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Challenges and Opportunities in
DNA-based Asymmetric Catalysis

Michael Smietana*? and Stellios Arseniyadis*®

Abstract: The biological importance of nucleic acids for the storage, expression and regulation of genetic infor-
mation is now well understood. By taming the chemical synthesis of these biomolecules, chemists have been
able to engineer new architectures based on the ability of DNA and RNA to fold into secondary or even more
complex tertiary structures with applications in medicinal chemistry, diagnostics or even material sciences.
Exploiting the fascinating helical structure of DNA and RNA to develop new chiral bio-hybrid catalysts capable of
promoting highly stereoselective transformations under mild and eco-compatible conditions is also an emerging
area of research. In this short review, we report our recent results in the field of DNA-based asymmetric catalysis
as well as the challenges and promising perspectives that lie in front of us.
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1. Introduction

Mimicking enzymatic reactions by
engineering artificial systems able to cat-
alyse a wide variety of chemical trans-
formations has been a continuous area of
research for biologists and chemists since
the late 1970s.[1l Inspired by the fascinat-
ing microenvironment provided by nat-
ural enzymes, considerable progress has
been made toward the design of artificial
systems capable of mirroring enzymatic
active sites and achieve high catalytic ca-

pacity and substrate selectivity.[?l While
initially based on peptides and protein
scaffolds,!!:2a3] the construction of artifi-
cial metalloenzymes has been extended to
a wide variety of architectures, including
macrocyclic molecules such as cyclodex-
trins, calixarenes and cucurbiturils, and
more recently nucleic acids, which have
the particularity to adopt a plethora of
secondary or even more complex tertiary
structures (Fig. 1).[4

Most of these systems rely on the in-
corporation of a metallic co-factor within a
chiral macromolecular framework through
a covalent, supramolecular or dative an-
choring strategy (Fig. 2). Our group re-
cently joined the task force with the aim of
developing new nucleic acid-based artifi-
cial metalloenzymes with original catalyt-
ic activities; we will give here an account
of some of our key achievements.

2. DNA-based Catalysts in
Asymmetric Synthesis

While catalytic nucleic acid-based
architectures requiring metal ions as co-
factors (also called DNA/RNAzymes)
have been studied and optimized to cata-
lyse a diverse range of reactions for more
than three decades,!5! the use of DNA as
a source of chirality in asymmetric ca-
talysis was first reported by Roelfes and
Feringa in 2005.161 The concept was based
on the supramolecular assembly of salm-
on testes DNA (st-DNA) and an achiral li-
gand composed of the well-known DNA-
intercalating 9-aminoacridine attached
to an aminomethyl pyridine moiety able
to chelate a Cu(ir) species. The catalyt-
ic activity of this bio-hybrid catalyst was
first evaluated on a reaction known to be
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Fig. 1. A few examples of structures adopted by DNA.
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Fig. 2. Typical anchorage strategies.

water-compatible; namely the Diels Alder
between aza-chalcones and cylopentadi-
ene. The results were particularly inter-
esting as a high endo/exo selectivity was
obtained (98:2) along with a promising
53% ee of the major endo isomer (Scheme
1, top). In addition, they were also able
to demonstrate that the absolute config-
uration of the product could be inverted
by tuning the nature of the spacer. This
benchmark reaction demonstrated that the
right-handed DNA helix was suitable to
create an appropriate chiral environment
and induce an enantioselective catalytic
transformation. Following these initial
results the authors rapidly improved their
system by introducing bipyridine and
terpyridine-based Cu(ir)-DNA binders!’]
and by extending their scope to the more
versatile 2-acyl imidazole derivatives
(Scheme 1, bottom).[8!

The concept immediately caught the
attention of the scientific community who,
along with the Roelfes group, extended the
use of DNA as a chiral scaffold to various
other Cu(i)-catalysed reactions, including
Michael®2b! and oxo-Michael additions,[9¢
Friedel-Crafts alkylations,[d¢l  electro-
philic fluorinations,® hydrolytic kinetic
resolutions of epoxides,® syn-hydra-
tions, [l and both inter-11 and intramolec-
ularl®! cyclopropanations (Schemes 2 and
3). Just last year, Roelfes and co-workers
were able to show that the use of a Cu(ir)-
bipy-DNA complex in the context of a
Friedel-Crafts alkylation also promoted a
face-selective reprotonation of the highly

reactive transient enolate. These results
were all the more remarkable considering
that the reactions were run in water.[10]

In addition to implementing the con-
cept to a broader range of reactions, inten-
sive efforts have also been dedicated to get-
ting some mechanistic insights as well as
a better understanding of the various struc-
turall”.11.121 and experimental(!3] parameters
that influence the selectivity. These are not
covered here as it is beyond the scope of
this account, however they can be found in
some recent reviews.!4l

Our group joined this fascinating ar-
ea of research in 2011, first by tackling a
long-standing issue pertaining to bio-hy-
brid catalysis, which is the control of the
enantioselectivity outcome. Indeed, while
reaching high enantioselectivities can eas-

ily be achieved by fine-tuning the reaction
conditions, selectively accessing a specific
enantiomer in a given reaction is a more
challenging task. Various strategies have
been evaluated in the context of DNA-
based asymmetric catalysis; these general-
ly involved a fine-tuning of either the struc-
ture of the metallic co-factor or its position
within the double-strand DNA platform.
Unfortunately, the inversion of selectivity
was in the best case only partial and usually
very substrate-specific.'5! In this context,
we were able to show that double strand-
DNA made from L-nucleic acids instead of
the natural occurring D-nucleic acids could
be used to reverse the selectivity of any
given reaction in a reliable and predictable
fashion (Scheme 4).116] These left-handed
L-DNA sequences, mirror image of the
corresponding right-handed D-DNA se-
quences, were readily synthesized using
L-nucleotide phosphoramidites and evalu-
ated in various Friedel-Crafts alkylations
as well as in the conjugate addition of di-
methyl malonate and nitromethane. In all
cases, both enantiomers could be obtained
selectively depending on the nature of the
DNA helix.

We applied the same approach with
short double-stranded RNA sequences!!”!
with the idea that we could also potentially
improve the selectivity due to the specif-
ic structural features pertaining to RNA.
Indeed, compared to DNA, double-strand-
ed RNA sequences adopt a compact
A-form helix!'8] characterized by a wide
and shallow minor groove and a deep and
narrow major groove. Interestingly, the
inversion of selectivity was still observed
when using D- and L-RNA instead of the
corresponding D- and L-DNA sequences,
however the enantioselectivities achieved
were lower (up to 54% ee) (Scheme 5).

Following these results, we next evalu-
ated the potential scalability of the process.
To do so, we developed a DNA-based cat-
alyst bound to a cellulose matrix (Scheme
6).1191 The chiral bio-hybrid material,
which is commercially available, trivial

o St-DNA

Cu(NO3),, MOPS (pH 6.5), 5 °C N

st-DNA

) -
N

1 2 = Iy 3

'::"( = N2

“,‘\\]] endolexo up to 98/2

ee up to 53% (endo)
ee up to 90% (exo)

[0}
\ N
N
‘Me R
5

endolexo up to 99/1
ee up to 99% (endo)

Scheme 1. DNA-catalysed Diels-Alder reaction.
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Scheme 3 Current scope in the field of DNA-based asymmetric catalysis (continued).
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Scheme 4. Use of L- and pb-DNA for a reliable and predictable access to both enantiomers of a
given reaction.

to use and fully recyclable proved to be
a good alternative to the various immo-
bilised DNA catalysts reported so far.[20]
Most importantly, our solid-supported
catalyst could be implemented to a sin-
gle-pass continuous-flow process allowing
fast conversions and high enantioselectivi-
ties at low catalyst loadings on mmol scale
reactions.

More recently, we set out to design
sequence-specific catalysts with the idea
of ultimately being able to perform multi-
catalytic processes in a one-pot fashion.
With this in mind, we prepared a series of
ligands derived from the well-known mi-
nor groove binder Hoechst-33258, which
is also known to have a strong affinity for
AT-rich regions of a B form duplex DNA
(Scheme 7). An evaluation of the affinity of
these new ligands by spectroscopic analy-
sis confirmed their minor groove binding
mode, while their use in Cu(i)-catalysed
Friedel-Crafts alkylations showed a clear
correlation between affinity and selectivity.
Although the enantioselectivities observed
were rather moderate (up to 47% ee ob-
tained with ct-DNA and ligand 12b), these
results demonstrated that sequence-selec-
tivity and thus compartmentalization could
be achieved.[2!]

3. Conclusion and Outlook

DNA is an abundant, readily available
and reasonably affordable source of chi-
rality. Due to its highly charged phosphate
backbone, it offers an interesting access
to water-compatible asymmetric catalysts
and thus a great alternative to the more
traditional chiral organic ligands. The
recyclability offered by solid-supported
DNA catalysts associated with the com-
patibility of DNA with organic co-sol-
vents further increase the attractivity of
DNA for the development of large-scale
enantioselective processes. The field of
DNA-based asymmetric catalysis is how-
ever still in its infancy. Further mechanis-
tic studies are indeed needed to assess the
influence of the groove (minor vs major)
and to fully understand and correlate the
observed acceleration rates with the enan-
tioselectivity. This will ultimately allow
to better tame these bio-hybrid catalytic
systems.

The recent extension of DNA-based
asymmetric catalysis to other metallic
co-factors[®i221 and to photocatalysed
processes(23] will undoubtedly open new
avenues in the field. As far as we are
concerned, our current efforts are fo-
cused on designing a ‘universal’ DNA-
based catalyst capable of achieving high
enantioselectivities on a wide range of
reactions; these results will be reported
shortly.
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