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(()-anti-Dibenzo[a,l]pyrene-11,12-dihydrodiol 13,14-epoxide {(()-anti-DB[a,l]PDE} was re-
acted with deoxyguanosine (dG) in dimethylformamide at 100 °C for 30 min, and two sets of
adducts were isolated: a mixture of (()-anti-cis- & -trans-N2dG (43%) and a mixture of (()-
anti-cis- & -trans-N7Gua (45%). Both are mixtures of four stereoisomers that cannot be
separated by HPLC. Similarly, (()-syn-DB[a,l]PDE was reacted with dG under the same
conditions, and (()-syn-cis- & -trans-N2dG (38%) and (()-syn-cis- & -trans-N7Gua (59%) were
obtained. The structures of the adducts were determined by a combination of NMR and fast
atom bombardment mass spectrometry. By reacting (-)-anti-DB[a,l]PDE or (+)-syn-DB[a,l]-
PDE with dG under the same conditions, however, optically pure N2dG and N7Gua isomers
were obtained: (-)-anti-cis-N2dG (12%), (-)-anti-trans-N2dG (17%), (-)-anti-trans-N7Gua
(43%), (+)-syn-cis-N2dG (7%), (+)-syn-trans-N2dG (3%), (+)-syn-cis-N7Gua (36%), and (+)-syn-
trans-N7Gua (22%). The structures of the optically pure adducts were assigned by NMR. syn-
and anti-DB[a,l]PDE-N2dG adducts can be distinguished by fluorescence line-narrowing
spectroscopy (FLNS). Moreover, distinction between cis- and trans-stereochemistry of the
adducts is also straightforward by FLNS, because the FLN spectra for the four DB[a,l]PDE-
N2dG adducts, anti-cis, anti-trans, syn-cis, and syn-trans, are spectroscopically unique.

Introduction
Polycyclic aromatic hydrocarbons (PAH)1 are activated

by two major pathways, one-electron oxidation with
formation of radical cations and monooxygenation with
formation of diol epoxides, or, more frequently, a combi-
nation of both pathways (1, 2). In DNA, the Ade and Gua
bases are the most frequent targets of metabolically
activated PAH. Electrophilic attack by PAH radical
cations and diol epoxides at the N-3 and N-7 of Ade or
the N-7 and sometimes C-8 of Gua leads to formation of
depurinating adducts that are lost from DNA by cleavage
of the glycosidic bond (2). When reaction occurs at the
exocyclic amino group of deoxyguanosine (dG) or deoxy-

adenosine (dA), the adducts obtained are stable and
remain in DNA.

Investigating the postulated mechanism of metabolic
activation of dibenzo[a,l]pyrene2 (DB[a,l]P) requires ref-
erence adducts formed by DB[a,l]P radical cation and by
fjord region DB[a,l]P-11,12-dihydrodiol 13,14-epoxides
(DB[a,l]PDE). Synthesis of DB[a,l]P adducts by one-
electron oxidation was already reported (3, 4). In addition,
adducts formed by DB[a,l]PDE with dA were recently
synthesized (5). In this article, we report the synthesis
and structure elucidation of the adducts formed by
reaction of DB[a,l]PDE with dG.

Stable and depurinating adducts of DB[a,l]P were
obtained by microsomal activation of this compound in
the presence of DNA (6). Furthermore, stable dA and dG
adducts of DB[a,l]PDE have been identified in cell
culture, indicating that DB[a,l]P is stereoselectively
converted to the (+)-syn- and (-)-anti-DB[a,l]PDE with
11S,12R,13S,14R- and 11R,12S,13S,14R-configurations,
respectively (7, 8).

Fluorescence line-narrowing spectroscopy (FLNS) can
be used for fingerprint identification of various PAH-
DNA adducts and PAH metabolites (9-12), and the
combination of FLNS and non-line-narrowing (NLN)
fluorescence spectroscopy provides conformational infor-
mation (13-16). Spectral characterization of DB[a,l]-
PDE-N2dG and DB[a,l]PDE-N6dA standard adducts is
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essential for identification of adducts derived from syn-
and anti-DB[a,l]PDE and provides the necessary refer-
ence information for studying DB[a,l]PDE-DNA adducts
formed in vitro and in vivo. In this article, we also report
the characterization of anti-trans-, anti-cis-, syn-trans-,
and syn-cis-DB[a,l]PDE-N2dG adducts by FLNS. The
results obtained for the corresponding DB[a,l]PDE-N6-
dA adducts will be published elsewhere (17). Differences
in the FLN spectra for the four N2dG adducts provide a
means for selective, unambiguous identification of the
four adducts after their formation in biological systems.

Experimental Section

Caution. DB[a,l]PDE are hazardous chemicals and were
handled according to NIH guidelines (18).

General Procedures. All of the procedures for UV, NMR,
fast atom bombardment mass spectrometry (FAB MS), and
HPLC were the same as previously described (5). The spectra
of the (()-anti-cis- & -trans and (()-syn-cis- & -trans adducts
were recorded in Me2SO-d6 at 25 °C, whereas the spectra of the
(-)-anti and (+)-syn adducts were recorded in Me2SO-d6/D2O
at 25 °C. The procedure for FLNS analysis of DB[a,l]PDE-N2-
dG adducts was the same as that described in previous publica-
tions (16, 17, 19).

Chemicals. (()-anti-DB[a,l]PDE and (()-syn-DB[a,l]PDE
were obtained from ChemSyn Science Laboratories (Lenexa,
KS). (-)-anti-DB[a,l]PDE and (+)-syn-DB[a,l]PDE were syn-
thesized as previously described (20, 21). The dG was purchased
from Aldrich (Milwaukee, WI) and was desiccated over P2O5

under vacuum at 110 °C for 48 h prior to use. Commercially
available dimethylformamide (DMF; Aldrich) was purified by
refluxing over CaH2, followed by distillation under vacuum and
was stored over 4-Å molecular sieves under argon.

Chemical Synthesis of DB[a,l]PDE Adducts. The reaction
of (()-anti-DB[a,l]PDE is described here as an example. The
same methods were used for reaction of the other DB[a,l]PDE.
(()-anti-DB[a,l]PDE (5 mg, 0.0142 mmol) was dissolved in 1
mL of dry DMF at room temperature under argon. The dG (35

mg, 0.133 mmol) was added to the above solution, and the
reaction was carried out at 100 °C for 30 min. DMF was then
removed under vacuum; the residue was dissolved in Me2SO/
CH3OH (1:1) and analyzed by HPLC by using a CH3CN/H2O
gradient (Figure 1A) (5). Purification of all adducts was con-
ducted by preparative HPLC by using a CH3CN/H2O gradient,
followed by isocratic elution with CH3OH/H2O (5). The purity
of all adducts after preparative HPLC separations was inde-
pendently checked by analytical HPLC in the two solvent
systems, CH3CN/H2O and CH3OH/H2O. The adducts were
isolated from the reaction of DB[a,l]PDE with dG in yields
ranging from 3% to 59% (Table 1).

(()-anti-11,12,13-Trihydroxy-14-N2dG-11,12,13,14-tet-
rahydro-DB[a,l]P [(()-anti-cis- & -trans-N2dG]: UV λmax

243, 277, 288, 298, 330, 343 nm; 1H NMR δ 3.93 (m, 1H, 4′-H),
4.11-4.17 (m, 2H, 12-H, 13-H), 4.32 (m, 1H, 3′-H), 4.87 (bs, 1H,
11-H), 5.35-5.60 (m, 3H, 3′-OH, 5′-OH, 12-OH, can be ex-
changed with D2O), 6.05 (bs, 1H, 1′-H), 6.10 (d, 1H, 11-OH, can
be exchanged with D2O), 6.57 (s, 1H, 13-OH, can be exchanged
with D2O), 6.95 (dd, 1H, 2-H, J1,2 ) 7.5 Hz, J2,3 ) 6.5 Hz), 7.41
(dd, 1H, 3-H, J2,3 ) 6.5 Hz, J3,4 ) 8.5 Hz), 7.48 (bd, 1H, 14-H,
J13,14 ) 2.0 Hz), 7.95 [s, 1H, 8-H(Gua)], 7.99 (d, 1H, 1-H, J1,2 )
7.5 Hz), 8.02 (t, 1H, 6-H, J5,6 ) 8.0 Hz, J6,7 ) 7.5 Hz), 8.15 (dd,
2H, 8-H, 9-H, J8,9 ) 9.5 Hz), 8.22 [s, 1H, 2-NH(Gua), can be

Figure 1. HPLC (CH3CN/H2O gradient) profile of products obtained by reaction of (A) (()-anti-DB[a,l]PDE with dG and (B) (()-
syn-DB[a,l]PDE with dG.

Table 1. Adducts Obtained by Reaction of (()-anti-,
(-)-anti-, (()-syn-, or (+)-syn-DB[a,l]PDE with dG in DMF

at 100 °C for 30 min

product yield (%)

(()-anti-cis- & -trans-N2dG 43
(()-anti-cis- & -trans-N7Gua 45
(()-syn-cis- & -trans-N2dG 38
(()-syn-cis- & -trans-N7Gua 59
(-)-anti-cis-N2dG 12
(-)-anti-trans-N2dG 17
(-)-anti-trans-N7Guaa 43
(+)-syn-cis-N2dG 7
(+)-syn-trans-N2dG 3
(+)-syn-cis-N7Gua 36
(+)-syn-trans-N7Gua 22

a Only trace amounts of (-)-anti-cis-N7Gua were obtained.
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exchanged with D2O], 8.25 (d, 1H, 7-H, J6,7 ) 7.5 Hz), 8.53 (s,
1H, 10-H), 8.61 (d, 1H, 4-H, J3,4 ) 8.5 Hz), 8.88 (d, 1H, 5-H, J5,6

) 8.0 Hz); FAB MS [M + H]+ C34H30N5O7 calcd 620.2145, obsd
620.2129.

(()-anti-11,12,13-Trihydroxy-14-N7Gua-11,12,13,14-tet-
rahydro-DB[a,l]P [(()-anti-cis- & -trans-N7Gua]: UV λmax

241, 277 (sh), 288, 296 (sh), 331, 343 nm; 1H NMR δ 3.92 (d,
1H, 12-H, J12,13 ) 6.5 Hz), 4.22 (dd, 1H, 13-H, J12,13 ) 6.5 Hz,
J13,14 ) 6.0 Hz), 4.97 (bs, 1H, 11-H), 5.32 (bs, 1H, 11-OH, can
be exchanged with D2O), 5.40 (bs, 1H, 13-OH, can be exchanged
with D2O), 5.54 (bs, 1H, 12-OH, can be exchanged with D2O),
6.55 (bs, 1H, 14-H), 6.90 [bs, 2H, 2-NH2(Gua), can be exchanged
with D2O], 7.22 (bs, 1H, 2-H), 7.63 (bs, 1H, 3-H), 7.70 (d, 1H,
1-H, J1,2 ) 8.0 Hz), 7.95 [s, 1H, 8-H(Gua)], 8.05 (dd, 1H, 6-H,
J5,6 ) 8.0 Hz, J6,7 ) 7.5 Hz), 8.17 (d, 1H, 9-H, J8,9 ) 9.0 Hz),
8.21 (d, 1H, 8-H, J8,9 ) 9.0 Hz), 8.28 (d, 1H, 7-H, J6,7 ) 7.5 Hz),
8.35 (s, 1H, 10-H), 8.89 (bs, 1H, 4-H), 8.99 (d, 1H, 5-H, J5,6 )
8.0 Hz); FAB MS [M + H]+ C29H22N5O4 calcd 504.1672, obsd
504.1686.

(()-syn-11,12,13-Trihydroxy-14-N2dG-11,12,13,14-tetrahy-
dro-DB[a,l]P [(()-syn-cis- & -trans-N2dG]: UV λmax 241, 278,
288, 296, 329, 342 nm; 1H NMR δ 3.47 (bs, 1H, 4′-H), 3.75 (bs,
2H, 12a-H, 12b-H), 4.50-4.57 (m, 2H, 13a-H, 13b-H), 4.88 (bs,
2H, 11a-H, 11b-H), 5.21-5.31 (m, 4H, 3′-OH, 5′-OH, 12a-OH, 12b-
OH, can be exchanged with D2O), 5.95 (bs, 1H, 1′-H), 6.05-6.20
(m, 4H, 11a-OH, 11b-OH, 13a-OH, 13b-OH), 7.08-7.25 (m, 4H,
2a-H, 2b-H, 14a-H, 14b-H), 7.48 (dd, 1H, 3b-H, J2b,3b ) 7.0 Hz,
J3b,4b ) 8.0 Hz), 7.62 (dd, 1H, 3a-H, J2a,3a ) 7.0 Hz, J3a,4a ) 8.0
Hz), 8.05-8.06 (m, 2H, 6a-H, 6b-H), 8.14 (m, 4H, 8a-H, 9a-H, 8b-
H, 9b-H), 8.25 (d, 2H, 7a-H, 7b-H, J6a,7a ) J6b,7b ) 7.5 Hz), 8.42
[s, 1H, 8-H(Gua)], 8.50 (s, 2H, 10a-H, 10b-H), 8.60-8.63 (m, 2H,
1a-H, 1b-H), 8.70 (d, 1H, 4b-H, J3b,4b ) 8.0 Hz), 8.87 (d, 1H, 4a-
H, J3a,4a ) 8.0 Hz), 8.91 (d, 1H, 5b-H, J5b,6b ) 8.0 Hz), 8.96 (d,
1H, 5a-H, J5a,6a ) 8.0 Hz); FAB MS [M + Na]+ C39H29N5O7Na
calcd 642.1965, obsd 642.1949.

(()-syn-11,12,13-Trihydroxy-14-N7Gua-11,12,13,14-tet-
rahydro-DB[a,l]P [(()-syn-cis- & -trans-N7Gua]: UV λmax

242, 280 (sh), 290, 297 (sh), 331, 344 nm; 1H NMR δ 3.59 (bs,
1H, 12-H), 4.05 (m, 1H, 13b-H), 4.26 (bs, 1H, 13a-H), 4.85 (d,
1H, 11b-H, J11b,12b ) 10.0 Hz), 4.91 (d, 1H, 11a-H, J11a,12a ) 8.0
Hz), 5.15 (bs, 1H, 12b-OH, can be exchanged with D2O), 5.32
(bs, 1H, 12a-OH, can be exchanged with D2O), 5.94 (d, 1H, 11b-
OH, can be exchanged with D2O, J11b,11b-OH ) 6.5 Hz), 6.02 (d,
1H, 11a-OH, can be exchanged with D2O, J11a,11a-OH ) 6.0 Hz),
6.13 (bs, 1H, 13a-OH, can be exchanged with D2O), 6.23 (bs, 1H,
13b-OH, can be exchanged with D2O), 6.34 (d, 1H, 14b-H, J13b,14b

) 4.5 Hz), 6.68 (d, 1H, 14a-H, J13a,14a ) 3.5 Hz), 6.78 [bs, 2H,
2b-NH2(Gua), can be exchanged with D2O], 7.29 (dd, 1H, 2b-H,
J1b,2b ) 7.5 Hz, J2b,3b ) 7.0 Hz), 7.35-7.50 [bs, 2H, 2a-NH2(Gua),
can be exchanged with D2O], 7.36 (dd, 1H, 2a-H, J1a,2a ) 7.5
Hz, J2a,3a ) 7.0 Hz), 7.61 (dd, 1H, 3a-H, J2a,3a ) 7.0 Hz, J3a,4a )
8.0 Hz), 7.91 [s, 1H, 8-H(Gua)], 7.97-8.04 (m, 2H, 6a-H, 6b-H),
8.04-8.30 (m, 4H, 8a-H, 8b-H, 9a-H, 9b-H), 8.24 (d, 2H, 7a-H,
7b-H, J6a,7a ) J6b,7b ) 7.5 Hz), 8.48-8.56 (m, 3H, 1a-H, 10a-H,
10b-H), 8.67 (d, 1H, 4b-H, J3b,4b ) 8.5 Hz), 8.80-8.87 (bs, 2H,
4a-H, 5b-H), 8.93 (d, 1H, 5a-H, J5a,6a ) 8.0 Hz), 9.00 (d, 1H, 1b-
H, J1b,2b ) 7.5 Hz); FAB MS [M + Na]+ C29H21N5O4Na calcd
526.1491, obsd 526.1505.

(-)-(11R,12S,13R)-Trihydroxy-(14R)-N2dG-11,12,13,14-
tetrahydro-DB[a,l]P [(-)-anti-cis-N2dG]: UV λmax 243, 278
(sh), 288, 298, 328, 342 nm; 1H NMR δ 3.92-3.96 (m, 1H, 4′-
H), 4.13 (dd, 1H, 12-H, J11,12 ) 8.5 Hz, J12,13 ) 2.0 Hz), 4.32 (bs,
1H, 13-H), 4.52 (m, 1H, 3′-H), 5.06 (d, 1H, 11-H, J11,12 ) 8.5
Hz), 6.36 (dd, 1H, 1′-H, J1′,2′ ) 8.5 Hz, J1′,2′ ) 7.5 Hz), 6.54 (d,
1H, 14-H, J13,14 ) 3.5 Hz), 7.06 (dd, 1H, 2-H, J1,2 ) 8.5 Hz, J2,3

) 7.0 Hz), 7.53 (dd, 1H, 3-H, J2,3 ) 7.0 Hz, J3,4 ) 7.5 Hz), 7.95
[s, 1H, 8-H(Gua)], 8.05 (dd, 1H, 6-H, J5,6 ) 7.5 Hz, J6,7 ) 8.0
Hz), 8.09-8.11 (m, 2H, 8-H, 9-H), 8.25 (d, 1H, 7-H, J6,7 ) 8.0
Hz), 8.39 (s, 1H, 10-H), 8.49 (bd, 1H, 1-H, J1,2 ) 8.5 Hz), 8.80
(d, 1H, 4-H, J3,4 ) 7.5 Hz), 8.96 (d, 1H, 5-H, J5,6 ) 7.5 Hz).

(-)-(11R,12S,13R)-Trihydroxy-(14S)-N2dG-11,12,13,14-
tetrahydro-DB[a,l]P [(-)-anti-trans-N2dG]: UV λmax 242,

262 (sh), 276 (sh), 285, 294, 327, 342 nm; 1H NMR δ 3.44 (m,
1H, 12-H), 3.94 (m, 1H, 3′-H), 4.18 (m, 1H, 13-H), 5.09 (d, 1H,
11-H, J11,12 ) 8.5 Hz), 6.00 (dd, 1H, 1′-H), 6.74 (d, 1H, 14-H,
J13,14 ) 8.0 Hz), 7.16 (dd, 1H, 2-H, J1,2 ) 8.5 Hz, J2,3 ) 7.0 Hz),
7.45-7.47 (m, 1H, 3-H), 7.69 [s, 1H, 8-H(Gua)], 8.03 (t, 1H, 6-H,
J5,6 ) 7.5 Hz, J6,7 ) 7.5 Hz), 8.08-8.15 (m, 2H, 8-H, 9-H), 8.25
(d, 1H, 7-H, J6,7 ) 7.5 Hz), 8.47 (s, 1H, 10-H), 8.64 (bd, 1H, 1-H,
J1,2 ) 8.5 Hz), 8.67 (d, 1H, 4-H, J3,4 ) 8.5 Hz), 8.88 (d, 1H, 5-H,
J5,6 ) 7.5 Hz).

(-)-(11R,12S,13R)-Trihydroxy-(14S)-N7Gua-11,12,13,14-
tetrahydro-DB[a,l]P [(-)-anti-trans-N7Gua]: UV λmax 243,
278 (sh), 286, 295 (sh), 328, 342 nm; 1H NMR δ 3.76 (d, 1H,
12-H, J11,12 ) 6.0 Hz), 4.32 (dd, 1H, 13-H, J13,14 ) 6.0 Hz, J12,13

) 2.0 Hz), 4.97 (d, 1H, 11-H, J11,12 ) 6.0 Hz), 6.71 [s, 1H, 8-H
(Gua)], 7.18 (d, 1H, 14-H, J13,14 ) 6.0 Hz), 7.29 (bs, 1H, 2-H),
7.60 (bs, 1H, 3-H), 8.05 (t, 1H, 6-H, J5,6 ) 7.5 Hz, J6,7 ) 7.5 Hz),
8.16 (s, 2H, 8-H, 9-H), 8.27 (d, 1H, 7-H, J6,7 ) 7.5 Hz), 8.38 (d,
1H, 1-H), 8.51 (s, 1H, 10-H), 8.83 (d, 1H, 4-H, J3,4 ) 6.0 Hz),
8.95 (d, 1H, 5-H, J5,6 ) 7.5 Hz).

(+)-(11S,12R,13R)-Trihydroxy-(14R)-N2dG-11,12,13,14-
tetrahydro-DB[a,l]P [(+)-syn-cis-N2dG]: UV λmax 228, 242,
263 (sh), 273 (sh), 284, 293, 326, 340 nm; 1H NMR δ 3.38 (dd,
1H, 12-H, J11,12 ) 8.5 Hz, J12,13 ) 6.5 Hz), 4.22-4.30 (m, 1H,
3′-H), 4.30-4.35 (m, 1H, 13-H), 5.31 (d, 1H, 11-H, J11,12 ) 8.5
Hz), 5.92 (d, 1H, 14-H, J13,14 ) 3.0 Hz), 6.24 (dd, 1H, 1′-H, J1′,2′
) 6.0 Hz, J1′,2′ ) 7.0 Hz), 7.46 (dd, 1H, 2-H, J1,2 ) 8.0 Hz, J2,3 )
7.5 Hz), 7.74 (t, 1H, 3-H, J2,3 ) 7.5 Hz, J3,4 ) 7.5 Hz), 8.01 [s,
1H, 8-H(Gua)], 8.07 (dd, 1H, 6-H, J5,6 ) 7.5 Hz, J6,7 ) 8.0 Hz),
8.18 (dd, 2H, 8-H, 9-H), 8.29 (d, 1H, 7-H, J6,7 ) 8.0 Hz), 8.41 (d,
1H, 1-H, J1,2 ) 8.0 Hz), 8.54 (s, 1H, 10-H), 8.95 (d, 1H, 4-H, J3,4

) 7.5 Hz), 9.01 (d, 1H, 5-H, J5,6 ) 7.5 Hz).
(+)-(11S,12R,13R)-Trihydroxy-(14S)-N2dG-11,12,13,14-

tetrahydro-DB[a,l]P [(+)-syn-trans-N2dG]: UV λmax 242, 280
(sh), 290, 297 (sh), 331, 344 nm; 1H NMR δ 3.38-3.41 (m, 1H,
12-H), 3.80 (m, 1H, 4′-H), 4.20 (bs, 1H, 13-H), 4.31 (m, 1H, 3′-
H), 4.84 (s, 1H, 11-H), 6.03 (bs, 1H, 14-H), 6.15 (bs, 1H, 1′-H),
7.27 (dd, 1H, 2-H, J1,2 ) 8.0 Hz, J2,3 ) 7.0 Hz), 7.71 (dd, 1H,
3-H, J2,3 ) 7.0 Hz, J3,4 ) 8.0 Hz), 8.03 [s, 1H, 8-H(Gua)], 8.07
(t, 1H, 6-H, J5,6 ) 8.0 Hz, J6,7 ) 8.0 Hz), 8.16 (s, 2H, 8-H, 9-H),
8.28 (d, 1H, 7-H, J6,7 ) 8.0 Hz), 8.29 (s, 1H, 10-H), 8.68 (bd, 1H,
1-H), 8.97 (d, 1H, 4-H, J3,4 ) 8.0 Hz), 9.04 (d, 1H, 5-H, J5,6 )
8.0 Hz).

(+)-(11S,12R,13R)-Trihydroxy-(14R)-N7Gua-11,12,13,14-
tetrahydro-DB[a,l]P [(+)-syn-cis-N7Gua]: UV λmax 242, 277
(sh), 286, 294 (sh), 328, 341 nm; 1H NMR δ 3.85 (dd, 1H, 12-H,
J11,12 ) 5.0 Hz, J12,13 ) 7.5 Hz), 3.95 (dd, 1H, 13-H, J12,13 ) 7.5
Hz, J13,14 ) 4.0 Hz), 4.94 (d, 1H, 11-H, J11,12 ) 5.0 Hz), 6.97 [s,
1H, 8-H (Gua)], 7.27 (dd, 1H, 2-H, J1,2 ) 7.0 Hz, J2,3 ) 8.0 Hz),
7.41 (d, 1H, 14-H, J13,14 ) 4.0 Hz), 7.62 (dd, 1H, 3-H, J2,3 ) 8.0
Hz, J3,4 ) 7.5 Hz), 8.06 (dd, 1H, 6-H, J5,6 ) 7.5 Hz, J6,7 ) 8.0
Hz), 8.16 (s, 2H, 8-H, 9-H), 8.29 (dd, 2H, 1-H, 7-H, J1,2 ) 7.0
Hz, J6,7 ) 8.0 Hz), 8.51 (s, 1H, 10-H), 8.84 (d, 1H, 4-H, J3,4 )
7.5 Hz), 8.96 (d, 1H, 5-H, J5,6 ) 7.5 Hz).

(+)-(11S,12R,13R)-Trihydroxy-(14S)-N7Gua-11,12,13,14-
tetrahydro-DB[a,l]P [(+)-syn-trans-N7Gua]: UV λmax 241,
277 (sh), 289, 295 (sh), 328, 342 nm; 1H NMR, δ 3.70-3.80 (bs,
1H, 12-H), 4.00-4.10 (m, 1H, 13-H), 4.94 (d, 1H, 11-H, J11,12 )
8.0 Hz), 6.78 (d, 1H, 14-H, J13,14 ) 6.5 Hz), 7.32-7.42 (m, 1H,
2-H), 7.62 (t, 1H, 3-H, J2,3 ) 7.5 Hz, J3,4 ) 7.5 Hz), 8.02 (t, 1H,
6-H, J5,6 ) 7.5 Hz, J6,7 ) 7.5 Hz), 8.08-8.15 [m, 3H, 8-H, 9-H,
8-H (Gua)], 8.24 (d, 2H, 1-H, 7-H, J1,2 ) 7.5 Hz, J6,7 ) 7.5 Hz),
8.47 (s, 1H, 10-H), 8.76 (d, 1H, 4-H, J3,4 ) 7.5 Hz), 8.89 (d, 1H,
5-H, J5,6 ) 7.5 Hz).

Results and Discussion

Synthesis and Isolation of Adducts. When both
racemic and optically pure DB[a,l]PDE were reacted with
dG at 100 °C for 30 min, two types of adducts were
isolated in high yield (Table 1): one formed by reaction
of DB[a,l]PDE at the benzylic C-14 position with the NH2

group of dG (N2dG adducts) and the second formed by
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reaction of DB[a,l]PDE at C-14 with the N7 of dG leading
to depurination (N7Gua adducts). Both (()-anti-DB[a,l]-
PDE and (()-syn-DB[a,l]PDE reacted with dG to give
very good yields of cis- and trans-N2dG and -N7Gua
adducts (Table 1, Figure 1). With (-)-anti-DB[a,l]PDE,
only one N7Gua adduct was isolated, and its yield was
greater than those of the two N2dG adducts (Table 1,
Figure 2A). With (+)-syn-DB[a,l]PDE, the yield of N7Gua
adducts was much greater than those of the N2dG
adducts (Table 1, Figure 2B).

The N2dG adducts can be easily separated from the
N7Gua adducts (Figure 1). However, efforts to further
separate diastereomeric mixtures of cis- and trans-opened
N7Gua adducts, or the four individual stereoisomers of
optically active N2dG adducts obtained from racemic anti-
DB[a,l]PDE (Scheme 1) and syn-DB[a,l]PDE (Scheme 2),
were not successful under isocratic or gradient HPLC
conditions. By using (+)-syn- and (-)-anti-DB[a,l]PDE,
however, pure (-)-anti-cis-N2dG, (-)-anti-trans-N2dG,
(-)-anti-trans-N7Gua (Scheme 3, Figure 2A), (+)-syn-cis-
N2dG, (+)-syn-trans-N2dG, (+)-syn-cis-N7Gua, and (+)-
syn-trans-N7Gua (Scheme 4, Figure 2B) were obtained.
The structures of all adducts were determined by NMR
(Figures 3, 4, 7-9). The formulae of all the racemic
N7Gua and stereoisomeric N2dG adducts were confirmed
by FAB MS, and more confirmation was achieved by
tandem MS, while the optically pure adducts were
investigated by FLNS.

Structure Elucidation of Racemic Adducts. (1)
(()-anti-11,12,13-Trihydroxy-14-N2dG-11,12,13,14-

tetrahydro-DB[a,l]P [(()-anti-cis- & -trans-N2dG].
The NMR spectrum (Figure 3A) of this mixture of four
stereoisomers does not show different sets of chemical
shifts, suggesting that the isomers exhibit almost identi-
cal NMR spectra. The absence of the NH2 signal for dG
around 7 ppm indicates that this group participates in
the bond of dG to the dihydrodiol epoxide. The charac-
teristic proton signals of the deoxyribose moiety further
substantiate formation of the adduct at the exocyclic
amino group. Furthermore, the signal of the H-14 proton
of the DB[a,l]PDE moiety at 7.48 ppm (Table 2) is shifted
significantly downfield compared to the signals of the
other methine protons of the cyclohexenyl ring, indicating
that the adduct has been formed between the C-14 of DB-
[a,l]PDE and the 2-NH2 of dG. The signals of the
remaining protons were assigned by a combination of 1H
NMR, two-dimensional chemical shift correlation spec-
troscopy (COSY), and D2O treatment of exchangeable
protons.

(2) (()-anti-11,12,13-Trihydroxy-14-N7Gua-
11,12,13,14-tetrahydro-DB[a,l]P[(()-anti-cis-&-trans-
N7Gua]. In the NMR spectrum of these adducts (Figure
3B), the two proton signals at 6.96 ppm, exchangeable
with D2O, show a chemical shift close to that of the amino
group in dG (6.48 ppm, not shown). This indicates that
the amino group is not involved in the formation of the
adduct. The lack of a deoxyribose moiety in the adduct
suggests that the bond between the dihydrodiol epoxide
and dG occurs at N-7, with destabilization of the glyco-
sidic bond and loss of the deoxyribose moiety. The
chemical shifts of the remaining protons were assigned
by 1H NMR, COSY, and D2O exchange. The substantial
line broadening of the signals of all protons is attributable
to the almost identical NMR spectra of the four stereoi-
somers, which could not be separated by HPLC.

(3) (()-syn-11,12,13-Trihydroxy-14-N2dG-11,12,13,14-
tetrahydro-DB[a,l]P [(()-syn-cis- & -trans-N2dG].
The NMR spectrum of the title compounds (Figure 4A)
shows two sets of proton signals, suggesting that the cis
and trans stereoisomers can be identified. Assignment
of the structure of these adducts is based on the lack of
the NH2 signal of dG (around 7 ppm) and the shift
downfield of the H-14 proton, compared to the chemical
shifts of the other methine protons of the cyclohexenyl
ring. Furthermore, the proton signals of the deoxyribose
are present. These data suggest that the adduct is formed
by a bond between C-14 in the dihydrodiol epoxide moiety
and the 2-NH2 group of dG. Determination of the cis- and
trans-opened adducts from the two sets of proton signals
is based on the coupling constant J13,14, which is larger
for the trans- than cis-opened adducts (ref 5 and see
below). It was found that syn isomers preferentially
produce cis-opened adducts and anti isomers preferen-
tially yield trans-opened adducts (5). Thus, in the two
sets of signals, the major one is designated as deriving
from the cis-opened adduct. The ratio of the cis- to trans-
opened adducts is 70:30, as determined from peak areas.

(4) (()-syn-11,12,13-Trihydroxy-14-N7Gua-
11,12,13,14-tetrahydro-DB[a,l]P [(()-syn-cis- & -trans-
N7Gua]. The NMR spectrum of these adducts (Figure
4B) shows two sets of proton signals that are analogous
to those of (()-syn-cis- & -trans-N2dG (Figure 4A). The
lack of deoxyribose signals and the presence of the 2-NH2

proton signals indicate that these two diastereomers are
the syn-cis- and syn-trans-opened N7Gua adducts. The
smaller coupling constant J13a,14a ) 3.5 Hz (Table 2) is

Figure 2. HPLC (CH3CN/H2O gradient) profile of products
obtained by reaction of (A) (-)-anti-DB[a,l]PDE with dG and
(B) (+)-syn-DB[a,l]PDE with dG.
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designated as deriving from the cis-opened adduct and
the larger J13b,14b ) 4.5 Hz (Table 2) from the trans-
opened adduct. Integrating the peaks gives a ratio of syn-
cis versus syn-trans adducts of 65:35.

Mass Spectra of the Racemic Adducts. FAB MS
produces [M + H]+ and [M + Na]+ ions for the dihydrodiol
epoxide adducts. Sufficient signal intensity was produced
to enable exact-mass measurements of either the proto-

nated or sodiated molecules of the N2dG and N7Gua
adducts (see Experimental Section). The elemental com-
positions were confirmed, as the measured masses were
within 2.5-2.7 ppm of the theoretical masses for the four
adducts.

In an effort to obtain structural information, the
protonated or sodiated adducts were submitted to tandem
mass spectrometry, and their collisionally activated
decomposition (CAD) spectra were recorded. The dihy-

Scheme 1. Reaction of (()-anti-DB[a,l]PDE with dG

Scheme 2. Reaction of (()-syn-DB[a,l]PDE with dG

Scheme 3. Reaction of (-)-anti-DB[a,l]PDE with
dG

Scheme 4. Reaction of (+)-syn-DB[a,l]PDE with dG
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drodiol epoxides do not desorb well, probably owing to
the hydrophilicity of the three hydroxyl groups. Because
of the poor sensitivity, we were able to obtain the CAD
spectra only by using the array detector of the four-sector
instrument. We present four spectra here to demonstrate
that they are consistent with the proposed structures,
but like the similar CAD spectra of dA adducts (5), the
spectra are compound-class-specific, but not isomer-
specific.

For the (()-anti-cis- & -trans-N2dG adducts, the CAD
spectrum of the [M + H]+ caused fragmentation of the
molecules into their constituent parts (Figure 5A). Losses
occur of the deoxyribose as C5H8O3 and neutral Gua to
give the ions of m/z 504 and 469, respectively. The latter
is unexpected and may be due to migration of the PAH
triol moiety from Gua to deoxyribose in the MS experi-
ment. We also see formation of deoxyribose ion and
protonated Gua at m/z 117 and 152, respectively. The
triol moiety is expelled as an ion of m/z 353. There is a
signature pattern for the triol moiety that consists of the
fragment ions of m/z 353, 335, 317, 307, 289, 276/7, and
263. These ions are connected by losses of CO, H2O, and
portions of the six-membered ring containing the triol.
An identical set of ions is formed in the fragmentation
of DB[a,l]PDE-Ade and -dA adducts, although their
relative abundances are different (5). Benzo[a]pyrene-
7,8-dihydrodiol 9,10-epoxide adducts also give an analo-
gous pattern of m/z 303, 285, 267, 257, 239, and 226/7
fragment ions (22), with m/z values 50 units (C4H2) lower
than those of DB[a,l]P adducts.

The CAD or product-ion spectrum of the [M + H]+ of
(()-anti-cis- & -trans-N7Gua (Figure 5B) shows most of

the signature pattern for the triol (some ions are missing
because there is a small gap in the center of the array
detector). The presence of Gua is indicated by the
fragment of protonated Gua at m/z 152.

To obtain CAD spectra of the (()-syn-cis- & -trans-N2-
dG and (()-syn-cis- & -trans-N7Gua adducts, we had to
turn to [M + Na]+ ions because the sample contained
sufficient Na+ to render the [M + H]+ species poorly
abundant. The spectrum (Figure 6A) of (()-syn-cis- &
-trans-N2dG shows again that the dominant fragmenta-
tion is to disassemble the adduct into its constituent
parts: [Gua + Na]+ shifted to m/z 174 from m/z 152 for
[Gua + H]+ and ions formed by losses of deoxyribose (at
m/z 526) and neutral Gua (at m/z 491). The latter ion
suggests that N2dG adducts may be susceptible to rear-
rangement of the PAH-triol moiety because the loss of
the base is not seen for N6dA adducts of this type (5).
The pattern of peaks in the region of m/z 289, when
amplified, is similar in ion membership, but not abun-
dance, to the triol signature (m/z 335, 317, 307...),
indicating that the Na+ is bound preferentially with the
deoxyribose/Gua portion of the molecule and is lost as
part of the neutral moiety.

The CAD spectrum (Figure 6B) of the [M + Na]+ of
(()-syn-cis- & -trans-N7Gua illustrates more clearly the
pattern of fragment ions in the m/z 289 region, and
another version of this spectrum was published previ-
ously (23). One sees clearly that many of the fragment
ions constitute the signature pattern of the PAH-triol and
do not bear the Na+, indicating again a preference of Na+

for the deoxyribose or base. A notable exception is the

Figure 3. 1H NMR (Me2SO-d6) of (A) (()-anti-cis- & -trans-N2dG and (B) (()-anti-cis- & -trans-N7Gua. Deoxyribose protons 2′-H2
and 5′-H2 in panel A resonate at higher fields (not shown); signal at 6.9 ppm in B (exchangeable with D2O) is presumably an impurity
derived from the HPLC column.
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abundant ion at m/z 375, which is the PAH-triol bound
to Na+.

Structure Elucidation of (-)-anti-DB[a,l]PDE-
dG and (+)-syn-DB[a,l]PDE-dG Adducts. The small
amounts of the two dihydrodiol epoxides (-)-anti-DB[a,l]-
PDE and (+)-syn-DB[a,l]PDE available for synthesizing
the dG adducts rendered challenging the elucidation of
their structures. The NMR spectra were recorded in Me2-
SO-d6/D2O to sharpen the broad signals corresponding
to the hydroxy and amino protons and, at the same time,
to sharpen the signals corresponding to the C-H protons.

Of particular importance in elucidating the structures
of the optically pure stereoisomers is an empirical rule
that we developed by studying similar adducts obtained
from the reaction of DB[a,l]PDE with dA: the anti-DB-
[a,l]PDE tend to produce more trans-opened adducts,
whereas the syn-DB[a,l]PDE yield more cis-opened ad-
ducts. More important for establishing the structure of
these adducts is the coupling constant J13,14, which is
relatively low for the cis-opened adducts and larger for
the trans-opened adducts (5).

In the reaction of (-)-anti-DB[a,l]PDE with dG, three
adducts were isolated and identified: namely the (-)-
anti-trans-N2dG (17% yield), (-)-anti-cis-N2dG (12%), and
(-)-anti-trans-N7Gua (43%; Table 1). The NMR spectra
of these three adducts are shown in Figure 7. Assignment
of the various proton signals was determined by 1H NMR
and COSY, and the rationale for distinguishing the N2-
dG from the N7Gua adduct is based on the presence of
the signals for the deoxyribose moiety in the former and
their absence in the latter. The J13,14 ) 3.5 Hz observed
in spectrum 7A (Table 2) is small compared to J13,14 )
8.0 Hz in spectrum 7B. Therefore, the adduct with the
smaller coupling constant is designated as the one that
has 13-H and 14-H cis to each other, and thus, the
absolute stereochemistry of the adduct must be
11R,12S,13R,14R. The adduct in Figure 7B, with J13,14

) 8.0 Hz, has the 13-H and 14-H trans to each other,
and its absolute stereochemistry must be 11R,12S,13R,-
14S. Of the N7Gua adduct (Figure 7C), only one optically
pure isomer was isolated; the other was obtained in trace
amount (Figure 2A). The isolated adduct is designated

Figure 4. 1H NMR (Me2SO-d6) of (A) (()-syn-cis- & -trans-N2dG. The cis-opened N2dG is designated with the subscript a and the
trans-opened with the subscript b. The deoxyribose protons 2′-H2, 5′-H2, and 4′-H resonate at higher fields (not shown). (B) 1H NMR
(Me2SO-d6) of (()-syn-cis- & -trans-N7Gua. Description of the subscripts a and b is the same as in panel A.
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as (-)-anti-trans-N7Gua because the yield was high, and
the value for the coupling constant J13,14 ) 6.0 Hz is also
relatively high. Therefore, this adduct is designated with
11R,12S,13R,14S-absolute stereochemistry.

From reaction of (+)-syn-DB[a,l]PDE with dG, two N2-
dG and two N7Gua adducts were obtained. From the
small J13,14 ) 3.0 Hz and the higher yield obtained for
the isomer shown in Figure 8A, this adduct is designated
as the (+)-syn-cis-N2dG, with 11S,12R,13R,14R-absolute
stereochemistry. Thus, the adduct shown in Figure 8B
must be the (+)-syn-trans-N2dG. Elucidation of the
structure of the two N7Gua adducts obtained relies on

the higher yield of the isomer designated as (+)-syn-cis-
N7Gua (36%) with a relatively small J13,14 ) 4.0 Hz
(Figure 9A) versus the assigned (+)-syn-trans-N7Gua
(22%) with J13,14 ) 6.5 Hz.

Vibronically Excited FLN Spectra. The NLN fluo-
rescence spectra at 77 K revealed that anti-trans-, anti-
cis-, syn-trans-, and syn-cis-N2dG adducts exist mostly
in folded-type conformation (17), with fluorescence origin
bands at ∼387-390 nm (unpublished results).

FLN multiplet origin structures for anti-trans- and
anti-cis-N2dG adducts are shown in Figure 10; the FLN

Table 2. Selected δ and J Values of DB[a,l]PDE Adducts Formed with dG

adduct 11-H 12-H 13-H 14-H 11-OH 12-OH 13-OH

(()-anti-cis- & -trans-N2dG 4.87 4.11-4.17 4.11-4.17 7.48 6.10 5.35-5.60 6.57
(J13,14 ) 2.0 Hz)

(()-anti-cis- & -trans-N7Gua 4.97 3.92 4.22 6.55 5.32 5.54 5.40
(J12,13 ) 6.5 Hz, J13,14 ) 6.0 Hz)

(()-syn-cis- & -trans-N2dG 4.88 3.75 4.50-4.57 7.08-7.25 5.21-5.31
(()-syn-cis- & -trans-N7Guaa 4.85b, 4.91a 3.59 4.05b, 4.26a 6.34b, 6.68a 5.94b, 6.02a 5.15b, 5.32a 6.13a, 6.23b

(J11a,12a ) 8.0 Hz, J11b,12b ) 10.0 Hz, J13a,14a ) 3.5 Hz, J13b,14b 4.5 Hz)
(-)-anti-cis-N2dG 5.06 4.13 4.32 6.54

(J11,12 ) 8.5 Hz, J12,13 ) 2.0 Hz, J13,14 ) 3.5 Hz)
(-)-anti-trans-N2dG 5.09 3.44 4.18 6.74

(J11,12 ) 8.5 Hz, J13,14 ) 8.0 Hz)
(-)-anti-trans-N7Gua 4.97 3.76 4.32 7.18

(J11,12 ) 6.0 Hz, J12,13 ) 2.0 Hz, J13,14 ) 6.0 Hz)
(+)-syn-cis-N2dG 5.31 3.38 4.30-4.35 5.92

(J11,12 ) 8.5 Hz, J12,13 ) 6.5 Hz, J13,14 ) 3.0 Hz)
(+)-syn-trans-N2dG 4.84 3.38-3.41 4.20 6.03
(+)-syn-cis-N7Gua 4.94 3.85 3.95 7.41

(J11,12 ) 5.0 Hz, J12,13 ) 7.5 Hz, J13,14 ) 4.0 Hz)
(+)-syn-trans-N7Gua 4.94 3.70-3.80 4.00-4.10 6.78

(J11,12 ) 8.0 Hz, J13,14 ) 6.5 Hz)
a Subscripts a and b refer to cis-opened adducts and trans-opened adducts, respectively.

Figure 5. Portion of the CAD mass spectra of (A) [M + H]+

ions of m/z 620 from (()-anti-cis- & -trans-N2-dG and (B) [M +
H]+ ions of m/z 504 from (()-anti-cis- & -trans-N7Gua.

Figure 6. Portion of the CAD mass spectra of (A) [M + Na]+

ions of m/z 642 from (()-syn-cis- & -trans-N2dG and (B) [M +
Na]+ ions of m/z 526 from (()-syn-cis- & -trans-N7Gua.
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spectra in Figure 10A,B were acquired for two different
excitation wavelengths: 379.0 and 376.0 nm, respec-
tively. Spectra a and c were obtained for the trans isomer
in glycerol/water at 4.2 K and spectra b and d for the cis
isomer. The FLN peaks are labeled with their S1 vibra-
tional frequencies in cm-1. For λex ) 376.0 nm (Figure
10B), the FLN spectra of anti-trans- and anti-cis-DB[a,l]-
PDE-N2dG adducts are fairly similar; however, for λex

) 379.0 nm (Figure 10A), there are significant differences
in the vibrational frequencies and intensities that enable
spectral distinction of these two adducts. There are
characteristic modes at 532, 545, 625, 635, and 698 cm-1

for the anti-trans-N2dG adduct, whereas the anti-cis-N2-
dG adduct has modes at 536, 551, and 627 cm-1. In
addition, the relative intensities of the FLN peaks are
different for these two adducts, with the higher frequency

modes of anti-trans-N2dG being more intense than the
corresponding modes for the anti-cis-N2dG adduct.

The same excitation wavelengths were used to gener-
ate FLN spectra for the syn-trans- and syn-cis-N2dG
adducts, shown in Figure 11A,B, corresponding to dif-
ferent excitation wavelengths (λex ) 379.0 and 376.0 nm,
respectively) that expose different regions of the vibronic
spectrum. In Figure 11 the FLN peaks in the ∼387-390-
nm region correspond to excited-state vibrational modes
of the major conformer II of these adducts. Spectra a and
c are FLN spectra for syn-trans-N2dG in the glycerol/
water glass at 4.2 K and spectra b and d for syn-cis-N2-
dG. Comparison of the spectra for these two adducts at
the two excitation wavelengths reveals that syn-cis can
be distinguished from its syn-trans stereoisomer on the
basis of its characteristic vibrational modes at 543, 730,
865, 891, and 917 cm-1; moreover, the modes at 690 and
882 cm-1 are only observed for the syn-trans isomer.
Because the FLN spectra for syn-trans- and syn-cis-N2-
dG in Figure 11 are significantly different from the
spectra for the anti-trans- and anti-cis-N2dG adducts
shown in Figure 10, differentiation of these four dG
stereoisomeric adducts by FLNS is straightforward.

Conclusions

The reaction of (()-anti-DB[a,l]PDE with dG gave two
sets of adducts in good yield: (()-anti-cis- & -trans-N2-
dG and (()-anti-cis- & -trans-N7Gua; both sets were
mixtures of four stereoisomers that could not be sepa-

Figure 7. 1H NMR (Me2SO-d6/D2O) of (A) (-)-anti-cis-N2dG,
(B) (-)-anti-trans-N2dG, and (C) (-)-anti-trans-N7Gua.

Figure 8. 1H NMR (Me2SO-d6/D2O) of (A) (+)-syn-cis-N2dG and
(B) (+)-syn-trans-N2dG.
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rated on HPLC. Analogously, inseparable adducts were
obtained in good yield from the reaction of (()-syn-DB-
[a,l]PDE with dG. The major difference between the four
sets of adducts obtained from the two reactions is that
the products from (()-syn-DB[a,l]PDE exhibited two sets
of proton signals corresponding to the cis and trans
diastereomers, whereas the adducts from (()-anti-DB-
[a,l]PDE did not. The structures of these adducts were
determined by using a combination of NMR and FAB MS.

Reaction of the optically pure (-)-anti-DB[a,l]PDE and
(+)-syn-DB[a,l]PDE with dG afforded optically pure N2dG
and N7Gua adducts. The (-)-anti-DB[a,l]PDE yielded
more adducts trans-opened at the benzylic C-14, whereas
(+)-syn-DB[a,l]PDE afforded mainly cis-opened adducts.
It was shown that FLNS possesses the necessary selec-
tivity to distinguish the four stereoisomeric DB[a,l]PDE-
derived N2dG adducts. With this technique, adducts from
anti-DB[a,l]PDE are easily distinguished from syn-DB-
[a,l]PDE adducts, and the spectra of trans-opened ad-
ducts are different from those of cis-opened adducts. The
FLN spectra acquired for these four stereoisomeric N2-
dG adducts will serve future research projects as stan-
dards for positive identification of DB[a,l]PDE-DNA
stable adducts formed in biological systems.
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Figure 9. 1H NMR (Me2SO-d6/D2O) of (A) (+)-syn-cis-N7Gua
and (B) (+)-syn-trans-N7Gua.

Figure 10. FLN spectra for anti-trans- and anti-cis-DB[a,l]-
PDE-N2dG adducts in 50/50 glycerol/water glass obtained for
excitation wavelengths of (A) 379.0 nm and (B) 376.0 nm; T )
4.2 K. Spectra a and c are FLN spectra for anti-trans-DB[a,l]-
PDE-N2dG; spectra b and d are for anti-cis-DB[a,l]PDE-N2dG.
The FLN peaks are labeled with their excited-state vibrational
frequencies in cm-1.

Figure 11. FLN spectra for syn-trans- and syn-cis-DB[a,l]-
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dG. The FLN peaks are labeled with their excited-state vibra-
tional frequencies in cm-1.
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