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Abstract—The synthesis and photophysical evaluation of modified nucleoside analogues in which a five-membered heterocycle (furan, thio-
phene, oxazole, and thiazole) is attached to the 5-position of 20-deoxyuridine are reported. The furan-containing derivative is identified as the
most promising responsive nucleoside of this family due to its emission quantum efficiency and degree of sensitivity to its microenvironment.
The furan moiety was then attached to the 5-position of 20-deoxycytidine as well as the 8-position of adenosine and guanosine. Photophysical
evaluation of these four furan-containing nucleoside analogues reveals distinct differences in the absorption, emission, and quantum efficiency
depending upon the class of nucleoside (pyrimidine or purine). Comparing the photophysical properties of all furan-containing nucleosides,
identifies the furan thymidine analogue, 5-(fur-2-yl)-20-deoxyuridine, as the best candidate for use as a responsive fluorescent probe in nucleic
acids. 5-(Fur-2-yl)-20-deoxyuridine was then converted to the corresponding phosphoramidite and site specifically incorporated into DNA
oligonucleotides with greater than 88% coupling efficiency. Such furan-modified oligonucleotides form stable duplexes upon hybridization
to their complementary DNA strands and display favorable fluorescent features.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorescence spectroscopy provides biophysicists with in-
credible opportunities to explore the structure, dynamics,
and recognition of biomolecules. Nucleic acids, however,
present a challenge since the common pyrimidines and
purines are practically non-emissive.1–9 Adenosine, for ex-
ample, displays a quantum yield of 0.00005.8 To remedy
this limitation, numerous fluorescent nucleobase analogues
have been synthesized and implemented. These probes
can be classified into several major families, including: (a)
isomorphic base analogues; heterocycles that closely resem-
ble the corresponding natural nucleobases with respect
to their overall dimensions, hydrogen bonding face, and
ability to form isostructural Watson–Crick (WC) base pairs
(Fig. 1a);10–12 (b) pteridines as purine analogues; intensely
fluorescent heterocycles that contain two condensed six-
membered rings (Fig. 1b);13 (c) expanded nucleobases,
where the natural bases are extended by conjugation to addi-
tional aromatic rings (Fig. 1c);14–28 (d) chromophoric base
analogues, where the natural heterocycle is replaced with a
fluorescent aromatic residue (Fig. 1d);29–38 and (e) conju-
gated base analogues, where fluorescent aromatic moieties
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are linked to the natural nucleobases (Fig. 1e).39–46 Notably,
favorable photophysical characteristics are typically associ-
ated with significant structural perturbation when compared
to the heterocycles found in the native nucleobases.

We have recently initiated a program directed at the design,
synthesis, and implementation of new fluorescent isosteric
nucleosides. We expect the newly designed analogues to ful-
fill the following requirements: (a) to maintain high struc-
tural similarity to the natural nucleobases and ensure the
formation of WC-like base pairs, (b) to display emission at
long wavelengths (preferably in the visible range), (c) to re-
tain adequate emission quantum efficiency upon incorpora-
tion into an oligonucleotide, and, most importantly, (d) to
respond to changes in their microenvironment via marked
differences in their basic photophysical parameters.

Our basic design principle relies on conjugating or fusing
aromatic five-membered rings to a pyrimidine core. Exam-
ination of the photophysical properties of simple conjugated
heterocycles reveals intriguing fluorescent properties. Com-
paring the absorption and emission spectra of benzene47,48

and furan to that of the corresponding 2-phenylfuran, for
example, clearly illustrates the favorable features of the con-
jugated system (Fig. 2). While benzene and furan have rela-
tively weak absorption bands above 250 nm, the conjugated
2-phenylfuran, under the same experimental conditions,

mailto:ytor@ucsd.edu


3516 N. J. Greco, Y. Tor / Tetrahedron 63 (2007) 3515–3527
Figure 1. Families of fluorescent nucleoside analogues: (a) isomorphic nucleobases, (b) pteridines, (c) expanded nucleobases, (d) chromophoric nucleobases,
and (e) conjugated nucleobases where R¼20-deoxyribose or ribose.
displays an intense absorption around 280 nm (3¼20,000).
This is associated with a strong emission band (fF¼0.4) cen-
tered around 320 nm, a feature, that is, completely absent in
either of the aromatic precursors. We have therefore chosen
to explore a series of nucleoside analogues 1–4, where an
aromatic five-membered ring is conjugated at either the

Figure 2. Absorption and emission spectra of furan (red), benzene (blue),
and 2-phenylfuran (green) in hexanes (1�10�6 M).
5-position of pyrimidines or 8-position of purines (Fig. 3).49

Here we report the synthesis, photophysical properties, and
DNA incorporation of a representative member of this fam-
ily of fluorescent nucleobase analogues.

Figure 3. Fluorescent furan-containing nucleoside analogues where a furan
moiety is attached to either the 5-position (pyrimidines 1 and 2) or the
8-position (purines 3 and 4).
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2. Results and discussion

2.1. 5-Substituted deoxyuridine derivatives

We initially probed the virtue of four different five-mem-
bered aromatic heterocycles when conjugated to the 5-posi-
tion of a deoxyuridine core, including furan, thiophene,
oxazole, and thiazole. Access to 5-(furyl-2-yl) and 5-(thio-
phen-2-yl) deoxyuridine analogues was easily achieved
under standard Stille coupling conditions, where 2-tributyl-
stannyl furan or thiophene was coupled to 5-iodo-20-deoxy-
uridine (Scheme 1).50 Extension of this procedure to include
the oxazole and thiazole analogues through Stille coupling
to 5-iodo-20-deoxyuridine was unsuccessful. Protection of
the 30 and 50 hydroxyl groups in the 5-iodo-dU precursor was
required for obtaining nucleosides 8 and 9 in appropriate
quantities.51 Standard toluyl protection of both hydroxyl
groups, followed by Stille coupling afforded nucleosides 8
and 9 in relatively low yields, albeit sufficient for photophys-
ical evaluation.

Scheme 1. Reagents: (a) 1: 2-(tributylstannyl)furan, PdCl2(PPh3)2, dioxane,
94%; 6: 2-(tributylstannyl)thiophene, PdCl2(PPh3)2, dioxane, 53%; (b)
p-toluoyl chloride, pyridine, 85%; (c) 8: (i) 2-(tributylstannyl)oxazole,
Pd(PPh3)4, toluene; (ii) K2CO3, 5% THF/methanol, 10%; 9: (i) 2-(tributyl-
stannyl)thiazole, PdCl2(PPh3)2, dioxane; (ii) K2CO3, 5% THF/methanol,
34%.

Rewardingly, all modified nucleosides were found to be
emissive. They differ, however, in their quantum yield of
emission and sensitivity to their microenvironment polarity
(Fig. 4 and Table 1). The absorption spectra of each modified
nucleoside reveals a low energy absorption band atw315 nm
for 1, 6, and 9 andw295 nm for 8, in addition to the typical
uridine absorption band at higher energies w268 nm. The
lmax of absorption for all four nucleosides remains practi-
cally unchanged upon changing solvent polarity (Table 1).
In contrast, the emission profile of the conjugated nucleo-
sides is much more sensitive to the chromophore’s microen-
vironment, with bathochromic (7–36 nm) and hyperchromic
(1.0- to 5.6-fold) shifts upon increase in solvent polarity
from diethylether to water. In a non-polar environment
such as diethylether, all four nucleosides show emission at
the higher energy end of the visible range (390–421 nm),
with relatively large Stoke shifts (79–101 nm). In water,
however, all four nucleosides show emission in the visible
range (400–434 nm), with even larger Stoke shifts (88–
115 nm). Notably, the quantum efficiency of all four nucle-
osides is relatively low (0.01–0.03; Table 1). Comparing the
quantum efficiencies of the model system, 2-phenylfuran
(fF¼0.4), to nucleosides 1, 6, 8, and 9 (fF¼0.03–0.01), re-
veals w13- to 40-fold decrease in quantum efficiency. This
is not surprising since the quantum efficiency of benzene
(fF¼0.07), a component of the model system, isw500 times
more emissive than thymidine (fF¼0.000132).9 Among all
nucleosides tested, the furan-containing analogue 1 displays
the most desirable photophysical properties of the four uri-
dine analogues in terms of emission wavelength, quantum
yield, and sensitivity to the microenvironment. It has there-
fore become interest to probe the effect of conjugating a
furan moiety onto a cytidine nucleoside, and to explore its
effect on the purine nucleus.

2.2. Furan-containing deoxycytidine

Conversion of the furan deoxyuridine analogue 1 to its cor-
responding deoxycytidine analogue 2 can be accomplished
by activation of the 4-position followed by a displacement
reaction with ammonia. To facilitate this conversion, the
30 and 50 hydroxyl groups were protected as acetate esters.
This mode of protection, achieved in quantitative yield by
treating 1 with acetic anhydride, was chosen because the
use of strongly basic conditions during the aminolysis reac-
tion would also remove the acetate protecting groups, gener-
ating the desired free nucleoside. The protected nucleoside
10 was then activated using 2,4,6-triisopropylbenzenesul-
fonyl chloride in the presence of 4-dimethylaminopyridine
and triethylamine. Treatment of the activated nucleoside
with ammonium hydroxide and in situ acetate deprotection
furnished the desired deoxycytidine nucleoside 2 in 95%
yield (Scheme 2).

Figure 4. Absorption (5.0�10�5 M) and emission (1.0�10�5 M) spectra of
1 (black), 6 (red), 8 (green), and 9 (blue) in water.

Table 1. Photophysical data of nucleosides 1, 6, 8, and 9

Compound lmax

Et2O
(nm)

lmax

H2O
(nm)

lem

Et2O
(nm)

lem

H2O
(nm)

I H2O/
Et2O

fF H2O

1 314 316 395 431 5.6 0.03
6 320 314 421 434 1.6 0.01
8 292 296 390 400 1.0 <0.01
9 318 316 397 404 2.1 <0.01
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The photophysical characteristics of the deoxycytidine ana-
logue 2 were compared with the corresponding precursor
deoxyuridine analogue 1. Both pyrimidine analogues have
distinct absorption bands (w315 and w310 nm for 1 and
2, respectively) in addition to the natural pyrimidine absorp-
tion band at w260 nm. While nucleoside 1 shows two
defined absorption bands of approximately equal intensity
at w260 and w315 nm, the low energy absorption bands in
the cytidine analogue 2 appear as well-defined shoulders
in various solvents. As noted above, the absorption of each
nucleoside, 1 and 2, is minimally sensitive to changes in
solvent polarity (Fig. 5). The emission spectra, all in the vis-
ible range, display much higher sensitivity to changes in the
microenvironment. Similar to nucleoside 1, the cytidine
analogue 2 shows bathochromic (12 nm) and hyperchromic
(4.4-fold) shifts upon increasing solvent polarity. Note,
however, the quantum efficiency of the dC analogue 2 is

Figure 5. Absorption (5.0�10�5 M) and emission (1.0�10�5 M) spectra
of 1 (a) and 2 (b) in water (black), methanol (red), acetonitrile (green),
dichloromethane (dark blue), and ethyl acetate (light blue).

Scheme 2. Reagents: (a) 2-(tributylstannyl)furan, PdCl2(PPh3)2, dioxane,
94%; (b) acetic anhydride, pyridine, 99%; (c) (i) 2,4,6-triisopropylbenzene-
sulfonyl chloride, triethylamine, DMAP, acetonitrile; (ii) ammonium
hydroxide, 95%.
approximately 3-fold lower than that of the dU analogue 1
(Table 2).

2.3. Furan-containing purines

The furan-containing purine analogues, 3 and 4, were
prepared in their ribose form,52 according to previously
published synthetic procedures (Scheme 3).53 Temporary
protection of the free hydroxyls as their TMS derivatives,
followed by a Stille coupling reaction with 2-(tributylstan-
nyl)furan and standard deprotection using potassium carbon-
ate in methanol afforded the purine analogues 3 and 4
(Scheme 3). Despite the relatively low and unoptimized
yields of this synthetic path, sufficient quantities for photo-
physical studies were easily obtained.

Scheme 3. Reagents: (a) (i) 1,1,1,3,3,3-hexamethyldisilazane, ammonium
sulfate, pyridine; (ii) 2-(tributylstannyl)furan, PdCl2(PPh3)2, THF; (iii)
K2CO3, methanol, 3: 9%; 4: 10%.

Unlike the pyrimidine analogues, the conjugated purines (3
and 4) lack a separate and distinct absorption band, but
instead display one major red shifted transition around
w300 nm (Table 2). These absorption bands are largely un-
affected by changes in solvent polarity, except in the case of
guanosine analogue 4, where the less polar solvents (di-
chloromethane and ethyl acetate) show a slightly lower in-
tensity and red shift in comparison to the other more polar
solvents (Fig. 6 and Table 2). Intriguingly, the furan-conju-
gated purines are highly emissive (fF¼0.57 and 0.69 for 3
and 4, respectively). In contrast to the pyrimidine analogues
that typically emit in the visible range, the emission maxima
of nucleosides 3 and 4 are centered around 375 nm with an
average Stoke shift of 70 and 80 nm, respectively. Somewhat
disappointing, however, is the minimal bathochromic effect
the purine derivatives display upon increasing solvent polar-
ity, and their limited susceptibility to solvent polarity, with
the G derivative 4 being more sensitive than the A analogue
3 (Table 2).

Table 2. Photophysical data of furan nucleosides 1–4

Compound lmax

EtOAc
(nm)

lmax

H2O
(nm)

lem

EtOAc
(nm)

lem

H2O
(nm)

I H2O/
EtOAc

fF H2O

1 314 316 397 431 4.4 0.03
2 306 310 431 443 4.4 0.01
3 302 304 372 374 1.6 0.69
4 294 294 370 378 2.5 0.57
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2.4. Temperature effect on emission of furan-containing
nucleosides

Inspecting the structure of the four furan-containing nucleo-
sides 1–4 suggests that their emission is likely to be temper-
ature dependent. Indeed, all nucleosides display a significant
hypochromic effect when their spectra are taken as function
of increasing temperatures (Fig. 7). The emission bands of
nucleosides 1, 2, and 4 display significant susceptibility to
increasing temperatures, while the A analogue 3 is affected
to a lesser degree. Importantly, this temperature dependent
behavior is completely reversible and therefore does not
reflect any heat induced chemical transformation. The

Figure 6. Absorption (5.0�10�5 M) and emission (1.0�10�5 M) spectra
of 3 (a) and 4 (b) in water (black), methanol (red), acetonitrile (green),
dichloromethane (dark blue), and ethyl acetate (light blue).
Figure 8. (a) Relationship between change in emission area and microenvi-
ronment polarity. (b) Relationship between emission energy and microenvi-
ronment polarity. ET(30) values were experimentally determined for each
solvent using Reichardt’s salt. For both (a) and (b) 1 (black circles), 2
(red squares), 3 (green diamonds), and 4 (blue triangles).
Figure 7. Steady-state emission spectra of 1 (a) 1.0�10�5 M, 2 (b) 1.0�10�5 M, 3 (c) 1.0�10�6 M, and 4 (d) 1.0�10�6 M at various temperatures (�C): 25
(black), 35 (dark blue), 45 (red), 55 (gray), 65 (light blue), and 75 (green).
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sensitivity of the emission quantum yield to temperature is
thought to arise from the relatively low barrier for rotation
around the furan–pyrimidine/purine single bond that conju-
gates the two heterocycles. Thermal population of non-radi-
ative decay pathways hence lowers the emission quantum
yield at elevated temperatures.

2.5. Selecting a favorable nucleoside for DNA
incorporation

Evaluation of all four nucleosides is necessary for the selec-
tion of the most responsive probe. As discussed above,
absorption bands of all four nucleosides remain largely un-
affected by changes in solvent polarity (Table 2), whereas
changes in the emission spectra with increasing polarity
are seen for all four nucleosides. A graphical comparison of
the bathochromic and hyperchromic shifts that take place
when the polarity of the microenvironment is increased is
given in Figure 8. Plotting the emission area versus ET(30)

15 5' – GCG – ATG – XGT – AGC – G – 3'
16 5' – CGC – TAC – ACA – TCG – C – 3'
17 5' – GCG – ATG – TGT – AGC – G – 3'

Figure 9. Synthesized oligonucleotides where X¼1.

Scheme 4. Reagents: (a) 4,40-dimethoxytrityl chloride, pyridine, Et3N,
71%; (b) (i-Pr2N)2POCH2CH2CN, 1H-tetrazole, CH3CN, 65%.
values54 illustrates that all four nucleosides undergo a
dramatic hyperchromic shift, as denoted by the positive
slope. The slope and ending point suggest that nucleosides
1 and 2 are the most responsive (hyperchromic), followed
closely by nucleoside 3 (Fig. 8a). Graphing the emission
energy versus ET(30) values clearly shows that nucleoside
1 experiences the largest bathochromic shift of all four
nucleosides upon increasing solvent polarity (Fig. 8b). In
contrast, nucleosides 2, 3, and 4 all show very shallow
dependency on solvent polarity. It is also apparent that
the furan-conjugated purines exhibit relatively insensitive
emission at significantly higher energies compared to the
conjugated pyrimidines. Photophysically, nucleoside 1 is
the most responsive nucleoside of the entire family and
was therefore selected for site-specific incorporation into
oligonucleotides.

2.6. Synthesis and characterization of modified
oligonucleotides

Standard solid-phase oligonucleotide synthesis requires 50-
protected and 30-activated building blocks. Preparation of
the required phosphoramidite 14 was achieved through stan-
dard 50-OH protection of nucleoside 1 with 4,40-dimethoxy-
trityl chloride in the presence of triethylamine and pyridine
(Scheme 4). The 30-OH was then phosphitylated under stan-
dard conditions, resulting in the required modified building
block for DNA oligonucleotide synthesis.

Phosphoramidite 14 was used for the synthesis of the singly
modified DNA oligonucleotide 15 (Fig. 9), with an unopti-
mized coupling efficiency of >88% (see Section 4). The
fully deprotected oligonucleotide was purified using
polyacrylamide gel electrophoresis. Characterization of the
modified oligonucleotide 15 was accomplished by MALDI-
TOF mass spectrometry. The mass of the purified oligo-
nucleotide 15 was observed to be 4081.98; in good agreement
Figure 10. MALDI-monitored digestion of oligonucleotide 15. Bovine spleen phosphodiesterase (bsp), cleaving in the 50 to 30 direction, identifies the first six
bases in oligonucleotide 15, while snake venom phosphodiesterase (svp), cleaving in the 30 to 50 direction, identifies nine nucleotides in sequence, including
a two nucleotide overlap with the bsp digestion and identification of incorporated nucleotide 1 (see Section 4).
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with the calculated mass of 4081.59. Enzymatic digestion
experiments, monitored by MALDI-TOF mass spectro-
metry, using bovine spleen and snake venom phosphodi-
esterases, clearly confirmed the sequence of the modified
oligonucleotide (Fig. 10). These convenient experiments
also verified the exact incorporation position of the modified
nucleoside and demonstrated that no chemical modification
of nucleoside 1 occurred during the numerous coupling, cap-
ping, and oxidation steps involved in solid-phase DNA syn-
thesis (Fig. 10). It is worth noting that the singly modified
oligonucleotide 15 forms a stable duplex with its perfect
complement. Comparing the thermal denaturation curves
of the modified duplex 15$16 with that of the unmodified du-
plex 16$17 shows that the presence of the modified nucleo-
side does not significantly affect duplex stability (Fig. 11).

Figure 11. Thermal denaturation curve of modified duplex (15$16, red
diamonds) and unmodified control duplex (16$17, blue squares) at 1.0�
10�6 M.
Absorption spectra of modified duplex 15$16 in comparison
with the unmodified duplex 16$17 reveal normal absorption
bands at 260 nm, but more importantly show a small inten-
sity difference in the 315 nm range (Fig. 12). Subtraction
of these two absorption spectra, their nucleoside composi-
tion being identical except for the modified nucleoside 1 in
duplex 15$16, clearly reveals the second absorption band
(w315 nm) of nucleoside 1 (Fig. 12). The lmax of absorption
for nucleoside 1 is relatively unchanged upon incorporation
into an oligonucleotide. Importantly, nucleoside 1 retains its
wavelength of emission upon incorporation into an oligonu-
cleotide. Upon excitation at 320 nm, emission is observed at
w430 nm, as previously seen for nucleoside 1. The emission
curve of oligonucleotide 15 is sharper than the one observed
for the free nucleoside in solution and lacks the fine structure
observed for nucleoside 1 (comparison of Fig. 13 to Fig. 4).
As expected, the furan-containing nucleoside 1 retains its

Figure 12. Absorption spectra of oligonucleotide duplexes 15$16 (blue)
and 16$17 (black) at 1.0�10�6 M and the subtraction of oligonucleotide
duplexes, 15$16�16$17 (red).
Figure 13. Steady-state emission scans of 15 (1.0�10�6 M) at various temperatures (�C) (a) increasing temperature, (b) decreasing temperature: 25 (solid
black), 30 (solid dark blue), 35 (solid red), 40 (solid gray), 45 (solid light blue), 50 (solid green), 55 (dashed black), 60 (dashed dark blue), 65 (dashed red),
70 (dashed gray), and 75 (dashed light blue).
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reversible temperature sensitive emission after incorporation
into an oligonucleotide (Fig. 13).

2.7. Detection limit of single stranded oligonucleotide 15

Quantum efficiency, as noted in Section 1, is of signifi-
cance in designing and utilizing fluorescent nucleosides
as probes for biological systems. Significant decrease in
quantum efficiency upon incorporation of a fluorescent
nucleoside into RNA/DNA oligonucleotide is a common
phenomenon.10,13,55 Thus, the absolute quantum efficiency
of a free nucleoside represents only one facet of this im-
portant issue. To experimentally determine the workable
concentration window of a fluorescent singly modified
oligonucleotide that contains nucleoside 1, we have mea-
sured the emission of oligonucleotide 15 at increasing
dilutions. Despite the relatively low quantum efficiency
of nucleoside 1 (fF¼0.03), sound emission signals with
excellent signal-to-noise ratios are observed at concentra-
tions as low as 100 nM (Fig. 14).56 As this represents a
very common concentration range for many biophysical
assays, nucleoside 1 can be of great of experimental
utility.

Figure 14. Steady-state fluorescence spectra of oligonucleotide 15 at vari-
ous concentrations.
3. Summary

Conjugating a furan ring to the 5-position of the pyrimidines
(Fig. 15) and 8-position in the purines provides a family of
fluorescent nucleobase analogues. All conjugated nucleo-
sides are emissive, with the pyrimidines emitting in the vis-
ible range (400–440 nm) while the purines emit at higher
energies (375 nm). Analysis of the solvatochromic behavior
of these fluorophores identifies the conjugated dU derivative
as the most promising nucleobase for uses in biophysical as-
says due to the sensitivity of its emission to solvent polarity.
Specifically, the furan-conjugated dU derivative 1 exhibits
strong visible emission in aqueous environments (lem

430 nm, fF¼0.03) and significantly weaker emission in
apolar media (lem w400 nm, fF w0.005). A furan-modified
oligonucleotide forms stable duplexes with its perfect com-
plement, and importantly retains its absorption (w320 nm)
and emission properties (lem 430 nm). These observations
are of significance since useful emissive T/U derivatives
are scarce and the trivial synthesis of this nucleoside makes
it easily accessible to the biophysical community.

4. Experimental

4.1. General

All chemicals were obtained from commercial suppliers
and used without further purification unless otherwise spec-
ified. Anhydrous pyridine and acetonitrile were obtained
from Fluka. Anhydrous dioxane and triethylamine were
obtained from Acros. Anhydrous toluene and tetrahydrofu-
ran were obtained using a two-column purification system
(Glasscontour System, Irvine, CA). Analytical thin-layer
chromatography was performed on pre-coated silica gel
aluminum-backed plates (Kieselgel 60 F254, E. Merck &
Co., Germany). Flash chromatography was performed using
silica gel (230–400 mesh) from E.M. Science or Silicycle.
NMR solvents were purchased from Cambridge Isotope
Laboratories (Andover, MA). All NMR spectra were re-
corded on a Varian Mercury 400 MHz instrument with
chemical shifts reported relative to residual deuterated
solvent peaks. Chemical shifts (d) are reported in parts per
million (ppm); multiplicities are indicated by s (singlet), d
(doublet), t (triplet), q (quartet), dd (doublet of doublet), td
(triplet of doublet), or m (multiplet); coupling constants (J)
are reported in Hertz. Mass spectra were recorded at the
UCSD Mass Spectrometry Facility, utilizing either a
LCQDECA (Finnigan) ESI with a quadrupole ion trap or a
MAT900XL (ThermoFinnigan) FAB double focusing mass
Figure 15. X-ray structures of nucleosides 1, 6, 8, 9, and 2 with hydrogen and solvent atoms omitted for clarity.
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spectrometer. UV–visible experiments were carried out at
ambient temperature in a quartz micro cell with a path length
of 1.0 cm (Hellma GmbH & Co. KG, M€ullheim, Germany)
on a Hewlett Packard 8452A or 8453 diode array spectrom-
eter. Steady-state fluorescence experiments were carried out
at ambient temperature in a micro fluorescence cell with a
path length of 1.0 cm (Hellma GmbH & Co. KG, M€ullheim,
Germany) on a Perkin–Elmer LS 50B luminescence spec-
trometer (Figs. 4–7 and 13) or a Horiba fluoromax-3 lumi-
nescence spectrometer (Figs. 2 and 14).

4.1.1. 5-(Fur-2-yl)-20-deoxyuridine (1). To a suspension of
5 (520 mg, 1.47 mmol) and dichlorobis(triphenylphos-
phine)Pd(II) (21 mg, 0.03 mmol) in anhydrous dioxane
(40 ml) was added 2-(tributylstannyl)furan (2 ml, 2.3 g,
6.35 mmol). The suspension was heated to 90 �C under
argon for 2 h, cooled, and filtered through Celite 545. The
solvent was removed under reduced pressure where the
resulting oil was triturated with hexanes (3�) to produce
a solid. The resulting solid was taken up in a minimum of
hot solvent (1/1 methanol/chloroform) and precipitated
from hexanes. Product: white solid (407.7 mg, 1.39 mmol,
94% yield). 1H NMR (400 MHz, DMSO-d6): d 11.63 (s,
NH, 1H), 8.33 (s, H-6, 1H), 7.62 (s, H-500, 1H), 6.86 (d,
J¼2.8 Hz, H-300, 1H), 6.52 (m, H-400, 1H), 6.22 (t,
J¼6.6 Hz, H-10, 1H), 5.27 (d, J¼4.4 Hz, 30-OH, 1H), 5.08
(t, J¼4.4 Hz, 50-OH, 1H), 4.28 (m, H-30, 1H), 3.84 (m, H-
40, 1H), 3.61 (m, H-50, 2H), 2.18 (t, J¼5.4 Hz, H-20, 2H);
13C NMR (100 MHz, DMSO-d6): d 160.1 (C-4), 149.4 (C-
2), 146.5 (C-200), 141.5 (C-500), 134.7 (C-6), 111.6 (C-400),
107.9 (C-300), 105.6 (C-5), 87.6 (C-40), 84.7 (C-10), 70.4
(C-30), 61.1 (C-50), 40.1 (C-20); HR-FAB calcd for
C13H15N2O6 [M+H]+ 295.0925, found 295.0928; UV
(buffer) lmax¼316 nm (3¼11,000), 3260¼13,000.

4.1.2. 5-(Thiophen-2-yl)-20-deoxyuridine (6). To a suspen-
sion of 5 (521 mg, 1.47 mmol) and dichlorobis(triphenyl-
phosphine)Pd(II) (20 mg, 0.028 mmol) in anhydrous
dioxane (40 ml) was added 2-(tributylstannyl)thiophene
(2.5 ml, 2.9 g, 7.9 mmol). The suspension was heated to
95 �C under argon for 5 h, cooled, and filtered through Celite
545. The solvent was removed under reduced pressure and
the resulting oil was triturated with hexanes (3�) to produce
a solid. The resulting solid was taken up in a minimum of hot
solvent (1/1 methanol/chloroform) and precipitated from
hexanes. Product: white solid (242 mg, 0.779 mmol, 53%
yield). 1H NMR (400 MHz, DMSO-d6): d 11.7 (s, NH,
1H), 8.57 (s, H-6, 1H), 7.45 (d, J¼5.2 Hz, H-500, 1H), 7.40
(d, J¼3.2 Hz, H-300, 1H), 7.05 (t, J¼4.4 Hz, H-400, 1H),
6.22 (t, J¼6.2 Hz, H-10, 1H), 5.28 (m, 50-OH and 30-OH,
2H), 4.31 (m, H-30, 1H), 3.85 (m, H-40, 1H), 3.66 (m, H-50,
2H), 2.21 (m, H-20, 2H); 13C NMR (100 MHz, DMSO-d6):
d 161.3 (C-4), 149.4 (C-2), 135.7 (C-6), 134.0 (C-200),
126.4, 125.7, and 122.5 (C-300, C-400, and C-500), 108.3 (C-
5), 87.6 (C-40), 84.8 (C-10), 70.0 (C-30), 60.9 (C-50), 40.4
(C-20); HR-FAB calcd for C13H15N2O5S [M+H]+

311.0696, found 311.0701; UV (buffer) lmax¼314 nm
(3¼9000).

4.1.3. 30,50-Di-O-p-toluoyl-5-iodo-20-deoxyuridine (7).
Anhydrous pyridine (5 ml) was added to 5 (1.00 g,
2.82 mmol) and stirred under argon atmosphere until all
starting material was dissolved. The solution was cooled to
0 �C and p-toluoyl chloride (785 ml, 918 mg, 5.94 mmol)
was added dropwise. Reaction was allowed to warm to
room temperature and stirred under argon overnight. Water
was added to the reaction solution and the precipitate filtered
off. Resulting solid was washed with cold water, cold etha-
nol, and then cold ether. Product: white solid (1.42 g,
2.41 mmol, 85% yield). 1H NMR (400 MHz, DMSO-d6):
d 11.76 (s, NH, 1H), 8.09 (s, H-6, 1H), 7.90 (t, J¼7.8 Hz,
Tol, 4H), 7.34 (t, J¼8.8 Hz, Tol, 4H), 6.22 (t, J¼7.0 Hz,
H-10, 1H), 5.57–5.56 (m, H-30, 1H), 4.60 (d, J¼4.8 Hz, H-
50, 2H), 4.52–4.49 (m, H-40, 1H), 2.67–2.60 (m, H-20, 2H),
2.39 (s, Tol-CH3, 3H), 2.38 (s, Tol-CH3, 3H); 13C NMR
(100 MHz, DMSO-d6): d 165.5 (Tol-carbonyl), 165.2 (Tol-
carbonyl), 160.4 (C-4), 150.0 (C-2), 144.6 (C-6), 144.1
(Tol-C-4), 143.9 (Tol-C-4), 129.4 (Tol-C-2, 3, 5, and
6), 126.5 (Tol-C-1), 85.3 (C-10), 81.5 (C-40), 74.5 (C-30),
70.1 (C-5), 64.2 (C-50), 36.4 (C-20), 21.2 (Tol-CH3); ESI-
MS calcd for C25H23IN2NaO7 [M+Na]+ 613.04, found
612.97.

4.1.4. 5-(Oxazol-2-yl)-20-deoxyuridine (8). To a solution
of 7 (98 mg, 0.17 mmol) and tetrakis(triphenylphos-
phine)Pd(0) (20 mg, 0.017 mmol) in anhydrous toluene
(3 ml) was added 2-(tributylstannyl)oxazole (106 ml, 181 mg,
0.506 mmol). The solution was refluxed under argon for
8 h, cooled, and the solvent removed under reduced pres-
sure. The resulting solid was taken up in 20% methanol/
chloroform and run through a silica plug where the fractions
were collected. Those containing the desired product (fluo-
rescent spot) were consolidated, solvent evaporated under
reduced pressure, and resulting solid was taken up in 5%
THF/methanol (3 ml) and K2CO3 (23 mg, 0.17 mmol) was
added. The suspension was stirred at rt for 12 h. The solvent
was removed under reduced pressure and product was iso-
lated by flash chromatography (85/15 chloroform/metha-
nol). Resulting solid was triturated with hexanes. Product:
white solid (5 mg, 0.02 mmol, 10% yield). 1H NMR
(400 MHz, DMSO-d6): d 11.65 (s, NH, 1H), 8.58 (s, H-6,
1H), 8.11 (s, H-500, 1H), 7.26 (s, H-400, 1H), 6.17 (t,
J¼6.6 Hz, H-10, 1H), 5.24 (d, J¼3.6 Hz, 30-OH, 1H), 5.00
(t, J¼4.6 Hz, 50-OH, 1H), 4.25 (m, H-30, 1H), 3.85 (m,
H-40, 1H), 3.58 (m, H-50, 2H), 2.19 (m, H-20, 2H); 13C
NMR (100 MHz, DMSO-d6): d 159.6 (C-4), 156.6 (C-200),
149.6 (C-2), 142.1 (C-6), 139.6 (C-500), 127.7 (C-400),
102.9 (C-5), 87.8 (C-40), 85.2 (C-10), 70.3 (C-30), 61.0 (C-
50), 40.3 (C-20); ESI-MS calcd for C12H13N3NaO6

[M+Na]+ 318.07, found 317.99; UV (buffer) lmax¼296 nm
(3¼10,000).

4.1.5. 5-(Thiazol-2-yl)-20-deoxyuridine (9). To a solution
of 7 (104 mg, 0.176 mmol) and dichlorobis(triphenylphos-
phine)Pd(II) (24 mg, 0.033 mmol) in anhydrous dioxane
(3 ml) was added 2-(tributylstannyl)thiazole (160 ml,
190 mg, 0.509 mmol). The solution was refluxed at 90 �C
under argon for 20 h, cooled, and the solvent was removed
under reduced pressure. The resulting solid was triturated
with methanol. The precipitate was taken up in 5% THF/
methanol (3 ml) and K2CO3 (33 mg, 0.24 mmol) was added.
The suspension was stirred at rt for 24 h. The solvent was
removed under reduced pressure and product was isolated
by flash chromatography (90/10 chloroform/methanol).
The resulting solid was triturated with hexanes. Product:
white solid (19 mg, 0.061 mmol, 34% yield). 1H NMR
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(400 MHz, DMSO-d6): d 11.93 (s, NH, 1H), 8.82 (s, H-6,
1H), 7.85 (d, J¼3.2 Hz, H-500, 1H), 7.65 (d, J¼3.2 Hz, H-
400, 1H), 6.21 (t, J¼6.6 Hz, H-10, 1H), 5.29 (d, J¼4.4 Hz,
30-OH, 1H), 5.01 (t, J¼5.0 Hz, 50-OH, 1H), 4.29–4.25 (m,
H-30, 1H), 3.88–3.86 (m, H-40, 1H), 3.61–3.58 (m, H-50,
2H), 2.23–2.19 (m, H-20, 2H); 13C NMR (100 MHz,
DMSO-d6): d 161.3 (C-4), 158.1 (C-200), 149.4 (C-2),
141.8 (C-400), 138.5 (C-6), 119.8 (C-500), 107.6 (C-5), 87.8
(C-40), 85.3 (C-10), 70.5 (C-30), 61.3 (C-50), 40.1 (C-20);
ESI-MS calcd for C12H13N3NaO5S [M+Na]+ 334.05, found
333.94; UV (buffer) lmax¼316 nm (3¼11,500).

4.1.6. 30,50-Di-O-acetyl-5-(fur-2-yl)-20-deoxyuridine (10).
To a solution of 1 (1.0 g, 3.5 mmol) in anhydrous pyridine
(15 ml) was added acetic anhydride (825 ml, 891 mg,
8.73 mmol). The reaction was allowed to stir under argon
at room temperature overnight. Solvent was removed under
reduced pressure. Resulting oil was taken up in chloroform
(200 ml) and washed with 1 M HCl (3�100 ml) and water
(100 ml). The organic layer was dried over sodium sulfate
and the solvent removed under reduced pressure. Product:
light orange foam (1.34 g, 3.5 mmol, 99% yield). 1H NMR
(400 MHz, CDCl3): d 8.60 (s, NH, 1H), 7.97 (s, H-6, 1H),
7.32 (d, J¼1.6 Hz, H-500, 1H), 7.05 (d, J¼3.2 Hz, H-300,
1H), 6.45 (q, J¼2 and 3.2 Hz, H-300, 1H), 6.41 (td, J¼5.6
and 8.8 Hz, H-10, 1H), 5.28–5.26 (m, H-30, 1H), 4.38–4.37
(m, H-50, 2H), 4.29 (q, J¼3 and 5 Hz, H-40, 1H), 2.55–
2.50 (m, H-20, 1H), 2.28–2.19 (m, H-20, 1H), 2.14 (s, Ac,
3H), 2.11 (s, Ac, 3H); 13C NMR (100 MHz, CD3Cl):
d 170.1 (Ac carbonyl), 170.0 (Ac carbonyl), 159.2 (C-4),
148.9 (C-2), 145.4 (C-200), 140.9 (C-500), 132.2 (C-6), 112.0
(C-400), 109.7 (C-300), 107.7 (C-5), 85.2 (C-40), 82.5 (C-10),
74.6 (C-30), 64.1 (C-50), 38.1 (C-20), 21.0 (Ac methyl), 20.8
(Ac methyl); d ESI-MS calcd for C17H19N2O8 [M+H]+

379.11, found 378.84 and for C17H18N2NNaO8 [M+Na]+

401.10, found 401.00.

4.1.7. 5-(Fur-2-yl)-20-deoxycytidine (2). To a solution of
10 (800 mg, 2.1 mmol), 2,4,6-triisopropylbenzenesulfonyl
chloride (2.0 g, 6.72 mmol), and 4-dimethylaminopyridine
(825 mg, 6.72 mmol) in anhydrous acetonitrile (70 ml)
was added triethylamine (937 ml, 680 mg, 6.72 mmol).
The reaction was allowed to stir under argon at room tem-
perature for 36 h. Once all starting material was consumed
(monitored by TLC), concentrated ammonium hydroxide
(90 ml) was added to the reaction flask. The reaction was
again allowed to stir at room temperature overnight. Solvent
was removed under reduced pressure. Resulting solid was
taken up in cold chloroform and solid filtered off. Product:
off white solid (590 mg, 2.0 mmol, 95% yield). 1H NMR
(400 MHz, DMSO-d6): d 8.25 (s, H-6, 1H), 7.68–7.67 (m,
H-500, 1H), 7.64 (br s, 4-NH2, 1H), 6.65 (br s, 4-NH2,
1H), 6.57–6.54 (m, H-400 and H-300, 2H), 6.16 (t,
J¼6.4 Hz, H-10, 1H), 5.22 (d, J¼4 Hz, 30-OH, 1H), 5.08
(t, J¼4.8 Hz, 50-OH, 1H), 4.24–4.20 (m, H-30, 1H), 3.80–
3.78 (m, H-40, 1H), 3.64–3.54 (m, H-50, 2H), 2.20–2.15
(m, H-20, 1H), 2.07–2.01 (m, H-20, 1H); 13C NMR
(100 MHz, DMSO-d6): d 161.5 (C-4), 153.5 (C-2), 147.2
(C-200), 142.3 (C-500), 139.6 (C-6), 111.3 (C-400), 106.5
(C-300), 98.0 (C-5), 87.3 (C-40), 85.2 (C-10), 69.9 (C-30),
60.9 (C-50), 40.8 (C-20); ESI-MS calcd for C13H16N3O5

[M+H]+ 294.11, found 293.84; UV (buffer) lmax¼306 nm
(3¼5000).
4.1.8. 8-(Fur-2-yl)-adenosine (3). To a suspension of 11
(208 mg, 0.6 mmol) and ammonium sulfate (43 mg) in
anhydrous 1,1,1,3,3,3-hexamethyldisilazane (20 ml) was
added anhydrous pyridine (2 ml). The reaction was refluxed
under argon overnight. Solvent was removed under reduced
pressure and the resulting oil was used without further
purification. To a solution of the resulting trimethylsilyl
protected nucleoside and dichlorobis(triphenylphosphine)-
Pd(II) (28 mg, 0.04 mmol) in anhydrous tetrahydrofuran
(10 ml) was added 2-(tributylstannyl)furan (950 ml, 1.0 g,
3.0 mmol) in a pressure tube and was heated to 90 �C for
24 h. Solvent was removed under reduced pressure and the
resulting oil run through a silica plug with 5% methanol/di-
chloromethane. The resulting oil was taken up in methanol
(5 ml) to which potassium carbonate (500 mg, 3.6 mmol)
was added. The reaction was allowed to stir at room temper-
ature overnight. Solid was filtered off and the product was
recrystallized from methanol. Resulting white solid was
run through a silica plug using 50/50 water/acetonitrile to
remove any remaining potassium carbonate. Product: white
solid (18.6 mg, 0.056 mmol, 9% yield). 1H NMR (400 MHz,
DMSO-d6): d 8.13 (s, H-2, 1H), 8.01 (d, J¼2.4 Hz, H-500,
1H), 7.58 (br s, 6-NH2, 2H), 7.13 (d, J¼4.8 Hz, H-300, 1H),
6.77–6.76 (m, H-400, 1H), 6.10 (d, J¼8.8 Hz, H-10, 1H),
5.77 (dd, J¼4.4 and 12 Hz, 50-OH, 1H), 5.46 (d, J¼8.4 Hz,
20-OH, 1H), 5.21 (d, J¼5.6 Hz, 30-OH, 1H), 5.14–5.08 (m,
H-20, 1H), 4.21–4.17 (m, H-30, 1H), 3.98 (d, J¼2.4 Hz, H-
40, 1H), 3.72–3.67 (m, H-50, 1H), 3.51–3.49 (m, H-50, 1H);
13C NMR (100 MHz, DMSO-d6): d 156.3 (C-6), 152.3 (C-
2), 149.6 (C-4), 145.6 and 143.3 (C-200 and C-500), 141.5
(C-8), 119.4 (C-5), 113.9 and 112.1 (C-300 and C-400), 89.3
(C-10), 86.7 (C-40), 71.6 (C-20), 71.0 (C-30), 62.2 (C-50);
ESI-MS calcd for C14H16N5O5 [M+H]+ 334.12, found
334.02; UV (buffer) lmax¼304 nm (3¼18,000).

4.1.9. 8-(Fur-2-yl)-guanosine (4). To a suspension of 12
(139 mg, 0.4 mmol) and ammonium sulfate (21 mg) in
anhydrous 1,1,1,3,3,3-hexamethyldisilazane (10 ml) was
added anhydrous pyridine (1 ml). The reaction was stirred
under argon and refluxed overnight. Solvent was removed
under reduced pressure and the resulting oil was used
without further purification. To a solution of the resulting tri-
methylsilyl protected nucleoside and dichlorobis(triphenyl-
phosphine)Pd(II) (8.5 mg, 0.01 mmol) in anhydrous
tetrahydrofuran (10 ml) was added 2-(tributylstannyl)furan
(600 ml, 680 mg, 1.9 mmol) in a pressure tube and was
heated to 90 �C for 24 h. Solvent was removed under re-
duced pressure and the resulting oil run through a silica
plug with 5% methanol/dichloromethane. The resulting oil
was taken up in methanol (5 ml) to which potassium carbon-
ate (300 mg, 2.2 mmol) was added. The reaction was al-
lowed to stir at room temperature overnight. Solid was
filtered off and the product was recrystallized from metha-
nol. Resulting white solid was run through a silica plug using
50/50 water/acetonitrile to remove any remaining potassium
carbonate. Product: white solid (13.8 mg, 0.04 mmol, 10%
yield). 1H NMR (400 MHz, DMSO-d6): d 10.83 (s, 1-NH,
1H), 7.90 (d, J¼1.6 Hz, H-500, 1H), 6.94 (d, J¼3.2 Hz, H-
300, 1H), 6.68 (q, J¼1.7 Hz, H-400, 1H), 6.46 (br s, 2-NH2,
2H), 5.91 (d, J¼6.4 Hz, H-10, 1H), 5.38 (d, J¼6.0 Hz, 20-
OH, 1H), 5.04–4.96 (m, 30-OH, 50-OH, and H-20, 3H),
4.13–4.08 (m, H-30, 1H), 3.84 (dt, J¼4.8 and 8.8 Hz, H-40,
1H), 3.68–3.63 (m, H-50, 1H), 3.54–3.48 (m, H-50, 1H);
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13C NMR (100 MHz, DMSO-d6): d 156.5 (C-6), 153.3 (C-
2), 151.7 (C-4), 144.4 and 143.9 (C-200 and C-500), 138.2
(C-8), 117.3 (C-5), 112.1 and 111.7 (C-300 and C-400), 89.0
(C-10), 85.7 (C-40), 70.6 and 70.5 (C-20 and C-30), 62.1 (C-
50); ESI-MS calcd for C14H16N5O6 [M+H]+ 350.11, found
349.80; UV (buffer) lmax¼294 nm (3¼16,000).

4.1.10. 50-Dimethoxytrityl-5-(fur-2-yl)-20-deoxyuridine
(13). To a solution of 1 (163 mg, 0.554 mmol) and 4,40-di-
methoxytrityl chloride (226 mg, 0.669 mmol) in anhydrous
pyridine (3 ml) was added triethylamine (60 ml). The reac-
tion was stirred at room temperature under argon for 8 h
and evaporated under reduced pressure. The product was pu-
rified by flash column chromatography (1/1 ethyl acetate/
hexanes, 1% Et3N). Product: light brown foam (234 mg,
0.393 mmol, 71% yield). 1H NMR (400 MHz, DMSO-d6):
d 11.70 (s, NH, 1H), 7.96 (s, H-6, 1H), 7.27–7.16 (m,
DMT and H-500, 10H), 6.84–6.81 (m, DMT and H-300, 5H),
6.46–6.44 (m, H-400, 1H), 6.18 (t, J¼6.6 Hz, H-10, 1H),
5.36 (d, J¼4.4 Hz, 30-OH, 1H), 4.23–4.19 (m, H-30, 1H),
3.96–3.93 (m, H-40, 1H), 3.69 (s, DMT-OCH3, 6H), 3.24–
3.15 (m, H-50, 2H), 2.27–2.24 (m, H-20, 2H); 13C NMR
(100 MHz, DMSO-d6): d 160.1, 158.0, 149.3, 146.1,
144.7, 141.2, 135.5, 133.9, 129.6, 127.7, 127.6, 126.6,
113.1, 111.4, 107.9, 105.6, 85.8, 85.1, 70.3, 63.6, 55.0,
40.2; ESI-MS calcd for C34H32N2NaO8 [M+Na]+ 619.21,
found 619.08.

4.1.11. 30-(2-Cyanoethyl)diisopropylphosphoramidite-50-
dimethoxytrityl-5-(fur-2-yl)-20-deoxyuridine (14). Com-
pound 13 was taken up in anhydrous acetonitrile and solvent
was removed under reduced pressure (5�). To a solution of
13 (58 mg, 0.10 mmol) and 1-H tetrazole (0.45 M solution in
acetonitrile: 215 ml, 0.097 mmol) in anhydrous acetonitrile
(2 ml) was added 2-cyanoethyl tetraisopropylphosphorodi-
amidite (37 ml, 35 mg, 0.12 mmol). The solution was stirred
at room temperature under argon for 4 h. The reaction
mixture was diluted with cold 1% triethylamine/dichloro-
methane (100 ml) and washed with 1 M NaHCO3

(2�10 ml) and brine (2�10 ml). The organic layer was dried
over sodium sulfate and evaporated under reduced pressure.
The product was purified by flash column chromatography
(1/1 ethyl acetate/hexanes, 1% Et3N). Product: light brown
foam (50 mg, 0.063 mmol, 65% yield). 1H NMR
(400 MHz, DMSO-d6): d 11.60 (s, NH, 1H), 7.99 (s, H-6,
1H), 7.39–7.17 (m, DMT and H-50, 10H), 6.82–6.79 (m,
DMT and H-30, 5H), 6.45–6.43 (m, H-400, 1H), 6.17 (t,
J¼6.4 Hz, H-10, 1H), 4.50–4.44 (m, H-30, 1H), 4.11–4.08
(m, H-40, 1H), 3.69–3.39 (m, DMT-OCH3, isopropyl and
cyanoethyl, 10H), 3.24–3.19 (m, H-50, 2H), 2.64–2.61 (m,
cyanoethyl, 2H), 2.46–2.34 (m, H-20, 2H), 1.23–1.08 (m,
isopropyl, 12H); 13C NMR (100 MHz, DMSO-d6):
d 160.1, 158.1, 149.2, 146.1, 144.6, 141.2, 135.3, 134.0,
129.7, 127.7, 127.6, 126.6, 118.7, 113.1, 111.5, 108.0,
105.7, 85.9, 85.2, 72.3, 63.5, 58.5, 55.0, 42.6, 42.5, 40.2,
24.3, 24.3, 24.2, 19.8; 31P NMR (162 MHz, DMSO-d6, ref-
erenced to H3PO4): d 148.7, 148.3; ESI-MS calcd for
C43H49N4NaO9P [M+Na]+ 819.31, found 819.14.

4.2. Oligonucleotide synthesis

4.2.1. Oligonucleotide synthesis and purification. Unmod-
ified oligonucleotides were purchased from Intergraded
DNA Technologies (Coralville, Iowa) and purified by
PAGE as described below. Modified oligonucleotides were
synthesized on a 1.0 mmol scale (500 Å CPG column) using
a Biosearch Cyclone Plus DNA synthesizer. Phosphorami-
dite 14 was site specifically incorporated into the oligonucle-
otides by trityl-off synthesis of the base oligonucleotide,
followed by manual coupling of phosphoramidite 14. Typi-
cally, the modified phosphoramidite was dissolved in
100 ml of anhydrous acetonitrile to give a final concentration
of 0.1 M. The phosphoramidite solution was pushed into the
CPG column via syringe and then 200 ml of 0.45 M 1H-tet-
razole was pushed into the other end of the column via
syringe. Coupling reactions were allowed to proceed for
2–3 min (88% unoptimized coupling efficiency) and were
subsequently followed by standard oxidation and capping
steps. The rest of the oligonucleotide was synthesized via
the standard trityl-off procedure. Upon completion of the ol-
igonucleotide synthesis, the CPG column was treated with
3 ml of 30% aqueous ammonium hydroxide for 2 h at
room temperature, mixing via syringe every 1 h. The result-
ing solution was removed and the CPG column was
treated with 1 ml of 30% aqueous ammonium hydroxide
at room temperature for 15 min, mixing via syringe every
5 min. The resulting aqueous ammonium hydroxide
solutions were consolidated and stored at room temperature
for 24 h. The aqueous ammonium hydroxide solutions
were freeze-dried and purified by 20% polyacrylamide gel
electrophoresis. The oligonucleotide was visualized by UV
shadowing, bands were excised from the gel, and extracted
with 1� TBE buffer for 36 h. The resulting solution was
filtered (Bio-Rad poly-prep chromatography column) and
desalted using a Sep-Pak cartridge (Waters Corporation,
MA). The following 260 nm extinction coefficients were
used to determine concentration of oligonucleotides:
dG¼11,700, dC¼7300, dA¼15,400, dT¼8800, and
1¼13,000.

4.2.2. Oligonucleotide sequencing using MALDI-TOF
MS. The MW of each control and modified oligonucleo-
tide was determined via MALDI-TOF MS. One microliter
of 200 mM stock solution of each oligonucleotide was
combined with 1 ml of ammonium citrate buffer (PE
Biosystems), 1 ml of 75 mM DNA standard (50-GCTGAA
TACATAAGACG-30), and 6 ml of saturated 3-hydroxypic-
colinic acid. The samples were desalted with an ion-
exchange resin (PE Biosystems) and spotted onto a
gold-coated MALDI plate where they were dried on a
55 �C heat block. The resulting spectra were calibrated
relative to the +1 and +2 ions of the internal DNA stan-
dard, thus the observed oligonucleotides should have a
resolution of �2 mass units. Modified oligonucleotide 15
was sequenced via onplate digestion (Sequazyme Oligo-
nucleotide Sequencing Kit—Applied Biosystems). Two
microliters of water and 1 ml of 200 mM stock solution
of oligonucleotide 15 were combined and spotted eight
times onto a gold-coated MALDI plate. Two microliters
of SVP dilutions (1 ml of ammonium citrate buffer and
1 ml of SVP dilution) were added to the first five wells
and 2 ml of BSP dilutions (1 ml of BSP reaction buffer
and 1 ml of BSP dilution) were added to the remaining
three wells. The MALDI plate was incubated in a humidity
chamber (Applied Biosystems) at 37 �C for 20 min. Seven
microliters of saturated 3-hydroxypiccolinic acid was
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added to each well. The samples were desalted with an
ion-exchange resin (PE Biosystems) and then respotted
onto the same wells of the gold-coated MALDI plate
where they were subsequently dried on a 55 �C heat
block. All MALDI-TOF spectra were collected on a PE
Biosystems Voyager-DE STR MALDI-TOF spectrometer
in positive-ion, delayed-extraction mode. The following
nucleoside masses were used to confirm the sequence:
dG¼329.053, dC¼289.046, dA¼313.058, dT¼304.046,
and the modified furan dT¼356.041.

4.3. UV and fluorescence studies

4.3.1. Thermal denaturation studies. All hybridizations
and UV melting experiments were carried out in
100 mM sodium chloride, 10 mM sodium phosphate buffer
at pH 7.0 using a Beckman-Coulter DU� 640 spectrometer
with a high performance temperature controller and micro
auto six holder. Samples (double-stranded concentrations:
1 mM) were heated to 95 �C for 5 min and cooled to
room temperature over 2–3 h prior to measurements.
Samples were placed in a stoppered 1.0-cm path length
cell and a background spectra (buffer) was subtracted
from each sample. Denaturation runs were performed be-
tween 26 and 75 �C at a scan rate of 0.5 �C min�1 with op-
tical monitoring every minute at 260 nm. Beckman-Coulter
software (provided with Tm Analysis Accessory for
DU� Series 600 Spectrometers) determined the melting
temperatures utilizing the first derivative from the melting
profile.

4.3.2. Steady-state fluorescence and absorption spectra.
Steady-state fluorescence experiments were carried out at
ambient temperature (unless otherwise noted) in a micro
fluorescence cell with a path length of 1.0 cm (Hellma
GmbH & Co. KG, M€ullheim, Germany) on a Perkin–Elmer
LS 50B luminescence spectrometer (Figs. 4–7 and 13) or
a Horiba fluoromax-3 luminescence spectrometer (Figs. 2
and 14). All nucleoside samples were measured at specified
concentrations (�1% DMSO) in the appropriate spectro-
scopic grade solvent.

4.3.3. Temperature dependent fluorescence spectra. Tem-
perature dependent fluorescence experiments were carried
out at 10� intervals from 25 to 75 �C in a micro fluorescence
cell with a path length of 1.0 cm (Hellma GmbH & Co. KG,
M€ullheim, Germany) using a temperature controlled cell
holder connected to an external water-based temperature
control unit on a Perkin–Elmer LS 50B luminescence
spectrometer. Nucleoside samples were measured at
1.0�10�5 M (1 and 2) and 1.0�10�6 M (3 and 4) in water
(�1% DMSO). Spectra at the appropriate temperature
were recorded after allowing the sample to equilibrate for
14 min.

4.4. X-ray structures

Suitable crystals for nucleosides 1, 2, 6, 8, and 9 were ob-
tained from slow diffusion of chloroform into a methanol
solution containing the nucleoside.

Crystal structures for 1 and 6 match previously published
unit cell and space group data.57,58
Crystallographic data (excluding structure factors) for com-
pounds 1, 2, 6, 8, and 9 in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supple-
mentary publication numbers CCDC 627723, 627722,
627725, 627724, and 632875, respectively. Copies of the
data can be obtained, free of charge, on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 (0)1223
336033 or e-mail: deposit@ccdc.cam.ac.uk).
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