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Abstract: Synthetic unnatural base pairs have been proven to be attractive tools for the develop-
ment of DNA-based biotechnology. Our group has very recently reported on alkynylated purine–
pyridazine pairs, which exhibit selective and stable base-pairing via hydrogen bond formation
between pseudo-nucleobases in the major groove of duplex DNA. In this study, we attempted to
develop an on-column synthesis methodology of oligodeoxynucleotides (ODNs) containing alkyny-
lated purine derivatives to systematically explore the relationship between the structure and the
corresponding base-pairing ability. Through Sonogashira coupling of the ethynyl pseudo-nucleobases
and CPG-bound ODNs containing 6-iodopurine, we have demonstrated the synthesis of the ODNs
containing three NPu derivatives (NPu1, NPu2, NPu3) as well as three OPu derivatives (OPu1, OPu2,
OPu3). The base-pairing properties of each alkynylated purine derivative revealed that the struc-
tures of pseudo-nucleobases influence the base pair stability and selectivity. Notably, we found that
OPu1 bearing 2-pyrimidinone exhibits higher stability to the complementary NPz than the original
OPu, thereby demonstrating the potential of the on-column strategy for convenient screening of the
alkynylated purine derivatives with superior pairing ability.

Keywords: unnatural base pair; DNA; solid-phase synthesis; Sonogashira coupling; modified
nucleosides; DNA major groove; hydrogen bonds

1. Introduction

DNA is an essential biopolymer that plays a pivotal role in gene expression through
replication and transferring genetic information. The functional basis of DNA lies in the
formation of base pairs between A and T as well as G and C through the complementary
hydrogen bonds, respectively. The selectivity of the base-pairing process, in combination
with the facile programmability due to the countless permutations of base pair sequences,
have made DNA an attractive platform for numerous applications in biotechnology [1,2]
and nanotechnology [3–5], as well as drug discovery studies [6,7]. DNA-based technologies
have immense potential, and efforts to harness them in a wide range of applications have
resulted in the development of unnatural base pairs (UBPs) being extensively studied for
the past several decades [8–11].

The UBPs are sets of synthetic nucleosides that exhibit specificity to each other for base-
pairing and DNA polymerase-mediated strand replication. The design concept of UBP was
initially proposed by Rich in 1962 [12] when he discussed the possibility of synthetic isoC-
isoG as a third base pair. Since then, several research groups have reported the creation of
UBPs. The conventional UBPs are generally classified into three types: hydrogen-bonding
base pairs [13–18], hydrophobic base pairs [19–21], and metal-mediated base pairs [22–24].
UBPs are useful for acquiring highly functional DNA aptamers by infusing chemical and
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structural diversity in the DNA strands [25,26]. They have also been applied for site-specific
labeling of nucleic acids [27], detection of target nucleic acid sequences [28], as well as the
incorporation of non-natural amino acids into proteins in vitro [29] and in semisynthetic
organisms [30].

In our effort to expand the design repertoire of UBP, we have recently reported a
new type of UBP, which include the base pairs NPu–OPz and OPu–NPz, consisting of
alkynylated purine and pyridazine as base surrogates [31]. Our unnatural nucleobases
are composed of three functional units: (1) purine and pyridazine core structures for
maintaining the stacking interaction within the double-helix, (2) nucleobase-like heteroaro-
matics (“pseudo-nucleobases”) as recognition units, and (3) alkyne spacers that dislocate
the pseudo-nucleobases from the Watson–Crick interface (Figure 1a). In a case where
2-aminopyirimidine and 2-pyridone were adopted as the pseudo-nucleobases, these un-
natural bases exhibit stable and selective base-pairing in duplex DNAs only when the
combinations of the pseudo-nucleobases allow appropriate inter-base hydrogen bonding
(Figure 1b).
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Figure 1. (a) Structures of the previously reported alkynylated purine–pyridazine base pairs. (b) A
model structure of the duplex DNA incorporating the NPu–OPz pair. The hydrogen bonding between
the pseudo-nucleobases is highlighted.

While assessing the base-pairing properties of our alkynylated purine–pyridazine base
pairs, we noticed that NPu–OPz and OPu–NPz exhibited somewhat different base-pairing
stability. This suggested that the thermal stability of the alkynylated purine–pyridazine
base pairs might depend on the structure of pseudo-nucleobases and that mechanistic
studies may facilitate efforts to improve the base-pairing properties; however, one-by-one
preparation of the corresponding phosphoramidites for solid-phase DNA synthesis im-
poses significant inefficiency in terms of investigating various alkynylated nucleosides.
We therefore sought to explore the post-synthetic construction of the alkynylated nu-
cleoside derivatives on DNA to facilitate the systematic and efficient preparation of the
oligodeoxynucleotides (ODNs) containing the UBPs being studied. The post-synthesis mod-
ification of nucleic acids is a chemical approach in which the nucleoside analogs bearing
reactive handles are first incorporated into ODNs and subsequently converted into the de-
sired nucleoside analogs via conjugation chemistry. Various conversion chemistries, such as
substitution reactions [32–38], click reactions [39,40], amide bond formation [41], oxime or
hydrazone formation [42], as well as metal-catalyzed cross-coupling reactions [43–55], have
been employed for the post-synthesis modification of canonical nucleosides. In addition,
several unnatural nucleoside analogs have also been synthesized via the post-synthesis
approach [56–59]. Hence, we circumvented the complicated and time-consuming synthesis
of the modified phosphoramidites by using a post-synthesis approach to investigate the
relation between the structure and the base-pairing properties of alkynylated nucleobases.

Herein, we describe the post-synthesis approach that allows the preparation of ODNs
containing various alkynylated purine derivatives (Figure 2a). Specifically, we demon-



Molecules 2023, 28, 1766 3 of 17

strated the synthesis of ODNs containing three NPu derivatives (NPu1, NPu2, NPu3) as
well as three OPu derivatives by subjecting the controlled pore glass (CPG)-bound ODNs
containing 6-iodopurine (IPu) to Sonogashira coupling (OPu1, OPu2, OPu3) (Figure 2b).
The base-pairing properties of each alkynylated purine derivative were investigated by UV
melting temperature measurements, revealing that the structures of the pseudo-nucleobases
influence the base pair stability and selectivity. Notably, we found that OPu1 has superior
base-pairing properties as compared to the original OPu, which demonstrates the potential
of the on-column strategy for the facile screening of alkynylated purine derivatives with
optimal pairing ability.
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gashira coupling reactions; CPG: controlled pore glass. (b) Structures of the purine derivatives
synthesized in this study.

2. Results
2.1. On-Column Synthesis of Oligodeoxynucleotides Containing the Alkynylated
Purine Derivatives

To demonstrate the feasibility of the on-column synthesis strategy, we planned to syn-
thesize 15-mer ODNs containing OPu and NPu derivatives in the middle of the sequences
by on-column Sonogashira coupling followed by a solid-phase elongation of the remaining
part of the ODNs. In a previous study, we showed that the phosphoramidite building
blocks of OPu and NPu can be synthesized by coupling IPu deoxyriboside with ethynyl
pseudo-nucleobases by Sonogashira coupling [31]. Thus, considering that CPG-bound
ODNs are compatible with the reaction conditions of Sonogashira coupling, we reasoned
that the post-synthesis approaches using IPu-containing ODN can be employed for the
on-DNA synthesis of the alkynylated purine derivatives. To synthesize the ODNs con-
taining IPu at its 5′ terminal, the phosphoramidite of IPu was synthesized as shown in
Scheme 1. The 2′-deoxyadenosine 1 was acetylated and subsequently iodinated to afford
protected 6-iodopurine 2′-deoxyriboside 3. The acetyl-protected IPu 3 was then treated with
methanolic ammonia to provide fully deprotected IPu deoxyriboside 4. Finally, protection
of the 5′-OH group with the 4,4′-dimethoxytrityl (DMTr) moiety, followed by phosphityla-
tion at the 3′-OH group, afforded the phosphoramidite of IPu 6. The phosphoramidite 6
was then incorporated into ODN1 and ODN2 using an automated DNA synthesizer in a
DMT-ON mode.
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Scheme 1. Synthesis of the CPG-bound ODNs containing IPu at their 5′ terminal.

At the same time, the corresponding ethynyl pseudo-nucleobases were prepared
according to Schemes 2 and 3. The pseudo-nucleobase units for NPu derivatives were
synthesized by coupling halogenated aminoheteroaromatics with trimethylsilylacetylene
(TMS-acetylene), followed by desilylation. Ethynyl pseudo-nucleobases for the OPu deriva-
tives were prepared similarly to TMS-ethyl-protected precursors.
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Scheme 3. Synthesis of the ethynyl pseudo-nucleobases for OPu derivatives.

Having synthesized the CPG-bound ODNs containing IPu at their 5′ terminal as well
as ethynyl pseudo-nucleobases, we attempted the on-column synthesis of ODNs contain-
ing alkynylated purine derivatives. Initially, we tested whether on-column Sonogashira
coupling could proceed with IPu-containing ODN through the on-column construction of
NPu1 using CPG-bound ODN1 and the ethynyl compound 9 (Figure 3a). The coupling
was performed by treating CPG-bound ODN1 with a DMF solution containing excess
equivalents of alkyne 9, Pd(PPh3)4, copper (I) iodide, and triethylamine inside a column at
ambient temperature. This reaction was conducted twice to confirm the coupling reaction.
To check if the CPG-bound ODN had undergone coupling, an aliquot of the CPGs was
subjected to deprotection by 28% NH4OH treatment at room temperature for 2 h, followed
by treatment with 10% AcOH for 1 h, after which, the crude ODN was analyzed by RP-
HPLC (Figure 3b). The HPLC chart showed a major peak at 13 min, which was analyzed
by MALDI-TOF MS (see Supplementary Materials) to confirm the formation of the desired
ODN1 with NPu1.
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Figure 3. (a) On-column Sonogashira coupling reaction using ODN1 containing IPu and alkyne 9.
(b) RP-HPLC trace of crude ODN1-NPu1. Conditions: 0.1 M TEAA buffer (pH 7.0) and CH3CN, with
a gradient of 5% to 20% of CH3CN over 20 min. Flowrate: 1 mL/min, column oven: 50 ◦C, detection
wavelength: 254 nm.
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After confirming the progress of the Sonogashira coupling reaction, the column was
reattached to the DNA synthesizer for elongating the remaining part of the ODN1 in the
DMT-Off mode (Figure 4a). Before commencing the DNA elongation, the CPGs were treated
with an excess amount of capping solution (tert-butylphenoxyacetyl acetic anhydride
(Tac2O)/imidazole solution). We reasoned that this process would protect the NH2 group
on the pyridine moiety of NPu1, which may otherwise cause branching of the ODN during
DNA synthesis. Finally, the fully elongated ODN3 containing NPu1 was deprotected with
28% NH4OH and analyzed by RP-HPLC (Figure 4b). The major peak was isolated and
analyzed by MALDI-TOF MS (see Supplementary Materials) to confirm the formation
of the desired ODN3 containing NPu1. It should be noted that we also attempted the
on-column Sonogashira coupling reaction on the fully elongated 15-mer ODN3 containing
IPu in the middle. Although we could observe the formation of the ODNs containing the
alkynylated purine derivatives, there was a non-negligible amount of the IPu-containing
strand remaining. Full conversion may be achieved by the optimization of the reaction
conditions; however, we did not make any further attempt in this study.
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Figure 4. (a) Solid-phase synthesis and deprotection of ODN3-NPu1. (b) The RP-HPLC trace of crude
ODN1-NPu3. Conditions: 0.1 M TEAA buffer (pH 7.0) and CH3CN, with a gradient of 9% to 10% of
CH3CN over 30 min; flowrate: 1 mL/min, column oven: 50 ◦C, detection wavelength: 254 nm.

Using the same protocol, we further prepared the ODN3 and ODN4 containing the
other NPu derivatives. The OPu derivatives were prepared in a similar manner, apart from
the deprotection step, in which the CPGs were treated with a ZnBr2 solution to remove the
TMS-ethyl moiety on the pseudo-nucleobase prior to the 28% NH4OH treatment. The purity
and structural integrity of the synthesized ODNs were confirmed by RP-HPLC (Figure S1)
and MALDI-TOF MS (Table 1) analyses. Taken together, these results demonstrated the
utility of the post-synthesis method as a convenient approach for the preparation of ODNs
containing alkynylated purine derivatives.

2.2. Base-Pairing Properties of the Alkynylated Purine Derivatives

Using the 15-mer ODNs incorporating the alkynylated purine derivatives, we investi-
gated their base-pairing properties. To this end, the ODN3s and the complementary ODN4s
incorporating different nucleosides at positions X and Y were annealed, and their thermal
stabilities were determined by the UV melting temperature (Tm) measurement (Table 2,
Figure S2). In the presence of 10 mM of sodium phosphate (pH 7.0) and 50 mM of NaCl,
UV melting of DNA duplexes containing canonical G–C and A–T base pairs at the X–Y
position exhibited Tm values of 51.0 ◦C and 54.3 ◦C, respectively. On the other hand, the
Tm values of the DNA duplexes containing previously reported NPu–OPz and OPu–NPz
were 52.1 ◦C and 51.3 ◦C. These agree with our previous results, which show that NPu–OPz
and OPu–NPz pairs have comparable thermal stability to the canonical base pairs and that
the NPu–OPz pair exhibits slightly higher thermal stability than the OPu–NPz pair. We also
confirmed that NPu and OPu exhibit selectivity in pairing with non-complementary pyri-
dazine derivatives, as indicated by the decreased Tm values for NPu–NPz (Tm = 48.4 ◦C)
and OPu–OPz (Tm = 48.8 ◦C) pairs.
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Table 1. Sequences of the synthesized ODNs incorporating NPu and OPu derivatives.

Sequence Name Sequence Calcd. for [M − H]− Found (m/z)

ODN3−NPu1 5′-GCCTTACNPu1
CTGAGAC 4634.77 4634.59

ODN3−NPu2 5′-GCCTTACNPu2
CTGAGAC 4635.76 4636.06

ODN3−NPu3 5′-GCCTTACNPu3
CTGAGAC 4635.76 4635.93

ODN3−OPu1 5′-GCCTTACOPu1
CTGAGAC 4636.75 4636.97

ODN3−OPu2 5′-GCCTTAC OPu2
CTGAGAC 4636.75 4636.35

ODN3−OPu3 5′-GCCTTAC OPu3
CTGAGAC 4636.75 4636.22

ODN4−NPu1 5′-GTCTCAG NPu1
GTAAGGC 4714.79 4714.96

ODN4−NPu2 5′-GTCTCAGNPu2
GTAAGGC 4715.78 4715.39

ODN4−NPu3 5′-GTCTCAG NPu3
GTAAGGC 4715.78 4716.29

ODN4−OPu1 5′-GTCTCAG OPu1
GTAAGGC 4718.97 4719.41

ODN4−OPu2 5′-GTCTCAG OPu2
GTAAGGC 4716.77 4716.46

ODN4−OPu3 5′-GTCTCAG OPu3
GTAAGGC 4716.77 4716.07

Table 2. Tm values of the duplex DNAs incorporating canonical as well as NPu and OPu derivatives a.

ODN3: 5’-GCCTTAC X CTGAGAC-3’
ODN4: 3’-CGGAATG Y GACTCTG-5’ Base Pair (X–Y) Tm (◦C)

Molecules 2023, 28, x FOR PEER REVIEW 7 of 17 
 

 

thermal stabilities were determined by the UV melting temperature (Tm) measurement 

(Table 2, Figure S2). In the presence of 10 mM of sodium phosphate (pH 7.0) and 50 mM 

of NaCl, UV melting of DNA duplexes containing canonical G–C and A–T base pairs at 

the X–Y position exhibited Tm values of 51.0 °C and 54.3 °C, respectively. On the other 

hand, the Tm values of the DNA duplexes containing previously reported NPu–OPz and 
OPu–NPz were 52.1 °C and 51.3 °C. These agree with our previous results, which show that 
NPu–OPz and OPu–NPz pairs have comparable thermal stability to the canonical base pairs 

and that the NPu–OPz pair exhibits slightly higher thermal stability than the OPu–NPz pair. 

We also confirmed that NPu and OPu exhibit selectivity in pairing with non-complemen-

tary pyridazine derivatives, as indicated by the decreased Tm values for NPu–NPz (Tm = 

48.4 °C) and OPu–OPz (Tm = 48.8 °C) pairs. 

Table 2. Tm values of the duplex DNAs incorporating canonical as well as NPu and OPu derivatives a. 

 

Base Pair (X–Y) Tm (°C) 

 

A–T 51.0 ± 0.1 

G–C 54.3 ± 0.1 
NPu–OPz 52.1 ± 0.1 

NPu1–OPz 52.2 ± 0.2 
NPu2–OPz 49.3 ± 0.1 
NPu3–OPz 52.7 ± 0.2 
NPu–NPz 48.4 ± 0.1 

NPu1–NPz 50.2 ± 0.2 
NPu2–NPz 49.0 ± 0.1 
NPu3–NPz 49.6 ± 0.1 
OPu–NPz 51.3 ± 0.1 

OPu1–NPz 53.2 ± 0.1 
OPu2–NPz 49.2 ± 0.1 
OPu3–NPz 51.9 ± 0.2 
OPu–OPz 48.8 ± 0.1 

OPu1–OPz 49.5 ± 0.7 
OPu2–OPz 48.3 ± 0.1 
OPu3–OPz 48.8 ± 0.2 

a Conditions: 2 µM duplex DNA, 10 mM sodium phosphate, 50 mM NaCl, pH 7.0. 

Subsequently, we investigated the base-pairing properties of the newly synthesized 

derivatives in comparison to the previously designed NPu and OPu (Table 2). As for the 
NPu derivatives, NPu1–OPz (Tm = 52.2 °C) and NPu3–OPz (Tm = 52.7 °C) exhibited thermal 

stabilities similar to that of the parental NPu–OPz, whereas NPu2–OPz had decreased stabil-

ity (Tm = 49.3 °C). NPu1 and NPu3 also exhibited similarity with NPu in terms of selectivity 

toward non-complementary NPz, as indicated by the lowered thermal stability of NPu1–
NPz (Tm = 50.2 °C) and NPu3–NPz (Tm = 49.6 °C), while NPu2 could not effectively discrimi-

nate between NPz and OPz. These results indicated that the structure of the pseudo-nucle-

obases has a significant influence on pairing with the complementary bases of the NPu 

derivatives. Similar trends were reproduced with the DNA duplexes containing inverted 

X–Y bases (Table S1). Furthermore, all four NPu derivatives exhibited significantly low 

stability toward A, G, C, and T (Tables S2 and S3; Tm = 43.5–48.2 °C), suggesting that the 

structural differences among the pseudo-nucleobases have little impact on the selectivity 

toward pairing with canonical nucleobases. 

Similarly, we also explored the base-pairing properties of the OPu derivatives (Table 

2). Of note, we found that OPu1, bearing 2-pyrimidinone as a pseudo-nucleobase, exhibits 

higher affinity toward the complementary NPz (Tm = 53.2 °C). Its stability was higher than 

ODN3: 5’-GCCTTAC X CTGAGAC-3’ 

ODN4: 3’-CGGAATG Y GACTCTG-5’ 

X–Y＝ 

X–Y＝ 

A–T 51.0 ± 0.1
G–C 54.3 ± 0.1

NPu–OPz 52.1 ± 0.1
NPu1–OPz 52.2 ± 0.2
NPu2–OPz 49.3 ± 0.1
NPu3–OPz 52.7 ± 0.2
NPu–NPz 48.4 ± 0.1

NPu1–NPz 50.2 ± 0.2
NPu2–NPz 49.0 ± 0.1
NPu3–NPz 49.6 ± 0.1
OPu–NPz 51.3 ± 0.1

OPu1–NPz 53.2 ± 0.1
OPu2–NPz 49.2 ± 0.1
OPu3–NPz 51.9 ± 0.2
OPu–OPz 48.8 ± 0.1

OPu1–OPz 49.5 ± 0.7
OPu2–OPz 48.3 ± 0.1
OPu3–OPz 48.8 ± 0.2

a Conditions: 2 µM duplex DNA, 10 mM sodium phosphate, 50 mM NaCl, pH 7.0.

Subsequently, we investigated the base-pairing properties of the newly synthesized
derivatives in comparison to the previously designed NPu and OPu (Table 2). As for the
NPu derivatives, NPu1–OPz (Tm = 52.2 ◦C) and NPu3–OPz (Tm = 52.7 ◦C) exhibited thermal
stabilities similar to that of the parental NPu–OPz, whereas NPu2–OPz had decreased
stability (Tm = 49.3 ◦C). NPu1 and NPu3 also exhibited similarity with NPu in terms of
selectivity toward non-complementary NPz, as indicated by the lowered thermal stability of
NPu1–NPz (Tm = 50.2 ◦C) and NPu3–NPz (Tm = 49.6 ◦C), while NPu2 could not effectively
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discriminate between NPz and OPz. These results indicated that the structure of the pseudo-
nucleobases has a significant influence on pairing with the complementary bases of the NPu
derivatives. Similar trends were reproduced with the DNA duplexes containing inverted
X–Y bases (Table S1). Furthermore, all four NPu derivatives exhibited significantly low
stability toward A, G, C, and T (Tables S2 and S3; Tm = 43.5–48.2 ◦C), suggesting that the
structural differences among the pseudo-nucleobases have little impact on the selectivity
toward pairing with canonical nucleobases.

Similarly, we also explored the base-pairing properties of the OPu derivatives (Table 2).
Of note, we found that OPu1, bearing 2-pyrimidinone as a pseudo-nucleobase, exhibits
higher affinity toward the complementary NPz (Tm = 53.2 ◦C). Its stability was higher
than that of NPu–OPz (Tm = 52.1 ◦C). OPu3–NPz (Tm = 51.9 ◦C) showed thermal stability
comparable to that of the OPu–NPz pair (Tm = 51.3 ◦C), whereas OPu2–NPz exhibited lower
stability (Tm = 49.2 ◦C). OPu1 and OPu3 also showed selectivity toward non-complementary
OPz (Tm = 49.5 ◦C and 48.8 ◦C, respectively), while OPu2 showed little discrimination
between pairing with OPz and NPz. Similar results were obtained with the DNA duplexes
containing the inverted X–Y bases (Table S1), and all three derivatives exhibited selectivity
toward pairing with canonical nucleobases (Tables S2 and S3; Tm = 43.4–47.9 ◦C). These
results again confirmed that the pseudo-nucleobases play critical roles in the formation of
the alkynylated purine–pyridazine pairs and that their structures have an influence on the
selectivity and stability of the alkynylated purine–pyridazine base-pairing.

2.3. Structural Impact of the Alkynylated Purine Derivatives on DNA Duplex

Finally, to assess the structural impact of the newly designed alkynylated purine
derivatives’ pairing with the pyridazines, we conducted circular dichroism (CD) spec-
troscopy measurements of the duplex DNAs. The CD spectra of the fully canonical duplex
DNAs indicated the formation of a typical B-type structure, characterized by a positive
band at about 270–290 nm and a negative band around 240 nm (Figure 5). The duplex
DNAs containing the NPu derivatives, pairing with OPz, as well as OPu derivatives pairing
with NPz, exhibited similar CD spectra. Hence, these results confirmed that the duplex
DNAs incorporating the alkynylated purine–pyridazine pairs do not cause significant
structural disturbance of the double-helix structure, thereby demonstrating the robust
base-pairing properties of the alkynylated purine and pyridazine derivatives.
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3. Discussion

In this study, we aimed to develop a method to systematically synthesize ODNs incor-
porating different alkynylated purine derivatives. To this end, the on-column Sonogashira
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coupling reaction was investigated for the synthesis of the alkynylated purine derivatives
from IPu in ODNs and the corresponding ethynyl compounds. After confirmation of the
reaction progress, subsequent elongation of the remaining part of the ODNs by solid-phase
DNA synthesis successfully afforded the ODNs incorporating the NPu and OPu derivatives,
bearing different pseudo-nucleobase moieties. To the best of our knowledge, this study
demonstrated, for the first time, the utility of IPu for on-column Sonogashira coupling
with ODNs. Considering that the 6-iodopurine can be utilized as a substrate not only
for Sonogashira coupling but also for other cross-coupling reactions, we believe that the
present results would provide practical insights into the synthesis of various purine deriva-
tives. We also confirmed that potential branching elongation at the amino group of the NPu
derivatives can be prevented by the on-column acylation using a capping reagent prior to
the DNA synthesis. This procedure may find utility when it is necessary to continue DNA
solid-phase synthesis after the on-column introduction of the chemical entity endowed
with a nucleophilic character.

With the successful acquisition of ODNs incorporating NPu1, NPu2, and NPu3, as
well as OPu1, OPu2, and OPu3, we further investigated their base-pairing properties.
Interestingly, although their pseudo-nucleobases have similar hydrogen-bonding patterns,
these derivatives exhibited different degrees of selectivity and stability as compared to
the original NPu and OPu (Figure S3). In particular, OPu1 bearing 2-pyrimidinone as a
pseudo-nucleobase exhibited increased stability toward NPz, with the Tm value being
comparable to that of NPu–OPz. This may be attributed to the bifacial hydrogen-bonding
ability of 2-pyrimidinone, which increased the frequency of hydrogen bonding between the
tautomerizing pseudo-nucleobases (Figure 6a). In contrast, the introduction of pyridazine-
derived pseudo-nucleobases led to the loss of base-pairing selectivity and stability, as
indicated by the decreased Tm values obtained with OPu2–NPz and NPu–OPz pairs. This
could be attributed to the presence of a nitrogen atom at the 2-position of the pyridazine
ring whose lone pair may cause static repulsion with the pi-orbitals of the pyridazine
core structure in the opposing NPz or OPz (Figure 6b). Such repulsion would prevent the
formation of stable hydrogen bonds between the pseudo-nucleobases, thereby destabilizing
the base-pairing of OPu2 and NPu2 with the complementary NPz and OPz, respectively.
Overall, the present study demonstrated that the structure of the pseudo-nucleobase moiety
is critical for the selectivity and stability of the alkynylated purine–pyridazine base-pairing
and that the on-column synthesis approach would aid in the efficient selection of the
appropriate pseudo-nucleobases for the alkynylated purine nucleoside. Further structural
optimization of the alkynylated purine–pyridazine base pairs is currently in progress by
our research group and will be reported in due course.
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(b) The pyridazine pseudo-nucleobases of NPu2 and OPu2 cause static repulsion with the comple-
mentary NPz and OPz.

4. Materials and Methods
4.1. General Information

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), the Tokyo
Chemical industry (Tokyo, Japan), FUJIFILM Wako Pure Chemical (Osaka, Japan), Kanto
Chemical (Tokyo, Japan), and BLDpharm (Shanghai, China), and used without further
purification. Reactions were conducted under argon atmosphere in oven-dried glassware
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unless otherwise specified. The products were isolated by column chromatography (Kanto
Chemical; Silica gel 60N, spherical neutral, particle size 100–210 µm). NMR spectra were
recorded on a Bruker (Billerica, MA, USA) AVANCE III 400/500/600 spectrometer. 1H
NMR shifts were calibrated to the residual solvent: CDCl3 (7.26 ppm), MeOH-d4 (4.87 ppm),
and DMSO-d6 (2.50 ppm). 13C NMR shifts were calibrated to the residual solvent: CDCl3
(77.2 ppm), MeOH-d4 (49.0 ppm), and DMSO-d6 (39.5 ppm). All NMR spectra were ana-
lyzed using the program Bruker TopSpin 3.6.2. The high-resolution electrospray ionization
mass spectrometry measurement was performed on a Bruker MicrOTOF-QII.

4.2. Synthesis of the Compounds Used in This Study

2′-Deoxy-3′,5′-di-O-acetyladenosine (2): To a suspension of 2′-deoxyadenosine (4 g,
15.9 mmol) in CH3CN (100 mL), 4-dimethylaminopyridine (DMAP) (156 mg, 1.28 mmol),
TEA (6 mL, 10.5 mmol), and acetic anhydride (3.6 mL, 38.4 mmol) were added, and the
reaction mixture was stirred at room temperature for 1 h. The reaction was quenched
by addition of MeOH, and volatiles were evaporated. The crude mixture was diluted
with CH2Cl2. The organic layer was washed with H2O, brine, dried over Na2SO4, and
evaporated. The residue was dissolved in a small portion of CH2Cl2 and added to a
mixture of hexane-Et2O (1:1). The precipitate was filtered to yield compound 2 (94%, 4.93 g,
3.57 mmol) as a white powder.

1H NMR (400 MHz, CDCl3) δ 8.36 (1H, s), 7.98 (1H, s), 6.43 (1H, dd, J = 6.0, 8.0 Hz),
5.68 (2H, brs), 5.43 (dt, 1H, J = 2.4, 6.4 Hz), 4.44–4.33 (3H, m), 2.95 (1H, ddd, J = 6.4, 8.0,
14.0 Hz), 2.62 (1H, ddd, J = 2.4, 6.0, 14.0 Hz), 2.13 (3H, s), 2.09 (3H, s); 13C NMR (151 MHz,
CDCl3) δ 170.6, 170.5, 155.6, 153.3, 149.8, 138.7, 120.3, 84.7, 82.7, 74.7, 63.9, 37.7, 21.1, 20.9;
HRMS (ESI-TOF) Calcd. for C14H18N5O5

+ [M + H]+ 336.1302, found: 336.1308.
2′-Deoxy-3′,5′-di-O-acetyl-6-iodo-β-D-purineriboside (3): To a suspension of compound 2

(4 g, 11.9 mmol) in isoamylnitrite (31 mL, 226 mmol), CH2I2 (31 mL, 357 mmol) was
added, and the reaction mixture was stirred at 60 ◦C for 2.5 h. The reaction mixture was
concentrated under reduced pressure. The residue was diluted with CH2Cl2, washed with
a saturated aqueous solution of Na2S2O3, brine, dried over Na2SO4, and evaporated. The
crude mixture was purified by silica gel column chromatography (CH2Cl2:hexane = 4:1,
followed by CH2Cl2:MeOH = 100% to 200:1 to 150:1) to yield compound 3 (49%, 2.6 g,
5.83 mmol) as a pale yellow powder.

1H NMR (400 MHz, CDCl3) δ 8.64 (1H, s), 8.32 (1H, s), 6.47 (1H, dd, J = 6.0, 7.6 Hz),
5.45-5.44 (1H, m), 4.39–4.35 (3H, m), 2.99 (1H, ddd, J = 6.4, 7.6, 14.0 Hz), 2.68 (1H, ddd,
J = 2.8, 6.0, 14.0 Hz), 2.15 (3H, s), 2.09 (3H, s); 13C NMR (151 MHz, CDCl3) δ 170.4, 170.4,
152.2, 147.5, 142.8, 139.4, 122.6, 85.3, 83.0, 63.7, 37.8, 21.0, 20.9; HRMS (ESI-TOF) Calcd. for
C14H16IN4O5

+ [M + H]+ 447.0160, found: 447.0155.
2′-Deoxy-6-iodo-β-D-purineriboside (4): Compound 3 (3.6 g, 8.07 mmol) was dissolved

in methanolic ammonia (7 N, 300 mL) at 0 ◦C, and the solution was kept overnight at
4 ◦C. The solvent was evaporated, and the residue was recrystallized with ethanol to yield
compound 4 (78%, 2.29 g, 6.33 mmol) as a white solid.

1H NMR (400 MHz, DMSO-d6) δ 8.86 (1H, s), 8.64 (1H, s), 6.43 (1H, t, J = 6.4 Hz), 5.36
(1H, d, J = 4.4 Hz), 4.96 (1H, t, J = 5.6 Hz), 4.44 (1H, dt, J = 3.6, 9.6 Hz), 3.88 (1H, dd, J = 4.4,
8.0 Hz), 3.61 (1H, dt, J = 5.2, 12.0 Hz), 3.53 (1H, dt, J = 5.6, 12.0 Hz), 2.76 (1H, ddd, J = 6.4, 6.6,
14.0 Hz), 2.34 (1H, ddd, J = 3.6, 6.4, 14.0 Hz); 13C NMR (151 MHz, DMSO-d6) δ 151.8, 147.4,
144.8, 138.5, 122.8, 88.1, 84.2, 70.4, 61.4, 54.0; HRMS (ESI-TOF) Calcd. for C10H12IN4O3

+

[M + H]+ 362.9949, found: 362.9947.
2′-Deoxy-5′-O-(4,4′-dimethoxytrityl)-6-iodo-β-D-purineriboside (5): To a solution of com-

pound 4 (1.15 g, 3.18 mmol) in CH2Cl2 (130 mL), DIPEA (1.5 mL, 7.94 mmol) and 4,4′-
dimethoxytrityl chloride (2.15 g, 6.35 mmol) were added at 0 ◦C, and the reaction mixture
was stirred at room temperature for 15 min. The reaction was quenched by addition of
MeOH, and the mixture was concentrated under reduced pressure. The residue was diluted
with CH2Cl2, washed with a saturated aqueous solution of NaHCO3, brine, dried over
Na2SO4, and evaporated. The residue was purified by silica gel column chromatogra-
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phy (CH2Cl2:MeOH = 100:1 to 30:1 with 0.1% TEA) to yield compound 5 (71%, 1.49 g,
2.26 mmol) as a pale-yellow foam.

1H NMR (400 MHz, CDCl3) δ 8.54 (1H, s), 8.28 (1H, s), 7.60 (2H, dd, J = 1.6, 8.2 Hz),
7.30–7.21 (7H, m), 6.80 (4H, d, J = 8.8 Hz), 6.46 (1H, t, J = 6.4 Hz), 4.70 (1H, dd, J = 3.6,
9.6 Hz), 4.18–4.15 (1H, m), 3.79 (6H, s), 3.40 (2H, ddd, J = 4.4, 10.4, 18.8 Hz), 2.88 (1H, ddd,
J = 6.4, 6.4, 13.6 Hz), 2.58 (1H, ddd, J = 3.6, 6.4, 13.6 Hz); 13C NMR (151 MHz, CDCl3) δ
158.8, 152.0, 147.5, 144.5, 143.2, 139.4, 135.7, 135.6, 130.1, 128.2, 128.1, 127.2, 122.4, 113.4, 86.7,
86.5, 85.1, 72.8, 63.7, 55.4, 40.4, 0.1; HRMS (ESI-TOF) Calcd. for C31H29IN4NaO5

+ [M + Na]+

687.1075, found: 687.1077.
2′-Deoxy-3′-O-[2-cyanoethoxy(diisopropylamino)phosphino]-5′-O-(4,4′-dimethoxytrityl)-6-

iodo-β-D-purineriboside (6): To a solution of compound 5 in CH2Cl2 (3 mL), N,N-
diisopropylethylamine (DIPEA) (157 µL, 0.902 mmol) and 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite (100 µL, 0.451 mmol) were added at 0 ◦C, and the
reaction mixture was stirred at room temperature for 1.5 h. The reaction mixture was
diluted with AcOEt. The organic layer was washed with a saturated aqueous solution
of NaHCO3 and brine, dried over Na2SO4, and concentrated. The residue was purified
by flash chromatography (hexane:AcOEt = 2:1 to 1:1) to yield compound 6 (70%, 145 mg,
0.105 mmol) as a white foam.

31P NMR (162 MHz, CDCl3) δ 149.0, 148.8; HRMS (ESI-TOF) Calcd. for C40H47IN6O6P+

[M + H]+ 865.2334, found: 865.2312.
2-Amino-5-(trimethylsilyl)ethynylpyridine (8): To a solution of 2-amino-5-iodopyridine 7

(2.2 g, 10.0 mmol), Pd(PPh3)2Cl2 (351 mg, 0.5 mmol), and CuI (95 mg, 0.5 mmol) in CH3CN
(83 mL), TEA (8.3 mL, 60.0 mmol) and TMS-acetylene (3.1 mL, 20.0 mmol) were added, and
the mixture was stirred at room temperature for 30 min. The reaction mixture was filtered
through a pad of celite, and the filtrate was evaporated under reduced pressure. The crude
material was purified by silica gel column chromatography (CH2Cl2:AcOEt = 100% to 5:1)
to yield compound 8 (96%, 1.83 g, 9.62 mmol) as a brown solid.

1H NMR (400 MHz, CDCl3) δ 8.21 (1H, dd, J = 0.8, 2.4 Hz), 7.50 (1H, dd, J = 0.8, 8.4 Hz),
6.42 (1H, dd, J = 0.8 Hz, 8.4 Hz), 4.59 (2H, brs), 0.24 (9H, s); 13C NMR (151 MHz, CDCl3)
δ 157.7, 152.1, 140.9, 109.9, 107.9, 102.9, 94.7, 0.2; HRMS (ESI-TOF) Calcd. C10H15N2Si+

[M + H]+ 191.0999, found: 191.1008.
2-Amino-5-ethynylpyridine (9): To a solution of compound 8 (500 mg, 2.63 mmol) in

MeOH (29 mL), K2CO3 (689 mg, 5.25 mmol) was added, and the reaction mixture was
stirred at room temperature. After 45 min, the reaction mixture was diluted with AcOEt
and filtered through a pad of celite. The filtrate was washed with H2O and brine, dried
over Na2SO4, and evaporated under reduced pressure to yield compound 9 (92%, 284 mg,
2.40 mmol) as an orange powder.

1H NMR (400 MHz, CDCl3) δ 8.23 (1H, d, J = 1,6 Hz), 7.51 (1H, dd, J = 2.0, 8.4 Hz),
6.43 (1H, dd, J = 0.8 Hz, 8.4 Hz), 4.59 (2H, brs), 3.06(1H, s); 13C NMR (151 MHz, CDCl3)
δ 157.9, 152.3, 141.0, 108.9, 107.9, 81.5, 77.8; HRMS (ESI-TOF) Calcd. C7H7N2

+ [M + H]+

119.0604, found: 119.0610.
3-Amino-6-(trimethylsilyl)ethynylpyridazine (11): To a solution of 6-iodo-3-amino pyridazine

10 (1.0 g, 4.52 mmol), Pd(PPh3)2Cl2 (159 mg, 0.226 mmol), and CuI (43 mg, 0.226 mmol) in
CH3CN (38 mL), TEA (3.8 mL, 27.1 mmol) and TMS-acetylene (1.4 mL, 9.01 mmol) were
added, and the mixture was stirred at room temperature for 18 h. The reaction mixture was
filtered through a pad of celite, and the filtrate was evaporated under reduced pressure. The
crude material was purified by silica gel column chromatography (CH2Cl2:AcOEt = 100%
to 1:1) to yield compound 11 (61%, 528 mg, 2.76 mmol) as a yellow solid.

1H NMR (400 MHz, CDCl3) δ 7.31 (1H, d, J = 9.2 Hz), 6.67 (1H, d, J = 9.2 Hz), 4.85 (2H,
brs), 0.27 (9H, s); 13C NMR (151 MHz, CDCl3) δ 158.5, 139.8, 131.6, 113.6, 101.4, 96.9, −0.1;
HRMS (ESI-TOF) Calcd. C9H14N3Si+ [M + H]+ 192.0952, found: 192.0953.

3-Amino-6-ethynylpyridazine (12): Compound 11 (240 mg, 1.25 mmol) was dissolved in
methanolic ammonia (2.0 M, 24 mL). After 30 min, the reaction mixture was evaporated
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under reduced pressure. The residue was triturated with hexane to yield compound 12
(84%, 125 mg, 1.05 mmol) as a brown powder.

1H NMR (400 MHz, DMSO-d6) δ 7.10 (1H, d, J = 9.2 Hz), 6.53 (2H, brs) 6.47 (1H, d,
J = 9.2 Hz), 4.06 (1H, s); 13C NMR (151 MHz, DMSO-d6) δ 159.4, 136.9, 130.8, 112.7, 81.5,
81.0; HRMS (ESI-TOF) Calcd. C6H6N3

+ [M + H]+ 120.0556, found: 120.0561.
2-Amino-5-(trimethylsilyl)ethynylpyrazine (14): To a solution of 2-amino-5-bromopyrazine

13 (200 mg, 1.15 mmol), Pd(PPh3)2Cl2 (40 mg, 5.75 µmol), and CuI (11 mg, 5.75 µmol) in
CH3CN (9.6 mL), TEA (1 mL, 6.90 mmol) and TMS-acetylene (353 µL, 2.30 mmol) were
added, and the mixture was refluxed for 3 h. The reaction mixture was filtered through a
pad of celite, and the filtrate was evaporated under reduced pressure. The crude material
was purified by silica gel column chromatography (CH2Cl2:AcOEt = 100% to 8:1) to yield
compound 14 (93%, 204 mg, 1.07 mmol) as an orange solid.

1H NMR (400 MHz, CDCl3) δ 8.15 (1H, d, J = 1.6 Hz), 7.93 (1H, d, J = 1.6 Hz), 4.72 (2H,
brs), 0.25 (9H, s); 13C NMR (151 MHz, CDCl3) δ 153.0, 145.9, 132.1, 128.8, 101.7, 95.7, 0.0;
HRMS (ESI-TOF) Calcd. C9H14N3Si+ [M + H]+ 192.0952, found: 192.0961.

2-Amino-5-ethynylpyrazine (15): To a solution of compound 14 (690 mg, 3.61 mmol)
in MeOH (40 mL), K2CO3 (996 mg, 7.22 mmol) was added, and the reaction mixture was
stirred at room temperature. After 5 min, the reaction mixture was diluted with AcOEt
and filtered through a pad of celite. The filtrate was washed with H2O and brine, dried
over Na2SO4, and evaporated under reduced pressure to yield compound 15 (97%, 416 mg,
3.49 mmol) as a brown powder.

1H NMR (400 MHz, CDCl3) δ 8.17 (1H, d, J = 1.6 Hz), 7.95 (1H, d, J = 1.6 Hz), 4.82 (2H,
brs), 3.17 (1H, s); 13C NMR (151 MHz, CDCl3) δ 153.3, 146.2, 132.3, 128.0, 80.8, 78.1; HRMS
(ESI-TOF) Calcd. C6H6N3

+ [M + H]+ 120.0556, found: 120.0593.
5-Iodo-2-[2-(trimethylsilyl)ethoxy]pyrimidine (17): To a suspension of NaH (166 mg,

4.16 mmol) in THF (2.8 mL), TMS ethanol (593 µL, 4.16 mmol) was added at 0 ◦C, and the
mixture was stirred under argon at room temperature until the H2 gas evolution stopped.
To the stirred suspension, a solution of 2-chloro-5-iodopyrimidine 16 (500 mg, 2.08 mmol)
in THF (2.8 mL) was added at room temperature. After 30 min, the reaction was quenched
with a saturated aqueous solution of NH4Cl. The solution was extracted with AcOEt, and
the organic layer was washed with brine, dried over Na2SO4, and concentrated under
reduced pressure. The residue was diluted with AcOEt, washed with brine, dried over
Na2SO4, and concentrated under reduced pressure. The residue was purified by silica gel
column chromatography (hexane:AcOEt = 30:1 to 15:1) to yield compound 17 (80%, 536 mg,
1.66 mmol) as a pale-yellow gel.

1H NMR (400 MHz, CDCl3) δ 8.52 (2H, s), 4.44–4.39 (2H, m), 1.20–1.15 (2H, m), 0.08
(9H, s); 13C NMR (151 MHz, CDCl3) δ 164.4, 164.3, 82.1, 66.5, 17.5, −1.3; HRMS (ESI-TOF)
Calcd. C9H16IN2OSi+ [M + H]+ 323.0071, found: 323.0059.

5-(Trimethylsilyl)ethynyl-2-[2-(trimethylsilyl)ethoxy]pyrimidine (18): To a solution of com-
pound 17 (337 mg, 1.05 mmol), triphenylphosphine (6 mg, 20.9 µmol), Pd(PPh3)2Cl2 (14 mg,
20.9 µmol), and CuI (6 mg, 20.9 µmol) in DIPEA (7.5 mL), TMS-acetylene (149 µL, 1.05 mmol)
was added, and the mixture was stirred at room temperature for 2 h. The reaction mixture
was filtered through a pad of celite, and the filtrate was evaporated under reduced pressure.
The crude material was purified by silica gel column chromatography (hexane:AcOEt = 50:1
to 30:1) to yield compound 18 (98%, 302 mg, 1.03 mmol) as a pale-yellow gel.

1H NMR (400 MHz, CDCl3) δ 8.55 (2H, s), 4.47–4.43 (2H, m), 1.20–1.16 (2H, m), 0.25
(9H, s), 0.08 (9H, s); 13C NMR (151 MHz, CDCl3) δ 163.8, 161.9, 112.6, 99.8, 99.3, 66.4, 17.6,
−0.03, −1.3; HRMS (ESI-TOF) Calcd. C14H25N2OSi2+ [M + H]+ 293.1500, found: 293.1500.

5-Ethynyl-2-[2-(trimethylsilyl)ethoxy]pyrimidine (19): To a solution of compound 18
(150 mg, 0.513 mmol) in MeOH (5.1 mL), K2CO3 (142 mg, 1.03 mmol) was added at room
temperature. After 10 min, the reaction mixture was diluted with CH2Cl2. The organic
layer was washed with H2O and brine, dried over Na2SO4, and evaporated under reduced
pressure to yield compound 19 (97%, 110 mg, 0.499 mmol) as a pale-yellow gel.
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1H NMR (400 MHz, CDCl3) δ 8.59 (2H, s), 4.49–4.45 (2H, m), 1.21–1.17 (2H, m), 0.08
(9H, s); 13C NMR (151 MHz, CDCl3) δ 164.1, 162.1, 111.6, 82,2, 66.5, 17.6, −1; HRMS
(ESI-TOF) Calcd. C11H17N2OSi+ [M + H]+ 221.1105, found: 221.1100.

3-Iodo-6-[2-(trimethylsilyl)ethoxy]pyridazine (21): To a suspension of NaH (144 mg,
3.62 mmol) in THF (3.5 mL), TMS ethanol (516 µL, 3.62 mmol) was added at 0 ◦C, and the
mixture was stirred under argon at room temperature until the H2 gas evolution stopped.
To the stirred suspension, a solution of 3,6-diiodopyridazine 20 (800 mg, 2.41 mmol) in
THF (3.5 mL) was added at room temperature. After 30 min, the reaction was quenched
with a saturated aqueous solution of NH4Cl. The solution was extracted with AcOEt,
and the organic layer was washed with brine, dried over Na2SO4, and concentrated un-
der reduced pressure. The residue was purified by silica gel column chromatography
(hexane:AcOEt = 30:1 to 5:1) to yield compound 21 (87%, 675 mg, 2.09 mmol) as a pale-
yellow gel.

1H NMR (400 MHz, CDCl3) δ 7.62 (1H, d, J = 9.1 Hz), 6.63 (1H, d, J = 9.1 Hz),
4.59–4.54 (2H, m), 1.19–1.15 (2H, m), 0.07 (9H, s); 13C NMR (151 MHz, CDCl3) δ 164.9, 139.3,
119.5, 116.6, 66.2, 17.6, −1.2; HRMS (ESI-TOF) Calcd. C9H16IN2OSi+ [M + H]+ 323.0071,
found: 323.0043.

6-(Trimethylsilyl)ethynyl-3-[2-(trimethylsilyl)ethoxy]pyridazine (22): To a solution of com-
pound 21 (600 mg, 1.86 mmol), Pd(PPh3)2Cl2 (65 mg, 0.093 mmol), and CuI (35 mg,
0.186 mmol) in THF (5.3 mL), TEA (2.1 mL, 14.9 mmol) and TMS-acetylene (0.4 mL,
2.79 mmol) were added, and the mixture was stirred at room temperature for 3 h. The
reaction mixture was filtered through a pad of celite, and the filtrate was evaporated under
reduced pressure. The crude material was purified by silica gel column chromatogra-
phy (hexane:AcOEt = 100:1 to 30:1) to yield compound 22 (86%, 468 mg, 1.60 mmol) as a
pale-yellow gel.

1H NMR (400 MHz, CDCl3) δ 7.42 (1H, d, J = 9.2 Hz), 6.84 (1H, d, J = 9.2 Hz), 4.65–4.61
(2H, m), 1.20–1.16 (2H, m), 0.28 (9H, s), 0.07 (9H, s); 13C NMR (151 MHz, CDCl3) δ 163.8,
161.9, 112.6, 99.8, 98.3, 66.4, 17.6, −0.03, −1.3; HRMS (ESI-TOF) Calcd. C14H25N2OSi2+

[M + H]+ 293.1500, found: 293.1506.
6-Ethynyl-3-[2-(trimethylsilyl)ethoxy]pyridazine (23): To a solution of compound 22

(35 mg, 0.119 mmol) in MeOH (1.2 mL), K2CO3 (33 mg, 0.238 mmol) was added, and the
reaction mixture was stirred at room temperature. After 5 min, the reaction mixture was
diluted with CH2Cl2, filtered through a pad of celite, washed with H2O and brine, dried
over Na2SO4, and evaporated under reduced pressure to yield compound 23 (25 mg, 95%)
as a brown gel.

1H NMR (400 MHz, CDCl3) δ 7.45 (1H, d, J = 9.1 Hz), 6.84 (1H, d, J = 9.1 Hz), 4.67–4.62
(2H, m), 3.29 (1H, s) 1.25–1.17 (2H, m), 0.08 (9H, s); 13C NMR (151 MHz, CDCl3) δ 163.9,
142.4, 132.6, 116.8, 80.2, 80.1, 66.3, 17.7, −1.2; HRMS (ESI-TOF) Calcd. C11H17N2OSi+

[M + H]+ 221.1105, found: 221.1104.
5-(Trimethylsilyl)ethynyl-2-[2-(trimethylsilyl)ethoxy]pyrazine (27): To a suspension of NaH

(84 mg, 2.11 mmol) in THF (2 mL), TMS ethanol (300 µL, 2.11 mmol) was added at 0 ◦C,
and the mixture was stirred under argon at room temperature until the H2 gas evolution
stopped. To the stirred suspension, a solution of 2-bromo-5-iodopyrazine 24 in THF (2 mL)
was added at room temperature. After 15 h, the reaction was quenched with a saturated
aqueous solution of NH4Cl. The solution was extracted with AcOEt, and the organic layer
was washed with brine, dried over Na2SO4, and concentrated under reduced pressure.
The residue was purified by silica gel column chromatography (hexane:AcOEt = 100% to
10:1) to yield a mixture of 2-bromo-5-(2-(trimethylsilyl)ethoxy)pyrazine 25 and 2-iodo-
5-(2-(trimethylsilyl)ethoxy)pyrazine 26 (387 mg, ratio of 1:4, as determined by NMR).
Subsequently, to a solution of the mixture (150 mg, 0.465 mmol), Pd(PPh3)2Cl2 (18 mg,
24 µmol), and CuI (9 mg, 48 µmol) in THF (1.2 mL), TMS-acetylene (1.32 mL 9.30 mmol)
and TEA (546 µL, 3.72 mmol) were added, and the reaction mixture was stirred for 15 h.
The reaction mixture was filtered through a pad of celite, and the filtrate was evaporated
under reduced pressure. The residue was dissolved in AcOEt, and the organic layer was
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washed with H2O and brine, dried over Na2SO4, and evaporated. The crude material
was purified by silica gel column chromatography (hexane:Et2O = 100% to 100:1) to yield
compound 27 (100 mg, 75% over 2 steps) as a pale-yellow gel.

1H NMR (400 MHz, MeOH-d4) δ 8.26 (1H, d, J = 1.6 Hz), 8,08 (1H, d, J = 1.6 Hz),
4.50–4.46 (2H, m), 1.18–1.14 (2H, m), 0.26 (9H, s), 0.08 (9H, s); 13C NMR (151 MHz, MeOD-
d4) δ 160.8, 145.9, 136.6, 132.0, 102.0, 97.2, 66.3, 18.3, −0.2, −1.3; HRMS (ESI-TOF) Calcd.
C14H25N2OSi2+ [M + H]+ 293.1500, found: 293.1506.

5-Ethynyl-2-[2-(trimethylsilyl)ethoxy]pyrazine (28): To a solution of compound 27 (50 mg,
0.171 mmol) in MeOH (2 mL), K2CO3 (45 mg, 0.342 mmol) was added, and the reaction
mixture was stirred at room temperature. After 5 min, the reaction mixture was diluted
with CH2Cl2, filtered through a pad of celite, washed with H2O and brine, dried over
Na2SO4, and evaporated under reduced pressure to yield compound 28 (96%, 36 mg,
0.163 mmol) as an orange solid.

1H NMR (400 MHz, MeOH-d4) δ 8.27 (1H, d, J = 1.4 Hz), 8.09 (1H, d, J = 1.4 Hz),
4.49–4.45 (2H, m), 3.74 (1H, s), 1.17–1.13 (2H, m), 0.08 (9H, s); 13C NMR (151 MHz,
MeOD-d4) δ 160.9, 146.0, 136.7, 131.5, 80.9, 80.8, 66.3, 18.2, −1.3; HRMS (ESI-TOF) Calcd.
C11H17N2OSi+ [M + H]+ 221.1105, found: 221.1095.

4.3. Solid-Phase DNA Synthesis

The oligonucleotides were synthesized on a 1 µmol scale using a DNA automated
synthesizer (Applied Biosystems, Waltham, MA, USA, 392 DNA/RNA Synthesizer) with
conventional phosphoramidite chemistry. The reagents were purchased from Glen Research
(Sterling, VA, USA) and Sigma-Aldrich, and the synthesis was conducted using ultra-
mild phosphoramidites (phenoxyacetyl-dA (Pac-dA), Tac-dG, Ac-dC, T), with 0.25 M
5-benzylthio-1H-tetrazole (BTT) in CH3CN as an activator, 3% dichloroacetic acid (DCA) in
CH2Cl2 as a deblocking solution, and 5% Tac2O and 16% N-methylimidazole in THF as a
capping reagent. The ODNs incorporating the original NPu and OPu were synthesized as
previously reported [31]. Fully natural ODNs were purchased from Japan Bio Service Co.,
Ltd. (Osaka Japan).

4.4. On-Column Synthesis of ODNs Incorporating the Alkynylated Purine Derivatives

Under argon atmosphere, Solution A containing CuI (7.5 mM) in a mixture of TEA-
DMF (3:7), and Solution B containing each alkynylated pseudo-nucleobase (22.5 mM) and
Pd(PPh3)4 (7.5 mM) in a mixture of TEA-DMF (3:7), were prepared and degassed through
argon bubbling for 30 min. Solution A (100 µL) and Solution B (400 µL) were transferred
to individual disposable syringes and attached onto the column containing CPG-bound
ODN1 or ODN2 (DMT-ON, 0.2 µmol). The reaction was initiated by mixing the solution
inside the column. After 2 h at room temperature, the solution was discarded, and the
CPGs were washed sequentially with DMF, CH3CN, H2O, EDTA solution (1.0 M in H2O,
pH 8.0), H2O, and CH3CN. The same procedure was performed twice. After drying the
CPGs under a vacuum overnight, the remaining part of the ODNs was elongated using
the DNA synthesizer, as described in the previous section. In case of synthesizing ODNs
containing the NPu derivatives, the CPGs were treated with capping solution on the DNA
synthesizer five times (60 s each) for protecting the NH2 group prior to the elongation.

4.5. Deprotection and Purification of the Synthesized ODNs

The CPG-bound ODNs incorporating NPu derivatives were treated with 28% NH4OH
(1 mL) at room temperature for 2 h. The CPGs were filtered off, and the filtrate was
evaporated using a centrifugal evaporator. The ODNs containing OPu derivatives were
deprotected in a similar manner, except that the CPGs were treated with zinc bromide
solution (500 µL, prepared by dissolving 2.5 g of ZnBr2 in a mixture of 1.5 mL of i-PrOH
and 1.5 mL of CH3NO2) at room temperature for 6 h prior to NH4OH treatment. The crude
oligonucleotides were purified by reverse-phase HPLC using a JASCO HPLC system (PU-
2089 plus, UV-2075 plus, CO-2067 plus) equipped with a Nacalai Tesque COSMOSIL 5C18-
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MS-II column (4.6× 250 mm). The column oven was set to 50 ◦C and a peak was detected at
254 nm. The following buffer system was used: buffer A: 0.1 M triethylammonium acetate
(TEAA), pH 7.0 in H2O, buffer B: acetonitrile. A flowrate of 1 mL/min with a gradient of
9% to 10% of buffer B in 30 min was applied for the purification. The structural integrity of
the synthesized oligonucleotides was analyzed by MALDI-TOF mass measurement using a
Bruker Daltonics Autoflex Speed instrument, with a mixture of 3-hydroxypicolinic acid
and diammonium hydrogen citrate as a matrix.

4.6. UV Melting Temperature Measurement of the Duplex DNAs

A solution (100 µL) of equimolar amounts of ODN3 and complementary ODN4 (2 µM
each) in the buffer solution containing 10 mM of sodium phosphate buffer (pH 7.0) and
50 mM of NaCl was heated at 85 ◦C and gradually cooled down to room temperature for
annealing. UV melting curves were recorded with a quartz cell with a 1 cm path length
at temperatures between 20 and 85 ◦C using the JASCO V-730 UV-visible spectropho-
tometer (Jasco, Oklahoma City, OK, USA), with a temperature controller at a ramping
and scanning rate of 1.0 ◦C/min at 260 nm. Each Tm value is presented as an average of
three measurements.

4.7. CD Spectroscopy Measurement of the Duplex DNAs

The DNA solutions for CD measurement were prepared as described above. CD
spectra were recorded on a JASCO J-720WI circular dichroism spectrometer equipped with
a Peltier temperature controller using a micro quartz cell with a 1 cm path length. The
ellipticity was recorded at 25 ◦C with wavelengths from 450 to 220 nm.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28041766/s1. Figure S1: HPLC charts; Figure S2: Tm
curves; Figure S3: Speculated recognition modes of the base pairs; NMR charts and MALDI-TOF MS
spectra; Tables S1–S3: Summary of Tm values.

Author Contributions: Investigation, G.H.T., Z.D. and W.F.; Writing—original draft, H.O.; Supervi-
sion, F.N. and H.O. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported in part by the Japan Society for the Promotion of Science (JSPS)
Grant-in-Aid for Scientific Research on Early-Career Scientists (19K15710, 21K14749), the Program for
Creation of Interdisciplinary Research by Tohoku University, Tokyo Biochemical Research Foundation,
Takeda Science.

Data Availability Statement: Not applicable.

Acknowledgments: G.H.T gratefully acknowledges scholarship support throughout the master’s
degree from Kobayashi International Foundation.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. Smanski, M.J.; Zhou, H.; Claesen, J.; Shen, B.; Fischbach, M.A.; Voigt, C.A. Synthetic biology to access and expand nature’s

chemical diversity. Nat. Rev. Microbiol. 2016, 14, 135–149. [CrossRef] [PubMed]
2. Chin, J.W. Expanding and reprogramming the genetic code. Nature 2017, 550, 53–60. [CrossRef]
3. Chidchob, P.; Sleiman, H.F. Recent advances in DNA nanotechnology. Curr. Opin. Chem. Biol. 2018, 46, 63–70. [CrossRef]

[PubMed]
4. Hu, Y.; Niemeyer, C.M. From DNA Nanotechnology to Material Systems Engineering. Adv. Mater. 2019, 31, e1806294. [CrossRef]

[PubMed]
5. Keller, A.; Linko, V. Challenges and Perspectives of DNA Nanostructures in Biomedicine. Angew. Chem. Int. Ed. 2020, 59,

15818–15833. [CrossRef]
6. Li, X.; Liu, D.R. DNA-templated organic synthesis: Nature’s strategy for controlling chemical reactivity applied to synthetic

molecules. Angew. Chem. Int. Ed. 2004, 43, 4848–4870. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules28041766/s1
http://doi.org/10.1038/nrmicro.2015.24
http://www.ncbi.nlm.nih.gov/pubmed/26876034
http://doi.org/10.1038/nature24031
http://doi.org/10.1016/j.cbpa.2018.04.012
http://www.ncbi.nlm.nih.gov/pubmed/29751162
http://doi.org/10.1002/adma.201806294
http://www.ncbi.nlm.nih.gov/pubmed/30767279
http://doi.org/10.1002/anie.201916390
http://doi.org/10.1002/anie.200400656


Molecules 2023, 28, 1766 16 of 17

7. Kodadek, T.; Paciaroni, N.G.; Balzarini, M.; Dickson, P. Beyond protein binding: Recent advances in screening DNA-encoded
libraries. Chem. Commun. 2019, 55, 13330–13341. [CrossRef]

8. Malyshev, D.A.; Romesberg, F.E. The expanded genetic alphabet. Angew. Chem. Int. Ed. 2015, 54, 11930–11944. [CrossRef]
9. Karalkar, N.B.; Benner, S.A. The challenge of synthetic biology. Synthetic Darwinism and the aperiodic crystal structure. Curr.

Opin. Chem. Biol. 2018, 46, 188–195. [CrossRef]
10. Kimoto, M.; Hirao, I. Genetic alphabet expansion technology by creating unnatural base pairs. Chem. Soc. Rev. 2020, 49, 7602–7626.

[CrossRef]
11. Handal-Marquez, P.; Anupama, A.; Pezo, V.; Marlière, P.; Herdewijn, P.; Pinheiro, V.B. Beneath the XNA world: Tools and targets

to build novel biology. Curr. Opin. Syst. Biol. 2020, 24, 142–152. [CrossRef]
12. Rich, A. Horizons in Biochemistry; Kasha, M., Pullman, B., Eds.; Academic Press: New York, NY, USA, 1962; pp. 103–126.
13. Minakawa, N.; Kojima, N.; Hikishima, S.; Sasaki, T.; Kiyosue, A.; Atsumi, N.; Ueno, Y.; Matsuda, A. New base pairing motifs. The

synthesis and thermal stability of oligodeoxynucleotides containing imidazopyridopyrimidine nucleosides with the ability to
form four hydrogen bonds. J. Am. Chem. Soc. 2003, 125, 9970–9982. [CrossRef] [PubMed]

14. Doi, Y.; Chiba, J.; Morikawa, T.; Inouye, M. Artificial DNA made exclusively of nonnatural C-nucleosides with four types of
nonnatural bases. J. Am. Chem. Soc. 2008, 130, 8762–8768. [CrossRef] [PubMed]

15. Yang, Z.; Chen, F.; Alvarado, J.B.; Benner, S.A. Amplification, mutation, and sequencing of a six-letter synthetic genetic system. J.
Am. Chem. Soc. 2011, 133, 15105–15112. [CrossRef] [PubMed]

16. Hoshika, S.; Leal, N.A.; Kim, M.J.; Kim, M.S.; Karalkar, N.B.; Kim, H.J.; Bates, A.M.; Watkins, N.E., Jr.; SantaLucia, H.A.; Meyer,
A.J.; et al. Hachimoji DNA and RNA: A genetic system with eight building blocks. Science 2019, 363, 884–887. [CrossRef]

17. Morihiro, K.; Moriyama, Y.; Nemoto, Y.; Osumi, H.; Okamoto, A. Anti-syn Unnatural Base Pair Enables Alphabet-Expanded
DNA Self-Assembly. J. Am. Chem. Soc. 2021, 143, 14207–14217. [CrossRef]

18. Miyahara, R.; Taniguchi, Y. Selective Unnatural Base Pairing and Recognition of 2-Hydroxy-2’-deoxyadenosine in DNA Using
Pseudo-dC Derivatives. J. Am. Chem. Soc. 2022, 144, 16150–16156. [CrossRef]

19. Morales, J.C.; Kool, E.T. Minor Groove Interactions between Polymerase and DNA: More Essential to Replication than Watson-
Crick Hydrogen Bonds? J. Am. Chem. Soc. 1999, 121, 2323–2324. [CrossRef]

20. Malyshev, D.A.; Seo, Y.J.; Ordoukhanian, P.; Romesberg, F.E. PCR with an expanded genetic alphabet. J. Am. Chem. Soc. 2009, 131,
14620–14621. [CrossRef] [PubMed]

21. Yamashige, R.; Kimoto, M.; Takezawa, Y.; Sato, A.; Mitsui, T.; Yokoyama, S.; Hirao, I. Highly specific unnatural base pair systems
as a third base pair for PCR amplification. Nucleic Acids Res. 2012, 40, 2793–2806. [CrossRef]

22. Tanaka, K.; Clever, G.H.; Takezawa, Y.; Yamada, Y.; Kaul, C.; Shionoya, M.; Carell, T. Programmable self-assembly of metal ions
inside artificial DNA duplexes. Nat. Nanotechnol. 2006, 1, 190–194. [CrossRef]

23. Kaul, C.; Muller, M.; Wagner, M.; Schneider, S.; Carell, T. Reversible bond formation enables the replication and amplification of a
crosslinking salen complex as an orthogonal base pair. Nat. Chem. 2011, 3, 794–800. [CrossRef] [PubMed]

24. Takezawa, Y.; Hu, L.; Nakama, T.; Shionoya, M. Sharp Switching of DNAzyme Activity through the Formation of a Cu(II)
-Mediated Carboxyimidazole Base Pair. Angew. Chem. Int. Ed. 2020, 59, 21488–21492. [CrossRef]

25. Matsunaga, K.I.; Kimoto, M.; Hirao, I. High-Affinity DNA Aptamer Generation Targeting von Willebrand Factor A1-Domain
by Genetic Alphabet Expansion for Systematic Evolution of Ligands by Exponential Enrichment Using Two Types of Libraries
Composed of Five Different Bases. J. Am. Chem. Soc. 2017, 139, 324–334. [CrossRef] [PubMed]

26. Zhang, L.; Wang, S.; Yang, Z.; Hoshika, S.; Xie, S.; Li, J.; Chen, X.; Wan, S.; Li, L.; Benner, S.A.; et al. An Aptamer-Nanotrain
Assembled from Six-Letter DNA Delivers Doxorubicin Selectively to Liver Cancer Cells. Angew. Chem. Int. Ed. 2020, 59, 663–668.
[CrossRef] [PubMed]

27. Bornewasser, L.; Domnick, C.; Kath-Schorr, S. Stronger together for in-cell translation: Natural and unnatural base modified
mRNA. Chem. Sci. 2022, 13, 4753–4761. [CrossRef] [PubMed]

28. Johnson, S.C.; Marshall, D.J.; Harms, G.; Miller, C.M.; Sherrill, C.B.; Beaty, E.L.; Lederer, S.A.; Roesch, E.B.; Madsen, G.; Hoffman,
G.L.; et al. Multiplexed genetic analysis using an expanded genetic alphabet. Clin. Chem. 2004, 50, 2019–2027. [CrossRef]
[PubMed]

29. Hirao, I.; Ohtsuki, T.; Fujiwara, T.; Mitsui, T.; Yokogawa, T.; Okuni, T.; Nakayama, H.; Takio, K.; Yabuki, T.; Kigawa, T.; et al. An
unnatural base pair for incorporating amino acid analogs into proteins. Nat. Biotechnol. 2002, 20, 177–182. [CrossRef]

30. Fischer, E.C.; Hashimoto, K.; Zhang, Y.; Feldman, A.W.; Dien, V.T.; Karadeema, R.J.; Adhikary, R.; Ledbetter, M.P.; Krishnamurthy,
R.; Romesberg, F.E. New codons for efficient production of unnatural proteins in a semisynthetic organism. Nat. Chem. Biol. 2020,
16, 570–576. [CrossRef]

31. Okamura, H.; Trinh, G.H.; Dong, Z.; Masaki, Y.; Seio, K.; Nagatsugi, F. Selective and stable base pairing by alkynylated nucleosides
featuring a spatially-separated recognition interface. Nucleic Acids Res. 2022, 50, 3042–3055. [CrossRef]

32. Ferentz, A.E.; Keating, T.A.; Verdine, G.L. Synthesis and characterization of disulfide cross-linked oligonucleotides. J. Am. Chem.
Soc. 2002, 115, 9006–9014. [CrossRef]

33. MacMillan, A.M.; Verdine, G.L. Synthesis of functionally tethered oligodeoxynucleotides by the convertible nucleoside approach.
J. Org. Chem. 2002, 55, 5931–5933. [CrossRef]

34. Ito, Y.; Matsuo, M.; Yamamoto, K.; Yamashita, W.; Osawa, T.; Hari, Y. Post-Synthetic modification of oligonucleotides containing
5-trifluoromethylpyrimidine bases. Tetrahedron 2018, 74, 6854–6860. [CrossRef]

http://doi.org/10.1039/C9CC06256D
http://doi.org/10.1002/anie.201502890
http://doi.org/10.1016/j.cbpa.2018.07.008
http://doi.org/10.1039/D0CS00457J
http://doi.org/10.1016/j.coisb.2020.10.013
http://doi.org/10.1021/ja0347686
http://www.ncbi.nlm.nih.gov/pubmed/12914460
http://doi.org/10.1021/ja801058h
http://www.ncbi.nlm.nih.gov/pubmed/18543918
http://doi.org/10.1021/ja204910n
http://www.ncbi.nlm.nih.gov/pubmed/21842904
http://doi.org/10.1126/science.aat0971
http://doi.org/10.1021/jacs.1c05393
http://doi.org/10.1021/jacs.2c07000
http://doi.org/10.1021/ja983502+
http://doi.org/10.1021/ja906186f
http://www.ncbi.nlm.nih.gov/pubmed/19788296
http://doi.org/10.1093/nar/gkr1068
http://doi.org/10.1038/nnano.2006.141
http://doi.org/10.1038/nchem.1117
http://www.ncbi.nlm.nih.gov/pubmed/21941252
http://doi.org/10.1002/anie.202009579
http://doi.org/10.1021/jacs.6b10767
http://www.ncbi.nlm.nih.gov/pubmed/27966933
http://doi.org/10.1002/anie.201909691
http://www.ncbi.nlm.nih.gov/pubmed/31650689
http://doi.org/10.1039/D2SC00670G
http://www.ncbi.nlm.nih.gov/pubmed/35655897
http://doi.org/10.1373/clinchem.2004.034330
http://www.ncbi.nlm.nih.gov/pubmed/15319316
http://doi.org/10.1038/nbt0202-177
http://doi.org/10.1038/s41589-020-0507-z
http://doi.org/10.1093/nar/gkac140
http://doi.org/10.1021/ja00073a016
http://doi.org/10.1021/jo00311a005
http://doi.org/10.1016/j.tet.2018.10.006


Molecules 2023, 28, 1766 17 of 17

35. Ito, Y.; Hayashi, H.; Fuchi, Y.; Hari, Y. Post-Synthetic modification of oligonucleotides containing 5-mono- and 5-di-
fluoromethyluridines. Tetrahedron 2021, 77, 131769. [CrossRef]

36. Ravi Kumara, G.S.; Pandith, A.; Seo, Y.J. Direct and selective metal-free N6-arylation of adenosine residues for simple fluorescence
labeling of DNA and RNA. Chem. Commun. 2021, 57, 5450–5453. [CrossRef]

37. Wang, J.; Shang, J.; Xiang, Y.; Tong, A. General Method for Post-Synthetic Modification of Oligonucleotides Based on Oxidative
Amination of 4-Thio-2’-deoxyuridine. Bioconjug. Chem. 2021, 32, 721–728. [CrossRef]

38. Xie, Y.; Fang, Z.; Yang, W.; He, Z.; Chen, K.; Heng, P.; Wang, B.; Zhou, X. 6-Iodopurine as a Versatile Building Block for RNA
Purine Architecture Modifications. Bioconjugate Chem. 2022, 33, 353–362. [CrossRef]

39. Gierlich, J.; Burley, G.A.; Gramlich, P.M.; Hammond, D.M.; Carell, T. Click chemistry as a reliable method for the high-density
postsynthetic functionalization of alkyne-modified DNA. Org. Lett. 2006, 8, 3639–3642. [CrossRef]

40. Tolle, F.; Brandle, G.M.; Matzner, D.; Mayer, G. A Versatile Approach Towards Nucleobase-Modified Aptamers. Angew. Chem. Int.
Ed. 2015, 54, 10971–10974. [CrossRef]

41. Kahl, J.D.; Greenberg, M.M. Introducing Structural Diversity in Oligonucleotides via Photolabile, Convertible C5-Substituted
Nucleotides. J. Am. Chem. Soc. 1999, 121, 597–604. [CrossRef]

42. Raiber, E.A.; Beraldi, D.; Ficz, G.; Burgess, H.E.; Branco, M.R.; Murat, P.; Oxley, D.; Booth, M.J.; Reik, W.; Balasubramanian, S.
Genome-wide distribution of 5-formylcytosine in embryonic stem cells is associated with transcription and depends on thymine
DNA glycosylase. Genome Biol. 2012, 13, R69. [CrossRef] [PubMed]

43. Khan, S.I.; Grinstaff, M.W. Palladium(0)-Catalyzed Modification of Oligonucleotides during Automated Solid-Phase Synthesis. J.
Am. Chem. Soc. 1999, 121, 4704–4705. [CrossRef]

44. Minakawa, N.; Ono, Y.; Matsuda, A. A versatile modification of on-column oligodeoxynucleotides using a copper-catalyzed
oxidative acetylenic coupling reaction. J. Am. Chem. Soc. 2003, 125, 11545–11552. [CrossRef]

45. Rist, M.; Amann, N.; Wagenknecht, H.-A. Preparation of 1-Ethynylpyrene-Modified DNA via Sonogashira-Type Solid-Phase
Couplings and Characterization of the Fluorescence Properties for Electron-Transfer Studies. Eur. J. Org. Chem. 2003, 2003,
2498–2504. [CrossRef]

46. Schiemann, O.; Piton, N.; Mu, Y.; Stock, G.; Engels, J.W.; Prisner, T.F. A PELDOR-based nanometer distance ruler for oligonu-
cleotides. J. Am. Chem. Soc. 2004, 126, 5722–5729. [CrossRef]

47. Grunewald, C.; Kwon, T.; Piton, N.; Forster, U.; Wachtveitl, J.; Engels, J.W. RNA as scaffold for pyrene excited complexes. Bioorg.
Med. Chem. 2008, 16, 19–26. [CrossRef]

48. Omumi, A.; Beach, D.G.; Baker, M.; Gabryelski, W.; Manderville, R.A. Postsynthetic guanine arylation of DNA by Suzuki-Miyaura
cross-coupling. J. Am. Chem. Soc. 2011, 133, 42–50. [CrossRef]

49. Wicke, L.; Engels, J.W. Postsynthetic on column RNA labeling via Stille coupling. Bioconjug. Chem. 2012, 23, 627–642. [CrossRef]
50. Lercher, L.; McGouran, J.F.; Kessler, B.M.; Schofield, C.J.; Davis, B.G. DNA modification under mild conditions by Suzuki-Miyaura

cross-coupling for the generation of functional probes. Angew. Chem. Int. Ed. 2013, 52, 10553–10558. [CrossRef]
51. Krause, A.; Hertl, A.; Muttach, F.; Jaschke, A. Phosphine-free Stille-Migita chemistry for the mild and orthogonal modification of

DNA and RNA. Chem. Eur. J. 2014, 20, 16613–16619. [CrossRef]
52. Ejlersen, M.; Lou, C.; Sanghvi, Y.S.; Tor, Y.; Wengel, J. Modification of oligodeoxynucleotides by on-column Suzuki cross-coupling

reactions. Chem. Commun. 2018, 54, 8003–8006. [CrossRef] [PubMed]
53. Probst, N.; Lartia, R.; Thery, O.; Alami, M.; Defrancq, E.; Messaoudi, S. Efficient Buchwald-Hartwig-Migita Cross-Coupling for

DNA Thioglycoconjugation. Chem. Eur. J. 2018, 24, 1795–1800. [CrossRef] [PubMed]
54. Walunj, M.B.; Srivatsan, S.G. Nucleic Acid Conformation Influences Postsynthetic Suzuki−Miyaura Labeling of Oligonucleotides.

Bioconjug. Chem. 2020, 31, 2513–2521. [CrossRef] [PubMed]
55. Sýkorová, V.; Tichý, M.; Hocek, M. Polymerase Synthesis of DNA Containing Iodinated Pyrimidine or 7-Deazapurine Nucleobases

and Their Post-synthetic Modifications through the Suzuki-Miyaura Cross-Coupling Reactions. ChemBioChem 2021, 23, e202100608.
[CrossRef]

56. Filichev, V.V.; Pedersen, E.B. Stable and selective formation of hoogsteen-type triplexes and duplexes using twisted intercalating
nucleic acids (TINA) prepared via postsynthetic Sonogashira solid-phase coupling reactions. J. Am. Chem. Soc. 2005, 127,
14849–14858. [CrossRef]

57. Hari, Y.; Akabane, M.; Hatanaka, Y.; Nakahara, M.; Obika, S. A 4-[(3R,4R)-dihydroxypyrrolidino]pyrimidin-2-one nucleobase for
a CG base pair in triplex DNA. Chem. Commun. 2011, 47, 4424–4426. [CrossRef]

58. Hari, Y.; Nakahara, M.; Pang, J.; Akabane, M.; Kuboyama, T.; Obika, S. Synthesis and triplex-forming ability of oligonucleotides
bearing 1-substituted 1H-1,2,3-triazole nucleobases. Bioorg. Med. Chem. 2011, 19, 1162–1166. [CrossRef]

59. Okamura, H.; Taniguchi, Y.; Sasaki, S. N-(guanidinoethyl)-2′-deoxy-5-methylisocytidine exhibits selective recognition of a CG
interrupting site for the formation of anti-parallel triplexes. Org. Biomol. Chem. 2013, 11, 3918–3924. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.tet.2020.131769
http://doi.org/10.1039/D1CC02069B
http://doi.org/10.1021/acs.bioconjchem.1c00016
http://doi.org/10.1021/acs.bioconjchem.1c00595
http://doi.org/10.1021/ol0610946
http://doi.org/10.1002/anie.201503652
http://doi.org/10.1021/ja983273r
http://doi.org/10.1186/gb-2012-13-8-r69
http://www.ncbi.nlm.nih.gov/pubmed/22902005
http://doi.org/10.1021/ja9836794
http://doi.org/10.1021/ja036055t
http://doi.org/10.1002/ejoc.200300125
http://doi.org/10.1021/ja0393877
http://doi.org/10.1016/j.bmc.2007.04.058
http://doi.org/10.1021/ja106158b
http://doi.org/10.1021/bc200659j
http://doi.org/10.1002/anie.201304038
http://doi.org/10.1002/chem.201404843
http://doi.org/10.1039/C8CC01360H
http://www.ncbi.nlm.nih.gov/pubmed/29967912
http://doi.org/10.1002/chem.201705371
http://www.ncbi.nlm.nih.gov/pubmed/29205564
http://doi.org/10.1021/acs.bioconjchem.0c00466
http://www.ncbi.nlm.nih.gov/pubmed/33089687
http://doi.org/10.1002/cbic.202100608
http://doi.org/10.1021/ja053645d
http://doi.org/10.1039/c1cc10138b
http://doi.org/10.1016/j.bmc.2010.12.049
http://doi.org/10.1039/c3ob40472b

	Introduction 
	Results 
	On-Column Synthesis of Oligodeoxynucleotides Containing the Alkynylated Purine Derivatives 
	Base-Pairing Properties of the Alkynylated Purine Derivatives 
	Structural Impact of the Alkynylated Purine Derivatives on DNA Duplex 

	Discussion 
	Materials and Methods 
	General Information 
	Synthesis of the Compounds Used in This Study 
	Solid-Phase DNA Synthesis 
	On-Column Synthesis of ODNs Incorporating the Alkynylated Purine Derivatives 
	Deprotection and Purification of the Synthesized ODNs 
	UV Melting Temperature Measurement of the Duplex DNAs 
	CD Spectroscopy Measurement of the Duplex DNAs 

	References

