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We report a bioinspired synthesis of the emblematic marine alkaloids
sceptrin, dibromosceptrin, ageliferin and dibromoageliferin. Central
to this approach is a photocatalytic dimerization of fully elaborated
precursors via [2+2] or [4+2] cycloadditions in batch and in flow.
Notably, this work constitutes the first total syntheses of these natural
products achieved by direct assembly of the native hymenidin and
oroidin frameworks.

The pyrrole-imidazole alkaloids (PIAs) are a family natural
product derived from oroidin-like precursors.=3 Its emblematic
congener, oroidin (1), first isolated, is a major metabolite from
Agelas spp. Sponges (Figure 1).% Sceptrin (3),° the first reported
dimeric PIA, was isolated in 1981 from Agelas sceptrum and
arises from a [2+2] head-to-head dimerization of hymenidin
(1).6 Soon after, ageliferin (4), was the first [4+2] PIA
cycloadduct isolated.” Their complex structures have made
them central targets in total synthesis, inspiring numerous
synthetic studies.®=1¢ The first racemic syntheses of sceptrin (3)
were independently reported by Baran® and Birman.® Baran
constructed the central cyclobutane via fragmentation of a 3-
[2+2]
assembly between malonic anhydride and 1,4-dichlorobut-2-

oxaquadricyclane, whereas Birman used a classical

ene. Later, Baran and co-workers developed an asymmetric
version of their synthesis using an enzymatic desymmetrization
of a meso-oxaquadricyclane intermediate.!® In 2014, Chen and
co-workers synthesized (—)-sceptrin via a photocatalytic [2+2]
cycloaddition of a chiral diene derived from D-glutamic acid.'?
For ageliferin (4), Chen employed a Mn(OAc)s-mediated
oxidative radical cyclization to forge the central core,* while
Harran used a spirocyclic ring expansion.* Notably, Baran and
co-workers prepared ageliferin (4) by simply heating sceptrin (3)
in water under microwave irradiation.®

To date, sceptrin (3) and ageliferin (4) stand as emblematic
examples of natural [2+2] and [4+2] cycloadducts suggesting a
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biomimetic synthetic approach. While such disconnections
the total
the direct biomimetic conversion of the

have enabled synthesis of many complex
molecules,”/18
complete core of hymenidin (2) into complex natural dimers 3
and 4 has remained elusive despite Jamison’s significant
This

associated with

contribution.1® limitation notably arises from the
applying photocycloaddition
conditions to highly functionalized and the photosensitive
batch

photochemical conditions, prolonged irradiation leads to poor

challenges
substrates such as 1 and 2. Under conventional

control, photodegradation, and competing side reactions. To
overcome these intrinsic limitations of batch photochemistry,
continuous-flow technology has emerged as a powerful
alternative for conducting light-driven reactions.?%2! In the
context of photocatalysis, small-volume tubing eliminates dark
zones inherent to batch systems, ensuring superior light
penetration and uniform irradiation. Recently, Hilton and
co-workers developed a low-cost, fully 3D-printed continuous-
flow platform operated by compressed air or nitrogen.??=26Its
modular design integrates photochemical reactors with in-line
monitoring sensors, allowing precise control over flow rate,
temperature, and irradiation parameters. By combining high
reproducibility with an intuitive user-oriented design, this cost-
setup
photochemistry for the organic chemistry community. Building

effective significantly broadens access to flow
on these advantages, we applied this technology to the
synthesis of four pyrrole-imidazole alkaloids, culminating in the
first bioinspired synthesis of sceptrin (3) and ageliferin (4) from
a complete hymenidin-like precursor, a long-standing challenge
despite extensive efforts. Notably, the exclusive formation of
head-to-head supports a

biosynthetic assembly and provides experimental validation of

dimers substrate-dependent
a controlled, precursor-driven dimerization pathway.

Building on our previous work on aplysinopsins, 2’28 we
aimed to develop a general photocatalytic approach to various
natural products from oroidin (1) and hymenidin (2) (Figure 1).
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Figure 1. Structure of sceptrin (3) and ageliferin (4) and reported synthetic strategies.

Photocatalytic [2+2] and [4+2] cycloadditions have been
extensively described,'82°31 notably through radical cation
cycloadditions of styrenes,32736 radical anion cycloadditions of
acrylates,3738 or energy transfer mechanisms.3-42 An extensive
screening of ruthenium- and iridium-based photocatalysts was
carried out on oroidin (1) and hymenidin (2), both prepared by
adapting the synthesis reported by Rasapalli and co-workers
(Figure 2).%3 A diverse set of catalysts was employed, comprising
Ru(bpy)sCly, Ru(bpm)sCly, Ru(bpy)a(dppz)(PFs)2, Ru(bpz)s(PFs),,
[Ir(dtbbpy)(ppy)2]PFs, Ir[dF(CF3)ppyla(dtbbpy)PFs and
fac-Ir(ppy)s previously used by Jamison and co-workers in their
synthesis of the cyclobutane core of sceptrin. Attempts
systematically resulted in rapid and complete degradation of
the substrate. We therefore decided to run the reactions on the
oroidin (8) and hymenidin (9) precursors instead, starting by the
former. Following Molinski’s observation that radical cations
could be formed by cell-free enzyme preparations and promote
C—C bond formation in the biosynthesis of PIA* we first
focused on oxidative conditions. We used the same set of
ruthenium and iridium catalysts under a range of reaction
parameters, including the presence of co-oxidants (methyl
viologen dichloride, air, or anthracene) in a 2:1 mixture of
acetonitrile and DMSO to solubilize the substrate. Hence, in the
presence of Ru(bpy)sClz, Ru(bpy)2(dppz)(PFs)2, fac-Ir(ppy)s or
Ir[dF(CFs3)ppyla(dtbbpy)PFs, a few oxidation products of 8 were
isolated but no dimer was detected by HPLC-HRMS.
Oxygenation products at C9, C10 and C15 were identified (see
SI for full details, Figure S6). Interestingly, dimerization of

compound 8 was efficiently promoted within minutes using
fac-Ir(ppy)s or Ir-[dF(CF3)ppylz(dtbbpy)PFs under an inert
atmosphere of argon (Table 1, entries 1 and 3). Notably, the
addition of iPr,EtN (2.5 equiv.) in conjunction with fac-Ir(ppy)s
led to a marked increase in conversion (Table 1, entry 4). Of the
two catalysts, fac-Ir(ppy)s demonstrated superior efficiency in
facilitating dimer formation. Four distinct dimeric structures
were isolated from 8: two arising from [2+2] cycloadditions (10
and 14) and two from formal [4+2] cycloadditions (12 and 16).
Notably, product 10 features a sceptrin-like framework,
whereas product 12 is a diastereomer likely formed via E/Z
isomerization of one of the monomeric units prior to the
cycloaddition. As for products 14 and 16, they exhibit an
ageliferin-type skeleton.

Reaction parameters, including composition,
catalyst loading, base concentration, and irradiation time, were
systematically optimized (Table 1 and Table S8 in the SlI).
A reaction time of 60 min was identified as optimal; prolonged
irradiation did not improve the yield and instead led to
significant degradation. In a control experiment, the
cyclobutane derivative 10 was irradiated with blue LEDs. After
2 min of irradiation in the presence of the catalyst, the reaction
afforded a complex mixture comprised of monomer 8,
cyclobutane dimers, and [4+2] cycloaddition products, all in
comparable amounts, confirming the reversibility of the
process. On a preparative scale the reaction time was adjusted
to 80 min and products 10, 12, 14 and 16 were isolated in 16%,
3%, 12% and 6% vyield, respectively (37% cumulative yield). The

solvent
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Table 1. Condition for the [2+2] or [4+2] cycloadditions with 8.

Entry Catalyst Conditions Resultla
. (':gfb’:bCFi}pF‘,)g)z( 8, CHsCN/DMSO (2:1) 10 6%; 12: 2%
IG r?]);I%) 6 blue LEDs, 1 h 14: 7%; 16: 1%
{I(dFCFappy)o( 8, CHsCN/DMSO (2:1) iProEtN 10: 2%; 12: 3%
dtbbpy)}PFs (1.0 equiv.) 14: 10%: 16: 1%

(2.5 mol%) blue LEDs, 5 h : e
3 fac-Ir(ppy)s 8, CHsCN/DMSO (1:1) 10: 3%; 12: 0%
(2.5 mol%) blue LEDs, 1 h 14: 5% 16: 0%
. fac-Ir(ppy)s 8’,&”@&“{?’8"3%\2 :)1) 10: 10%; 12: 3%
2.5 mol% 2 2 equiv. 14: 12%; 16: 1%

blue LEDs, 1 h
5 fac-Ir(ppy)s 8 CH3CN(/1D'(‘)"§(?US :)1) iPraEN 10: 6%; 12: 3%
(2.5 mol%) blue LEDS. 15 h 14: 12%; 16: 2%
5 fac-Ir(ppy)s 8 CHSCN(IQD’gzOui(J :)1) IProEMN 10: 8%; 12: 4%
(2.5 mol%) bt Lenavd 14: 10%; 16: 1%
. g SSTEGNDUSO() T
2.5mol% : : 14: 10%; 16: 2%
blue LEDs, 2 h

8, CHsCN/DMF (1:1) 60 4o
fac-Ir(ppy)s ; . 10: 6%; 12: 4%
8 (2.5 mol%) iPraBIN (1.0 equiv.) 14:13%; 16: 2%

blue LEDs, 1.5 h

@ Yields determined by HPLC analysis.

same conditions were applied to the hymenidin-type substrate
9 (Figure 2) delivering 11, 13, 15 and 17 in 9%, 5%, 13% and 5%
isolated yield (32% cumulative yield). Notably, these reactions
showed reproducibility issues, as minor variations in flask
positioning relative to the light source occasionally affected
conversion or led to product degradation. To complete the total
syntheses, dimers 10, 11, 12 and 13 were reacted with
hydrazine in methanol to afford dibromosceptrin (18, 73%),
sceptrin (3, 62%), dibromoageliferin (19, 67%) and ageliferin (4,
78%), respectively.

Regarding the dimerization mechanism of the oroidin and
hymenidin derivatives, we first hypothesized reductive
quenching cycles since the use of iPr,EtN was necessary for the
reactions to proceed. The electrochemical behavior of
substrates 8 and 9 was evaluated by cyclic voltammetry in
acetonitrile (see Supporting Information for full details). The
oxidation potentials of 8 (Eox = +2.50 V) and 9 (Eox = +2.40 V)
were determined by cyclic voltammetry. No reduction waves
were observed within the potential window of 0.0 to —3.5 V vs
SCE. The absence of detectable reduction events indicates that
these substrates are not readily reduced under the conditions
examined. We therefore considered a mechanistic scenario in
which photoinduced oxidation of 8 or 9 by the excited state
photocatalyst would initiate the dimerization. However, this
pathway is thermodynamically unfavorable, as the excited-state
oxidation potential of fac-Ir(ppy)s (Ep+/p-= +0.35 V)3°
insufficient to oxidize either substrate. Collectively, these
electrochemical data are more consistent with an energy-
transfer mechanism. In the absence of iPr,EtN, low conversions
were observed (Table 1, entry 3), whereas the addition of
iProEtN brought the reactions to completion. We assume that
the base interacts with the substrates to facilitate energy
transfer rather than acting as an electron donor.

Following the identification of the most
photocatalytic systems, the study revealed several intrinsic

efficient

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Synthesis and dimerization of oroidin and hymenidin derivatives.
3Catalyst loading was reduced to 1 mol% for the continuous-flow conditions.

limitations inherent to the batch conditions. The reaction
proceeded in modest yields due to competing degradation and
decomposition pathways. Moreover, the reaction suffered from
reproducibility issues. Misalignments of the lamp caused
fluctuations in yields, reflecting the narrow optimal irradiation
window. To overcome these limitations, the optimized reaction
conditions were implemented in a modular, 3D-printed
continuous-flow system. This shift was driven by two key goals:
first, to shorten reaction times by achieving a more consistent
and efficient photon distribution, and second, to improve yields
by reducing photodegradation caused by prolonged light
exposure. The setup consists of modular reactor blocks
connected in series. A nitrogen pressure propels the solvent
through injection loops at typical flow rates between 0.1 and
1.0 mL min-%, thereby obviating the need for mechanical pumps.
Its narrow channels ensure uniform light penetration, avoiding
dark zones and guaranteeing high reproducibility. The reactor is
air-cooled and irradiated with a 456 nm Kessil® lamp. Residence
time within the reactor is tunable via adjustment of the solvent
flow rate and by configuring the system to include one or both
of two reaction compartments, which can be linked in series.

J. Name., 2013, 00, 1-3 | 3
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We employed a single injection loop containing a premixed
solution of reactants and catalyst, with both reaction
compartments connected in series.

The batch reactions involving substrates 8 and 9 exhibited
acceptable kinetics but suffered from limited cumulative yields
(37 and 32%, respectively), primarily due to significant
degradation of both the starting materials and the products. In
the case of the hymenidin-type substrate 9, the batch
conditions [fac-Ir(ppy)s (2.5 mol%), iPrEtN (2.0 equiv.),
CH3CN/DMSO (1:2) (0.23 mM)] were successfully translated to
continuous flow. Hence, a residence time of 20 min at a flow
rate of 0.1 mL/min along with a lower catalyst loading (1 mol%)
due to solubility issues afforded the sceptrin (11, 21%) and
ageliferin 13 (4%) precursors, along with their isomers 15 (13%)
and 17 (5%) in 43% cumulative yield. The same conditions
applied to the oroidin derivative 8 yielded the dibromosceptrin
(10, 13%) and dibromoageliferin 12 (5%) precursors, along with
their isomers 14 (16%) and 16 (11%) in 45% cumulative yield.
Interestingly, the PhotoFlow protocol allowed to reduce
irradiation time and catalyst loading while markedly improving
reproducibility but didn’t the yield
unfortunately.

In summary, we successfully achieved the first reported
assemblies of the complete hymenidin and oroidin scaffolds,
enabling the bioinspired total synthesis of sceptrin, ageliferin,
and their dibrominated congeners via [2+2] and [4+2]
photocycloadditions, with only natural head-to-head dimers
obtained. The use of a modular, cost-effective, 3D-printed
continuous-flow system enabled reduced irradiation times,
lower catalyst loading, and improved reproducibility.
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