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A visible-light Paternò–Büchi dearomatisation
process towards the construction of oxetoindolinic polycycles†
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A variety of highly functionalised N-containing polycycles (35 examples) are synthesised from simple
indoles and aromatic ketones through a mild visible-light Paternò–Büchi process. Tetrahydrooxeto[2,3b]indole scaﬀolds, with up to three contiguous all-substituted stereocenters, are generated in high yield
(up to >98%) and excellent site- regio- and diastereocontrol (>20 : 1). The use of visible light (405 or 465
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nm) ensures enhanced performances by switching oﬀ undesired photodimerisation side reactions. The
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0.176 mmol h1) and generality. Mechanistic investigations revealed that two alternative reaction
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mechanisms can account for the excellent regio- and diastereocontrol observed.

reaction can be easily implemented using a microﬂuidic photoreactor with improved productivity (up to

Introduction
The generation of new chemical architectures starting from
abundant, inexpensive materials is one of the main goals of the
synthetic chemical community.1 The evolution of 3-D molecular
arrangements starting from planar p-systems is of particular
interest due to the possibility of assembling complex polycyclic
structures from readily available aromatic feedstocks.1a–c In this
context, the polycycles originating from indoles are one of the
most relevant classes of pharmacophores2 due to their wide
occurrence in natural alkaloids and drugs.1,2 The development
of eﬀective methods towards the dearomatisation of indoles is
an attractive strategy to access complex polycyclic indoline
scaﬀolds.1b–d Light-driven dearomatisation methods are
currently emerging as a complementary sustainable approach
to accessing strained polycyclic systems that are diﬃcult or
impossible to obtain under classical two-electrons polar reactivity (Fig. 1a).3 Further, oxetanes are present in a variety of
biologically active molecules, being promising structural
modules in drug discovery.4 Regrettably, the construction of
oxetane-based polycyclic scaﬀolds is a challenging synthetic
task owing to the high ring strain. A common strategy for the

construction of oxetanes relies on UV-light driven processes.
The foremost example is the Paternò–Büchi (PB) reaction,
where the direct excitation of a carbonyl compound triggers a [2
+ 2]-heterocycloaddition with an olen (Fig. 1b).5 Due to the
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Fig. 1 Construction of strained indoline-based polycycles through
visible-light indole dearomatisation.
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high relevance of oxetanes, both in natural products and
synthetic molecules, this reaction has immense synthetic
potential.5,6 Capitalising on this, a number of total syntheses
have found the PB reaction to be the key step for the assembly of
complex biorelevant compounds.5c,d,6b However, its progress
towards industrial and large-scale synthesis has been largely
hampered by the need for UV-light sources (Hg or Xe lamps)
together with the corresponding specic reaction setups (e.g.
quartz vessels). Further limitations of the reported PB methodologies are posed by the lack of generality and selectivity,
leading to high substrate-dependency and poor regio- and diastereocontrol.5c,d These drawbacks have precluded the development of general and scalable PB methods for the
dearomatisation of heterocycles,7 including indoles.8 The
successful development of a PB reaction with indoles would
open the way to the construction of biorelevant indolinic scaffolds in one step from readily available aromatic feedstocks
(Fig. 1c). However, the realization of such a general method is
complicated due to additional synthetic issues, including: (i)
the electronic nature of the indole's alkene moiety, which has to
match with the amphoteric nature of the excited carbonyl
species; and no less important is (ii) the presence of light-driven
side reactions, such as the dimerisation of the carbonyl
compound.9 From a broader perspective, a general and scalable
light-driven indole dearomatisation process should also involve
the use of visible-light (>400 nm), thus avoiding product
decomposition as well as the need for sophisticated reaction
setups.10 While the vast majority of PB reactions require the use
of UV-light (Fig. 1b),6 formal intramolecular versions proceed
under visible-light irradiation catalyzed by precious Ir-based
complexes.11
We herein disclose a general, photocatalyst-free visible-light
PB process for the dearomatisation of indoles. The method is
based on the use of available aromatic ketones, inexpensive
illumination sources and simple reaction setups. Structurally
strained oxeto-indolinic polycycles are accessed with excellent
regio- and diastereocontrol. Importantly, the unprecedented
use of visible light (405 or 465 nm) in the PB reaction is key to
suppressing the undesired ketone dimerisation side reaction,
while guaranteeing a clean, safe and eﬃcient process. The
generality of the method is proved for a large variety of indoles
and aromatic ketones, including biorelevant pharmacophoric
cores and marketed drugs (35 examples, up to >98% yield and
>20 : 1 dr). Implementation using a microuidic setup allows
the gram scale synthesis (up to 1.20 g) of the oxeto-indolinic
products with improved synthetic performances. Mechanistic
investigations shed light on the origins of the observed regioand stereoselectivity, revealing the operation of two alternative
yet convergent reaction manifolds.

Results and discussion
Reaction optimisation process
We initiated our study by testing diﬀerent indoles 1a–d in the
presence of benzophenone 2a. 3-Benzyl indoles were selected
with the aim of generating a valuable all-carbon quaternary
stereocenter within product 3 (Table 1). Irradiation at 365 nm of
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Table 1

Optimisation of the reaction conditions

Entrya
1
2
3
4
5
6
7b

H
Me
Boc
Boc
Boc
Boc
Boc

H
H
H
Me
Me
Me
Me

1

Reaction
time

Light source

Yield%
(3)

dr

1a
1b
1c
1d
1d
1d
1d

3h
3h
3h
5h
9h
12 h
7h

365 nm
365 nm
365 nm
365 nm
400 nm
405 nm
405 nm

—
—
17
55
67
>98
>98

—
—
>20 : 1
>20 : 1
>20 : 1
>20 : 1
>20 : 1

3a
3b
3c
3d
3d
3d
3d

a

Reactions in PhMe at rt, 1 0.1 mmol and 2a 1 eq. (see ESI). dr inferred
by 1H-NMR analysis on the crude reaction mixture. All yields refer to
isolated yields. b Reaction in acetone.

an equimolar mixture of unprotected 3-benzyl indole 1a and
benzophenone 2a in toluene resulted in the complete recovery
of unreacted starting materials (Table 1, entry 1). A similar fate
was observed for the N-methyl indole 1b substrate, although
with formation of 4 in trace amounts. We reasoned that
reducing the electron density on the indole double bond would
facilitate its reactivity with the triplet (T1) biradical excited state
of 2a. Indeed, subjecting the N-Boc indole 1c to the reaction
conditions furnished the strained fused oxetane 3c, albeit in
modest yield (17%). A prolonged reaction time (5, 9 and 12 h)
did not result in improved reaction performances. In fact,
extensive light irradiation led to increasing amounts of the
dimer 4 along with product decomposition. To further modulate the electronic nature of the reactive double bond, we placed
a methyl group at the C2-position of the indole (1d). In this case
the reactivity was signicantly improved and product 3d formed
in 55% yield along with 25% of 4 (Table 1, entry 4). At this
juncture, an extensive screening of the reaction conditions was
performed by testing diﬀerent solvents, concentrations, and
reaction times (see ESI†). Unfortunately, none of these parameters showed benecial eﬀects on the reaction outcome. When
2a was used in excess (3 equiv.) the NMR yield of 3d was
improved up to 90%; however the presence of the homodimer 4
rendered the isolation of the product very complicated.
Reasoning on the two competitive photoreactions, we assumed
that an inferior amount of T1 ketone excited state could preferentially channel the system towards the intended PB reactivity, since two molecules of ketone 2a are consumed for the
formation of a single molecule of 4.8 In order to reduce the
amount of T1 excited state, we employed a light source with
a maximum emission set at 400 nm (vs. 365 nm), close to the
limit of absorption of benzophenone 2a.
Interestingly, despite the reaction being slower, 4 was only
detected in trace amounts along with a promising 67% isolated
yield of 3d (Table 1, entry 5). A slightly red-shied light source
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resulted in an optimal balance between reactivity and the
reaction time, delivering 3d in quantitative yield and complete
diastereocontrol aer 12 h (Table 1, entry 6). Importantly,
neither homodimer 4 nor product decomposition was
detected.§ An additional solvent screening revealed acetone to
be the best solvent for the present system, with quantitative
formation of 3d (>98% yield) in a reduced reaction time (7 h in
entry 7 vs. 12 h in entry 6). Under these conditions, product 3d
was obtained by simple solvent evaporation. Before evaluating
the generality and limits of the present PB process, we investigated the photochemical bases of the observed reactivity.
Superimposing the absorption spectrum of benzophenone 2a
(under the optimised conditions) with the 405 nm LED emission spectrum, revealed a region (390–400 nm) of possible
absorption (Fig. 2a). A more accurate 3-D analysis of the excitation/emission spectra of 2a clearly demonstrates that excitation at 405 nm (Fig. 2b, pink line) results in the generation of
the corresponding T1 excited state (green region). As expected,
excitation at 365 nm (Fig. 2b, black line) resulted in the generation of a more intense emission signal (red region). These
analyses conrm that the direct excitation of 2a can also take
place under visible-light illumination. We then evaluated any
possible ground- and excited-state association of the reagents.12
The absorption spectra of the isolated species (1d and 2a) and
the reaction mixture (1d + 2a) did not present signicant
spectral variations.
Instead, Stern–Volmer analysis of the 2a excited state
revealed an eﬃcient quenching of the T1 excited state by 1d

Fig. 2 (a) Absorption spectrum of benzophenone and emission
spectrum of 405 nm LED used in this study. (b) Emission 3-D-matrix of
benzophenone in acetone under the optimised reaction conditions.
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(Section F2 in the ESI†), with no detection of excimer emission
spectra. Taken together, these observations point to a direct
excitation of 2a under visible light towards the formation of its
T1 state, followed by indole trapping (vide infra).

Scope and generality
Having revealed the reason for the observed reactivity, we next
explored the generality of the present visible-light PB reaction
(Table 2). Toluene (PhMe) and acetone (ace) were selected as the
best solvents (Table 1) and all the reactions were performed
under both conditions, providing a general evaluation of the
synthetic protocol. 3-Benzylindoles with substituents at the
orto, meta and para positions furnished the corresponding
tricyclic products 5–8 in high yields spanning from 72% to
>98% and complete diastereocontrol. 3-Methyl and 3-hydroxymethyl indoles formed products 9 and 10 as single diastereoisomers in excellent yields (up to 85%). Remarkably, the
reaction of 3-allylindole produced the product 11 in up to 67%
yield with exquisite site-, regio- and diastereoselectivity. Indole
derivatives bearing diﬀerent substituents on the aromatic ring
(12–15) and diverse N-protecting groups (16 and 17) as well as
various C2-substituents (3c and 18) eﬃciently participated in
the visible-light PB reaction, furnishing diversied strained
tetrahydrooxeto[2,3-b]indole scaﬀolds in yields up to 92% and
>20 : 1 dr. Also, diﬀerently substituted benzophenones performed smoothly, forming the corresponding products 19–23 in
high yields (up to 86%) and excellent diastereocontrol (>20 : 1).
Remarkably, the prochiral benzil 2g successfully engaged in the
[2 + 2] heterocycloaddition process, delivering up to 0.50 g of
dearomatised product 24 (>98% yield) with complete stereocontrol over the three generated stereocenters. Its relative
stereochemistry was inferred from X-ray analysis of a single
crystal. Diverse benzil derivatives were formed quantitatively
with complete diastereocontrol (25–27). Also, diﬀerently
substituted indoles performed well, delivering the products 28
and 29 in up to 85% yield. All the benzil derivatives, with more
red-shied absorption, successfully reacted under 465 nm
illumination with no traces of side products. We next sought to
apply the developed dearomatisation protocol to accessing
relevant bioactive pharmacophoric cores (Fig. 3). A series of
oxeto-indolinic derivates 30–33, bearing up to three contiguous
stereocenters, were synthesised in good to high yields (48–82%)
and complete diastereocontrol. Further, the marketed drug
Melatonin proved to be a useful substrate for the present
method, aﬀording the corresponding product 34 in 42% yield.
Furthermore, the synthetic potential of the developed
method towards structural modications of bioactive ingredients was demonstrated. Interestingly, enantiopure N-protected
tryptophan took part in the developed method both with 2a and
benzil 2g, delivering attractive chiral tetrahydrooxeto[2,3-b]
indoles 35 and 36 in high yields and 2.5 : 1 to 5 : 1 dr, respectively. It is worth mentioning that the chiral compound 36
presents four stereocenters, with two all-substituted centers.
Also, tryptamine derivative 1y underwent the dearomatisation
process. Product 38 was isolated in 46% yield as a single diastereoisomer. To demonstrate the generality and the
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operational simplicity of the developed method, the reactions of
indole 1d with ketones 2a and 2g were performed under natural
sunlight irradiation (Fig. 4a).13 Both reactions proceeded
smoothly delivering the corresponding products 3d and 24 in
96% and 86%, within 6 h reaction time. Finally, the synthetic
method was implemented using a microuidic photoreactor
(Fig. 4b).14 The oxeto-indolinic products 5 and 24 formed in
quantitative yields within 30 min residence time. Encouraged
by these results, we performed a large-scale microuidic
synthesis of 10, which was obtained with improved synthetic
performance and productivity with respect to the batch setup
(96% yield and 0.176 mmol h1 in ow vs. 80% yield and 0.080
mmol h1 in batch). The microuidic setup allowed the
production of 1.20 g of 10 in 15 h. Treatment of compound 10

This journal is © The Royal Society of Chemistry 2020

with LiAlH4 delivered the N-methyl protected tetrahydrooxeto
[2,3-b]indole 39 in 77% yield (0.68 g) with unexpected formal
removal of the hydroxymethyl group. It should be noted that Nmethyl indoline-alkaloids possess widespread biological activities,1b–d and the oxeto-scaﬀold 39 is an unprecedented representative of this class of molecules.

Mechanistic considerations
As already pointed out, the developed visible-light [2 + 2] heterocycloaddition process proceeds via the direct excitation of
the aromatic ketone to its S1 state, which rapidly decays to the
T1 excited state. This mechanistic hypothesis was further
conrmed by performing control experiments in the presence
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(a) Reactions performed under natural sunlight on 31/01/2020
from 11:00–17:00 (top). (b) Implementation of the reaction using
a microﬂuidic photoreactor and (c) protecting group interconversion.

Fig. 4

Application of the developed PB process to biorelevant pharmacophoric cores and marketed drugs.

Fig. 3

of an eﬀective tertiary-amine T1 quencher15 such as DABCO15d
(1,4-diazabicyclo[2,2,2]octane, Fig. 5a). When the reactions
between 1d and ketone 2a or 2g were peformed in the presence
of 1 equiv. of DABCO the reactivity dropped dramatically,
demonstrating that the T1 excited state of the carbonyl counterpart is the key reactive intermediate under both reaction
paths (Fig. 5b). However, diverse reaction mechanisms may
originate from the T1 excited state. The conventional PB reaction involves a radical combination between the T1 excited state
of the aromatic ketone and the indole. An alternative mechanistic scenario deals with photoinduced electron transfer
(PET)16 from the electron-rich indole to the ketone, to generate
a radical ion pair which rapidly collapses into the nal oxetane
(Fig. 5b). To evaluate the feasibility of this process, we calculated the DGPET from the Gibbs energy of the PET equation (see
the ESI†).5c For the reaction with benzophenone 2a we found
a DGPET ¼ +1.35 eV, corresponding to 28.83 kcal mol1. This
value indicates that the operation of a PET process is unlikely.
Having already excluded ground- and excited state associations of the starting materials, the only feasible pathway is

6536 | Chem. Sci., 2020, 11, 6532–6538

a radical trap by the indole 1d of the T1 state of the aromatic
ketone, where the regio- and stereocontrol are governed by
steric factors (see intermediate II). On the other hand, for benzil
2g, we calculated a DGPET ¼ 6.23 kcal mol1 (0.27 eV), thus
indicating the feasibility of the PET mechanism (path b,
Fig. 5).16 On these grounds, we proposed two alternative yet
convergent reaction paths that are summarized in Fig. 5b.17 It is
worth mentioning that in selective PB reactions either a S1
trapping or a PET mechanism is more likely to be involved.5c,6c
These processes are faster with respect to the T1 radical
combination manifold, thus precluding structural reorganisations.5c,6 In our case, the operation of a PET process matches
well with the observed complete regio- and diastereoselectivity
(Fig. 5b, path b). Aer the initial PET from 1 to 2g*, a reactive
radical ion pair I is formed. The regioselectivity of the C–O
bond-forming event is controlled by the relative charge distributions and further reinforced by steric factors (Section F4 in
the ESI†). The stereoselectivity of the process is secured by the
cyclic indole reagent, with the formation of a cis-oxetane. The
high stereocontrol over the third stereocenter can be explained
with respect to the same intermediate I, which rapidly collapses
into the nal product III (Fig. 5b and S20 in ESI†). Interestingly,
intermediate I is stabilised by a favorable p–p stacking between
the two aromatic rings. In fact, when the same reaction was
performed with the N-Boc protected pyrrole the nal product
was obtained as a mixture of diastereoisomers (86% yield and
2.2 : 1 dr).7d Hence, the presence of the aromatic ring within the
indole precursor 1 is essential to ensure the diastereocontrol of
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the process and corroborates the proposed mechanistic
hypothesis.

Conclusions
In summary, we have developed an extremely mild visible-light
PB process able to access strained oxeto[2,3-b]indole scaﬀolds
starting from readily available substrates. This has been
accomplished by the careful selection of a visible-light source
(405 or 465 nm), which enabled the complete shutting down of
the ketone dimerisation side reaction. The generality of the PB
process has been demonstrated for a large variety of indoles and
aromatic ketones with excellent results (up to >98% yield and
complete dr). Importantly, the reaction is applicable to the
assembly of diverse pharmacophoric cores and for the installation of oxetanes into diverse indole-based marketed drugs.
Further, the reaction can be easily performed under natural
sunlight as well as in a microuidic photoreactor with denite
advantages in terms of scalability (g scale), generality and
productivity (up to 0.176 mmol h1). Finally, oxetane-indolinic
products can be easily converted into biorelevant N-methylated
counterparts (up to 0.68 g). Mechanistic insights reveal that the
chemistry is driven by the ketone T1 excited states of both
benzophenone (2a) and benzil (2g) ketones. In the latter, two
distinct yet convergent reaction mechanisms can account for
the high regio- and diastereoselectivity observed.
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