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Abstract: A photoredox-promoted approach for the synthesis of [1,4]diazepino[1,7-a]indol-6(7H)-ones
starting from N-indolyl phenylacrylamides and aroyl chlorides as radical source is reported. This method, that
involves a cascade radical addition on C� C double bond followed by intramolecular cyclization at indole C2-
position, affords two diastereomeric indole-fused 1,4-diazepinones characterized by a N� C(aryl) axial chirality
in yields ranging from 51 to 99%.
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Introduction

Polycyclic indoles have been recognized as privileged
heterocyclic frameworks due to their presence in
numerous bioactive natural alkaloids and synthetic
pharmaceuticals.[1] In particular, the fusion of the
indole core with a 1,4-diazepine ring has resulted in
the discovery of new potential pharmacological activ-
ities. For example, [1,4]diazepino[1,7-a]indole deriva-
tives display an high affinity for the serotonin 5-HT2C
receptors and possess anxiolytic activity in an in vivo
model,[2] while an indole-benzodiazepinone has been
proposed for the treatment of hepatitis C because of its
ability to inhibit RNA-dependent RNA polymerase
(NS5B).[3] Furthermore, related [1,4]diazepino[1,2-
a]indol-1-ones have shown remarkable anti-cancer
activity by inhibiting cyclin-dependent kinases
(CDKs)[4] or antiapoptotic myeloid cell leukemia-1
(Mcl-1) protein[5] (Figure 1).

Nevertheless, despite the intriguing pharmaceutical
potential of these scaffolds, efficient strategies for their
synthesis have scarcely been investigated, especially if
compared to related pyrrolo- and pyrido-[1,2-
a]indoles.[6] Examples of metal-promoted transforma-
tions include palladium-catalyzed processes such as an
intramolecular oxidative C� H coupling of N-substi-
tuted indoles[7] and an insertion/cyclization reaction of
o-indoloanilines with internal alkynes.[8] Indolo-fused
1,4-diazepines could also be prepared by a copper-
catalyzed one-pot reaction of substituted ethynylani-
lines, paraformaldehyde and o-bromobenzylamines,[9]
or by an intramolecular 7-endo-dig cyclization of N-
propargyl-indoles bearing a pyrazole at C2-position
under gold-catalysis.[10] Moreover, the synthesis of 5H-
benzo[2,3][1,4]diazepino[1,7-a]indol-6(7H)-one core
has recently been reported starting from o-indoloani-
lines under different reaction conditions. In particular,
C.-M. Sun and coworkers reacted these substrates with
diazocarbonyl compounds in a rhodium(III) catalyzed
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approach that proceeded through a selective C2-
alkylation and intramolecular amidation
(Scheme 1a).[11] C2-alkylation/amidation sequence was
also invoked in the work of P. Sun, in which
fluorinated derivatives were prepared under photo-
redox conditions from o-indoloanilines and ethyl-2-
bromo-2,2-difluoroacetate (Scheme 1b).[12] Considering
this background and the continuous interest of our
research group in the synthesis of polycyclic indoles,[13]
we envisioned that complex [1,4]diazepino[1,7-
a]indol-6(7H)-ones could be prepared by a cascade
radical addition on the C� C double bond of N-indolyl
phenylacrylamides, followed by cyclization at indole
C2-position (Scheme 1c). Cascade cyclizations to
afford benzazepine derivatives have been investigated
for acrylamide-tethered alkylidenecyclopropanes and
styrenes under transition metal[14] and photoredox
catalysis,[15] respectively, but any report on indole-
based substrates has never been described so far. To
verify our hypothesis, we selected acyl radical gen-
erated via photoredox catalysis from readily available
aroyl chlorides.[16] Photoredox catalysis represents in
fact a well-established tool to generate radicals under
exceeding mild and selective conditions,[17] and has
been recently applied for the synthesis of heterocyclic
structures via cascade cyclization that employed these
abundant, economic and commercially available sub-
strates as acyl radical precursor.[18]

Results and Discussion

At the beginning of our investigation, we selected N-
benzyl-N-(2-(3-methyl-1H-indol-1-
yl)phenyl)methacrylamide (1a) to verify the viability
of the radical cascade cyclization reaction with 4-
methylbenzoyl chloride (2a) as source of acyl radical.
By comparing the oxy-reduction potential of benzoyl
chloride[19] and a series of commercially available
photocatalysts,[20] we identified Eosin Y, Ru-
(bpy)3(PF6)2 and Ir(ppy)3 as potential suitable pro-
moters of our transformation. At first, the activity of
Eosin Y and Ru(bpy)3(PF6)2 was tested in the presence

Figure 1. Biological activities of some indole-fused 1,4-diaze-
pines.

Scheme 1. Reported methodologies for the synthesis of
[1,4]diazepino[1,7-a]indol-6(7H)-ones and objective of this
work.
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of 2 equivalents of 2a and of 2 equivalents of 2,6-
lutidine as a base, in acetonitrile as solvent. After 20 h
of irradiation at rt, we didn’t observe the formation of
any product with ruthenium catalyst, while Eosin Y
gave a 25% yield of two main compounds besides
other unidentified by-products (Table 1, entries 1–2).
We tested then Ir(ppy)3, using the same base and
solvent. Remarkably, in this case, the reaction pro-
ceeded well, and we were able to isolate and identify
the two main products as a couple of isomeric indole-
fused 1,4-diazepinones 3aa and 3aa’ in overall 91%
yield and with a ratio of 1.3:1 (Table 1, entry 3). The
structure of these compounds characterized by the
presence of a center of axial chirality on the indole
N� C(aryl) axis was confirmed by X-Ray analysis
(Figure 2). We next evaluated the role of the base by
changing 2,6-lutidine with a series of organic (Et3N,
DIPEA, Table 1, entries 4 and 5) and inorganic
(K2CO3, Na2HPO4, Table 1, entries 6 and 7) bases. In
any of these cases, we observed an improvement in

yields. Et3N gave a slightly worse yield than 2,6-
lutidine, while DIPEA inhibited the formation of the
products; similarly inorganic bases led to lower yields.

Table 1. Optimization of reaction conditions.[a]

Entry PC
(mol%)

Base Yield
[%][b]

3aa/3aa’[c]

1 Ru(bpy)3(PF6)2 (1) 2,6-lutidine – n.d.
2 Eosin Y (1) 2,6-lutidine 25 n.d.
3 Ir(ppy)3 (5) 2,6-lutidine 91 1.3:1
4 Ir(ppy)3 (5) Et3N 78 1.3:1
5 Ir(ppy)3 (5) DIPEA – n.d.
6 Ir(ppy)3 (5) K2CO3 44 1:1.3
7 Ir(ppy)3 (5) Na2HPO4 29 1:1.2
8[d] Ir(ppy)3 (5) 2,6-lutidine 61 4:1
9[e] Ir(ppy)3 (5) 2,6-lutidine 33 3.2:1
10 Ir(ppy)3 (1) 2,6-lutidine 88 1.3:1
11[f] Ir(ppy)3 (1) 2,6-lutidine – n.d.
[a] Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), photocatalyst (1–5 mol%), base (2.0 equiv.) in CH3CN (2 ml, 0.1 M) at rt
for 20 h under 40 W blue led irradiation (λmax=440 nm).

[b] Isolated yield.
[c] The ratio was calculated on pure isolated products.
[d] Reaction conducted in 1,2-DCE.
[e] Reaction conducted in DMF.
[f] Reaction conducted in the dark.

Figure 2. The molecular structure of 3aa (a) and 3aa’ (b)
compounds. Thermal ellipsoids are drawn at the 30% proba-
bility level and H atoms are shown as small spheres.
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We tested also different solvents, i. e., 1,2-DCE and
DMF but, also in this case, we got worse results than
in CH3CN (Table 1, entries 8 and 9). Finally, we
reduced the iridium catalyst loading (from 5 mol% to
1 mol%) and we were satisfied to observe a compara-
ble high yield in the formation of 3aa/3aa’ (Table 1,
entry 10), while in the absence of blue led irradiation
any product could be isolated at the end of the reaction
(Table 1, entry 11).

Having optimized conditions in hands, we eval-
uated the scope of the reaction with different aroyl
chlorides as radical sources and using two different
indoles precursors, i. e., N-benzyl-N-(2-(3-methyl-1H-
indol-1-yl)phenyl)methacrylamide (1a) and the corre-
sponding C3� H derivative 1b (Scheme 2). At the
outset, we verified the effect of a series of electron-
withdrawing and electron-donating groups at the para-
position of the aroyl moiety. In general, we observed

Scheme 2. Scope of the reaction using different aroyl chlorides or different indole derivatives. The red bold line highlights the
N� C(aryl) rotational axis.
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high yields in the formation of the products: simple
benzoyl chloride (2b) afforded 3ab/ab’ quantitatively,
while 4-methoxy (3ac/ac’) and 4-fluoro derivatives
(3ad/ad’) were isolated in 90% and 99% yields,
respectively. 4-Bromobenzoyl chloride (2e), instead,
led to a reduced 63% yield in the formation of 3ae/ae’.
The introduction of a methyl or of a chloro substituent
at the meta or ortho positions was also well tolerated.
Meta-substituted products 3ah/ah’ and 3ai/ai’ were
isolated in 65% and 64% yield, while 2-methyl and 2-
chlorobenzoyl chlorides afforded 3af/af’ and 3ag/ag’
in 75% and 62% yield. Finally, the reaction of bulky 1-
naphthoyl chloride (2 j) gave the corresponding cycli-
zation product 3aj/aj’ in a satisfactory 61% yield,
while 3ak/ak’ bearing a thiophenyl group was synthe-
sized in 61% yield by reacting 1a and thiophene-2-
carbonyl chloride (2k). In general, the diastereomeric
ratio was around 1:1. Not all the tested acyl chlorides
gave good results: 4-nitro and 4-cyano substituted
aroyl chlorides, furan-2-carbonyl chloride, and 2-
phenylacetyl chloride were not reactive under the
optimized conditions or led to complex mixtures of
side products. The reactions of C3� H indole 1b with
the same set of aroyl chlorides gave the desired 1,4-
diazepinones (3al/al’-aq/aq’) in comparable satisfac-
tory yields. Noteworthy, in this series of products, the
formation of the second isomer was generally favored
with d.r. ratios up to 1:2.5.

Next, we focused on the effects of modifications on
the indole scaffold, so differently substituted C3� Me
or C3� H indoles were reacted with 2a. In particular,
we observed that an electron-donating group in the C5
position of the indole promoted the reaction (88 and
99% yield for 5-MeO substituted products 3ar/ar’ and
3as/as’), while an electron-withdrawing substituent
has an opposite effect (62% yield with 5-F, 3at/at’).
Conversely, substitutions in at C6 position gave
opposite results: the 6-trifluoromethyl group led to a
very a high yield (3av/av’, 90%) while the methoxy
group afforded 3au/au’ in a moderate 51% yield. Also
in these cases, the formation of the second diaster-
eoisomer was slightly favored. The behavior of C3-
methylated indoles having a methyl or a chloro group
in different positions of N-aryl ring was tested; the
corresponding products 3aw/aw’, 3ax/ax’, 3ay/ay’
and 3az/az’ were obtained in good yields and with d.r.
ranging from 1:1 up to 2.8:1 when a methyl was placed
in the ortho position of phenyl group. This last result
could be ascribed to the presence of a bulky substituent
at the ortho position that reduced the rotation around
the C� N axis. The benzyl group on the amide nitrogen
in starting compound 1, could be replaced by a methyl
group without loss of reactivity, as demonstrated by
the isolation of product 3ba/ba’ in 82% and d.r.=1:1,
while N-benzyl-N-(2-(3-methyl-1H-indol-1-
yl)phenyl)acrylamide synthesized from acryloyl
chloride and thus having a terminal double bond,

yielded 3bb in 72% yield. Interestingly, in this case,
3bb was isolated as a single diastereoisomer revealing
that the axial chirality around N� C axis was lost due to
the presence of the smaller hydrogen atom instead of
the bulkier methyl group.

Finally, the indole scaffold could be also replaced
by a pyrrole as demonstrated by the isolation of 5a/a’
starting from the corresponding N-(2-(1H-pyrrol-1-
yl)phenyl)-N-benzylmethacrylamide (4) in satisfactory
57% yield and d.r.=4:1, while the N-indolyl phenyl-
acrylate derivative 6 was degraded under optimized
reaction conditions with the formation of unidentified
sub-products (Scheme 3).

As last part of the study of the scope and limitation
of the approach, we focused on the C3 position of the
indole to verify how the bulkiness of the substituents
at this position could influence the formation of the
two diastereomeric products (Scheme 4). As observed
before for C3� H and C3� Me substituted indoles,
smaller groups such an ethyl or an acetyl gave high
yields of the corresponding products with a 1:1
diastereomeric ratio (3bc/bc’ and 3bd/bd’, 89% and
71% respectively). Phenyl and p-tolyl rings on C3
were also well tolerated and led to the formation of
3be/be’ and 3bf/bf’ in 84% and 99% yield, respec-
tively. Interestingly, these aromatic substituents, fa-
vored the formation of the first isomer, with diastereo-
meric ratios around 3:1. Finally, the sterically hindered
2,6-dimethylphenyl ring at C3 position of starting
indole reacted with 2a to give 3bg in lower yield
(65%) but as a single product. Similar results were also

Scheme 3. Extension of the methodology to other substrates.
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obtained using 4-methoxy and 4-fluorobenzoyl chlor-
ides as reaction partners (products 3bh and 3bi).

In order to expand the applicability of our method-
ology, we switched our attention to other radical
precursors than acyl chlorides. In particular, we briefly
evaluated the reactivity of Togni II reagent and
bromoacetonitrile as trifluoromethyl and alkyl radicals
sources, in the reaction with N-benzyl-N-(2-(3-methyl-
1H-indol-1-yl)phenyl)methacrylamide (1a). Initially,
reactions were conducted under previously optimized
conditions, but the corresponding products were iso-
lated in low to modest yields. Nevertheless, simple
modifications of the reaction conditions (use of a
different solvent or base) allowed for the preparation
of 7a/a’ and 8a/a’ in good yields (Scheme 5).

The robustness of the photoredox catalyzed cycliza-
tion was further demonstrated by increasing the scale
of the reaction up to 2.5 mmol of 1a. In this case, the

reaction could be conducted with a catalyst loading of
0.5 mol% and led to 3a/a’ in a slightly decreased 80%
overall yield (Scheme 6).

As observed during the study of the reaction scope,
in almost all cases, the photoredox catalyzed reaction
yielded two different diastereomeric products, due to
the formation of a new quaternary stereocenter and
because of N� C(aryl) axial chirality center. Moreover,
we discovered that some pure isolated diastereoisom-
ers, if left in solution, converted into a mixture of the
two isomers. This phenomenon was particularly
relevant for C3� H free products, while C3 substituted
indoles resulted to be generally more stable. Therefore,
to get insight into the relative stability of the two
isomers we decided to verify how an increase of the

Scheme 4.Modifications of the indole scaffold at C3-position.

Scheme 5. Reactions between 1a and Togni II reagent or
bromoacetonitrile.

Scheme 6. Scale-up of the reaction.
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reaction temperature could affect the reaction outcome
(Scheme 7).

Remarkably, when the reactions were performed at
80 °C instead of at room temperature, the formation of
the second isomer (3’) was generally favored, and in
the case of C3-aryl indole derivatives, the d.r. was
significantly shifted. The ratio between products 3al/
al’, having the indole C3-position free, was less
influenced by the temperature, probably because the
thermodynamic equilibrium could be easily reached
also without heating, while C3-methylated indole
derivatives 3aa/3aa’ were formed in a 1:5 ratio,
instead than 1.3:1. As previously mentioned, in the
case of C3-phenyl substituted products 3be/3be’ the
d.r. was shifted in favor of the second isomer (from
2.7:1 at rt to 1:1.3 at 80 °C), but with a lower 56%

yield. Similarly, the reaction conducted with C3–2,6-
dimethylphenyl indole had a moderate yield (53%), but
afforded two different diastereoisomers 3bg/bg’ in
similar amounts (1.2:1), instead of a single product.

We also performed a series of thermal diastereoiso-
merization experiments to better understand the con-
formational stability of the products. As reported in the
literature, the rotational barriers of the two diaster-
eoisomers can be evaluated by kinetic experiments
followed by HPLC or NMR spectroscopy.[21] We
performed NMR kinetic experiments on both isolated
isomers 3aa/aa’ and 3be/be’ heating the sample at a
prefixed temperature and checking the NMR spectrum
at a fixed time. The growth of the signal of the other
diastereoisomer was therefore monitored. The energy
barriers for the interconversion of the two diaster-
eoisomers are calculated from Eyring equation (see
ESI). The results are summarized in Table 2. The range
of the calculated rotational barriers presents moderate
values in agreement with the class 2 in the classifica-
tion proposed by LaPlante and Hucke,[22] meaning that
the two different isomers can be separated and stored
at room temperature. This is in agreement with the
experimental evidence: the two couple of compounds
were isolated and characterized completely as single
isomers and interconversion occurred only in solution
after a prolonged time at room temperature. The
calculated values of energy barriers for both couples of
isomers are comparable, ranging from 24.6 to
26.0 kcal/mol. Moreover, the energy difference be-
tween the two diastereoisomers is around 1 kcal/mol,
thus confirming the formation of both isomers per-
forming the reaction at room temperature.

Finally, considering the experimental results and
previous literature reports on cascade cyclizations of
acrylamide-tethered substrates,[14–15] including reactions
with acyl radicals,[18c,e,19] the mechanism that we
propose for the synthesis of indole-fused 1,4-benzodia-Scheme 7. Reactions performed at 80 °C.

Table 2. Calculated rotational barriers for 3aa/aa’ and 3be/be’.

ΔG T

3aa
3aa’

24.7 kcal/mol
26.0 kcal/mol

308 K (35 °C)
348 K (75 °C)

3be
3be’

25.4 kcal/mol
24.6 kcal/mol

323 K (50 °C)
343 K (70 °C)
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zepinones is showed in Scheme 8. Excitation of Ir-
(ppy)3, under blue led irradiation led to formation of
excited *IrIII species that, through a single electron
transfer, reduced 4-methylbenzoyl chloride (2a) to
form radical anion and IrIV; Ir(ppy)3: (E1/2

IV/III=1.73 V
vs SCE),[20] [benzoyl chloride: (E1/2= � 1.020 V vs
SCE)].[19] This anion underwent fragmentation and
chlorine loss to generated aroyl radical I, which
reacted with the double bond of the acryloyl group on
indole 1a to give intermediate II. Cyclization on the
indole C2-position afforded III, which gave cationic

intermediate IV by reduction of IrIV. Final aromatiza-
tion of IV led to final products 3aa/aa’ (Scheme 8).

As support of the proposed mechanism that
involves the initial formation of an acyl radical, we
performed a radical trapping experiment in the pres-
ence of TEMPO (Scheme 9). In particular, when
TEMPO was added under optimized conditions the
formation of products 3aa/aa’ was inhibited, while
(2,2,6,6-tetramethylpiperidin-1-yl)(p-tolyl)methanone
9 could be isolated in 75% yield. This result confirmed
that the reaction proceeds through an acyl radical
pathway.

Conclusion
In conclusion, we have developed the synthesis of
[1,4]diazepino[1,7-a]indol-6(7H)-one derivatives start-
ing from N-indolyl phenylacrylamides and aroyl
chlorides under visible-light photoredox-catalyzed con-
ditions. Cascade radical addition to the alkene double
bond and intramolecular cyclization at the C2 position
of indole are involved in the formation of two
diastereoisomeric indole-fused 1,4-diazepinones char-
acterized by the presence of a N� C(aryl) axial chirality
center. The protocol could be also be extended to
pyrrole derivatives as well to other radical precursors
such as Togni II reagent and bromoacetonitrile. There-
fore, we believe that our strategy provides an access to
indole-based structures that could be of potential
interest in pharmaceutical discovery.

Experimental Section
Crystallographic Data
CCDC 2277852, 2277853 and 2277854 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/structures.

General Experimental Procedure for the Synthesis
of Indole-Fused 1,4-Diazepinones 3/3‘
Ir(ppy)3 (1 mol%) and N-indolyl phenylacrylamide derivatives 1
(0.2 mmol) were charged into a dry vial equipped with a stirring
bar. The vial was capped with an aluminum crimp seal with
septum and was evacuated and refilled with N2 (3x). In the
absence of light, CH3CN (2 mL, 0.1 M), previously degassed
with three freeze-pump-thaw cycles was added, followed by
2,6-lutidine (2 equiv.) and aroyl chloride 2 (2 equiv.) Then, the
blue LEDs (440 nm, 40 W) were switched on and the reaction
mixture was stirred for 20 h at room temperature (fan cooling).
After that time, the mixture was quenched with NaHCO3 and
extracted with EtOAc. The combined organic layers were dried
over Na2SO4, filtered and concentrated under vacuum. Purifica-
tion of the crude by flash column chromatography yielded
progressively indole-fused 1,4-diazepinone derivatives 3 and 3’.

Scheme 8. Proposed reaction mechanism.

Scheme 9. Radical trapping experiment with TEMPO.
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