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tryptamine-derived isocyanides:
access to constrained spirocylic scaffolds†

Minghui Wu, a Jordy M. Saya, a Peiliang Han,b Rajat Walia, c Bapi Pradhan, d

Maarten Honing,b Prabhat Ranjan *a and Romano V. A. Orru *a

Dearomatization of indoles through a charge transfer complex constitutes a powerful tool for synthesizing

three-dimensional constrained structures. However, the implementation of this strategy for the

dearomatization of tryptamine-derived isocyanides to generate spirocyclic scaffolds remains

underdeveloped. In this work, we have demonstrated the ability of tryptamine-derived isocyanides to

form aggregates at higher concentration, enabling a single electron transfer step to generate carbon-

based-radical intermediates. Optical, HRMS and computational studies have elucidated key aspects

associated with the photophysical properties of tryptamine-derived isocyanides. The developed protocol

is operationally simple, robust and demonstrates a novel approach to generate conformationally

constrained spirocyclic scaffolds, compounds with high demand in various fields, including drug discovery.
Introduction

Isocyanides are important and versatile building blocks in
organic chemistry, well appreciated for their role in multicom-
ponent reactions (MCRs; e.g. Passerini and Ugi reactions).1

Their distinctive ability to engage in the simultaneous a-addi-
tion of a potent electrophile and nucleophile has led to the
development of numerous innovative isocyanide-based MCRs,
resulting in the rapid generation of structurally diverse complex
scaffolds. These one-pot synthetic sequences have found wide-
spread application in combinatorial synthesis, medicinal
chemistry and catalysis. Isocyanides also show unique reactivity
in radical reactions, engaging efficiently with electron-rich as
well as electron-decient radical partners (Fig. 1A).2 This unique
reactivity has been extensively utilized in radical cascade reac-
tions, generating a diverse range of N-heterocyclic molecules.3

Recent developments in visible-light-mediated photochemistry
have further broadened the use of isocyanides as geminal
radical acceptors in organic synthesis,4 with a rising but still
limited interest in applying their potent reactivity in charge
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transfer complexes.5,6 For instance, Wang and co-workers re-
ported the formation of an EDA complex involving a biaryl
Fig. 1 (a) Reactivity of isocyanides;2 (b) previous work;5,6 (c) this work:
aggregation-induced charge transfer.
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Table 1 Optimization of the synthesis of spiroindoleninesa

Entry Deviations from the optimized conditions Yieldb (%)

1 None 82
2 No light 0
3 No light, 50 °C 0
4 Air instead of N2 0
5c 4DPAIPN, DCE 67
6d Ir(ppy)3, DCE 72
7 10% H2O 70
8e 50% H2O 64
9 Et3N instead of 2,6 lutidine 72
10 Morpholine instead of 2,6 lutidine 16
11 No 2,6-lutidine 6

a All reactions were performed using 1a (0.2 mmol, 1 equiv.) and 1b
(0.3 mmol, 1.5 equiv.). b Yields were determined by 1H NMR using
CH2Br2 as an internal standard. c 2,4,5,6-Tetrakis(diphenylamino)
isophthalonitrile (4DPAIPN) (5 mol%), 2 h. d Ir(ppy)3 (2 mol%), 2 h.
e 12 h reaction time.
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isocyanide and in situ generated arylsulnate anions leading to
the formation of a sulfonyl radical and an imidoyl radical anion
(Fig. 1B(i)).5

Similarly, Giustiniano and co-workers reported the forma-
tion of an EDA complex between tertiary amines as electron
donors and alkyl isocyanides as electron acceptors (Fig. 1B(ii)).6

The formation of an EDA-complex triggers the single-electron
transfer (SET) from the tertiary amine to the isocyanide under
visible light, leading to the generation of an imidoyl radical
anion.

In light of these results and with the aim to extend this
reactivity pattern to the synthesis of complex molecular scaf-
folds, we wondered if it could be possible to engage tryptamine-
derived isocyanides in an intramolecular charge transfer
complex or in the formation of an EDA complex with electron-
decient phenacyl bromides.7,8 The choice of tryptamine-
derived isocyanides was dictated by their versatility. Contain-
ing an electron-rich indole ring and an electron-decient iso-
cyanide group, their reactivity has been oen exploited in the
generation of several naturally occurring and structurally
complex alkaloids.9–11 The isocyanide group electronically
resembles a terminal alkyne, with the additional benet of
higher polarizability of the p*-orbital of the isocyanide group.2

This feature could in principle favour an intramolecular charge
transfer with the electron-rich indole ring in tryptamine-derived
isocyanides.8 As a proof of concept, we decided to attempt the
synthesis of spirocyclic scaffolds through indole
dearomatization.

In recent years, spirocylic scaffolds have garnered tremen-
dous attention in the eld of medicinal chemistry due to their
rigid three-dimensional structure, which can reduce the
number of possible conformations, leading to enhanced
potency and selectivity for target binding in drug discovery.12,13

In this respect, we envisioned the dearomatization of
tryptamine-derived isocyanides as a straightforward way to
generate these complex three-dimensional structures in
a selective and efficient manner. In general, strategies to form
spirocyclic scaffolds are based on metal catalysed insertion
reactions14,15 or electrophilic activation of the isocyanide
group9,16 followed by nucleophilic attack of the indole group,
with scarce reports employing a radical approach.17–19 The EDA-
mediated dearomatization of tryptamine-derived isocyanides
has not been realized yet and despite its convenience, this kind
of reactivity can be in principle hindered by the presence of an
easily oxidizable indole ring that can lead to unwanted side
products.

Results and discussion

We set out to probe our initial hypothesis as delineated above
employing tryptamine-derived isocyanide 1a, phenacyl bromide
1b as a radical source and 2,6-lutidine as a base in dry DCE at
ambient temperature. We were pleased to see that when the
reaction mixture was irradiated with 2*40 W blue LEDs under
nitrogen atmosphere, we obtained 70% of the desired spi-
roindolenine product 2 (see ESI, Table S1†). Cognizant of the
role of the solvent in charge transfer complexes, a variety of
6868 | Chem. Sci., 2024, 15, 6867–6873
polar and non-polar solvents were screened (see ESI, Table S1†)
to understand if further improvement of the reaction perfor-
mance could be achieved.20,21 Among the solvents tested, the use
of toluene proved optimal compared to more polar solvents
(Table 1, entry 1). We also evaluated the efficiency of transition
metal-based as well as organic photocatalysts for this dear-
omative spirocyclization process (see ESI, Table S3†).

Interestingly, in the presence of 4DPAIPN or Ir(ppy)3, 1b was
fully consumed within 2 h, but the reaction resulted overall in
a lower yield of spiroindolenine 2 (67% and 72% yield respec-
tively), due to competitive reductive debromination of 1b (Table
1, entries 5 and 6).22 In light of a recent work that explores the
possibility of forming EDA complexes in water,23 we performed
the reaction in a mixture of water and toluene. To our delight,
we observed 64% of the desired product aer 12 h, without
observing any concomitant side product generation, providing
the possibility to exploit this methodology in the future in
a more sustainable and biocompatible manner (Table 1, entries
7 and 8). Control reactions substantiated the necessity of light
in the formation of spiroindolenine 2 and 2,6-lutidine as a base
to prevent the decomposition of 1a (Table 1, entries 2–4 and
11).24

In light of these results, we started investigating the nature of
the observed reactivity. In contrast to the reported literature
where red colour appeared upon mixing electron-rich indoles
and electron-decient phenacyl bromides7 as an indication of
ground state EDA complex formation, in our case such a colour
change was not perceived upon mixing 1a and 1b.

To gain more insights and analyse the actual active photo-
absorbing species in our reaction, we recorded the individual
UV-Vis absorption spectra of the reaction components and the
absorption spectrum of the reaction mixture itself (Fig. 2a). As
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Absorption spectra of individual components and reaction mixture, recorded in toluene: [1b] = 0.15 M; [1a] = 0.1 M; [1a+1b]= solution
of 0.15 mmol of 1b and 0.1 mmol of 1a in toluene (0.1 M); [1b+2,6-lutidine]= solution of 0.1 mmol of 1b and 0.13 mmol of 2,6-lutidine in toluene
(0.1 M); (b) absorption spectra of 1a (20 mM) in MeCN at different temperatures; (c) proposed reaction mechanism; (d) (i) the composition of S1
state with the CI coefficients for an orbital-pair given in bracket; (ii) transition density; (iii) difference density and (iv) electron–hole overlap
distribution of S1 state at wb97x-d/cc-pVTZ level of theory (v) distance between isonitrile group and the indole ring in the ground-state equi-
librium structure of 1a; (e) on-line HRMS analysis.
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shown in Fig. 2a, no signicant bathochromic shi upon mix-
ing 1a and 1b in toluene could be detected. On the other hand,
the absorption of 1a in the visible region was at rst surprising.
From a structural point of view, there is no extended conjuga-
tion present in 1a, which can account for the large bath-
ochromic shi of 1a compared to the parent indole (2-methyl
indole, Fig. S6†). To explain this, we initially hypothesized the
formation of an intramolecular charge transfer complex
between the electron-rich indole ring and the tethered iso-
cyanide group via through space or through bond
interactions.25–29

To analyse the possibility of intramolecular charge transfer,
time-dependent density functional theory (TD-DFT) calcula-
tions were performed.30 The calculations were carried out at the
wb97x-d/cc-pVTZ level of theory using ORCA package.31 The
wave-function analysis revealed that the rst excited singlet
state (S1) is constructed by equal contributions of HOMO−1/
LUMO and HOMO/LUMO congurations as shown in
Fig. 2d(i). Interestingly, these three orbitals are primarily
located on the indole fragment, thus ruling out the possibility of
intramolecular charge-transfer in the S1 state.8 To further
substantiate this observation, we visualised the transition
© 2024 The Author(s). Published by the Royal Society of Chemistry
density, difference density and electron–hole overlap of S1 state,
as shown in Fig. 2d(ii)–(iv). It is evident that the electronic
transition is originated only from the indole moiety. Moreover,
our DFT calculations revealed a signicant distance of 4.50 Å
between the isonitrile group and the indole ring in the ground-
state equilibrium structure of 1a, surpassing distances
commonly associated with through-space CT as reported in
literature (Fig. 2d(v)).25,27 Next, we measured the absorption
spectra of a mixture of 2-methyl indole and butyl isocyanide and
we did not observe any bathochromic shi.8 However, a mixture
of 3-methyl indole and tert-butyl isocyanide showed a slight
bathochromic shi at higher concentration but still no appre-
ciable absorption in the visible region compared to 1a
(Fig. S6b†).

In light of these ndings and since the absorption peak of 1a
in the visible region only appears at higher concentrations
(Fig. S7†), we suspected the formation of aggregates. We
explored a slip-stacked model-dimer system with an interdimer
separation of ∼3.50 Å (see ESI, Fig. S8†).32,33 As expected, we
found a bathochromic shi in the absorption of the dimer [E(S1)
= 256 nm] compared to the monomer [E(S1) = 245 nm], that
should be more prominent in the case of higher-order
Chem. Sci., 2024, 15, 6867–6873 | 6869
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oligomers. These effects are more enhanced in a similarly
constructed model-trimer [E(S1) = 263 nm] (see ESI, Table S9†).
A similar TD-DFT based wave-function analysis suggests the
presence of inter-fragment charge-transfer in the S1 state of this
model dimer, while the excitation remains localised on indole
moieties in both fragments (see ESI, Fig. S9†). More details of
TD-DFT calculations are provided in Section 5 of ESI.† As
a further prove to the aggregation dependent absorption, UV-Vis
absorption spectra of 1a at various temperatures showed an
increment in the absorption intensity of 1a at 0 °C in compar-
ison with room temperature (Fig. 2b).34

Aer having identied the main photo-absorbing species
under our reaction conditions, we turned our attention to
delineate how radical generation from 1b happens. Based on
the photophysical properties of 1a, we speculated that the SET
could be initiated from the excited state of 1a (see Section 6 of
ESI† for more information). Despite the short lifetime, we
assumed that the pre-association between the excited state of
1a and 1b could facilitate the electron transfer to generate the
radical from 1b.35 Next, we investigated the presence of
a radical chain mechanism, since the a-amino radical (inter-
mediate IV, Fig. 2c) can undergo bromine abstraction leading
to a chain propagation pathway.18,36,37 As expected and similar
to the reported literature, a quantum yield measurement
(fmeasured > 1) showed that a radical chain process is operative
under our reaction conditions.18,36,37 At this stage we decided to
analyse the charge transfer in isocyanide 1a through online
HRMS since this type of charge transfer can generate an indole
radical cation intermediate. Unfortunately, we could not
observe such intermediate, possibly due to a fast back electron
transfer, which would lead back to the neutral molecule. In
order to conrm this hypothesis, we introduced 4DPAIPN, that
can oxidize the indole unit of isocyanide 1a.38 As expected, we
observed a decrease in the peak intensity of the starting
material 1a and an increase in the intensity of a peak with
m/z 184 by 40 times (Fig. S12†). The structure of this inter-
mediate can be either 1c or 1d (Fig. 2e). However, at this stage
we cannot assign the exact structure only based on the MS
analysis. In addition, a peak of m/z 367 also became apparent.
This could be assigned to a dimer derived from intermediate
1c or 1d (Fig. S12†). The enhancement of the side product with
m/z 367 may be due to the consumption of the key interme-
diate with m/z 184. We also observed the peak with m/z 367
through LC-MS during our optimization studies, supporting
that there is a possibility of the formation of a similar inter-
mediate under our reaction conditions through aggregation
based charge transfer.39

Taking into account all these observations, we propose the
following mechanism for the dearomative spirocyclization of
tryptamine derived isocyanides (Fig. 2c). When subjected to
excitation with blue LEDs, 1a undergoes charge transfer to
form intermediate I, which further interacts with the ground
state of 1b, facilitating the pivotal single electron transfer to
generate the transient radical intermediate II. The ensuing
phenacyl radical attack on isocyanide 1a generates the
persistent imidoyl radical intermediate III, which then
undergoes a rapid dearomatization process to generate the
6870 | Chem. Sci., 2024, 15, 6867–6873
spirocyclic intermediate IV. At this point, an intriguing radical
chain process can be operative, where intermediate IV can
abstract the bromine atom from 1b, effectively setting in
motion a chain process. At last, the elimination of hydrogen
bromide followed by tautomerization generates the nal
product 2 (for alternative mechanistic pathway and further
discussion see Section 8 of ESI†).

Having established the optimal reaction conditions and
mechanistic rationale, the scope and limitations of our photo-
catalyzed dearomative spirocylization were established
(Scheme 1). Pleasingly, the optimized conditions provided the
desired products with a wide variety of electron-poor and
electron-rich phenacyl bromides (Scheme 1, 2–12). We observed
higher yield of the desired product in the case of phenacyl
bromide-bearing electron-withdrawing groups as compared to
electron-donating groups. Surprisingly, the phenacyl bromide-
bearing a nitro group led to depreciated yield of the desired
product (Scheme 1, 6). In this particular case, we observed the
appearance of a bright red colour upon mixing 1a and 2-bromo-
1-(4-nitrophenyl)ethan-1-one, an indication of ground state
EDA-formation. This result indicates that strong ground state
EDA-complex formation can lead to lower yield presumably due
to back electron transfer from the phenacyl bromide radical
anion intermediate to the isocyanide 1a. Moreover, the higher
yield obtained when adding a photocatalyst (outer-sphere
electron transfer) also abets this hypothesis.20 Next, we
employed aliphatic bromides under our optimized reaction
conditions to push the boundaries of this reactivity. To our
delight, we observed desired product formation, albeit in lower
yield (Scheme 1, 13–14). Alkyl partners such as dimethyl 2-
bromomalonate, which cannot form a preassociated complex
with the excited state of 1a, gave lower yield (44%) with 84%
conversion of isocyanide 1a.40 This result could be caused by
inefficient bimolecular single electron transfer due to the short
lifetime of the excited state of 1a. To further show the versatility
of the developed protocol, we employed diaryl iodonium, tri-
uoromethyl thianthrenium triate and pyridinium salts under
our optimized conditions (see also ESI, Tables S4–S6†). Pleas-
ingly, we observed the formation of the desired product in good
to moderate yields (Scheme 1, 15–19). We next turned our
attention to delineate the scope of isocyanides.

Halogen-substituted tryptamine-derived isocyanides
smoothly underwent the dearomative spirocyalization, deliv-
ering the desired product in good yields (Scheme 1, 20–23). A
variety of substituents at the C-2 position of tryptamine-
derived isocyanides such as –Ph, -tBu and p-FPh also deliv-
ered the desired product in high yield, except for the Br-
substituted isocyanide at the C-2 position (Scheme 1, 24–28).
In this particular case, we observed the decomposition of the
isocyanide. Moreover, 3-(2-isocyanobenzyl)-indole was also
reactive under our optimized conditions and delivered the 6-
membered spiro ring in high yield (Scheme 1, 29).41 At last, we
further compared the efficiency of our optimized reaction
conditions with a photocatalytic pathway. With most of the
substrates, the addition of a photocatalyst resulted in lower
yield (Scheme S3†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Scope of spiroindolenines: aconditions unless otherwise noted: all reactions were performed using isocyanide (0.2 mmol, 1 equiv.),
bromide (0.3 mmol, 1.5 equiv.), 2,6-lutidine (2 equiv.), dry toluene (0.1 M), 6 h–12 h, irradiating with Kessil lamp 456 nm (2*40W). b1a (0.3 mmol,
1.5 equiv.) and bromide (0.2 mmol, 1 equiv.), 4DPAIN (5 mol%), dry DCE (0.1 M), 2 h, irradiating with Kessil lamp 456 nm (2*40W). c 48 h. d1a (0.2
mmol) and CF3 source (0.3 mmol, 1.5 equiv.). e1a (0.2 mmol) and diaryl iodonium salt (0.3 mmol, 1.5 equiv.). f1a (0.2 mmol) and pyridinium salt
(0.3 mmol, 1.5 equiv.), morpholine (0.4 mmol, 2 equiv.), 48 h.
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Conclusions

In conclusion, we have developed a novel catalyst-free dear-
omatization strategy to generate constrained spiroindolenines
under mild reaction conditions. The ability of tryptamine-
© 2024 The Author(s). Published by the Royal Society of Chemistry
derived isocyanides to generate radical intermediates through
an aggregation-based charge transfer was presented for the rst
time. The presented methodology involves a radical cascade
reaction with the formation of two concomitant C–C bonds
without the need for any type of catalyst, further streamlining
Chem. Sci., 2024, 15, 6867–6873 | 6871
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the synthetic process. Due to the generation of closed-shell
radical intermediates, the developed protocol showed higher
selectivity and efficiency than the photocatalytic pathway. The
on-line HRMS analysis further shed a light on the possible
radical intermediates involved in the synthesis of the desired
spiroindolenines.
Data availability

Detailed synthetic procedures, complete characterization and
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and NMR data are available from the authors upon request.
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