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Computational design of an intramolecular
photocyclization reaction with state-selective
reactivity: a strategy for indole synthesis†
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The development of a convenient and environmentally friendly

indole synthesis method is of great methodological and pharma-

ceutical interest. In this work, we discovered an intramolecular

photocyclization of carbonyls and tertiary amines for indole syn-

thesis without relying on photocatalysts. A wide range of func-

tional indoles were prepared with moderate to excellent yields

under mild reaction conditions. Furthermore, our extensive

quantum mechanics (QM) calculations and synthesis experiments

revealed the ‘state-selective reactivity’ feature of this reaction, and

different substrate types can achieve different yields through this

feature. This new insight into the interplay between the ‘state-

selective reactivity’ and the yields emphasizes its importance and

gives guidance regarding the ‘state-selective reactivity’ for the high

yield of various indole derivatives.

The indole nucleus is one of the most ubiquitous scaffolds
and is abundant in natural products, pharmaceuticals and
agrochemicals.1 Thus, efficient and convenient indole syn-
thesis methods are attracting increasing research attention.
Over the past few decades, numerous methods have been
developed.2 Among them, visible-light-promoted synthesis of
indoles offers a novel and efficient strategy under mild con-
ditions.3 Recently, Zhou4 reported the application of visible
light to generate α-amino alkyl radicals and the subsequent
addition of alkynes to produce 3-acylindoles. The groups
of Rueping5 and Ye6 independently reported the synthesis
of indoles through the intramolecular addition of α-amino
alkyl radicals to α,β-unsaturated carbonyl compounds under
visible-light irradiation (Scheme 1a). Zhu and co-workers7

developed an Ir-catalyzed synthesis method for indoles and

other multi-substituted nitrogen heterocycles (Scheme 1b).
Despite the convenience and effectiveness of photoredox cata-
lysts, they are not without limitations, such as the concern
about the need for expensive metals and ligands and the de-
activation of catalysts. Besides economic deficiencies, even
more important of the above approaches mediated by tran-
sition metals and other photocatalysts are the environmental
deficiencies since many transition metals and photocatalysts
are important contaminants and usually toxic. Therefore,
there is an urgent need to develop new indole synthesis
methods which are economic and environmentally friendly
without losing convenience and effectiveness value. Excitingly,
photochemistry triggered by ultraviolet light provides an accep-
table practice to solve the above problem and has found wide-
spread application.8 Numerous photoinduced processes have
been successfully initiated by using n → π* triplet-excited
ketones, such as hydrogen abstraction,9 photocyclization,10

and Norrish reactions.11 For example, ketone compounds
whose electronic excitation involves the transition of a lone-
pair electron from oxygen to the carbonyl carbon are inclined
toward homolytic to diradical properties. Thus, the involved
reactions depend on the innate properties of reactants without

Scheme 1 Synthesis of indoles relying on the photocatalyst in previous
studies: (a) Rueping’s work (b) Zhu’s work.
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the assistance of photocatalysts. Obviously, photochemistry
offers an opportunity for developing chemical reactions in a
simple and costless way without affecting the environment,
which is in accordance with the prospective environmental
and techno-economic assessment system. Based on the above
characteristic, remarkable work has been carried out by Li’s
team.12

Herein, inspired by the excellent characteristics and wide-
spread application of photoinduced processes, we proposed a
new method of indole synthesis without photocatalysts
through the photocyclization of carbonyls and tertiary amines
initiated by visible light (Scheme 2).

In our proposed scheme, we hypothesized a photocycliza-
tion mechanism involving a [1,6]-H shift reaction and a
radical–radical coupling reaction. As shown in Scheme 2, trig-
gered by light irradiation, our proposed substrates can be
excited to undergo n → π* or π → π* transition from the
ground state (S0) to form a singlet-excited ketone (first excited
singlet state, S1) or a further triplet-excited ketone (first
excited triplet state, T1) through intersystem crossing (ISC)
from the S1 to T1 state. In the excited ketone, the excited
single electron is distributed on the C1 and O1 atoms, forming
the C1 radical and O1 radical, respectively. In the following
step, an infrequent hydrogen abstraction of the [1,6]-H shift
from the α-carbon (C2 atom) of the N1 atom to the O1 atom
may occur to generate a C1–C2 diradical molecule (A or A′
state). Subsequently, the intramolecular C1–C2 radical coup-
ling reaction of the diradical molecule can produce a stable
intermediate (B state), which can continue to dehydrate and
thus generate a more stable condensation product under the
driving force of aromatization. Obviously, compared to direct
dehydration, the addition of acid can accelerate the dehydra-
tion of the B state, forming the condensation product.

To verify the correctness of the proposed photocyclization
reaction, before the synthesis validation, quantum mechanics
(QM) calculations were used to simulate our proposed sub-
strates. The detailed computational method is presented in
the ESI.†

Our first task was to describe the reaction profile of the pro-
posed photocyclization reaction. Four types of substrates, i.e.,
tetrahydroisoquinoline derivatives, benzyl substituted 2-ami-
nobenzophenone derivatives, tetrahydroisoquinoline-derived
benzaldehydes, and alkyl amine substituted benzophenone
derivatives, were considered. As shown in Fig. 1 and Tables S1
and S2,† all representative compounds (1a/1j/1ae/1aj) of the
four types can react through the proposed [1,6]-H shift and
radical–radical coupling mechanisms, ultimately forming the
expected condensation products (2a/2j/2ae/2aj) through the
dehydration mechanism. The resultant condensation product
had lower free energy than the corresponding reactant, indicat-
ing that the photocyclization was thermodynamically favour-
able. In terms of kinetics, the low free energy barrier of the
[1,6]-H shift reaction decided that the photocyclization can
rapidly occur in a mild environment without the photocatalyst.

Furthermore, an intriguing ‘state-selective reactivity’ feature
was found in the proposed photocyclization. For 1a pertaining
to **tetrahydroisoquinoline derivatives (Fig. 1a), once it
jumped into the T1 state, it immediately enabled the [1,6]-H
shift reaction with a 9.43 kcal mol−1 barrier to form the pro-
spective C1–C2 diradical molecule (A state; Fig. S3 and S4†).
The formed diradical molecule further underwent spin inver-
sion after a small energy increase to generate a radical–radical
coupling product (B state). The above reaction involved the
participation of spin inversion (from triplet to singlet); accord-
ingly, this spin-crossing phenomenon was termed ‘two-state
reactivity’ (TSR).13 A similar TSR was observed in 1j from

Scheme 2 Proposed photocyclization for the synthesis of indoles in this work. Our calculated UV absorption spectrum (Fig. S1†) and frontier mole-
cular orbitals (Fig. S2†) of the optimized S0 state indicated a S0 → S1 transition corresponding to the n → π*/π → π* transition processes of HOMO →
LUMO.
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benzyl substituted 2-aminobenzophenone derivatives and in
1ae assigned to tetrahydroisoquinoline-derived benzaldehydes
(Fig. 1b and c), and their corresponding barriers of the [1,6]-H
shift were 9.38 and 8.96 kcal mol−1, respectively. However, TSR
was not observed for 1aj, which is an alkyl amine substituted
benzophenone derivative (Fig. 1d). Although its T1 state can
also go through the [1,6]-H shift with the lowest barrier of
7.18 kcal mol−1 to generate the diradical molecule, the non-
existent intersection between the singlet potential energy
surface (PES) and triplet PES determined that the diradical
molecule cannot turn into the radical–radical coupling
product through spin inversion; conversely, it can only climb
over a high barrier (34.16 kcal mol−1) to obtain another diradi-
cal molecule (B′ state) with high free energy. The nonsupport
in thermodynamics and kinetics for the B′ state signified that
photocyclization cannot occur depending on the T1 state.
Then, the S1 state under compulsion replaced the T1 state to
conduct the [1,6]-H shift reaction with a 12.31 kcal mol−1

barrier and produced a new diradical molecule (A′ state;
Fig. S3 and S4†). The succeeding radical–radical coupling reac-
tion of the A′ state overcame a very small barrier of 1.98 kcal
mol−1, and the presumptive radical–radical coupling product
formed without spin inversion. Considering that photocycliza-
tion based on the S1 state proceeded on surfaces with uniform
spin multiplicity, it was classified as ‘single-state reactivity’

(SSR).13 A similar SSR was observed in 1ae (Fig. 1c), and the
corresponding barriers of the [1,6]-H shift and radical–radical
coupling were 15.96 and 2.46 kcal mol−1, respectively. This
finding indicated that 1ae has dual properties of TSR and SSR.
Thus far, our computations confirmed that despite the simi-
larity of these reactions to the photocyclization of carbonyls
and tertiary amines, different substrate types had different
state reactivities. Thus, we next attempted to identify the
origin of ‘state-selective reactivity’.

Considering that the ‘state-selective reactivity’ involved the
S1 and T1 states, the ISC (S1 → T1) was first considered. As
shown in Fig. 1, each of the ISC for 1a/1j/1ae/1aj was thermo-
dynamically favorable due to the lower free energy of its T1
state than that of its S1 state. However, their free energy gaps
(Table 1 and Fig. S5a and b†) between the S1 and T1 states for
1a/1j/1ae/1aj were −18.85, −15.74, −12.96, and −9.14 kcal
mol−1, respectively, demonstrating the strongest ISC spontane-
ity for 1a and the weakest for 1aj. The MOMAP package14 was
used to examine the kinetics of ISC. The calculated ISC rate
constants (kISC) for 1a/1j/1ae/1aj were 5.06 × 104, 4.35 × 104,
3.39 × 104, and 2.77 × 104 s−1, respectively, indicating that the
occurrence of ISC was most easy for 1a and most difficult for
1aj (Table 1 and Fig. S5c†). A stronger spontaneity meant more
occurrence of the S1 state transferring to the T1 state, and a
larger kISC meant quicker ISC. Therefore, considering the

Fig. 1 Whole reaction profiles of the proposed photocyclization reaction for 1a (a), 1j (b), 1ae (c), and 1aj (d). Our computations were performed at
B3LYP/6-31+G(d, p) in the PCM solvent continuum models (NMP). Besides the NMP solvent, other solvents (gas/toluene/THF/CH2ClCH2Cl/CH3OH/
CH3CN/DMSO/water) were also considered (Fig. S10–S12 and Tables S6–S11†).
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thermodynamics and kinetics, the most S1 state of 1a
quickly transferred to the T1 state, and second to fourth were
the S1 states of 1j, 1ae, and 1aj, respectively. As a result, 1a/1j,
1aj and 1ae presented TSR, SSR, and dual reactivity,
respectively.

The frontier molecular orbitals and their corresponding
single electron distributions were subsequently analyzed. As
shown in Table 1 and Table S3 and Fig. S2 and S5d–f,† the
single electron generated by the HOMO → LUMO transition of
the ground state (S0) was distributed on N1, C1, and O1 atoms
in the S1 and T1 states. For the S1 state of 1a, the single elec-
tron distribution probability on the O1 atom was 10.44% in
the SOMO-1 orbital and 12.52% in the SOMO orbital. The
corresponding data for the T1 state were 20.48% and 15.55%,
respectively. Obviously, the total single electron distribution
probability on the O1 atom for the T1 state was higher than
that for the S1 state (18.02% vs. 11.48%). Similar phenomena
were observed for 1j, whose total distribution–probability
ratios between the T1 and S1 states were 19.13% vs. 11.65%.
More single electrons distributed on the O1 atom meant more
ease in the hydrogen abstraction of the [1,6]-H shift reaction.

Thus, 1a and 1j preferred to present TSR rather than SSR to
some extent. Different from 1a and 1j, the total single electron
distribution probability on the O1 atom for the S1 state of 1ae
increased to 16.17%. Although it was still lower than that for
the T1 state (19.92%), the increase in probability apparently
gave the S1 state a chance to realize the [1,6]-H shift with a
high barrier (15.96 kcal mol−1). This finding indicated the
dual properties of 1ae. Interestingly, the total single electron
distribution probability on the O1 atom for the S1 state of 1aj
further increased to 30.84% which even exceeded that for the
T1 state (21.73%). Thus, compared to 1ae, a lower barrier of
the [1,6]-H shift reaction (12.31 kcal mol−1) emerged for the S1
state of 1aj. Obviously, more SSR was observed for 1aj.
Combining the analyses of ISC and single electron distribution
showed that from 1a to 1aj, the single electron distribution
probabilities on the O1 atom for the S1 and T1 states gradually
increased, leading to a gradual decrease in the barrier of the
[1,6]-H shift reaction. Therefore, the photocyclization from the
S1 state gradually became possible. Meanwhile, owing to the
gradual increase in the difficulty of ISC, kISC even tended to be
smaller than the reaction rate of the [1,6]-H shift from the S1

Table 1 Thermodynamics and kinetics properties of ISC (S1 → T1) for 1a/1j/1ae/1aj/1al/1ao (NMP solvent), and their single electron distribution of
frontier molecular orbitals (SOMO-1/SOMO) for the S1 and T1 states. More molecules are shown in Table S4. N1, C1 and O1 atoms can be referred to
from Scheme 2

ISC (S1 → T1) Single electron distribution (%)c

R.dGapa kISC
b

SOMO-1/SOMO(S1/T1)
Total

N1 C1 O1 O1

1a −18.85 5.06 × 104 19.51 11.46 10.44 11.48 TSR
14.90 14.56 12.52
27.73 2.57 20.48 18.02
0.82 24.39 15.55

1j −15.74 4.35 × 104 18.82 11.38 9.05 11.65
16.66 17.60 14.25
31.73 3.32 23.35 19.13
0.90 14.32 14.91

1ae −12.96 3.39 × 104 41.94 7.25 13.65 16.17 TSR/SSR
12.85 20.72 18.68
25.85 2.89 19.35 19.92
1.03 28.50 20.48

1aj −9.14 2.77 × 104 0.77 12.71 37.03 30.84 SSR
1.98 21.44 24.64

31.95 3.55 28.22 21.73
1.64 24.06 15.23

1al −16.03 4.80 × 104 16.49 11.46 11.45 11.80 TSR
13.30 15.13 12.15
15.89 2.29 17.38 17.93
0.20 25.26 18.47

1ao −8.84 6.13 × 103 20.84 10.59 9.40 11.71 —
12.49 15.90 14.01
5.72 6.25 48.88 32.86
2.14 20.45 16.84

aGap, energy gap between S1 and T1 states, kcal mol−1. b kISC, rate constant of ISC, s−1. c For each molecule, from top to bottom are single elec-
tron distributions of SOMO-1 for the S1 state, SOMO for the S1 state, SOMO-1 for the T1 state and SOMO for the T1 state, respectively.
d R., reactivity.
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state, which may have led to the absence of an intersection for
spin inversion. Consequently, photocyclization from the T1
state gradually became impossible despite the increased suit-
ability for the [1,6]-H shift to proceed. Thus, although the reac-
tions were similar to photocyclization, the different substrate
types led to different state reactivities. The oscillator strength,
SOMO orbital energy gap, and ESP charge were further ana-
lyzed to confirm the ‘state-selective reactivity’ (Fig. S5b and c,
Fig. S6 and Table S3†).

During the above analysis processes, another phenomenon
was observed, i.e., under the same distribution probability on
the O1 atom for the S1 state and T1 state, the T1 state may
have been more suitable to undergo the [1,6]-H shift because
of the lower barrier (Fig. S5f†). For example, the 11.48% and
11.65% distribution probabilities for the S1 states meant that
1a and 1j were not able to undergo the [1,6]-H shift, whereas
the corresponding 18.02% and 19.13% for the T1 states were
sufficient to decrease the barrier to 9.43 and 9.38 kcal mol−1,
respectively. Moreover, 16.17% for the S1 state of 1ae provided
15.96 kcal mol−1 of the barrier, whereas 19.92% for the T1
state provided 8.96 kcal mol−1 of the barrier. Another example
was 1aj, which showed the corresponding values of 30.84%
and 12.31 kcal mol−1 for the S1 state, and 21.73% and
7.18 kcal mol−1 for the T1 state. Accordingly, we proposed a
hypothesis about the ‘state-selective reactivity’ that TSR mole-

cules underwent photocyclization more quickly with an excel-
lent yield, whereas SSR molecules had an inferior yield.

Considering the theoretical feasibility of our proposed
photocyclization, our next task was to validate it and confirm
its ‘state-selective reactivity’ through experiments. As shown in
Scheme 3, under the optimum photocyclization conditions, we
successfully obtained the expected products 2a/2j/2ae/2aj from
reactants 1a/1j/1ae/1aj, respectively, indicating the feasibility
of the proposed photocyclization for indole synthesis.
Moreover, the 85% high yield of 1a and the 56% low yield of
1aj confirmed the proposed hypothesis about ‘state-selective
reactivity’. Besides 1a/1j/1ae/1aj, we also expanded the deriva-
tives of the four types. For tetrahydroisoquinoline derivatives
(Scheme 3a), both substrates with functional groups substi-
tuted on the tetrahydroisoquinoline phenyl ring (1b–1e) and
the substrates with functional groups substituted on the
phenyl ring of the R1 moiety (1f–1i) provided the products 2b–
2i with excellent yields, even as high as 91% (1e). For benzyl
substituted 2-aminobenzophenone derivatives (Scheme 3b),
except for the substitution on the N1 atom with phenyl groups
(1n) that led to a high yield (83%), the same as that for tetrahy-
droisoquinoline derivatives, the remaining N1-substituted sub-
strates (1k–1m) and the substitution substrates of R2 and R3

groups (1o–1s) contributed to the visibly lower yields than
those for tetrahydroisoquinoline derivatives. For tetrahydroiso-

Scheme 3 Intramolecular photocyclization reaction of substrates: (a) substrates 1a–1i, (b) substrates 1j–1s, (c) substrates 1aa–1ai, (d) substrates
1aj–1aq. The reaction condition optimization is shown in Table S12.† Reaction conditions: Substrates 1a–1i/1j–1s/1aa–1ai/1aj–1aq (0.3 mmol), NMP
(3 mL), room temperature, 425 nm, 24 h, under an argon atmosphere, isolated yield. For 1aj–1aq, the reaction time was prolonged to 72 h.
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quinoline-derived benzaldehydes (Scheme 3c), the nonpolar-
group-substituted substrates of the R1 group (1aa–1ad) and the
polar-group-substituted substrates of the R3 group (1af–1ai)
presented tolerable yields. These yields seemed to be lower
than those of tetrahydroisoquinoline derivatives but were
sufficient to be compared favorably with those of tetrahydro-
isoquinoline derivatives. For alkyl amine-substituted benzo-
phenone derivatives (Scheme 3d), apart from the substrates
with the substitution of methyl (1ak) and phenyl (1al) groups
on the α-carbon of the N1 atom, which were in turn isolated in
high yields of 75% and 77% of the expected products (2ak and
2al), all remaining substituted substrates (1am–1aq) gave poor
yields. Moreover, the N-methyl (1ao), -morpholine (1ap) and
-piperidine (1aq)-substituted substrates did not even react at
all, and the raw materials were recovered completely. The
above experimental results showed that the yield of tetra-
hydroisoquinoline derivatives was obviously higher than that
of benzyl-substituted 2-aminobenzophenone derivatives and
tetrahydroisoquinoline-derived benzaldehydes, which further
exceeded those of alkyl amine-substituted benzophenone
derivatives. These results further confirmed our hypothesis
about ‘state-selective reactivity’.

Some of the abovementioned substrates were used to calcu-
late and further confirm our hypothesis. For 1al, which intro-
duced a phenyl to 1aj, the calculated energy gap between the
S1 and T1 states was −16.03 kcal mol−1 and kISC was 4.80 × 104

s−1, and the 17.93% single electron distribution for the T1
state and 11.80% for the S1 state indicated that the state reac-
tivity of 1al changed from SSR to TSR. Thus, a high yield of
77% was obtained based on the proposed hypothesis of ‘state-
selective reactivity’. The results reminded us that the substitu-
ent group could change the state reactivity of the photocycliza-
tion and to some extent could improve the yield of some exten-
sion substrates with SSR. For 1ao, the low single electron distri-
bution for the S1 state (11.71%) and the decrease in ISC in
thermodynamics (−8.84 kcal mol−1) and kinetics (6.13 × 103 s−1)
showed that neither TSR nor SSR was suitable for 1ao, although
its single electron distribution for the T1 state reached 32.86%.
Thus, no reaction occurred. Other substrates (1e/1i/1n/1ah/1ap/
1aq) were also analyzed from the ISC and single electron
distribution (Fig. S7–S9 and Tables S4 and S5†), and all of them
were consistent with the hypothesis about ‘state-selective
reactivity’. This finding confirmed the ‘state-selective reactivity’ of
our proposed photocyclization.

Meanwhile, our proposed photocyclization reaction also
presents another better characterization of competitiveness on
the environmental aspect and sustainability compared to the pre-
vious conventional indole synthesis reaction. The detailed com-
parison is shown in Table S13.† Besides the competitiveness, the
gram scale reaction was also employed to test the utility of our
proposed photocyclization reaction. As shown in Scheme S1,†
when compound 1a was expanded to 5 mmol, accompanied by
the load of PTSA decreased to 5%, an 80% yield of the desired
product 2a was isolated, which was almost as good as the 85%
yield of the small sample experiment. It indicated the great
potential applications of our proposed photocyclization reaction.

Conclusions

In summary, through extensive QM calculations and experi-
mental verification, we proposed a clean and simple method
of indole synthesis through the photocyclization of carbonyls
and tertiary amines initiated by visible light without adding
any photocatalyst. This method represents one of the examples
that uses costless materials, low toxic solvents, and mild reac-
tion conditions, shedding light on the development of green
chemistry-oriented reactions. We further characterized the
‘state-selective reactivity’ of the photocyclization. Moreover, the
‘state-selective reactivity’ was correlated with the photocycliza-
tion yield and can be utilized to obtain high yields of indole
derivatives.
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