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ABSTRACT

Fluorescent pyrimidine analogs containing a fused biphenyl unit were prepared in high yields using stereoselective N-glycosylation and
Suzuki�Miyaura cross-coupling reactions. The resulting “push�pull” fluorophores exhibit highly solvatochromic emissions from twisted
intramolecular charge-transfer (TICT) states.

Fluorescence spectroscopy is one of the most powerful
tools in chemical biology.1 Fluorescence-based labeling of
nucleic acids iswidely used for genomic sequencing and for
the visualization of DNA replication in vivo.2 The small
size and predictable location of fluorescent nucleobase
analogs3 make them ideally suited for monitoring bio-
chemical transformations,4 conformational changes,5 and
base pairing interactions.6 The environmental sensitivity

of these probes allows for reporting of microenviron-
ment parameters such as polarity,7 viscosity,8 and pH.9

C-Nucleosides containing arene groups such as pyrene
and biphenyl can exhibit high quantum efficiencies of
emission (Figure 1A).When incorporated intoDNA, they
can be used as scaffolds for the construction of multi-
chromophore arrays.10 The incorporation of biphenyl
C-nucleosides into duplex DNA has been shown to result
in a zipper-like interstrand stacking recognition motif.11

However, the Watson�Crick hydrogen bonding face in
such derivatives is absent, making them poor nucleobase
mimics. Given the remarkable photophysical properties of
substituted biphenyls,12 and the need for emissive nucleo-
base mimics,3 we designed nucleoside analogs 1a�1h

(Figure 1B). These new analogs contain a biphenyl unit
fused to thymidine in a way that should be compatible with
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proper Watson�Crick base pairing.6a�c Herein, we de-
scribe the synthesis and evaluation of these new fluorescent
nucleobase analogs and provide a detailed analysis of their
structure�photophysical properties relationships.
The synthesis of the biaryl nucleosides 1a�1h was envi-

sioned from the silylated 6-bromo-quinazoline-2,4-(3H)-
dione nucleoside 2 via a Pd-catalyzed Suzuki�Miyaura
cross-coupling (Figure 2). In this approach, 2 provides a
versatile intermediate for the coupling of various boronic
acids and esters. Nucleoside 2 can be obtained from a
stereoselectiveN-glycosylation of 2-deoxythioriboside 3with
6-bromo-quinazoline-2,4-(1H,3H)-dione 4. According to
ournewmethod,13 2-deoxythioriboside3wasN-glycosylated
with 4 using the combination of N,O-bis-(trimethylsilyl)-
acetamide (BSA), N-iodosuccinimide (NIS), and trimethyl-
silyl trifluoromethanesulfonate (TMSOTf) to afford 5

in 84% yield (5r/5β = 1.0:1.8, >10 g scale, Scheme 1).
To facilitate cross-coupling reactions, the C03-acetate of 5β
was converted into a C03-silyl ether to give 2 in 95% yield
over two steps.14 Suitable conditions for Pd-catalyzed
Suzuki�Miyaura cross-coupling between 2 and phenyl
boronic acid were evaluated by screening various palladium
sources, ligands, bases, and solvents.15 Pd(dppf)Cl2 and
AcOK in dioxane at 90 �C were found to be highly effective
for this transformation.Thebiphenylproduct6a (“Ph”)was

isolated in 91% yield (Scheme 2). Electron-donating
and -withdrawing groups on the phenyl boronic acid
were well tolerated, giving good to excellent yields for
biphenyl derivatives 6b�6d (“MeOPh”, 90%), (“Me2NPh”,
67%, performed on a 4.0 g scale), and (“CNPh”, 91%).

Figure 2. Key steps toward the synthesis of 1a�1h.

Scheme 1. StereoselectiveN-Glycosylationof 2-Deoxythioriboside
3 and Synthesis of Key Intermediate 2

Figure 1. (A)ChromophoricC-nucleosides containing pyrene and
biphenyl. (B) Emissive biaryl nucleoside analogs 1a�1h. R =
20-deoxyribose, R1 = electron-withdrawing or -donating group.

Scheme 2. Pd-Catalyzed Suzuki�Miyaura Cross-Couplinga

and Silyl Groups Deprotection

aReagents and conditions: 2 (1.0 equiv), Ar�B(OR)2 (1.5 equiv),
AcOK (1.5 equiv), Pd(dppf)Cl2 (0.05 equiv), dioxane (0.07 M), 90 �C,
15 h. b Ar�B(OR)2 (2.0 equiv) and AcOK (2.0 equiv) were used. c The
reaction was performed on a 4.0 g scale. 6a�6h: R2 = TIPS, R3 =
TBDMS; 1a�1h: R2 = R3 = H.

(13) Mata, G.; Luedtke, N. W. J. Org. Chem. 2012, 77, 9006.
(14) The influence of the protecting groups on the sugar moiety in

Pd-catalyzed cross-coupling has already been examined. The bulky
TBDMS group prevents coordination of the Pd catalyst. For a review
about Pd-assisted routes to nucleosides, see: Agrofoglio, L. A.;
Gillaizeau, I.; Saito, Y. Chem. Rev. 2003, 103, 1875.

(15) Test reactions indicated that Pd(dppf)Cl2 is a superior catalyst as
compared to Pd(PPh3)2Cl2, Pd2(dba)3/SPHOS, and Pd(OAc)2/SPHOS.
Furthermore, dioxane was found to be superior to toluene and DMF.



2464 Org. Lett., Vol. 15, No. 10, 2013

This approach is also compatible with the synthesis of deriv-
atives containing five-membered heteroaromatic groups
6e�6h. It is known that five-membered, 2-heteroaromatic
boronic acids are prone to undergo protodeboronation
under basic conditions,16 but reactions involving 2 and
thiophene, pyrrole, or furan boronic acids furnished the
corresponding biaryls 6e�6h in good isolated yields
(“2Th”, 62%), (“2MePy”, 82%), (“2Fu”, 64%), and
(“3Fu”, 70%). Treating nucleosides 6a�6h with TBAF
in THF afforded the deprotected compounds 1a�1h in
isolated yields ranging from 70% to 92% (Scheme 2),
and in high purity (>98%) according to 1H NMR.17

The photophysical properties of 1a�1h are summarized
in Table 1. The quantum yields of these compounds are
moderate in water (Φ = 0.14�0.0002) and in dioxane
(Φ=0.21�0.07). These values are very similar to biphenyl

itself (Φ = 0.18),18 but the wavelengths of excitation and
emission of 1a�1h are red-shifted. For example, the
maximal wavelengths of absorbance and emission of the
biphenyl nucleoside Ph (λabs = 270 nm, λem = 371 nm)
are 23 and 59 nm to the red of biphenyl in dioxane (λabs =
247 nm, λem = 312 nm). The reason for this red-shifted
emission is related to the ability of the pyrimidine group
to serve as an electron-accepting group upon photoexcita-
tion. DFT calculations indicate charge transfer from
the benzene group of Ph to pyrimidine upon going from
HOMO f LUMO (Figure 3). These results suggest the
presence of a push�pull system where the pyrimidine group
acts as an electron acceptor in the excited state. The magni-
tude of this push�pull effect is augmented by electron-
donating groups in 1b and 1c, but diminished by the
cyano group in 1d. Indeed, the calculated HOMO�
LUMO gaps (Me2NPh < MeOPh < Ph < CNPh, see
Supporting Information (SI)) were inversely correlated
with the Stokes shifts of these compounds in dioxane
(Table 1). Taken together, these results are consistent with
the presence of emissive TICT states that are stabilized by
electron-donating groups on the benzene ring.12

To characterize the environmental sensitivity of 1a�1h,
the maximal wavelengths for absorbance and emission
were measured in different solvents, and the Stokes shifts
were plotted against Reichardt’s solvent polarity parameter
(ET

30).19Consistentwith the presence of a twistedbiaryl bond
in the ground state of these molecules (see SI for DFT
calculations), theabsorptionmaximaof1a�1hwere relatively
insensitive to solvent polarity. The Stokes shifts of these com-
poundsarehighly solvatochromicdue tochanges in their emis-
sion wavelengths. For example, the Stokes shift of Me2NPh

increased from 10.3� 103 cm�1 in dioxane (λem=459 nm)
to 13.9� 103 cm�1 inMeCN (λem=550 nm) to give an ex-
ceptionally large slope of 373 cm�1/kcal mol�1 (Figure 4A).

Figure 3. Molecular orbital plot of the isolated nucleobase of 1a
(see SI for DFT calculation details).

Figure 4. (A) Plot between the Stokes shift of 1c and ET
30 value.

(B) Plot between the quantum yield of 1c and ET
30 value. (C)

Photograph of 1c (fixed concentration) in organic solvents of
increasing polarity with UV�B irradiation.

Table 1. Photophysical Data of Emissive Nucleosides 1a�1h

1a�1h solvent λabs
a λem

b Stokesc εd Φe

Ph dioxane 270 371 10.1 2.49 0.11

(1a) water 269 404 12.4 0.085

MeOPh dioxane 280 390 10.1 2.74 0.132

(1b) water 276 462 14.6 0.035

Me2NPh dioxane 312 459 10.3 2.01 0.071

(1c) water 297 460 11.9 0.010

CNPh dioxane 293 362 6.5 2.07 0.206

(1d) water 286 388 7.4 0.140

2Th dioxane 298 391 8.0 2.02 0.094

(1e) water 295 449 11.6 0.024

2MePy dioxane 292 432 11.1 1.92 0.079

(1f) water 286 375 8.3 0.001

2Fu dioxane 292 403 9.4 3.03 0.152

(1g) water 290 463 12.9 0.038

3Fu dioxane 269 381 10.9 1.87 0.086

(1h) water 267 430 14.2 0.075

a λabs are reported at the maximum absorbance wavelength in nm.
b λem in nm. c Stokes shifts are reported in 103 cm�1. dExtinction co-
efficients (ε) are given at λmax in H2O and are reported in 104M�1 cm�1.
e 2-Aminopyridine in 0.1 N H2SO4 (Φ = 0.60) was used as the
fluorescent standard for the relative quantum yields (Φ) of 1a�1h.
(See SI for complete fluorescence data, spectra and plots.)
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This effect can easily be observed under UV illumination,
where samples of Me2NPh appear bright blue to dark
orange, depending on the solvent polarity (Figure 4C).
The emission intensity ofMe2NPh is highly sensitive to

solvent polarity, with a slope of 0.006 mol kcal�1 fromΦ=
0.071 in dioxane to Φ = 0.008 in MeCN (Figure 4B).
Me2NPh exhibits a low quantum yield in water (Φ= 0.010)
that is 2.7-foldhigher inD2O (Φ=0.027,TableS3ASI).This
type of kinetic isotope effect suggests the presence of proton-
transfer reactions between the excited fluorophore and bulk
solvent that can facilitate nonemissive decay in water.
Consistent with the presence of emissive TICT states,12

the emissions from 1a�1h exhibit red-shifting and lower
quantum yields with increasing solvent polarity. The
magnitudes of these effects are compared in Figure 5.
The biphenyl derivatives containing electron-donating
substituentsMeOPh and Me2NPh exhibit highly solvato-
chromic Stokes shifts and quantum yields. In contrast,
CNPh exhibits diminished solvent sensitivity, and a good
quantum yield over the entire range of solvent polarity
tested (Φ= 0.206�0.140). Together these results are con-
sistent with 00push�pull00 TICT fluorophores.12 The trends
between the compounds containing a five-membered hetero-
cyclic ring 1e�1h are somewhat more complicated. For
example,2Fu exhibitsquantumyields thatarehighly sensitive
to solventpolarity (4.2� 10�3molkcal�1),whereas it isomer,
3Fu, exhibits very little sensitivity (0.3� 10�3 mol kcal�1).
To systematically compare the theoretical and experi-

mental photophysical properties of the biphenyl deriva-
tives 1a�1d with the biaryl derivatives 1e�1h, the
calculated HOMO�LUMO gap for each compound
was plotted against its peak emission wavelength in diox-
ane to give an excellent linear correlation (R2 = 0.981,

Figure 6A). These results suggested that the underlying
photophysical processes are similar for 1a�1h, where
electron-donating groups cause smaller HOMO�LUMO
gaps and red-shifted emissions as compared to electron-
withdrawing groups. This conclusion is further supported
by plotting the emission wavelength of each nucleoside
versus the Mayr’s nucleophilicity parameter (N) for the
isolated aryl/heteroaryl group “R1”.20 An excellent linear
correlation between these factors is observed (R2 = 0.983,
Figure 6B). This unusual approach reveals a possible
method to extrapolate nucleophilicityparameters of groups
that cannot be experimentally measured. For example, this
plot can be used to predict a nucleophilicity parameter
for the position 3 of furan (N ≈ �4.12) based upon the
emission wavelength of 3Fu (λem = 388 nm) in CH2Cl2.
In summary, we have synthesized a new family of fluo-

rescent biaryl pyrimidines in high yield and purity. The
nucleosides exhibit highly solvatochromic emissions from
twisted intramolecularcharge-transfer (TICT) states.Previous
studies have demonstrated fluorescent emissions resulting
from charge-transfer recombination in pyrene-modified de-
oxyuridine,21 but to the best of our knowledge, compounds
1a�hprovide the first examplesofnucleobaseanalogs that are
“classical” TICT fluorophores.12 Me2NPh (1c) exhibits ab-
sorbancewell to the redofunmodifiedDNAnucleobases and
emissions that are exceptionally sensitive to solvent polar-
ity. Me2NPh is therefore a promising candidate for inves-
tigating local DNA conformational changes by reporting
changes in microenvironmental polarity and solvation.5
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Figure 6. (A) Plot between the emission wavelength of 1a�1h

and calculatedHOMO�LUMO energy gaps (see SI for calcula-
tion details). (B) Plot between the emission wavelength of the
nucleosides 1a�1h and Mayr’s nucleophilicity parameter (N)
of the isolated aryl groups (R1) for benzene, anisole, thiophene,
N-methylpyrrole, and furan in CH2Cl2.

20

Figure 5. Sensitivity of the nucleosides 1a�1h toward solvent
polarity in dioxane, water, and their mixtures. The black bars
represent the slope of the Stokes shift and ET

30 value. The gray
bars represent the slope of the fluorescence quantum yield and
ET

30 value. a Due to quenching byH2O, slopes were determined
in organic solvents for 1c and 1f.
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