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DNA-Templated [2+2] Photocycloaddition: A Straightforward Entry into the
Aplysinopsin Family of Natural Products**

Nicolas Duchemin,f Adam Skiredj,f Justine Mansot, Karine Leblanc, Jean-Jacques Vasseur, Mehdi A.
Beniddir, Laurent Evanno,* Erwan Poupon,* Michael Smietana,* and Stellios Arseniyadis*

Abstract: Biosynthetic considerations inspired us to harness the
template properties offered by DNA to promote a [2+2] photo-induced
cycloaddition. The method was developed based on the dimerization
of (E)-aplysinopsin, which was previously shown to be unproductive in
solution. In sharp contrast, exposure of this tryptophan-derived olefin
to light in the presence of salmon testes DNA (st-DNA) reproducibly
afforded the corresponding homo-dimerized spiro-fused cyclobutane
in excellent yields. DNA provides unique templating interactions
enabling a singular mimic of the solid-state aggregation necessary for
the [2+2] photo-cycloaddition to occur. This method was ultimately
used to promote the prerequisite dimerizations leading to both
dictazole B and tubastrindole B, thus constituting the first example of
a DNA-mediated transformation to be applied to the total synthesis of
a natural product.

The importance of light-induced reactions in biosynthetic
transformations is undisputable as showcased by the thousands of
examples found in nature.!'! Interestingly however, despite the
significant efforts made in the field,”! photochemical reactions still
remain underused in natural product synthesis mainly due to the
difficulty in taming the high-energy intermediates involved during
the process. Exploiting supramolecular interactions and confinement
to modify the excited-state behaviour of molecules has emerged as a
particularly appealing strategy.””! The use of cucurbituril, fullerenes
and, more recently, cyclodextrins, just to name a few, has allowed a
preorganization of the reactants and ultimately a control of the
photochemical process.™

Since Roelfes’ and Feringa’s seminal paper published a bit over
a decade ago,” the field of DNA-based asymmetric catalysis has
been thriving resulting in the development of a number of catalytic
transformations by several groups® including ours.”! The field
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recently culminated with the development of a [2+2] photo-
catalysed cycloaddition™ involving a modified three-way junction
DNA bearing a covalently-attached photo-sensitizer. This elegant
approach prompted us to explore yet another interesting feature
offered by DNA, namely its template properties, to promote a photo-
dimerization process perhaps otherwise impossible. As a model
reaction, we decided to study the photo-induced cycloaddition of
(E)-aplysinopsin monomers in solution. Indeed, in our quest to
validate the biosynthetic hypotheses of various structurally
intriguing cyclobutane-containing natural products, we recently
showed that the (£)-aplysinopsin monomers could undergo a [2+2]
photo-cycloaddition to produce the dictazole-type spiro-fused
cyclobutanes, however this reaction was only possible under
solvent-free conditions (Figure 1A).7 In comparison, the reactions
performed in solution failed to provide any of the desired product.
To circumvent this lack of reactivity in solution, we envisioned a
DNA-templated  strategy!'” where the compartmentalization
properties offered by DNA could allow to bypass the inability of the
monomers to self-organize in solution and ultimately promote the
title cycloaddition. Most importantly, if successful, this strategy
could be extended to the synthesis of a number of cyclobutane-
containing natural products and analogues thereof (Figure 1B).

Our first set of experiments rapidly revealed that DMF
(3.75 v/v%) was necessary to solubilize (E)-aplysinopsin la
(1.5 mM) in the aqueous buffer solution (MOPS, 20 mM, pH 6.5)
containing st-DNA (3 mM bp). In a typical reaction, the mixture
was stirred by inversion in quartz tubes under a UV-B enriched
lamp (ReptiSun 10.0 ZOOMED®™ UV-B) for 4 days and the product
distribution was determined by HPLC-UV-MS analysis (Table 1).
Interestingly, under these initial conditions, we were able to observe
the formation of the desired dimerized product 2a (Table 1, entry 2),
while a control experiment run in the absence of DNA (Table 1,
entry 3) only produced the formylindole derivative thus
demonstrating the crucial role played by DNA in this reaction. It is
also worth pointing out that increasing the percentage of DMF or the
concentration of the substrate had a detrimental effect on the
conversion of 1a to 2a (Table 1, entries 4-5). With these preliminary
results in hand, we next evaluated the photophysical features offered
by the complexing properties of a series of water-compatible Lewis
acids (not shown in Table 1, see ESI for details). Interestingly, the
use of La(OTf); appeared to improve the yield to up to 56%.
However, similar yields could also be obtained by simply improving
the solubility of the starting material by adding a DNA-compatible
co-solvent such as DMSO!" (25 v/v%) instead of the Lewis acid
(Table 1, entries 6-8).

The head-to-tail dimerization resulting from the topochemical
control of the DNA-templated photodimerization was also
confirmed by 'H and *C NMR analysis after running the reaction
on a 0.15 mmol preparative scale.'” Interestingly, the
homodimerized product 2a was obtained in up to 65% yield (40%
isolated yield after preparative HPLC) after running the reaction for
48 h (Scheme 1A).I"¥) The latter was accompanied with 11% of 2a’
(8% isolated yield) bearing the dictazole A-type syn stereochemistry
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resulting from the dimerization of (E)-aplysinopsin with its (Z)
isomer formed Hence, the optimized DNA-based
photodimerization conditions led to an unprecedented 76%
combined yield, affording 20 mg of the spiro-fused cyclobutane in a
single batch. In contrast, the solid-state protocol required combining
14 batches, each on a 0.025 mmol scale, to isolate roughly the same
amount of product (40% conversion, 14% isolated yield).

In order to rationalize the intricate interaction between the
aplysinopsin analogues and DNA, we performed circular dichroism
(CD) experiments. Indeed, non-covalent ligands that bind to DNA
via intercalation, groove binding or sometimes external binding,
display characteristic CD signals."¥ In addition, while single
binding modes are rarely observed with neutral ligands, the presence
of cationic charges further increases the number of possible modes
of interaction. As shown in Figure 2A, st-DNA exhibits a typical
B-type CD spectrum characterized by a negative and a positive
Cotton effect at A =245 and 278 nm respectively. Upon addition of
compound 1a into a solution containing st-DNA (30 uM), no CD
activity could be observed when R <1 (R=[1a]/[DNA]).
Interestingly, when the concentration of la was increased from
R =1 to R =2 while keeping the concentration of st-DNA constant,
a new biphasic CD signal with a strong positive (340 nm) and a
broad negative (390 nm) maximum and a zero cross-over at 360 nm
was observed (Figure 2A). The appearance of this bisignate shape
was concomitant with a small decrease of intensity of st-DNA bands
attributed to a small change in the winding of the nucleobase pairs
around the DNA helix. The splitting of the ICD signal into a
positive and a negative band is characteristic of an exciton coupling
effect which arises when two or more dissymmetrically arranged
chromophores interact with each other through space. It is generally
taken as evidence for the formation of dimers or higher order
complexes and characteristic of groove binding or external
stacking.'>'"! Obviously, as compound 1a is an achiral molecule,
the presence of a CD signal in solution is characteristic of a chiral
organisation. More specifically, the presence of exciton-coupled
bisignate bands strongly supports groove binding, ligand-ligand
binding or electrostatic interactions.'" Interestingly, upon
increasing the ionic strength of the buffer from 0 to 1 M NaCl, new
CD spectral features were observed (Figure 2B). While the st-DNA
bands in the 200-300 region were not affected, the original
excitoncoupled CD signals observed at lower ionic strength entirely
disappeared and were replaced by a broad negative band at

in situ.

A =400 nm. This suggests that at low ionic strength, electrostatic
and groove binding modes majorly contribute to the CD spectra,
while at higher ionic strength, phosphodiesters are totally paired
with sodium cation and therefore groove binding predominates.!"’

The DNA-templated formation of helical stacked aggregates of
cationic organic molecules is a well-studied phenomenon.?*?! It
has notably been shown that electronic couplings occurs in
H-aggregates (parallel stacking) and J-aggregates (head-to-tail
stacking). By analogy with well-studied cationic groove binders
such as distamycin, we thus hypothesized that two aplysinopsin
molecules could stack head-to-tail with charged groups positioned at
opposite ends.”*?) This spatial arrangement would allow the
photoinduced [2+2] cycloaddition to occur.

To corroborate the importance of these multiple interaction
modes, two control experiments were performed. First, to probe the
importance of the groove binding interactions, we attempted to form
a 2:1 complex between 1la and the biologically relevant
pyrophosphate (PPi) to mimic DNA’s phosphate backbone.”*! In
that case, irradiation of the mixture failed to provide the desired
cycloaddition product thus confirming not only that an
electrostatically-induced sandwich-like dimer cannot homodimerize
but also that the groove binding aggregation is necessary. Second, to
evaluate the influence of the electrostratic interactions, we set up the

Table 1. Systematic study
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Me” % hv (% = 280-315 nm)
1a A
Entry st-DNA (mM) 1a (mM) Co-solvent/Additive Yield® (%)
1 3 15 - 0
2 3 15 DMF (3.75 Viv%) 23
3 0 15 DMF (3.75 Viv%) 0
4 3 3.0 DMF (3.75 viv%) 17
5 3 45 DMF (3.75 Viv%) 3
6 3 15 DMSO (3.75 viv%) 28
7 3 15 DMSO (10 viv%) 39
8 3 15 DMSO (25 vive) 55

Conditions: All reactions were ran in 2 mL quartz tubes: a 6 mM base pair solution of
st-DNA in 20 mM MOPS (500 pL, pH 6.5) was slowly added to a 3 mM solution of
(E)-aplysinopsin 1a in a 1:1 MOPS (20mM, pH 6.5)/DMSO solution (500 pL) at rt under
artificial light during 96 h. * All yields were determined by HPLC analysis (reproducibility
+ 3%, average over three independent runs).
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Figure 2. (A) CD spectra changes of st-DNA (30 zM) in MOPS buffer (20 mM, pH 6.5, 0 M NaCl) at 5 °C upon addition of compound 1a (0-70 yM), (B) CD spectra
changes of st-DNA (30 zM) in MOPS buffer (20 mM, pH 6.5, 1 M NaCl) at 5 °C upon addition of compound 1a (0-60 yM). (C) Rationalization of the DNA-templated

[2+2] cycloaddition and representative HPLC chromatogram.

homophotodimerization of the 3’-deimino-3’-oxoaplysinopsin 1b
bearing a neutral urea moiety instead of the guanidium present in 1a
(Scheme 1, B). Here again, no pseudodictazole resulting from the
[2+2] cycloaddition was observed thus supporting the importance of
the electrostatic binding between the aplysinopsin monomers and
the polyanionic backbone of DNA.

Based on these results, we propose a plausible cascade of events
(Figure 2C) featuring: 1 the electrostatic and groove binding of a
first leading monomer, 2 the aggregation and groove binding of a
second monomer in a head-to-tail conformation to avoid charge
repulsion and (3 the key [2+2] cycloaddition. This pathway
should therefore not only allow the homodimerization of a
positively charged monomer, but also a potential heterodimerization
with a second monomer which would aggegrate in the DNA groove.
If confirmed, this would allow a straightforward entry into the
natural hetero-dimer dictazole B (2d).

To support this scenario, we logically started by evaluating the
dimerization of the brominated analogue 1c on a preparative scale.
Interestingly, the use of a 3 mM base pair concentration of st-DNA
in 25v/v% DMSO at room temperature afforded the expected
pseudo-dictazole 2¢ albeit in only 14% isolated yield (Scheme 1, C).
In this case, the reaction mainly led to the recovery of the starting
monomer and only traces of the brominated formyl indole. This
lower yield compared to the one obtained for the homodimerization
of 1a can be explained by the fast disassembly of the resulting
cyclobutane product 2¢ within a few hours in solution, as
experimentally observed on a pure sample.

We then naturally sought to apply our optimized conditions to a
1:1 mixture of 1c¢ and 1d hoping to favour the formation of the
natural heterodimer, dictazole B (Scheme 1, D). Indeed, this
structurally fascinating framework featuring a four-membered ring
spirocyclic scaffold and isolated form the sponge Smenospongia
cerebriformis,”™ belongs to the aplysinopsin family of indole
marine natural products which also includes aplysinopsin (1a) and
its deimino and brominated analogues 1b, 1¢ and 1d, (Figure 1B),”
and the tetrahydrocarbazole cycloaplysinopsins; tubastrindole B (3a)

and dictazoline C (3b).**"” We recently suggested a potential
biosynthetic scenario for these natural products featuring a unified
"aplysinopsin cascade", where the dictazoles are the central dimers
en route to the cycloaplysinopsins.®") While this hypothesis still
remains questionable as far as biosynthetic considerations are
concerned, this DNA-templated approach allows a straightforward
and particularly efficient entry into this family of natural products.

To our delight, the condensation of the two monomers 1c¢ and 1d
led to the formation of the corresponding heterodimer, which
spectral data matched those reported in the literature for natural
dictazole B (2d).”? Even more surprising was the efficacy of the
reaction, as the natural product was obtained in an improved 16%
isolated yield in a single run (0.15 mmol scale),* which compared
favourably with the 3.4% previously obtained after combining 28
batches, each on a 0.025 mmol scale. This could potentially be
explained by the postulated competitive disassembly of 2¢ in
solution during the course of the reaction, which would favour the
predominant formation of the more stable heterodimer 2d. Finally,
the enantioselectivity obtained for dictazole B, although modest
(7% ee), further confirmed the implication of DNA during the
photocycloaddition process.

Although J-aggregates are usually assumed to form in the minor
groove of DNA,P*! it is not possible at this time to unambiguously
assert the exact nature of the groove binding mode of the
aplysinopsin derivatives. Nevertheless, these results highlight the
different roles played by both the leading (positively charged) and
following (neutral) monomers during the aggregation process, which
results in the [2+2] cycloaddition.

Hence, starting from three different natural aplysinopsin-derived
monomers, we were able to access four cyclobutane-centered
skeletons, including natural dictazole B. Interestingly, the
homodimer 2a could also be further converted to yet another natural
product, tubastrindole B, through a ring-expansion cascade
involving the formation of Mancini’s intermediate (Scheme 1), thus
showcasing the possible generalization of this approach to the entire
aplysinopsin family of natural products.?"
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In  summary, we’ve developed an  unprecedented
DNA-templated [2+2] photodimerization process and demonstrated
its synthetic utility by applying it to the synthesis of spiro-fused
cyclobutane-containing  compounds including the natural
heterodimer dictazole B. The latter was obtained in 16% isolated
yield, which significantly improved the results obtained under the
standard solvent-free conditions. Moreover, by applying solid-state
supramolecular principles ascertained by CD spectroscopy, we have
shown that DNA could be a useful template to build aggregates with
photoreactive units. Most importantly, we believe that this method is
not limited to the aplysinopsins. Indeed, by fine-tuning the specific
interaction between DNA and any given monomer, we should be
able to extend the scope of the method and thus pave the way to new
target-oriented syntheses.
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