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ABSTRACT: A family of extended S-modified-6-aza-uridines
was obtained via Suzuki coupling reactions with a common
brominated precursor. Extending the conjugated-6-aza-uri-
dines with substituted aryl rings increases the push—pull
interactions yielding enhanced bathochromic shifts and
solvatochromism compared to the parent nucleosides. For
example, the methoxy substituted derivative 1d displays A,,., s
around 375 nm, with visible emission maxima at 486 nm (® =
0.74) and 525 nm (® = 0.02) in dioxane and water,
respectively.

D iverse approaches have been devised for modifying the
nonemissive pyrimidine and purine nucleobases in DNA
and RNA into fluorescent surrogates.' ™ The fundamental
challenges result from both structural and electronic dilemmas,
where any modification aimed at enhancing the electronic
teatures favoring fluorescence can hamper the WC face and its
tautomeric preferences, as well as the hybridization and folding
features of the resulting oligomers. This issue is particularly
challenging when one aims at shifting the emission bands further
into the visible and red spectral domains. Such low energy
emission is frequently associated with relatively large chromo-
phores with physical footprints, which are much larger than the
native nucleobases.®

Nature exploits various mechanisms to tune the photophysics
of its small and environmentally sensitive visibly emitting
chromophores, such as oxyluciferin®® and arylidene-
imidazolidones (in fluorescent proteins).””"" Strong charge
transfer transitions and proton transfer processes in the excited
state typically yield low energy emission, which is dependent on
the compactness and polarity of the chromophore’s environ-
ment."~"> Applying these motifs to visibly emitting nucleosides
presents additional challenges. In particular, the electron-
withdrawing ability of the native nucleobases needs to be
augmented to promote effective CT bands. Diverse efforts have
resulted in numerous motifs; most, however, either electronically
decouple the native pyrimidine or purine from the actual
chromophore'® or significantly alter the native structure resulting
in less than favorable hybridization features.'” "

Here we combine several key features to advance a family of
visibly emitting pyrimidine analogs. Figure 1 depicts the
evolution of our design principles, illustrating the transformation
of uridine into visibly emissive nucleosides. Conjugation of a -
membered heterocycle, such as thiophene, at the S position of
uridine, a “dark” nonemissive native nucleoside (® ~107*),
yielded our first-generation fluorescent nucleosides (A, Figure
1). Depending on the conjugated heterocycle, such S-modified
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Figure 1. Evolution of the design elements leading to visibly emitting
nucleosides.

pyrimidines emit in the visible range (390—443 nm) and have
very large Stokes shifts (8400—9700 cm™), while their quantum
efficiency is relatively low (® = 0.01-0.035).>>*" Further
enhancing the polarization of this conjugated electron-poor/
electron-rich biaryl system by introducing the electronegative
nitrogen at the pyrimidine’s 6-position (B, Figure 1) resulted in
red-shifted absorption and emission maxima and substantially
augmented quantum yields (® = 0.2—0.8).>* To further shift the
emission into the red region of the spectrum, we have advanced
the family shown here by directly conjugating a donor group
through an extended aromatic system to the electron-deficient 6-
aza U (C, Figure 1). Here we disclose the synthesis, as well as
structural and photophysical features of this advanced visibly
emitting motif.

Although multiple synthetic approaches are conceivable, we
have selected Suzuki coupling reactions as the key step in
constructing all derivatives (1a—f) from one common precursor
(Scheme 1). Bromination of the protected nucleoside 2, which
was synthesized using a previously published procedure,”” gave 3
in very good yields (Scheme 1, Figure 2a). Deprotection with
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Scheme 1. Syntheses of Nucleosides 1la—f*
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“See Supporting Information for synthetic procedures and analytical
data.

a)

Figure 2. (3, b) X-ray crystal structures of 4 and 1d, respectively; (c)
overlay of X-ray the crystal structure of 1c (orange) with uridine (blue);
overlaying the ribose rings shows minimal impact on the sugar pucker
(rmsd = 0.04 A); (d) schematic top view illustrating the relative
conformation of the nucleobases in uridine (blue) and 1c (orange).

methanolic ammonia at 60 °C, followed by recrystallization,
yielded 4. All extended nucleosides 1a—f were obtained via a
Suzuki coupling reaction between 4 and boronic acids Sa—f,*>**
using a combination of a water-soluble ligand, tris(3-sulfo-
phenyl)phosphine trisodium salt (TPPTS), and palladium
acetate as a catalyst.”® Trituration with water and recrystallization
from methanol afforded pure la—f (49—74%). All nucleosides
were thoroughly characterized by 'H and '? C NMR spectroscopy
as well as by HRMS and crystallography.*

The crystal structure of 1d (Figure 2b) illustrates the common
structural features of these extended nucleosides (see also
Figures $2.2—S52.6). Overlaying the structures of uridine and 1c
(Figure 2c) shows the minimal impact on the sugar pucker,
although with a noticeable difference in the dihedral angle y
(—164.41° and —89.0° for uridine and 1c, respectively; Figure
2d). Such differences are likely a result of crystal packing forces,
as the extended derivatives frequently show extensive aromatic—
aromatic interactions in the solid state (see Figure S3.1).

To evaluate their basic features and assess the influence of the
remote substituents on the photophysical properties of la—f,
absorption and emission spectra were recorded in dioxane and
water (Figure 3, Table 1). The absorption maxima of all
nucleosides are red-shifted compared to the parent conjugated
aza-uridine” and found in the low energy range of the UV
spectrum (350—400 nm). All nucleosides la—f are visibly
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Figure 3. Molar absorptivity (dotted line) and emission (solid line)
spectra for la (purple), 1b (blue), 1c (green), 1d (dark green), le
(orange), and 1f (red) in dioxane (a) and water (b). Emission was
recorded after excitation at A, . for each derivative (Table 1).
Calculated Stokes shift in kcal/mol for spectra taken in dioxane are
correlated with Hammett 6,,,, (c) and Hammett 0" para (d).

fluorescent, covering a wide window of emission energies ranging
from ca. 450 to 600 nm. All display rather large Stokes shifts
(>5000 cm™), which for all derivatives but one (1f) become
even more pronounced as polarity increases (>7000 cm™").
Their emission quantum yields in dioxane are moderate to high
(0.2—0.75), but drop in a substitution-dependent manner, as
discussed below, when taken in more polar solvents.

Increasing the electron-rich character of the substituent on the
phenyl ring results in a bathochromic shift for both absorption
and emission maxima in the following general order: 1a & 1b <
Ic < 1d < e < 1£2° This illustrates the impact of the substituent
on both the ground and excited state. In apolar media the highest
quantum yield is observed for derivatives with oxygen-containing
substituents 1d and le (0.74 and 0.71, respectively). The
opposite is observed in polar protic media where the less
electron-rich substitutions show a higher fluorescent intensity
while strong fluorescent quenching is observed for the most
electron-rich derivatives le and 1f compared to la—d. Such
facilitation of nonradiative decay pathways for fluorophores
capable of H-bonding is not uncommon.'**”** Correlating the
calculated Stokes shifts observed in dioxane against Hammett
Opara and 6*,;, parameters shows a reliable trend (Figure 3c,d).
This provides a useful design tool enabling the use of established
linear free energy parameters to confidentially anticipate select
photophysical properties.””*

To evaluate the influence of polarity on the nucleosides’
photophysical properties and hence their responsiveness, spectra
were measured in dioxane [E(30) = 36.0 kcal/mol], methanol
[E+(30) = 55.4 kcal/mol], and mixtures thereof>" For each
solution the ET(3O) value was experimentally determined using
Reichardt’s dye.** While absorption spectra show little to no
variation as polarity is systematically varied,> significant changes
are seen in both emission wavelengths and intensity (Figure
4a,b).** With i increasing polarity a bathochromic shift of A.;, pay
was seen for all extended nucleosides 1la—f. For example, the
emission maximum of lc is 468 in dioxane and 499 nm in
methanol. Similar trends were reported for the parent 5-
thiopheno-6-aza-uridine,* and $-thiopheno-uridine.*® To better
quantify this effect, Stokes shifts were calculated for each sample
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Table 1. Photophysical Properties of Nucleosides 1a—f*

Stokes shift
substituent absorption emission brightness Vabs — Vem
compound Y solvent Amax [DM] v Amax [NM] P D xex10° [em™] [kcal/mol]
B> (R = ribose) (X = S) dioxane 335 13 415 0.80 10.4 6025 16.4
methanol 334 11 433 0.50 S.S 7332 19.6
water 332 11 4SS 0.20 2.2 8492 23.3
la F dioxane 368 15.0 462 0.32 4.8 5504 15.7
methanol 365 14.0 488 0.11 1.5 6867 19.6
‘water 357 12.6 478 0.24 3.0 7140 20.4
1b H dioxane 371 9.7 461 0.30 29 5286 15.1
methanol 367 89 488 0.16 1.4 6767 19.3
water 356 9.6 478 0.21 2.0 7184 20.5
1c Me dioxane 375 14.6 468 0.38 5.6 5308 152
methanol 372 14.0 499 0.07 1.0 6855 19.6
water 360 13.9 490 0.12 1.7 7370 21.1
1d MeO dioxane 383 20.8 486 0.74 154 5534 15.8
water 366 19.7 525 0.02 0.4 8275 23.7
le HO dioxane 385 16.9 494 0.71 12.0 5695 163
water 381 15.0 517 <0.01 <0.1 6944 19.8
1f Me,N dioxane 420 21.4 575 0.20 43 6428 18.4
‘water 398 16.8 484 <0.01 <0.1 4464 12.8

Sb

“Absorption and steady-state emission spectroscopy studies were performed using samples prepared from a concentrated DMSO stock solution.> ¢
in [x 10> M™! cm™]. “Fluorescence standards: Coumarin 102 was used for la—e, and Coumarin 153 was used for 1f.
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Figure 4. (ab) Assessing the effect of solvent polarity on absorption
(dotted line) and emission (solid line), in dioxane (bold black line),
methanol (bold red line), and their mixtures (black lines) for 1c (6.7 X
107 M) and 1d (2.0 X 107° M); respectively.* (c, d) Correlating Stokes
shift vs E(30) values obtained from dioxane—methanol mixtures for 1c
(90%:10% — 10%:90%; slope: 0.36 and R* = 0.95) and 1d (90%:10% —
40%:60%; slope: 0.35 and R? = 0.98).%° Experimental errors are smaller
than the data symbols; see SI for enlarged correlations (Figures $8.1 and
$8.2).

containing the dioxane/methanol mixture and plotted against
the experimentally determined E(30) values. As with related
emissive nucleosides, a linear fit is observed (Figure 4c,d).
Additionally, a steady decrease in the integrated emission was
observed for 1c and 1d (as well as the parent S-thiopheno-6-aza-
uridine,”” and 5-thiophene-uridine®) as the content of the protic
solvent (e.g, H,O, MeOH) increases. This phenomenon is
rather common in fluorophores that disglay significant charge
transfer character in their excited state.'**°
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In summary, visibly emitting, bright, and responsive nucleo-
sides have been obtained by implementing an enhanced charge
transfer character in S-substituted 6-aza-uridines. The photo-
physical features of these synthetically accessible analogs can be
tuned by judiciously introducing substituents of distinct
electronic character at a remote but conjugated position. In
general, the extended analogs reported here display higher
emission quantum yields in apolar solvents but remain
sufficiently bright in polar media. This trend is, however,
dependent on the nature of the substituent with highly electron-
rich derivatives suffering the highest loss in emission quantum
yield. Nevertheless, the highly desirable and tunable photo-
physical properties, including pronounced solvatochromism,
make this 6-aza-uridine motif a very attractive scaffold for the
design and development of useful biophysical probes.
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Experimental procedures and full characterization details
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