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The 5-cyanoimino-4-oxomethylene-4,5-dihydroimidazole 1 (R ) H), its N1-derivatives 2 (R ) Me)
and 3 (R ) MOM) and their cyano-N (4, 6, 8) and imino-N protonated (5, 7, 9) derivatives were
studied with RHF, B3LYP, and MP2 theory. Solvation effects were estimated with the isodensity
polarized continuum model (IPCM) at the MP2 level using the dielectric constant of water.
Carbodiimide 10, cyanamide 12, N-cyanomethyleneimine 13, and its protonated derivatives 14
and 15 were considered for comparison as well. Adequate theoretical treatment requires the
inclusion of dispersion because of the presence of intramolecular van der Waals, charge-dipole,
and dipole-dipole (including H-bonding) interactions. All conformers were considered for the MOM-
substituted systems, and direct consequences on the preferred site of protonation were found. The
vicinal push (oxomethylene)-pull (cyanoimino) pattern of the 5-cyanoimino-4-oxomethylene-4,5-
dihydroimidazoles results in the electronic structure of aromatic imidazoles with 4-acylium and
5-cyanoamido groups. The gas-phase proton affinities of 1-3 are over 30 kcal/mol higher than that
for N-cyanomethyleneimine 13, and this result provides compelling evidence in support of the
zwitterionic character of 1-3. Protonation enhances the push-pull interaction; the OC charge is
increased from about one-half in 1-3 to about two-thirds in the protonated systems. In the gas
phase, cyano-N protonation is generally preferred but imino-N protonation can compete if the
R-group contains a suitable heteroatom (hydrogen-bond acceptor, Lewis base). In polar solution,
however, imino-N protonation is generally preferred. Solvation has a marked consequence on the
propensity for protonation. Whereas protonation is fast and exergonic in the gas phase, it is
endergonic in the polar condensed phase. It is an immediate consequence of this result that the
direct observation of the cations 8 and 9 should be possible in the gas phase only.

Introduction

It has been known since 1861 that nitrous acid deami-
nates the DNA bases,1 but it was not until 100 years later
that the toxicological effects of nitrous acid on nucleic
acids were realized.2 Subsequent studies showed that
nitrosative deamination converts adenine to hypoxan-
thine,3 cytosine to uracil,4,5 and guanine to xanthine.6
More recently, it was shown that the deamination of 2′-

deoxyguanosine also yields 2′-deoxyoxanosine in large
amounts (21.5%, Scheme 1).7,8 Aside from nitrous acid,
the bioregulatory agent nitric oxide9 can cause DNA base
deaminations in vitro,10 and HNO2

11 and NO12 can induce
mutations through the formation of interstrand DNA
cross-links. The cross-links dG-to-dG and dG-to-dA have
been isolated and spectrometrically identified (Scheme
1).13,14 Nitrosative deamination and cross-linking of DNA
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represent important mechanisms of genomic alteration.15

Chronic inflammation is associated with the increased
production of nitric oxide, and there seems to be a direct
relationship between chronic inflammation and different
types of cancers.16 Because of the considerable dietary17

and environmental18 exposure of humans to the oxides
of nitrogen, the deamination chemistry of DNA has
attracted significant attention in recent years.

On the basis of the diazo chemistry of primary amines,19

it was generally assumed that the deamination of nucleo-
bases and cross-link formation proceed through the
diazonium ions,14,20,21 followed by SN1 or SN2 attack of
water to form the NH2/OH replacement product or of an
amino group of a neighboring nucleobase to form a cross-
link, respectively. Yet, the diazonium ions of the nucleo-
bases have never been isolated or observed experimen-
tally, their properties and stabilities are not known, and
their reaction chemistry is not well understood. Our
theoretical studies of the unimolecular dediazoniations
of the DNA base diazonium ion revealed that these ions
are much more prone to lose dinitrogen than the proto-
typical benzenediazonium ion.22 Moreover, we found that
the unimolecular dediazoniation of the guaninediazonium
ion is accompanied by concomitant amide bond cleavage
leading to a pyrimidine ring-opened cation (Scheme
2).23-25 The results of our ab initio study provided a
consistent explanation for the formation of all of the
major products, xanthinosine, oxanosine and the cross-
links, from a single common intermediate. Recently,

Suzuki et al. subjected guanosine and its methyl deriva-
tives to nitrosative deamination, and it was shown that
the exocyclic amino group of 2′-deoxyoxanosine arises
from the imino nitrogen of 2′-deoxyguanosine.26 This
finding corroborates our mechanistic hypothesis.

The present Scheme 2 was modified in one significant
way from the respective diagram we presented previ-
ously. We have now included the cyanoimine as the
neutral key intermediate obtained by deprotonation of
the product of the dediazoniation with pyrimidine ring-
opening. Our more recent study of the dediazoniation of
guaninediazonium ion in the presence of cytosine showed
the formation of the cyanoimine as the result of a
deprotonation-dediazoniation sequence. The present
Scheme 2 reflects that a cyanoimine is the key product
irrespective of the timing of deprotonation and dediazo-
niation. Protonation of the cyanoimine then also presents
the first step in the addition chemistry leading to the
products.

In this article we present the results of a theoretical
study of N-protonation of the 5-cyanoiminodihydroimi-
dazoles 1-3, which are models of the postulated key
intermediate in guanine deamination. The neutral com-
pounds 1-3 and their protonated derivatives contain
interesting and as yet entirely unexplored electronic
structures. We have recently succeeded in the mass-
spectroscopic generation and detection of protonated 1
(R ) H) from various precursors that include guanosine
and (the pyrimidine-ring opened) 5-cyanoamino-4-car-
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boxamide-imidazole (R ) -CH2-O-CH2-CH2-O-CH3).27 We
compare the tautomers obtained by either protonation
at the cyano-N or at the imino-N (Scheme 3).

In DNA, the R group is deoxyribose and computation-
ally rather demanding. We replaced the sugar by an H
atom, a methyl group, and by a methoxymethyl group.
The methoxymethyl group is a simple model of the C1-
O-C4 sugar fragment. The main structural issue con-
cerns the regiochemistry of the protonation and we have
determined cyano-N protonation preference energies to
discuss this aspect. The other main structural issue
concerns the stereochemical preference about the C5dN
bond (Scheme 4). For 1-3 this is a configurational issue
about the C5dN double bond and the labels E and Z
could be used to describe the issue. For the cations 4-9,
however, the same stereochemical aspect is a conforma-
tional issue and the labels E and Z would seem less
appropriate. Hence, we use the labels a and b to

distinguish between these isomers, and the a-structure
always features parallel-alignment of the ketene moiety
and the NCN fragments at carbons 4 and 5. We have
determined a-preference energies to quantify these ster-
eochemical preferences. The structures of the neutral and
cationic systems are analyzed and compared to the
structures of prototypical systems to discriminate be-
tween various resonance forms (Scheme 5).

Theoretical and Computational Methods

Potential energy surface explorations were performed with
the programs Gaussian94 and Gaussian9828 on an SGI Pow-
erChallenge L minisupercomputer with 8 R12000 processors
and two clusters of 8 ES40 and 8 ES45 Compaq alphaservers.29

The structures were first determined by gradient optimization
at the restricted Hartree-Fock level (RHF). Electron correla-
tion effects on the structures were examined by performing
structure optimizations again both with second-order Møller-
Plesset perturbation theory30 and with hybrid density func-
tional theory at the B3LYP level.31 All calculations were
performed with the 6-31G* basis set. All geometry optimiza-
tions were followed by vibrational analyses to obtain the
thermodynamical data and to ensure that the structures were
indeed stationary. Density functional theory is a cost-effective
method to account for parts of the electron correlation effects
in a semiempirical fashion.32 Density functional theory is
frequently employed instead of the more computer-time-
intensive perturbation theory, and the DFT results often are
considered more reliable.33 We will show substantial deviations
between the DFT and MP2 results, and the analysis demon-
strates that perturbation theory yields the more reliable data.
As the present study progressed, we recognized more fully the
significance of intramolecular van der Waals interactions and
the inability of the B3LYP method to account for dispersion.34
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The known problems with the description of hydrogen bonding
at the B3LYP/6-31G* level also might contribute to the
problem.35 Total energies and thermodynamical data computed
at the RHF/6-31G*, B3LYP/6-31G*, and MP2(full)/6-31G*
levels are documented in Supporting Information. Models of
the optimized structures are shown in the figures.

We computed relative energies and relative Gibbs free
energies at all three theoretical levels, and these are given in
Tables 1-3. Thermal energies were used as computed without
any scaling. Unless otherwise noted, we discuss the MP2
derived ∆Grel values. The computed proton affinities consider
the thermal translational energy of the proton, and the entropy
of the proton was determined with the Sackur Tetrode equa-
tion.36 Gas-phase proton affinities contain a term that reflects
the volume work associated with the protonation, and this
term increases the proton affinity by pV ) RT ) 0.59 kcal/
mol. Volume effects for protonations in condensed phase are
practically null and our ∆Grel values therefore do not contain
any volume terms.

The computation of solvation effects remains challenging
and requires the use of approximate theory. Solvent effects
were determined with the isodensity surface polarized con-
tinuum model37 (IPCM) for water (ε ) 78.39). These IPCM

calculations were carried out at the MP2(full)/6-31G* level and
were based on the gas-phase structures optimized at the MP2-
(full)/6-31G* theoretical level. We used the thermal data
computed for the gas phase to derive ∆G data. The enthalpy
of hydration ∆H298(H+) ) -262.2 kcal/mol and the Gibbs free
energy of hydration ∆G298(H+) ) -262.5 kcal/mol (gas phase
to water transfer) were taken from the literature.38 Total
energies computed with solvation are given in Supporting
Information (Table S1.3), and relative energies appear in
Tables 1-3.

Electronic structures were analyzed by way of the natural
population analysis39 at the MP2(full)/6-31G* level in the gas
phase (Table S4 ) and with the inclusion of solvation effects
via the IPCM model (Table S5).

Results and Discussion

Parent 5-Cyanoimino-4-oxomethylene-4,5-dihy-
droimidazole (1) and N1-Methyl-5-cyanoimino-4-
oxomethylene-4,5-dihydroimidazole (2). The C5dN
geometrical isomers of 1 and 2 are shown in Figure 1.
There is a small a-preference of ∆Grel ) 1.2 kcal/mol for
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isomer 1a as compared to 1b. Methyl substitution at N1
increases the a-preference to ∆Grel ) 4.2 kcal/mol, and
this increase is consistent with some steric interference
between the N1-methyl group and the NCN fragment in
the b-structures. The distance between NCN-carbon and
the methyl-C is 2.970 Å and well within vdW distance
(vdW radius of C is 1.7 Å).

N1-Methoxymethyl-5-cyanoimino-4-oxomethylene-
4,5-dihydroimidazole (3). Several conformers can re-
sult by rotation about the glycosidic C-N bond and the

C-O bond of the MOM group. With respect to the
rotation about the glycosidic C-N bond, we considered
syn (S) and anti (A) conformations (Scheme 6). The syn
structures usually are synclinal rather than synperipla-
nar, and the anti structures are anticlinal rather than
antiperiplanar. Both the S and A structures may be
realized with various conformations with respect to the
C-O bond of the MOM group, and these include two
gauche conformations g and g′ and one s-trans conforma-
tion st (Scheme 6). The C-O gauche conformations g and

TABLE 1. Conformational a-Preference Energies about the C-N Bonda

RHF B3LYP MP2 IPCM

R tautomer ∆Erel ∆Grel ∆Erel ∆Grel ∆Erel ∆Grel ∆Erel ∆Grel

H 1a-1b -0.69 -0.73 0.35 0.26 1.34 1.16 0.25 0.07
CH3 2a-2b 2.87 3.06 2.96 2.92 4.15 4.23 3.08 3.16
CH2OCH3 3a-Sg-3b-Sg 3.02 3.09 2.81 2.92 3.53 3.55 -0.32 -0.29
CH2OCH3 3a-Sst-3b-Sst 1.93 2.69 1.55 2.41 1.78 2.82 0.99 2.03
CH2OCH3 3a-Ag-3b-Ag 3.01 3.25 2.50 2.88 3.58 3.84 0.64 0.90

H 4a-4b -1.18 -1.24 -0.19 -0.16 -0.10 -0.11 -0.47 -0.48
CH3 6a-6b 0.19 0.69 0.68 1.14 0.75 1.33 1.37 1.95
CH2OCH3 8a-Sg-8b-Sg -3.41 -2.68 -1.97 -1.40 -2.82 -2.15 -4.59 -3.92
CH2OCH3 8a-Sst-8b-Sst -1.74 -0.42 -1.00 -0.10 -1.82 -0.70 -2.26 -1.14
CH2OCH3 8a-Ag-8b-Ag 1.08 1.63 1.22 1.12 1.23 1.29 3.42 3.48

H 5a-5b 1.01 0.94 0.83 0.74 2.15 2.01 2.43 2.30
CH3 7a-7b 4.28 3.38 3.57 3.01 4.17 4.53 0.30 0.66
CH2OCH3 9a-Sg-9b-Sg 9.27 8.79 8.53 7.90 9.32 8.79 0.63 0.10
CH2OCH3 9a-Sst-9b-Sst 7.52 7.51 7.45 7.33 7.35 7.36 6.11 6.12
CH2OCH3 9a-Ag-9b-Ag 3.43 3.38 2.76 2.36 3.35 3.57 0.88 1.10
a Relative energies ∆Erel and relative free energies ∆Grel in kcal/mol.

TABLE 2. Preference Energies for Cyano-N Protonationa

RHF B3LYP MP2 IPCM

R tautomer ∆Erel ∆Grel ∆Erel ∆Grel ∆Erel ∆Grel ∆Erel ∆Grel

H 4a f 5a 4.97 6.92 12.28 13.48 4.93 5.65 -8.74 -8.02
CH3 6a f 7a 4.41 7.14 11.96 13.71 5.00 6.16 -3.05 -1.89
CH2OCH3 8a-Sg f 9a-Sg -1.50 1.18 5.97 7.83 -1.50 0.04 -8.34 -6.79
CH2OCH3 8a-Sst f 9a-Sst -0.55 2.65 6.22 8.62 -0.90 1.00 -8.27 -6.37
CH2OCH3 8a-Ag f 9a-Ag 5.59 7.64 12.79 13.58 5.93 6.57 -2.48 -1.84
H 4b f 5b 7.17 9.11 13.30 14.38 7.18 7.77 -5.83 -5.24
CH3 6b f 7b 8.49 9.83 14.86 15.58 8.87 10.60 -6.09 -4.37
CH2OCH3 8b-Sg f 9b-Sg 11.17 12.66 16.47 17.13 10.64 10.98 -3.12 -2.77
CH2OCH3 8b-Sst f 9b-Sst 8.71 10.58 14.67 16.06 8.28 9.06 0.10 0.89
CH2OCH3 8b-Ag f 9b-Ag 7.94 9.39 14.34 14.82 8.05 8.86 -5.02 -4.22
model 14 f 15 9.38 10.94 12.15 14.06 6.32 7.80 -4.98 -3.51
a Relative energies ∆Erel and relative free energies ∆Grel in kcal/mol.

TABLE 3. Proton Affinities for the Most Stable Isomera

RHF B3LYP MP2 IPCM

R isomer ∆Erel ∆Grel ∆Erel ∆Grel ∆Erel ∆Grel ∆Grel

Cyano-N Protonation
H 4b 219.7 206.7 223.3 210.0 217.6 204.0 -16.7
H 4a -7.0
CH3 6a 221.5 209.2 225.6 212.8 219.1 206.0 -14.7
CH2OCH3 8b-Sg 228.5 215.4 231.1 217.5 225.8 212.0 -15.0
CH2OCH3 8a-Ag -14.3
model system 14 198.0 183.9 197.5 184.4 190.0 176.3 -24.8

Imine-N Protonation
H 5a 214.2 199.3 210.5 196.1 211.2 197.0 -9.3
CH3 7a 217.1 202.1 213.6 199.1 214.1 199.9 -12.8
CH3 7b -9.1
CH2OCH3 9a-Sg 223.6 208.4 220.3 205.34 220.9 206.2 -11.9
CH2OCH3 9a-Sst -9.5
model system 15 188.6 173.0 185.4 170.3 183.6 168.5 -21.9

a Relative energies ∆Erel and relative free energies ∆Grel in kcal/mol.
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g′ are not equivalent for synclinal and anticlinal C-N
conformations. For the S-structure, there is a C-O
gauche conformation that leaves the methyl group far
away from the NCN fragment (g) and there is another
gauche conformation where the methyl group would be
in close proximity (g′). Similarly, for the A-structure,
there is a C-O gauche conformation that leaves the
methyl group far away from the imidazole-CH (g) and
there is another gauche conformation where the methyl
group would be placed close to the imidazole-CH (g′).
None of these g′ structures exist as minima on the
potential energy surface. With the choice between a and
b, A and S, and g and st, one may expect eight
structures. While eight minima indeed exist on the RHF
potential energy surface, only six minima persist on the
potential energy surfaces computed with the correlated
methods and these structures are shown in Figure 2.

The most stable structure is 3a-Ag and relative ener-
gies of the other conformers and isomers are indicated
in Figure 2. A theoretical model dependency occurs for
the 3-Ast structures. At the RHF level, both of the Cs-
structures 3a-Ast and 3b-Ast are minima, whereas these
structures are transition state structures at the B3LYP
and MP2 level. Optimization at the correlated level
without constraint to Cs symmetry affords the 3a-Sst and
3b-Sst structures. Structures 3a-Sg and 3a-Sst, respec-
tively, are ∆Grel ) 2.2 and 2.3 kcal/mol less stable than
3a-Ag. For each pair with the same C-N and C-O
conformations, the a-isomer is consistently preferred
(Table 1) with preferences energies of 2.8-3.8 kcal/mol.

Protonation of the Parent 5-Cyanoimino-4-oxom-
ethylene-4,5-dihydroimidazole (1) and N1-Methyl-
5-cyanoimino-4-oxomethylene-4,5-dihydroimida-
zole (2). The optimized structures of the cyano-N
protonated structures 4a and 4b and of the imino-N
protonated structures 5a and 5b are shown in Figure 3.

FIGURE 1. Structures of the cyanoimines 1 (R ) H) and 2
(R ) CH3).

SCHEME 6

FIGURE 2. Structures of the cyanoimine 3 (R ) -CH2-O-CH3).
Structures with S conformations about the glycosidic C-N
bond are shown in the top row, and structures with A
conformations are shown on the bottom. Relatives energies Erel

and relative Gibbs free energies Grel values are given in kcal/
mol.
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The structures of 5 are planar at every level, but a
significant structural effect of electron correlation occurs
for 4. Although the RHF structures of 4 are planar, the
correlated levels indicate nonplanar minima in which
protonation of the cyano-N results in a distinctly non-
linear H-N-C moiety.

The respective protonated derivatives 6 and 7 of the
N1-methylcyanoimine 2 are shown in Figure 4. Although
all structures of 5 are planar at all levels, 7b stands out

in that it is predicted to be planar at RHF and B3LYP
while the MP2 level shows a small preference of 1.2 kcal/
mol for a nonplanar structure. As with 4, the respective
structures of 6 are predicted to be nonplanar at the
correlated level. Although the RHF level still prefers a
Cs structure for 6a, a slight preference of 0.5 kcal/mol
for the nonplanar structure 6b even occurs at the RHF
level.

The small a-preference of ∆Grel ) 1.2 kcal/mol for 1a
over 1b vanishes upon cyano-N protonation and 4a and
4b are virtually isoenergetic with a slightly negative
a-preference ∆Grel ) -0.11 kcal/mol. More significant is
the much larger reduction of the a-preference from ∆Grel

) 4.2 kcal/mol for 2 to 1.3 kcal/mol for 6 upon cyano-N
protonation.

Imino-N protonation maintains the preference for the
a-isomers. The a-preference of ∆Grel ) 2.0 kcal/mol for 5
remains positive and becomes a bit larger than for 1, and
the a-preference of ∆Grel ) 4.5 kcal/mol for 7 remains
significant.

The preference energies for cyano-N over imino-N
protonation are listed in Table 2. There is a clear and
pronounced preference in favor of cyano-N protonation.
This preference is consistently higher for the b-isomers
as compared to the a-isomers and varies by 2-5 kcal/
mol.

The preference energies for cyano-N protonation of 1
are 5.7 and 7.8 kcal/mol for the a- and b-structures,
respectively, and the respective values for 2 are 6.2 and
10.6 kcal/mol, respectively.

The preference energies for cyano-N protonation over
imino-N protonation show a major and significant theo-
retical level dependency. One might expect that there is
relatively close agreement between the correlated meth-
ods and the correlated data should deviate from the RHF
data to some degree. However, it is found that the data
computed at the correlated levels B3LYP and MP2 differ
greatly.

Protonation of N1-Methoxymethyl-5-cyanoimino-
4-oxomethylene-4,5-dihydroimidazole (3). As with
the neutral cyanoimine 3, rotational isomerism in the
MOM group complicates the potential energy surface of
the cyano-N and imino-N protonated derivatives 8 and
9. With the choice between a and b, A and S, and g and
st, we expected up to 8 structures each for 8 and 9. We
located six minima for 8 and seven minima for 9, and
their structures are shown in Figures 5 and 6. In several
instances the Ast and Sst structures merge and exist as
separate minima only for 9b. The Sg and Sst structures
are shown in Figures 5 and 6, respectively, and the Ag
and Ast structures are shown in Figures 5-2 and 6-2 in
the Supporting Information. As before, we show the
cyano-N protonated structures on top and the imino-N
protonated systems on the bottom in each figure. The
most stable structures are 8b-Sg for cyano-N protonation
and 9a-Sg for imino-N protonation, respectively, and
relative energies of the other conformers and isomers are
indicated in the Figures 5 and 6.

Cyano-N Protonation and Electrostatic Stabili-
zation of b-Structures. There is a major difference
between the MOM-substituted cations and the H- or
methyl-substituted systems: The 8b-S structures may
be stabilized by through-space electrostatic stabilization
between the MOM-O atom and the positively charged

FIGURE 3. Structures of the cations 4 and 5 (R ) H).

FIGURE 4. Structures of the cations 6 and 7 (R ) CH3).
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protonated cyanoimine fragment. In the most stable
structure, 8b-Sg, the MOM-O atom is positioned well to
stabilize the positive charge of the protonated cyanoimine
fragment. This electrostatic interaction is best in the
C-O gauche conformation, which orients the O lone pairs
toward the cyanoimine moiety. In 8b-Sst, only one lone
pair is oriented favorably, and this structure is ∆Grel )
1.7 kcal/mol less stable. Complete loss of this interaction
in 8b-Ag leaves this structure ∆Grel ) 2.6 kcal/mol less
stable than 8b-Sg.

Cyano-N protonation of 1 and 2 gives nearly isoener-
getic C5-N isomers 4a and 4b and 6a and 6b, respec-
tively. Cyano-N protonation of 3, however, leads to a
negative a-preference of ∆Grel ) -2.2 kcal/mol; 8b-Sg is
preferred over 8a-Sg. This preference for the b-structure
decreases as the O bridging of the protonated cyanoimine
moiety is diminished: The a-preference energies for the
pair 8a and 8b increases from -2.2 (Sg) to -0.7 (Sst) to
+1.3 (Ag).

Imino-N Protonation and Stabilization of a-
Structures by Hydrogen Bonding. There also is one
major difference between the MOM-substituted cations
and the H- or methyl-substituted systems: The 9a-S
structures may be stabilized by hydrogen bonding be-
tween the MOM-O atom and the H atom at the imino-N
atom. Hydrogen bonding occurs in 9a-Sg and 9a-Sst, and
these are the most stable structures of 9a. 9a-Sst is only

∆Grel ) 1.2 kcal/mol less stable then 9a-Sg. The absence
of hydrogen bonding in 9a-Ag leads to a high ∆Grel value
of 5.7 kcal/mol.

For each pair with the same C-N and C-O conforma-
tions, the 9a isomer is consistently preferred over 9b
(Table 1), but the preference energies now greatly depend
on the N1-C conformation. Imino-N protonation of 3-A
maintains the preference with an a-preference of ∆Grel

) 3.6 kcal/mol; the A structures of 9a do not feature any
additional hydrogen bonding. This value is in the range

FIGURE 5. Structures of cations 8 and 9 (R ) MOM) with
synclinal (S) conformations with respect to glycosidic C-N
bond and gauche (g) C-O bond conformation. Structures with
(A) conformations are given in Supporting Information.

FIGURE 6. Structures of the cations 8 and 9 (R ) MOM)
with synclinal (S) conformation with respect to the glycosidic
C-N bond and s-trans (st) C-O bond conformation. Structures
with (A) conformations are given in Supporting Information.

FIGURE 7. Structures of the parent carbodiimide 10, of the
planar transition state structure of cyanoamine 11, and of the
pyramidal minimum structures of cyanoamine 12.
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of the a-preferences of ∆Grel ) 2.0-4.5 kcal/mol for the
parent and the N1-methyl compounds 5 and 7. With the
possibility for hydrogen bonding, the a-preference drasti-
cally increases to ∆Grel ) 8.8 (Sg structures) or ∆Grel )
7.4 kcal/mol (Sst structures). Hence, the strength of the
hydrogen bonding is about 3.8-5.2 kcal/mol.

Preference for Cyano-N Protonation. We have
seen that the preference for cyano-N protonation of 1 and
2 is in excess of 5.5 kcal/mol and that this preference
consistently is higher for the b-isomers (Table 2). The
same preference is found for the 8b and 9b pairs, and
the ∆Grel preference energies of 11.0 (Sg) > 9.1 (Sst) >
8.9 (Ag) again reflect the discussed extra electrostatic
stabilization of the 8b structures. Once the hydrogen
bonding is possible in the imino-N protonated 9a struc-
ture, then the preference for cyano-N protonation is
greatly diminished but persists nevertheless. The prefer-
ence for cyano-N protonation (8a versus 9a) is reduced
to 0.0 (Sg) and 1.0 (Sst) kcal/mol when hydrogen bonding
occurs and remains 6.6 kcal/mol and “normal” in the
absence of such hydrogen bonding (Ag).

This result points up the need to include R-groups at
N1 that closely mimic a sugar moiety. In the absence of
the sugar or the sugar model, an overwhelming prefer-
ence for cyano-N protonation occurs and only with the
availability of the O atom in the R-group does imino-N
protonation become competitive.

Structural Properties of 5-Cyanoimino-4-oxo-
methylene-4,5-dihydroimidazoles and Structural
Relaxation upon Protonation. The analysis of the
structural effects of protonation allows for insights into
the electronic structure of the cationic intermediates and
provides information about the relative importance of the
resonance forms shown in Scheme 5. Important struc-
tural parameters are collected in Tables S2.1-S2.3 in
Supporting Information.

The consideration of two simple model systems is
helpful. One comparison involves the parent carbodiimide
10 and its cyanoamine (aka cyanamide) tautomer 12. The
properties of these molecules should manifest themselves
in the protonated cyanoimines if resonance forms III and
IV (and to a lesser degree II) dominate. The other models
involve the parent cyanoimine 13, the cyanoimine of

formaldehyde (Scheme 7), and its cyano-N and imino-N
protonated derivatives 14 and 15, respectively.

NHdCdNH and NtC-NH2.40 The optimized struc-
tures are shown in Figure 7. The carbodiimide 10 is C2

symmetric,41 and it is important for the following discus-
sion to realize that the N-H bonds are almost orthogonal
with respect to each other. Cyanoamine prefers a Cs-
symmetric structure 12 with a pyramidal amino group,42

and C2v-11 is the transition state for N-inversion. The
carbodiimide is ∆Grel ) 7.2 kcal/mol less stable than the
cyanoamine. A typical carbodiimide CdN bond is 1.23 Å
long, while the NtC and C-N bond lengths in a
cyanoamine are 1.18 and 1.35 Å, respectively.

Protonation of N-Cyanomethyleneimine. The op-
timized structures of 13 and of the cyano-N and imino-N
protonated derivatives 14 and 15 are shown in Figure 8.
There is a clear preference of 7.8 kcal/mol for cyano-N
protonation (Table 2). Structure 13 shows that the NtC
bond length in the cyanoimine is 1.18 Å and the same as
in the cyanoamine 12, whereas the C-N bond in the
cyanoimine is 1.36 Å and again almost the same as in
the cyanoamine (1.35 Å). Structure 14 shows that reso-
nance form I is best; 14 is a protonated cyanoimine rather
than a carbodiimidylmethanium ion. The nitrilium ion
14 features NtC and C-N bond lengths that both are
shorter than those in 13. Similarly, the cyanoiminium
ion resonance form I best describes ion 15, and this
protonation occurs with hardly any structural relaxation.

Neutral and Protonated 5-Cyanoimino-4,5-dihy-
droimidazoles. The data in Tables S2.1-S2.3 show that
the cyanoimine fragments in 1-3 differ only marginally
(less than 0.02 Å) from the structure of the model
cyanoimine 13. The structures of the cyano-N protonated
systems reveal several interesting features. The cyano-
CN bond in 1-3 does not lengthen to any significant
extent upon cyano-N protonation! This CN bond remains
shorter than 1.2 Å in all isomers of 4, 6, and 8. The slight
shortening observed in the cyano-N protonation of 13 to
14 does not occur, but there certainly is no significant
lengthening of that bond either. The short terminal CN
bond length alone would suggest that the nitrilium

(40) For a recent theoretical study with comparison to experiment,
see: Tordini, F.; Bencini, A.; Bruschi, M.; Dr Gioia, L.; Zampella, G.;
Fantucci, P. J. Phys. Chem A 2003, 107, 1188 and references therein.

(41) Glaser, R.; Lewis, M.; Wu, Z. J. Phys. Chem. A 2002, 106, 7950
and references therein.

(42) This type of structure occurs in the gas phase and in the solid
state: Denner, L.; Lugar, P.; Buschmann, J. Acta Crystallogr. C 1988,
44, 1979 and references therein.

FIGURE 8. Structures of the cyanoimine of formaldehyde,
13, and of the cations 14 and 15 obtained by cyano-N and
imino-N protonation.

SCHEME 7
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resonance form I is important (Scheme 5). However, the
cyano-N protonation has a major effect on the C-N and
CdN bond lengths, and the data in Tables S2.1-S2.3
show a drastic shortening of the former and a lengthening
of the latter, respectively. Overall, the HNCN fragment
in 4, 6, and 8 is best described as an unsymmetrical
carbodiimide with an average CN bond length of 1.226
Å and an average CN bond difference of 0.062 Å. The
major consequences of imino-N protonation are length-
enings of the C-N and CdN bonds by about 0.02 and
0.06 Å, respectively. Clearly, both cyano-N and imino-N
protonation lead to some delocalization of positive charge
via resonance forms II-IV.

Proton Affinities. Computed proton affinities are
summarized in Table 3. Surprisingly, the proton affinities
increase in going from the methyl to the methoxymethyl
systems. Even more surprising was the finding of the
large increase of the proton affinities of all the dihy-
droimidazole systems as compared to the parent system
N-cyanomethyleneimine 13. The proton affinities of the
MOM-substituted system are about 35 kcal/mol higher
than those for 13. The origin of this large effect was
recognized by application of electron density analysis.

Electron Density Analysis of N1-Methoxymeth-
yl- 5-cyanoimino-4-oxomethylene-4,5-dihydroimid-
azole (3) and Its Relaxation Upon Protonation.
Electron density analysis was carried out for the most
stable isomers of the neutral systems 3a-Ag and 3b-Ag,
the most stable cyano-N protonated systems 8a-Ag and
8b-Sg, and the most stable imino-N protonated ions 9a-
Sg and 9b-Sst. Results are provided in a Table in
Supporting Information.

In 3, there is about half of a negative charge located
on the NCN fragment while half of a positive charge is
localized on the CO fragment. The electron density
distribution of the NCN fragment is of the type (- + -).
hence, the aromatic resonance forms IV-1 and IV-2
(Scheme 5) are as important for protonated 3 as is I. The
C4-C5 bond is highly polarized consistent with the
donor-acceptor substitution. Note that the positive C5
charge always is larger in magnitude than the negative
C4 charge; some contribution is made by II. The recogni-
tion of the importance of IV-1 and IV-2 reveals the
resemblance of the “dihydroimidazole” and imidazole
itself. The MOM group is a donor. The N1-C2-N3
fragment is of the type (- + -) with large and almost
equal negative charges on N1 and N3.

Protonation essentially neutralizes the NCN fragment;
that is, about one-half of the positive charge of the proton
stays with the H-atom and the other half charge is
delocalized onto the NCN fragment (about 0.1), the CO
(about 0.13-0.16), the imidazole ring (about 0.2), and the
MOM group (about 0.07). Resonance form III clearly is
not important; while diminished somewhat, the N1 and
N3 charges all remain rather negative. The CO group
carries two-thirds of the positive charge after protonation,
and this finding highlights the dominance of IV-1 or IV-
2, respectively. We chose the labels of the resonance
forms in Scheme 5 to emphasize that the cyano-N and
the imino-N protonated structures IV-1 and IV-2 are so
similar to the resonance forms IV-1 and IV-2 of 3,
respectively. As with neutral 3, we find the resonance
forms with an aromatic imidazole to be a major contribu-

tor. Contributions from II remain essentially unchanged
upon protonation.

The discussion up to now applied to 3 and its proto-
nated derivatives irrespective of the site of the protona-
tion. The effects of the protonation site are entirely
localized on the NCN fragment, and we characterize
these effects using the group charges of both CN groups.
The CN groups charges are about the same in each of
the cyano-N protonated systems, and this finding cor-
roborates well the carbodiimide nature of these ions. The
CN group charges also support the electrostatic argument
made to explain the stability of 8b-Sg. The CN-group
charge in 8b-Sg is higher than in 8a-Ag, and this charge
localization increases any electrostatic attraction with the
proximate MOM group. The other important intramo-
lecular interaction, the hydrogen-bonding interaction in
9a-Sg, manifests itself in the more negative MOM
O-charge and the increased positive charge on the
H-atom of the cyanoimine functionality; both features
strengthen the hydrogen bond.

Solvent Effects. The theoretical prediction of solvent
effects remains challenging and approximate. Studies of
the effects of specific solvation and of the effects of the
permanent anisotropic environment in DNA are desir-
able, but they remain conceptually difficult and compu-
tationally demanding. Here, we employ a polarized
continuum model that should provide a first indication
of solvation effects on the present chemistry in homogen-
eous, polar solution. The conformers of the MOM-
substituted systems differ significantly in their shapes,
and the choice of the cavity determination might thus
be critical. We employed the isodensity polarized con-
tinuum model (IPCM) as it seems most suited to account
for these shape changes.

The IPCM data in Table 1 shows that the a-preferences
are largely retained in aqueous solution. Aside from this
general correlation, however, the solvation effects do not
show any systematic trends. While most a-preferences
decrease, some increase. Perhaps most puzzling are the
greatly different solvation effects on the a-preference
energies of the (S)-conformers of 9.

The IPCM model predicts a consistent and significant
solvent effect on the site preference for protonation:
Solvation favors imino-N protonation over cyano-N pro-
tonation (Table 2). For the isolated molecules, imino-N
protonation is preferred only in those cases where an
internal hydrogen bonding opportunity is realized. In
contrast, solvation favors imino-N protonation over cy-
ano-N protonation for all systems by 7-14 kcal/mol.

In the gas phase, protonation of 1-3 occurs quickly
and the protonated species are abundant. The gas-phase
proton affinity of water is 167.9 kcal/mol,43 and proton
transfer from hydronium ion to 1-3 in the gas phase thus
also is highly exothermic. The IPCM calculations suggest,
however, that solvation causes the proton affinities ∆G298

of 1-3 to become slightly negative, that is, that the
protonations of 1-3 are slow and endergonic processes.
While the protonations of 1-3 are highly exothermic
processes in the gas phase, this does not seem to be the
case in solution because such a proton transfer would
replace the well-solvated hydronium ion by the much less

(43) Collyer, S. M.; McMahon, T. B. J. Phys. Chem. 1983, 87, 909.
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well-solvated ions 8 and 9. The population analysis
explains and fully supports this conclusion.

The population analyses indicate increased bond po-
larities in the polar solvent as compared to those in the
gas phase, while all of the above-discussed characteristic
features of intramolecular charge distribution persist.
The neutral molecules 1-3 remain highly zwitterionic
“imidazoles” and the protonated derivatives feature
almost neutral HNCN fragments and extreme positive
charge dispersal. The comparatively high solvation en-
ergy for the zwitterionic proton acceptors and the com-
paratively low solvation energy for the highly delocalized
cations explain the reduced propensity for protonation
of 1-3 in condensed phase.

Conclusions

The results show that intramolecular van der Waals,
charge-dipole, and dipole-dipole (including hydrogen
bonding) interactions all are important factors contribut-
ing to the isomer preferences. Therefore, the adequate
theoretical treatment requires correlated methods that
include dispersion.

The vicinal push (oxomethylene)-pull (cyanoimino)
pattern of the 5-cyanoimino-4-oxomethylene-4,5-dihy-
droimidazoles results in the electronic structure of aro-
matic imidazoles with 4-acylium and 5-cyanoamido groups.
The gas-phase proton affinities of 1-3 are much higher
than those for N-cyanomethyleneimine 13, and this result
provides compelling evidence in support of the zwitteri-
onic character of 1-3.

Protonation enhances this push-pull interaction; the
OC-charge is increased from about one-half in 1-3 to
about two-thirds upon protonation. This also means that
cyano-N protonation yields ions that are best described
as unsymmetrical carbodiimides rather than localized
nitrilium ions. Similarly, imino-N protonation yields
cyanoamines rather than cyanoiminium ions.

In the gas phase, cyano-N protonation is generally
preferred but imino-N protonation can compete if the
R-group contains a suitable hydrogen-bond acceptor.
Clearly, the use of the MOM group as the smallest
possible mimic of a sugar moiety is critical if the
computational study is to support experimental work on
guanosine.

The characteristic features of intramolecular charge
distributions of 1-3 and their protonated derivatives
persist when solvation effects are considered by way of
a continuum model. However, solvation does have a

marked consequence on the site of and the propensity
for protonation. Whereas cyano-N protonation is pre-
ferred in gas phase, imino-N protonation is preferred in
polar condensed phase. Whereas protonation is fast and
exergonic in the gas phase, it is endergonic in polar
condensed phase. It is an immediate consequence of this
computational result that the direct observation of the
cations 8 and 9 should be possible in the gas phase only.

The 5-cyanoimino-4-oxomethylene-4,5-dihydroimida-
zoles 1-3 all prefer that CN conformation in which the
ketene and the cyanoimine arms are parallel with each
other; the a-isomer is favored over the b-isomer. Cyano-N
protonation of 1 and 2 produce isoenergetic a- and
b-structures. For 3, however, the most stable products
of cyano-N protonation are 8b-Sg and 8b-Sst because of
through-space electrostatic interaction between the
MOM-O atom and the positively charged protonated
cyanoimine fragment. In the absence of this kind of
stabilization, as in 8b-Ag, the MOM-substituted a-isomer
becomes preferred just as in the cases of 1 and 2. Imino-N
protonation of 1 and 2 does not produce much variation
in the a-preference energies. A significant a-preference
for imino-N protonation of 3 occurs as a result of the
stabilization of the 9a-S structures by hydrogen bonding
involving the MOM-O atom. These trends in the confor-
mational preferences largely persist in polar solvents,
although solvent effects on relative preferences may vary
significantly and are not easily traced.
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