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Abstract: Photochromic nucleosides were designed that combine the structural features and molecular
recognition properties of nucleic acids with the light-sensitivity of diarylethenes. Target compounds la—c
consist of a 7-deazaadenosine unit that is linked to a thiophene as the second aryl functionality via a 1,2-
cyclopentenyl linker. These nucleoside analogues undergo a reversible electrocyclic rearrangement,
generating strongly colored closed-ring isomers upon irradiation with UV-light, while exposure to light in
the visible range triggers the cycloreversion to the colorless opened-ring form. UV—vis spectroscopy, HPLC,
and *H NMR measurements revealed recognition of complementary thymidine and up to 97% conversion
to the thermally stable closed-ring isomers after illumination with UV-light. The required wavelength for
ring closure was found to vary depending on the substituents attached to the thiophene moiety. In a first
design step, we used this important feature of diarylethenes to shift the switching wavelength from initially
300 nm (la) to 405 nm (1cH™). In a second step, we generated a pair of orthogonal switches, differing
enough in their respective switching wavelengths to be controlled independently in the same sample. Finally,
a molecular switch was developed that showed both photochromism and acidichromism, thereby illustrating
the possibility to gate the spectral properties to multiple stimuli. These new photochromic nucleosides
represent useful building blocks for the generation of light-sensitive nucleic acids either by inducing
conformational changes upon isomerization or by exploring the different spectral properties of the closed

and opened isomers, for example, for use as reversible fluorescence quenchers.

Introduction

Light is a convenient and powerful trigger to control the
reactivity of biomolecules.> Complex and compartimentalized
environments like cells benefit not only from the noninvasive
and noninterfering nature of light, but also from its spatial and
temporal resolution. The artificial induction of photosensitivity
in biomolecules that are per se unreactive to light relies in most
of the cases on the covalent functionalization with small
photoactive molecules.* They act as mediators to translate, by
photocleavage or isomerization, an optical input into a chemical
or physical signal that is transduced to the bioactive species of
interest. Peptides, proteins, and nucleic acids® have been used
in combination with various types of photochromic molecules,
like fulgides,® spiropyranes,*® and azobenzenes” ** to dem-
onstrate this principle.
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Scheme 1. Photoisomerization of Nucleosidic Diarylethenes
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protein-mediated enzymatic activities related to nucleic acids? %
binding of aptamers® and the catalytic activity of DNAzymes*"?®
were achieved on the basis of bistable photoswitches like
azobenzenes and spiropyranes. These latter reports, however,
and similar experiments with azobenzene-derivatized Diels—
Alderase ribozymesin our lab (Singer and Jaschke, unpublished
data) aso revealed the limitations of bistable artificial mediators
that do not possess important properties of nucleobases. Even
though trans-azobenzene readily undergoes stacking interac-
tions, > it is obviously neither able to participate in hydrogen-
bonding networks, nor doesit sterically resemble a nucleobase.
This often results in detrimental effects on structural features
of nucleic acids. In particular for DNAzymes and ribozymes,
the incorporation of such mediators leads to losses in catalytic
activity even for the nominally active form,? likely by interfer-
ing with the active conformation.

Surprisingly, diarylethenes are still unexplored in the context
of biopolymers despite their good photochromic performance,
interesting spectral properties, and useful structural features.*
This work intends to investigate their potential use in combina-
tion with nucleic acids. Toward this end, we designed a set of
novel photoactive mediators that are structurally related to the
nucleoside adenosine and capable to undergo a diarylethene-
specific electrocyclic rearrangement. The proposed structures
and the photoisomerization reaction are shown in Scheme 1.

The photochromic nucleosides presented in this work were
designed to circumvent the above-mentioned limitations since
they combine important properties of natural nucleic acids like
Watson—Crick base pairing with the ability of reversible
photoisomerization. In contrast to the work by Maeda, who
showed light-dependent duplex stability®* and reversible binding
of aG-quadruplex to an aptamer3? using stilbene-like guanosine
derivatives with cis—trans isomerizable substituents attached
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to the 8-position,® the approach we present here relies on
pericyclic isomerizations that directly involve the ring atoms
of the nucleobase. This offers several advantages. First, dia-
rylethenes are known to have good photochromic properties,
such as negligible thermal relaxation and high fatigue resis-
tance.*° Second, the spectral tunability®*=® allows to not only
adapt their photophysical properties to specific needs, for
example, higher switching wavelengths, but also to generate
orthogonal switches that can be controlled independently. And
third, in addition to the original purpose to induce conforma-
tional changes by photoisomerization, the strong absorption
bands that occur in the closed-ring isomers can be exploited
for conditional resonance energy transfers. This gives access
to reversible fluorescence quenchers, as shown for other
diarylethene—fluorophore conjugates.®”*° Herein, we describe
the synthesis and photochromism of light-sensitive adenosine
derivatives and demonstrate their ability to form base pairs as
well as the spectral tunability and orthogonality of different
switches on the level of nucleoside monomers.

Experimental Section

Synthetic Procedures. Compounds 2 and 6a—c were prepared
as reported previously.*~* The synthesis and characterization of
compounds 3—5 as well as 7a—c, 8a—c, 9a—c, and the final
switches 1la—c are described in the Supporting Information.

Base Pairing Studies. Thymidine and 2’-deoxyadenosine were
purchased from Sigma-Aldrich and used without further purification.
H NMR measurements were performed on a Varian Systems 500
MHz instrument at 25 °C. Single components were measured in 5
mM d®-MeCN solutions and compared with the respective mixtures
containing 5 mM of each component.

Photoisomerization. The photochromic properties of compounds
la—c were assessed in 30 M acetonitrile solutions at 25 °C, using
either a standard hand-held UV-lamp (254 nm, 366 nm) or a 100
W xenon lamp at variable wavelength (monochromator) as light
source for ring closure. The cycloreversion was induced with awhite
LED lamp, having a broad emission spectrum in the visible range,
or with the above-mentioned 100 W xenon lamp, if monochromatic
light was used. The reactions were conducted in 1 mL quartz
cuvettes and monitored by recording the UV —vis absorbance on a
Cary 100 Bio UV —vis spectrometer.

Results and Discussion

Synthesis Strategy. The versatility of heteroaryl substituents
in diarylethenes*™®* has prompted us to investigate purine-
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Scheme 2. Synthesis of Photochromic Nucleosides la—c
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related nucleosidic structures as aryl subunit. To meet the
structural requirements of diarylethenes, however, the purine
scaffold has to be modified in two positions. First, the nitrogen
atom at position 7 (purine numbering is used throughout the
manuscript) has to be replaced by a carbon to allow the desired
electrocyclic reaction. Second, a methyl group is introduced at
the 8-position to avoid directly attached hydrogen atomsin the
cyclohexadiene ring formed upon cyclization, thereby preventing
an irreversible oxidative aromatization and other side reactions.*

Taking these considerations into account, we designed the
protected 8-methyl-7-deazapurine nucleoside 5, a precursor for
an adenosine analogue, as aryl subunit in the diarylethene
scaffold. The second part of this scaffold consists of the
corresponding thiophene—cyclopentene conjugate. Here, we
introduced several combinations of substitutionsin the thiophene
moiety, in order to investigate their effect on the photochromic
properties in the final product. Cyclopentene was chosen as
connection between both aryl functionalities because it is known
to enhance the photochromic performance of diarylethenes in
polar solvents*”*® and due to its well-established compatibility
with diarylethene photoswitching.*® Since the protected nucleo-
side analogue 5 is not compatible with the more commonly used
coupling procedures that involve lithiation with n-BuLi, the
assembly of the unsymmetrical diarylethene is performed as
described by Belser et a.,>° with a Suzuki coupling under
relatively mild conditions, followed by deprotection and ami-
nation in the 6-position. This convergent strategy, using several
substituted thiophene—cyclopentene conjugates as coupling
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partners, allows to rapidly synthesize a variety of unsymmetric
diarylethenes that differ in their photochromic properties.

Synthesis of Compound 5. The synthetic procedure is based
on the formation of 6-methyl-7H-pyrrolo[2,3-d]pyrimidine 2,
shown in Scheme 2. This synthesis was performed in 5 steps
as described by Davoll** with an overall yield of 17%, starting
from 2-cyanoacetoxyethyl ester and chloroacetone, involving
pyrimidine formation with thiourea, cyclization to a 7-deazapu-
rine, and dethiolation with Raney-Nickel. Chlorination was
performed with POCI; to yield compound 3 (83%) which was
subsequently iodinated in the 7 position with N-iodosuccinimide
(89%). Toluoyl-protected 3-p-nucleoside 5 was obtained in 60%
yield by liquid—solid phase-transfer glycosylation with 2-deoxy-
3,5-di-O-(p-toluoyl)-a-p-erythro-pentofuranosyl chloride® ac-
cording to a general glycosylation protocol by Seela and
co-workers, %3

Synthesis of Compounds 8a—c. The second part consists of
the thiophene—cyclopentene conjugates, carrying different
substitutions at the thiophene moiety. We synthesized three
different thiophene bromides 6a—c, depicted in Scheme 2,
following published procedures® ** and converted them in a
one-pot reaction, first to the respective boronic esters using
n-BuLi and tributylborate, followed by direct conjugation via
Suzuki coupling with 1,2-dibromocyclopentene (1.5 equiv) in
the presence of 5 mol % palladium, sodium carbonate, and
water. Under these conditions, the reactions afforded a series
of monosubstituted cyclopentenes (7a—c) in 40—44% yield with
only 5—10% of symmetric diarylethenes formed as byproducts
that were separated by column chromatography. A direct
conversion of these compounds to the respective boronic esters
with tributylborate and immediate coupling with the protected
iodonucleoside 5 in a one-pot reaction was not successful.
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Figure 1. (Left panel) Putative binding mode between la—c and T. (Right
panel) Partial NMR spectra showing the downfield chemical shift of the
imine proton in thymidine (T) upon addition of 1a or 2’-deoxyadenosine
(dA).

Therefore, the monoarylated cyclopentenes were converted to
the pinacolatoboronic esters 8a—c before proceeding to the
coupling reaction.

Synthesis of Photochromic Nucleosides la—c. The final
switches could be obtained by reacting the boronic esters 8a—c
with the protected iodonucleoside 5 via Suzuki coupling, using
1,1-bis(di phenyl phosphino)ferrocene-palladium(i1)dichloride in
the presence of potassium phosphate in a THF—water mixture.
The initialy very low yields of this reaction could surprisingly
be improved by addition of 5 equiv of triethylamine. Under
these conditions, coupling products 9a—c could be obtained in
50—85% yields. The fina deprotection and amination in the
6-position were performed in one step by incubation in dioxane/
agueous ammoniafor 12 h at 120 °C in an autoclave, yielding
the unsymmetrical diarylethenes 1a—c. The HPLC chromato-
grams of al switches showed single peaks after column
chromatography (Supporting Information Figure S1).

Base Pairing Properties. The association of complementary
nucleoside monomers can be monitored by *H NMR in aprotic
solvents.>*>® The formation of hydrogen bonds between nucleo-
bases leads to a distinct downfield chemical shift of involved
exocyclic amine and endocyclic imine protons. To study the
ability of compounds la—c to form Watson—Crick-like base
pairs, we performed *H NMR measurements in the presence of
thymidine (T) monomers in deuterated acetonitrile using the
chemical shift of T-NH as aprobe for the formation of hydrogen
bridges. Significant downfield shifts of up to 0.18 ppm (90 Hz)
could be observed for the imine proton of T upon addition of
la as shown in Figure 1. Comparison of the measured chemical
shifts to free thymidine and a 2’-deoxyadenosine—thymidine
mixture clearly indicates an association of 1a with the comple-
mentary thymidine monomer under these conditions. Similar
shifts of T-NH are observed in the presence of 1b and 1c,
whereas the addition of 5 shows no effect, since it lacks the
required amino functionality for base pairing (Supporting
Information Figure S2). Additionally, aweaker downfield shift
of the exocyclic amine in the deazapurine moieties of all
switches (Supporting Information Table S1) suggests a Watson—
Crick-like binding as shown in Figure 1 (left panel).>®

(54) Katz, L.; Penman, S. J. Mol. Biol. 1966, 15, 220-231.
(55) Shoup, R. R.; Miles, H. T.; Becker, E. D. Biochem. Biophys. Res.
Commun. 1966, 23, 194-201.

Figure 2. Solutions of 1la—c in acetonitrile after irradiation with UV-light
(250—370 nm).

Photochromic Properties. Nucleosides 1a—c should exhibit
a diarylethene-specific reversible photoisomerization (Scheme
1), generating a closed-ring isomer upon irradiation with UV-
light. Cycloreversion to the opened form is expected to occur
at a higher wavelength. Photoisomerization was monitored by
UV —vis spectroscopy, HPLC, and *H NMR. Overal, the
following data show that all three compounds undergo the
anticipated electrocyclic rearrangement in areversible manner,
establishing a set of photochromic nucleosides with different
photochemical properties. Exposing the colorless solutions of
compounds la—c to UV-light (250—370 nm) leads to a strong
coloration, ranging from yellow to red (Figure 2), depending
on the thiophene substitution. The corresponding changes in
the absorption spectra during irradiation are shown in Figure 3
for al three switches. They share the emergence of a broad
absorption band between 400 and 600 nm with maxima at 450
nm (1a), 485 nm (1b), and 505 nm (1c), which is typica for
closed isomers of diarylethenes.*® In all cases, the color is stable
over days at 20 °C, as derived from absorbance traces of closed-
ring isomers at different temperatures (Supporting Information
Figure S6), but rapidly fades upon irradiation with light in the
visible range. The coloration—decol oration cycle can be repeated
many times, as shown in Figure 3e, even though minor
deterioration occurs, indicated by the dightly decreasing absorp-
tion maximum in the closed state. The conversion to the closed
isomers in the photostationary state for all switches was
determined by HPLC (Supporting Information Figure S3, and
Table S2) and *H NMR (Supporting Information Figure $4) in
the case of 1c, andislisted in Table 1, along with their thermal
stabilities and absorption maxima. The largest switching factor
was observed for compound 1c with 97% conversion to the
closed isomer after irradiation at 300 nm. However, in the case
of 1a, the photostationary state is aready reached at 60%
conversion. Thus, single-point attachment of aryl and heteroaryl
substitutions asin 1b/1c seems to be more favorable with respect
to cyclization yields than abenzo fusion asin la. Additionally,
the synthetic approach to 1b/1c alows an easier variation of
the substituents and the resulting electronic properties.

These three examples also illustrate the possibility to tune
spectral properties of diarylethenes by simply altering substit-
uents on the thiophene moiety. Decreasing the electron density
on the thiophene shifts the absorption maximum in the closed
state to a more bathochromic region and aso increases the
maximum wavelength for ring closure from 300 nm (1a) to 405
nm (1cH™') as can be seen in Figure 3d. This feature of
diarylethenes permits the fine-tuning of the photochromic
properties by design. In the current case, the shift to higher
cyclization wavelengths allows avoidance of short-wavelength
UV-irradiation, which is known to cause damage to nucleic

J. AM. CHEM. SOC. m VOL. 132, NO. 24, 2010 8375
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Figure 3. Absorption spectra evolution and time course of photoisomerization for compounds 1a (a), 1b (b) and 1c (c). Arrows indicate changes upon
irradiation with UV-light (300 nm). (d) Wavelength range to switch compounds 1a—c to their respective closed state derived from kinetic investigations at
different wavelengths (Supporting Figure S5). (€) Cycling between closed and opened state of 1c by alternating illumination with 366 nm and visible light.
(f) Thermal stabilities of 1la—c in acetonitrile at 20 °C (for data at 40 and 60 °C see Supporting Figure S6).

Table 1. Spectral and Photochromic Parameters of Compounds
la—c

compound Amax (Closed state)/nm thermal stability/t; »® conversion®
la 450 >100 h 0.60
1b 485 >100 h 0.87
1c 505 >1000 h 0.97
1cH*® 573 60 h

aMeasured at 20 °C. In the photostationary state under irradiation
with 300 nm. ©Protonated form of 1c in 3 mM trifluoroacetic acid
(TFA).

acids® and, furthermore, offers the possibility to use standard
laser equipment in fluorescence microscopes for the switching
process. Moreover, this approach allows generation of switches
that can be controlled independently from each other, given that
their switching wavelengths are well separated. To demonstrate
this principle, we used a mixture of 1a and 1c and specifically
switched their photostationary states (PSS) by sequential il-
lumination with different wavelengths (Figure 4).

First, both compounds were switched simultaneously to the
closed state and back, using 300 nm, followed by visible light.
[llumination at 334 nm then exclusively turned compound 1c
into the closed state, while 1a remained unaffected until the
wavelength was lowered to 300 nm. Subsequent irradiation of
both compounds with 550 nm light converted 76% of 1c into
the opened-ring form. Finally, both compounds are synchronized
in their initial opened states by illumination with visible light.
It is thus possible to switch the PSS of a very similar set of
photochromic nucleosides in a simultaneous (Figure 4, 300 nm
and vis) as well as independent (Figure 4, 334 and 550 nm)
manner at the same time by exploiting their different spectra
properties.

The introduction of further reactivities expands the scope of
diarylethenes beyond photochromism. In the case of compound

(56) Beukers, R.; Eker, A. P. M.; Lohman, P. H. M. DNA Repair 2008, 7,
530-543.

8376 J. AM. CHEM. SOC. m VOL. 132, NO. 24, 2010

1004

804

604

404

PSS of closed state / %

204

150s 150s 600s
334 nm 300 nm 550 nm

60 s
vis

G[ll s
vis

bef'ore 30'68
irr. 300 nm

Figure 4. Orthogonal switching of a mixture of compound 1a and 1c by
sequential illumination at different wavelengths. The PSS of the individual
switches were determined by UV-spectroscopy.

1c, pH-sensitivity is mediated by the pyridyl-substituent and
induces acidichromism, that is, the reversible change of spectral
properties upon acidification. We, therefore, tested the effect
of adding trifluoroacetic acid (TFA) to the closed isomer of 1c,
using 1b as control since it lacks the nitrogen atom required
for protonation. Only in the case of 1c the addition of TFA
leads to a strong bathochromic shift of the absorption band in
the visible range, changing the apparent color from red to violet
(Figure 5), whereas 1b shows no changes (Supporting Informa-
tion Figure S7). For the opened isomer, the switching wave-
length for ring closure is furthermore increased from 370 nm
(1c) to 405 nm (1cH™; Figure 3d). The original properties of
1c can be restored by addition of triethylamine, proving this
effect to be entirely reversible (Supporting Information Figure
S7). Thus, multiaddressable switches can be easily constructed
that gate the output signal to different types of stimuli.

Conclusion

Current approaches for reversible switching of nucleic acid-
related activities, mainly relying on azobenzene, suffer from
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Figure 5. Acidichromism of compound 1c. Protonation of the pyridyl-
residue with TFA bathochromically shifts the absorption maximum by 68
nm.

drawbacks arising from the non-nucleosidic nature of the
covalently attached photoswitches. In particular, highly struc-
tured DNA or RNA would benefit from mediators that combine
base pairing properties with photoactivity. Diarylethenes are
well-known photochromes and tolerate a variety of arylic
subunits in their core structure. Herein, we designed photo-
chromic nucleosides based on the scaffold of diarylethenes by
introducing 7-deazaadenine as one of the two aryl moieties. On
the basis of the data presented here, these compounds form
functional switches that undergo the typical light-driven elec-
trocyclization, yielding sterically and photophysically distinct
closed and opened isomers. Even though the individual binding
constants of these compounds to thymidine were not determined,
the NMR data presented here clearly indicate an association
between the complementary monomers, which is a key feature
for the generation of light-responsive nucleic acids. Furthermore,
they display good photochromic properties in terms of photo-
conversion, repeatability of switching, and thermal stability. The
intrinsic properties of diarylethenes expand the scope of
photochromic nucleosides by providing features not accessible
by other approaches: First, the tunability of switching wave-

lengths not only allows to adapt the photochromic properties
to specific needs but also gives access to orthogonal switches
(see Figure 4). Second, these properties can be linked to other
externa signals, like the presence of acid (see Figure 5),
complexation,®” or redox state. Finally, the strong absorption
band of the closed isomers in the visible range suggests a
considerable quenching potential of attached fluorescent dyes
as it has been shown for other diarylethene—fluorophore
conjugates.®”~*° This could be exploited for conditional reso-
nance energy transfer to reversibly switch fluorescence on and
off, a very useful property for bioimaging applications like
OL D&% or super-resolution microscopy.®®~%% Future experi-
ments will focus on the incorporation of these compounds into
oligonucleotides and the investigation of the impact of photoi-
somerization on duplex stability and catalytic activity of nucleic
acids.
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