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ABSTRACT: Ferrocenylated glycol nucleic acid (Fc-GNA)
components are rarely studied in the field of xeno nucleic acid
(XNA) chemistry. As an attempt to contribute to XNA chemistry,
in the present article we report a seven-step synthesis of the first
semicanonical dinucleoside containing the Fc-GNA nucleoside
linked to the adenosine nucleoside with a phosphodiester bond.
First, the nucleoside-bearing ethynylferrocenyl moiety in the C5
position of the uracil nucleobase was obtained. In the following
steps, the nucleoside was transformed into the phosphoramidite
intermediate that in turn was reacted with N6-benzoyl-2′,3′-O-
isopropylideneadenosine to afford the target dinucleoside phos-
phate with 47% yield. The newly obtained Fc-GNA nucleoside is
redox-active, and on the basis of this property ( function), it belongs
to a new class of functional GNA ( fun-GNA) nucleosides. The
electrochemistry of the Fc-GNA nucleoside, dinucleoside phosphate, and ferrocenyl furanopyrimidone nucleoside that was obtained
as an undesired byproduct of Fc-GNA nucleoside synthesis was investigated by cyclic voltammetry (CV). The CV result showed the
presence of a one-electron ferrocenyl-centered redox wave in each case. The half-wave potentials of the Fc-GNA nucleoside and
dinucleoside phosphate were 89 and 99 mV, respectively, against the FcH/FcH+ couple. Finally, the activity of the newly obtained
Fc-GNA components was studied against the nontumorigenic mouse L929 and human cervix adenocarcinoma HeLa cells. The
synthesized compounds showed no cytotoxic activity against the tested cell lines.

■ INTRODUCTION

Xeno nucleic acids (XNAs) are artificial genetic polymers
containing canonical nucleobases and phosphodiester bonds
but devoid of deoxy-D-ribofuranose or D-ribofuranose as
backbone motifs.1 XNAs are key molecules for synthetic
genetics,2,3 which is a subfield of an emerging area of synthetic
biology.4 The development of specific polymerases has enabled
short XNA sequences to be copied back and forth between
DNA and XNA sequences.5,6 Furthermore, it has been shown
that adequately engineered polymerases can copy DNA on the
α-L-threofuranose nucleic acid (TNA) template sequence and
that other polymerases can catalyze the reverse reaction.7−10 In
addition, natural polymerases have been successfully used to
synthesize 2′-fluoro-arabino nucleic acid (FANA) on a DNA
template and reversibly a DNA strand on a FANA template.11

Another study showed that short XNA sequences can act as
RNA endonucleases and ligases and catalyze self-elongation by
iterative incorporation of XNA nucleotides to the primer
sequence.12 TNA has been considered as a progenitor of RNA,
which also vividly illustrates the importance of XNA chemistry
for studies of the origin of life.13 Furthermore, peptide-

conjugated phosphorodiamidate morpholino XNA oligomers
have been successfully utilized as an antisense inhibitor of
Burkholderia cepacia mRNA translation.14

GNA nucleosides represent a structurally simple XNA
design, as they consist of 2,3-dihydroxypropyl (1,2-propane-
diol) chain attached to the N atom of the pyrimidine or purine
nucleobase (structure A in Figure 1 with thymine as an
exemplary nucleobase).15,16

This structural arrangement implies (a) the conformational
flexibility of the GNA backbone and (b) the presence of a
single stereocenter located at the C2′ position of the 2,3-
dihydroxypropyl chain. Because of the presence of the single
stereogenic center, the given GNA nucleoside can exist as
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either an S or an R enantiomer. The chemistry of GNA was
studied in the 1970s, when Ueda17 and Imoto18,19 first
reported the synthesis of the racemic GNA nucleosides and
their oligomerization products.20 Since then, interest in the
GNA synthesis has continued.21−25 Recently, Meggers and co-
workers conducted extensive research on GNA chemis-
try15,26−30 and crystallography.31,32 They determined X-ray
crystal structures of Br-containing and Cu(II)-containing self-
complementary right-handed (S)-GNA duplexes.30−32 The X-
ray diffraction studies showed that the copper(II)-containing
(S)-GNA duplex forms an elongated M-type helix,31 while the
5-bromocytosine-bearing duplex forms a more condensed N-
type helix.32 Both M-type and N-type (S)-GNA helices differ
significantly from the archetypical structures of A- and B-DNA
but show similarities with the structures of the hexitol nucleic
acid33 and homo-DNA.34 The ability of (R)- and (S)-GNA to
form higher order 3D structures was shown by Chaput and co-
workers, who synthesized two-mirror-image-containing four-
way helical junctions derived from GNA.35 GNA serves as an
attractive scaffold for chemical modifications. In this regard,
modification of either the nucleobase or the 2,3-dihydrox-
ypropyl chain is possible. Accordingly, Hovinen and co-
workers synthesized uracil GNA phosphoramidite building
blocks in which a proton in the position N3 was substituted
with a nitrogen-containing lanthanide(III) chelating ligand.36

Such modified nucleosides were incorporated into the

canonical DNA strands and tested by a DNA hybridization
assay. The obvious disadvantage of uracil N3 position
derivatization was the loss of ability to form hydrogen
bonds.36 Examples of 2,3-dihydroxypropyl-modified GNA
also comprise compounds in which the hydroxyl functionality
in the C2′ position was replaced with amino,37

(phosphonoethoxy)propyl,38 or carboxamide39 groups.
There is an increasing interest in ferrocenyl (Fc) nucleobase

conjugates, as these molecules show useful biological activity,
and they can be used to fabricate redox-active self-assembly
materials.40,41 Thus, the subfield of Fc nucleoside chemistry
originated from this area.42−47 Fc nucleosides exhibit
antibacterial and anticancer activities,42−45 but the most
fascinating field of their applications is the synthesis of a
redox-active Fc-XNA. This task has recently been successfully
achieved in the challenging synthesis of a single-stranded Fc-
XNA oligonucleotide containing eight ferrocenyl moieties.48

Our research has been centered on the chemistry of Fc-
nucleobase conjugates,40,42,43,49,50 and recently, we have
focused on Fc-XNA nucleoside chemistry.46,47 We conducted
studies on the XNA nucleosides in which the natural deoxy-D-
ribofuranose backbone was replaced with a 1,1′-disubstituted
ferrocene moiety.46 Furthermore, we developed an entirely
new class of GNA nucleosides in which one of the hydrogens
in the C3′ position of the 2,3-dihydroxypropyl chain is
substituted with the Fc moiety (see structure B in Figure 1).47

These compounds can be classified as functional GNA ( fun-
GNA) nucleosides. The term fun-GNA refers to any GNA
nucleoside which, apart from its inherent hydrogen-bonding
ability, possesses an additional well-defined physicochemical
property ( function). In line with this definition, nucleoside B is
a redox-active fun-GNA molecule. The idea of fun-GNA has
also been extended to pyrenyl-GNA nucleoside C (Figure 1),
which possesses luminescent function.51 The luminescent
function of nucleoside C enabled its bioimaging by confocal
microscopy in living human cervical carcinoma (HeLa) cells.51

Our interest in the modification of the basic GNA
nucleoside structure A with a redox-active Fc moiety is
ongoing. With this in mind, in the present work, the new fun-
GNA nucleoside 4 bearing the Fc entity in the C5 position of
uracil was prepared and transformed into the corresponding

Figure 1. Structure of thymine GNA nucleoside (A), Fc-GNA
nucleoside (B), and pyr-GNA (C).

Scheme 1. Synthesis of Fc-GNA Nucleoside 4 and Phosphoramidite 6
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phosphoramidite derivative 6. The synthetic usefulness of
compound 6 was tested in the preparation of the semi-
canonical dinucleoside phosphate 9. This work also presents
the electrochemical and anticancer activity studies of nucleo-
side 4, dinucleoside phosphate 9, and closely related
furanopyrimidone derivative 8.

■ RESULTS AND DISCUSSION

Synthesis. The synthesis of Fc-GNA nucleoside 4 and
phosphoramidite 6 was carried out as shown in Scheme 1.
First, the reaction of 5-iodo-3-benzoyluracil (D)52 with (S)-

2,3-O-isopropylidene glycerol under Mitsunobu53 conditions
afforded synthon 1 in 93% yield. Next, the acidic cleavage of
the 2,3-O-isopropylidene group in 1 provided GNA nucleoside
2 in 96% yield. The subsequent Sonogashira cross-coupling
reaction of 2 with ethynylferrocene afforded the N3-benzoyl
nucleoside 3 in 49% yield. In the following step, the N3-
benzoyl protecting group was cleaved under basic conditions
to afford the target Fc-GNA nucleoside 4 in 70% yield.
Nucleoside 4 was then treated with 4,4′-dimethoxytrityl
chloride to afford 3′-protected compound 5 in 72% yield.
Finally, tritylated nucleoside 5 was phosphitylated28 with 2-
cyanoethyl N,N,N′N′-tetraisopropylphosphoradiamidite and
4,5-dicyanoimidazole (DCI) in a DCM/MeCN solvent
mixture to afford Fc-GNA phosphoramidite 6 in 67% yield.
Nucleoside 4 is an air-stable, orange crystalline solid, whereas
phosphoramidite 6 is an orange solid with limited stability in
chloroform, dichloromethane, and dimethyl sulfoxide solvents.
Compounds 1−6 were characterized by spectroscopic
methods, including 1H NMR, 13C NMR, and FTIR spectros-
copy, mass spectrometry (MS), and elemental analysis. 1H

NMR and 13C NMR spectra are shown in Figures S1−S5 and
S9−S13, respectively.
An alternative synthetic approach was also attempted for the

synthesis of intermediate 3. It involved the Sonogashira cross-
coupling reaction of the fully protected nucleoside 1 with
ethynylferrocene, followed by the hydrochloric acid cleavage of
the 2,3-O-isopropylidene group (Scheme 2).
The first step of the synthesis afforded compound 7 in 62%

yield, while the second step resulted in the undesired
furanopyrimidone product 8 in 59% yield and the target
nucleoside 3 with only 26% yield. It is worth noting that the
formation of furanopyrimidones as byproducts in the synthesis
of some ethynylferrocene-nucleobase derivatives has been
described in the literature.54 Because of the rather poor yield of
compound 3, further optimization of its synthesis according to
Scheme 2 was abandoned. Instead, an effort was made to
increase the yield of furanopyrimidone 8. This was justified by
the fact that the electrochemical properties and cytotoxic
activity of 8 were interesting in comparison with the properties
of the closely related acyclic nucleoside 4. It was found that the
treatment of 7 with trifluoroacetic acid afforded compound 8
in 96% yield (Scheme 2). See Figures S6, S7, S14, and S15 in
the Supporting Information for spectroscopic characterization
of compounds 7 and 8.
The last step in our synthetic endeavor was to demonstrate

the usefulness of phosphoramidite 6 in internucleotide
(phosphodiester) bond formation. To achieve this goal,
reagents and conditions commonly used in an automated
DNA synthesizer were used together with N6-benzoyl-2′,3′-O-
isopropylideneadenosine (E) as the model nucleoside reactant
(Scheme 3). It should be noted that the 2-cyanoethoxy

Scheme 2. Synthesis of Compounds 7, 3, and 8

Scheme 3. Synthesis of Dinucleoside Phosphate 9
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intermediate INT (Figure S24) obtained after the coupling
and oxidation step was directly used in the next step without
any spectroscopic characterization. Dinucleoside phosphate 9
was obtained as an orange solid in 47% yield.
The structure of dinucleoside phosphate 9 was confirmed by

spectroscopic methods and MS. The 1H NMR, 13C NMR, 31P
NMR, and MS spectra are shown in Figures S8, S16, S18, and
S19, respectively. The 1H NMR spectrum of 9 shows signals
characteristic for a Fc-GNA nucleoside and the adenosine
portion of the conjugate. For instance, the spectrum of 9 shows
a diagnostic one-proton singlet at 11.42 ppm for N−H of the
uracil moiety, two two-proton pseudotriplets at 4.27 and 4.44
ppm for the substituted cyclopentadienyl ligand, a five-proton
singlet at 4.22 ppm for the unsubstituted cyclopentadienyl
ligand, two one-proton singlets at 8.12 and 8.49 ppm for the
adenine H-2 and H-8 protons, respectively, and two three-
proton singlets at 1.52 and 1.28 ppm for the 2′,3′-O-
isopropylidene group. Further confirmation of the correctness
of the dinucleoside phosphate 9 structure assignment was
provided by 31P NMR spectroscopy and mass spectrometry.
The 31P NMR spectrum of 9 shows a singlet at −1.12 ppm.
The high-resolution mass spectrum (TOF MS ES−) of 9
indicates a peak at an m/z of 1064.2670 with a calculated value
of 1064.2683 for C53H51N7O12PFe.
Crystallographic Studies. Crystals of 1 suitable for single-

crystal X-ray diffraction analysis were obtained by slow
diffusion of n-hexane into a saturated dichloromethane
solution of 1, while crystals of 2 were grown by slow diffusion
of n-hexane into a saturated ethanol solution of 2. The crystal
and structure refinement data are presented in Table S1. The
molecular diagrams of 1 and 2 with the atom-labeling scheme
are presented in Figures 2 and 3, respectively, along with
selected bond lengths and angles. Complete lists of bond
distances (Å), valence, and torsion angles (°) are given in
Tables S2−S7.
Compounds 1 and 2 crystallize in the chiral orthorhombic

space group P21212 with one (1) or two (2) molecule(s) of the
given compound in the asymmetric unit of the crystal lattice
(Figures S20 and S21). The single-crystal X-ray diffraction
analysis of 1 and 2 confirms the postulated structures in which

the benzoyl protecting group is attached to the N3 atom of the
nucleobase. The studied crystals exclusively contain enan-
tiomers with an S configuration at the stereogenic C2′ atom. In
the crystal, the carbonyl group of the benzoyl moiety in the
molecule of 1 and A and B conformers of 2 is significantly
twisted relative to the plane of the uracil ring. The angles
between the aforementioned fragments are 64.9(2) and
69.6(2)/67.4(2)° in 1 and 2 (conformer A/conformer B),
respectively. This structural feature can be explained by the
steric hindrance provided by the two uracil carbonyl groups
placed in close proximity to the exocyclic benzoyl CO
group. Consequently, the angle between the carbonyl and
phenyl moieties within the benzoyl entity for all analyzed
molecules is small (less than 20°). The 1,3-dioxolane moiety in
1 adopts a twisted-envelope conformation. The geometries of
the uracil moiety in the crystallographically independent
molecules A and B of 2 are essentially the same; however,
their corresponding N-bonded substituents are protruding
from opposite sides of the uracil plane.
In the crystal, adjacent molecules of the investigated

compounds are involved in a network of halogen and hydrogen
bonds (Figures S22 and S23); however, other types of
intermolecular interactions were also identified. These include
weak C−H···π or π−π and CO···π contacts in 1 and 2,
respectively.

Electrochemistry. Ferrocenylated canonical oligonucleo-
tides and nucleobases have been used as electrochemical DNA
microsensors and probes.55−58 Ferrocenyl XNA oligonucleo-
tides and nucleosides have also been a subject of in-depth
electrochemical studies.42,46−48 With this in mind, we
investigated Fc-GNA nucleoside 4, furanopyrimidone 8, and
dinucleoside phosphate 9 by cyclic voltammetry (CV). The
CV measurements were carried out in CH2Cl2/[NBu4][PF6]
with a platinum working electrode, a platinum-wire counter
electrode, and a silver spiral as a pseudoreference electrode.
The pertinent electrochemical data are presented in Table 1,
and voltammograms are shown in Figures 4−6.

Figure 2. Molecular diagram of 1 with displacement ellipsoids at the
50% probability level. Hydrogen atoms have been omitted for clarity.
Selected bond lengths (Å) and angles (°): N1−C2, 1.376(6); N1−
C6, 1.379(6); N3−C2, 1.398(6); N3−C4, 1.402(6); C4−C5,
1.438(8); C5−C6, 1.329(8); N1−C1′, 1.468(6); C1′−C2′,
1.524(6); C2′−C3′, 1.540(7); N3−C7, 1.471(6); C2−N1−C6,
121.7(4); C2−N3−C4, 126.2(4); C4−C5−C6, 119.9(4); N1−C2−
O1, 124.0(4); O2−C4−C5, 127.9(5); C2−N1−C1′−C2′, 96.6(5);
N1−C1′−C2′−O4, 56.9(5); C2−N3−C7−O3, −63.9(6).

Figure 3. Molecular diagram of 2 with displacement ellipsoids at the
50% probability level. Hydrogen atoms have been omitted for clarity.
Selected bond lengths (Å) and angles (°) (molecule A/molecule B):
N1−C2, 1.380(8)/1.381(8); N1−C6, 1.366(8)/1.371(8); N3−C2,
1.395(7)/1.406(7); N3−C4, 1.406(7)/1.425(7); C4−C5, 1.430(8)/
1.444(8); C5−C6, 1.349(9)/1.344(9); N1−C1′, 1.485(8)/1.480(8);
C1′−C2′, 1.521(8)/1.532(8); C2′−C3′, 1.516(8)/1.522(8); N3−
C7, 1.484(8)/1.467(8); C2−N1−C6, 121.7(5)/121.4(5); C2−N3−
C4, 125.9(5)/127.0(5); C4−C5−C6, 119.5(5)/120.8(5); N1−C2−
O1, 123.5(5)/123.9(5); O2−C4−C5, 127.2(5)/127.8(5); C2−N1−
C1′−C2′, −84.0(7)/99.0(6); N1−C1′−C2′−O4, −57.6(6)/−
60.6(6); C2−N3−C7−O3, 64.6(8)/−64.8(7).
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Compounds 4, 8, and 9 oxidize in a single one-electron
process at half-wave potentials (E1/2

0/+) of 89, 132, and 99 mV,
respectively, versus the FcH/FcH+ couple. The difference
(ΔEp) between anodic (Ep,a) and cathodic (Ep,c) peak
potentials is a good indication of the electrode kinetics
(electrochemical reversibility of electrode processes). For one-
electron processes in which the forward and reverse electron
transfer is fast enough to maintain equilibrium conditions, the
ΔEp value is expected to be around 58 mV.59 In strict
accordance with this rule, among the three examined
compounds, only furanopyrimidone 8 exhibits close to ideal
diffusion-controlled one-electron redox waves characterized by

a ΔEp value of 61 mV. Nucleoside 4 and dinucleoside
phosphate 9 display one-electron redox waves characterized by
peak-potential separations ΔEp of 49 and 70 mV, respectively.
A comparison of the half-wave E1/2

0/+ potentials in Table 1
shows that the E1/2

0/+ value of furanopyrimidone 8 is 43 mV
higher than that of Fc-GNA nucleoside 4. This anodic shift can
most likely be ascribed to the electron-withdrawing effect of
the oxygen atom adjacent to the ferrocenyl moiety in 8. On the
other hand, the half-wave potential of nucleoside 4 is ca. 10
mV lower than that of dinucleoside phosphate 9. This indicates
a minor electronic influence of the adenosine unit on “redox
orbitals” of the ferrocenyl moiety in 9. To sum up, CV
measurements proved the redox functionality of the Fc-GNA
nucleoside and dinucleoside phosphate as well as their
suitability as electrochemically active components in nucleic
acid chemistry.

Cell Viability Determination. For future applications of
Fc-GNA in synthetic genetics and biomaterial sciences, a
routine anticancer activity assay was performed. The
cytotoxicity activities of Fc-GNA nucleoside 4, furanopyr-
imidone 8, and dinucleoside phosphate 9 were investigated in
vitro on nontumorigenic mouse murine fibroblasts L929 and
human cervical epithelioid carcinoma HeLa cells by using the
tetrazolium (MTT) assay. The MTT assay results are shown in
Table S8. None of the assayed compounds reduced the
viability of L929 and HeLa cells in comparison to control
(untreated) cells upon 24 h treatment in the tested
concentration range. This is a desirable effect, as it potentially
allows for the use of 4 and 9 as XNA components in living cells
and tissues without any toxic side effects.

■ CONCLUSION

The GNA is the simplest member from the XNA family. It is
considered as one of the possible predecessors of the RNA
world in the early stages of life evolution on earth. Presently,
GNA has become an increasingly important alternative to
canonical nucleic acids with possible applications in synthetic
biology and medicinal and materials chemistry. It is therefore
an attractive scaffold for chemical modifications. With this
background, in the present work, we designed and synthesized
functional Fc-GNA components (nucleoside and phosphor-

Table 1. Cyclic Voltammetry Data of the Compounds at ν =
0.1 V/sa

compound Ep,a, V Ep,c, V E1/2
0/+,b V ΔEp,

c mV ip,a/ip,c
d

4 0.114 0.065 0.089 49 0.87
8 0.163 0.102 0.132 61 0.97
9 0.134 0.064 0.099 70 1.00

aAll data in V vs Cp2Fe
0/+ in CH2Cl2/0.1 M NBu4PF6 at ambient

temperature. bAll half-wave potentials were calculated by the equation
E1/2

0/+ = (Ep,a + Ep,c)/2.
cThe differences between the anodic peak

potential and the cathodic peak potential were calculated by the
equation ΔEp = |Ep,a − Ep,c|.

dThe reported ip,a/ip,c ratios were
calculated at a scan rate of 100 mV/s.

Figure 4. Cyclic voltammogram of Fc-GNA nucleoside 4 in CH2Cl2/
NBu4PF6 (0.1 M) at ν = 0.1 V/s and ambient temperature.

Figure 5. Cyclic voltammogram of furanopyrimidone 8 in CH2Cl2/NBu4PF6 (0.1 M) at ν = 0.1 V/s and ambient temperature.
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amidite) with a function pertaining to redox activity. Successful
use of the Fc-GNA phosphoramidite in semicanonical
dinucleoside phosphate synthesis shows its potential as a
building block in GNA chemistry. Neither Fc-GNA
components nor the dinucleoside phosphate has shown
cytotoxic activity against mammalian cells in vitro; this is a
good prognosis regarding their safe use in living systems.
Another possible application of the Fc-GNA components is the
synthesis of redox-active self-assembly “molecular wires”. In
summary, our study proved that a Fc-GNA nucleoside can
serve as a redox-active building block in the field of artificial
nucleic acid chemistry. Investigations are currently ongoing to
further develop the chemistry and the biology of Fc-GNA
components and to use them in oligo Fc-GNA synthesis.

■ EXPERIMENTAL SECTION
General Considerations. All preparations were carried out using

standard Schlenk techniques. Chromatographic separations were
carried out using silica gel 60 (Merck, 230−400 mesh ASTM) and
preparative TLC plates (Merck Silica gel 60). THF was distilled over
Na/benzophenone prior to use. Other solvents were of reagent grade
and were used without prior purification. The NMR spectra were
recorded on a Bruker AV600 Kryo (600 MHz) spectrometer.
Chemical shifts δ are reported in ppm using residual DMSO as
reference (1H δ 2.50 ppm and 13C δ 39.70 ppm). Mass spectra were
recorded using the electron impact MS method on a Finnigan MAT
95 mass spectrometer and the electrospray ionization MS method on
a Synapt G2-Si mass spectrometer (Waters). High-resolution mass
spectrometry (HRMS) measurements were performed using a Synapt
G2-Si mass spectrometer (Waters) equipped with an ESI source and
quadrupole time-of-flight mass analyzer. The mass spectrometer was
operated in the positive and negative ion detection modes. The
measurement was performed with the capillary voltage set to 2.7 kV
and sampling cone to 20 V. The source temperature was 110 °C. The
results of the measurements were processed using the MassLynx 4.1
software (Waters) incorporated in the instrument. IR spectra were
recorded on a FTIR Nexus Nicolet apparatus. Microanalyses were
performed by the Analytical Services of the Polish Academy of the
Sciences (Łod́z)́.
X-ray Structure Analysis. Good-quality single-crystals of 1 and 2

were selected for the X-ray diffraction experiments at T = 100(2) K.
Diffraction data were collected on an Agilent Technologies Super-
Nova Double Source diffractometer with Cu Kα (λ = 1.54184 Å)
radiation, using CrysAlis RED software.60 In both cases, the analytical
numerical absorption correction using a multifaceted crystal model

based on expressions derived by Clark and Reid61 implemented in
SCALE3 ABSPACK scaling algorithm was applied.60 The structural
determination procedure was carried out using the SHELX package.62

The structures were solved with direct methods, and successive least-
squares refinement was then carried out on the basis of the full-matrix
least-squares method on F2 using the SHELXT program.62 The
hydroxyl H atoms in the case of 2 were located on the Fourier
difference electron density map and refined with the O−H bond
lengths restrained to 0.85 Å, with Uiso(H) = 1.5Ueq(O). The
remaining H atoms were positioned geometrically, with the C−H
bond lengths equal to 0.93, 0.96, 0.97, and 0.98 Å for the aromatic,
methyl, methylene, and methine H atoms, respectively, and
constrained to ride on their parent atoms with Uiso(H) = xUeq(C),
where x = 1.2 for the aromatic, methylene, and methine H atoms, and
x = 1.5 for the methyl H atoms. The molecular interactions in crystals
have been identified using the PLATON program.63 The figures for
this publication were prepared using Olex2, Mercury, and ORTEP-3
programs.64−66

Cyclic Voltammetry. Electrochemical work was performed on a
Princeton Applied Research VersaStat3 potentiostat in a home-built
vacuum-tight one-compartment cell using a Pt electrode as the
working electrode, a platinum spiral as the counter electrode, and a
silver spiral as the pseudoreference electrode. The spiral-shaped
electrodes were welded to Vycon wire and sealed into a glass tube.
Counter and reference electrodes were introduced into the cell
through appropriate fittings in the side wall and sealed using a
Quickfit screw. CH2Cl2 for electrochemical use was distilled from
CaH2, deoxygenated by saturation with argon, and briefly stored over
molecular sieves. Potential calibration was performed by adding
decamethylferrocene (E1/2 = −0.550 V vs Cp2Fe

0/+) as an internal
standard. The amount of the reference compound added was adjusted
until the peak currents of its redox features were comparable to those
of the analyte. Potentials are reported against the ferrocene/
ferrocenium couple.

Cell Viability Determination. The three compounds 4, 8, and 9
were tested for their effect on cell viability by using a previously
described MTT reduction assay.67 Human tumor HeLa cells
(ATTC−CCL-2) and murine fibroblasts L929 cells (ATCC CCL-
1) were cultured as a monolayer in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 μg/mL streptomycin. The cell cultures
were incubated at 37 °C in a humidified atmosphere with 5% CO2.
For the determination of cell viability, the cells were plated in 96-well
microplates at a density of 1 × 104 cells/well according to the
International Standard (ISO 10993:2009, Biological evaluation of
medical devicesPart 5: Tests for in vitro cytotoxicity). After
overnight incubation, the tested compounds were added in twofold

Figure 6. Cyclic voltammogram of dinucleotide 9 in CH2Cl2/NBu4PF6 (0.1 M) at ν = 0.1 V/s and ambient temperature.
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dilutions. Because of the different solubilities and precipitations in the
culture medium, different concentration ranges were used: 31−2000
μM for 4, 0.31−20 μM for 8, and 3.1−200 μM for 9. All compounds
were dissolved in DMSO, and the maximum concentration on the
plate did not exceed 1% DMSO in the culture medium and had no
significant influence on cell viability. After 24 h of incubation, 50 μL
of 1 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
liumbromide) was added, and the plates were incubated for a further
2 h at 37 °C in 5% CO2. Then, formazan crystals were solubilized in
100 μL of DMSO and quantified by spectrophotometric measurement
at 570 nm by using a SpectraMax i3Multi-Mode Platform instrument
(Molecular Devices). The results of the experiments are shown as
mean arithmetic values from three independent experiments, and the
percentage of viability inhibition was calculated in comparison with
the untreated controls. IC50 values (drug concentration that inhibits
cell viability by 50%) were calculated with GraphPad Prism 7 software
using nonlinear regression.
Synthesis of 1. 5-Iodo-3-benzoyluracil (1230 mg, 3.60 mmol, 1.2

equiv), (S)-2,3-O-isopropylideneglycerol (370 μL, 3.00 mmol, 1.0
equiv), triphenylphosphine (1180 mg, 4.50 mmol, 1.5 equiv), and dry
tetrahydrofuran (15 mL) were placed in a Schlenk flask. The reaction
mixture was cooled to 0 °C, and DIAD (890 μL, 4.50 mmol, 1.5
equiv) was added dropwise. After it was warmed to ambient
temperature, the reaction mixture was stirred overnight. All volatile
materials were removed under reduced pressure. The residue was
subjected to column chromatography on SiO2 (n-hexane/EtOAc; 3/1
v/v). Chromatographically purified 1 was crystallized from a mixture
of dichloromethane/n-hexane to afford an analytically pure sample as
a colorless solid in 93% (1280 mg) yield.

1H NMR (600 MHz, DMSO-d6): δ 8.34 (s, 1H, H-6 uracil), 7.97
(d, JH,H = 7.2 Hz, 2H, o-H benzoyl), 7.79 (t, JH,H = 7.2 Hz, 1H, p-H
benzoyl), 7.60 (t, JH,H = 7.2 Hz, 2H, m-H benzoyl), 4.35 (m, 1H, 2′-
CH), 4.02 (dd, JH,H = 8.4, 6.6 Hz, 1H, 1′-CH2), 3.91 (m, 2H, 3′-
CH2), 3.716 (dd, JH,H = 9.0, 4.8 Hz, 1′-CH2), 1.36 (s, 3H, CH3), 1.27
(s, 3H, CH3).

13C{1H} NMR (150 MHz, DMSO-d6): δ 168.7, 159.5,
151.4, 149.6, 135.6, 130.6, 130.4, 129.5, 108.9, 73.0, 66.8, 65.9, 50.0,
26.4, 25.0 ppm. MS (EI, 70 eV): m/z 456 (M+), 105 (C7H5O

+). FTIR
(KBr ν [cm−1]): 3069, 2984, 2927, 1750 (CO), 1701 (CO),
1662 (CO), 1611 (CO), 1418, 1238. Anal. Calcd for
C17H17N2O5I: C, 44.75; H, 3.76; N, 6.14. Found: C, 44.97; H,
3.92; N, 6.27.
Synthesis of 2. Hydrochloric acid (1.0 M, 60 mL) was added to a

stirred solution of 1 (1250 mg, 4.00 mmol, 1.0 equiv) in THF (60
mL). The resulting reaction mixture was stirred at ambient
temperature overnight. THF was then evaporated under reduced
pressure, and the residue was extracted with a dichloromethane/
methanol mixture (20/1; v/v). The organic layer was separated in a
separation funnel and transferred into a round-bottom flask, where
compound 2 precipitated as a colorless solid. The precipitated
material was separated by filtration, washed with diethyl ether, and
dried under reduced pressure. Compound 2 was obtained in 96%
(1610 mg) yield.

1H NMR (600 MHz, DMSO-d6): δ 8.27 (s, 1H, H-6 uracil), 7.98
(dd, JH,H = 7.8, 1.2 Hz, 2H, o-H benzoyl), 7.79 (t, JH,H = 7.8 Hz, 1H,
p-H benzoyl), 7.60 (t, JH,H = 7.8 Hz, 2H, m-H benzoyl), 5.18 (d, JH,H
= 5.4 Hz, 1H, 2′-OH), 4.72 (t, JH,H = 5.4 Hz, 1H, 3′-OH), 3.99 (dd,
JH,H = 13.5, 3.0 Hz, 1H, 1′-CH2), 3.72 (m, 1H, 2′-CH), 3.56 (dd, JH,H
= 13.5, 9.0 Hz, 1H, 1′-CH2), 3.40 (dt, JH,H = 10.8, 5.4 Hz, 1H, 3′-
CH2), 3.31 (dt, JH,H = 10.8, 5.4 Hz, 1H, 3′-CH2) ppm. 13C{1H} NMR
(150 MHz, DMSO-d6): δ 168.8, 159.7, 151.9, 149.3, 135.5, 130.7,
130.3, 129.4, 68.6, 65.9, 63.5, 52.0 ppm. MS (EI, 70 eV): m/z 416
(M+), 238 (5-iodoracil+), 105 (C7H5O

+). FTIR (KBr ν [cm−1]):
3543, 3475, 3253, 3089, 3059, 2949, 2914, 2878, 1743 (CO), 1695
(CO), 1654 (CO), 1612 (CO), 1596, 1420, 1026. Anal.
Calcd for C14H13N2O5I: C, 40.40; H, 3.15; N, 6.73. Found: C, 40.34;
H, 3.05; N, 6.71.
Synthesis of 3. A deoxygenated mixture of 2 (832 mg, 2.00 mmol,

1.0 equiv), ethynylferrocene (1260 mg, 6.00 mmol, 3.0 equiv),
triphenylphosphine (52 mg, 0.20 mmol, 0.1 equiv), triethylamine
(560 μL, 4.00 mmol, 2.0 equiv), copper(I) iodide (762 mg, 4.00

mmol, 2.0 equiv), and tetrakis(triphenylphosphane)palladium(0)
(231 mg, 0.20 mmol, 0.1 equiv) in DMF (5 mL) was stirred at
ambient temperature overnight. All volatile materials were evaporated
under reduced pressure. The residue was subjected to column
chromatography on SiO2 (n-hexane/EtOAc; 1/2 v/v). Chromato-
graphically purified 3 was crystallized from a mixture of dichloro-
methane/n-hexane to afford an analytically pure sample as an orange
crystalline solid in 49% (488 mg) yield.

1H NMR (600 MHz, DMSO-d6): δ 8.19 (s, 1H, H-6 uracil), 8.03
(dd, JH,H = 7.8, 1.2 Hz, 2H, o-H benzoyl), 7.81 (t, JH,H = 7.8 Hz, 1H,
p-H benzoyl), 7.62 (t, JH,H = 7.8 Hz, 2H, m-H benzoyl), 5.27 (d, JH,H
= 5.4 Hz, 1H, 2’−OH), 4.77 (t, JH,H = 5.4 Hz, 1H, 3′-OH), 4.52 (pt,
JH,H = 1.8 Hz, 2H, C5H4), 4.31 (pt, JH,H = 1.8 Hz, 2H, C5H4), 4.25 (s,
5H, C5H5), 4.04 (dd, JH,H = 13.8, 3.0 Hz, 1H, 1′-CH2), 3.75 (m, 1H,
2′-CH), 3.58 (dd, JH,H = 13.8, 9.0 Hz, 1H, 1′-CH2), 3.43 (dt, JH,H =
10.8, 5.4 Hz, 1H, 3′-CH2), 3.34 (dt, JH,H = 10.8, 5.4 Hz, 1H, 3′-CH2)
ppm. 13C{1H} NMR (150 MHz, DMSO-d6): δ 168.9, 160.9, 150.2,
148.7, 135.6, 130.9, 130.4, 129.5, 97.3, 91.8, 76.8, 71.17, 71.13, 69.8,
69.0, 68.6, 63.9, 63.6, 52.3. MS (EI, 70 eV): m/z = 498 (M+), 394
(MH+ − C7H5O), 105 (C7H5O

+). FTIR (KBr ν [cm−1]): 3401, 3083,
2925, 2872, 1750 (CO), 1701 (CO), 1654 (CO), 1625 (C
O), 1430, 1233. Anal. Calcd for C26H22N2O5Fe: C, 62.67; H, 4.45; N,
5.62. Found: C, 62.68; H, 4.75; N, 5.52.

Synthesis of 4. Aqueous ammonia (25%, 2 mL) was added to a
stirred solution of N3-benzoyl-protected nucleoside 3 in methanol (2
mL). The reaction mixture was stirred at ambient temperature for 2 h.
After evaporation of all volatiles under reduced pressure, the
remaining solid was subjected to column chromatography on SiO2
(dichloromethane/methanol 100/1 to 25/1 v/v). Chromatographi-
cally purified 4 was crystallized from a dichloromethane/n-hexane
mixture to afford an analytically pure sample as an orange crystalline
solid in 70% (103.0 mg) yield.

1H NMR (600 MHz, DMSO-d6): δ 11.51 (s, 1H, NH uracil), 7.90
(s, 1H, H-6 uracil), 5.06 (d, JH,H = 5.4 Hz, 1H, 2′-OH), 4.70 (t, JH,H =
5.4 Hz, 1H, 3′-OH), 4.50 (pt, JH,H = 1.8 Hz, 2H, C5H4), 4.30 (pt, JH,H
= 1.8 Hz, 2H, C5H4), 4.26 (s, 5H, C5H5), 3.97 (dd, JH,H = 13.8, 3.6
Hz, 1H, 1′-CH2), 3.70 (m, 1H, 2′-CH), 3.45 (dd, JH,H = 13.8, 9.0 Hz,
1H, 1′-CH2), 3.39 (dt, JH,H = 10.8, 5.4 Hz, 1H, 3′-CH2), 3.31 (dt, JH,H
= 10.8, 5.4 Hz, 1H, 3′-CH2) ppm. 13C{1H} NMR (150 MHz, DMSO-
d6): δ 162.1, 150.0, 149.5, 97.2, 90.5, 78.0, 70.98, 70.96, 69.7, 68.8,
68.7, 64.5, 63.6, 51.5 ppm. MS (EI, 70 eV): m/z 394 (M+). FTIR
(KBr ν [cm−1]): 3455, 3388, 3157, 3102, 3041, 2949, 2808, 1736
(CO), 1697 (CO), 1666 (CO), 1441, 1105, 1033. Anal.
Calcd for C19H18N2O4Fe: C, 57.89; H, 4.60; N, 7.11. Found: C,
57.64; H, 4.74; N, 7.25.

Synthesis of 5. A solution of 4,4′-dimethoxytrityl chloride (81
mg, 0.24 mmol, 1.2 equiv) in dry dichloromethane (240 μL) was
added dropwise to a stirred solution of 4 (80 mg, 0.20 mmol, 1.0
equiv) in dry pyridine (2 mL). The resulting reaction mixture was
stirred at ambient temperature overnight. Subsequently, all volatiles
were removed under reduced pressure, and the residue was dissolved
in dichloromethane (30 mL) and extracted with saturated NaHCO3
solution (3 × 20 mL) and brine (1 × 20 mL). The organic layer was
separated in a separation funnel, dried over anhydrous Na2SO4, and
filtered through a Schott funnel, and all volatile materials were then
evaporated. The residue was subjected to column chromatography on
SiO2 (n-hexane/EtOAc 2/1 to 1/1 v/v). Chromatographically
purified 5 was crystallized from a dichloromethane/n-hexane mixture
to afford an analytically pure sample as an orange crystalline solid in
72% (100 mg) yield.

1H NMR (600 MHz, DMSO-d6): δ 11.56 (s, 1H, NH uracil), 7.90
(s, 1H, H-6 uracil), 7.43 (d, JH,H = 7.2 Hz, 2H, DMTr), 7.29 (m, 6H,
DMTr), 7.22 (t, JH,H = 7.2 Hz, 1H, DMTr), 6.89 (dt, JH,H = 9.6, 2.4
Hz, 4H, DMTr), 5.33 (d, JH,H = 6.0 Hz, 1H, 2’−OH), 4.48 (pt, JH,H =
1.8 Hz, 2H, C5H4), 4.30 (pt, JH,H = 1.8 Hz, 2H, C5H4), 4.24 (s, 5H,
C5H5), 3.99 (dd, JH,H = 13.5, 3.6 Hz, 1H, 1′-CH2), 3.93 (m, 1H, 2′-
CH), 3.73 (s, 6H, 2 × CH3), 3.58 (dd, JH,H = 13.2, 8.4 Hz, 1H, 1′-
CH2), 2.95 (dd, JH,H = 9.3, 5.4 Hz, 1H, 3′-CH2), 2.88 (dd, JH,H = 9.3,
5.4 Hz, 1H, 3′-CH2).

13C{1H} NMR (150 MHz, DMSO-d6): δ 162.1,
158.0, 150.0, 149.3, 144.9, 135.6, 129.6, 127.8, 127.6, 126.6, 113.1,
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97.3, 90.6, 85.3, 78.0, 70.9, 69.7, 68.8, 66.9, 65.5, 64.5, 55.0, 51.6 ppm.
MS (ESI−): m/z 695 (M−). FTIR (KBr ν [cm−1]): 3168, 3032, 2925,
2855, 2833, 1717 (CO), 1699 (CO), 1683 (CO), 1507, 1446,
1247. Anal. Calcd for C40H36N2O6Fe: C, 68.97; H, 5.21; N, 4.02.
Found: C, 68.77; H, 5.44; N, 4.01.
Synthesis of 6. To a stirred solution of 5 (71 mg, 0.10 mmol, 1.0

equiv) in dry dichloromethane (400 μL) were added DCI (8 mg, 0.07
mmol, 0.7 equiv) in dry acetonitrile (100 μL) and 2-cyanoethyl
N,N,N′,N′-tetraisopropylphosphorodiamidite (32 μL, 0.100 mmol,
1.0 equiv). After 3 h, the reaction mixture was diluted with
dichloromethane (10 mL) and extracted with a saturated water
solution of NaHCO3 (30 mL) and brine (15 mL). The organic layer
was separated in a separation funnel, dried over anhydrous Na2SO4,
and filtered through a Schott funnel, and all volatile materials were
then evaporated. The residue was subjected to column chromatog-
raphy on SiO2 (n-hexane/EtOAc, 3/1 to 2/1 v/v). Chromato-
graphically purified 6 was crystallized from a dichloromethane/n-
hexane mixture to afford an analytically pure sample as an orange
crystalline solid in 67% (60.0 mg) yield.

31P NMR (243 MHz, DMSO-d6): δ 148.9, 148.4 ppm. HRMS (ESI
+): m/z 897.3101 (calcd for C49H54N4O7PFe: 897.3080). FTIR (KBr
ν [cm−1]): 3183, 3059, 2966, 2931, 2871, 2835, 2251 (CN), 2223
(CN), 1698 (CO), 1607 (CO), 1508, 1445, 1250, 1178, 1031,
827, 581.
Synthesis of 7. A deoxygenated mixture of 1 (380 mg, 0.83 mmol,

1.0 equiv), ethynylferrocene (523 mg, 2.490 mmol, 3.0 equiv),
triphenylphosphine (21 mg, 0.080 mmol, 0.1 equiv), triethylamine
(231 μL, 1.660 mmol, 2.0 equiv), copper(I) iodide (316 mg, 1.660
mmol, 2.0 equiv), and tetrakis(triphenylphosphane)palladium(0) (92
mg, 0.080 mmol, 0.1 equiv) in DMF (4 mL) was stirred at ambient
temperature overnight. All volatile materials were evaporated under
reduced pressure. The residue was subjected to column chromatog-
raphy on SiO2 (n-hexane/EtOAc; 1/1 v/v). Chromatographically
purified 7 was crystallized from a dichloromethane/n-hexane mixture
to afford an analytically pure sample as an orange crystalline solid in
62% (278 mg) yield.

1H NMR (600 MHz, DMSO-d6): δ 8.28 (s, 1H, H-6 uracil), 8.03
(d, JH,H = 7.8 Hz, 2H, o-H benzoyl), 7.81 (t, JH,H = 7.8 Hz, 1H, p-H
benzoyl), 7.62 (t, JH,H = 7.8 Hz, 2H, m-H benzoyl), 4.52 (pt, JH,H =
1.8 Hz, 2H, C5H4), 4.38 (m, 1H, 2′-CH), 4.32 (pt, JH,H = 1.8 Hz, 2H,
C5H4), 4.25 (s, 5H, C5H5), 4.04 (dd, JH,H = 9.0, 6.6 Hz, 1H, 1′-CH2),
3.93 (m, 2H, 3′-CH2) 3.75 (dd, JH,H = 9.0, 4.8 Hz, 1H, 1′-CH2), 1.38
(s, 3H, CH3), 1.28 (s, 3H, CH3) ppm. 13C{1H} NMR (150 MHz,
DMSO-d6): δ 168.7, 160.7, 149.4, 148.8, 135.7, 130.7, 130.4, 129.5,
109.0, 98.0, 92.1, 76.5, 72.9, 71.1, 69.8, 69.0, 66.0, 63.8, 50.5, 26.5,
25.1 ppm. MS (EI): m/z 538 (M+). FTIR (KBr ν [cm−1]): 3085,
2983, 2931, 1751 (CO), 1705 (CO), 1667 (CO), 1626, 1428,
1379, 1238. Anal. Calcd for C29H26N2O5Fe: C, 64.70; H, 4.87; N,
5.20. Found: C, 64.60; H, 4.85; N, 5.30.
Synthesis of 8 and 3. Hydrochloric acid (1.0 M, 6 mL) was

added in a single portion to a stirred solution of 7 (218 mg, 0.40
mmol, 1.0 equiv) in THF (6 mL). The reaction mixture was stirred at
ambient temperature for 6 h. Then, 5% NaHCO3 (∼1.1 mL) was
added, and the reaction mixture was extracted with dichloromethane.
The organic layer was separated in a separation funnel, dried over
anhydrous Na2SO4, and filtered through a Schott funnel, and all
volatiles were evaporated under reduced pressure. The remaining
solid was subjected to column chromatography on SiO2 with DCM/
MeOH (10/1 v/v) as the eluent mixture. Two fractions were
collected. The first fraction contained compound 3, and the second
contained compound 8. Crystallization from a dichloromethane/n-
hexane mixture afforded analytically pure samples. Compound 3 was
obtained as an orange crystalline solid in 26% (52 mg) yield, and
compound 8 was obtained as an orange-red crystalline solid in 59%
(93 mg) yield.
Synthesis of 8. Trifluoroacetic acid (11 μL, 0.140 mmol, 1.1

equiv) was added dropwise to a stirred solution of 7 (50 mg, 0.13
mmol, 1.0 equiv) in dichloromethane (4 mL). The reaction mixture
was stirred at ambient temperature for 30 min. Then, 5% NaHCO3
(∼5 mL) was added, and the reaction mixture was extracted with

dichloromethane. The organic layer was separated in a separation
funnel, dried over anhydrous Na2SO4, and filtered through a Schott
funnel, and all volatiles were evaporated under reduced pressure. The
remaining solid was subjected to column chromatography on SiO2
with DCM/MeOH (10/1 v/v) as the eluent mixture. Crystallization
from a dichloromethane/n-hexane mixture afforded compound 8 as
an orange-red crystalline solid in 96% (48 mg) yield.

1H NMR (600 MHz, DMSO-d6): δ 8.33 (s, 1H, H-6 uracil), 6.74
(s, 1H, H-dihydrofuran), 4.81 (s, JH,H = 1.8 Hz, 1H, C5H4), 4.78 (pt,
JH,H = 6.0 Hz, 1H, C5H4), 4.46 (pt, JH,H = 1.8 Hz, 2H, C5H4), 4.28
(dd, JH,H = 12.9, 3.6 Hz, 1H, 1′-CH2), 4.16 (s, 5H, C5H5), 3.80 (m,
1H, 2′-CH), 3.59 (dd, JH,H = 12.9, 9.0 Hz, 1H, 1′-CH2), 3.43 (m, 1H,
3′-CH2), 3.36 (m, 1H, 3′-CH2) ppm. 13C{1H} NMR (150 MHz,
DMSO-d6): δ 171.1, 155.0, 154.7, 142.6, 106.5, 96.5, 73.0, 69.7, 69.5,
68.4, 66.0, 63.7, 54.5 ppm. MS (EI): m/z 394 (M+). FTIR (KBr ν
[cm−1]): 3314 (OH), 3088, 3024, 2948, 1669, 1617, 1575, 1559,
1411, 1378, 1105, 777. Anal. Calcd for C19H18N2O4Fe: C, 57.89; H,
4.60; N, 7.11. Found: C, 57.75; H, 4.84; N, 7.08.

Synthesis of 9. A 0.45 M tetrazole solution (4.3 mL, 1.92 mmol,
4.0 equiv) was added at ambient temperature to a stirred solution of
N6-benzoyl-2′,3′-O-isopropylideneadenosine (197 mg, 0.48 mmol, 1.0
equiv) in dry acetonitrile (1 mL). The resulting mixture was cooled to
0 °C, and subsequently, a solution of phosphoramidite 6 (567 mg,
0.63 mmol, 1.3 equiv) in dry acetonitrile (1.5 mL) was added
dropwise and the reaction mixture was stirred for 15 min at 0 °C. The
reaction mixture was then allowed to warmed to ambient temperature,
and the stirring was continued for 30 min. The reaction mixture was
cooled again to 0 °C, and a 0.1 M iodine solution (4.8 mL, 0.48
mmol, 1.0 equiv) in water/pyridine/THF (1/10/40 v/v) mixture was
added dropwise for 30 min. The reaction mixture was stirred for 10
min at 0 °C and for an additional 15 min at ambient temperature. All
volatiles were then evaporated under reduced pressure, and the
residue was dissolved in ethyl acetate (50 mL) and washed with 10%
sodium thiosulfate (3 × 15 mL) and water (1 × 25 mL). The organic
layer was separated in a separation funnel, dried over anhydrous
Na2SO4, filtered through a Schott funnel, and evaporated to dryness.
The remaining material was subjected to column chromatography on
SiO2 with DCM/MeOH (50/1 v/v) as the eluent mixture. After
evaporation of the eluent mixture, the 2-cyanoethoxy intermediate
INT was obtained as an orange solid (592 mg, 0.48 mmol). It was
dissolved in 10 mL of a 25% NH3,aq/40% NMe3,aq (1/1 v/v) mixture
at ambient temperature. The resulting reaction mixture was stirred for
1 h at 50 °C, and all volatiles were evaporated under reduced pressure.
The remaining material was dissolved in 50 mL of a DCM/MeOH
(20/1 v/v) mixture and washed with 0.2 M HCl (2 × 25 mL) and
water (1 × 50 mL). The organic layer was separated in a separation
funnel, dried over anhydrous Na2SO4, filtered through a Schott
funnel, and evaporated to dryness. The remaining solid was subjected
to preparative TLC with DCM/MeOH (5/1 v/v) as the eluent
mixture. Dinucleoside phosphate 9 was obtained as an orange solid in
47% (242 mg) yield.

1H NMR (600 MHz, DMSO-d6): δ 11.42 (s, 1H, NH uracil), 8.49
(s, 1H, H-8 adenine), 8.12 (s, 1H, H-2 adenine), 7.94 (s, 1H, H-6
uracil), 7.41 (d, JH,H = 7.8 Hz, 2H, DMTr), 7.29 (m, 6H, DMTr),
7.24 (s, 2H, NH2 adenine), 7.16 (t, JH,H = 7.8 Hz, 1H, DMTr), 6.82
(dd, JH,H = 9.0, 6.6 Hz, 4H, DMTr), 6.09 (d, 1H, 1′-CH ribose), 5.26
(dd, JH,H = 6.0, 3.6 Hz, 1H, 2′-CH ribose), 4.95 (dd, JH,H = 6.0, 1.8
Hz, 1H, 3′-CH ribose), 4.44 (pt, JH,H = 1.8 Hz, 2H, C5H4), 4.40 (m,
1H, 2′-CH GNA), 4.27 (pt, JH,H = 1.8 Hz, 2H, C5H4), 4.22 (s, 5H,
C5H5), 4.11 (q, JH,H = 5.4 Hz, 1H, 4′-CH ribose), 3.99 (dd, JH,H =
13.2, 3.6 Hz, 1H, 1′-CH2 GNA), 3.87 (dd, JH,H = 13.5, 7.8 Hz, 1H, 1′-
CH2 GNA), 3.69 (s, 3H, OCH3), 3.68 (s, 3H, OCH3), 3.16 (d, JH,H =
5.4 Hz, 2H, 5′-CH2 ribose), 3.02 (dd, JH,H = 9.0, 5.4 Hz, 1H, 3′-CH2
GNA), 2.90 (bs, 1H, 3′-CH2 GNA), 1.52 (s, 3H, CH3), 1.28 (s, 3H,
CH3).

13C{1H} NMR (150 MHz, DMSO-d6): δ 157.9, 156.0, 152.7,
149.2, 149.1, 144.8, 139.5, 135.7, 135.6, 129.6, 129.6, 127.7, 127.6,
126.5, 118.7, 113.0, 112.9, 97.6, 90.4, 89.1, 85.2, 84.7, 83.4, 81.6, 70.9,
70.8, 70.2, 69.7, 68.7, 64.7, 64.4, 64.1, 54.9, 50.3, 27.1, 25.4, 25.1. 31P
NMR (243 MHz, DMSO-d6): δ −1.12 ppm. MS (ESI−): m/z
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1064.2670 (calcd for C53H51N7O12PFe: 1064.2683). FTIR (KBr ν
[cm−1]): 2223, 1699, 1635, 1606, 1508, 1473, 1445, 1248.
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