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5-Cyanoimino-4-oxomethylene-4,5-dihydroimidazoles (1) (R at N1) have been discussed as
possible intermediates in nitrosative guanine deamination, which are formed by dediazoniation
and deprotonation of guaninediazonium ion. The parent system 1 (R ) H) and its N1 derivatives
2 (R ) Me) and 3 (R ) MOM) are considered here. Protonation of 1-3, respectively, may occur
either at the cyano-N to form cations 4 (R ) H), 6 (R ) Me), and 8 (R ) MOM) or at the
imino-N to form cations 5 (R ) H), 7 (R ) Me), and 9 (R ) MOM), respectively. This protonation
is the first step in the acid-catalyzed water addition to form 5-cyanoimino-imidazole-4-carboxylic
acid, which then leads to oxanosine. There also exists the option of a substitution reaction by
water at the R group of 6-9, and this dealkylation forms N-[4-(oxomethylene)-imidazol-5-yl]-
carbodiimide (10) and N-[4-(oxomethylene)-imidazol-5-yl]cyanamide (11). In the case of DNA,
the R group is a deoxyribose sugar, and attack by water leads to deglycation. To explore this
reaction option, the SN1 and SN2 reactions of 6-9 with water were studied at the MP2/6-
31G*//RHF/6-31G* and CCSD/6-31G*//RHF/6-31G* levels, with the inclusion of implicit
solvation at the IPCM(MP2/6-31G*)//RHF/6-31G* level, and the electron density distributions
of tautomers 1, 10, and 11 were analyzed. The low barriers determined for the MOM transfer
show that the deglycation could occur at room temperature but that the process cannot compete
with water addition.

Introduction

Nitrous acid (HNO2) causes deamination (1-3) and
interstrand cross-link formation (4-6) of the DNA bases
guanine, adenine, and cytosine. Nitrosative DNA base

deamination represents one of the most abundant sources
of endogenous DNA damage, and it constitutes a signifi-
cant portion of damage in various disease states via
mutagenesis and cytotoxicity. A complete understanding
of the deamination chemistry is important because of the
considerable dietary and environmental exposure of
humans to nitrogen oxides (7-9). Toxicological studies
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of deamination are even more significant today because
it was recognized that endogenous nitric oxide (10) causes
nitrosation (11-14). Chronic inflammation is associated
with increased endogenous NO production, and a direct
relationship to different types of human cancers has been
suggested (15-19).

The main products of nitrosative guanosine deamina-
tion, xanthosine and the dG-to-dG cross-link, are thought
to result from DNA base diazonium ions by nucleophilic
dediazoniation while keeping the pyrimidine ring intact
(Scheme 1, top line). This view came under scrutiny with
the discovery of oxanosine as a product of nitrosative de-
amination (20, 21). Our theoretical studies revealed that
unimolecular dediazoniation of the guaninediazonium ion
is accompanied by pyrimidine ring opening (22, 23) and
results in the formation of 5-cyanoimino-4-oxomethylene-
4,5-dihydroimidazole after deprotonation (Scheme 1,
framed) (24). This key intermediate is highly reactive and
can follow a variety of reaction channels. Reprotonation
represents the first step of 1,6- or 1,4-water addition,
respectively, to form oxanosine via either 5-carbodiimidyl-
imidazole-4-carboxylic acid or 5-cyanoamino-imidazole-
4-carboxylic acid, respectively. Xanthosine also could be
formed from the pyrimidine ring-opened intermediates,
but model studies suggest that xanthosine is formed by
direct nucleophilic substitution in homogeneous solution
(25-27). There also exists the option of water attack at
the R group and dealkylation to form N-[4-(oxomethyl-
ene)-imidazol-5-yl]carbodiimide and N-[4-(oxomethylene)-
imidazol-5-yl]cyanamide (Scheme 1, left). In the case of

DNA, the R group is a deoxyribose sugar and attack of a
nucleophile will lead to deglycation. To date, there have
been no reports of experimental or theoretical studies of
this process even though it is clearly relevant to know
whether this chemistry might play a role. Deglycation
would generate highly reactive species as the result of
the initial oxidative DNA damage, which then could
cause new avenues for mutagenesis via the formation of
DNA adducts or, because of its bifunctionality, new
ternary cross-links. In this context, we report here the
results of a theoretical study of the model reactions
outlined in Scheme 2.

The hydration of ketene in aqueous solution at room
temperature is pH-independent and involves fast addi-
tion of neutral water with an activation barrier of only
10.3 kcal/mol (28). A high level theoretical study of this
reaction is available (29). Substituted ketenes react much
slower with neutral water, and 1-3 belong to this
category. The hydrolysis of substituted ketenes at room
temperature (or in vivo) requires acid catalysis, and it is
then so fast that protonation is rate limiting (30). The
acylium moieties in 4-9 are attached to an aromatic
system, and their electronic structures are comparable
to those of benzoyl acylium ions. Benzoyl acylium ions
are intermediates in the solvolyses of benzoyl halides
(31), and there “is little or no chemical barrier for the
reactions of these ions with solvent.” Thus, one must ask
whether hydrolytic deglycation can compete with the
acid-catalyzed ketene hydrolysis. According to Marcus
theory, the activation barrier of any nonidentity chemical

Scheme 1. Perspective on Nitrosative Deamination of Guanosinea

a G-to-G cross-link formation (not shown) is possible via direct nucleophilic aromatic substitution as well as via ring-opened intermediates
(26).
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reaction depends on the intrinsic barrier and the reaction
energy (32, 33). The intrinsic SN2 barriers for anionic O
and N nucleophiles in methyl transfer reactions are 19.5
and 29.3 kcal/mol (34, 35). In the dealkylation reaction
of interest here, the nucleophile is neutral, the leaving
group is protonated, and the reactive center is oxygen-
substituted. While the neutrality of the nucleophile is
rate retarding, it is reasonable to anticipate the other
two features to be rate accelerating. Protonation improves
the leaving group (36), and this effect should manifest
itself to some extent even though the site of protonation
is somewhat remote. Nucleoside hydrolases are charac-
terized by the protonation of the leaving group and by
the fact that they stabilize oxocarbenium ion transition
states (37, 38). Similarly, the MOM group will alter the
height of the intrinsic barrier as it allows the reactive
center to become more like a methoxymethyl cation (39-
41). Hence, it is an open question whether deglycation
might occur.

Previously, we presented an ab initio study of the
cyano-N and imino-N protonation of the 5-cyanoimino-
4-oxomethylene-4,5-dihydroimidazole (1) (R ) H) and its

N1 derivatives 2 (R ) Me) and 3 (R ) MOM) resulting
in the formation of cations 4-9 (42). In this article, we
discuss the thermodynamics and kinetics of the de-
alkylation of protonated N1-alkyl-5-cyanoimino-4-oxo-
methylene-4,5-dihydroimidazoles 2 (R ) Me) and 3 (R )
MOM) with water. The MOM group presents the smallest
reasonable model of the sugar moiety. We consider the
“deglycation” reactions for the tautomers formed by
cyano-N (6 and 8) and imino-N (7 and 9) protonation of
2 and 3, respectively. The unimolecular and bimolecular
hydrolyses (Scheme 3) were examined in all cases. For
the bimolecular reaction, pre- and postcoordination com-
plexes and the reaction transition state structures be-
tween them were located, and the discussion considers
both the unimolecular reaction of the aggregate as well
as the direct nucleophilic substitution.

Computational Methods

Potential energy surfaces were explored with Gauss-
ian98 (43) on clusters of ES40 and ES45 Alphaservers.
Geometries and frequencies were calculated with re-

Scheme 2. Dealkylation of Cyano-N and Imino-N Protonated
5-Cyanoimino-4-oxomethylene-4,5-dihydroimidazoles (4-9)

Scheme 3. Unimolecular and Bimolecular Paths of Dealkylation Shown for the Cyano-N Protonated
System
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stricted Hartree-Fock theory in conjunction with the
6-31G* basis set (44, 45). Minima and transition state
structures were characterized by the presence of zero or
one imaginary mode, respectively. Better relative and
reaction energies were determined with second-order
Møller-Plesset perturbation theory, MP2(fc), and coupled
cluster theory that considers all single and double excita-
tions, CCSD(fc). The active space in the correlation
calculations includes all valence electrons and all virtual
orbitals; this choice of active space is referred to as the
frozen core approximation (fc). In MP2 theory, the
contributions of all excitations are approximated based
on information of the RHF reference wave function. In
contrast, in coupled cluster theory, the individual con-
tributions of single and double excitations are determined
variationally. The CCSD(fc) data thus are far superior
as compared to the MP2(fc) data, but the improvement
achieved by the use of variational instead of perturba-
tional configuration interaction methods comes with
substantially increased computer time demands. The
MP2 and CCSD calculations were based on RHF/6-31G*
structures: MP2/6-31G*//RHF/6-31G* and CCSD/6-31G*//
RHF/6-31G*. Total energies and thermodynamic param-
eters are reported in Table 1, and relative energies and
relative Gibbs free energies are given in Table 2. Relative
Gibbs free energies based on MP2 or CCSD energies
employ the RHF thermochemical data. Thermal energies
were used as computed. The data in Table 2 show that
there is complete qualitative agreement between the
RHF, MP2, and CCSD data while there are some
expected and significant quantitative differences in the
reaction energies. The ∆Grel values calculated at the
CCSD/6-31G*//RHF/6-31G* level are discussed.

Solvation effects were examined with an implicit
solvent method (46). Solvation energies were determined
with the isodensity surface polarized continuum model
(IPCM; 47) for water (ε ) 78.39). IPCM calculations were

carried out at the MP2/6-31G* level, and they were based
on the gas phase RHF/6-31G* structures.

Electronic structures were analyzed with natural
population analysis (48-50) of the correlated electron
densities determined at the MP2/6-31G*//RHF/6-31G*
level and with the inclusion of implicit solvation at the
IPCM(MP2/6-31G*)//RHF/6-31G* level (Table 3).

Results and Discussion

Structures of Substrates and Products. We only
considered the most stable conformers of cations 6-9 in
the present study, and the optimized structures of 6a,
7a, 8b-Sg, and 9a-Sg are shown in Figure 1. There exists
the possibility for conformers about the C5-N bond, and
we denote these as a- and b-isomers. The a-structures
feature parallel alignment of the ketene moiety and the
(NCN)H fragments. Our previous studies showed an
a-preference for the methyl-substituted cations 6 and 7
(42). For 8 and 9, various MOM conformations were
considered in addition to the choice of C5-N bond
conformation (a vs b). With respect to the rotation about
the glycosidic C-N bond, we considered syn (S) and anti
(A) conformations. The S and A structures were realized
with two additional conformations with respect to the
C-O bond of the MOM group, and these included one
gauche conformation (g) and one s-trans conformation
(st). We showed that the most stable cyano-N protonated
cation 8 is 8b-Sg with its through-space electrostatic
attraction between the MOM O-atom and the protonated
cyanoimine fragment. As to the imino-N protonated
cation 9, conformer 9a-Sg is best because of hydrogen
bonding with the MOM O-atom (42).

The structures of the primary reaction products 10 and
11 are shown in Figure 2. Compounds 10 and 11 are
tautomers of 1, and the a- and b-isomers of 1 also are
shown in Figure 2. Tautomerization energies are listed

Table 1. Total Energies and Thermodynamical Dataa

str symmetry Etot (RHF)b VZPEc TEc Sd NIFe Etot (MP2)b Etot (CCSD)b Etot (IPCM)b

1a Cs -483.108682 49.88 54.59 87.23 0 -484.527829 -484.543632 -484.594161
1b Cs -483.109789 49.94 54.66 87.58 0 -484.526345 -484.543419 -484.594488
6a Cs -522.496047 75.31 81.78 102.16 0 -524.043730 -524.069749
7a Cs -522.489027 76.89 82.87 96.68 0 -524.035596 -524.065812
8b-Sg C1 -636.379489 98.27 105.91 112.27 0 -638.231361 -638.269728 -638.378390
9a-Sg C1 -636.376461 100.01 107.26 107.76 0 -638.227860 -638.270004 -638.376739
10b C1 -483.090125 48.75 53.58 89.22 0 -484.512867 -484.525638 -484.567267
11a Cs -483.099413 49.53 54.43 89.48 0 -484.519884 -484.535475 -484.583938
11b Cs -483.093162 49.40 54.43 90.46 0 -484.511953 -484.528846 -484.582851
12 D3h -39.230640 21.16 22.94 44.51 0 -39.325142 -39.345464
13 Cs -153.204029 46.54 49.08 63.33 0 -153.618733 -153.648046 -153.73696
13′ Cs -153.202747 46.30 48.44 60.63 1 -153.617057 -153.649596
14 C1 -115.338992 43.04 45.29 58.34 0 -115.644288 -115.668742
15 C1 -229.244328 63.36 67.78 80.26 0 -229.847332 -229.886068 -229.961837
16 C1 -598.523161 91.39 100.03 119.49 0 -600.261498 -600.295259
17 C1 -598.518625 92.99 101.24 115.2 0 -600.254021 -600.292527
18 C1 -712.416490 114.98 124.61 129.48 0 -714.456683 -714.503372 -714.598651
19 C1 -712.411864 116.4 125.66 123.00 0 -714.454193 -714.503691 -714.602932
20 C1 -598.467816 93.21 100.82 113.45 0 -600.207182 -600.241285
21 C1 -598.447075 93.04 101.42 121.85 0 -600.177646 -600.216449
22 C1 -712.359020 113.82 123.80 133.43 0 -714.394075 -714.443015 -714.546620
23 C1 -712.357306 114.12 124.35 134.97 0 -714.389211 -714.441748 -714.557066
24 C1 -598.441503 91.00 98.97 115.59 1 -600.179506 -600.213707
25 C1 -598.439482 91.58 99.769 119.93 1 -600.171164 -600.210091
26 C1 -712.357194 112.97 122.83 135.53 1 -714.389796 -714.439207 -714.538037
27 C1 -712.355033 114.05 123.77 130.80 1 -714.386983 -714.442531 -714.541508
H2O C2v -76.010747 14.42 16.20 44.99 0 -76.195956 -76.204968 -76.211437

a All calculations employed the 6-31G* basis set. b Total energies (Etot) are in hartrees. c Vibrational zero-point energies (VZPE) and
thermal energies (TE) are in kcal/mol. d Entropy (S) is in cal/mol K. e Number of imaginary frequencies (NIF).
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in Table 2. Attempts to locate the a-isomer of 10 in C1

symmetry afforded the b-isomer. For 1 and 11, both the
a- and the b-isomers exist, and they are nearly iso-
energetic for 1, while the a-isomer preference of 11 is
about 4 kcal/mol. The intrinsic tautomer stabilities are
best compared with the b-structures in the absence of
complicating through-space interactions between the
NCN and the CO fragments. Tautomer 1 is significantly
more stable than 10 or 11 by more than 8 kcal/mol, and
among the fulvene type systems 10 and 11, there is a
preference of 1-2 kcal/mol for 11.

The structures of methyl cation 12, methoxymethyl
cation 13, and their hydrated derivatives 14 and 15 are
shown in Figure 3. Ion 14 features a short C-O bond
length (1.511 Å), and it is best regarded as a protonated
methanol. In contrast, the C-O distance in the hydrated
methoxymethyl cation 15 is very long (2.304 Å), and 15
is recognized as a water-solvated oxo-stabilized car-
bonium ion. The association of carbonium ions R+ with
n-donors produces either covalently bound adducts (e.g.,
R-OH2

+) or electrostatically bound cluster adducts (e.g.,
H2O‚‚‚R+). The addition of CH3

+, C3H5
+, sec-C3H7

+, and

Table 2. Relative Energies and Relative Gibbs Free Energiesa

RHF MP2 CCSD IPCM

process ∆Erel ∆Grel ∆Erel ∆Grel ∆Erel ∆Grel ∆Erel ∆Grel

1 f 10b 12.3 10.8 8.5 6.9 11.2 9.6 17.1 15.5
1a f 11a 5.8 5.0 5.0 4.2 5.1 4.3 6.4 5.6
1b f 11b 10.4 9.4 9.0 8.0 9.1 8.1 7.3 6.2
10b f 11b -1.9 -1.4 0.6 1.1 -2.0 -1.5 -9.8 -9.3
6a f 10b + 12 110.0 95.3 129.1 114.4 124.7 110.0
7a f 11a + 12 99.8 83.1 119.6 103.0 116.0 99.4
8b-Sg f 10b + 13 53.6 38.3 62.6 47.3 59.3 44.0 46.5 31.3
9a-Sg f 11a + 13 45.8 28.6 56.0 38.8 53.3 36.1 35.0 17.9
12 + H2O f 14 -61.3 -45.8 -77.3 -61.9 -74.2 -58.8
13 + H2O f 15 -18.5 -7.7 -20.5 -9.6 -19.8 -8.9 -8.4 2.4
6a + H2O f 10b + 14 48.7 49.5 51.8 52.6 50.4 51.2
7a + H2O f 11a + 14 38.5 37.3 42.3 41.1 41.8 40.6
8b-Sg + H2O f 10b + 15 35.0 30.6 42.1 37.7 39.5 35.1 38.1 33.7
9a-Sg + H2O f 11a + 15 27.3 21.0 35.5 29.2 33.5 27.2 26.6 20.3
6a + H2O f 16 -10.3 0.0 -13.7 -3.4 -12.9 -2.6
7a + H2O f 17 -11.8 -1.8 -14.1 -4.1 -13.7 -3.6
8b-Sg + H2O f 18 -16.5 -5.7 -18.4 -7.6 -18.0 -7.2 -5.5 5.3
9a-Sg + H2O f 19 -15.5 -4.4 -19.1 -8.0 -18.0 -6.9 -9.3 1.8
10b + 14 f 20 -24.3 -12.2 -31.4 -19.3 -29.4 -17.3
11a + 14 f 21 -5.4 4.0 -8.5 1.0 -7.7 1.8
10b + 15 f 22 -15.4 -2.2 -21.3 -8.1 -19.7 -6.5 -11.0 2.2
10b + 15 f 23 -8.5 4.0 -13.8 -1.3 -12.7 -0.2 -7.1 5.4
16 f 20 34.7 37.3 34.1 36.7 33.9 36.5
17 f 21 44.9 43.1 47.9 46.1 47.7 46.0
18 f 22 36.1 34.1 39.3 37.3 37.9 35.9 32.7 30.7
19 f 23 34.2 29.4 40.8 35.9 38.9 34.0 28.8 23.9
EA (16 f 24) 51.2 51.3 51.4 51.6 51.2 51.3
EA (17 f 25) 49.7 46.8 52.0 49.1 51.7 48.9
EA (18 f 26) 37.2 33.6 42.0 38.4 40.3 36.7 38.0 34.5
EA (19 f 27) 35.7 31.4 42.2 39.0 40.3 36.1 38.5 34.3

a Relative energies (∆Erel) and relative free energies (∆Grel) are in kcal/mol.

Table 3. Natural Charges

MP2(full)/6-31G*//RHF/6-31G* IPCM(MP2(full)/6-31G*)//RHF/6-31G*

1a 1b 10b 11a 11b 1a 1b 10b 11a 11b

ketene
O -0.280 -0.302 -0.306 -0.285 -0.313 O -0.291 -0.295 -0.289 -0.283 -0.292
C 0.777 0.790 0.807 0.789 0.775 C 0.812 0.841 0.840 0.814 0.826
CO 0.497 0.488 0.501 0.504 0.462 CO 0.521 0.546 0.551 0.531 0.534

cyanoimine
N(CN) -0.378 -0.378 -0.650 -0.329 -0.314 N(CN) -0.485 -0.476 -0.647 -0.414 -0.417
C 0.375 0.374 0.654 0.410 0.429 C 0.445 0.436 0.674 0.472 0.496
N -0.571 -0.576 -0.544 -0.669 -0.675 N -0.623 -0.639 -0.568 -0.666 -0.670
H 0.428 0.472 0.452 H 0.426 0.505 0.488
S -0.574 -0.580 -0.112 -0.116 -0.108 S -0.663 -0.679 -0.115 -0.103 -0.103
∑(NCN) -0.574 -0.580 -0.540 -0.588 -0.560 ∑(NCN) -0.663 -0.679 -0.541 -0.608 -0.591
∑(CNterm) -0.003 -0.004 0.004 0.081 0.115 ∑(CNterm) -0.040 -0.040 0.027 0.058 0.079
∑(CNcent) -0.196 -0.202 0.110 -0.259 -0.246 ∑(CNcent) -0.178 -0.203 0.106 -0.194 -0.174

imidazole
N1 -0.596 -0.617 -0.482 -0.499 -0.486 N1 -0.585 -0.603 -0.526 -0.533 -0.546
C2 0.206 0.212 0.161 0.167 0.176 C2 0.229 0.228 0.173 0.176 0.177
N3 -0.429 -0.428 -0.440 -0.439 -0.439 N3 -0.460 -0.461 -0.474 -0.478 -0.479
C4 -0.232 -0.217 -0.209 -0.226 -0.224 C4 -0.241 -0.225 -0.222 -0.237 -0.235
C5 0.424 0.433 0.353 0.378 0.386 C5 0.451 0.455 0.376 0.406 0.416
H 0.241 0.242 0.228 0.232 0.234 H 0.261 0.257 0.236 0.240 0.235
H(NH) 0.460 0.466 H(NH) 0.485 0.481
S 0.074 0.091 -0.389 -0.387 -0.353 S 0.140 0.132 -0.437 -0.426 -0.432
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t-C4H9
+ to H2O (51), NH3, or alkylamines (52) and HCN

or MeCN (53) produces protonated alcohols, amines, and
cyanides or isocyanides, respectively, while the addition
of H2O or MeOH to oxocarbonium ions, such as CH3CH
(+)OCH3 and (CH3)2C(+)OCH3, produces cluster adducts
rather than protonated acetals or hemiacetals because
the incipient covalent bond is weakened due to the
stabilization of the ions (54, 55).

Electron Density Analysis of 5-Cyanoimino-4-
oxomethylene-4,5-dihydroimidazoles and the Tau-
tomeric Imidazol-4-ylidenemethanones. Nonzwitter-
ionic Lewis structures of the tautomers 1, 10, and 11 are
shown in the center row of Scheme 4. These nonzwitter-
ionic Lewis structures do not provide an aromatic system
to any one of the tautomers, and instead, they ascribe
ortho-quinoid electronic structures (5,6-dimethylene-
cyclohexa-1,3-diene-type) to 1 and fulvene-like electron
densities to 10 and 11. Hence, the actual electron density
distributions should result from attempts to achieve an
aromatic imidazole system, and this leads to distinctly
different electronic structure types for 1 and for 10 and
11, respectively. To provide evidence for this hypothesis,
electron density analyses were carried out for 5-cyano-
imino-4-oxomethylene-4,5-dihydroimidazoles 1a,b, N-[4-
(oxomethylene)-imidazol-5-yl]carbodiimide 10b, and N-[4-
(oxomethylene)-imidazol-5-yl]-cyanamides 11a,b, and the
results are summarized in Table 3.

We discussed the electronic structure of N1-meth-
oxymethyl-5-cyanoimino-4-oxomethylene-4,5-dihydro-
imidazole (3) (42), and 1 exhibits similar electronic
features. About one-half of a positive charge is localized

on the CO fragment, and one-half of a negative charge
is localized on the NCN fragment. Molecules 1 and 3
feature a strong vicinal push (oxomethylene)-pull (cy-
anoimino) pattern that contributes to resonance forms
I1 and I2 with aromatic imidazoles and 4-acylium and

Figure 1. Cyano-N protonated cations 6a (R ) Me) and 8b-
Sg (R ) MOM) and imino-N protonated cations 7a (R ) Me)
and 9a-Sg (R ) MOM).

W 3D rotatable images of cyano-N protonated cations W 6a
(R ) Me) and W 8b-Sg (R ) MOM) and imino-N protonated
cations W 7a (R ) Me) and W 9a-Sg (R ) MOM) are available.

Figure 2. N-[4-(Oxomethylene)-imidazol-5-yl]carbodiimide (10)
and N-[4-(oxomethylene)-imid-azol-5-yl]cyanamide (11), tau-
tomers of 5-cyanoimino-4-oxomethylene-4,5-dihydroimidazole
(1).

W 3D rotatable images of N-[4-(oxomethylene)imidazol-5-yl]car-
bodiimide W 10b and isomeric N-[4-(oxomethylene)imidazol-5-
yl]cyanamides W 11a and W 11b are available.

Figure 3. Methyl and methoxymethyl cations 12 and 13 and
their water aggregates 14 and 15. Two Cs conformations of 13
were optimized as follows: cis-ip 13 and trans-ip 13′. The
vibrational analysis revealed that the former is a minimum
while the latter is a transition state.

W 3D rotatable images of methyl and methoxymethyl cations
W 12 and W 13 and their water aggregates W 14 and W 15 are
available. Two Cs conformations for the methoxymethyl cation
were optimized, cis-ip W 13 and trans-ip W 13′; these 3D
rotatable images are also available. The vibrational analysis
revealed that the former is a minimum while the latter is a
transition state.

1162 Chem. Res. Toxicol., Vol. 17, No. 9, 2004 Rayat et al.



5-cyanoamido groups (Scheme 4). The C4-C5 bond
remains highly polarized in this donor-acceptor arrange-
ment. In 10 and 11, again about one-half of a positive
charge is present on the CO fragment. In contrast to 1
and 3, however, the one-half negative charge remains on
the imidazole ring. Our results indicate that the reso-
nance hybrids II and III are the best representations of
the electronic structures of these cations. The hetero-
fulvenes 10 and 11 clearly show features analogous to
fulvene (56) in that π-electron density is shifted from the
exocyclic bond CdC double bond to achieve an aromatic
five-membered ring system.

The NCN fragment is highly quadrupolar in the sense
N(-)-C(+)-N(-) in all cases. However, the NCN frag-
ments differ greatly in 1 and 3 as compared to the
tautomers 10 and 11. In 1 and 3, the NCN fragment is
overall negative, and there is an electrostatic attraction
between it and the acylium group. In contrast, this kind
of attraction is much reduced in 10 and 11 because the
HNCN fragment is almost neutral. The NCN carbon
atom of 10 carries a notably higher positive charge than
in the other tautomers; this feature might cause the
instability of 10a type structures to avoid proximity to
the acylium group.

Reaction Energy Diagrams for the SN1 Reactions.
The first step involves heterolysis to form the neutral
compounds derivatives 10 or 11 and the respective
methyl or methoxymethyl cations 12 or 13 (Scheme 2).
The second step involves the addition of water to cations
12 or 13 to form the hydrated complexes 14 or 15,
respectively. The reaction energy diagrams are shown to
scale in Scheme 5.

The reaction energy for the first step is drastically
lower for MOM-substituted cations 8b-Sg (44.0 kcal/mol)
and 9a-Sg (36.1 kcal/mol), respectively, than the Me-
substituted cations 6a (110.0 kcal/mol) and 7a (99.4 kcal/
mol), respectively. This huge difference is the result of
the methoxy-stabilization of the carbenium ion 13, and

it is for this reason that one must consider the MOM
systems to model “deglycation”. There is a second and
less obvious reason, and it concerns the significant
differences with which different nucleophiles bind to a
given electrophile. The water addition to methyl cation
12 is 50 kcal/mol more exothermic than the water
addition to the methoxymethyl cation 13! This large
binding difference is due to covalent bond formation
between water and 12 as compared to only weak elec-
trostatic complex formation between water and 13. The
SN reaction of the MOM system is favored because of the
first MOM effect (O-stabilized cation) and in spite of the
second MOM effect (low cation-water affinity). The
overall reaction energies for 8b-Sg (35.1 kcal/mol) and
9a-Sg (27.2 kcal/mol) are about 15 kcal/mol less endo-
thermic than for 6a (51.2 kcal/mol) and 7a (40.6 kcal/
mol). The reaction of the imino-N protonated cations 7a
and 9a-Sg are less endothermic than those of the cyano-N
protonated cations 6a and 8b-Sg because the former
results in the more stable 11a as compared to 10b.

Bimolecular Reaction. For the discussion of the
bimolecular processes of 6a, 7a, 8b-Sg, and 9a-Sg,
respectively, we considered the corresponding precoor-
dination complexes 16-19, the postcoordination com-
plexes 20-22, and the reaction transition state structures
23-26. All of these structures were located, and they are
shown in Figures 4-7.

Precoordination. Complexation of 6a, 7a, 8b-Sg, and
9a-Sg with water affords the corresponding precoordi-
nation complexes 16-19, respectively. In 16 and 17, the
water coordinates mostly to the C2-H, a known acidic
position, and to a lesser degree also to the slightly
positively charged Me-hydrogen. All attempts to locate
similar precoordination complexes for the MOM systems
resulted in the water being moved to its position in 18
and 19, respectively. Hydrogen bond formation between
the water-O and the NCN-attached H-atom clearly is
the most important intermolecular interaction with short

Scheme 4. Electronic Structures of 5-Cyanoimino-4-oxomethylene-4,5-dihydroimidazole (1),
N-[4-(Oxomethylene)-imidazol-5-yl]carbodiimide (10), and N-[4-(Oxomethylene)-imidazol-5-yl]cyanamide

(11)
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H-bonding contacts (<1.8 Å). Hydrogen bonding between
the water-H and the MOM O-atom occurs as a second
motif and only if permitted by the dominant H-bonding
motif. Complexes 16-19 are bound by 2.6, 3.6, 7.2, and
7.0 kcal/mol. The greater stabilities of 18 and 19 are
attributed to the stronger H2O‚‚‚HN hydrogen bonds as
compared to the H2O‚‚‚HC(2) interactions, respectively.

The structures of the precoordination complexes 16 and
17 position the water well to engage in nucleophilic
backside attack, and the weak H2O‚‚‚HC(2) interaction
is easily abandoned in the process. The structural re-
arrangements are more complex for the reactions of 18
and 19. In the case of 18, the H2O‚‚‚HN hydrogen bond
is converted into an HOH‚‚‚N(H) hydrogen bond as the
water engages in nucleophilic attack. As to 19, the
H2O‚‚‚HN hydrogen bond is maintained, and the re-
positioning serves to orient the second water-O lone pair
for the nucleophilic attack.

Postcoordination. The optimized postcoordination
complexes 20-23 are shown to the right in Figures 4-7,
and they feature 10b or 11a bound to 14 or 15. Attempts
to locate a postcoordination complex 20 containing 10a
failed and led to 20 containing 10b. This was not
unexpected since there is no 10a conformer for free 10

(vide supra) and the preference for 10b should only be
enhanced in 20 as it allows for H-bonding between the
protonated methanol and the NH nitrogen of 10b. On
the other hand, there does exist a postcoordination
complex 21 that contains 11a (57).

The postcoordination complex 22 contains 10b, and it
is similar to 20 in that there is a hydrogen bond formed
between the water (donor) and the carbodiimide (N
acceptor). Yet, the binding energies differ greatly, and
they are 17.3 kcal/mol for 20 and 6.5 kcal/mol for 22. The
Me-HOH‚‚‚NH hydrogen bond is the only intermolecular
contact in 20, and it is a strong hydrogen bond because
the H-bond donor is part of a cation (58). In 22, there
are two weak intermolecular interactions between 10b
and the H2O‚‚‚CH2OMe electrostatic complex, the normal
HOH‚‚‚NH hydrogen bond, and the less frequently seen
N‚‚‚HC contact between the heterocycle and a CH bond
of the methoxymethyl cation (59).

Postcoordination complexes 21 and 23 contain 11a, and
the intermolecular interactions differ markedly. The only
way to engage the NCNH fragment of 11a in H-bonding
requires NH to be the donor. The O-atom of protonated
methanol is not a good donor, and no H-bonding occurs.
In 23, however, the water of the H2O‚‚‚CH2OMe electro-

Scheme 5. Potential Energy Diagrams for the SN1 and SN2 Dealkylation Pathways of Cations 6a and 7a
(Top), 8b-Sg, and 9a-Sg (Center and Bottom, Bottom Diagrams Include Solvation)
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static complex can form a hydrogen bond with NH, and
in addition, an N‚‚‚HC contact occurs between the
heterocycle and a CH bond of the methoxymethyl cation.
Note that the intermolecular bonding situation is similar
in 22 and 23, but water functions in different ways in
its H-bonds.

The complexes 21 and 23 are bound well with respect
to the separated products as far as the binding energy
∆Erel is concerned. However, these binding energies are
too small to compensate for the entropic advantages of
dissociation. The schemes are based on ∆Grel data, and
21 and 23, respectively, actually are slightly above or
isoenergetic relative to the free products.

The reaction energies for the SN2 dealkylation from
precoordination complex to postcoordination complex are
36.5 and 46.0 kcal/mol, respectively, for the reactions of
6a and 7a. The reaction becomes less endothermic for
6a but more endothermic for 7a. For the MOM systems,
the reaction energies are 36.0 and 34.0 kcal/mol, respec-
tively, for cations 8b-Sg and 9a-Sg. Again, pre- and
postcoordination do not reduce the reaction energy; the
complexations leave the reaction energy about the same
for the reaction of 8b, and they render the 9a reaction a
lot more endothermic.

SN2 Reaction Transition State Structures. The
reaction transition state structures 24 and 25 convert 16

Figure 4. Precoordination complex 16, transition state 24 (transition state vector), and postcoordination complex 20 for the
demethylation of 6a (R ) Me).

W 3D rotatable images of precoordination complex W 16, transition state W 24 (W transition vector animation), and postcoordination
complex W 20 for the demethylation of W 6a (R ) Me) are available.

Figure 5. Precoordination complex 17, transition state 25 (transition state vector), and postcoordination complex 21 for the
demethylation of 7a (R ) Me).

W 3D rotatable images of precoordination complex W 17, transition state W 25 (W transition vector animation), and postcoordination
complex W 21 for the demethylation of W 7a (R ) Me) are available.
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to 20 and 17 to 21 (Figures 4 and 5), and they are
textbook examples of late backside attack SN2 transition
state structures with long C-N and short C-O bonds.

To locate the transition state structures for the reac-
tions of 18 and 19, the potential energy surfaces were

scanned as a function of the C-N bond length (35b). The
structures associated with the maxima of the energy
profiles were then optimized to the closest transition state
structures, and 26 and 27 were obtained in this way.
Structures 26 and 27 are transition state structures, and

Figure 6. Precoordination complex 18 and postcoordination complex 22 for the dealkylation of 8b-Sg (R ) MOM). The transition
state structure 26 (transition vector animation) is in the SN transition state region and features complete C-N bond heterolysis.

W 3D rotatable images of precoordination complex W 18 and postcoordination complex W 22 for the dealkylation of W 8b-Sg (R )
MOM) are available. The transition state structure W 26 (W transition vector animation) is in the transition state region of the SN
process and features complete C-N bond heterolysis.

Figure 7. Precoordination complex 19 and postcoordination complex 23 for the dealkylation of 9a-Sg (R ) MOM). The transition
state structure 27 (transition vector animation) is in the transition state region of the SN process and features complete C-N bond
heterolysis.

W 3D rotatable images of precoordination complex W 19 and postcoordination complex W 23 for the dealkylation of W 9a-Sg (R )
MOM) are available. The transition state structure W 27 (W transition vector animation) is in the transition state region of the SN
process and features complete C-N bond heterolysis.
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they are in the transition state region of the bimolecular
reaction, but they are not SN2 transition state structures
in the conventional sense. It is the essential feature of
both 26 and 27 that the C-N bond is completely broken
while the C-O bond is hardly formed. The reaction
coordinate also involves a rotational motion, which serves
to orient one of the C-H bonds of the developing cationic
center toward the N-atom that is being dealkylated. In
any case, the main point is the similarity of the products
of dissociation and the respective postcoordination com-
plexes. Because there is no strong C-O bond in either of
the products, the dealkylation reactions essentially de-
generate to C-N bond heterolyses, and they proceed with
hardly any nucleophilic assistance.

Activation Barriers for the Hydrolysis Reactions.
The activation barrier for an SN2 reaction usually is
determined as the free energy difference between the
precoordination complex and the transition state struc-
ture, and this yields activation free energies of 51.3 and
49.0 kcal/mol, respectively, for the reactions of 6a and
7a. This procedure assumes that the precoordinating
water undergoes a unimolecular reaction in the ag-
gregate, and this situation can occur in the gas phase if
the precoordination complex is preformed and then
allowed to react. A second way for the determination of
the activation barrier is based on the difference of the
energy of the SN2 transition state structure and the sum
of energies of the free cation and free water. The water
molecule might engage in the nucleophilic displacement
directly and without prior precoordination. We have
recently discussed this direct SN2 reaction for the hy-
drolysis of benzenediazonium ion (60), and there is a
conceptual similarity to a recent discussion of a related
SN2 reaction (61). The blue lines in the diagrams in
Scheme 5 illustrate this situation, and it is this situation

that most closely mimics the solution chemistry. Hence,
our best estimates for the free energies of activation of
6a and 7a, respectively, are 48.7 and 45.3 kcal/mol,
respectively. The dealkylation reactions of the MOM
system present the special case in which the “bimolecular
substitution” is reduced to a C-N dissociation and the
nucleophilic assistance merely consists of the “solvation”
of the formed carbenium ion by a water molecule, an
extreme case of an SN1-like direct SN2 reaction. The blue
lines in the diagrams on the center in Scheme 5 illustrate
this direct SN2 reaction, and the free energies of activa-
tion of 8b-Sg and 9a-Sg, respectively, are 28.7 and 27.0
kcal/mol, respectively.

Solvation Effects. The bottom panels of Scheme 5
show the effects of the formal consideration of implicit
solvation. The SN1 reaction now appears lower than the
SN2 path. The gas phase SN1 reaction invokes complete
separation into 10b or 11a and 13. In the actual reaction
in solution, however, complete separation is not possible
and there is no such thing as a free 13 and its capture of
a free water molecule. In solution, water molecules are
all around when the C-N bond breaks and the entropy
change for the water lucky enough to form the electro-
static complex is nothing like the entropy of association
of a formerly free molecule. Clearly, the gas phase SN1
reaction model is not relevant to the solution chemistry.
On the other hand, the structures 22 and 23, respectively,
of the gas phase SN2 reaction are aggregates of 10b or
11a, respectively, with 13 and H2O. These aggregates do
mimic the actual reaction in solution, and the application
of the implicit solvation model is justified. With the
inclusion of solvation effects, the free energies of activa-
tion of 8b-Sg and 9a-Sg, respectively, are 36.0 and 25.7
kcal/mol, respectively. Hence, we find a small activation
free energy increase of 7.3 kcal/mol for 8b-Sg and a tiny

Scheme 6. Depurination or Deglycation, Depending on Perspective, Might Occur at Various Stages Along
the Path to Oxanosine Formation
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decrease of 1.3 kcal/mol for 9a-Sg. Because ions 8b-Sg
and 9a-Sg are almost isoenergtic (Table 2) and intercon-
verting fast in solution, this study suggests that an
activation free energy of at least 26 kcal/mol is required
for dealkylation at N1.

Conclusion

The low activation barriers computed here for the
MOM transfer suggest that deglycation could occur at
room temperature. Because the addition of water to the
acylium moiety is diffusion-controlled, the dealkylation
could only occur if the activation barrier were so low as
to allow diffusion-controlled dealkylation. The present
study demonstrates that the latter clearly is not the case,
and we conclude that deglycation cannot compete.

There has never been any full accounting for all of the
products of nitrosative guanosine deamination, and one
must ask about the fate of all of the guanosine that is
not converted into xanthosine, oxanosine, or a dG-to-dG
cross-link. If xanthosine is formed entirely (or mostly)
by direct nucleophilic heteroaromatic substitution, then
there is no reason to assume that any depurination
occurred as part of that process. The same applies to any
dG-to-dG formed in analogy. Our labeling experiments
have shown that oxanosine formation is consistent with
the intermediates shown in Scheme 6, that is, deamina-
tion leading to 5-cyanoimino-4-oxomethylene-4,5-dihydro-
imidazole and acid-catalyzed hydrolysis to 5-cyanoamino-
imidazole-4-carboxylic acid. The present study suggests
that deglycation at the stage of the cyanoimine interme-
diate is not likely. Further study is necessary to learn
whether deglycation might occur at the stage of the
cyanoamino intermediate and/or whether the cyanoimine
and cyanoamine intermediates might form products that
have remained undetected to date.
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