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Structural Identification of DNA Adducts Derived from
3-Nitrobenzanthrone, a Potent Carcinogen Present in the Atmosphere

Takeji Takamura-Enya,*[a] Masanobu Kawanishi,[b] Takashi Yagi,[b] and
Yoshiharu Hisamatsu[c]

Introduction

3-Nitrobenzanthrone (2) was initially reported by our group
to be a powerful bacterial mutagen present in diesel exhaust
particles and airborne particulate matter.[1] Owing to its
potent mutagenicity, which has been shown to be equal to
that of dinitropyrenes, the presence of 2 in the natural envi-
ronment has raised worldwide concern, and a considerable

number of investigations into its environmental concentra-
tion, DNA-adduct formation, biological influence, and the
mechanisms by which it is formed from the parent com-
pound benzanthrone (1), have been reported.[2] In the at-
mosphere, 2 has been detected at levels of 0–9.8 pgm�3.[1,3]

Compound 2 has also been found in soil samples in Japan.[4]

Environmental nitration to form 2, as well as the 2-nitro
isomer 3, from 1 has also been suggested.[5] From biological
studies, 2 was found to form DNA adducts and induce DNA
damage when applied to certain cell lines.[6] Nitrooxy poly-
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Abstract: 3-Nitrobenzanthrone is a
powerful bacterial mutagen and carci-
nogen to mammals. To obtain precise
information on DNA-adduct formation
by 3-nitrobenzanthrone, a number of
DNA adducts, including N-(2’-deoxy-
guanosin-8-yl)-3-aminobenzanthrone
(13a), 2-(2’-deoxyguanosin-N2-yl)-3-
aminobenzanthrone (14a), N-(2’-
deoxy ACHTUNGTRENNUNGadenosin-8-yl)-3-aminobenzan-
throne (15a), 2-(2’-deoxyadenosin-N6-
yl)-3-aminobenzanthrone (16a), and

their N-acetylated counterparts 13b,
14b, 15b, and 16b were synthesized by
palladium-catalyzed aryl amination of
the corresponding nucleoside and bro-
mobenzanthrone derivatives. Among
these DNA adducts, DNA adducts 13a,
13b, 14a, 14b, and 16a were identified

in the reaction mixture of nucleosides
(2’-deoxyguanosine, 2’-deoxyadenosine,
or DNA) with N-acetoxy-3-aminobenz-
ACHTUNGTRENNUNGanthrone or N-acetyl-N-acetoxy-3-ami-
ACHTUNGTRENNUNGnobenzanthrone, both of which are rec-
ognized as activated metabolites of 3-
nitrobenzanthrone. The formation of
these multiple DNA adducts may help
explain the potent mutacarcinogenicity
of 3-nitrobenzanthrone.

Keywords: aryl amination · DNA
adducts · DNA damage · nitrobenz-
anthrone · palladium
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cyclic aromatic hydrocarbon (PAH) 2 was reported to
induce lung cancer by oral administration.[7]

As with many nitroarenes, 2 requires metabolic activation
to induce mutagenicity, in which the initial event is believed
to be covalent bond formation with nucleobases in cellular
DNA.[8] Generally, nitroarenes are reductively activated to
form hydroxyamines, followed by O-esterification or N,O-
diesterification by cellular enzymes such as the acetyl- and
sulfotransferases (Scheme 1).[9] The resulting O-acetyl- or O-
sulfonylhydroxyamines spontaneously undergo heterolytic
N�O fission to form highly reactive nitrenium ions, which
attack DNA molecules to form the corresponding DNA ad-
ducts.[9] Schmeiser, Phillips, and co-workers reported that 2
is reductively activated by cytochrome P450 systems with
NADPH (nicotinamide adenine dinucleotide phosphate, re-
duced form) as a cofactor.[8b,c] A considerable number of
DNA adducts was also found in cells and rat livers treated
with 2.[8b,10]

In our previous work on DNA adducts formed from 2, we
found that N-acetyl-N-acetoxy-3-aminobenzanthrone (9),
which is a putative ultimate form of 2, generated a unique
adduct with 2’-deoxyguanosine (dG), that is, N-acetyl-2-(2’-
deoxyguanosin-8-yl)-3-aminobenzanthrone (12b), in which
the C2 atom of N-acetyl-3-aminobenzanthrone is covalently
bound to the C8 atom of dG (Scheme 2).[8a] To the best of
our knowledge, this unusual type of DNA adduct, which in-
volves C�C bond formation, has so far been described in
only one report, which deals with a DNA adduct of Phe-P-1,
one of the heterocyclic amines formed in the course of
cooking certain foods.[11] A diphosphate derivative of the
adduct 12b was also detected in a cancer cell line, HepG2,
when it was treated with 2.[6b] The authors also showed the
presence of a 2’-deoxyadenosine (dA) adduct from 9 with a
calf thymus DNA system.[8a] This dA adduct from 9 was also
detected in cellular DNA from HepG2 cells treated with 2,
along with two other unidentified major DNA adducts.[6b]

The chemical structure of this dA adduct was recently iden-
tified as (9’-(2’’-deoxyribofuranosyl))purino[6’,1’:2,3]imidazo-
ACHTUNGTRENNUNG[5,4-p]-(1,11b-dihydro-(N-acetyl-3-amino))benzanthrone
(17).[12] The same study also showed that N-acetyl-N’-(2’-de-

oxyguanosin-8-yl)-3-aminobenzanthrone (13b) was pro-
duced from the reaction of dG with 9.[12]

Independent studies by Arlt et al. showed that other
DNA adducts different from 12b, 13b, and 17 were mainly
produced by DNA from rats treated with 2, although the
chemical structures of these DNA adducts are unknown at
present.[10c] Some of these unknown DNA adducts are con-
sidered to be from another ultimate form of 2, such as N-
acetoxy-3-aminobenzanthrone (10).[10b]

From a number of studies of the DNA adducts derived
from nitroarenes, certain common structures have been elu-
cidated.[9,13] Nitrenium ions, which result from the cellular
activation of nitroarenes, are believed to attack initially the
N7 atom of the purine ring of dG or dA, which then rear-
range to the C8 adduct of dG (the dG–C8 adduct) or dA
(the dA–C8 adduct).[14] Additionally, the most-cationic ring
carbon atoms, resonance-stabilized from the initial nitreni-

Scheme 1. Pathways of activation and DNA-adduct formation of nitro-
ACHTUNGTRENNUNGarenes in vivo. Compound 2 is shown as a representative.
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um ion intermediates, can attack N2 of dG (the dG–N2
adduct) or N6 of dA (the dA–N6 adduct) (Scheme 1). In the
case of the DNA adducts of 2 and dG, four general types of
DNA adducts can be found. From the reaction of dG with
10, one of the putative ultimate mutagens of nitrobenzan-
throne 2, the formation of N-(2’-deoxyguanosin-8-yl)-3-ami-
nobenzanthrone (13a) and 2-(2’-deoxyguanosin-N2-yl)-3-
aminobenzanthrone (14a) is deduced. When the ultimate
mutagen 9 is used as the putative ultimate form, it gives
ACHTUNGTRENNUNGacetylated dG adducts, that is, 13b and N-acetyl-2-(2’-deoxy-
guanosin-N2-yl)-3-aminobenzanthrone (14b). In a similar
manner, dA with 9 or 10 gives four DNA adducts: N-(2’-de-
oxyadenosin-8-yl)-3-aminobenzanthrone (15a), 2-(2’-deoxy-
ACHTUNGTRENNUNGadenosin-N6-yl)-3-aminobenzanthrone (16a), and their ace-
tylated forms N-acetyl-N’-(2’-deoxyadenosin-8-yl)-3-amino-
benzanthrone (15b) and N-acetyl-2-(2’-deoxyadenosin-N6-
yl)-3-aminobenzanthrone (16b).
Studies that endeavored to carry out the structural iden-

tification of DNA adducts with nitroarenes were performed
with reactions between dG/dA/DNA and the putative ulti-
mate forms of the mutagens.[8a,12,15] These reactions are
known to be useful as analogues of DNA-adduct formation
in vivo to determine the product information of DNA ad-
ducts or the reactivity of nitreniun ions.[16] However, in
terms of identifying the chemical structures of DNA ad-
ducts, approaches with the nitrenium ion are not efficient
because many laborious repetitions of HPLC isolation and

fractionation are required for spectroscopic analysis.[15, 16]

Recent progress in aryl amination reactions now makes it
possible to prepare general-type DNA adducts by independ-
ent chemical synthesis.[17] Herein, we describe a defined syn-
thetic methodology to yield authentic specimens of general-
type DNA adducts derived from 2, as mentioned above.
With these authentic samples, some were identifiable from
the in vitro reaction of 9 or 10 with dG, dA, and DNA.

Results and Discussion

Synthesis of General-Type DNA Adducts Derived from
3-Nitrobenzanthrone

The synthetic schemes of the DNA adducts derived from 2
are illustrated in Schemes 3–7. In our previous study, for the
synthesis of DNA adducts by palladium-catalyzed aryl ami-
nation, xantphos (9,9-dimethyl-4,5-bis(diphenylphosphanyl)-
xanthene) was found to be an effective phosphine ligand to
yield the desired coupling compounds.[17g] In this study,
therefore, xantphos was used throughout all the aryl amina-
tion reactions.
The preparation of compound 19a and its subsequent de-

protection product 13a has already been reported.[17g] Com-
pound 18 was found to couple efficiently with bromo deriva-
tives 4 under the conditions 10% Pd0, xantphos, and potassi-
um tert-butoxide in toluene at 80 8C (Scheme 3). Acetylation
of 19a was performed with acetic anhydride along with cata-
lytic amounts of 4-dimethylaminopyridine (4-DMAP) to
give 19b, which was subsequently deprotected to give au-
thentic samples of 13b almost quantitatively. Compound
13b was recently isolated and identified from the reaction
mixture from N-acetoxy derivatives 9 with dG.[12] The re-
ported NMR spectrum of the isolated compound was the
same as that of our synthetic compound 13b. In a similar
manner, we were also able to prepare authentic samples of
the dA–C8 adducts 15a and 15b from coupling of 3-amino-

Scheme 2. Strucuture of DNA adducts derived from 2.

Scheme 3. Preparation of 13. a) [Pd2dba3] (10 mol%), xantphos, Cs2CO3,
4. b) (CH3CO)2O, 4-DMAP, pyridine. c) 1) ClCH2COOH, CH3OH/
CH2Cl2; 2) Pd black, H2, THF; 3) TEA·3HF, THF. Bn=benzyl, dba=di-
benzylideneacetone, DMTr=dimethoxytrityl, TBDMS= tert-butyldimeth-
ACHTUNGTRENNUNGylsilyl.
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benzanthrone (5) with the N6-dimethoxytritylated 8-bromo-
ACHTUNGTRENNUNGadenosine derivative 20 (Scheme 4). The coupling reaction
was completed within 2 h at 80 8C to yield 21a, which was

converted into 15a by treatment with triethylamine·trihy-
drogenfluoride (TEA·3HF). Acetylation of 21a to 21b fol-
lowed by subsequent deprotection gave the desired 15b in
high yields (Scheme 4).
For the N2-type dG adduct 14 as well as the N6-type dA

adduct 16, the bromo derivative 8 was used as the starting
material for the coupling partner. Although 8 had not been
obtained previously, we prepared it by a series of nitrations
of 1, followed by reduction, bromination, deamination, and
further nitration of the resulting 2-bromobenzanthrone (7)
(Scheme 5). Attempts to oxidize amino derivative 6 to the
desired compound 8 with m-chloroperbenzoic acid were not
successful; they resulted in the formation of complex reac-
tion products as shown by TLC analysis. The positional se-
lectivity of the nitration of 1 is considered to be unchanged
by the presence of a bromo group at the 2-position of 1.

After nitration of 7 in nitrobenzene, compound 8 was easily
recovered by filtration, and recrystallization in acetic acid
gave the pure specimen. The coupling reactions of 8 with
the nucleoside derivatives of 22 were complete within 4 h at
100 8C, but the yield varied from 45 to 63%. We initially at-
tempted to use a benzyl group for O6 protection of dG in
place of a nitrophenylethyl (NPE) group as illustrated. Cou-
pling yields (�80%) were found to be somewhat higher
than those with an NPE protective group. Catalytic hydroge-
nation was expected to deprotect the benzyl group and
reduce the nitro group simultaneously to give the desired
compound 24a. However, this expectation was not realized
because further reduction of the carbonyl group at O7 of the
benzanthrone moiety was significant. We were not able to
control the hydrogenation reaction to remove the O6 benzyl
group selectively. The NPE group, however, was removed
by treatment with 1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU)
without affecting other functional groups. Subsequent reduc-
tion of the nitro group to the amine, therefore, required a
selective nitro-reduction system. Generally, the reduction of
2 to aminobenzanthrone 5 is performed by Pd/C with hydra-
zine hydrate at 70 8C in DMF. However, this procedure
turned out to produce only decomposed products. Finally,
we found [Fe3(CO)12] to be quite effective for the selective
reduction of the nitro group in the presence of the carbonyl
group of the benzanthrone moiety.[18] Treatment of 23b with
a stoichiometric amount of [Fe3(CO)12] in methanol/toluene
under reflux conditions gave only one desired product 24a,
which was easily purified by short-column chromatography
on silica gel (Scheme 6). DNA adduct 14a was obtained by
removal of the silyl group.
This procedure was applied to the synthesis of 16a. The

coupling reaction of 2’-deoxyadenosine derivative 25 and
bromoarene 8 yielded 26, and subsequent selective nitro re-
duction with [Fe3(CO)12] gave 27a (Scheme 7). The silyl pro-
tective groups of 27a were removed by TEA·3HF to give
16a. The acetylated derivatives 14b and 16b were obtained
by general acetylation and removal of the silyl protective
groups of 24a and 27a, respectively.

Analysis of the Reaction Products of Ultimate Mutagen 10
with dG, dA, and DNA

In this study, two types of metabolic ultimate forms of nitro-
benzanthrone (NBA) were prepared to elucidate both the
reactivity to nucleobases and the structures of the DNA ad-
ducts produced. The synthesis of 9 has already been report-
ed. The other ultimate mutagen, 10, was synthesized from
11 by the reported method with a slight modification.[19]

Compound 10 was too unstable to be isolated from the reac-
tion mixture; therefore, a polymer-bound base (TBD–meth-
ylpolystyrene; TBD=1,5,7-triazabicycloACHTUNGTRENNUNG[4.4.0]dec-5-ene)
was used, which could be easily removed from the reaction.
With this method, 2 mg of 11 in THF was converted into the
N-acetoxy form 10 within just a few minutes at room tem-
perature. After addition of methanol to destroy excess pyru-
vonitrile, the polymer base was filtered off. TLC analysis

Scheme 4. Preparation of 15. a) [Pd2dba3] (10 mol%), xantphos, Cs2CO3,
5. b) (CH3CO)2O, 4-DMAP, pyridine. c) 1) CCl3COOH, CH3OH/CH2Cl2;
2) TEA·3HF, THF.

Scheme 5. Preparation of 8. a) NBS, DMF, �20 8C. b) NaNO2, H2SO4
then Cu2O. c) HNO3, C6H5NO2. DMF=N,N-dimethyl formamide, NBS=
N-bromosuccinimide.
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showed the formation of only
one product, which was imme-
diately used for the reaction
with dG and DNA.
From LC–MS analysis of the

reaction mixture of dG with 10
at 37 8C in THF/water (1:1) buf-
fered at pH 7.5, we found the
presence of three peaks of
parent ions of m/z 511 ([M+

1]+) corresponding to the dG
adducts derived from 10. From
the retention volume of HPLC
and the UV/Vis spectrum of
the corresponding peaks with
m/z 511, 12a, 13a, and 14a
were found to be formed in 9,
10, and 2% yields, respectively
(Figure 1). The preparation of
12a has previously been report-
ed, but the formation of this
compound in the reaction of
dG and the ultimate form of 2
is noted for the first time in this
report.
In the reaction of dA with 10,

LC–MS analysis showed that
only one dA adduct, 16a,
formed in the reaction mixture
(Figure 2). Possible dA adduct

15a was not detected by the present methodology. Further-
more, we could not find corresponding peaks of 15a with
the LC–MS technique; however, it would be possible to

Scheme 6. Preparation of 14. a) [Pd2dba3] (10 mol%), xantphos, Cs2CO3, 8. b) DBU, CH3CN. c) [Fe3(CO)12],
CH3OH/toluene. d) (CH3CO)2O, 4-DMAP, pyridine. e) TEA·3HF, THF.

Scheme 7. Preparation of 16. a) [Pd2dba3] (10 mol%), xantphos, Cs2CO3,
8. b) [Fe3(CO)12], CH3OH/toluene. c) (CH3CO)2O, TEA, CH2Cl2.
d) TEA·3HF, THF.

Figure 1. HPLC profiles of the reaction mixture of 10 with dG and DNA.
a) Authentic samples, b) reaction mixture of dG with 10, c) enzymatic
ACHTUNGTRENNUNGhydrolysates from the reaction mixture of DNA with 10.
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detect 15a by using a much more sensitive detection
method such as 32P postlabeling. Other nucleobases such as
dC and T did not give any new peaks corresponding to ad-
ducts when incubated with 10.
Calf thymus DNAwas also treated with 10, and enzymatic

hydrolysates were then further applied to HPLC. These four
DNA adducts, 12a, 13a, 14a, and 16a, were also confirmed
to be included in the reaction mixture by HPLC (Figure 1c).
Interestingly, the product ratio for the reaction mixture of
dG alone and that of DNA was different. The ratio 12a/13a/
14a for dG was approximately 1:1:0.2, but became 0.1:1:1 in
the reaction with DNA.

Analysis of the Reaction Products of Ultimate Mutagen 9
with dG, dA, and DNA

We previously reported that compound 9 reacts with dG to
form the unusual adduct 12b. In a subsequent study by Os-
borne and co-workers, compound 13b from dG and 17 from
dA were found to be produced from 9 with dG/dA.[20] With
authentic specimens in hand, we reinvestigated the reaction
mixture of dG and 9. The freshly prepared ultimate muta-
gen 9 was treated with dG at 37 8C overnight. On an HPLC
chromatogram, we found the known peak of 12b and the
peak of 13b, the retention times and UV patterns of which
were identical to those of authentic samples (Figure 3).
DNA adduct 14b was further identified in the same reaction
mixture. LC–MS analysis showed that these three peaks cor-
respond to a parent ion of m/z 553 ([M+1]+). Notably, the
glycosidic bond of 13b is very labile to acid treatment or
protonation under ESI, and MS analysis revealed a very
small peak of the parent ion [M+H]+ , which makes the
identification of the dG adduct by a LC–MS difficult. The
sensitivity of 13b to H+ probably comes from enhancement
of the nucleophilicity of the N7 atom of dG by the addition
of an electron-donating amine group to C8. Furthermore,
the introduction of an acetyl group to the amine group may
result in the loss of one resonance-stabilization pathway by

which the amine group at the 8-position is converted into an
imino group after protonation of N7. Compound 13b was
also isolated from the same reaction system by another re-
search group, and its NMR spectrum is the same as that of
our synthetic compound. Moreover, an additional unknown
peak of the parent ion of m/z 553 was found (adduct X in
Figure 3), although its UV absorption peak on HPLC was
the smallest among the peaks of the adducts identified. This
compound is probably an adduct at the O6 positon of dG or
a hydrazine-type adduct at the N2 position of dG, recently
identified as a novel dG adduct from 4-aminobiphenyl
(ABP).[21]

In the hydrolysates of calf thymus DNA treated with 9,
dG adducts of 12b, 13b, and 14b were also detected. Again,
the product ratio of these three adducts was different be-
tween the reaction mixture of dG alone and that of DNA;
the formation ratio of the N2 adduct increased, whereas the
ratio of the C�C adduct of 12b decreased. (Figure 3c)
In the reaction mixture of dA and 9, a compound with a

parent ion of m/z 537 was confirmed by LC–MS analysis,
but the HPLC retention time and UV spectrum of this
adduct were different from those of the putative dA adducts
of 15b and 16b (Figure 4). Instead of general-type adducts,
HPLC showed one UV peak corresponding to the new type
of dA adduct 17. This adduct 17 was also present in enzy-
matic hydrolysates of calf thymus DNA with 9.[8a] However,
in the same hydrolysates, 15b and 16b were not detected, al-
though dA–N6 adduct formation was confirmed in the reac-
tion of 10 with dA or calf thymus DNA. In the case of the
dA adduct from 9, the N-acetyl group turned out to be es-
sential for forming this unique adduct 17.

Figure 2. HPLC profiles of the reaction mixture of 10 with dA.
a) Authentic samples, b) reaction mixture of dA with 10.

Figure 3. HPLC profile of the reaction mixture of 9 with dG and DNA.
a) Authentic samples, b) reaction mixture of dG with 9, c) enzymatic hy-
drolysates from the reaction mixture of DNA with 9. An unidentified
DNA adduct is marked “adduct X”.
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2’-Deoxyadenosine adduct 17 was newly identified in
recent years.[12] dA adducts of similar structural type from
nitroarenes have not been reported before. Novak and co-
workers reported the formation of the unique benzene–
imine-type adduct from the reaction of the ultimate form of
ABP and adenosine (A).[14b] They used N-tert-butyloxy-4-
aminobiphenyl as an ultimate form of ABP and found that
benzene–imine adduct 28 formed from A even though an
N-acetyl group was not attached to the ultimate mutagen. It
is possible that this benzene–imine-type dA adduct 29 is the
real structure of the dA adduct from 9 instead of the five-
membered-ring adduct 17, although the five-membered-ring
structure is more likely than the benzene–imine adduct to
form on the basis of structural stability. However, Osborne
and co-workers deduced the five-membered-ring structure
based on NOESY correlation and computational modeling.
Moreover, based on our 2D NMR studies (NOESY,
HMQC, HMBC) of 17 in dimethyl sulfoxide (DMSO), we
cannot at present exclude the possibility of the formation of
this benzene–imine structure 29 (Scheme 8) as the dA
adduct from 9. We did not observe cross-correlation peaks
between the carbon atom at the 1-position of benzanthrone
and the proton at the 2-position of dA by HMBC studies,
which are expected to show a long-range correlation peak of
these carbon and proton atoms in the five-membered-ring
structure.

The formation ratios of the three dG adducts 12a/b, 13a/
b, and 14a/b in the reaction mixture from dG are clearly dif-
ferent from those from DNA, and a strong preference for
dG–N2 adduct formation in the reaction of calf thymus
DNA with ultimate mutagens was revealed. This phenomen-
on is also reported in the case of DNA adducts from N-
acetyl-3-aminofluorene.[22] At first glance, this is curious be-
cause the C8 atom of dG is located in the major groove of
double-stranded DNA and is thus accessible by ultimate
mutagens; the N2 position is in the minor groove and is thus
not likely to be easily accessed.
From extensive studies carried out by Novak and Kadlu-

bar and their co-workers,[14] the mechanism for the forma-
tion of dG–C8 adducts is now shown to be initiated by the
attack of the N7 atom of the purine ring on the N atom of
nitrenium ions, followed by 1,2-migration and deprotona-
tion. They showed the high selectivity of N7 in basic purine
for the N atom of the nitrenium ions, and that the initial
product of N7 attack on the ortho or para carbon atom of
the aromatic ring proximal to the nitrenium N atom may be
prohibited by steric congestion. In our case, the general-type
dG–C8 adducts 13a and 13b, as well as the C�C-bond-type
dG–C8 adducts 12a and 12b, are formed with nearly equal
efficiency from a dG monomer and the corresponding nitre-
nium ions. These adduct formations are explained by the
same mechanism of initial attack on N7, whether on the N
atom of nitrenium ions or the C atom ortho to the nitrenium
group. The steric effects with respect to the N7 atom, there-
fore, would not significantly contribute to the high selectivi-
ty of N7 on the N atom of the nitrenium ions. The possibility
of initial attack of N7 on the N atom of nitrenium ions to
form C�C-bond-type dG–C8 adducts by path A in Scheme 9
may be excluded, because this mechanism is not able to ac-
count for the drastic changes of the formation ratio 12/13
that appeared in the reaction of DNA and dG from 9 or 10.
Indeed, in the case of DNA, the C�C-bond-type dG–C8
adduct 12 was formed at only about one-tenth the efficiency
of general-type dG–C8 adduct 13. It is likely that with
DNA, the basicity of N7 of the purine nucleoside as well as
N2 is different from that of the original monomer nucleoside
due to the effect of the stacking of other bases, which could
lead to a drastic change in the product formation ratio. If
the basicity of N7 decreases, the rate constant of the trap-
ping of N7 decreases, while other types of DNA adducts
(e.g., dG–N2, dA–N6, or dA–imino adducts) predominantly
form. Certain steric effects including intercalation may also
be interpreted to be related to this preference of N2-adduct
formation, although more precisely detailed mechanistic
studies will be needed to clarify this point.
The DNA adduct formation of 2 in vivo has been exten-

sively studied, not only by our laboratory, but also by Arlt
and co-workers.[2] In a study of the treatment of 2 on
HepG2 cells in vivo, we found 12b and 17 by a 32P postlabel-
ing method followed by HPLC fractionation, as well as two
unidentified major adduct spots.[6b] Arlt et al. also found the
formation of several DNA adducts in cell or rats treated
with 2 and concluded that the formation of 12b is not very

Figure 4. HPLC profile of the reaction mixture of 9 with dA. a) Reaction
mixture of dA with 9 (UV monitoring at 260 nm), b) LC–MS analysis
(selected-ion monitoring) of m/z 537, corresponding to a molecular ion
of a putative dA–NBA adduct.

Scheme 8. Benzene–imine-type DNA adduct reported by Novak and
co-workers[14b] (left) and possible alternative structure of 17 (right).
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significant, and that other DNA adducts contributed to the
formation of DNA adducts derived from 2.[10c] From a
number of studies of the metabolites of nitroarenes in cells,
nitro reduction followed by O-acetylation is the main path-
way, and N,O-diacetylation may be a minor one. It is proba-
ble that it is the DNA adducts from 10 that mainly contrib-
ute to the formation of DNA adducts in vivo. The quantifi-
cation of DNA-adduct formation in cells treated with 2 has
been undertaken and is now a subject of active investiga-
tion.

Conclusions

We described here multiple-DNA-adduct formation by the
reaction of DNA and ultimate metabolites of 2. The struc-
tures of these adducts were confirmed definitively by inde-
pendent chemical synthesis through a palladium-catalyzed
aryl amination reaction. After this study was completed, col-
laborative studies with Phillips and co-workers showed that
diphosphate derivatives of DNA adducts 13a, 14a, and 16a
were really produced in the DNA of rats treated with 3-ni-
trobenzanthrone.[22] This finding indicates that formation of
compound 10 is predominant in vivo, and subsequent adduct

formation by 3-nitrobenzanthrone mainly contributes to car-
cinogenesis.[20]

Experimental Section

Materials and Methods

All solvents were of organic-synthesis grade and used without further pu-
rification. HPLC was performed with a Shimadzu LC10Avp system
equipped with a Shimazdu PDA10Avp photodiode array detector. All
HPLC eluents used were of HPLC grade. NMR spectroscopy was per-
formed on a JEOL JNM-400 spectrometer and J values are given in Hz.
EI MS, FAB MS, and HRMS were performed on a JEOL JMS-a700
mass spectrometer. ESI MS was performed on a Waters ZQ2000 mass
spectrometer. 3-Hydroxyaminobenzanthrone (11), 9, 12b, and its deacet-
ACHTUNGTRENNUNGylation product, 2-(2’-deoxyguanosin-8-yl)-3-aminobenzanthrone (12a),
were synthesized by the method previously reported.[8a]

Synthetic Procedure

Coupling procedure: Amine (0.1 mmol), bromoarene (0.1 mmol),
[Pd2dba3] (0.05 mmol), xantphos (0.02 mmol), and Cs2CO3ACHTUNGTRENNUNG(0.2 mmol)
were dissolved in toluene (1 mL) and stirred for 2 h at the temperature
indicated. After confirmation of the consumption of starting material by
TLC, the solvent was evaporated and the desired coupling compounds
were purified by column chromatography.

Detritylation procedure 1: Trichloroacetic acid (3%, 5 mL) in CH2Cl2
was added to a solution of the N-4,4’-dimethoxytritylated nucleoside
(0.1 mmol) in MeOH/CH2Cl2. After confirmation of the disappearance of
the starting material, the reaction mixture was added to a buffer solution
of ammonium formate (pH 6.8). The organic layer was extracted with
brine, dried over sodium sulfate, and evaporated. The residues were sub-
jected to chromatography on silica gel.

Detritylation procedure 2: Same as detritylation procedure 1 except for
the use of monochloroacetic acid (5%) instead of trichloroacetic acid for
cleaving the 4,4’-dimethoxytrityl group.

Deprotection procedure 1: The benzyl group at the O6 position of the dG
adduct was removed by catalytic hydrogenation with Pd black/H2. Typi-
cally, the O6-benzylated dG derivative (0.1 mmol) was dissolved in THF.
Pd black (20–30 mg) was added to the solution, which was stirred until
the initial spot on TLC under a balloon filled with H2 gas disappeared.
After the reaction was complete, the catalyst was removed by filtration
and washed with THF. The filtrate was used for a further deprotection
procedure without any purification.

Deprotection procedure 2: The nitrophenylethyl group of 23 was re-
moved by treatment with DBU. Typically, the protected adducts
(0.5 mmol) were dissolved in acetonitrile/DMF (9:1), DBU (100 mL) was
added, and the mixture was stirred overnight. The reaction mixture was
then extracted with chloroform three times. The organic layer was then
extracted with brine, dried over sodium sulfate, and evaporated. The resi-
due was subjected to silica-gel column chromatography.

Deprotection procedure 3: The silyl protective groups of the ribose
moiety of the DNA adducts were removed by a TEA·3HF. The silylated
DNA adducts (�0.1 mmol) were dissolved in THF, and TEA·3HF
(100 mL) was added. After reaction overnight, the reaction mixture was
evaporated and the resulting residue was subjected to octadecyl silica gel
(ODS) column chromatography.

Acetylation procedure 1: Acetylation of the amine moiety of C8 of 19a,
21a, and 24a was performed by the method of Gillet and SchQrer.[17e]

Acetic anhydride (5 equiv), triethylamine (5 equiv), and 4’-dimethylami-
nopyridine (0.5 equiv) was added to a solution of pyridine (1 mL). After
confirmation of disappearance of the initial spot on TLC, methanol was
added to the reaction mixture, which was then evaporated and subjected
to chromatography on silica gel.

Acetylation procedure 2: Acetylation of dA–N6 adduct derivative 27a
was performed with acetic anhydride (5 equiv) and triethylamine
(5 equiv) in dichloromethane. The reaction mixture was then extracted

Scheme 9. Mechanism of DNA-adduct formation of nitrobenzanthrone 2.
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with aqueous Na2CO3 and then brine. The organic layer was dried over
Na2SO4 and then evaporated. The residues were subjected to chromatog-
raphy on silica gel.

Nitro-reduction procedure: Reduction of the nitro group of 23b and 26
to the amine group was performed with [Fe3(CO)12] in methanol/toluene
under reflux conditions as previously indicated.[18]

8 : N-bromosuccinimide (1 mmol) was added with stirring to a solution of
3-aminobenzanthrone (5 ; 1 mmol) in DMF at �20 8C. After confirmation
of the disappearance of the initial TLC spot, water was added, and the
resulting reddish-orange precipitate was collected and lyophilized to give
2-bromo-3-aminobenzanthrone (6 ; 320 mg) almost quantitatively.
1H NMR ([D6]DMSO): d=8.84 (d, J=8.8 Hz, 1H), 8.70 (s, 1H), 8.64
(dd, J=7.6, 0.8 Hz, 1H), 8.45 (d, J=8.0 Hz, 1H), 8.26 (dd, J=8.0, 0.8 Hz,
1H), 7.82 (t, J=8.0 Hz, 1H), 7.74 (dt, J=8.0, 0.1 Hz, 1H), 7.47 (t, J=
7.9 Hz, 1H), 6.88 ppm (s, 2H); 13C NMR ([D6]DMSO): d=181.6, 147.9,
134.3, 133.1, 130.5, 130.4, 130.3, 130.2, 130.2, 127.7, 127.6, 127.3, 126.0,
125.2, 125.2, 124.0, 112.2 ppm; HRMS (EI): m/z calcd for C17H10BrNO:
322.9945 [M]+ ; found: 322.9969, 324.9928 (1:1). The resulting 6 was dis-
solved in sulphuric acid, and nitrosyl sulphate (10 equiv), which was
freshly prepared from sodium nitrite in sulphuric acid, was added at 0 8C.
After 1 h, this solution was added dropwise to acetic acid at a tempera-
ture not in excess of 20 8C. Copper(I) oxide (10 equiv with respect to
starting material) was then added, and the mixture was stirred at room
temperature for 3 h. The reaction mixture was poured into iced water
and extracted with ethyl acetate three times. The combined organic layer
was then treated with aqueous sodium bicarbonate until evolution of
CO2 gas ceased, then further extracted with brine, dried over sodium sul-
fate, and evaporated. The resulting residue was subjected to chromatog-
raphy on silica gel with hexane/ethyl acetate (5:1) as an eluent to give 2-
bromobenzanthrone (7; 150 mg, 50%). 1H NMR ([D6]DMSO): d=8.54
(dd, J=7.6, 1.6 Hz, 1H), 8.33 (dd, J=7.6, 1.6 Hz, 1H), 8.23 (d, J=1.6 Hz,
1H) 8.05 (dd, J=8.0, 0.4 Hz, 1H), 7.93 (d, J=1.6 Hz, 1H), 7.92 (dd, J=
6.4, 0.8 Hz, 1H), 7.65–7.60 (m, 2H), 7.46 ppm (dt, J=8.0 1.2 Hz, 1H);
13C NMR ([D6]DMSO): d=182.9, 134.6, 133.8, 133.4, 131.4, 131.0, 129.7,
128.9, 128.7, 128.3, 127.5, 127.0, 126.2, 123.0, 120.7 ppm; HRMS (EI): m/z
calcd for C17H9BrO: 307.9836 [M]

+ ; found: 307.9840, 309.9857 (1:1). Bro-
mobenzanthrone 7 thus obtained was dissolved in nitrobenzene. Concen-
trated nitric acid (d=1.5, 5 equiv) was added to this solution, and a
brownish-yellow solid separated from the solution. The solid materials
were collected, washed with methanol, and recrystallized from acetic acid
to give 2-bromo-3-nitrobenzanthrone (8 ; 110 mg, 65%). 1H NMR
([D6]DMSO): d=9.02 (s, 1H), 8.69 (d, J=8.0 Hz, 1H), 8.66 (d, J=
7.2 Hz, 1H), 8.29 (d, J=7.6 Hz, 1H), 8.12 (d, J=8.0 Hz, 1H), 8.04 (t, J=
7.2 Hz, 1H), 7.88 (dt, J=7.6 Hz, 1H), 7.72 ppm (t, J=7.6 Hz, 1H);
13C NMR ([D6]DMSO): d=181.6, 147.9, 134.3, 133.1, 130.5, 130.4, 130.3,
130.2, 130.2, 127.7, 127.6, 127.3, 126.0, 125.2, 125.2 124.0, 112.2 ppm;
HRMS (EI): m/z calcd for C17H8BrNO3: 352.9688 [M]

+ ; found: 352.9796.

23a : 2-(3’,5’-Bis-O-tert-butyldimethylsilyl-O6-nitrophenylethyl-2’-deoxy-
guanosin-N2-yl)-3-nitrobenzanthrone (23a ; 57 mg, 63%) was obtained
from 3’,5’-bis-O-tert-butyldimethylsilyl-O6-nitrophenylethyl-2’-deoxygua-
nosine (22) and 8 by the coupling procedure at a reaction temperature of
100 8C. 1H NMR (CDCl3): d=9.79 (s, 1H), 9.12 (s, 1H), 8.68 (d, J=
7.6 Hz, 1H), 8.51 (d, J=8.8 Hz, 1H), 8.39 (d, J=8.7, 1.1 Hz, 1H), 8.28 (d,
J=8.1 Hz, 1H), 8.13 (s, 1H), 8.10 (dt, J=9.0, 2.0 Hz, 2H), 7.86 (t, J=
7.2 Hz, 1H), 7.72–7.60 (m, 1H), 7.59 (t, J=7.6 Hz, 1H), 7.43 (d, J=
8.8 Hz, 1H), 6.47 (t, J=6.5 Hz, 1H), 4.82 (t, J=6.8 Hz, 2H), 4.56 (s, 1H),
4.03 (s, 1H), 3.82 (ddd, J=19.0, 11.3, 3.4 Hz, 2H), 3.22 (t, J=6.4 Hz,
1H), 2.62–2.50 (m, 1H), 2.44–2.42 (m, 1H), 0.92 (s, 9H), 0.81 (s, 9H),
0.08 ( s, 3H) 0.07 (s, 3H), 0.04 (s, 3H), �0.01 ppm (s, 3H); 13C NMR
([D6]DMSO): d=183.0, 160.5, 153.9, 152.6, 146.7, 145.4, 139.1, 134.8,
134.5, 133.9, 131.3, 131.2, 129.8, 129.7, 129.3, 128.9, 128.4, 128.3, 128.1,
126.1, 124.0, 123.7, 123.6, 119.0, 118.9, 117.7, 88.1, 83.8, 72.0, 66.8, 62.9,
41.5, 35.1, 26.0, 25.7, 18.5, 18.0, �4.5, �4.7, �5.2, �5.4 ppm; HRMS
(FAB; NBA): m/z calcd for C46H56N7O9Si2: 918.3678 [M+H]+ ; found:
918.3585.

2-(3’,5’-Bis-O-tert-butyldimethylsilyl-O6-benzyl-2’-deoxyguanosin-N2-yl)-
3-nitrobenzanthrone: This compound (73 mg, 85%) was obtained from
3’,5’-bis-O-tert-butyldimethylsilyl-O6-benzyl-2’-deoxyguanosine and 8 by

the coupling procedure at a reaction temperature of 100 8C. 1H NMR
(CDCl3): d=9.75 (s, 1H), 9.11 (s, 1H), 8.56 (d, J=7.2 Hz, 1H), 8.41 (d,
J=8.0 Hz, 1H), 8.38 (d, J=7.2 Hz, 1H), 8.24 (d, J=8.0 Hz, 1H), 8.06 (s,
1H), 7.77 (t, J=8.0 Hz, 1H), 7.63 (t, J=7.2 Hz, 1H), 7.52 (t, J=7.6 Hz,
1H), 7.42 (d, J=7.2 Hz, 2H), 7.29–7.22 (m, 3H), 6.41 (t, J=6.4 Hz, 1H),
5.57 (s, 2H), 4.50 (t, J=2.8 Hz, 1H), 3.96 (s, 1H), 3.72 (m, 2H), 2.56–2.52
(m, 1H), 2.45–2.40 (m, 1H), 0.82 (s, 9H), 0.76 (s, 9H), 0.10 (s, 6H) 0.09
(s, 3H), 0.07 ppm (s, 3H); 13C NMR ([D6]DMSO): d=183.0, 160.8, 153.9,
152.6, 135.7, 134.6, 134.1, 133.8, 131.3, 131.2, 129.9, 129.3, 128.9, 128.4,
128.3, 128.2, 128.1, 126.1, 123.9, 123.8, 118.9, 117.9, 88.0, 83.8, 71.9, 68.9,
62.9, 41.5, 26.0, 25.7, 18.5, 18.0, �4.5, �4.7, �5.2, �5.4 ppm; HRMS
(FAB; NBA): m/z calcd for C46H55N6O7Si2: 859.3671 [M+H]+ ; found:
859.4843.

26 : 2-(3’,5’-Bis-O-tert-butyldimethylsilyl-2’-deoxyadenosin-N6-yl)-3-nitro-
benzanthrone (26 ; 54 mg, 72%) was obtained from 3’,5’-bis-O-tert-butyl-
dimethylsilyl-2’-deoxyadenosine (25) and 8 by the coupling procedure at
a reaction temperature of 100 8C. 1H NMR (CDCl3): d=9.96 (s, 1H), 8.65
(s, 1H), 8.59 (d, J=8.0 Hz, 1H), 8.42 (dd, J=8.5, 0.8 Hz, 2H), 8.30 (s,
1H), 8.27 (d, J=3.2 Hz, 1H), 7.84–7.70 (m, 2H), 7.61 (t, J=7.5 Hz, 1H),
6.51 (t, J=6.3 Hz, 1H), 4.67–4.65 (m, 1H), 4.05 (dd, J=7.0, 3.2 Hz, 1H),
3.89 (dd, J=11.3, 4.2 Hz, 1H) 3.79 (dd, J=11.3, 3.1 Hz, 1H), 2.73–2.60
(m, 1H), 2.52–2.40 (m, 1H), 0.92 (s, 18H), 0.11 ppm (s, 12H); 13C NMR
([D6]DMSO): d=182.9 157.2, 152.0, 150.8, 150.0, 140.8, 140.7, 136.2,
135.3, 134.3, 133.8, 132.9, 131.6, 131.1, 130.0, 129.9, 129.4, 129.3, 128.9,
128.7, 128.1, 128.0, 127.9, 126.1, 125.9, 124.3, 123.8, 121.9, 119.2, 88.0,
84.6, 71.9, 62.7, 60.1, 41.3, 26.0, 25.8, 18.5, 18.0, �4.6, �4.7, �5.2
�5.3 ppm; HRMS (FAB; NBA): m/z calcd for C39H49N6O6Si2: 753.3252
[M+H]+ ; found: 753.3317.

21a : N-[3’,5’-Bis-O-tert-butyldimethylsilyl-N6�-4,4’-dimethoxytrityl-2’-de-
oxyadenosin-8-yl]-3-aminobenzanthrone (21a ; 87 mg, 85%) was obtained
from 3’,5’-bis-O-tert-butyldimethylsilyl-N6�-4,4’-dimethoxytrityl-8-bromo-
2’-deoxyadenosine (20) and 5 by the coupling procedure at a reaction
temperature of 80 8C. 1H NMR (CDCl3): d=8.67 (d, J=7.2 Hz, 1H), 8.6
(br s, 1H), 8.36–8.34 (m, 2H), 8.23 (d, J=8.2 Hz, 1H), 8.17 (d, J=8.2 Hz,
1H), 7.82 (s, 1H), 7.67 (t, J=7.8 Hz, 1H), 7.60 (d, J=7.6 Hz, 1H), 7.38
(t, J=7.7 Hz, 1H), 7.22–7.06 (m, 14H), 6.63 (d, J=8.7 Hz, 4H), 6.42 (s,
1H), 6.34 (dd, J=7.6, 5.5 Hz, 1H), 4.49–4.45 (m, 1H), 4.08 (q, J=2.7 Hz,
1H), 3.81 (dd, J=11.5, 2.9 Hz, 1H) 3.70 (dd, J=11.5, 3.0 Hz, 1H), 3.63
(s, 6H), 3.00–2.92 (m, 1H), 2.35–2.31 (m, 1H), 0.81 (s, 12H), 0.45 (s,
12H), 0.01 (s, 3H), 0.00 (s, 3H), �0.33 (s, 3H), �0.47 ppm (s, 3H);
13C NMR ([D6]DMSO): d=183.8, 157.9, 151.5, 149.6, 148.3, 148.0, 145.7,
137.8, 137.2, 136.3, 133.3, 130,2, 130.1, 129.8, 128.9, 128.8, 128.5, 127.9,
127.7, 127.6, 127.4, 126.5, 126.3, 126.1, 125.4, 122.7, 121.9, 118.4, 118.3,
112.9, 88.4, 85.7, 72.3, 70.3, 62.9, 55.1, 39.9, 29.7, 25.8, 25.6, 18.2, 18.0,
14.2, �4.44, �4.66, �5.62, �5.64 ppm; HRMS (FAB): m/z calcd for
C60H69N6O6Si2: 1025.4817 [M+H]+ ; found: 1025.7704.

N-[3’,5’-Bis-O-tert-butyldimethylsilyl-2’-deoxyadenosin-8-yl]-3-amino-
ACHTUNGTRENNUNGbenzanthrone: This compound (50 mg, 80%) was obtained from 21a with
detritylation procedure 1. 1H NMR (CDCl3): d=8.61 (d, J=7.2, 1H), 8.6
(br s, 1H), 8.36–8.34 (m, 2H), 8.20–8.14 (m, 2H), 8.1–8.0 (m, 3H), 7.6–
7.49 (m, 1H), 7.35 (t, J=7.6 Hz, 1H), 7.14–7.12 (m, 3H), 7.01 (d, J=
6.8 Hz, 1H), 6.67 (dd, J=8.0, 2.0 Hz, 1H), 6.34 (s, 1H), 5.46 (s, 2H), 4.45
(br s, 1H), 4.01 (s, 1H), 3.81 (d, J=2.0 Hz, 1H), 3.64 (d, J=2.0 Hz, 1H),
3.00–2.85 (m, 1H), 2.39–2.31 (m, 1H), 0.79 (s, 9H), 0.42 (s, 9H), 0.02 (s,
3H), 0.01 (s, 3H), �0.38 (s, 3H), �0.49 ppm (s, 3H); 13C NMR (CDCl3):
d=183.8, 158.4, 152.4, 150.0, 149.2, 148.0, 147.2, 139.4, 136.9, 136.0, 133.3,
130.1, 129.8, 129.0, 128.8, 128.5, 128.0, 127.8, 127.7, 127.6, 127.5, 126.4,
126.2, 126.1, 125.4, 124.9, 122.7, 121.9, 118.4, 112.9, 88.3, 85.5, 81.3, 72.3,
62.9, 55.1, 39.9, 31.9, 29.7, 25.8, 25.6, 18.2, 18.0, 14.2, �4.44, �4.66, �5.62,
�5.64 ppm; HRMS (FAB; NBA): m/z calcd for C39H51N6O4Si2: 723.3511
[M+H]+ ; found: 723.3436.

15a : N-(2’-Deoxyadenosin-8-yl)-3-aminobenzanthrone (15a) was ob-
tained from N-[3’,5’-bis-O-tert-butyldimethylsilyl-2’-deoxyadenosin-8-yl]-
3-aminobenzanthrone by deprotection procedure 3 in almost quantitative
yield (33 mg). 1H NMR ([D6]DMSO): d=9.49 (s, 1H, NH of BA), 8.73–
8.63 (m, 4H, 4-H, 6-H, 11-H, 8-H of BA), 8.56 (d, J=7.8 Hz, 1H, 1-H of
BA), 8.33 (d, J=8.0 Hz, 1H, 2-H of BA), 8.03 (s, 1H, 2-H of A), 7.94–
7.81 (m, 3H, 8-H, 5-H, 10-H of BA), 7.58 (t, J=7.2 Hz, 1H, 9-H of BA),
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6.84 (s, 2H, NH2 of A), 6.56 (br s, 1H, 1’-H of dR), 5.73 (s, 1H, 5’-OH of
dR), 5.32 (s, 1H, 3’-OH of dR), 4.46 (s, 1H, 3’-H of dR), 3.97 (s, 1H, 4’-
H of dR), 3.77–3.72 (m, 2H, 5’-H of dR), 3.62 (br s, 1H, 5’-H of dR),
3.05–3.00 (m, 1H, 2’’-H of dR), 2.27–2.20 ppm (m, 1H, 2’-H of dR);
13C NMR (CDCl3): d=182.5, 153.5, 150.1, 148,5, 147.4, 139.9, 135.8,
133.8, 130.5, 129.6, 129.3, 127.7, 127.1, 126.3, 126.1, 126.0, 123.4, 120.8,
118.7, 116.5, 87.7, 84.0, 71.3, 61.7 ppm; HRMS (FAB): m/z calcd for
C27H23N6O4: 495.1780 [M+H]+ ; found: 495.1686.

15b : Compound 21a was acetylated by acetylation procedure 1. The re-
sulting compound 21b was purified by column chromatography and fur-
ther treated with detritylation procedure 2 followed by deprotection pro-
cedure 3 to give N-(2’-deoxyadenosin-8-yl)-3-acetylaminobenzanthrone
(15b ; 30 mg, 35% from 21a). 1H NMR (CD3OD): d=8.75–8.50 (m, 3H),
8.28–8.23 (m, 2H), 8.14 (s, 1H), 8.01–7.60 (m, 3H), 7.47 (t, J=7.3 Hz,
1H), 6.57 (br s, 1H), 4.69 (br s, 1H), 4.24 (br s, 1H), 3.94 (br s, 1H), 3.81
(br s, 1H), 3.25–3.00 ACHTUNGTRENNUNG(m, 1H), 2.52–2.30 (m, 1H), 2.20 ppm (s, 3H);
13C NMR (CD3OD): d=184.6, 157.3, 153.3, 149.7, 145.7, 139.3, 136.5,
135.0, 132.2, 131.7, 131.2, 130.0, 129.8, 129.4, 128.6, 125.7, 124.9, 90.7,
88.1, 73.8, 64.4, 39.8 ppm; HRMS (FAB): m/z calcd for C29H25N6O5:
537.1886 [M+H]+ ; found 537.3231.

16a : Compound 26 was treated with the nitro-reduction procedure, and
the product was purified by column chromatography to give 2-(3’,5’-bis-
O-tert-butyldimethylsilyl-2’-deoxyadenosin-N6-yl)-3-aminobenzanthrone
(27a ; 51 mg, 76%). 1H NMR (CDCl3): d=8.72 (d, J=7.2 Hz, 1H), 8.45–
8.36 (m, 3H), 8.28–8.26 (m, 1H), 8.19 (d, J=8.8 Hz, 1H), 8.10–8.02 (m,
2H), 7.93 (s, 1H), 7.69–7.38 (m, 2H), 6.47 (dt, J=6.4, 2.7 Hz, 1H), 4.63–
4.60 (m, 1H), 4.03 (q, J=3.3 Hz, 1H), 3.89 (dt, J=11.2, 4.1 Hz, 1H), 3.78
(dt, J=11.4, 2.7 Hz, 1H), 2.72–2.60 (m, 1H), 2.50–2.43 (m, 1H), 0.91 (s,
9H), 0.90 (s, 9H), 0.10 (s, 6H), 0.09 ppm (s, 1H); 13C NMR (CDCl3): d=
183.6, 141.8, 140.9, 139.5, 139.4, 136.4, 135.2, 133.0, 131.7, 130.8, 129.7,
129.6, 128.7, 128.5, 128.2, 127.9, 127.8, 127.7, 127.4, 127.3, 127.2, 126.5,
126.0, 125.3, 125.2, 123.5, 123.2, 122.7, 122.1, 120.3, 118.5, 117.1, 116.6,
116.2, 87.9, 84.5, 71.9, 71.7, 62.8, 41.5, 41.3, 26.1, 25.8, 18.5, 18.1, �4.4,
�4.5, �5.1, �5.2 ppm; HRMS (FAB; NBA): m/z calcd for
C39H51N6O4Si2: 723.3511 [M+H]+ ; found: 723.2997. Compound 27a was
further treated with deprotection procedure 3, and after being left over-
night the reaction mixture was then purified by ODS column chromatog-
raphy to give N-(2’-deoxyadenosin-N6-yl)-3-aminobenzanthrone (16a ;
30 mg, 82%). 1H NMR ([D6]DMSO): d=9.38 (s, 1H, NH of A6), 8.80 (d,
J=8.3 Hz, 1H, 4-H of BA), 8.65 (d, J=7.3 Hz, 1H, 6-H of BA), 8.48 (s,
1H, 1-H of BA), 8.42 (s, 1H, 8-H of BA), 8.26 (d, J=8.5 Hz, 1H, 11-H of
BA), 8.24 (d, J=8.3 Hz, 1H, 8-H of BA), 8.19 (s, 1H, 2-H of BA), 7.79
(t, J=8.0 Hz, 1H, 5-H of BA), 7.67 (t, J=6.4 Hz, 1H, 10-H of BA), 7.42
(t, J=8.0 Hz, 1H, 9-H of BA), 6.56 (s, 2H, NH2 of BA3), 6.39 (t, J=
6.0 Hz, 1H, 1’-H of dR), 5.36 (s, 1H, 5’-OH of dR), 5.23 (t, J=6.4 Hz,
1H, 3’-OH of dR), 4.41–4.38 (m, 1H, 3’-H of dR), 3.86 (dd, J=6.6,
3.9 Hz, 4’-H of dR), 3.63–3.57 (m, 1H, 5’-H of dR), 3.52–3.46 (m, 1H, 5’-
H of dR), 2.76–2.69 (m, 1H, 2’’-H of dR), 2.26 ppm (ddd, J=13.1, 5.9,
2.6 Hz, 1H, 2’-H of dR); 13C NMR (CDCl3): d=182.5 (C=O of BA),
154.2 (A5), 152.1 (A2), 149.2 (A4), 144.5 (BA3), 140.0 (A8), 136.8
(BA11a), 133.4 (BA10), 130.3 (BA4), 129.2 (BA6), 128.4 (BA7a), 128.3
(BA1), 127.6 (BA6a), 126.8 (BA8) 126.5 (BA11c), 125.8 (BA9), 124.4
(BA5), 122.9 (BA3a), 122.5 (BA11), 120.4 (A6), 118.3 (BA2), 112.3
(BA11b), 88.0 (dR4’), 84.1 (dR1’), 71.0 (dR3’), 61.9 (dR5’), �40.0 ppm
(dR2’; overlapping with DMSO); HRMS (FAB; NBA): m/z calcd for
C27H23N6O4: 495.1780 [M+H]+ ; found 495.1758.

16b : Compound 27a was treated with acetylation procedure 2 followed
by column chromatography to give N-[3’,5’-bis-O-tert-butyldimethylsilyl-
2’-deoxyadenosin-N6-yl]-3-acetylaminobenzanthrone (27b ; 33 mg, 61%).
HRMS (FAB): m/z calcd for C41H53N6O5Si2: 765.3616 [M+H]+ ; found:
765.3782. Compound 27b was further treated with deprotection proce-
dure 3. The reaction mixture was evaporated and subjected to chroma-
tography with ODS to give N-(2’-deoxyadenosin-N6-yl)-3-acetylamino-
benzanthrone (16b ; 23 mg) quantitatively. 1H NMR ([D6]DMSO): d=
9.94 (s, 1H), 9.09 (s, 1H), 8.55 (dd, J=7.2, 1.1 Hz, 1H), 8.50 (s, 1H), 8.43
(d, J=8.5 Hz, 1H), 8.36 (dd, J=7.8, 1.5 Hz, 1H), 8.20 (d, J=8.3 Hz, 2H),
8.09 (s, 1H), 7.90 (t, J=7.2 Hz, 1H), 7.77 (t, J=7.9 Hz, 1H), 7.66 (t, J=
7.9 Hz, 1H), 7.32–7.25 (m, 1H), 6.41 (t, J=7.0 Hz, 1H), 5.32 (s, 1H), 5.13

(s, 1H), 4.43 (s, 1H), 3.89 (s, 1H), 3.65–3.50 (m, 2H), 2.81–2.74 (m, 1H),
2.50 (s, 3H), 2.30 ppm (ddd, J=13.0, 6.5, 3.0 Hz, 1H); 13C NMR
([D6]DMSO): d=182.4, 169.7, 153.9, 151.8, 149.3, 140.6, 135.1, 134.0,
133.5, 131.5, 130.8, 130.0, 128.6, 128.1, 127.7, 127.3, 127.0, 126.8, 125.1,
124.4, 123.4, 122.1, 120.2, 87.9, 83.9, 70.9, 61.8, 13.5 ppm; HRMS (FBA;
NBA): m/z calcd for C29H25N6O5: 537.1886 [M+H]+ ; found: 537.1910.

14a : Compound 23a was treated according to deprotection procedure 2.
The reaction mixture was purified by column chromatography to give (2-
(3’,5’-bis-O-tert-butyldimethylsilyl-2’-deoxyguanosin-N2-yl)-3-nitrobenzan-
throne (23b ; 54 mg, 75%). 1H NMR (CDCl3): d=13.41 (s, 1H), 12.46 (s,
1H), 8.17 (d, J=4.0 Hz, 1H), 8.09 (s, 1H), 7.91 (d, J=4.8 Hz, 1H), 7.72
(s, 1H), 7.44–6.94 (m, 5H), 6.65 (s, 2H), 6.57 (br s, 1H), 5.02 (s, 1H), 3.98
(s, 1H), 3.27 (br s, 2H), 2.89–2.85 (m, 1H), 2.37–2.31 (m, 1H), 0.64 (s,
9H), 0.12 (s, 9H), �0.04 (s, 3H), �0.16 (s, 3H), �0.97 (s, 3H),
�1.26 ppm (s, 3H). The resulting 23b was further treated according to
the nitro-reduction procedure to give 2-(3’,5’-bis-O-tert-butyldimethylsi-
ACHTUNGTRENNUNGlyl-2’-deoxyguanosin-N2-yl)-3-aminobenzanthrone (24a ; 33 mg, 65%).
1H NMR (CDCl3): d=8.76–8.37 (m, 3H), 8.00–7.77 (m, 4H), 6.13 (s,
1H), 4.44 (s, 1H), 3.95 (s, 2H), 3.71 (br s, 1H), 2.58–2.27 (m, 2H), 0.91 (s,
18H), 0.80 (s, 12H), �0.24 (s, 9H), �033 ppm (s, 3H). Compound 24a
was immediately treated with deprotection procedure 3 to give 2-(2’-de-
oxyguanosin-N2-yl)-3-aminobenzanthrone (14a ; 23 mg, 54%). 1H NMR
([D6]DMSO): d=8.81 (d, J=7.7 Hz, 1H, 4-H of BA), 8.72 (s, 1H, 8-H of
G), 8.64 (dd, J=7.3, 1.0 Hz, 1H, 6-H of BA), 8.36 (d, J=7.9 Hz, 1H, 8-H
of BA), 8.27 (dd, J=7.9, 1.3 Hz, 1H, 11-H of BA), 7.97 (s, 1H, 1-H of
BA), 7.79 (t, J=7.8 Hz, 1H, 5-H of BA), 7.75–7.70 (m, 1H, 9-H of BA),
7.44 (t, J=7.4 Hz, 1H, 10-H of BA), 6.71 (s, 2H, NH2 of BA), 6.00 (t, J=
6.1 Hz, 1H, 1’-H of dR), 5.05 (s, 1H, 3’-OH of dR), 4.69 (t, J=4.9 Hz,
1H, 5’-OH of dR), 4.09 (s, 1H, 3’-H of dR), 3.65 (td, J=4.7, 2.8 Hz, 1H,
4’-H of dR), 3.36–3.30 (m, 1H, 5’-H of dR), 2.58–2.51 (m, 1H, 2’’-H of
dR), 2.09 ppm (dq, J=13.2, 3.1 Hz, 1H, 2’-H of dR); 13C NMR
([D6]DMSO): d=182.4 (C=O of BA), 156.6 (G6), 151.4 (G2), 150.1 (G4),
143.3 (G8), 136.8 (BA3), 135.7 (BA11a), 133.3 (BA10), 130.1 (BA4),
129.0 (BA6), 128.5 (BA7a), 127.6 (BA6a), 126.9 (BA1), 126.8 (BA8),
126.2 (BA11c), 125.7 (BA9) 124.3 (BA5), 122.9 (BA11), 122.4 (BA3a),
117.7 (BA2), 117.1 (G5), 112.6 (BA11b), 87.6 (dR1’), 82.6 (dR4’), 70.7
(dR3’), 61.6, (dR5’) 55.9 ppm (dR2’); HRMS (FAB): m/z calcd for
C27H23N6O5: 511.1729 [M+H]+ ; found: 511.1767.

14b : Compound 24a was acetylated with acetylation procedure 1 to give
24b, followed by deprotection procedure 3 to give 2-(2’-deoxyguanosin-
N2-yl)-3-acetylaminobenzanthrone (14b ; 18 mg, 52%). 1H NMR
([D6]DMSO): d=10.1 (s, 1H), 9.84 (s, 1H), 8.54 (dd, J=7.4, 1.1 Hz, 1H),
8.49 (d, J=7.9 Hz, 1H), 8.44 (s, 1H), 8.35–8.33 (m, 2H), 8.13 (s, 1H),
7.96 (t, J=7.0 Hz, 1H), 7.90 (t, J=7.8 Hz, 1H), 7.66 (d, J=7.3 Hz, 1H),
6.32 (t, J=6.8 Hz, 1H), 5.27 (d, J=3.6 Hz, 1H), 4.86 (s, 1H), 4.28 (s, 1H)
3.86 (dt, J=7.2, 2.4 Hz, 1H), 2.72–2.4 (m, 1H), 2.31 (s, 3H), 2.28–
2.26 ppm (m, 1H); 13C NMR ([D6]DMSO): d=182.4, 170.1, 156.6, 149.4,
149.3, 136.1, 135.3, 134.4, 134.3, 133.9, 130.4, 130.2, 130.1, 128.6, 127.7,
127.6, 127.3, 124.0, 123.9, 123.5, 120.7, 87.9, 82.8, 70.7, 61.6, 22.5 ppm;
HRMS (FAB): m/z calcd for C29H25N6O6: 553.1836 [M+H]+ ; found:
553.2184.

13b :[12] Compound 19a was prepared by the reported procedure.[17g]

Compound 19a was treated according to acetylation procedure 1, detrity-
lation procedure 2, then deprotection procedure 1. The resulting filtrate
was further treated with deprotection procedure 3. After the solvent was
evaporated, the resulting residue was subjected to ODS column chroma-
tography to give N-(2’-deoxyguanosin-8-yl)-3-acetylaminobenzanthrone
(13b ; 25 mg, 45%). 1H NMR ([D6]DMSO): d=10.77 (s, 1H), 8.80–8.50
(m, 4H), 8.31 (t, J=7.4 Hz, 1H), 8.20–7.60 (m, 4H), 6.60–6.25 (m, 3H),
5.30 (s, 1H), 4.69 (br s, 1H), 4.49 (br s, 1H), 3.98 (br s, 1H), 3.75–3.58 (m,
2H), 3.15–3.00 (m, 1H), 2.25 (s, 3H), 2.0–1.95 ppm (m, 1H); 13C NMR
([D6]DMSO): d=182.8, 171.9, 171.2, 156.3, 155.8, 153.4, 153.1, 150.3,
150.1, 140.2, 138.6, 138.4, 134.9, 134.0, 131.8, 131.4, 129.9, 129.6, 129.0,
128.1, 127.9, 88.2, 73.8, 64.4, 39.8 ppm; HRMS (FAB): m/z calcd for
C29H25N6O6: 553.1835 [M+H]+ ; found: 553.1959.

13a :[17g] N-(2’-Deoxyguanosin-8-yl)-3-aminobenzanthrone (13a) was ob-
tained by the same procedure previously reported.[17g] 1H NMR
([D6]DMSO, 600 MHz): d=10.61 (s, 1H, N1H of dG), 9.11 (s, 1H, NH of
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BA), 8.69 (d, J=7.6 Hz, 2H, 1-H, 4-H of BA), 8.66 (d, J=8.3 Hz, 1H, 4-
H of BA), 8.53 (d, J=8.3 Hz, 1H, 11-H of BA), 8.32 (d, J=8.8 Hz, 1H,
8-H of BA), 7.90 (t, J=7.7 Hz, 1H, 5-H of BA), 7.83 (t, J=7.7 Hz, 1H,
10-H of BA), 7.73 (d, J=7.7 Hz, 1H, 2-H of BA), 7.57 (t, J=7.7 Hz, 1H,
9-H of BA), 6.37 (s, 2H, NH2 of G), 6.32 (t, J=6.6 Hz, 1H, 1’-H of dR),
5.33 (s, 1H, 3’-H of dR), 5.25 (d, J=3.8 Hz, 1H, 5’-H of dR), 4.38 (br s,
1H, 3’-H of dR), 3.89 (br s, 1H, 4’-H of dR), 3.79–3.69 (m, 1H, 5’-H of
dR), 3.62–3.58 (m, 1H, 5’-H of dR), 2.88–2.80 (m, 1H, 2’-H of dR), 2.19–
2.10 ppm (m, 1H, 2’-H of dR); MS (FAB): m/z=511.3 [M+H]+ .

Reaction of 10 with 2’-deoxyribonucleosides: TBD-methyl-polystyrene
(Novabiochem; 10 mg) was added to a solution of hydroxyamine deriva-
tive 10 (2 mg) in THF (200 mL), followed by pyruvonitrile (2.4 mL). After
10 min reaction at room temperature, MeOH (10 mL) was added, and the
mixture was filtered. The filtrate was added to a solution of dA, dG, or
DNA (1%, 200 mL) and incubated at 37 8C for 4 h. The reaction mixture
was extracted with ethyl acetate. In the case of dA or dG, the aqueous
layer was subjected to HPLC. (HPLC condition A for dG: a column of
Cosmosil C-18 ARII (Nacalai tesque, 4.6R250 mm2) was used at a flow
rate of 1.0 mLmin�1 with 24.6% acetonitrile in 20 mm triethylamine ace-
tate buffer at pH 7. HPLC condition B for dA: a column of Cosmosil C-
18 ARII (Nacalai tesque, 4.6R250 mm) was used at a flow rate of
1.0 mLmin�1 with a linear gradient of 15!40% acetonitrile in 20 mm

triethylamine acetate buffer at pH 7 for 45 min. Monitoring was done
under UV light of wavelength 320 nm. In the case of DNA, the DNA
was recovered by ethanol precipitation and digested with nuclease mix
and bacterial alkaline phosphatase as indicated in the literature.[8a]

Reaction of 9 with 2’-deoxyribonucleotides: Compound 9 was added to a
solution of 2’-deoxynucleotide (1%, 0.5 mL) and incubated for 12 h at
37 8C, followed by extraction and HPLC as with the reaction of 10 with
nucleobases. The following compounds were isolated by the reported
procedure.[8a,12]

14b :[8a] 2-(2’-Deoxyguanosin-8-yl)-3-acetylaminobenzanthrone (�6%);
1H NMR ([D6]DMSO): d=10.82 (br s, N1H of G), 8.89 (d, J=8.6 Hz,
1H, 6-H of BA), 8.71 (d, J=7.4 Hz, 1H, 4-H of BA), 8.57 (s, 1H, 1-H of
BA), 8.37 (d, J=8.1 Hz, 1H, 11-H of BA), 8.30 (d, J=8.1 Hz, 1H, 8-H of
BA), 7.86 (t, J=8.1 Hz, 1H, 5-H of BA), 7.74 (dt, J=8.1, 7.4 Hz, 1H, 10-
H of BA), 7.47 (t, J=7.4 Hz, 1H, 9-H of BA), 7.31 (s, 2H, NH2 of BA),
6.45 (s, 2H, NH2 of G), 6.01 (t, J=6.8 Hz, 1H, 1’-H of dR), 5.04 (d, J=
4.4 Hz, 1H, 5’-OH of dR), 5.09–4.98 (m, 1H, 3’-OH of dR), 4.30 (ddd,
J=8.2, 3.6, 2.7 Hz, 1H, 3’-H of dR), 3.74 (dd, J=4.9, 3.6 Hz, 1H, 4’-H of
dR), 3.59 (ddd, J=11.5, 5.1, 4.4 Hz, 1H, 5’-H of dR), 3.56 (ddd, J=11.5,
4.9, 4.4 Hz, 1H, 5’’-H of dR), 3.11–2.80 (br m, 1H, 2’-H of dR), 2.07 ppm
(dddd, J=19.1, 6.8, 6.5, 2.7 Hz, 1H, H-2’’ (dR); MS (ESI): m/z=510.9
[M+1]+ .

17:[12] (9’-(2’’-Deoxyribofuranosyl))purino[6’,1’:2,3]imidazoACHTUNGTRENNUNG[5,4-p]-(1,11b-
dihydro-(N-acetyl-3-amino))benzanthrone (17; �5%) was obtained as a
mixture of enantiomers by the same procedure previously reported.[12]
1H NMR ([D6]DMSO): d=9.54 (s, NH ACHTUNGTRENNUNG(amide)), 8.68 (s, 1H, A2), 8.20 (s,
1H, A8), 8.14 (d, J=6.8 Hz, 1H, 8-H of BA), 8.12 (d, J=7.1 Hz, 1H, 6-H
of BA), 7.79 (d, J=7.3 Hz, 1H, 4-H of BA) 7.71 (d, J=7.1 Hz, 1H, 11-H
of BA), 7.70 (t, J=7.6 Hz, 1H, 9-H of BA), 7.64 (t, J=7.7 Hz, 1H, 5-H
of BA), 7.58 (t, J=7.0 Hz, 1H, BA10), 6.56 (br s, 1H, 1-H of BA), 6.35
(br s, 1H, 2-H of BA), 6.29 (br s, 1H, 1’-H of dR), 4.42 (s, 3’-H of dR),
3.91 (s, 4’-H of dR), 3.59 (dd, J=26.5, 9.1 Hz, 1H, 5’-H of dR), 2.63–2.60
(m, 1H, 2’’-H of dR), 2.35–2.28 (m, 1H, 2’-H of dR), 2.13 ppm (s, 3H,
CH3); MS (ESI): m/z=537 [M+1]+ .
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