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Abstract: 8-(Benzo[a]pyren-6-yl)-2¢-deoxyguanosine (Bp-dG)
was prepared via a palladium-catalyzed Suzuki–Miyaura-type
cross-coupling reaction from the pinacol ester of 6-benzo[a]pyrenyl
boronic acid and the corresponding brominated deoxyguanosine
precursor. The absorption and steady-state fluorescence properties
of Bp-dG were characterized and compared with that of 6-ben-
zo[a]pyrene. The modified nucleoside Bp-dG exhibits an unexpect-
ed high stability towards nucleosidic hydrolysis even under
irradiation with UV light.
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Among the polycyclic aromatic hydrocarbons (PAH),
benzo[a]pyrene (Bp) is one of the most potent with re-
spect to the formation of carcinogenic chemical induced
DNA damages.1 The first critical step in the multistage
process leading to tumor development2 is the formation of
covalent adducts between Bp and DNA. The preceeding
metabolic activation of Bp can occur by two major path-
ways:3 (i) mono-oxygenation to produce diol epoxides of
Bp and (ii) one-electron oxidation to yield the Bp radical
cation. Both products represent electrophilic species with
a high reactivity towards DNA bases yielding covalent ad-
ducts preferably with the electron-rich purines. In case of
guanosine and deoxyguanosine (dG), Bp adducts have
been identified at the nitrogens, mainly in positions 2 and
7, or at the carbon atoms, mainly in position 8.4 For the
identification of these adducts in model experiments, Bp
was oxidized by electrochemical methods or by horse-
radish peroxidase-catalyzed reactions.5

It was shown that the tumor initiation of adducts between
Bp and dG correlates with the level of their depurinating
properties.6 The C-8 adduct of Bp and dG, 8-(6-ben-
zo[a]pyrenyl)-2¢-deoxyguanosine (1), is of special inter-
est for the understanding of carcinogenesis since it seems
to exhibit a high tendency for nucleosidic hydrolysis.5,6

This chemical-induced depurination of 1 in duplex DNA
yields an abasic site that represents another major mu-
tagenic lesion in DNA.7 In order to study the mutagenic
and carcinogenic properties of the C-8 adduct 1 in DNA
on a molecular level, it is necessary to work out a pre-
parative route by methods of organic synthesis, which
allows the later incorporation into oligonucleotides via

automated phosphoramidite chemistry. In this prelimi-
nary communication, we want to present the chemical
synthesis of 1, the characterization of its optical properties
by absorption and fluorescence spectroscopy, and pre-
liminary experiments about its tendency for nucleosidic
hydrolysis.

Recently, we8 and others3,9–13 have developed methods for
the Pd-catalyzed C–C or C–N bond formation of chro-
mophore-modified nucleosides via Suzuki–Miyaura-type
or Buchwald-type reactions, respectively. Our approach
to synthesize the pyrene-modified nucleosides was to ap-
ply the palladium-catalyzed Suzuki–Miyaura-type cross
coupling of 1-pyrenyl boronic acid to the corresponding
halogenated nucleosides.8 In general, Suzuki–Miyaura-
type couplings can be conducted easily because they work
in moist or even aqueous solutions, and they tolerate the
presence of unprotected functional groups. Many boronic
acids are commercially available and inexpensive, and
many of them are non-toxic.

Scheme 1 Synthesis of the Bp-dG adduct 1. Reagents and condi-
tions: a) NBS (1.0 equiv), CCl4, reflux, 3 h, 86%; b) 4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan (3.1 equiv), Et3N (3.1 equiv), PdCl2dppf
(0.03 equiv), dioxane, 100 °C, 28 h, 25%; c) NBS (1.1 equiv), H2O,
r.t., 2 h, 85%; d) NaOH (20 equiv), Pd(PPh3)4 (0.1 equiv), THF–H2O–
MeOH = 2:1:2, reflux, 24 h, 25%.
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The synthesis of Bp-dG (1, Scheme 1) started with the
bromination of Bp (2) using NBS according to the litera-
ture.14 In analogy to our previously reported synthesis of
pyrene-modified nucleosides8 we attempted to convert the
6-bromobenz[a]pyrene (3) to the corresponding boronic
acid by lithiation using n-BuLi, treatment with trimethyl-
borate and subsequent acidic work-up. Unfortunately, it
was impossible to isolate the desired benz[a]pyren-6-yl
boronic acid using this way. Alternatively, we coupled
4,4,5,5-tetramethyl-1,3,2-dioxaborolan to 3 in analogy to
described procedures15 and obtained the pinacol ester 4 of
the benz[a]pyren-6-yl boronic acid in moderate yield (25–
30%).16 For this coupling reaction, it was optimal to apply
PdCl2dppf as the catalyst together with Et3N in dioxane.
Compound 4 was characterized by NMR spectroscopy
and identified by high-resolution EI mass spectrometry.16

Bromination of 2¢-deoxyguanosine (5) using NBS in H2O
gave 8-bromo-2¢-deoxyguanosine (6) in good yield
(85%).17 Subsequently, 4 and 6 have been coupled in a
Suzuki–Miyaura-type reaction. We applied our optimized
conditions for this reaction including Pd(PPh3)4 as the cat-
alyst, and NaOH (20 equiv) as the base, in THF–MeOH–
H2O = 2:1:2 as the solvent mixture.8 In contrast to the
good yield for the preparation of 8-(pyren-1-yl)-2¢-de-
oxyguanosine,8 it was not possible to obtain a yield of
Bp-dG (1), which was higher than 25%. The Bp-dG
adduct 1 was characterized by NMR spectroscopy and
identified by FTICR-ESI mass spectrometry.18

Figure 1 Absorption spectra of Bp-dG (1) in MeOH and MeOH–
H2O in comparison to Bp (2) in MeOH.

Subsequently, we characterized the electronic properties
of the Bp-dG adduct 1 by methods of the optical spectros-
copy.19 Compared to the unmodified Bp (2) in MeOH, the
absorption spectra of 1 show a significant red-shift in the
range between 330 nm and 420 nm which clearly shows
the electronic influence of the guanine moiety on the
benz[a]pyrene chromophore (Figure 1). We additionally
measured the absorption spectra in H2O to come closer to
physiological conditions; for solubility reasons at least
1% MeOH was necessary for these measurements. The
corresponding spectra show an additional red-shift com-

pared to that of 1 in MeOH and the absorption bands are
slightly broader in H2O. Based on our previous experi-
ments with pyrenyl-modified DNA it is important to point
out that the electronic behavior of these chromophore-
modified nucleosides in DNA is much more similar to
MeOH than to aqueous solutions.20

For the interpretation of the fluorescence spectra of 1
compared to the well-known fluorescence properties of
Bp (2), it is important to note that in the nucleoside 1 the
chromophore is linked covalently to the nucleoside by a
single C–C bond yielding a strong electronic coupling be-
tween them. This can be clearly seen from the emission of
the Bp-dG adduct 1 compared to that of Bp (2, Figure 2).
The emission profile of Bp-dG (1) shows a broad band
that does not exhibit the fine structure as it is the case for
the unmodified Bp (2).

Figure 2 Fluorescence spectra of Bp-dG (1) in comparison to Bp
(2) in MeOH, at the three different excitation wavelengths.

These results clearly show that the C-8 adduct 1 between
Bp and dG must be interpreted as a single chromophore
that consists of two aromatic systems strongly interacting
which each other electronically. Excitation of Bp-dG (1)
leads to a photoinduced intramolecular exciplex contain-
ing both excited state (Bp-dG)* and charge separated state
Bp–-dG+ and exhibiting intense, unstructured fluores-
cence bands with solvent-dependent maxima.20,21 The
charge transfer assignment has been shown previously by
picosecond transient absorption measurements using ben-
zo[a]pyren-6-y1-2¢-deoxyguanosine conjugates which
are electronically very similar to 1.22 Additionally, it can
be rationalized by the thermodynamic situation including
the potentials E00 = 3.25 eV for Bp*, E0(Bp/Bp•–) = –1.65
V vs. NHE23 and E0(dG•+/dG) = 1.3 V24 that yield a driv-
ing force of ca. –0.3 eV. This assignment indicates that
Bp-dG potentially has an additional mutagenic and carci-
nogenic effect in DNA since photo-induced electron hole
transport may cause  oxidative damage at nearby or even
distant guanines.

The electronic situation in Bp-dG (1) could give reason
for its high depurinating tendency especially in combina-
tion with exposure to light. Hence, we investigated the
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stability of the nucleosidic bond in 1 under irradiation
with a Xe lamp (75 W) together with a cut-off filter (>305
nm). The nucleosidic hydrolysis was analyzed by HPLC-
MS (ESI). As a control reaction complete depurination of
1 was observed after addition of 1% trifluoroacetic acid in
MeOH within several minutes. In more detailed experi-
ments, MeOH–H2O = 1:1 mixtures were used at four dif-
ferent pH values (0.5 M citrate buffer, adjusted to pH 5.0,
4.0, 3.5 and 2.5). Remarkably, at pH values above 2.5 we
could not observe any nucleosidic hydrolysis of 1 in these
samples, not in the dark (up to 20 h) and not under irradi-
ation (up to 5 h). Only at pH 2.5 about 30% depurination
(after 30 h) occurred in the sample; this reaction was not
light-dependent.

In conclusion, the modified nucleoside Bp-dG exhibits an
unexpected high stability towards nucleosidic hydrolysis
that occurs only at low pH values and seems not to be sup-
ported by the exposure to light. Thus, the Bp-dG adduct 1
needs further investigation inside the DNA helix. There-
fore, we currently incoporate Bp-dG (1) into oligonucle-
otides via automated phosphoramidite chemistry in order
to explore the potentially carcinogenic photoinduced pro-
cesses in duplex DNA.
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