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Direct photochemical intramolecular [4+2] cycloadditions
of dehydrosecodine-type substrates for the synthesis of
the iboga-type scaffold and divergent [2+2] cycloadditions
employing micro-flow system

A highly efficient, photochemical flow synthesis of three distinct
indole alkaloidal scaffolds has been achieved by exploiting
conformationally preorganised, multipotent intermediates that
closely emulate the plant-derived dehydrosecodine precursor.
Through site-selective photoactivation of the dihydropyridine
moiety, this strategy unlocks divergent [4+2]/[2+2] cycloaddition
pathways, vastly expanding access to complex alkaloidal
architectures. Furthermore, it extends natural biosynthetic
pathways by harnessing the hidden yet pre-encoded reactivity
of the dehydrosecodine-type precursor, eliminating the need
for external photocatalysts or photosensitisers.
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Direct photochemical intramolecular [4 + 2]
cycloadditions of dehydrosecodine-type substrates
for the synthesis of the iboga-type scaffold and
divergent [2 + 2] cycloadditions employing micro-
flow system-

*

Gavin Tay,I Soushi Nishimurai and Hiroki Oguri

Photocyclisation reactions offer a convenient and versatile method for constructing complex polycyclic
scaffolds, particularly in the synthesis of natural products. While the [2 + 2] photocycloaddition reaction
is well-established and extensively reported, the [4 + 2] counterpart via direct photochemical means
remains challenging and relatively unexplored. In this work, we devised the rapid assembly of the iboga-
type scaffold through photochemical intramolecular Diels—Alder reaction using a common biomimetic
dehydrosecodine-type intermediate having vinyl indole and dihydropyridine (DHP) sub-units. Exploiting
a micro-flow system, the medicinally important iboga-type scaffold was obtained up to 77% yield under
mild, neutral conditions at room temperature. This study demonstrated the site-selective activation of
the DHP moiety by direct UV-LED irradiation, eliminating the need for external photocatalysts or
photosensitisers and showing good tolerance to a wide range of stabilised dehydrosecodine-type
substrates. By adjusting the spatial arrangement of the DHP ring and the vinyl indole group, this versatile
photochemical approach efficiently facilitates both [4 + 2] and [2 + 2] cyclisations, assembling
architecturally complex multicyclic scaffolds. Precise photoactivation of the DHP subunit, generating
short-lived biradical species, enabled the new way of harnessing the hidden but innately pre-encoded
reactivity of the polyunsaturated dehydrosecodine-type intermediate. These photo-mediated [4 + 2]
cyclisation and divergent [2 + 2] cycloadditions are distinct from biosynthetic processes, which are

rsc.li/chemical-science

Introduction

Biologically important natural products frequently contain
architecturally complex three-dimensional ring systems as
intricate components of their core skeletal structure.’ In
particular, the vast majority of these compounds possesses
elaborately fused and bridged frameworks, adding an extra
layer of complexity to their retrosynthetic analyses and the
design of appropriate intermediates for streamlined chemical
assembly. Towards this goal, the development of straightfor-
ward and flexible synthetic methodologies has become
a fundamental objective in organic chemistry. To construct
polycyclic rings having a carbon-rich backbone, the classical
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mainly mediated through concerted thermal cycloadditions.

Diels-Alder (DA) reaction has been extensively employed as
a canonical strategy, wherein two unsaturated sub-units,
namely the diene and dienophile, undergo a concerted pericy-
clic annulation to form a new six-membered ring (Fig. 1a).?
According to the molecular orbital symmetry rules devised by
Woodward and Hoffmann in the 1960s,? it is well understood
that the concerted [4 + 2] cycloaddition process is thermally-
allowed in the ground state. While the DA reaction has been
proven to be a reliable process, its efficiency and reactivity are
greatly dependent on the electronic compatibility between the
dienes and dienophiles, constituting a limiting factor in the
design of suitable substrates. When this electronic demand is
not met, high temperatures are often required to surpass the
large activation barrier.

An alternative means by which molecules in the ground state
can be activated is with light. Over the last few decades, the
application of photochemistry in organic synthesis has grown
exponentially and has witnessed remarkable progress in its
chemical toolbox.* When energy in the form of photons is
absorbed, the molecule is elevated to a high-energy excited
state. Initiation of the chemical reaction from this vantage point

Chem. Sci., 2024, 15, 15599-15609 | 15599


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc02597k&domain=pdf&date_stamp=2024-09-29
http://orcid.org/0000-0001-8007-1631
https://doi.org/10.1039/d4sc02597k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02597k
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015038

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 1446. Downloaded on 13/08/47 08:37:25 .

(cc)

Chemical Science

Z
[ Q
O [2+2] I [4+2] O

Photochemically-allowed Thermally-allowed

e s e e dieovs

[
hv o+
PC or PS R R
3
5 N R3 R
RZ RZ
d
blue LED
cat. Ir
R1
e R o S R
e
B proposed TS Photo-flow conditions N
R
442
{ § e
I
L PG F<2
\/N
R! N
[2+2] (
- — A\
Multipotent intermediate N 1
| HR
N \Z \ PG
R3 = \—N,
el s
N R [2+2] :
PG /N 1/
R
PGR

Fig. 1 Scope and chemical space of [4 + 2] cycloaddition reactions.
PC: photocatalyst; PS: photosensitizer; SET: single-electron transfer;
EnT: energy transfer; TS: transition state.

not only facilitates overcoming high kinetic barriers but can
also unveil new and previously inconceivable reaction pathways
which are otherwise hidden under thermal conditions. The [2 +
2] cycloaddition to construct a cyclobutane ring is the most
ubiquitous and well-known photocycloaddition reaction,® and
along with numerous other light-driven cycloaddition reactions
have provided a straightforward and versatile strategy in
organic chemistry for achieving challenging synthetic trans-
formations, particularly the synthesis of natural products.®
Since its advent, the scope and chemical space of classical
DA reactions have greatly expanded and rapidly advanced into
the realm of photochemistry. Early on, it was discovered that the
dearomative [4 + 2] cycloaddition of anthracene and maleic
anhydride could proceed both thermally and photochemically.”
Fascinated by the unique reactivities that govern regio- and
stereoselectivity, such dearomative DA reactions have been
a subject of intense mechanistic investigation. Under thermal
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conditions, a concerted pathway is widely postulated although
some studies have provided evidence for the involvement of
biradicals or charge-transfer species depending on the elec-
tronic nature of the diene and dienophile.”*” On the contrary,
the photochemically-driven process is believed to proceed via
a biradical mechanism in a stepwise manner, maintaining the
orbital symmetry requirements of the Woodward-Hoffmann
theory.

Similar to the dearomative DA reaction, dienes in the form of
an aryl-alkyne were also found to react under both heat and
light.* The photochemical process, formerly referred to as the
photo-dehydro-Diels-Alder (PDDA) reaction, involves the acti-
vation of aryl-alkynes in a triplet excited state, leading to the
formation of a C-C single bond with an alkyne as a dienophile,
resulting in the generation of a 1,2-butadiene-1,4-diyl biradical
intermediate (Fig. 1b). A second C-C bond formation with an
aromatic ring generates a strained cyclic allene intermediate,
followed by transposition of double bond, which affords
a naphthalene ring. Wessig and coworkers recently reported the
use of triplet photosensitisers (PSs) such as xanthone to
enhance the efficiency of PDDA compared to direct
photoirradiation.*

By far the most common strategy for photochemical DA
reactions to date is using external photocatalysts (PCs) and PSs,
which has seen significant progress since the 1980s (Fig. 1c).°
Organic photoinduced-electron-transfer (PET) PCs such as
pyrylium salts and cyanoaromatic compounds were extensively
employed to generate a radical cation as an excited-state inter-
mediate.”*? Triplet ketone PSs including benzoylthiophenes can
also induce this transformation via triplet state energy-transfer
(EnT).*¢ On the other hand, Yoon achieved the visible light
photocatalysed DA reaction using transition-metal complexes,
including Ru and Pt/TiO, heterogeneous catalyst, to promote
the generation of the radical cation intermediate via a photo-
redox process.”7 More recently, Glorius and Ma developed the
metal-catalysed EnT dearomative [4 + 2] cycloaddition of azar-
enes, predominantly using Ir catalyst under blue LED irradia-
tion (Fig. 1d)." On the other hand, several total synthesis
routes, including that of estrones™ and hamigerans,** utilised
the photoenolisation Diels-Alder (PEDA) reaction as a key
strategy to construct the benzannulated cores.” UV light acti-
vation of the aromatic carbonyl unit triggers o-quinodimethane
diene formation in situ," followed by sequential DA trapping of
this intermediate by a dienophile, although the cyclisation step
itself is not a photochemically-dependent process.

Nonetheless, DA reactions by direct excitation, particularly
towards the biomimetic synthesis of natural products, are still
very rare. Herein, we report the photo-induced intramolecular [4
+ 2] cycloaddition reaction for the rapid assembly of the bridged
[2.2.2]-bicyclic isoquinuclidine ring system of the pharmaceu-
tically intriguing iboga-type scaffold from a common
dehydrosecodine-type intermediate having 1,6-DHP and vinyl
indole moieties as the diene and dienophile, respectively
(Fig. 1e). Iboga-type mono-terpene indole alkaloids (MIAs) are
a significant class of bioactive compounds that possess prom-
ising anti-addiction and psychoactive properties.” Fascination
with this medicinally important family of alkaloids has inspired

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the development of numerous synthetic routes, especially
towards the construction of the characteristic isoquinuclidine
core.” In this novel approach, we utilise direct UV light irra-
diation to site-selectively photoactivate the 1,6-DHP unit to
efficiently promote the formal [4 + 2] cycloaddition. Contrary to
common photochemical DA reactions, our strategy does not
require the addition of any PCs or PSs. This cyclisation is
presumably achieved through stepwise C-C bond formation of
transient biradical intermediates. Importantly, the application
of a micro-flow system facilitated streamlined assembly of the
pentacyclic scaffold of iboga-type MIAs in modest to high yields
under mild reaction conditions at room temperature, with short
irradiation times through enhancing the photoirradiation effi-
ciency while minimising decomposition. Furthermore, removal
of the methyl ester moiety at the vinyl indole unit induced
subtle but significant changes in the pre-organised conforma-
tion of the stabilised dehydrosecodine-type intermediate,
paving the way for the divergent photo-mediated [2 + 2] cycli-
sations. These intricate and topologically complex multicyclic
scaffolds are inaccessible through the enzymatic conversions
and biomimetic synthesis relying on the thermal concerted
cycloadditions.

Results and discussion

Synthesis of intermediate and its biomimetic thermal DA
reaction leading to iboga-type scaffold

Azepinoindole intermediate 1a was prepared from tryptamine
hydrochloride through the modular assembly of three building
blocks in four steps, which included a Pictet-Spengler cyclisa-
tion, ring expansion, reduction, and N-propargylation (Fig. 2).
In a previous study, we reported the biogenetically-inspired
synthesis of iboga/aspidosperma-type alkaloidal scaffolds, uti-
lising a common multipotent intermediate 3a that possesses
both vinyl indole and 1,6-DHP moieties.'® This intermediate 3a,
designed to mimic and preserve the structural features of
dehydrosecodine 4, only differs by installing an electron-
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withdrawing ester group at the C3 position of the labile DHP
ring in place of the ethyl substituent for improved stability
through modulation of its electron density. Under microwave-
assisted heating at 60 °C, Cu(i)-catalysed in situ 6-endo cyclisa-
tion of the 1,6-DHP ring (2a — 3a)"” and subsequent intra-
molecular biomimetic DA cycloaddition proceeded to give the
iboga-type scaffold 5a in 48% yield (two steps).

A notable drawback of our previously designed synthetic
process has been the instability of the indole-free ene-yne
precursor 2a, without protection of the indole, which is prone
to gradual decomposition by intra- and intermolecular Michael
additions.*® To stabilise this precursor, and ease its handling,
we installed an electron-withdrawing 2-(trimethylsilyl)ethox-
ycarbonyl (Teoc) carbamate protecting group at the indole N1
position of 1a to give 1b. Then, treatment with methyl propio-
late triggered a tandem one-pot transformation involving
hetero-Michael addition and Hofmann elimination to afford
the stable indole-protected ene-yne 2b in almost quantitative
yield. Cu(i)-catalysed conversion of 2b generated the
dehydrosecodine-type intermediate 3b with efficient formation
of the 1,6-DHP ring. However, subsequent one-pot DA cycload-
dition with microwave-assisted heating to yield the corre-
sponding iboga-product 5b did not proceed at all. Raising the
temperature to 80 °C only led to gradual isomerisation of the
1,6-DHP unit in 3b to the 1,4-DHP. Regarding the biomimetic
dehydrosecodine-type intermediate 3a, it is believed that the
contribution of hydrogen bonding interactions between the free
indole NH and neighbouring methyl ester unit plays a crucial
role in increasing the electrophilicity of the dienophile, as well
as achieving precise conformational pre-organisation suitable
for the concerted DA reaction.

Photochemical [4 + 2] cycloaddition to assemble iboga-type
scaffold

With this in mind, we instead envisioned the construction of
the isoquinuclidine [2.2.2]-bicyclic bridged ring system of the
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iboga-type skeleton by photochemical means. Preliminary UV-
Vis analysis of the dehydrosecodine-type intermediate 3b
showed a strong UV absorption peak at 356 nm (¢ = 6.16 X
10> M~ em ™) in CHCl; (Fig. S91). Based on the absorption
wavelength of the intermediate 3b, we attempted the photore-
action using a 370 nm UV-LED lamp (30 W). Cu(1)-catalysed 6-
endo cyclisation of the Teoc-protected ene-yne precursor 2b in
degassed 1,2-dichloroethane formed the 1,6-DHP ring. To our
delight, subsequent irradiation for 4 h successfully furnished
the corresponding iboga-product 5b with formation of
a quaternary carbon centre, albeit in low yield of 30% over two
steps (see Table S17). Taking this finding as a starting point, we
commenced the systematic optimisation of photoreaction
conditions under batch conditions (Table 1). Upon photo-
irradiation of 2b in 1,2-dichloroethane as the solvent, we
found that 90 min was the optimal reaction time. This condi-
tion afforded the product 5b in 42% yield (41% isolated yield)
based on NMR analysis using an internal standard (entry 1).
Prolonged exposure of the reaction solution to UV light irradi-
ation potentially led to the decomposition of the product,
although such byproducts could not be isolated or identified. A
survey of various solvents suggested that toluene was the ideal
choice (entries 1-4), and irradiation at 370 nm gave the best
results (entries 5-7), consistent with the UV-vis spectrum
(Fig. S91). When we changed the bidentate phosphine ligand for
the Cu(i) catalyst from 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene (Xantphos) (6) to 1,1-bis(diphenylphos-
phino)ferrocene (DPPF) (7), the yield for the two-step sequential

Table 1 Optimisation of photoreaction under batch conditions

\ e

N

- UV-LED
D CO,Me __wavelength
N Ivent (0.04 M
CO,Me solvent (0.04 M)
Yeos 2 r.t. 90 min ‘}'eoccone CO,Me
Cu catalyst
26 — (20 mol%) > 3P 5b
* +
Q P\P ha EI’?—Pf’hz
o} /Cu(CH3CN) PFe Fe  Cu(CHCN), |pFy
/
O PPh, &3 —ppn,
6: A 7:B

[Cu(Xantphos)CH3CNJ*PFe" [Cu(dppf)(CH3CN),]"PFg

Entry Solvent Catalyst Wavelength Yield of 5b®
1 CICH,CH,Cl A 370 nm 42% (41%)°
2 MeCN A 370 nm 27%

3 Toluene A 370 nm 43%

4 Benzene A 370 nm 141%

5° Toluene A 280 nm 4%

6 Toluene A 427 nm 30%

7 Toluene A 456 nm Trace

8 Toluene B 370 nm 55% (49%)°

?Yield of 5b was determined as a two-step yield by 'H NMR
spectroscogic analyses using triphenylmethane as an internal
standard. ° Reaction mixture was irradiated for 3 h. ¢ Isolated yield
over two steps. Xantphos = 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene; DPPF = 1,1’-bis(diphenylphosphino)ferrocene.
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conversion (2b — 3b — 5b) improved to 55% (49% isolated
yield) (entry 8).

Substantial improvement using micro-flow system

In an effort to enhance the completion of the photoreaction, we
conceived of employing the micro-flow system to simulta-
neously increase the photoirradiation efficiency and control the
exposure time of the reaction solution under UV light, thereby
suppressing the overreaction of the resulting iboga-product 5b.
Recently, the application of photo-flow technology in synthetic
organic chemistry, both in the laboratory and industrial
settings, is rapidly expanding due to its improved reaction
efficiency, ease of scalability, as well as practical cost and
environmental benefits.®* Unlike thermal batch conditions,
whereby the temperature within the reaction vessel remains
uniform, photochemical reactions are highly sensitive to
distance between the light source and reaction media owing to
the rapid attenuation of light intensity. By employing the micro-
flow chamber as the reaction vessel, we can achieve a more
uniform irradiation and significantly reduce the distance that
light needs to penetrate through the solvent media to enhance
the overall irradiation efficiency. Under flow conditions,
diluting the reaction concentration from 0.04 M to 0.01 M led to
a substantial increase in yield, reaching 61% (51% isolated
yield) with an optimal reaction time of just 25 min (Table 2:
entries 1-6). However, the slight insolubility of intermediate 3b
in toluene, the ideal solvent under batch conditions, caused
gradual precipitation inside the flow chamber. Consequently,
changing the solvent to 1,2-dichloroethane considerably
improved the yield, affording the iboga-product in 74% (72%
isolated yield) from 2b over two steps (entry 7). When the
reaction scale was increased by six-fold, the iboga-product 5b
(213 mg, see Page S287 for details) was still obtained in 68%
yield.

Table 2 Optimisation of photoreaction under flow conditions

\ &

N UV-LED
QA CO,Me 370 nm
N TtoMe toluene (0.04 M) | CO,Me CO,Me
Teoc rt. Residence time Teoc
Cucat.B
2 — o0 iy > 3P 5b

Residence
Entry Deviation from batch time Yield of 5b*
1 None 15 min 24%
2 None 20 min 41%
3 None 25 min 35%
4 0.01 M 15 min 53%
5 0.01 M 20 min 55%
6 0.01 M 25 min 61% (51%)”
7 0.01 M CICH,CH,CI 25 min 74% (72%)”

“Yield of 5b was determined as a two-step yield by 'H NMR
spectroscopic analyses using triphenylmethane as an internal
standard. °Isolated yield over two steps. Cu cat. B =
[Cu(dppf)(CH;CN,)] PF
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Substrate scope and limitation

Using the optimised photoreaction conditions, we aimed to
explore the general applicability of the formal [4 + 2] cycload-
dition through substrate scope expansion (Fig. 3). Firstly, all
tested substituents on the indole nitrogen, including carba-
mate, methyl, and benzyl groups, were well tolerated for this
photo-[4 + 2]-cycloaddition. Among the five substrates, 3b-3f,
protection with an electron-withdrawing carbamate group at
the indole N1 led to efficient conversions, and the best result
was achieved with the cycloaddition of 3d with a methyl
carbamate protection to furnish corresponding iboga-type
scaffold 5d in high yield of 77%. Meanwhile, substrates 3e and
3f having an electron-donating substituent at the indole N1
resulted in slower reactions, potentially due to an electronic
mismatch between the reacting sub-units, although the
photoreaction still proceeded modestly. Next, the substrate
scope for the DHP ring was examined. Installation of electron-
withdrawing groups in the substrates (3g-h, and 3m) at the
C3 position of the DHP ring yielded mixed results. Substrates 3g
and 3h, bearing sulfonyl and ketone moiety, respectively,
provided good yields of the corresponding [4 + 2] cycloadducts,
5g and 5h," comparable to their methyl ester counterpart 5b.
However, substrate 3i with an aldehyde group instead resulted
in a significantly slower reaction, presumably attributed to its
excessively strong electron-withdrawing nature. Meanwhile, an
attempted conversion of substrate 3j bearing an amide group
did not yield the corresponding product 5j at all. We presume
that the weakly electron-withdrawing amide group was insuffi-
cient to adequately stabilise the oxidation-labile 1,6-DHP unit,

=Rs

Ne  [CugepN(CHCN)I'PFs ‘e UV-LED
R: \(:L/\é—v( Re (20 mol%) R = " 370 nm
N CICH,CH,CI N\ 2 CICH,CH,CI (0.01 M)
\ Ry rt.3h \ R rt. 25 min
R R,
2 3
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potentially causing an undesired hydride shift from the C6
position and rapid decomposition into the pyridinium species.
The negligible differences in both the molar absorption coeffi-
cient and spectral profiles among the UV-vis spectra in CHCI;
for3b (e = 6.16 x 10° M " em™"),3e (¢ = 6.32 x 10° M~ ' ecm ™)
(Fig. $101), and 3i (e = 6.31 x 10° M~" ecm ™) (Fig. S111) strongly
suggest that there is essentially no decrease in the light
absorption efficiency between the substrates, despite the lower
yields observed for iboga-type products such as 5e and 5i.
Subsequently, to assess the necessity of the ester group at the
vinyl indole position, we attempted to replace it with a phenyl
group via Au(i)-catalysed alkenylation®® of the indole C2 position,
with substrate 3m having a N-Boc carbamate protecting group at
the indole (for synthesis scheme, see Pages S13-S161). However,
the resulting photo-mediated [4 + 2] cyclisation of 3m to 5m failed
to proceed, likely due to the steric hindrance near the phenyl group.

Divergent [2 + 2] cycloadditions

As an attempt to reduce the steric hindrance in 3m, we then
prepared substrate 3n with removal of the phenyl group at the
vinyl indole unit (for synthesis scheme, see Pages S16-S197).
The photoirradiation of 3n under micro-flow conditions led to
distinct and notable results (Fig. 4a and see Page S30} for
details). Unlike the attempt with substrate 3¢ bearing a methyl
ester moiety, the formation of the iboga-type scaffold was turned
to be substantially diminished and resulted in 5n in a minute
amount with the yield of 9%. More importantly, we unexpect-
edly encountered divergent [2 + 2] cyclisations to two distinct
scaffolds in combined yield of 87%. The subtle structural
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Fig. 3 Substrate scope and limitations of [4 + 2] photocycloaddition for assembly of the iboga-type product.
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(a) Unexpected divergent [4 + 2] and [2 + 2] cycloadditions of 3n to form iboga-type scaffold 5n, and novel indole alkaloidal scaffolds 8n

and 9n, respectively. (b) Re-analysis of photoreaction from 3c. DFT modelling of 3d and 3n were performed using the B3LYP-D3 (6-31+G*) level

of theory.

change, the removal of the methyl ester group in precursor 3n,
induced a drastic alteration of the intramolecular cyclisation
mode. The major product 8n was assembled in 49% yield via
a [2 + 2] cycloaddition between the vinyl indole and the C4-C5
olefinic double bond of the 1,6-DHP." In addition, a dear-
omative [2 + 2] cycloaddition between the indole C2-C3 double
bond and an olefin at the C2-C3 position of the 1,6-DHP also
proceeded to form pentacyclic spiroindoline scaffold 9n in 38%
yield. This photo-mediated dearomative [2 + 2] cyclisation
enabled the diastereo-controlled formation of the three
consecutive quaternary carbon centres within the central
cyclobutane framework in 9n.” In fact, the relevant intra- and
intermolecular [2 + 2] cycloaddition reactions with the indole
ring have been reported using blue-LED or visible light in the
presence of PCs.** We postulate that the absence of any
substituent at the vinyl indole unit induces a slight conforma-
tional shift in the spatial arrangement of the reacting sub-units,
sufficient to favour the [2 + 2] cycloaddition while severely
inhibiting the [4 + 2] cyclisation reaction pathway.

To confirm the possibility that the [2 + 2] cycloadditions
compete with the photo-mediated [4 + 2] cyclisation, even in
trace amounts, we carefully re-analysed the photochemical
reaction using 3c as a representative substrate for the high-yield
formation of the iboga-type scaffold 5c¢ (Fig. 4b). Indeed, the
formation of 9c¢ through the corresponding dearomative [2 + 2]
cycloaddition was observed, albeit with a very low yield of 5%.
Meanwhile, the occurrence of the other [2 + 2] cycloaddition
leading to scaffold 8¢ was not detected at all.
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In our recent study, we successfully elucidated the X-ray
crystallographic structure of unstable dehydrosecodine-type
intermediate 3 through host-guest encapsulation within a self-
assembled coordination cage.?” The resulting X-ray analysis of
guest molecule 3d revealed the unique stacking of both reacting
sub-units, the 1,6-DHP ring and vinyl indole moiety, con-
formationally primed to undergo the [4 + 2] cycloaddition. This
finding was consistent with DFT computational modelling
(Fig. S7t).* Notably, the energy minimised structure of 3n
(Fig. S8t) revealed an adopted conformation with the folding of
the DHP ring towards the indole ring and evidently aligning the
four reacting olefins, representing a pre-organised spatial
arrangement that favours the [2 + 2] cycloadditions over the
corresponding [4 + 2] annulation. Thus, the methyl ester group
in the vinyl indole moiety of 3¢ appears to possess the “Goldi-
locks effect” as a precise steric handle that selectively facilitates
the assembly of the iboga-type scaffold 5c. To the best of our
knowledge, the [2 + 2] cycloadducts 8 and 9 are novel, bis-
nitrogen containing, densely functionalised sp*rich scaffolds
relevant to MIAs. These unnatural intricate alkaloidal scaffolds
are inaccessible under previous thermal conditions or by che-
moenzymatic means.

Mechanistic studies

We then turned our attention to elucidating the photoreaction
mechanism (Fig. 5, see the ESIT for details). To probe the origin
of the characteristic UV absorption at approximately 356 nm for
3b, we first conducted regio-selective hydrogenation of the C4-
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C5 double bond of the 1,6-DHP unit to generate the stable tet-
rahydropyridine (THP) product 10 (Fig. 5a).*® After reduction, no
UV absorption was observed at this wavelength, indicating that
the 356 nm absorption is derived from the conjugated system of
the 1,6-DHP ring. This also strongly suggests that direct irra-
diation induces site-selective activation of the DHP moiety to
trigger the [4 + 2] cyclisation.

To investigate whether an electron donor-acceptor (EDA)
pair could form between the electron-rich DHP and electron-
deficient vinyl indole moieties upon photoexcitation,> we
prepared a pair of model substrates, vinyl indole 11 and 1,6-
DHP 12,'%*>? and verified the possibility of their complexation
through UV-vis analysis in CHCl; (Fig. 5b). However, no
significant shifts in the absorption spectrum were observed,
indicating that an EDA pair is not likely to be involved in this
system. The absence of solvent-dependent spectral shifts of the
cyclisation precursor 3b, as the stabilised dehydrosecodine-type
substrate, also supports this result (Fig. S157).

We then wondered whether the Cu() catalyst, utilised in the
initial step to form the 1,6-DHP ring (2b — 3b), could act as
a PC to facilitate the photoreaction. DA reactions promoted by
copper salts have been extensively reported, and are particularly
useful for hetero-DA reactions, as well as for enantioselective
synthesis by employing chiral copper complexes.”® After cycli-
sation of the DHP ring, commercially available metal scavenger,
SiliaMetS Diamine (10.0 equiv. to Cu) was added and then
stirred for 1 h (Fig. 5¢). Successful complexation of the scav-
enger with Cu(i) was confirmed by a visible change to a blue
colour of the silica support, which was subsequently removed by
filtration through a short pad of silica. When the resulting
solution was subjected to photoreaction under standard flow
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conditions, the iboga-scaffold 5b was still obtained in 65% yield.
The slight decrease in yield could be attributed to the additional
manipulation of the labile intermediate 3b. Furthermore, the
Cu(i) catalyst [Cu(dppf)(MeCN),]'PFs~ (7) itself does not show
UV absorption at around 370 nm (Fig. S167). These experi-
mental results have confirmed that the light-mediated [4 + 2]
intramolecular cyclisations proceeds without the need for the
copper complex to act as a photocatalyst.

At this point, we anticipated that the photo-mediated [4 + 2]
cycloaddition of 3b proceeds via a series of transient biradical
intermediates upon photoactivation of the 1,6-DHP unit. To
attest our hypothesis, we attempted radical trapping under flow
conditions using (2,2,6,6-tetramethyl-1-piperidinyloxyl)
(TEMPO) radical, 1,1-diphenylethylene, and butylated hydrox-
ytoluene (BHT) (Fig. 5d). In the presence of the radical trapping
agents (10 equiv.), the yield of iboga-product 5b decreased by
approximately half (Table 3). LCMS-IT-TOF analysis indeed
revealed formation of the corresponding adduct bearing two
additional hydrogens donated from BHT (Fig. S171) as well as
a 1:1 adduct with 1,1-diphenylethylene (Fig. S18t), although
isolation of these products to deduce their exact structures was
not possible. It is likely that the competing intramolecular
cyclisation occurred very rapidly, therefore the formation of the

Table 3 Radical trapping experiments

Yield of
Entry  Radical trapping agent 5b
1 2,2,6,6-Tetramethylpiperidinyloxyl (TEMPO) radical  38%
2 Butylated hydroxytoluene (BHT) 34%
3 1,1-Diphenylethylene 40%
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Fig. 5 Mechanistic studies of [4 + 2] cycloaddition. (a) UV-vis spectral analysis of DHP intermediate 3b and THP 10 in CHCls. (b) UV-vis spectral
analysis of EDA complex via model substrates 11 and 12 in CHCI. (c) Photoreaction under Cu())-free conditions. (d) Radical trapping experiments.

(e) Radical clock experiment.
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ihoga-product 5b could not be sufficiently prevented even when
excessive quantities of the radical trapping agents were added.

Next, we designed and synthesised radical clock substrate
30, by incorporating a cyclopropane moiety at the C4 position of
the DHP ring (Fig. 5e). To attain 3o, the cyclopropane unit was
pre-installed to the propargyl bromide fragment prior to N-
propargylation (for synthesis scheme, see Pages S19 and S207).
Upon the photo-mediated generation of biradicals from the
radical clock substrate 30, we anticipated a sequential radical-
mediated cyclopropane ring opening to generate intermediate
Int-1, followed by the formation of a five-membered ring leading
to 13. However, contrary to our expectations, products like 13
were not observed while the iboga-scaffold 50 still formed, albeit
in a lowyield of 15%. Unexpectedly, the formation of a nitrogen-
containing bicyclo[2.2.0] ring system, presumably through Int-
2, predominantly occurred to produce 14 in 32% yield as the
major product. These experimental findings are consistent with
our previous results, where photoexcitation of the 1,6-DHP ring
leads to the generation of biradical species. The 4m-electrocyclic
ring-contraction of relatively electron-rich DHPs, pyridones,
and other conjugated cyclic systems has been reported to occur
under UV light irradiation via the singlet excited state.*” The
electron density of the DHP moiety likely increased due to
inductive effects from the introduction of the electron-donating
cyclopropane moiety into the electron-deficient DHP ring
bearing the methyl ester substituent. This change in electronic
properties probably facilitated the 47-electrocyclisation of 3o to
14, a reaction otherwise not observed in the photochemical
cycloadditions of substrates 3b-n without the cyclopropane
substituent on the DHP ring.

A plausible reaction mechanism

Based on a series of spectral analyses, experimental outcomes,
as well as accumulated circumstantial evidence, we propose
a stepwise biradical mechanism for the [4 + 2] cyclisation
reaction (Fig. 6). Upon UV light irradiation, the 1,6-DHP moiety
of 3 undergoes photochemical excitation to reach a high energy
excited state, leading to the formation of interconvertible bir-
adical intermediates denoted as Int-A. Among the three bir-
adicals in equilibrium, Int-A2, having the biradicals at the DHP
C2 and C5 positions, is expected to have the highest spin
density, as evidenced by the formation of the bicyclo[2.2.0] ring
(30 — 14). From Int-A2, two distinct radical reaction pathways
to form a C-C bond can be conceived. It is likely that pathway B
is favoured over pathway A, since pathway A generates a bir-
adical intermediate Int-B which contains a highly unstable
primary radical. In contrast, pathway B forms a corresponding
intermediate Int-C capable of stabilising the resulting radical
through conjugation with the indole ring on the left. Subse-
quent radical coupling from this stabilised intermediate Int-C
would furnish iboga-scaffold 5.

In a similar manner, we postulate the divergent intra-
molecular [2 + 2] annulations of 3 to assemble 8 and 9 could also
proceed from the same excited state intermediate Int-A (Fig. 6).
UV-vis analysis (Fig. S127) revealed that there is negligible red-
shift in the absorption spectrum of the conjugated vinyl
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indole moiety in substrate 3n compared to 3b. These experi-
mental findings strongly suggest that the [2 + 2] cycloadditions
are also initiated through the direct photoactivation of the 1,6-
DHP ring rather than the vinyl indole. Thus, Int-A1 and Int-A3
could directly and rapidly give rise to scaffolds 8 and 9,
respectively, with exquisite control of diastereoselectivity. The
retro-[2 + 2] reactions of the cycloadducts 8 and 9 do not occur at
all under 370 nm light irradiation at room temperature, strongly
indicating that there is no photo-reversible interconversion
among the three scaffolds 8, 9, and 5 under the reaction
conditions. Importantly, the ability to induce C-C bond
formation at all four olefinic centres on the 1,6-DHP ring (C2 to
C5) also confirms the presence of transient resonance stabilised
biradical species Int-A1 to Int-A3. It is worth noting that unlike
previously reported [2 + 2] cycloadditions with the indole C2-C3
double bond, our photochemical cyclisation does not rely on
the use of external PCs or PSs to generate the cyclobutane-fused
indoline-type products 9.”* As revealed by DFT computational
modelling of 3n, the challenging dearomative transformation (3
— 9) could be facilitated by the inherent pre-organisation of the
two reacting olefinic double bonds. The novelty of this finding
thus holds considerable significance as a direct and feasible
approach to access such fused heterocyclic spiroindoline
scaffolds.

Through our investigations, we have showcased the effi-
ciency and adaptability of a biogenetically-inspired approach
that flexibly accesses diverse indole alkaloidal scaffolds from
the common stabilised multipotent intermediates 3, mimicking
dehydrosecodine (4), which is biosynthetically derived from
tryptamine and secologanin (Fig. 7).'® The synthetically trac-
table indole-free analogue 3a has paved the way to the biomi-
metic assembly of iboga-type alkaloid 5a, aided by hydrogen-
bonding-mediated conformational pre-organisation and heat-
ing. Yet, because of its high reactivity, the utility of 3a has been
severely restricted to an in situ generated species. Such labile
intermediates bearing multiple sensitive structural components
are highly susceptible to unwanted side-reactions under heat
due to unpredictable conformational changes and uncontrol-
lable activation of reactive sites. Moreover, efforts to further
stabilise 3a via protection of the indole N1 position was ulti-
mately met with a complete loss of desirable reactivity, even
under harsher thermal conditions. Using this newly developed
photo-mediated strategy, we were able to successfully circum-
vent these synthetic complications and shortcomings. Despite
the dormancy of indole-protected substrates like 3b towards
thermal-mediated DA cyclisations, its inherent reactivity can be
efficiently triggered by site-selective photochemical excitation of
the DHP unit. The simple modification of the substituent on the
vinyl indole moiety in the substrate 3n revealed the remarkable
efficiency of the [2 + 2] cycloaddition reactions. This enables the
divergent synthesis of the pentacyclic scaffolds 8n and 9n with
high cumulative yield and excellent regio- and diaster-
eoselectivity in the formation of the densely functionalised
central cyclobutane ring. Yet, by leveraging the exquisite
conformational control afforded by the methyl ester substituent
on the vinyl indole moiety, we circumvented these rapid and
photochemically-intrinsic [2 + 2] cycloadditions. Instead, we

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Proposed reaction mechanism of formal [4 + 2] and [2 + 2] cycloadditions via a biradical pathway.

successfully engaged in the more challenging and less common
photo-mediated [4 + 2] cyclisation, leading to the iboga-type
scaffold through a stepwise reaction pathway involving a series
of reactive biradical intermediates. This unique feature of our
study is distinctly defined by the precise light activation and the
preservation of the innate proximity of the reaction sites with
minimal conformational changes, as demonstrated with
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substrates 3¢ and 3n. Hence, we have unveiled a novel synthetic
utility for multipotent intermediates 3b-n, which possesses the
dehydrosecodine-type polyunsaturated system. These versatile
yet stabilised and manipulable intermediates enable the effi-
cient and precise construction of intricately fused and densely
functionalised scaffolds under mild, neutral photochemical
conditions otherwise unattainable by thermal processes.
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Fig. 7 Biosynthesis of dehydrosecodine (4) initiates from tryptamine and secologanin as building blocks. The thermal biomimetic [4 + 2]
cycloaddition proceeds via a dehydrosecodine-type multipotent intermediate (3a — 5a) facilitated by both heating and an intramolecular
hydrogen-bonding. The new photo-flow approach features site-selective activation of DHP moiety using stabilised substrates 3 with indole N1
protection. A biradical reaction pathway enabled the divergent [4 + 2] and [2 + 2] cyclisations with minimal conformational changes in the pre-
organised structures of 3c and 3n, respectively.
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Conclusions

In conclusion, we achieved the direct and additive-free photo-
chemical [4 + 2] cycloaddition reaction to efficiently assemble
the bridged [2.2.2]-bicyclic isoquinuclidine ring system of the
iboga-type scaffold. The introduction of an indole N1 protecting
group substantially stabilised the ene-yne precursors 3 for ease
of handling and storage. Simultaneous implementation of
micro-flow conditions to our reaction system was crucial to
substantially enhance the photoirradiation efficiency while
taming unwanted overreactions arising from overexposure to
UV light under traditional batch methods. Compared to previ-
ously reported thermal conditions, our facile and scalable
photochemical approach showed excellent tolerance to
a diverse range of substrates in modest to high yields. Mecha-
nistic studies strongly suggest the generation of biradical
species upon photoactivation of the highly reactive 1,6-DHP
moiety, followed by a stepwise pathway to furnish the iboga-type
product 5. Moreover, we were able to harness the biradical
excited state of the DHP moiety, together with appropriate
conformational pre-organisation, to generate two novel unnat-
ural scaffolds 8 and 9 via divergent [2 + 2] cycloadditions,
including construction of a pentacyclic spiroindoline-type
product via the dearomatisation of the indole ring. Simple
modification of the substituent at the vinyl indole position
allowed precise control of both the mode-of-cyclisation and
diastereoselectivity, enabling divergent assembly of a total of
three distinct indole alkaloidal fused scaffolds. We believe that
the reactive 1,6-DHP ring, capable of undergoing thermal and
photo-mediate transformations, holds untapped synthetic
potential as a versatile intermediate to feasibly construct
difficult-to-access molecular frameworks.

Data availability

The ESIf includes all experimental details, including optimi-
sation of photoreaction conditions, synthesis and character-
isation of compounds reported in this study, and mechanistic
studies. Crystallographic data for 5h, 8n, and 9n have been
deposited under CCDC accession numbers 2333565, 2375152,
and 2375172, respectively. The NMR spectra of all products, UV-
vis spectra, crystallographic data, and computational modelling
details are also included.
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