbazoles, and indoles bearing
various compatible functionalities. The versatile photoredox
systems have also been demonstrated viable for intramoculelar
reductive N—N couplings that enable a facile synthesis of
structurally significant pyrido[1,2-bJindazoles. These findings
may inspire other reactivity discovery of mild reductive amina-
tions.
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