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Synthesis of 8-aza-3,7-dideaza-2'-deoxyadenosines possessing a 

new adenosine skeleton as an environmentally sensitive 

fluorescent nucleoside for monitoring DNA minor groove 

Azusa Suzuki, Mio Saito, Ryuzi Katoh and Yoshio Saito*
 

8-Aza-3,7-dideaza-2'-deoxyadenosine 1 and its C3-naphthylethynylated derivative 
3n7z

A (2) comprising a 8-aza-3,7-

dideazapurine (pyrazolo[4,3-c]pyridine) skeleton were synthesized for the first time. In particular, nucleoside 
3n7z

A (2) 

exhibited environmentally sensitive intramolecular charge transfer (ICT) emission because of electron transition in the 

coplanar conformer formed by nucleobase and naphthalene moieties. Its incorporation into oligodeoxynucleotide (ODN) 

probes enable a clear identification of a perfectly matched thymine (T) in the complementary strand by a distinct change 

in emission wavelength. In addition, the fluorescence emission of the duplexes containing a cytosine/guanine (C/G) base 

pair flanking 
3n7z

A (2) was strongly quenched by guanine only when the opposite base of the modified nucleoside was 

mismatched, enhancing its base identification ability. Thus, ODN probes containing 
3n7z

A (2) acted as effective reporter 

probes for homogeneous single nucleotide polymorphism (SNP) typing.

Introduction 

Fluorescent molecules play an important role as research tools in 

diverse fields such as chemical biology and medicinal chemistry.
1
 In 

particular, environmentally sensitive fluorescent (ESF) molecules 

that elucidate microenvironmental fluctuations such as polarity and 

viscosity variations through changes in emission wavelength and 

intensity may act as powerful tools for investigations of the local 

structure, dynamics, and functions of biomolecules.
2
 Numerous ESF 

molecules have been developed and incorporated into various 

biopolymers, such as proteins, lipids, and nucleic acids, in which 

they served as reporter molecules. ESF amino acid analogs have 

been designed for in vitro and in vivo protein structure and function 

studies.
3
 Various base-modified fluorescent nucleosides have also 

been reported.
4
 Among them, several C5-substituted fluorescent 

pyrimidine nucleosides exhibited environmentally sensitive 

properties.
4f-l

 Srivatsan and co-workers developed solvatochromic 

benzofurano-conjugated uridine derivatives that specifically signal 

the presence of a DNA abasic site in an RNA/DNA heteroduplex.
4f

 

Tor et al. have detected an abasic site in DNA duplexes by 

fluorescence intensity change using the viscosity- and polarity-

sensitive furan-modified deoxyuridine.
4h

 In addition, solvatochromic 

pyrimidine nucleosides containing GFP-like fluorophores have been 

generated to study DNA-protein interactions.
4l

 However, to date, no 

fluorescent nucleoside capable of discriminating structural changes 

in oligonucleotides, such as single-base mismatches in DNA 

duplexes, by a distinct variation in the emission wavelength when 

incorporated into oligonucleotide probes has been synthesized.  

Our continuous efforts at developing useful base-modified ESF 

nucleosides sensing microenvironmental changes
5
 have recently led 

to several solvatochromic purine nucleosides such as C7-substituted 

8-aza-7-deazapurine and C3-substituted 3-deazaadenine derivatives 

comprising an electron donor-acceptor system within a molecule.
6
 

These charge-transfer fluorescent nucleosides acted as excellent 

ESF purine nucleosides, forming stable Watson-Crick base pairs, and 

displaying changes in the emission wavelength on hybridization 

with target DNA/RNA sequences. DNA probes containing C3-

naphthylethynylated 3-deaza-2'-deoxyadenosine
 3nz

A clearly 

discriminated a perfectly matched thymine in the complementary 

strand by indicating a change in the emission wavelength resulting 

from environmental variation in the DNA minor groove (Fig. 1).
6c

 

However, ESF nucleosides exhibiting high sensitivity and strong 

fluorescence emissions associated with larger Stokes shifts remain 

in great demand, prompting the design of novel 
3nz

A derivatives 

displaying enhanced responce to microenvironmental changes.  

 To tune the electron donating/accepting ability of the 
3nz

A 

nucleobase according to the design concept of these charge-

transfer molecules, this study focuses on 8-aza-3,7-dideaza-2'-

deoxyadenosine 1, a novel nucleoside comprising a 8-aza-3,7-

dideazapurine (pyrazolo[4,3-c]pyridine) skeleton. Although this 

skeleton structurally closely resembles 3-deazaadenine (4-

aminoimidazo[4,5-c]pyridine) present in
 3nz

A, its electron 

donating/accepting ability should differ, as suggested by redox 

potential estimates. In addition, except 
3nz

A, no ESF nucleoside has 
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shown the ability to probe the DNA minor groove 

microenvironment. Therefore, the C3-naphthylethynylated 8-aza-

3,7-dideaza-2'-deoxyadenosine derivative 
3n7z

A (2) was designed as 

a novel ESF purine nucleoside. This study reports the synthesis of 

this derivative and its 8-aza-3,7-dideaza-2'-deoxyadenosine 

precursor. The ESF nucleoside 
3n7z

A (2) was incorporated into 

oligodeoxynucleotides (ODNs), and its photophysical properties 

were evaluated along with its base discrimination ability. 

 
Figure 1. Structures of 3-deazapurine nucleosides (with numbering system). Purine numbering is used 

throughout this manuscript for consistency. (a) Previously reported C3-naphthylethynylated 3-deaza-

2'-deoxyadenosine 
3nz

A. (b) Newly designed 8-aza-3,7-dideaza-2'-deoxyadenosine 1 (left) and its C3-

naphthylethynylated derivative 
3n7z

A (2) (right). (c) Structural model showing a 
3n7z

A/T base pair in a 

DNA duplex. The model was optimized using the AMBER* force field in water by Macromodel (ver. 

9.0). 

Results and discussion 

The synthetic route followed to generate 8-aza-3,7-dideaza-2'-

deoxyadenosine 1 and its C3-naphthylethynylated derivative  
3n7z

A 

(2)  is shown in Scheme 1. 4-Chloro-1H-pyrazolo[4,3-c]pyridine 3 

was prepared from 3-formyl-2,4-dichloropyridine and hydrazine 

monohydrate and glycosylated in the presence of α-D-2-

deoxyribofuranosyl halide 4 to give nucleosides 5a and 5b in 69% 

yield with a N
9
/N

8
-glycoside ratio of 65:35 (purine numbering). The 

regioisomers were separated by silica gel column chromatography 

and deprotected with NaOMe in methanol to provide 6a and 6b, 

which were characterized by NMR spectroscopy. The glycosylation 

position in these isomers was derived from their 
13

C NMR spectra 

(Table 1). The C-7 atom displayed an upfield shift in isomer 6b 

compared to 6a, which exhibited chemical shifts similar to free 

nucleobase 3, suggesting that 6a was the desired isomer.
7
 

Glycosylation position and anomeric configuration in both 

compounds were assessed by nuclear Overhauser effect (NOE) 

spectroscopy. Correlations observed for H-C(3) and H-C(4') on the 

saturation of H-C(1') indicated that 6a was the N
9
-isomer with a β-D 

configuration. On the other hand, NOEs were detected at H-C(7) 

and H-C(4') on the irradiation of H-C(1') in 6b, suggesting that this 

compound was the N
8
-isomer with a β-D configuration (Fig. 2).

8
 

Isomer 6a was consequently converted into target nucleoside 1. 

Because 8-aza-6-chloro-3,7-dideazapurine nucleoside 6a presented 

a low reactivity toward nucleophiles such as ammonia in SNAr 

reactions, the amination was achieved via an alternative two-step 

reaction. Specifically, the displacement of the 6-Cl substituent using 

hydrazine and subsequent Raney-nickel reduction of the hydrazino 

intermediate provided 8-aza-3,7-dideaza-2'-deoxyadenosine 1. 

 Nucleoside 1 was further reacted to produce C3-

naphthylethynylated derivative 
3n7z

A (2). The protection of the 5'- 

and 3'-hydroxyl groups with tert-butyldimethylsilyl chloride 

(TBDMSCl) gave 7, which generated 3',5'-diprotected 8 in the 

presence of N-iodosuccinimide in DMF. Tetra-N-butylammonium 

fluoride (TBAF) treatment of 8 provided 8-aza-3,7-dideaza-3-iodo-

2'-deoxyadenosine 9, which underwent Pd(PPh3)4 catalyzed cross-

coupling with 1-ethynylnaphthalene to give C3-naphthylethynylated 

8-aza-3,7-dideaza-2'-deoxyadenosine 
3n7z

A (2).
9 

Scheme 1. Reagents and conditions: a) NaH, acetonitrile, 50 
o
C, 1 h, then rt, 30 min; b) 0.5 M 

NaOMe/MeOH, rt, 30 min; c) hydrazine, 90 
o
C, 2 h, then Raney-Nickel, EtOH, reflux, 2 h; d) TBDMSCl, 

imidazole, DMF, rt, overnight; e) N-iodosuccinimide, DMF, rt, overnight; f) TBAF, THF, rt, 1 h; g) 1-

ethynylnaphthalene, Pd(PPh3)4, CuI, Et3N, DMF, 60 
o
C, 1 h. 

Table 1. 
13

C-NMR chemical shifts (δ) of 8-aza-3,7-dideazapurine 2'-deoxyribonucleosides in DMSO-d6. 

C(2) C(3) C(4) C(5) C(6) C(7) C(1') C(2') C(3') C(4') C(5')

3 142.9 105.6 144.0 118.8 143.3 133.0

5a 143.7 105.4 144.4 119.8 143.5 134.2 86.4 35.7 74.7 81.7 63.8

5b 141.5 111.4 150.4 118.2 145.0 126.3 90.7 37.3 74.6 82.7 63.8

6a 143.6 105.5 144.0 119.7 143.4 133.7 86.4 38.4 70.8 87.9 62.1

6b 141.3 111.4 150.1 118.1 144.8 124.9 91.1 40.7 70.0 88.6 61.4

1 144.0 94.6 144.4 108.1 154.0 133.8 85.6 38.3 71.0 87.5 62.4

9 152.0 55.4 143.0 110.6 154.0 133.9 84.2 38.1 71.1 87.6 62.4

b b

a aa a a a

 
a
 Purine numbering 

b
 Assigned by HMBC spectroscopy 

 

Figure 2. NOE correlations in nucleosides 6a and 6b. 
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   Initially, the fluorescence spectra of 
3n7z

A (2) in solvents of various 

polarities and viscosities were obtained. Excitation at 351 nm in 1,4-

dioxane resulted in a strong broad emission band at 398 nm (φF = 

0.68, Fig. 3 and Table 2). In contrast, the fluorescence emission in 

more polar solvents such as DMSO was weak and shifted toward a 

longer wavelength (445 nm, φF = 0.43). The Stokes shift (Δν) of 
3n7z

A 

(2) observed in different solvents was plotted against the dielectric 

constant (ε) of each solvent. The shift significantly depended on 

solvent polarity and increased proportionally with increasing 

dielectric constant (Fig. 3b). Therefore, the broad emission band of 
3n7z

A (2) exhibited a reasonably large solvatochromicity (Δλ = 47 

nm), which was assigned to the emission from intramolecular 

charge-transfer (ICT) state, and significantly shifted to longer 

wavelengths in highly polar solvents.   

Next, the dependence of the fluorescence wavelength on solvent 

viscosity was examined (Fig. 3c-d). When the structurally similar 

compound 
3nz

A was dissolved in a high-viscosity solvent such as 

glycerol (η = 1420 mPas, 20 
o
C), sharp vibronic emission bands were 

observed at largely blue-shifted wavelengths as previously reported 

(Fig. 3d).
6c

 The high viscosity disturbed the rotation of the 

naphthalene moiety in 
3nz

A, and the more stable twisted ground-

state conformation was preferred. As a result, the emission of the 

naphthalene moiety predominated from the locally excited (LE) 

state in the blue-shifted region.
6c

 In contrast, 
3n7z

A (2) did not 

exhibit any vibronic LE emission from the electronic transition of 

the twisted conformer (Fig. 3c). As judged from the fluorescence 

dependency on solvent viscosity, 
3n7z

A (2) probably adopted a 

coplanar ground state conformation and only displayed an 

unstructured ICT emission from the electron transition of this 

conformer. No significant change was observed in the UV-visible 

absorption spectra when solvent viscosity increased for 
3n7z

A (2) 

(Fig. 3c-d). In contrast, 
3nz

A exhibited largely blue-shifted absorption 

bands. In addition to supporting this hypothesis, these results 

indicate that 
3n7z

A (2) adopted very similar ground state 

conformations in glycerol and low-viscosity 1,4-dioxane (η = 1.44 

mPas, 20 
o
C). DFT calculations have also suggested that 8-aza-3,7-

dideazaadenine and the naphthalene ring were coplanar in the 

ground-state structure (supplementary data, Fig. S1). The difference 

of the structure between 
3n7z

A (2) and 
3nz

A is probably due to the 

balance of the electron donating/accepting ability between 

nucleobase and naphthalene rings. In fact, 8-aza-3,7-dideaza-2'-

deoxyadenosine 1 (Eox = 1.17 V vs. the saturated calomel electrode 

(SCE)) showed a different electron donating ability from 3-deaza-2'-

deoxyadenosine (Eox = 1.06 V vs. SCE). 
Table 2. Photophysical properties of 

3n7z
A (2) with solvent properties 

 
a
 Dielectric constant 

b
 Viscosity (mPa s) (at 20 

o
C) 

c
 Stokes shift 

d
 Fluorescence quantum yields were calculated according to Ref.10 
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Figure 3. (a) Fluorescence spectra of 

3n7z
A (2) in various solvents. (b) Stokes shifts of 

3n7z
A (2) as a 

function of solvent: 1, 1,4-dioxane; 2, ethyl acetate; 3, THF; 4, DMF; 5, DMSO; 6, acetonitrile; 7, 2-

propanol; 8, ethanol; 9, methanol; 10, ethylene glycol; 11, glycerol. Absorption (dotted line) and 

fluorescence spectra (solid line) of (c) 
3n7z

A (2) and (d) 
3nz

A in 1,4-dioxane, ethyl acetate, and glycerol. 

All measurements were performed at a concentration of 10 μM. 

The solvatochromicity of nucleoside 
3n7z

A (2) is expected to be 

valuable for monitoring DNA microenvironmental changes 

originating from structural modifications, such as duplex formation 

and mismatches. Therefore, the thermal stability and photophysical 

properties of DNA oligomers containing this newly developed ESF 

nucleoside were investigated by incorporating 
3n7z

A (2) into ODNs 

via automated DNA synthesis. The synthesis of the corresponding 

phosphoramidite is shown in Scheme 2. The protection of the 

amino group using N,N-di-n-butylformamide dimethylacetal in 
3n7z

A 

(2) gave compound 10, which reacted with DMTrCl in dry pyridine 

to produce 11. Nucleoside 11 was subsequently converted into 

phosphoramidite 12, which was used for ODN synthesis in an 

automated DNA/RNA synthesizer without further purification. Two 

13-mer fluorescent ODN probes containing ESF nucleoside 
3n7z

A (2) 

in AT-rich (ODN1(
3n7z

A)) and GC-rich sites (ODN2(
3n7z

A)) were 

initially synthesized (Table 3). 

 

Scheme 2. Reagents and conditions: a) N,N-di-n-butylformamide dimethyl acetal, DMF, 80 
o
C, 2 h; b) 

DMTrCl, pyridine, rt, 2 h; c) 2-cyanoethyldiisopropylchlorophosphoramidite, Et3N, acetonitrile, rt, 30 

min. 
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Table 3. Oligonucleotides used in this study 

 

  The thermal stabilities of the ODN duplexes containing ESF 

nucleoside 
3n7z

A (2) were studied by measuring their melting 

temperatures. Specifically, 
3n7z

A-containing single-stranded ODNs 

were hybridized with complementary ODNs, and the thermal 

stabilities of the resulting duplexes were assessed. As shown in 

Table 4, 
3n7z

A-containing ODN duplexes exhibited high stability. The 
3n7z

A-containing duplex ODN1(
3n7z

A)/cODN1(T) presented a 

considerably higher melting temperature than other mismatched 

duplexes ODN1(
3n7z

A)/cODN1(N) (N = A, G, or C) in sodium 

phosphate buffer (pH7.0), suggesting that 
3n7z

A (2) formed stable 

Watson-Crick base pairs, identified thymine when incorporated into 

ODN probes, and hybridized with target ODNs. Circular dichroism 

(CD) spectra displayed a negative peak at 250 nm and a positive 

peak at 280 nm for 
3n7z

A-containing duplexes 

ODN1(
3n7z

A)/cODN1(N) (N = A, G, C, or T) (Supplementary data, Fig. 

S4). These spectra also indicated that 
3n7z

A (2) did not perturb the 

normal B-DNA structure. 

Fluorescence spectra of 
3n7z

A-containing duplexes comprising T/A 

or C/G base pairs flanking 
3n7z

A (2) were obtained. An ODN probe 

containing the -T
3n7z

AT- sequence (ODN1(
3n7z

A)) was hybridized 

with complementary ODNs possessing matched and mismatched 

sequences, and its base-identification ability was assessed by 

fluorescence measurments (ODN1(
3n7z

A)/cODN1(N), N = A, G, C, T). 

When the opposite base of the complementary strand was a 

perfectly matched thymine in the duplex, the fluorescence 

maximum was red-shifted to 416 nm (Fig. 4a and Table 4). When 

the opposite bases of the complementary strand were mismatched, 

strong broad emission bands appeared at shorter wavelengths (397, 

398, and 410 nm for ODN1(
3n7z

A)/cODN1(N) duplexes where N = C, 

G, or A, respectively). Interestingly, a significant thymine-selective 

wavelength shift was observed for ODN probes containing 
3n7z

A (2) 

at C/G-rich sites (ODN2(
3n7z

A)). When the opposite base of the 

complementary strand was the perfectly matched thymine 

(ODN2(
3n7z

A)/cODN2(T)), the emission maximum was considerably 

red-shifted compared to other mismatched duplexes 

(ODN2(
3n7z

A)/cODN2(N), N = C, G, or A), leading to a strong broad 

Table 4. Thermal melting temperatures (Tm) and photophysical properties of oligonucleotides
a 

ODN1(3n7zA)

ODN1(3n7zA)/cODN1(A)

ODN1(A)/cODN1(T)

ODN2(3n7zA)

ODN2(3n7zA)/cODN2(A)

ODN2(A)/cODN2(T)

ODN3(3n7zA)

ODN3(3n7zA)/cODN3(A)

ODN3(A)/cODN3(T)

ODN4(3n7zA)

ODN4(3n7zA)/cODN4(A)

ODN4(A)/cODN4(T)

ODN5(3n7zA)

ODN5(3n7zA)/cODN5(A)

ODN5(A)/cODN5(T)

ODN6(3n7zA)

ODN6(3n7zA)/cODN6(A)

ODN6(A)/cODN6(T)

Tm (oC) max
em

(nm)ODNs

-

48.1

48.0

49.4

53.0

54.1

-

57.0

57.8

57.7

62.3

63.3

-

51.9

54.4

53.2

56.4

58.3

-

51.1

51.6

52.1

57.0

60.1

-

53.7

54.1

55.3

59.6

61.0

-

50.6

52.0

53.5

57.1

60.1

407

410

398

397

416

-

395

417

398

395

428

-

395

410

395

395

422

-

401

406

398

398

421

-

397

407

397

397

418

-

406

407

398

398

418

-

0.07

0.07

0.17

0.22

0.09

-

0.16

0.06

0.05

0.04

0.20

-

0.18

0.09

0.17

0.13

0.18

-

0.12

0.04

0.02

0.03

0.12

-

0.08

0.06

0.20

0.20

0.11

-

0.02

0.07

0.23

0.19

0.14

-

F
b

/cODN1(G)

/cODN1(C)

/cODN1(T)

/cODN2(G)

/cODN2(C)

/cODN2(T)

/cODN3(G)

/cODN3(C)

/cODN3(T)

/cODN4(G)

/cODN4(C)

/cODN4(T)

/cODN5(G)

/cODN5(C)

/cODN5(T)

/cODN6(G)

/cODN6(C)

/cODN6(T)

 
a 
ODNs (2.5 μM) were measured in 50 mM sodium phosphate and 0.1 M sodium chloride (pH 7.0) at room temperature 

b
 Fluorescence quantum yields were calculated according to Ref.10 

emission band at 428 nm (Fig. 4b). The fluorescence emission of the 

mismatched duplexes was strongly quenched by the C/G base pairs 

flanking 
3n7z

A (2),
11

 resulting in thymine-selective fluorescence 

emission. The naphthalene moiety that was attached to 8-aza-3,7-

dideazaadenine of 
3n7z

A (2) at the C-3 position is extruded to the 

minor groove in a highly polar aqueous phase in matched duplexes 

because of thymine base pairing, explaining the thymine-selective 

red-shifted emission. In contrast, the naphthalene was located in a 

hydrophobic site inside the duplex in the absence of base-pairing 

(mismatched), causing 
3n7z

A (2) to emit at a shorter wavelength. 

Moreover, strong fluorescence quenching was observed in the 

mismatched duplexes when the C/G base pairs flanked 
3n7z

A (2) 

(ODN2(
3n7z

A)), enhancing of the base-identification ability of 
3n7z

A-

containing ODN probes. Different bases were introduced on either 

side of the modified nucleoside to compare the properties of 
3n7z

A 

(2) in various ODNs and investigated the quenching effect of the 

C/G base pairs flanking 
3n7z

A (2). Significant changes in the emission 

wavelength and intensity revealed that ODN duplexes containing 

one C/G base pair flanking 
3n7z

A (2) (ODN3(
3n7z

A) and ODN4(
3n7z

A)) 

identified the perfectly matched thymine in target ODNs (Fig. 4c-d). 

In particular, ODN4(
3n7z

A)/cODN4 duplexes exhibited strong 

fluorescence quenching with high signal-to-noise (S/N) ratio, 

demonstrating that a C/G base pair flanking 
3n7z

A (2) in the 3' to 5' 

direction significantly contributed to quenching in mismatched 
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duplexes. As shown in Fig. 4e-f, ODN duplexes containing the C/G 

base pairs separated by one A/T base pair from 
3n7z

A (2) in 3'-to-5' 

and 5'-to-3' directions (ODN5(
3n7z

A)/cODN5 and 

ODN6(
3n7z

A)/cODN6) also clearly identified thymine and showed an 

emission wavelength shift without fluorescence quenching, 

indicating that only the C/G base pairs flanking
3n7z

A (2) acted as 

quenchers in the mismatched duplexes. 
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Figure 4. Fluorescence spectra of 2.5 μM (a) ODN1(

3n7z
A), (b) ODN2(

3n7z
A), (c) ODN3(

3n7z
A), (d) 

ODN4(
3n7z

A), (e) ODN5(
3n7z

A), and (f) ODN6(
3n7z

A) hybridized with their complementary cODN1(N) - 

cODN6(N) (50 mM sodium phosphate, 0.1 M sodium chloride, pH 7.0, rt). "ss" denotes single-stranded 

ODN(
3n7z

A). ODN and cODN concentrations both amounted to 2.5 μM. 

  A clear change in emission observed in 
3n7z

A-containing ODNs 

according to the type of the base in the complementary strand may 

prove very useful for SNP typing and gene sequence detection. 

Therefore, the performance of 
3n7z

A-containing probes in SNP 

detection was assessed for T/G (T-allele/G-allele) and T/C (T-

allele/C-allele) sequences, such as tyrosine kinase JAK2 (-TTT- 

(mutant)/-TGT- (wild type)),
12

 human methylenetetrahydrofolate 

reductase MTHFR (-GTC- (mutant)/-GCC- (wild type)),
13

 and 

dopamine D2 receptor DRD2 (-CTG- (mutant)/-CCG- (wild type))
14

 

(Table 3). The probes were added to each target sequence 

solutions, and these mixtures were incubated at room temperature 

for 1 min before fluorescence measurments. For the JAK2 sequence 

in which no C/G base pair flanked the target base in the duplex, 

strong fluorescence emission at approximately 400 nm was 

observed when mismatched guanine was opposite 
3n7z

A (2) 

(Probe(JAK2)/JAK2(G), wild type). In contrast, when the opposite base 

of the complementary strand was the perfectly matched thymine 

(Probe(JAK2)/JAK2(T), mutant), a strong emission was detected at 424 

nm concomitant with a considerable red shift. No fluorescence 

quenching was observed when Probe(JAK2) was present in the 

mismatched duplexes because no C/G base pairs flanked the target 

base in this SNP sequence. However, ODN probes containing 
3n7z

A 

(2) identified thymine in target DNA by exhibiting a distinct 

emission wavelength change even for these sequences (Fig. 5, Table 

5). 

Next, the detection of MTHFR and DRD2, in which the C/G base 

pairs flanked the target base, was investigated. Probe(MTHFR) and 

Probe(DRD2) were hybridized with these target DNAs, and their 

corresponding fluorescence spectra were determined. Perfectly 

matched duplexes (mutant) exhibited strong fluorescence emission 

at a significantly red-shifted wavelength, whereas their mismatched 

counterparts (wild type) showed considerable fluorescence 

quenching (Fig. 5c, e). The fluorescence color change was readily 

observable by naked eye under illumination with 365 nm 

transilluminator (Fig 5d, f). These results indicate that when 

incorporated into ODNs, ESF nucleoside 
3n7z

A (2) effectively detect 

thymine in target DNA by dramatically changing the emission 

wavelength and intensity, especially for SNP sequences containing 

the C/G base pairs flanking the target base.  
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Figure 5. (a) Fluorescence and (b) normalized fluorescence spectra of Probe(JAK2) (2.5 μM) hybridized 

with JAK2(G) or JAK2(T) (2.5 μM). (c) Fluorescence spectra of Probe(MTHFR) (2.5 μM) hybridized with 

MTHFR(C) or MTHFR(T) (2.5 μM). (d) Fluorescence image of Probe(MTHFR) hybridized with MTHFR(C) 

(left) or MTHFR(T) (right). (e)  Fluorescence spectra of Probe(DRD2) (2.5 μM) hybridized with DRD2(C) or 

DRD2(T) (2.5 μM). (f) Fluorescence image of Probe(DRD2) hybridized with DRD2(C) (left) or DRD2(T) 

(right). Duplexes were measured in 50 mM sodium phosphate, and 0.1 M sodium chloride (pH 7.0) at 

room temperature. Sample solutions in (d) and (f) were irradiated with a 365 nm transilluminator. 
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Table 5. Thermal melting temperatures (Tm) and photophysical properties of 
3n7z

A-containing probe 

ODNs hybridized with their target sequences
a 

a
 Duplexes (2.5 μM) were measured in 50 mM sodium phosphate and 0.1 M sodium chloride (pH 7.0) at room temperature 

b
 Fluorescence quantum yields were calculated according to Ref.10 

Conclusions 

8-Aza-3,7-dideaza-2'-deoxyadenosine 1 and its C3-

naphthylethynylated derivative 
3n7z

A (2) comprising a 8-aza-

3,7-dideazapurine (pyrazolo[4,3-c]pyridine) skeleton were 

successfully synthesized. Nucleoside 
3n7z

A (2) exhibited 

remarkable solvatochromic properties (Δλ = 47 nm) and 

environmentally sensitive ICT emission because of the electron 

transition of the coplanar conformer adopted by nucleobase 

and naphthalene moieties. Thermal melting data and CD 

spectra showed that ODN probes containing 
3n7z

A (2) only 

formed stable base pairs with thymine in DNA duplexes and 

maintained a stable B-DNA structure. Microenvironmental 

changes caused by the modifications of the opposite bases of 
3n7z

A (2) in the duplexes considerably shifted the emission 

wavelength. In particular, ODN probes containing 
3n7z

A (2) at 

the C/G-rich sites identified the perfectly matched thymine in 

target ODNs by significantly affecting the emission wavelength 

and intensity. Therefore, fluorescent DNA probes containing 

this base-modified ESF nucleoside may act as tools to 

discriminate full matches from mismatches and find 

application in gene detection, SNP typing, and molecular 

diagnostics. 

Experimental section 

General 
1
H-NMR spectra (400 MHz) and 

13
C-NMR spectra (100 MHz) were 

measured on a JEOL JNM ECX-400 spectrometer. Coupling constant 

(J value) are reported in hertz. The chemical shifts are shown in 

ppm downfield from tetramethylsilane, using residual dimethyl 

sulfoxide (δ 2.50 in 
1
H-NMR, δ 39.5 in 

13
C-NMR), chloroform (δ 7.26 

in 
1
H-NMR, δ 77.0 in 

13
C-NMR) and acetone (δ 2.05 in 

1
H-NMR, δ 

29.8 in 
13

C-NMR) as an internal standard. ESI-TOF masses were 

recorded on a JMS-T100LC “AccuTOF”, Applied DATUM Solution 

Business Operations. 

The reagents for DNA synthesis were purchased from Glen 

Research. Mass spectra of oligodeoxynucleotides were determined 

with a MALDI-TOF mass (Shimadzu AXIMA-LNR, positive mode) with 

2',3',4'-trihydroxyacetophenone as a matrix. Calf intestinal alkaline 

phosphatase (Promega), Crotalus adamanteus venom 

phosphodiesterase I (USB), and Penicillium citrinum nuclease P1 

(Yamasa Shoyu) were used for the enzymatic digestion of ODNs. All 

aqueous solutions utilized purified water (Millipore, Milli-Q sp UF). 

Reversed-phase HPLC was performed on CHEMCOBOND 5-ODS-H 

columms (10 × 150 mm, 4.6 × 150 mm) with a JASCO 

Chromatograph, Model PU-2080, using a UV detector, Model UV-

2075 plus at 260 nm. 

Glycosylation of 4-chloro-1H-pyrazolo[4,3-c]pyridine (3) with 2-

deoxy-3,5-di-O-(p-toluoyl)-α-D-ribofuranosyl chloride (4) 

To a suspension of 4-chloro-1H-pyrazolo[4,3-c]pyridine 3 (810 mg, 

5.3 mmol) in anhydrous acetonitrile (90 ml) was added NaH (60 %; 

274 mg, 6.8 mmol), and the reaction mixture was stirred at 50 
o
C 

for 1 h. After cooling to room temperature, 2-deoxy-3,5-di-O-(p-

toluoyl)-α-D-ribofuranosyl chloride 4 (2.15 g, 5.5 mmol) was added 

in small portions, and stirred at room temperature for 30 min. The 

mixture was filtered and the filtrate was concentrated in vacuo. The 

residue was purified by a silica gel column, eluted with CHCl3/AcOEt 

(30:1-20:1), to give 5a (1.20 g, 45 %) as a colorless solid from the 

first zone and to give 5b (638 mg, 24 %) as a colorless solid from the 

second zone:
 

4-Chloro-1-(2-deoxy-3,5-di-O-(p-toluoyl)-β-D-

ribofuranosyl)pyrazolo[4,3-c]pyridine (5a)
 

1
H-NMR (DMSO-d6, 400 MHz) δ 2.38 (s, 3H), 2.41 (s, 3H), 2.79 (ddd, 

J = 4.4, 6.4, 13.6, 1H), 3.36 (m, 1H), 4.36 (m, 1H), 4.51 (m, 1H), 4.59 

(m, 1H), 5.85 (m, 1H), 6.90 (m, 1H), 7.31 (m, 2H), 7.38 (m, 2H), 7.80 

(m, 2H), 7.94-7.98 (complex, 3H), 8.23 (d, J = 6.0 Hz, 1H), 8.46 (s, 

1H); 
13

C-NMR (DMSO-d6, 100 MHz) δ 21.2, 21.2, 35.7, 63.8, 74.7, 

81.7, 86.4, 105.4, 119.8, 126.5 (2C), 129.2 (2C), 129.2 (2C), 129.3 

(2C), 129.5 (2C), 134.2, 143.5, 143.7, 143.8, 144.1, 144.4, 165.3 (2C); 

HRMS (ESI) m/z 528.1302 calcd for C27H24ClN3O5Na [M + Na]
+
, found 

528.1325. 

4-Chloro-2-(2-deoxy-3,5-di-O-(p-toluoyl)-β-D-

ribofuranosyl)pyrazolo[4,3-c]pyridine (5b) 
1
H-NMR (DMSO-d6, 400 MHz) δ 2.36 (s, 3H), 2.41 (s, 3H), 2.90 (ddd, 

J = 4.8, 7.2, 14.4, 1H), 3.23 (m, 1H), 4.49 (m, 1H), 4.64 (m, 1H), 4.70 

(m, 1H), 5.88 (m, 1H), 6.72 (m, 1H), 7.25 (m, 2H), 7.38 (m, 2H), 7.57 

(d, J = 6.4 Hz, 1H), 7.80 (m, 2H), 7.95 (m, 2H), 8.02 (d, J = 6.4 Hz, 1H), 

9.01 (s, 1H); 
13

C-NMR (DMSO-d6, 100 MHz) δ 21.2, 21.2, 37.3, 63.8, 

74.6, 82.7, 90.7, 111.4, 118.2, 126.3, 126.4, 126.5, 129.2 (2C), 129.2 

(2C), 129.4 (2C), 129.5 (2C), 141.5, 143.8, 144.1, 145.0, 150.4, 165.3, 

165.4; HRMS (ESI) m/z 528.1302 calcd for C27H24ClN3O5Na [M + 

Na]
+
, found 528.1326. 

4-Chloro-1-(2-deoxy-β-D-ribofuranosyl)pyrazolo[4,3-c]pyridine 

(6a) 

A suspension of 5a (1.18 g, 2.3 mmol) in 0.5 M NaOMe/MeOH (50 

ml) was stirred at room temperature for 30 min. After 

neutralization with dilute hydrochloric acid, the mixture was 

filterted, and the filtrate was concentrated in vacuo. The residue 

was purified by a silica gel column, eluted with CHCl3/MeOH (20:1-

15:1), to give 6a (566 mg, 90 %) as a colorless solid:
 1

H-NMR (DMSO-

d6, 400 MHz) δ 2.33 (ddd, J = 4.8, 6.4, 13.2 Hz, 1H), 2.87 (m, 1H), 

3.34 (m, 1H), 3.50 (m, 1H), 3.85 (m, 1H), 4.47 (m, 1H), 4.75 (dd, J = 

5.2, 5.6 Hz, 1H), 5.35 (d, J = 4.0 Hz, 1H), 6.64 (dd, J = 6.0, 6.4 Hz, 1H), 

7.92 (d, J = 6.0 Hz, 1H), 8.22 (d, J = 6.0 Hz, 1H), 8.42 (s, 1H); 
13

C-NMR 

(DMSO-d6, 100 MHz) δ 38.4, 62.1, 70.8, 86.4, 87.9, 105.5, 119.7, 

133.7, 143.4, 143.6, 144.0; HRMS (ESI) m/z 292.0465 calcd for 

C11H12ClN3O3Na [M + Na]
+
, found 292.0468. 
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4-Chloro-2-(2-deoxy-β-D-ribofuranosyl)pyrazolo[4,3-c]pyridine 

(6b) 

In the similar manner as described for 6a, 5b (824 mg, 1.6 mmol) 

was treated with 0.5 M NaOMe/MeOH (40 ml) to give 6b (373 mg, 

85 %) as a colorless solid: 
1
H-NMR (DMSO-d6, 400 MHz) δ 2.44 (ddd, 

J = 5.2, 6.8, 13.2 Hz, 1H), 2.66 (m, 1H), 3.53 (m, 1H), 3.65 (m, 1H), 

3.95 (m, 1H), 4.42 (m, 1H), 4.99 (dd, J = 5.2, 5.6 Hz, 1H), 5.36 (d, J = 

4.8 Hz, 1H), 6.45 (dd, J = 5.2, 6.4 Hz, 1H), 7.61 (d, J = 6.0 Hz, 1H), 

8.02 (d, J = 6.0 Hz, 1H), 9.02 (s, 1H); 
13

C-NMR (DMSO-d6, 100 MHz) δ 

40.7, 61.4, 70.0, 88.6, 91.1, 111.4, 118.1, 124.9, 141.3, 144.8, 150.1; 

HRMS (ESI) m/z 292.0465 calcd for C11H12ClN3O3Na [M + Na]
+
, found 

292.0471. 

4-Amino-1-(2-deoxy-β-D-ribofuranosyl)pyrazolo[4,3-c]pyridine (1) 

A solution of 6a (800 mg, 3.0 mmol) in anhydrous hydrazine (8 ml) 

was stirred at 90 
o
C for 2 h. The reaction mixture was concentrated 

in vacuo, and the residue was co-evaporated with ethanol removed 

hydrazine. The residue was dissolved in ethanol (50 ml) in the 

presence of Raney-Nickel, and was stirred for 2 h under reflux. The 

reaction mixture was filtered through Celite while hot and the 

catalyst was washed with hot ethanol, and the filtrate was 

concentrated in vacuo. The residue was purified by a silica gel 

column, eluted with CHCl3/MeOH/NH4OH (90:9:1), to give 1 (400 

mg, 54 %) as a colorless solid: 
1
H-NMR (DMSO-d6, 400 MHz) δ 2.24 

(ddd, J = 4.0, 6.8, 13.2 Hz, 1H), 2.83 (m, 1H), 3.33 (m, 1H), 3.48 (m, 

1H), 3.80 (m, 1H), 4.42 (m, 1H), 4.74 (m, 1H), 5.27 (d, J = 4.8 Hz, 1H), 

6.40 (m, 1H), 6.74 (br, 2H), 6.83 (d, J = 6.4 Hz, 1H), 7.68 (d, J = 6.4 

Hz, 1H), 8.21 (s, 1H); 
13

C-NMR (DMSO-d6, 100 MHz) δ 38.3, 62.4, 

71.0, 85.6, 87.5, 94.6, 108.1, 133.8, 144.0, 144.4, 154.0; HRMS (ESI) 

m/z 273.0964 calcd for C11H14N4O3Na [M + Na]
+
, found 273.0958. 

4-Amino-1-(2-deoxy-3,5-di-O-tert-butyldimethylsilyl-β-D-

ribofuranosyl)pyrazolo[4,3-c]pyridine (7) 

A mixture of 1 (170 mg, 0.68 mmol), tert-butyldimethylsilyl chloride 

(512 mg, 3.4 mmol), and imidazole (462 mg, 6.8 mmol) in dry DMF 

(5 ml) was stirred at room temperature for overnight. The reaction 

solution was concentrated in vacuo, and the residue was dissolved 

in ethyl acetate, which was washed with saturated NH4Cl, followed 

by brine. The separated organic layer was dried with anhydrous 

Na2SO4, filtered and concentrated. The residue was purified by a 

silica gel column, eluted with CHCl3/MeOH (50:1), to give 7 (245 mg, 

75 %) as a colorless oil: 
1
H-NMR (CDCl3, 400 MHz) δ -0.02 (s, 3H), -

0.01 (s, 3H), 0.13 (s, 6H), 0.86 (s, 9H), 0.93 (s, 9H), 2.29 (ddd, J = 3.2, 

6.4, 13.2 Hz, 1H), 3.05 (m, 1H), 3.65 (complex, 2H), 3.99 (m, 1H), 

4.66 (m, 1H), 5.08 (br, 2H), 6.38 (m, 1H), 6.91 (d, J = 6.4 Hz, 1H), 

7.85 (d, J = 6.4 Hz, 1H), 7.93 (s, 1H); 
13

C-NMR (CDCl3, 100 MHz) δ -

5.5 (2C), -4.7 (2C), 18.0, 18.4, 25.8 (3C), 25.9 (3C), 38.7, 63.5, 72.8, 

86.9, 87.9, 97.0, 109.1, 132.3, 143.5, 144.9, 152.8; HRMS (ESI) m/z 

501.2693 calcd for C23H42N4O3Si2Na [M + Na]
+
, found 501.2713. 

4-Amino-1-(2-deoxy-3,5-di-O-tert-butyldimethylsilyl-β-D-

ribofuranosyl)-7-iodopyrazolo[4,3-c]pyridine (8) 

A mixture of 7 (230 mg, 0.48 mmol) and N-iodosuccinimide (216 

mg, 0.96 mmol) in dry DMF (6 ml) was stirred at room temperature 

for overnight. The reaction solution was concentrated in vacuo, and 

the residue was dissolved in ethyl acetate, which was washed with 

saturated Na2S2O3, followed by brine. The separated organic layer 

was dried with anhydrous Na2SO4, filtered and concentrated. The 

residue was purified by a silica gel column, eluted with CHCl3/MeOH 

(100:1), to give 8 (272 mg, 96 %) as a colorless oil: 
1
H-NMR (CDCl3, 

400 MHz) δ -0.05 (s, 3H), -0.02 (s, 3H), 0.14 (s, 6H), 0.85 (s, 9H), 0.94 

(s, 9H), 2.32 (ddd, J = 4.0, 6.4, 13.2 Hz, 1H), 3.14 (ddd, J = 6.0, 6.0, 

13.2 Hz, 1H), 3.58-3.66 (complex, 2H), 4.00 (m, 1H), 4.69 (m, 1H), 

5.09 (br, 2H), 7.41 (dd, J = 6.0, 6.4 Hz, 1H), 7.84 (s, 1H), 8.13 (s, 1H);
 

13
C-NMR (CDCl3, 100 MHz) δ -5.4 (2C), -4.7, -4.6, 18.0, 18.3, 25.8 

(3C), 25.9 (3C), 38.5, 57.5, 63.6, 72.8, 84.8, 87.6, 111.3, 132.3, 

143.8, 152.5, 152.8; HRMS (ESI) m/z 627.1660 calcd for 

C23H41IN4O3Si2Na [M + Na]
+
, found 627.1681. 

4-Amino-1-(2-deoxy-β-D-ribofuranosyl)-7-iodopyrazolo[4,3-

c]pyridine (9) 

A THF solution of TBAF (1 M, 0.90 ml, 0.90 mmol) was added to a 

solution of 8 (260 mg, 0.43 mmol) in THF (10 ml) at room 

temperature and the reaction mixture was stirred for 1 h. After 

addition of AcOH (51 μl, 0.90 mmol), the reaction solution was 

concentrated in vacuo, and the residue was purified by a silica gel 

column, eluted with CHCl3/MeOH (12:1-8:1), to give 9 (136 mg, 84 

%) as a colorless solid: 
1
H-NMR (DMSO-d6, 400 MHz) δ 2.29 (ddd, J = 

4.4, 6.0, 13.2 Hz, 1H), 2.99 (ddd, J = 6.0, 6.0, 13.2 Hz, 1H), 3.27 (m, 

1H), 3.44 (m, 1H), 3.80 (m, 1H), 4.44 (m, 1H), 4.68 (dd, J = 5.6, 5.6 

Hz, 1H), 5.25 (d, J = 4.4 Hz, 1H), 6.96 (br, 2H), 7.27 (dd, J = 6.0, 6.0 

Hz, 1H), 7.96 (s, 1H), 8.23 (s, 1H); 
13

C-NMR (DMSO-d6, 100 MHz) δ 

38.1, 55.4, 62.4, 71.1, 84.2, 87.6, 110.6, 133.9, 143.0, 152.7, 154.0; 

HRMS (ESI) m/z 398.9930 calcd for C11H13IN4O3Na [M + Na]
+
, found 

398.9940. 

4-Amino-1-(2-deoxy-β-D-ribofuranosyl)-7-(1-

naphthylethynyl)pyrazolo[4,3-c]pyridine (2: 
3n7z

A) 

A mixture of 9 (61.1 mg, 0.16 mmol), Pd(PPh3)4 (9.4 mg, 0.81 × 10
-2

 

mmol), CuI (1.5 mg, 0.79 × 10
-2

 mmol) and 1-ethynylnaphthalene 

(30.4 mg, 0.20 mmol) in dry DMF (5 ml) and Et3N (0.3 ml) was 

stirred at 60 
o
C at under argon atmosphere for 1 h. After cooling to 

room temperature, the reaction mixture was concentrated in 

vacuo. The residue was purified by silica gel column eluted with 

CHCl3/MeOH (15:1-10:1), to give 2 (62.0 mg, 95 %) as a pale yellow 

solid: 
1
H-NMR (DMSO-d6, 400 MHz) δ 2.33 (ddd, J = 4.0, 6.8, 13.2 

Hz, 1H), 3.01 (m, 1H), 3.38 (m, 1H), 3.52 (m, 1H), 3.91 (m, 1H), 4.49 

(m, 1H), 4.75 (m, 1H), 5.29 (d, J = 4.4 Hz, 1H), 7.42 (m, 1H), 7.43 (br, 

2H), 7.54-7.72 (complex, 3H), 7.85-8.02 (complex, 3H), 8.18 (s, 1H), 

8.39 (s, 1H), 8.47 (m, 1H); 
13

C-NMR (DMSO-d6, 100 MHz) δ 38.2, 

62.4, 71.1, 85.5, 87.8, 89.9, 90.9, 91.5, 107.6, 120.5, 125.6, 125.8, 

126.7, 127.4, 128.4, 128.4, 129.9, 132.0, 132.9, 134.6, 142.2, 150.0, 

154.2; HRMS (ESI) m/z 423.1433 calcd for C23H20N4O3Na [M + Na]
+
, 

found 423.1460. 

1-(2-Deoxy-β-D-ribofuranosyl)-4-(N,N-di-n-

butylformamidino)amino-7-(1-naphthylethynyl)pyrazolo[4,3-

c]pyridine (10) 

To a solution of 2 (40.0 mg, 0.10 mmol) in DMF (2 ml) was added 

N,N-di-n-butylformamide dimethyl acetal (72 μl, 0.30 mmol), and 

the reaction mixture was stirred at 80 
o
C for 2 h. After cooling to 

room temperature, the reaction mixture was concentrated in 

vacuo. The residue was purified by silica gel column eluted with 

CHCl3/MeOH (100:1-50:1), to give 10 (42.0 mg, 78 %) as a pale 
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yellow oil: 
1
H-NMR (DMSO-d6, 400 MHz) δ 0.95 (m, 6H), 1.34 (m, 

4H), 1.62 (m, 4H), 2.36 (ddd, J = 4.0, 6.8, 13.2 Hz, 1H), 3.04 (m, 1H), 

3.37 (m, 1H), 3.44-3.55 (complex, 3H), 3.62 (m, 2H), 3.92 (m, 1H), 

4.51 (m, 1H), 4.75 (m, 1H), 5.30 (d, J = 4.4 Hz, 1H), 7.44 (m, 1H), 

7.56-7.75 (complex, 3H), 7.91-8.03 (complex, 3H), 8.25 (s, 1H), 8.38 

(s, 1H), 8.50 (m, 1H), 8.85 (s, 1H); 
13

C-NMR (DMSO-d6, 100 MHz) δ 

13.6, 13.7, 19.2, 19.6, 28.7, 30.6, 38.2, 44.5, 50.9, 62.5, 71.1, 85.5, 

87.9, 89.5, 93.0, 95.2, 115.2, 120.1, 125.7, 125.8, 126.8, 127.5, 

128.4, 128.9, 130.4, 132.0, 132.9, 135.2, 142.5, 149.1, 156.3, 157.2; 

HRMS (ESI) m/z 562.2794 calcd for C32H37N5O3Na [M + Na]
+
, found 

562.2776. 

1-[2-Deoxy-5-O-(4,4'-dimethoxytrityl)-β-D-ribofuranosyl]-4-(N,N-

di-n-butylformamidino)amino-7-(1-naphthylethynyl)pyrazolo[4,3-

c]pyridine (11) 

A mixture of 10 (42.0 mg, 7.8 × 10
-2

 mmol) and 4,4'-dimethoxytrityl 

chloride (31.6 mg, 9.3 × 10
-2 

mmol) in anhydrous pyridine (2 ml) was 

stirred at room temperature for 2 h. After reaction was complete, 

quenched by addition of methanol, and the solvent was 

concentrated in vacuo. The residue was partitioned between ethyl 

acetate and saturated NaHCO3, and the separated organic layer was 

washed with brine. The organic layer was dried with anhydrous 

Na2SO4, filtered and concentrated. The residue was purified by silica 

gel column eluted with CHCl3/MeOH (200:1-100:1), to give 11 (64.2 

mg, 98 %) as a pale yellow solid: 
1
H-NMR (Acetone-d6, 400 MHz) δ 

1.00 (m, 6H), 1.43 (m, 4H), 1.73 (m, 4H), 2.51 (m, 1H), 3.16 (m, 1H), 

3.20-3.28 (complex, 2H), 3.53 (t, J = 7.2 Hz, 2H), 3.68-3.72 (complex, 

8H), 4.21 (m, 1H), 4.46 (d, J = 4.8 Hz, 1H), 4.86 (m, 1H), 6.70 (m, 4H), 

7.09-7.41 (complex, 9H), 7.54 (dd, J = 4.0, 6.8 Hz, 1H), 7.56-7.73 

(complex, 3H), 7.97-8.01 (complex, 3H), 8.16 (s, 1H), 8.42 (s, 1H), 

8.74 (m, 1H), 8.92 (s, 1H); 
13

C-NMR (Acetone-d6, 100 MHz) δ 14.0, 

14.2, 20.4, 20.8, 30.0, 31.9, 39.7, 45.9, 52.4, 55.4 (2C), 65.6, 72.7, 

86.5, 86.9, 87.1, 90.7, 93.7, 97.2, 113.7 (4C), 117.0, 122.0, 126.4, 

127.2, 127.2, 127.5, 128.1, 128.3 (2C), 129.0 (2C), 129.2, 129.5, 

130.8 (2C), 131.0 (2C), 131.3, 133.7, 134.3, 135.9, 136.9, 137.0, 

143.9, 146.4, 150.0, 157.1, 158.5, 159.3, 159.4; HRMS (ESI) m/z 

864.4101 calcd for C53H55N5O5Na [M + Na]
+
, found 864.4109. 

1-[2-Deoxy-5-O-(4,4'-dimethoxytrityl)-β-D-ribofuranosyl]-4-(N,N-

di-n-butylformamidino)amino-7-(1-naphthylethynyl)pyrazolo[4,3-

c]pyridine 2-cyanoethyl-N,N'-diisopropylphosphoramidite (12) 

To a solution of 11 (64.2 mg, 7.8 × 10
-2 

mmol) in anhydrous 

acetonitrile (1 ml) was added 2-

cyanoethyldiisopropylchlorophosphoramidite (100 μl) in the 

presence of Et3N (0.5 ml), and stirred at room temperature under 

an argon atmosphere for 30 min. After completion of the reaction, 

the solution was diluted with ethyl acetate, washed with saturated 

NaHCO3 and brine. The combined organic layer was dried with 

anhydrous Na2SO4, filtered and concentrated. The residue was 

incorporated into oligonucleotides without further purification. 

Oligodeoxynucleotide synthesis and characterization 

Oligodeoxynucleotide (ODN) sequences were synthesized by a 

conventional phosphoramidite method by using an Applied 

Biosystems 3400 DNA/RNA synthesizer. ODNs were purified by 

reverse phase HPLC on a 5-ODS-H column (10 × 150 nm, elution 

with 50 mM ammonium formate (AF) buffer, pH 7.0, linear gradient 

over 45 min from 3 % to 20 % acetonitrile at a flow rate 2.0 

ml/min). ODNs containing modified nucleotides were fully digested 

with calf intestine alkaline phosphatase (50 U/ml), and P1 nuclease 

(50 U/ml) at 37 
o
C for 12 h. Digested solutions were analyzed by 

HPLC on a CHEMCOBOND 5-ODS-H column (4.6 × 150 nm, elution 

with a solvent mixture of 50 mM AF buffer, pH 7.0, flow rate 1.0 

ml/min). The concentration of ODNs was determined by comparing 

peak areas with a standard solution containing dA, dG, dC, and dT 

at a concentration of 0.1 mM. Mass spectra of ODNs purified by 

HPLC were determined with a MALDI-TOF mass spectrometer. 

Electorchemistry measurements 

Electorchemistry measurements were performed at 25 
o
C, using a 

BAS 100 W electrochemical analyzer in dehydrated acetonitrile a 

containing 0.10 M TBAPF6 (tetra-n-butylammonium 

hexafluorophosphate) as a supporting electrolyte. A conventional 

three-electrode cell was used with a platinum working electrode 

and a platinum wire as a counter electrode. The measured 

potentials were recorded with respect to the Ag/AgNO3 (1.0 × 10
–2

 

M) as a reference electrode. The potential values obtained vs 

Ag/AgNO3 were converted vs saturated calomel electrode (SCE) 

using ferrocene. 

UV-vis absorption and fluorescence measurements 

Absorption spectra were obtained using a Shimadzu UV-2550 

spectrophotometer at room temperature using 1 cm path length 

cell. Fluorescence spectra ware obtained with a Shimadzu RF-

5300PC spectrofluorophotometer at 25 
o
C using 1 cm path length 

cell. The excitation and emission bandwidths were 1.5 nm. The 

fluorescence quantum yields (ΦF) were determined using 9,10-

diphenylanthracence as a reference with the known ΦF (0.95) in 

ethanol.
10

 

Melting temperature (Tm) measurements 

All Tms of the ODNs (2.5 μM, final concentration) were measured in 

50 mM sodium phosphate buffers (pH 7.0) containing 100 mM 

sodium chloride. Absorbance vs temperature profiles ware 

measured at 260 nm using a Shimadzu UV-2550 spectrophotometer 

equipped with a Peltier temperature controller using 1 cm path 

length cell. The absorbance of the samples was monitored at 260 

nm from 4 to 90 
o
C with a heating rate of 1 

o
C/min. From these 

profiles, first derivatives were calculated to determine Tm values. 

Circular dichroism (CD) measurements 

CD spectra were recorded with a JASCO J-805 CD 

spectrophotometer. CD spectra of oligonucleotides solutions 

(2.5 μM ODNs in 50 mM sodium phosphate buffers (pH 7.0) 

containing 100 mM sodium chloride at 20 
o
C) were measured 

using 2 mm path length cell. 
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