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ABSTRACT: We report the design and synthesis of triazolyl donor/acceptor unnatural nucleosides via click chemistry and
studies on the duplex stabilization of DNA containing two such new nucleosides. The observed duplex stabilization among the
self-pair/heteropair has been found to be comparable to that of a natural A/T pair. Our observations on the comparable duplex
stabilization has been explained on the basis of possible 7—7 stacking and/or charge transfer interactions between the pairing
partners. The evidence of ground-state charge transfer complexation came from the UV—vis spectra and the static quenching of
fluorescence in a heteropair. We have also exploited one of our unnatural DNAs in stabilizing abasic DNA.

Bl INTRODUCTION

The design and synthesis of nonnatural analogues of nucleo-
sides for the replacement of the natural nucleobases have
attracted much research interest in recent years." Toward this
journey, a large number of non-natural nucleosides capable of
showing 7-stacking interaction properties have been developed,
and their biophysical properties in the context of DNA have
vigorously been investigated. For example, a number of base
analogues with orthogonal H-bonding complementarities® in
relation to the natural Watson—Crick H-bonding have been
exploited to examine the importance of hydrogen-bonding
interactions in the stabilization of nucleic acid structure, in the
study of interbiomolecular interactions,>*" and in the base
recognition ability of enzymes.’*® Several modified nucleo-
sides with reporter functionalities have also been synthesized
for monitoring the local microenvironmental change around
the nucleic acids associated with interbiomolecular interac-
tions.* Creation of non-H-bonding unnatural nucleobase
surrogates by Kool et al. has opened a new dlmensmn in the
design of hydrophobic unnatural DNA base analogues.’ Thus,
they have explored the possible aromatic stacking, hydrophobic,
or CH—r interactions between the bases and shown that these
attractive forces are good enough to stabilize a DNA duplex and
are well recognized by DNA polymerases. Triggered by Kool’s
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work, much effort has been put forth to develop non-natural,
stable, hydrophobic base pairs of orthogonal recognition
properties toward expanding the genetic alphabet.’ Recently,
the design of unnatural DNA base pairs with tuned charge
transfer/photophysical properties has been a rapidly growing
research field toward the development of nucleic acid based
diagnostics and sensing materials.” While the development of
bases with improved charge transfer characteristics would lead
to oligonucleotides with novel electronic properties,® the
fluorescent nucleobases could offer an opportunity for in vivo
imaging as well as for the development of nucleic acid based
sensors.” Toward this end, several unnatural nucleobases have
appeared in the literature for the development of functional
nucleic acids.**® However, the rational design of non-hydrogen-
bonding base pairs remains a challenge. In most of the design of
non-hydrogen-bonding base pairs, researchers have concen-
trated mainly on factors such as z-stacking, hydrophobicity,
steric shape mimicry, and in a few cases the dipole moment, etc.
in the stabilization of the DNA duplex.®

Cu(I)-catalyzed azide—alkyne cycloaddition reaction® has
drawn attention only in recent years in the field of nucleic acid
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Figure 1. (I) Schematic presentation of conceptual duplex stabilization with triazolyl unnatural nucleosides (UNNs). (II) Alkynes used in this study

and the structures of nucleosides incorporated into DNA.

chemistry for the design of functional nucleic acids of potential
value in biology, medicine, material sciences, and nano-
technology.” However, donor and/or acceptor aromatic linked
click triazoles as unnatural nucleobase surrogates have not been
explored.'® To date, in the development of unnatural bases, the
charge transfer interaction among the heteropair has not been
considered. As a part of our ongoing research effort toward
generation of molecules with tuned photophysical properties
via click reaction,'! we thought that it would be worthwhile to
synthesize triazolyl nucleosides containing donor/acceptor
aromatics to produce a modulated photophysical response in
the unnatural nucleosides (UNNs). Therefore, we disclose,
herein, our conceptual design and synthesis of triazolyl donor/
acceptor unnatural nucleosides derived from azide—alkyne
cycloaddition reaction with interesting photophysical properties
and the capability of showing 7-stacking as well as a charge
transfer characteristic feature among themselves and the
oligonucleotides containing two of our modified triazolyl
nucleosides ("B's) (Figure 1).

The Concept. The logic behind our choice of triazole linked
with donor/acceptor aromatics to be the nucleobases is as
follows: (a) Triazoles are metabolically inert. (b) The triazole
units are more than just passive linkers. They readily associate
with biological targets through hydrogen-bonding and dipole
interactions. (c) Strategically placed triazolyl isosteres can also
improve charge transfer interaction properties in DNA.'M'?
The idea of our design of unnatural triazolyl nucleobases linked
with donor/acceptor aromatic units capable of showing
possible charge transfer interaction mainly came from the fact
that the charge transfer (CT) interaction plays a role to some
extent in stabilizing a biomolecule or biomolecular associations.

About 60 years ago, Mulliken suggested that the CT complexes
“may afford new possibilities for understanding intermolecular
interactions in biological systems”.'> Since then, several
biochemical phenomena have been explained on the basis of
CT interactions.'* For example, various research groups have
reported ground-state charge transfer complexation mediated
extra duplex stabilization and static quenching phenomena in
the context of DNA probe design.'>~"” Thus, it has been shown
via studying the molecular beacons and complementary linear
probes that when the fluorescent dyes and quenchers come in
close contact and form ground-state charge transfer complexes,
they offer significant enhancement of duplex stabilization. The
study of Morrison and Stols showed an enhancement of duplex
stabilization when the dye and the quencher are directly
adjacent to opposite strands and come in potential physical
contact."®* Tyagi and Marras et al. have investigated that the
tested configurations of various duplex DNAs with fluoro-
phores and quenchers conjugated at the 5’- and 3’-termini on
complementary oligodeoxynucleotides (ODNs) show an
increase in duplex stability by 2—10 °C when the fluorophores
and quenchers interact strongly.le These results suggest that
the when adjacent dye/quencher groups have the potential to
form complexes, they can offer significant additional duplex
stability. All such examples show ground-state complexation,
the formation of which is evident from the UV—vis spectra. The
designed DNA containing a donor in one strand and acceptor
in the other strand has led to static quenching via ground-state
charge transfer complexation and stabilization of the duplex.
The “strand-displacement probe” assays utilize the same
ground-state complexation phenomenon.'* Johansson et al.
have reported that properly chosen dye/quencher pairs in dual-
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Scheme 1. Synthesis of Triazolyl Donor/Acceptor Unnatural Nucleosides®

HO HO
i0>m0H a io>.«~OMe b
OH 6 OH 7

TolO
¢} N TolO
d 3 Column
OTol Separation
10
a:p=3:1
N=N

|
;

;
ke

TolO.

TolO H
i())nNOMe c T:O:
cl

OTol 8 9 0Tl
=—Ar N=N
0 N3 (A-D) TolO o N%Ar
H
OTol ¢ OTol 11-14
B-Epimer
NO, CN
MeO OMe 5
=Ar '
(A-D) :
B c D !

“Reagents and conditions: (a) dry MeOH, 1% HC], rt; (b) dry pyridine, p-toluoyl chloride, DMAP, 0 °C,12 h; (c) dry ether, dry HCl gas, 0 °C; (d)
BF;-Et,0, TMS-N; , CH,Cl, , 0 °C; (e) alkynes A—D, CuSO,, Na-ascorbate, THF/water, DIPEA, 80 °C; (f) NaOMe/MeOH, rt.

labeled oligonucleotides can have a strong enough affinity for
each other to form a ground-state complex.'® Their experiment
was supported by UV—vis spectral changes and fluorescence
lifetime measurements of a series of singly labeled and dual-
labeled oligonucleotides. This report suggests that the efficient
static quenching can be achievable without the use of molecular
beacon structures that might lead to a new design for DNA
analysis. Owczarzy et al. have investigated that fluorophore/
quencher-labeled probe duplexes gathered increased duplex
stabilization via the formation of a ground-state charge transfer
complex (evident from the change in UV—vis spectra followed
by static quenching of fluorescence) between donor/acceptor
pairs.'”* Recently, they have shown that a DNA duplex could be
stabilized by interaction and ground-state complexation
between a dye and a quencher attached to the terminus of
the two single-stranded DNAs.'”"

Therefore, we have focused mainly on evaluating (a) the
ability of triazolyl aromatics (triazole linked with donor and
acceptor aromatic units) to stabilize duplex DNA via z-stacking
and/or charge transfer interaction and (b) the effect of charge
transfer interaction within the unnatural nucleosides or
between the nucleobases in a short oligonucleotide sequence
on the photophysical and/or biophysical properties. We have
envisaged that the pseudoaromatic 1,2,3-triazole can modulate
the electronic characteristics of the bases and endow new
properties to the unnatural nucleosides and/or oligonucleotides
(Figure 1). In addition, triazole as well as aromatic units may
play an important role in stabilizing a duplex via z-stacking
interaction. Furthermore, triazolyl nucleosides capable of self-
pairing and/or heteropairing as well as stable and predictable
pairing with other nucleobases may shed light on the duplex-
stabilizing forces, may facilitate a biophysical approach to DNA
detection, and can improve charge transfer interaction
properties in DNA.”'® Thus, we have observed that our
unnatural bases have good selectivity to form heteropairs and/
or self-pairs via charge transfer and/or 7-stacking interactions.

We are the first, to the best of our knowledge, to explore the
possibility of unnatural heteroduplex stabilization via 7-stacking
and charge transfer interactions.

B RESULTS AND DISCUSSION

Synthesis of Triazolyl Donor/Acceptor Nucleosides.
With this background and aim, we have designed and
synthesized a few unnatural triazolyl nucleosides via azide—
alkyne cycloaddition chemistry'® with interesting photophysical
properties. Thus, starting from Hoffer’s chlorosugar (obtained
via a modified literature procedure),'” we have synthesized
azido nucleosides as a 3:1 mixture of a- and f-anomers. From
the mixture, the f-anomer § was isolated in pure form by
column chromatography (Figure 1 and Scheme 1).2° The p-
azide upon click reaction with several donor and/or acceptor
alkynes (Do/Ac, A—D) followed by deprotection afforded the
novel triazolyl donor and/or acceptor f-nucleosides "Bp,)ac
1—-4, in very good yields. Our nucleosides were characterized
by NMR, IR, and mass spectrometry.

The stereochemical assignment of the epimeric 1'f-
conformation was supported by a NOESY experiment as well
as by the crystal structure of triazolylphenanthrene nucleoside
TPheng (Figure 2; also see the Supporting Information,
section 2.1). The crystal packing shows, in addition to the
nucleoside’s absolute configuration, the intermolecular 7-
stacked and H-bonded helical layer network. Phenanthrene
units are held by 7—n stacking interaction among themselves
and aromatic C—H---N bonding with triazole. The polar sugar
parts are held together by strong H-bonding interaction among
themselves and O—H--N bonding with triazole N-2 and N-3
(2.667 and 1.905 A, respectively). The crystal network suggests
that the triazolylphenanthrene nucleoside can indeed engage in
H-bonding as well 7-stacking interaction (Figure 2). The crystal
structure of the T™P*"B_ nucleoside showed a twist between
the triazole and the phenanthrene. Therefore, all rings of the
phenanthrene unit may be unable to engage fully in stacking
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Figure 2. (a) ORTEP molecular diagram with the thermal ellipsoid at 50% probability and (b) crystal network of TPhenp ' (1). Crystal structure
showing the 7—7/CH--z and Ar—CH--N/OH--N hydrogen-bonded network with a stacked layer of ™""B, (1).

interaction upon incorporation into a DNA. However, it is
possible that the third ring of phenanthrene can be involved in
groove binding stabilization, leaving other rings for stacking
interaction with the bases in a duplex DNA that is also evident
from a MacroModel study.

Study of Stacking and/or Charge Transfer Properties.
With all the nucleosides in hand, the z-stacking and/or charge
transfer interaction abilities of "B nucleosides were examined
prior to incorporation into oligonucleotides by studying the
photophysical properties as well as utilizing a preliminary
theoretical study in combination with natural bases. To evaluate
the B nucleosides’ potential to form a charge transfer and/or a
m-stacked pair as well as the ability to sense the microenviron-
ment, the photophysical properties of individual as well as of
Do/Ac pair nucleosides have been investigated in different
solvents (see the Supporting Information, section 3). Nitro-
benzene is more electron-deficient compared to cyanobenzene
and hence would involve an efficient charge transfer interaction
with triazolylphenanthrene when they are placed close to each
other. Therefore, owing to the interest in emission and charge
transfer interaction, we have chosen a phenanthrene/nitro-
benzene pair that we want to disclose here. Thus, both the

triazolylphenanthrene nucleoside ™*"Bp,, and the triazolylni-

trobenzene nucleoside ™PB,. showed no sharp change in
absorption maxima with increasing solvent polarity. However,
the absorption spectra in aqueous buffer showed long-
wavelength maxima ranging from 302 nm (for ™""By, ) to
316 nm (for ™PB,,), all significantly red-shifted from those of
the parent native nucleosides (see the Supporting Information,
Figure S12). Excitation at the long-wavelength absorption
maximum gave rise to an intense emission with a maximum at
around 400 nm in the case of TPM"B, , while in the case of
TNBB, . a very weak emission at around 450 nm (possibly due to
quenching via H-bonding) was observed (see the Supporting
Information, Figures S4 and S6, respectively). The UV—vis
spectra of a 1:1 mixture of donor triazolylphenanthrene
nucleoside (™™*"Bp,) and acceptor triazolylnitrobenzene
nucleoside ("™PB,.) in a low-polarity dioxane solvent and in
a polar phosphate buffer showed the possibility of a ground-
state association property which was reflected in the appearance
of a new absorption band at the longer wavelength region—
longer than those of any of the parent nucleosides (see the
Supporting Information, Figure S18). A quenching of
fluorescence of ™""Bp, in the presence of ™PB,. was also
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Table 1. Oligonucleotide Sequences Containing ""**"By, /™PB,_ Nucleosides and Their Natural Complements

1 5-CGCAAT-TPhe"B | _TAACGC-3' 7 3-GCGTTA-T"*"B, .ATTGCG-5'
2 5'-CGCAAT-™PB, -TAACGC-3’ 8 3'-GCGTTA-™BB, -ATTGCG-5’
3 3'-GCGTTAAATTGCG-5' 9 5'-CGCAATATAACGC-3’
4 3'-GCGTTAGATTGCG-5' 10 5'-CGCAATGTAACGC-3’
5 3'-GCGTTACATTGCG-5' 11 5'-CGCAATCTAACGC-3'
6 3-GCGTTATATTGCG-S’' 12 5'-CGCAATTTAACGC-3’'
2
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Figure 3. Circular dichroism spectra of (a) ODN 1 and its several duplexes (at 25 °C, all samples contained a 2.5 #M concentration of each strand of
DNA) and (b) natural A/T duplex (the concentration was 20 #M, SO0 mM sodium phosphate, 100 mM sodium chloride, pH 7.0, room temperature).
(c, d) AMBER* energy-minimized conformations in water of the self-pair (Trhenp ) /TPheng Y and heteropair (TPhe"B,, /TNBB,,).

clear from the fluorescence emission spectra of a solution of a
1:1 mixture that indicated either the possibility of static
(ground-state charge transfer complexation) or collisional
quenching between the donor and the acceptor nucleosides.
However, analysis of the UV—vis spectra of the mixture and the
combined spectra of the individual nucleosides both in dioxane
and in buffer revealed a possible formation of ground-state
charge transfer complexation (see Figure S18).

Next, we carried out a theoretical calculation to get an idea
about the possibility of charge transfer as well as stacking
interaction between triazolylphenanthrene as a donor and
triazolylnitrobenzene as an acceptor (see the Supporting
Information, section 9).>' ~>” Though the gas-phase calculations
do not take into account solvent interactions, our preliminary
observations suggested and gave us the idea that the pairing
partners "P""Byand ™PB,_ in a close proximity might be
involved in charge transfer as well as stacking interactions
among themselves.

Synthesis and Properties of Oligonucleotides Con-
taining Triazolyl Donor/Acceptor Nucleosides. Driven by
these preliminary experimental and theoretical observations of
possible stacking as well as ground-state interactions between
donor (™*B, ) and acceptor ("™NBB,.) triazolyl nucleosides,
we next turned our attention to incorporate these two
nucleosides into short 13-mer oligonucleotide sequences to
evaluate the stable duplex formation abilities. The rationale for

the selection of these two particular analogues for incorporation
into oligonucleotide sequences was to investigate the possibility
of the occurrence of charge transfer between two pairing
partners in a heteroduplex and to study the role of it in duplex
stabilization as well as in the fluorescence quenching
phenomenon. The reason behind our choice of triazolylni-
trobenzene ("™NPB,.) over triazolylcyanobenzene ("“"PB,) as
an acceptor was the more charge deficient character of the
former. Therefore, we have synthesized two complementary 13-
mer oligonucleotides with ™""B,_ (ODNs 1 and 7) and two
with ™BB,_ (ODNS 2 and 8) in two sequence contexts placing
the "B's at a central position of the strands via an automated
DNA synthesizer using phosphoramidite chemistry (Table 1).
Each single-stranded ODN containing "B was hybridized to all
possible natural nucleobases (ODNs 3—6 and 9—12), and the
thermal melting and photophysical properties of the so-formed
duplexes were evaluated. The duplex-forming capabilities and
photophysical properties of the homoduplexes formed between
two identical "B's (self-pairs, ODN 1/7 and ODN 2/8) and
heteroduplexes formed between two different "B's (heteropairs,
ODN 1/8 and ODN 2/7) were also evaluated. The thermal
melting stability of the perfectly matched native oligonucleotide
duplexes having an A/T base pair in the same central position
(ODN 3/12) and the natural mismatched duplexes (A/A, T/T,
G/G, and C/C) were also examined and compared.
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We have a prior knowledge from a MacroModel study
(version 9.0) (Figure 3) that the introduction of our novel
unnatural "B self-pair/heteropair or mispair with natural bases
within a duplex does not perturb the conformation of B-form
DNA; rather it stabilizes the duplexes. Therefore, before
measuring the thermal stability, we examined the global
property of all possible duplexes using circular dichroism
spectroscopy. We found that all spectra showed a positive band
at around A = 278—286 nm and a negative band at around 4 =
248-252 nm of nearly equal magnitude with an intersection at
around 4 = 260—262 nm similar to that of the natural A/T pair
duplex (Figure 3).

Study of the Thermal Stability of Various Unnatural
Duplexes. Encouraged by all the above results, we next
evaluated the thermal stabilities of the unnatural self-pairs,
heteropairs, and mispairs [(5'-CGCAATXTAACGC-3")/(5’-
GCGTTAYATTGCG-3') by a thermal denaturation experi-
ment. This sequence context was chosen to examine the effects
of flanking pyrimidines (T base for X) and purines (A base for
Y) (Table 2) on the duplex stabilities. To compare the

Table 2. T, Values and Thermodynamic Parameters for
Several Duplexes

5'-CGC AAT X TAA CGC-3'
3-GCG TTAY ATT GCG-5'

ODN X/Y T, ODN X/Y T,
1/7 T[’henBDo/Tl’henBDo 53.6 2/8 TNBBAC/ TNBBAC 502
1/8 TPhenBDo /TNBBAC 523 2/7 TNBBAC /TPhenBD0 S4.4
1/3 TPheng ' /A 485  2/3 TNBR /A 44.8
1/4 Theng /G 494  2/4 ™BR /G 47.0
1/5 TPheng  /C 513 2/5 BB, /C 447
1/6 TPheng /T 500  2/6 TNBR, /T 434
9/7 A/ Phenp 471 9/8 A/™BB, 439
10/7  G/™B, 480 10/8  G/™PB,, 443
11/7  C/™henpy, 483 11/8  C/™BB,, 435
12/7  T/™heB 469  12/8  T/™PB, 434
9/6 A/T 512 12/3  T/A 532

“All samples contained a 2.5 #M concentration of each strand of DNA,
50 mM sodium phosphate, 100 mM sodium chloride, pH 7.0, with 0.1
mM EDTA, room temperature. The error in T, is estimated as +0.3
°C. The T,, values of various natural mismatched duplexes are 40.8
(T/T), 42.9 (A/A), 44.5 (G/G), and 35.5 (C/C).

stabilities, the thermal melting temperatures (T,) of the A/T
natural matched and all natural mismatched pairs have also
been evaluated. Thus, we observed the following decreasing
order of stability for ODN 1 with its various target partners:
TPhenBDo/TPhenBDo > TPhenBDo/TNBBAC > A/T > TPhenBDO/C >
TPheng /T > TPheng ) /G > TPheng ) /A, Similarly, for ODN 2,
the stability follows the trend ™F°B,/™"B,, > A/T >
TNBg JINBR , TNBR /G > TNB /C  TNBR /A >
TNBB,./T. Our results interestingly demonstrate that the
stabilities of the self-pair (1/7) and heteropair (2/7) of
TPhenp  are slightly higher than those of any of the natural A/
T or T/A pairs. The highest stability of the ™""B, /TPherg
self-pair is most probably the result of strong hydrophobic and
n—n stacking interaction between two triazolylphenanthrene
units of two strands of the self-pair. Also, the heteropair 1/8 is
slightly more stable than the natural A/T pair. The stability of
the highest stable unnatural heteropair ™°B,./T"B is

found to be 3.2—1.2 °C higher than that of a natural A/T or T/
A pair and comparable (only slightly less stable by 1.1-1.6 °C)
to that of a natural C/G or G/C pair. The TPhenB /Teheng
self-pair is also slightly less stable (less by only 1.9-2.4 °C)
than a natural C/G or G/C pair but more stable (by 2.4—0.4
°C) than a natural A/T or T/A pair (Table 2; see also the
Supporting Information, Table S4). Therefore, we can conclude
that the triazolyl donor/acceptor nucleosides containing
unnatural DNAs are promising to offer stabilities at least
comparable to that of a natural A/T or T/A pair.

Other than the duplex-stabilizing property, an unnatural base
pair should be highly selective against mispairing with the
natural nucleobases so that the DNA with that unnatural pair
would be efficient at acting like natural DNA.*® Thus, we next
studied the selectivity of the unnatural bases in mispairing with
the natural nucleobases. To examine the sequence dependency
in mispairing, ODNs 7 and 8 were hybridized with the
corresponding complementary natural sequences (ODNs 9—
12). The thermal denaturation experiment shows the following
trends of stability for ODN 7 (C > G > A>T) and ODN 8 (G
> A > C > T), reflecting the possible role of hydrophobic/
dipole—dipole interactions (Table 2). In general, however,
higher T,, values are observed when the flanking bases are
pyrimidine (dT). Better interstrand base stacking (T—"B—T)
interaction results in more stable duplexes compared to the
corresponding A—"B—A duplexes in the case of mispairing with
natural bases (Table 2). However, for heteropair formation the
opposite is true; ie., in the case of "™""Bp,, strong aromatic
intrastrand stacking with purine (dA) as well as hydrophobic
and charge transfer interaction between ™"*"Bp  and ™PB,_
endows the ™PB,, /™" "B, heteropair with the highest duplex
stabilization. These observations are significant considering the
intrastrand stacking interaction within the nearby natural bases
in the duplex, suggesting that the nucleobases possibly slip to
stack on each other within the self-pair and/or heteropair."™*’
It is noteworthy to mention that a significant portion of base
stacking most probably results from a partial overlap of the
polar moiety of the nitrobenzene unit of the ™ B, nucleoside
with the polarizable triazolylphenanthrene ring system and
adjacent natural bases.”*

To better understand the thermodynamic origin of higher
stability of the heteropair, and self-pair, we have calculated
thermodynamic parameters from van’t Hoff analyses of the
thermal denaturation curves for fluorescent duplexes containing
TPheng . Thus, it is evident that the self-pair stabilization
(TPheng /TPhenB ) and ™FBB, /™FB,.) is driven by a more
favorable (less negative) entropic change compared to that of
the natural A/T pair. While the process of coil to helix
formation is accompanied by a comparable change in free
energy for the TFhenBp /TPhenB - self-pair, due to an
unfavorable enthalpy change, the free energy change of the
process is very low in the case of the ™PB,./™PB,_ self-pair
(see the Supporting Information, section $). This is probably
because of the smaller surface area and extremely unfavorable
electrostatic repulsive forces between two highly polar
triazolylnitrobenzene groups (4 = 8.3 D).

The higher stability of the ™PB,,/™""By, heteropair
compared to the ™"By /™PB,  pair is due to the large
surface area of triazolylphenanthrene (TPhen) compared to
triazolylnitrobenzene (TNB) wherein more intrastrand stacking
with a flanking purine (A) in the sequence —A—""**"B, —A—
is operating. Furthermore, all the unnatural self-pairs or
heteropairs are entropically more favorable compared to any
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Figure 4. Fluorescence emission spectra (4, = 315 nm) of (a) ODN 1 and (b) ODN 7 in their single-stranded and duplex states with various
complementary ODNs (2.5 uM concentration of different ODNs in SO mM sodium phosphate, 100 mM sodium chloride, pH 7.0, room
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Figure S. (a) UV—vis absorption spectra normalized at 260 nm of the hybrid ODN 7/2 (solid line) and the absorption spectra obtained by
combining the absorption spectra of the individual oligonucleotides ODN 7 and ODN 2 (dotted line). Inset: Guassian fit spectra of the
chromophoric region to show the differences. (b) Emission spectra of the single-stranded ODN 7 and ODN 2 containing donor- and/or acceptor-
nucleoside (TP'"By,, and/or ™VBB,,)-labeled oligodeoxyribonucleotides and emission spectra of the hybrid they form, ODN 7/2. The duplex ODN
7/2 was excited at 310 nm, which is the optimal excitation wavelength for the donor nucleoside, ™"**"Bp,,. The emission from OND 7 and ODN 2
arises when stimulated by 310 and 330 nm light, which are the optimal excitations for the donor nucleoside (*™"By,.) and acceptor nucleoside
(™BB,,), respectively. Resolving the emission spectrum of the duplex ODN 7/2 into its components showed a decrease in intensity of both the
donor and acceptor nucleosides upon hybridization. ((ODN 7] = 15 uM; S0 mM sodium phosphate, 100 mM NaCl, pH 7.0; 4., = 310 nm, A, =

384 nm).

natural pairs. In the heteropairs ™N"B, is involved in ground-
state charge transfer interactions as well as intercalative
interstrand stacking interactions. '™’ Interestingly, all the
mispairs of either
were found to be thermodynamically more stable compared to
any combinations of natural mismatched pairs (A/A, T/T, G/
G, and C/C). Overall, the unnatural bases are more selective
for heteropairing as well as self-pairing possibly via 7-stacking
and/or charge transfer interaction between two donor and/or
acceptor pairing partners and natural bases within a duplex.
The stability order of the self-pairs or heteropairs observed
from a thermal melting and thermodynamics study can be
explained by considering the stacking as well as electrostatic
repulsion and charge transfer interaction, which was also
supported by the AMBER*-optimized geometry of the
corresponding duplexes (Figure 3c,d; also see the Supporting
Information, Figure S25). Thus, in the highest stable heteropair
TNBg, /TPheng  hoth the triazoles are involved in intrastrand
stacking, the third ring of the phenanthrene unit is engaged in
major groove binding, and nitrobenzene is involved in
intercalative stacking between phenanthrene and its other
natural flanking base pair. The nitrobenzene unit is also

TPheng " or ™PBB,_ in any sequence context

involved in charge transfer interaction with the phenanthrene
unit via a stacking between the polar —NO, and polarizable
phenanthrene unit. The other two rings of the phenanthrene
stack with the natural A base in the same strand (A—""""B,, —
A) very strongly as the stacking propensity of A is the highest
among those of all four natural bases (A > G > C =T). It is
observed that the vertical distance between triazole and the
natural base of the same strand (3.2—3.8 A) is comparable to
that between the natural bases (3.4 A), and thus, it is sufficient
for strong intrastrand stacking. The two dipolar units,
phenanthrene and nitrobenzene, with dipole moments of 3.5
and 8.3 D (derived from Gaussian 03-optimized geometries),
respectively, face each other, which probably allows them to
participate in strong charge transfer interaction (Figure 3d).
Thus, a charge transfer interaction between ™"*"Bj  and
TNBB, . as well as a stacking interaction is operative, leading to
the highest duplex stability among those of all the unnatural
and natural A/T or T/A duplexes. A strong charge transfer
interaction is also evident from the quenching of fluorescence
(®; = 0.04) of ™"B,_in the heteroduplex (Figure 4).
Charge Transfer and z—n-Stacking Interaction and
Duplex Stabilization. The proof of our concept of charge
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Figure 6. Ground-state complexation is evident from a bathochromic shift of the absorption and fluorescence excitation spectra of the probe ODN 7
upon duplex formation: (a) UV—vis and (b) fluorescence excitation spectra of ODN 7 and hybrid ODN 7/2 at room temperature. Dotted lines are
the Gaussian fit spectra of the chromophoric region to show the differences. Inset: magnified Gaussian fit spectra of the chromophoric region which
clearly show the red shifting of 232" (~14 nm) and A2 (~8 nm) of ODN 7 upon hybridization with ODN 2 ([ODN 7] = [ODN 2] = 15 uM; 50

mM sodium phosphate, 100 mM NaCl, pH 7.0; 4, = 384 nm).

transfer complexation came from the analysis of UV—vis
spectra and a fluorescence quenching experiment. Thus, from a
careful analysis of the UV—vis spectra of single-stranded ODNSs,
their addition spectra, and the spectra of the duplex ODN 7/2
[ODN 7 contains donor triazolylphenanthrene nucleoside
("PhenBy, ), and ODN 2 contains acceptor triazolylnitrobenzene
nucleoside (™PB,_)], we observe an about 8 nm shift in
absorption wavelength when the combined absorption spectra
of the individual ODNs (ODN 7 and 2) are compared to the
spectra of hybrid duplex ODN 7/2. This observation of a
change in UV—vis spectra indicates a possible formation of a
ground-state charge transfer complex between the two
nucleosides "By, and ™PB,. in the duplex ODN 7/2
(Figure 5a)."**">™'7 The ground-state complexation phenom-
enon is further supported by a static quenching of the
fluorescence of the donor nucleoside by the acceptor
nucleoside in a hybrid duplex ODN 7/2. The static quenching
of fluorescence is also supported by the quenching of the
emission of both the donor and acceptor nucleosides upon
hybridization that is clear from the resolved emission spectra of
the duplex ODN 7/2 (Figure 5b)."**15> A similar phenomenon
was also reported by Tyagi et al.'*

In addition to this, ground-state complexation becomes
obvious by a bathochromic shift of the absorption and
fluorescence excitation spectra of the probe ODN 7 containing
the donor fluorescent nucleoside in the presence of target
ODN 2 containing the acceptor (quencher) fluorescent
nucleoside with a static quenching efficiency. The prominent
bathochromic shift is observed in the duplex ODN 7/2
compared to the single-stranded ODN 7 (Figure 6)."**'¢

We have also tested the static quenching event considering
donor-nucleoside-labeled ODN 7 as a probe (fluorophore) and
the acceptor-nucleoside-labeled ODN 2 as a target quencher.
Thus, from the steady-state fluorescence experiment we
observed a smaller Fy/F value at high temperature compared
to that at room temperature for the duplex OND 7/2.
Moreover, the time-resolved fluorescence experiment revealed
the constant value of 7,/7 (7o/7 = 1) for both the single-
stranded ODN 7 and the duplex ODN 7/2 (see the Supporting
Information, Figure $20). This result clearly indicates that the
quenching incidence is purely a static quenching in nature,
which is also supported by reported similar observations.'*'¢
Recently, Owczarzy et al. have shown that a DNA duplex can

be stabilized by interaction and complexation between a dye
and a quencher attached to the terminus of the two single-
stranded DNAs. They also have investigated that fluorophore/
quencher-labeled probe duplexes gathered increased duplex
stabilization via the formation of ground-state charge transfer
complex formation (evident from the change in UV—vis spectra
followed by static quenching of fluorescence) between donor/
acceptor pairs.'® Our experimental results follow a similar
trend. A correlation between the reported literature data and
our experimental observations supports the ground-state charge
transfer complex formation between the donor and the
acceptor triazolyl unnatural nucleosides in the duplex ODN
7/2 and the static quenching of fluorescence event.'**'>~"7
Hybridization of ODN 7 and ODN 2 brings the donor/
acceptor pair in close contact, leading to a charge transfer
complexation. Therefore, ground-state charge transfer complex-
ation possibly played an important role in giving the highest
duplex stabilization in the heteroduplex ODN 7/2 among all
other unnatural/natural duplexes tested. All the reported works
on the ground-state complexation, duplex stabilization, and
static quenching phenomenon considered the labelin% of two
DNA strands at the termini,">”"7 and few reports'®" clearly
state that the dye/quencher pair destabilizes the duplex when
placed at the middle of the strand. There is no report of such
ground-state complexation in unnatural donor/acceptor
nucleosides. Thus, our probes might find importance toward
the design of new donor/acceptor nucleosides with duplex-
stabilizing ability through z-stacking and ground-state charge
transfer complexation. We are currently focusing our interest
on the design and synthesis of more such suitable heteropairs.

While both the self-pairs are accommodated within duplex
DNA without significant loss of duplex stability, one of the two
large aromatic triazolylphenanthrenes of the homoduplex
TPhenpg /TPheng  pair is involved in intercalative stacking
and the other is involved in stacking inside the groove position.
The stacking interaction within the ™""By  self-pair is
consistent with its high stability and is supported by the
AMBER*-optimized geometry of the duplex. Thus, it is clear
from the MacroModel study that one phenanthrene is engaged
in major groove binding while the other one is involved in
intercalative inter/intrastrand stacking between its flanking base
pair, leading to the second most stable complex compared to all
the unnatural and natural A/T or T/A duplexes. These
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nucleotides do not pair in an edge-on manner as observed with
natural Watson—Crick base pairs (Figure 3c).

In contrast to the T""By  self-pair, the nucleobase
analogues of the ™PB,_ self-pair are not sufficiently large to
bridge the duplex and cannot intercalate. They are not
optimally edge-to-edge packed; rather their packing probably
arises from the triazole parts which might engage in intrastrand
stacking/electrostatic interactions between their flanking
natural base pair. It is clear from the AMBER*-optimized
geometry that both the highly polar nitrobenzene units are
tilted out of the helix and their negative dipoles face each other.
The distance between two repelling —NO, groups was found to
be 3.6 A; therefore, the two dipoles (dipole moment 8.3 D) are
extended enough to repel each other. Thus, a dipole—dipole/
electrostatic repulsion is operative to some extent, leading to
duplex destabilization compared to all unnatural self-pair/
heteropair as well as natural A/T or T/A duplexes.

Our concept of duplex stabilization through possible
involvement of z-stacking and/or charge transfer interactions
was supported by the highest stabilization of the heteropair
ODN 2/7 as well as a static quenching of fluorescence of
TPheng  in this heteropair (Figure 4b). The charge transfer
interaction is evident from the UV—vis and fluorescence
excitation spectra (Figures Sa and 6). That the quenching of
fluorescence in the heteropair ODN 2/7 is purely a static
quenching is also evident from the UV—vis as well as
fluorescence spectral data (Figures S and 6; also see the
Supporting Information, Figures S$19—S22). The possible
charge transfer mediated quenching is also evident in the case
of heteropair ODN 1/8 (Figure 4). That the electrostatic/
dipole—dipole interaction possibly plays a role in duplex
stability and/or instability is evident from the lower T, of the
self-pair of ™®NB,_ than that of the heteropair, which is mostly
due to electrostatic repulsion between two —NO, groups. A
bathochromic shift of the absorbance maxima and hypochro-
micity of ™"Bp in a single-stranded ODN of the reverse
sequence (—A—"Phe"B  _A—) compared to its normal
sequence (—T—"P""B —T-) indicates the possibility of
stacking interaction between "TP*"Bp and natural base A,
which also is reflected in the more intense fluorescence of
single-stranded ODN 7 (Figure 4b). The possible stacking
interaction is also evident from the chromophore’s absorbances
in single-stranded and duplex DNA (see the Supporting
Information, Figure S17).

To explore the applicability of our triazolyl unnatural
oligonucleotide, we next studied the ability of triazolylphenan-
threne to stabilize an abasic-site-containing DNA duplex, one of
the most frequent DNA lesions responsible for deleterious
mutations leading to genomic disintegrity,®® by a thermal
denaturation experiment. An abasic site is a discontinuity of the
DNA base stack in the missing base position, leading to a
deviation from the regular DNA duplex structure. Various
model studies reveal that the aromatic building blocks can serve
as substituents for the missing base of the abasic site and can
stabilize the abasic DNA duplex by intercalative stacking
interaction in the cavity in the missing base position. Therefore,
due to their biological importance, there is a growing interest in
stabilizing abasic sites in DNA for both diagnostic and
pharmaceutical purposes.>® Our preliminary observation
revealed that the unnatural probe ODN 1 containing
triazolylphenanthrene nucleoside formed a stable duplex with
its target DNA containing an abasic site [Ap; ODN 13 (§'-
GCGTTA-Ap-ATTGCG-3")] opposite the T"**"By,_ nucleoside

of the probe (ODN 1/13; T, = 522 °C). The melting
temperature (T;,) data of the corresponding duplexes showed
that our probe ODN 1 containing the unnatural nucleoside led
to a significant increase of the melting temperature in
comparison to any duplex containing any of the natural
nucleotides opposite the abasic site (see the Supporting
Information, Table S5). Moreover, the thermal stabilization
offered by the ™*"B,, unnatural nucleoside is comparable to
the stabilization of a natural A/T pair duplex. The
triazolylphenanthrene is possibly positioned between the base
pairs adjacent to the abasic site and thereby allows for the
continuation of stacking interactions in the absence of the
nucleobase, leading to such high duplex stabilization. A detailed
thermodynamic investigation on the abasic site stabilization is
necessary, and that is our current research focus.

B CONCLUSION

In conclusion, we have shown that our new and novel triazolyl
unnatural donor/acceptor nucleobases offer a good stabilization
of the heteropair/self-pair duplexes that are comparable to that
of a natural A/T pair. The stabilization of the duplexes was
explained on the basis of possible involvement of s-stacking
and/or charge transfer interactions. The evidence of ground-
state charge transfer complexation came from the UV—vis
spectra and the static quenching of fluorescence. The probe
ODN 1 was found to offer a very high thermal stabilization of a
DNA duplex containing an abasic site. The static quenching of
fluorescence of ™"By by ™PB,. in any sequence context
clearly shows that our unnatural DNA might find applications
in charge transfer processes, which is our recent research focus.
Our results might shed light on the design of new donor/
acceptor unnatural nucleosides with duplex-stabilizing ability
through z-stacking and ground-state charge transfer complex-
ation. We are currently focusing our interest on the design and
synthesis of more of such suitable heteropairs.

B EXPERIMENTAL SECTION

General Experimental Procedures. 'H NMR spectra were
measured with a 400 MHz machine; '*C NMR spectra were measured
with a 100 MHz spectrometer. Coupling constants (J) are reported in
hertz. The chemical shifts are shown in parts per million downfield
from tetramethylsilane using residual chloroform (§ = 7.24 in 'H
NMR, § = 77.23 in 3C NMR), dimethyl sulfoxide (5 = 2.48 in 'H
NMR, § = 39.5 in 3C NMR), and methanol (5 = 3.30 in "H NMR, §
=49.0 in 3C NMR) as internal standards. FAB masses were recorded
on a mass spectrometer.

The reagents for DNA synthesis were purchased and used. Mass
spectra of oligodeoxynucleotides were determined with a MALDI-
TOF MS instrument (acceleration voltage 20 kV, positive mode) with
2,3’ 4’-trihydroxyacetophenone as a matrix. Concentration was
measured from the molar extinction coefficient at 260 nm at 80 °C
for all ODNs. All aqueous solutions utilized purified water. Reversed-
phase HPLC was performed on reversed-phase columns (10 X 150
mm, 4.6 X 150 mm) with a chromatograph using a UV detector at 254
nm.

Synthesis of 1-O-Methyl-2-deoxy-p-ribofuranose (7). 2-Deoxy-
ribose sugar 6 taken in a round-bottom flask was dissolved in
methanol, and 1% HCI solution was added. The solution was stirred
for 2 h at room temperature under a N, atmosphere. The reaction
mixture was neutralized after 2 h by addition of NaHCO; and again
stirred for 40 min. The reaction mixture was filtered through Whatman
41 filter paper, and the filtrate was evaporated to dryness in vacuum to
yield 7 as a honeylike product with 100% yield, and this material was
used for the next step without further purification.
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Synthesis of 1-O-Methyl-2-deoxy-3,5-bis[O-(p-toluoyl)]-p-ribofur-
anose (8). 7 (441 g, 0.0297 mol) was dissolved in dry pyridine, and
0.488 g (3.99 mmol) of DMAP was added. The solution was stirred
for S min and then cooled to 0 °C. p-Toluoyl chloride (8.5 mL, 60.784
mmol) was added dropwise, and the solution was stirred for 12 h at 0
°C. The reaction mixture was then extracted with DCM, washed with
NaHCO;, and coevaporated with toluene three times to remove the
pyridine. The product 8 was separated by column chromatography
(silica gel 60—120, hexane:EtOAc = 10:1), and the overall yield was
7.5 g (70%, 0.02 mol). This material was fully used for the next step.

Synthesis of 2-Deoxy-3,5-bis[O-(p-toluoyl)]-a-p-ribofuranosyl
Chloride (9). Dry HCI gas was passed through an ethereal solution
of 8 (7.5 g, 0.02 mol) at 0 °C. The white solid product obtained was
filtered and washed with dry ether. The product 9 was then dried in
vacuum, and the overall yield was 4.48 g (59%, 0.01 mol): 'H NMR
(CDCl,;, 400 MHz) 6 2.41 (3H, s), 2.42 (3H, s), 2.75 (1H, d, ] = 14.8
Hz), 2.84—2.91 (1H, m), 4.6 (1H, dd, ] = 4.4, 12.4 Hz), 4.68 (1H, dd,
J =32,12.0 Hz), 486 (1H, q, ] = 3.2 Hz), 5.56 (1H, dd, ] = 2.8, 6.4
Hz), 6.48 (1H, d, ] = 5.2 Hz), 7.21-7.28 (4H, m), 7.9 (2H, d, ] = 8.0
Hz), 7.99 (2H, d, ] = 8.0 Hz); *C NMR (CDCl;, 100 MHz) § 21.9,
447, 63.7, 64.5,73.8, 84.2, 84.9, 95.5, 126.9, 129.4, 129.9, 130.1, 144.3,
144.5, 166.3, 166.6.

Synthesis of 2-Deoxy-3,5-bis[O-(p-toluoyl)]-p-p-ribofuranosyl
Azide (5).?° To a solution of toluoyl-protected 9 (1.185 g 3.048
mmol) in dry DCM were added BF;-Et,O (0.0376 mL, 0.305 mmol)
and trimethylsilyl azide [(TMS)N,] (0.481 mL, 3.66 mmol) at 0 °C.
The solution was stirred vigorously for 6 h. The reaction mixture was
partitioned between water and DCM. The organic layer was washed
with water followed by brine solution, dried over Na,SO,, and then
concentrated. The azide obtained was found to be 784.6 mg (64.9%,
1.98 mmol). The mixture of @- and f-isomers produced in a 3:1 ratio
(10) was then separated by column chromatography using 230—400
mesh size silica gel (solvent system hexane:EtOAc = 20:1) to isolate f3-
epimer 5 in 21% yield (249.7 mg, 0.63 mmol), which was then
characterized: IR (KBr) 2110, 1715 cm™'; 'H NMR (CDCl,, 400
MHz) 6 241 (3H, s), 2.42 (3H, s), 4.52—4.61 (SH, m), 5.57—5.59
(1H, m), 5.72 (1H, t, J = 4.8 Hz), 7.22—7.26 (4H, m), 7.9 (2H, d, ] =
8.4 Hz), 7.98 (2H, d, ] = 8.4 Hz); *C NMR (CDCl,;, 100 MHz) &
217, 389, 64.1, 74.7, 83.7, 92.1, 126.8, 126.9, 129.3, 129.7, 1299,
144.0, 144.3, 166.2, 166.3; ESI-TOF-MS m/z 418 [M + Na]™.

General Procedure for the Preparation of Triazolyl Donor/
Acceptor Nucleosides 11—-14 via Azide—Alkyne Cycloaddition
Reaction. In a round-bottom flask fitted with a septum, 5 (1.0 equiv)
was dissolved in dry THF and degassed for 10 min with N,. Then the
aromatic alkyne A—D (1.5 equiv) was added, and both stirring and
degassing were continued for the next S min. After that, 6 mol %
sodium ascorbate dissolved in a small quantity of water was added, and
the solution was degassed for another S min. Then 1 mol % copper
sulfate dissolved in a small quantity of water was added followed by
degassing. The final ratio of THF to H,O in the reaction mixture was
maintained as 3:1. Finally, diisopropylethylamine (DIPEA) was added
to the reaction mixture (1.5 equiv). The solution was refluxed at 75—
80 °C overnight with stirring. After full consumption of the starting
azide, the reaction mixture was evaporated and partitioned between
water and ethyl acetate. The organic layer was washed with water
followed by brine solution, dried over Na,SO,, and then concentrated.
The products 11—14 were then separated by column chromatography
(silicagel 60—120, hexane:EtOAc = 2:1) and characterized. The
average yields were between 90% and 99%.

1-[2'-Deoxy-3’,5'-bis{O-(p-toluoyl)}- p-p-ribofuranosyl]-4-(phe-
nanthren-9-yl)-1H-1,2,3-triazole (11). Using the general procedure,
starting from 200 mg (0.506 mmol) of § and 122.77 mg (0.607 mmol)
of 9-ethynylphenantherene (A), 288.7 mg (0.484 mmol) of compound
11 was isolated as a yellow solid: yield 95.6%; mp 148—151 °C; IR
(KBr) 1714, 1610, 1281, 1123, 1020 cm™; 'H NMR (CDCl,, 400
MHz) 5 2.22 (3H, s), 2.45 (3H, s), 2.98—3.01 (1H, m), 3.29-3.33
(1H, m), 4.62—4.65 (1H, m), 473 (2H, s), 5.83—5.84 (1H, m), 6.66
(1H, t, J = 8.0 Hz), 7.06 (2H, d, ] = 7.6 Hz), 7.29 (2H, d, ] = 7.6 Hz),
7.57-7.61 (2H, m), 7.69 (2H, t, ] = 6.8, 7.2 Hz), 7.84 (4H, d, ] = 6.8
Hz), 7.98 (2H, d, ] = 7.6 Hz), 8.08 (1H, s), 8.33 (1H, d, ] = 8.4 Hz),

8.71 (1H, d, ] = 8.4 Hz), 8.77 (1H, d, ] = 8.0 Hz); >*C NMR (CDCl,,
100 MHz) 6 21.5, 21.7, 29.7, 38.5, 63.9, 74.8, 83.7, 89.1, 121.7, 122.6,
1229, 126.3, 126.5, 126.6, 126.8, 126.9, 127.0, 127.2, 128.5, 128.9,
129.3, 129.4, 129.6, 129.9, 130.0, 130.5, 130.7, 131.2, 144.1, 144.5,
147.3, 165.9, 166.3; ESLTOF-MS m/z 598 [M + H]*; HRMS m/z
calcd for Cy,H;,N;04 ([M + HJY) 598.2342, found 598.2322.
1-[2'-Deoxy-3',5'-bis{O-(p-toluoyl)}-p-p-ribofuranosyl]-4-(3,5-di-
methoxyphenyl)-1H-1,2,3-triazole (12). Using the general procedure,
starting from 200 mg (0.506 mmol) of § and 98.45 mg (0.607 mmol)
of 1-ethynyl-3,5-dimethoxybenzene (B), 280.0 mg (0.502 mmol) of
compound 12 was isolated as a white solid: yield 99%; mp155—158
°C; IR (KBr) 1715, 1611, 1276, 1204, 1156 cm™; 'H NMR (CDCl,,
400 MHz) 6 2.35 (3H, s), 2.44 (3H, s), 2.88—2.93 (1H, m), 3.12—3.17
(1H, m), 3.49 (1H, s), 3.82 (6H, s), 4.57—4.61 (1H, m), 4.69—4.72
(2H, m), 5.78=5.79 (1H, m), 6.44 (1H, s), 6.54—6.57 (1H, t, ] = 6.4
Hz), 6.88 (1H, s), 7.19 (2H, d, J = 8.0 Hz), 7.28 (2H, d, ] = 8.0 Hz),
7.87 (2H, d, ] = 8.0 Hz), 7.96 (2H, d, ] = 7.6 Hz), 7.97 (1H, s); *C
NMR (CDCl,, 100 MHz) § 21.9, 38.9, 55.7, 64.1, 75.0, 83.9, 89.3,
101.0, 103.9, 118.5, 126.6, 126.8, 129.6, 129.8, 130.0, 144.5, 144.8,
148.3, 161.3, 166.1, 166.1; ES-TOF-MS m/z 580 [M + Na]*; HRMS
m/z caled for C;H;,N;0, ([M + HJ*) 558.2240, found $58.2233.
1-[2'-Deoxy-3’,5'-bis{O-(p-toluoyl)}-f-p-ribofuranosyl]-4-(4-nitro-
phenyl)-1H-1,2,3-triazole (13). Using the general procedure, starting
from 200 mg (0.506 mmol) of § and 89.31 mg (0.607 mmol) of 1-
ethynyl-4-nitrobenzene (C), 255.6 mg (0.472 mmol) of compound 13
was isolated as a yellow solid: yield 93.23%; mp 185—190 °C; IR
(KBr) 1715, 1610, 1514, 1343, 1278, 1102 cm™'; 'H NMR (CDCl,,
400 MHz) 6 2.36 (3H, s), 2.44 (3H, s), 2.95—2.98 (1H, m), 3.17—3.22
(1H, m), 4.55 (1H, dd, J = 1.6, 11.6 Hz), 4.63—4.87 (2H, m), 5.68—
5.81 (1H, m), 6.58—6.59 (1H, m), 7.18 (2H, d, ] = 7.2 Hz), 7.29 (2H,
d, J=6.8 Hz),7.77 (2H, d, ] = 7.6 Hz), 7.85 (2H, d, ] = 7.2 Hz), 7.96
(2H, d, ] = 7.2 Hz), 8.09 (1H, s), 8.20 (2H, d, ] = 8.0 Hz); '*C NMR
(CDCl,, 100 MHz) & 21.8, 21.9, 38.9, 63.9, 74.6, 84.0, 89.4, 111.63,
118.88, 119.5, 126.2, 126.4, 126.7, 129.5, 129.8, 129.9, 132.7, 134.8,
144.5, 144.8, 146.4, 166.1, 166.2; ESI-TOF-MS m/z 565 [M + Nal*;
HRMS m/z caled for C,oH,¢N,O,Na ([M + Na]*) 565.1699, found
565.1677.
1-[2'-Deoxy-3’,5'-bis{O-(p-toluoyl)}--p-ribofuranosyl]-4-(4-cya-
nophenyl)-1H-1,2,3-triazole (14). Using the general procedure,
starting from 200 mg (0.506 mmol) of § and 77.199 mg (0.607
mmol) of 4-ethynylbenzonitrile (D), 237.84 mg (0.46 mmol) of
compound 14 was isolated as a white solid: yield 90%; mp175—180
°C; IR (KBr) 2228, 1719, 1613, 1277, 1122 cm™; 'H NMR (CDCl,,
400 MHz) 6 2.28 (3H, s), 2.35 (3H, s), 2.83—2.89 (1H, m), 3.07—3.14
(1H, m), 4.46 (1H, dd, J = 4.0, 12.0 Hz), 4.61-4.63 (1H, m), 4.66
(1H, dd, J = 3.6, 12.0 Hz), 5.71-5.74 (m, 1H), 6.48 (1H, t, ] = 6.4
Hz), 7.08 (2H, d, ] = 8.0 Hz), 7.19 (2H, d, ] = 7.6 Hz), 7.53 (2H, d, ]
=84 Hz),7.63 (2H, d, ] = 8.4 Hz), 7.75 (2H, d, ] = 8.0 Hz), 7.87 (2H,
d, J = 8.0 Hz), 7.89 (1H, s); *C NMR (CDCl;, 100 MHz) & 21.8,
21.9, 38.9, 63.9, 74.6, 84.0, 89.4, 111.6, 118.9, 119.5, 126.2, 126.4,
126.7, 129.8, 130.0, 132.7, 134.8, 144.5, 144.8, 146.4, 166.1, 166.2;
ESI-TOF-MS m/z 523 [M + H]*; HRMS m/z calcd for
C3oH,N,O4Na ([M + Na]*) 545.1801, found 545.1782.

General Procedure for Toluoyl Deprotection (1—4). The
bistoluoylated triazolyl donor/acceptor nucleosides 11—14 (1 equiv)
were dissolved in dry methanol. Sodium methoxide (3.5 equiv) was
subsequently added. The solution was allowed to stir overnight at
room temperature. The solution was evaporated, and the deprotected
products were isolated pure by column chromatography (silica gel 60—
120; pure EtOAc).

1-(2’-Deoxy-p-p-ribofuranosyl)-4-(phenanthren-9-yl)-1H-1,2,3-
triazole (1). Using the general procedure for deprotection starting
from 278.7 mg (0.467 mmol) of compound 11, 1552 mg (0.429
mmol) of compound 1 was isolated as a yellow solid: yield 92.0%; mp
166—168 °C; IR (KBr) 3364, 1435, 1205, 1121, 1056, 1032 cm™}; 'H
NMR (CD,0D, 400 MHz) & 2.59—2.64 (1H, m), 2.91—2.96 (1H, m),
3.71 (1H, dd, ] = 44, 11.6 Hz), 3.79-3.82 (1H, m), 4.08—4.1 (1H,
m), 4.62—4.65 (1H, m), 6.57 (1H, t, J = 5.6, 6.0 Hz), 7.62—7.7 (4H,
m), 7.96 (2H, d, ] = 10.8 Hz), 8.25 (1H, d, ] = 8.4 Hz), 8.57 (1H, s),
8.78—8.86 (2H, m); '*C NMR (CD,0D, 100 MHz) § 42.1, 63.5, 72.5,
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90.1,90.8, 123.9, 124.3, 124.4, 127.4, 128.0, 128.3, 128.4, 128.8, 129.9,
130.2, 131.6, 132.1, 132.3, 1329, 148.1; HRMS m/z caled for
Cy1H,oN;0; ([M + H]Y) 362.1499, found 362.1510.

1-(2'-Deoxy-p-p-ribofuranosyl)-4-(3,5-dimethoxyphenyl)-1H-
1,2,3-triazole (2). Using the general procedure for deprotection
starting from 290.9 mg (0.522 mmol) of compound 12, 160.3 mg
(0.499 mmol) of compound 2 was isolated as a white solid: yield
95.5%; mp 135—140 °C; IR (KBr) 3243, 1603, 1203, 1156, 1013
cm™'; 'H NMR (CD;0D, 400 MHz) 6 2.51-2.57 (1H, m), 2.79—2.84
(1H, m), 3.66 (1H, dd, J = 4.8, 11.6 Hz), 3.73—3.75 (1H, m), 3.83
(6H, s), 403 (1H, q, ] = 3.6 Hz), 4.58 (1H, q, ] = 4.8, 4.4 Hz), 6.38—
6.48 (m, 2H), 7.01 (1H, s), 8.54 (1H, s); *C NMR (CD,0D, 100
MHz) 6 41.7, 55.9, 63.2, 72.2, 90.3, 101.5, 104.7, 121.1, 130.7, 133.3,
148.9, 162.8; HRMS m/z caled for CisH,, N3O ([M + H]Y)
322.1393, found 322.1397.

1-(2’-Deoxy-f-p-ribofuranosyl)-4-(4-nitrophenyl)-1H-1,2,3-tria-
zole (3). Using the general procedure for deprotection starting from
255.6 mg (0.472 mmol) of compound 13, 132.05 mg (0.431 mmol) of
compound 3 was isolated as a yellow solid: yield 91.43%; IR (KBr)
3526, 3265, 1606,1516, 1346, 1072 cm™'; '"H NMR (CD,0D, 400
MHz) § 2.54—2.58 (1H, m), 2.81-2.86 (1H, m), 3.67 (1H, dd, ] =
4.8,12.0 Hz), 3.77 (1H, dd, ] = 4, 12.0 Hz), 4.06 (1H, q, ] = 4.8 Hz),
4.58 (1H, q, ] = 4.8 Hz), 6.48 (1H, t, ] = 5.2, 6.4 Hz), 8.09 (2H, d, ] =
8.8 Hz), 8.33 (2H, d, ] = 9.2 Hz), 8.76 (1H, s); *C NMR (CD,0D,
100 MHz) & 61.3, 70.0, 88.1, 121.7, 124.1, 125.7, 136.7, 144.4, 145.4;
HRMS m/z caled for C3H,N,OsNa ([M + Na]*) 329.0856, found
329.0867.

1-(2'-Deoxy-p-p-ribofuranosyl)-4-(4-cyanophenyl)-1H-1,2,3-tria-
zole (4). Using the general procedure for deprotection starting from
225 mg (0.431 mmol) of compound 14, 111.92 mg (0.391 mmol) of
compound 4 was isolated as a white solid: yield 90.8%; mp 142—14S
°C; IR (KBr) 3243, 2230, 1359, 1167, 1100, 1063, 1037 cm™'; 'H
NMR (CD;0D, 400 MHz) § 2.53—2.58 (1H, m), 2.79—2.85 (1H, m),
3.66 (1H, dd, ] = 4.8, 12.0 Hz), 3.76 (1H, dd, ] = 4.0, 12.4 Hz), 4.031—
4.063 (1H, m), 4.56—4.62 (1H, m), 6.47 (1H, d, J = 5.6 Hz), 7.798
(2H, d, ] = 8.4 Hz), 8.01 (2H, d, ] = 8.4 Hz), 8.70 (1H, s); *C NMR
(CD,0D, 100 MHz) & 41.9, 63.4, 72.3, 89.9, 90.6, 112.8, 119.8, 122.5,
127.4, 134.1, 136.5, 147.3; HRMS m/z calcd for C,H,,N,O;Na ([M
+ Na]*) 309.0964, found 309.0969.

General Procedure for the Tritylation of 5-OH (1a-DMTr,
3a-DMTTr). A solution of 1 (99.34 mg, 0.275 mmol) or 3 (91.08 mg,
0.297 mmol) with 4-(dimethylamino)pyridine (catalytic amount) and
4,4’-dimethoxytrityl chloride (102.5 mg, 0.302 mmol and 110.7 mg,
0.326 mmol, respectively) in dry pyridine (3.0 mL) was stirred at
room temperature for 16 h. After concentration of the solution to
dryness, the residue was purified by silica gel column chromatography
(CHCI;:MeOH = 20:1) to yield the tritylated products (70%) as a
pale yellow solid.

Data for 7—(5’—0—(4,4’—dimethoxytrityl)—2—deoxk/—/3—o—ribofurano—
syl)-4-(phenanthren-9-yl)-1H-1,2,3-triazole (1a-"""*"Bp,-DMTr): 'H
NMR (CD,0D, 300 MHz) & 2.68 (1H, quintet, ] = 6.9 Hz), 3.04—3.1
(1H, m), 3.49 (3H, s), 3.51 (3H, s), 4.06—4.19 (3H, m), 4.79—4.82
(1H, m), 6.61—6.67 (5SH, m), 7.13—7.21 (7H, m), 7.32—7.40 (2H, m),
7.61—7.80 (SH, m), 8.04 (1H, d, J = 7.5 Hz), 8.44 (1H, s), 8.80 (2H,
q J = 9.0 Hz); C NMR (CD,0D, 75 MHz) § 13.1, 40.3, 54.1, 63.2,
70.7, 864, 87.2, 89.2, 112.6, 122.3, 122.8, 125.9, 126.3, 126.6, 126.7,
127.1, 127.4, 128.1, 128.4, 128.7, 129.8, 129.9, 130.6, 1312, 135.6,
140.8, 146.5,158.6; HRMS m/z caled for C4,HyOsN;Na ([M + Na]*)
686.2622, found 686.2626.

Data for 1-(5'-O-(4,4'-dimethoxytrityl)-2-deoxy-[-p-ribofurano-
syl)-4-(4-nitrophenyl)-1H-1,2,3-triazole (3a-"""*"B,.-DMTr): 'H NMR
(CD,0D, 300 MHz) § 2.59—2.64 (3H, m), 2.94—3.01 (1H, m), 3.69
(6H, s), 4.13—4.16 (1H, m), 4.72 (1H, q, ] = 6.0 Hz), 6.49 (1H, q, ] =
6.0 Hz), 6.76 (4H, dd, ] = 9.0 Hz), 7.24 (7H, dd, ] = 2.4, 4.5 Hz), 7.36
(2H, d, ] = 6.9 Hz), 7.75 (2H, d, ] = 6.0 Hz), 8.2 (2H, d, ] = 6.9 Hz),
8.63 (1H, s); *C NMR (CD,0D, 300 MHz) & 54.3, 63.3, 70.6, 86.4,
87.1,89.2, 112.8, 121.3, 123.9, 125.9, 126.6, 127.5, 1282, 129.9, 135.6,
135.7, 136.6, 144.5, 14S5.5, 147.3, 158.8. HRMS m/z calcd for
C34H;,0,N,Na ([M + Na]*) 631.2161 found 631.2157.

General Procedure for the Phosphoramidite Reaction
(1a-""""By,-Amidite, 3a-™8B,.-Amidite). To a solution of la
(39.78 mg, 0.060 mmol) or 3a (36.48 mg, 0.060 mmol) and 1H-
tetrazole in anhydrous acetonitrile (0.078 mmol) was added 2-
cyanoethyl tetraisopropylphosphorodiamidite (24.8 yL, 0.078 mmol)
under nitrogen. The reaction mixture was stirred at room temperature
for 1 h. After completion of the reaction, the mixture was filtered off
and immediately used for oligodeoxynucleotide synthesis without
further purification.

General Procedure for Oligonucleotide Synthesis. All the
reagents for DNA synthesis were purchased and used. ODNs were
synthesized by a conventional phosphoramidite method by using an
automated DNA/RNA synthesizer. ODNs were purified by reversed-
phase HPLC on a 5-ODS-H column (10 X 150 mm, elution with SO
mM ammonium formate buffer (AF), pH 7.0, linear gradient over 4S
min from 3% to 40% acetonitrile at a flow rate of 2.0 mL/min). The
concentration of each ODN was determined from the molar extinction
coefficient at 260 nm and 80 °C. Mass spectra of ODNs purified by
HPLC were determined with a MALDI-TOF mass spectrometer.

Studies on the Photophysical Properties of the Nucleosides/
Oligonucleotides. UV—Vis Measurements. All the UV—vis spectra
of the nucleoside monomers (10 M) were measured in different
organic solvents using a UV—vis spectrophotometer with a cell of 1 cm
path length at 25 °C. Equal volumes of each sample solution in
different solvents were used. The measurements were taken in
absorbance mode. The absorbance values of the sample solutions were
measured in the wavelength regime of 200—550 nm. All the sample
solutions were prepared just before the experiment was performed.

Fluorescence Experiments. All the sample solutions of the
nucleoside monomers (10 yM) were prepared as described in UV
measurement experiments. Fluorescence spectra were obtained using a
fluorescence spectrophotometer at 25 °C and a 1 cm path length cell.
The excitation wavelengths for the monomers were set at A3y, and
emission spectra were measured in the wavelength regime of 315—600
nm with an integration time of 0.1 s. The fluorescence quantum yields
(®¢) were determined using quinine sulfate as a reference with the
known @; (0.54) in a 0.1 M solution in sulfuric acid.

UV-Vis and Thermal Melting Temperature (T,,) Measurements
of the Oligonucleotides. All UV—vis spectra and T,, values of the
ODNs (2.5 uM, final duplex concentration) were measured in 50 mM
sodium phosphate buffers (pH 7.0) containing 100 mM sodium
chloride. The measurements were taken in absorbance mode. The
absorbance values of the sample solutions were measured in the
wavelength regime of 200—500 nm. All the sample solutions were
prepared just before the experiment was performed. A total volume of
120 uL from a stock solution of 700 uL of 2.5 uM concentration for
each set was used for UV and T, experiments in a microcell
Absorbance vs temperature profiles were measured at 260 nm using a
UV—vis spectrophotometer equipped with a temperature controller
using a 1 cm path length cell. The absorbance of the samples was
monitored at 260 nm from 20 to 90 °C with a heating rate of 1 °C/
min. From these profiles, the average method was used to determine
the T, values.

For the experiment related to the ground-state complexation
phenomenon, the concentration of ODN 7 in 50 mM sodium
phosphate buffers (pH 7.0) containing 100 mM sodium chloride was
15 uM.

Calculation of Thermodynamic Parameters. Thermodynamic
parameters were determined by van’t Hoff analysis using the relation
T,.”' = R(InC;]/AH + AS°/AH°, where AH® and AS° are the
standard enthalpy and entropy changes determined from UV
experiments, respectively, R is the universal gas constant, and Cr is
the total strand concentration. From the slope of the plot of 1/T,, vs
In(Cy), AH was calculated, and then sustitution of this value into the
value of the intercept yielded AS°. Then we we were able to calculate
AG. Thermodynamic parameters (25 °C) were determined from van’t
Hoft plots using at least four to five different concentrations for each
duplex.

Fluorescence Experiments. ODN solutions were prepared as
described for the UV—vis and T, measurement experiments.
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Fluorescence spectra were obtained using a fluorescence spectropho-
tometer at 25 °C using a 1 cm path length cell. The excitation
wavelengths for single-strand duplex ODN were set at A (~307—
340 nm), and emission spectra were measured in the wavelength
regime of 300—600 nm with an integration time of 0.2 s. All the
sample solutions were prepared just before the experiment was
performed. A total volume of 500 4L from a stock solution of 700 uL
of 2.5 uM concentration for each set was used for the fluorescence
experiment in a 1 mL cell. The fluorescence quantum yields (®;) were
determined using quinine sulfate as a reference with the known @
(0.54) in 2 0.1 M solution in sulfuric acid.

For the fluorescence experiment at two temperatures and lifetime
measurement experiment of ODN 7 and its hybrids with ODN 2, the
concentration of ODN 7 was 15 uM in 50 mM sodium phosphate
buffer (pH 7.0) containing 100 mM sodium chloride.

The fluorescence lifetime experiment was carried out using a time-
resolved fluorescence spectrophotometer at 25 °C using a 1 cm path
length cell. The concentration of ODN 7 was 15 uM, and those of
ODN 2 were 0, 3, 6,9, 12, and 15 uM. A 308 nm light-emitting diode
(LED) was used as the excitation light source. The lifetime data were
calculated by software with a fixed fitting range.

Circular Dichroism Measurement. CD experiments were per-
formed with a CD spectropolarimeter equipped with a thermoelectric-
type temperature control system (2.5 uM strand concentration, SO
mM sodium phosphate, 0.1 M sodium chloride, pH 7.0, room
temperature). The data were collected using a 1 cm path length quartz
cuvette with scanning from 380 to 200 nm, a time constant of 3 s, and
a wavelength step size of 0.5 nm at 25 °C.

Theoretical Study. To get a preliminary idea about the charge
transfer and the stacking propensity between two triazolyl donor/
acceptor heteropairs/self-pairs or between natural nucleoside bases,
without going for a rigorous theoretical calculation, we preliminarily
calculated them using the Guassian 09*® and ADF*“** program
packages. A rigorous calculation will be done for other purposes, but at
present the purpose of this is to support or to get an idea of the
concept.

Thus, we have carried out a theoretical investigation on the charge
transport property between triazolylphenanthrene as a donor and
triazolylnitrobenzene as an acceptor with the ADF program package,
which also showed a considerable amount of charge transfer
characteristics.”*> A considerable amount of stacking interactions
were also observed between the triazolylphenanthrene/triazolylnitro-
benzene pair and pairs with natural nucleosides from DFT calculation
using the M05-2X/6-31+G(d,p)** level of theory and Gaussian 09
program package.>*™>*

All the geometries of natural and unnatural bases were optimized by
B3LYP/6-31+g(d,p), and stacked bases were optimized using the
MO05-2X density functional developed by Truhlar and Zhao.** The
MO0S-2X functional is a hybrid meta-GGA (generalized gradient
approximation) functional having 54% Hartree—Fock exchange
contribution. Because of the large Hartree—Fock exchange contribu-
tion, this functional is a better choice than other functionals. This
newly developed M0S-2X functional has been found to be very
suitable for studying a number of chemical problems and has especially
been shown to be widely applicable to the study of noncovalent
interactions. In the present preliminary calculation, the initial starting
geometries of stacked dimer natural/unnatural hybrids in B-DNA
conformation were generated using the macromodel program. From
the generated structures in B-DNA conformation, we removed the
sugar and phosphate backbone attached to the bases and satisfied all
valences of all atoms with a hydrogen atom. In the case of the trimeric
B-DNA duplex, the initial structure thus generated retains the B-DNA
base conformation. We used the 6-31+G(d,p) basis set for geometry
optimization to make these calculations feasible in the B-DNA
conformation using the MO0S5-2X density functional developed by
Truhlar and Zhao.**
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