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Crotonaldehyde, a common environmental pollutant and prod-
uct of endogenous lipid peroxidation, reacts with guanine to
form DNA adducts with pronounced genotoxicity and mutage-
nicity. Here, we explore the molecular mechanism of this
adduct formation using double-hybrid density functional theory
methods. The reaction can be envisaged to occur in a two-step
fashion via an aza-Michael addition leading to an intermediate
ring-open adduct followed by a cyclization reaction giving the
mutagenic ring-closed adduct. We find that (i) a 1,2-type addi-
tion is favored over a 1,4-type addition for the aza-Michael

addition, and (ii) an initial tautomerization of the guanine moi-
ety in the resulting ring-open adduct significantly reduces the
barrier toward cyclization compared to the direct cyclization of
the ring-open adduct in its keto-form. Overall, the aza-Michael
addition is found to be rate-determining. We further find that
participation of a catalytic water molecule significantly reduces
the energy barriers of both the addition and cyclization reac-
tion. © 2018 Wiley Periodicals, Inc.

DOI:10.1002/jcc.25595

Introduction

DNA damage by endogenous or exogenous chemical agents
plays an important part in the development and progression of a
wide range of conditions including cancer [1], inflammation [2],
diabetes [3], and neurodegenerative diseases [4,5]. Reactive alde-
hyde species have been found to react readily with DNA bases,
in particular guanine, to form adducts that may disrupt base pair-
ing, form DNA crosslinkers or react with proteins and peptides [6].

Crotonaldehyde is a volatile and lipophilic α,β-unsaturated
aldehyde that has been widely studied with respect to the dis-
ease promoting activities of its adducts with the DNA base gua-
nine [6–8]. It has been found to be mutagenic in bacteria [9] as
well as to cause liver tumors in rats [10]. In vitro studies by
Czerny et al. [11] further found a pronounced genotoxicity and
mutagenicity of its DNA adducts in human lymphoblast cells.
Introduction of the adducts into the DNA of human xeroderma
pigmentosum cells by Stein et al. [12] resulted miscoding fre-
quencies of 5% and 10% for the two observed diastereomeric
adducts suggesting the adducts play a significant role in human
carcinogenesis and aging.

Exposure to crotonaldehyde may result both from endoge-
nous and exogenous sources. It is well known as a product of
endogenous lipid peroxidation as a result from oxidative stress
[13–15] as well as a common environmental contaminant from
sources such as cigarette smoke [16] and automobile emissions
[17]. It has further been postulated that crotonaldehyde may be
formed in vivo after alcoholic beverage consumption via poly-
amine catalyzed aldol condensations of the primary alcohol
metabolite acetaldehyde [18,19]. This is of particular interest as it
may offer an explanation to the currently insufficiently under-
stood strong association between alcohol consumption and the
development of gastrointestinal cancers [18,19].

The reaction of crotonaldehyde with guanine may form a
ring-open and a ring-closed adduct via an initial addition reac-
tion and subsequent cyclization step (illustrated in Scheme 1a).
While the ring-open adduct is mainly found in double-strand
DNA, the ring-closed form predominates in single-strand DNA
[19,20]. Based on its miscoding potency it has been proposed by
Minko et al. [6] that at the replication fork the adduct exists in
its ring-closed form. Scheme 1b shows that in the mutagenic
ring-closed adduct Watson–Crick base pairing is significantly
disrupted while the ring-open adduct maintains a reactive alde-
hyde group that has been found to further react with DNA
bases, proteins and peptides to form crosslinkers [21,22].

While numerous experimental studies have examined the
biological activities of reactive aldehydes as well as the proper-
ties of their DNA adducts [6,15], there has been little research
into the molecular mechanisms of adduct formation. A detailed
knowledge of the reaction mechanism is important for predict-
ing the mutagenicity of a wide range of Michael acceptors of
biological relevance [23]. Computational studies by Pardo
et al. [24] and more recently by Desmet et al. [25] explored the
mechanism of the aza-Michael reactions between small
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exemplary aldehydes and amines. While Pardo et al. concluded
that a 1,4-type mechanism is favored [24], Desmet et al. found
that due to high barriers toward tautomerization of the enol
intermediate of the 1,4-addition, a direct 1,2-type addition path-
way is kinetically favorable [25]. To the best of our knowledge,
the only previous computational investigation into the reaction
mechanism of a DNA adduct formation was carried out by Xing
et al. [26] on the reaction of guanine with trans-4-hydroxy-
2-nonenal (4-HNE). The authors explored the commonly postu-
lated mechanism of a 1,4-type Michael addition followed by
cyclization via a nucleophilic addition using density functional
theory (DFT). They found high reaction barriers of 229.7 and
234.7 kJ mol−1 for the uncatalyzed conjugate addition and
cyclization steps, respectively. They also found that participa-
tion of a catalytic water molecule in the tautomerization of the
enol intermediate in the conjugate addition reduces the barrier
for this step to 113.5 kJ mol−1.

In the present work, we use double-hybrid DFT (DHDFT) to
investigate the mechanism of formation of the ring-open and
ring-closed adducts between guanine and crotonaldehyde. We
explore two different pathways for both the aza-Michael

addition as well as the cyclization reaction and show that a cat-
alytic water molecule can significantly reduce the activation
energies of most steps in the reaction pathways under consid-
eration. We find that the previously unexplored 1,2-type addi-
tion and a tautomerization of the nucleobase in the ring-open
adduct prior to cyclization are notably favorable over the
1,4-type addition and direct cyclization. Unlike previously
reported, the conjugate addition emerges as rate-determining.
Scheme 2 illustrates our proposed mechanism for the aza-
Michael addition and cyclization steps.

Computational Methods

The geometries of all structures along the potential energy sur-
faces (PESs) were optimized in the gas phase using the B3LYP-
D3 exchange-correlation DFT functional [27–29] with the 6-31+G
(2df,p) basis set [30–32]. Zero-point vibrational energy and
enthalpic corrections have been obtained from such calcula-
tions. Equilibrium and transition structures were verified via fre-
quency calculations. The intrinsic reaction coordinate [33,34] was
calculated for all transition structures to confirm the connectiv-
ity of transition structures to the related products and reactants.

Scheme 1. a) A schematic
representation of the two-step
formation of the DNA adduct
between guanine and
crotonaldehyde. b) The effect of the
ring-open (left) and ring-closed
(right) adduct on Watson–Crick base
pairing.

Scheme 2. Schematic representation
of the proposed mechanism for the
adduct formation between
crotonaldehyde and guanine.
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Double-hybrid density functional theory single-point energy cal-
culations at the DSD-PBEP86/Def2-TZVPP level of theory were
performed on the B3LYP-D3/6-31+G(2df,p) optimized geome-
tries [35,36]. Corrections for bulk solvent effects in aqueous solu-
tion were calculated using the SMD continuum solvation model
at the M05-2X/6-31G(d) level of theory [37] and added to the
DSD-PBEP86/Def2-TZVPP energies. For a number of reaction
profiles we optimized the geometries in aqueous solution at
the SMD(water)-B3LYP-D3/6-31+G(2df,p) level of theory. This
does not lead to significant variations in the final reaction pro-
files and the qualitative trends are unchanged (for further
details see the Supporting Information). All geometry optimiza-
tions and single-point energy calculations were performed
using the Gaussian09 and Gaussian16 software packages [38,39].
To assist in rationalizing differences in stability between the var-
ious conformations of the ring-closed adduct, natural bond
orbital (NBO) calculations [40–42] were performed at the
B3LYP/6-31G(d,p) level of theory using the NBO6 [43] and Gauss-
ian09 program packages and stabilization energies resulting
from second-order perturbation theory analysis, referred to as
E(2) energies, are reported. All 3D structural representations
were generated using CYLview [44].

Results and Discussion

As illustrated by Scheme 1a, the adduct formation reaction may
be broken down into two steps, an aza-Michael addition and a
cyclization step. For clarity, the discussion here will be sepa-
rated accordingly.

Aza-Michael addition

For the conjugate addition two pathways can be envisaged,
one in which the addition occurs concomitant with a 1,2-type
proton transfer between the nitrogen of the 1� amine and the
alpha-carbon, directly leading to the keto product. Alternatively,
the addition may be concomitant with a 1,4-proton transfer
between the nitrogen of the 1� amine and the carbonyl oxygen
leading to an enol intermediate. For this enol-intermediate
reaction of the s-trans rotamer of crotonaldehyde leads to an E-
configuration in the newly formed double bond whereas reac-
tion with s-cis crotonaldehyde gives a Z-conformation. Subse-
quent tautomerization of the enol-intermediate leads to the
keto-tautomer of the ring-open adduct. A schematic represen-
tation of the transition structures of the addition step on the
example of s-cis crotonaldehyde is shown in Scheme 3. We

note in passing that we also considered the uncatalyzed and
water-catalyzed 1,2- and 1,4-addition between crotonaldehyde
and the enol-tautomer of guanine. However, the resulting aro-
maticity of the pyrimidine appears to have little effect on the
reaction barriers. The absence of the NH group in alpha-
position in the enol-tautomer further precludes the stabilizing
hydrogen-bonding interaction with the aldehyde carbonyl oxy-
gen in the 1,2-addition (Supporting Information Tables S1–S5
give the energies of the structures along those pathways).

Water is a well-known proton-transfer catalyst [45–54] and
abundant in the biological system. It can be envisaged that par-
ticipation of an explicit water molecule in all steps of both path-
ways may facilitate the proton transfers, thereby lowering
energy barriers toward the transformations. Figure 1 gives the
potential energy surfaces for the uncatalyzed (a) and water-cat-
alyzed (b) aza-Michael addition step of the adduct formation
reaction along with the geometries of the respective transition
structures.

While for the catalyzed pathways transition structures result-
ing from s-cis as well as s-trans crotonaldehyde could be
located, for the uncatalyzed 1,4-type addition a transition

Scheme 3. Schematic representation of the transition structures associated
with the 1,4-type (left) and the 1,2-type (right) addition pathways under
consideration.

Figure 1. Reaction profiles (DSD-PBEP86-D3/Def2-TZVPP, ΔH298, kJ mol−1)
for the uncatalyzed (a) and water-catalyzed (b) aza-Michael addition step.
The energies of the reactants, reactant complexes (RC), transition structures
(TS), intermediates, and ring-open (r-o) product complexes (PC) are given
relative to the free reactants. Atomic color scheme: H, white; C, gray; N,
blue; O, red. The bonds being broken and formed in the transition
structures are represented by gray lines, H-bonds are represented by green
lines. [Color figure can be viewed at wileyonlinelibrary.com]
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structure could only be located for the reaction with the s-cis
rotamer of crotonaldehyde. Overall, it is observed that transi-
tion structures resulting from s-cis crotonaldehyde are vastly
preferred. We note that the interconversion between s-trans
and s-cis crotonaldehyde occurs with a fairly low energy barrier
of ΔH298

‡ = 37.2 kJ mol−1 calculated at the DSD-PBEP86-D3/
Def2-TZVPP level of theory. Both for the uncatalyzed and the
catalyzed reaction, the concerted 1,2-type pathway is favored
resulting in barriers of 152.9 (uncatalyzed) and 108.9 kJ mol−1

(water-catalyzed) relative to the reactant complexes (Fig. 1). In
the 1,4-type addition pathways the reaction barriers for the ini-
tial addition steps (89.8 and 67.5 kJ mol−1, respectively for the
uncatalyzed and water-catalyzed pathways) are significantly
lower than those of the concerted 1,2-addition. Both tautomeri-
zation steps, however, give prohibitively high barriers of 226.6
(uncatalyzed) and 146.4 (catalyzed) kJ mol−1, making the overall
pathway unfavorable.

Many of the observed trends can be rationalized on further
inspection of the geometries of the transition structures.
Whereas the uncatalyzed 1,4-addition step occurs via a favor-
able 6-membered transition structure, the 1,2-type addition
occurs via a strained 4-membered ring transition structure.
Accordingly, the proton transfer trajectories of the uncatalyzed
1,2-addition are at ∠N-H-C = 111.3� (s-cis) and 112.3� (s-trans)
much further from an ideal linear trajectory than the ∠N-H-
O = 156.0� observed for the 1,4-addition.

Water catalysis expands the cyclic transition structures to
eight- (1,4-addition) and six-membered (1,2-addition) rings,
reducing ring-strain and optimizing proton transfer trajectories.
Now the 1,4-type addition leads to near-linear trajectories of
∠N-H-O = 170.9� and ∠O-H-O = 170.6� (s-cis) while the
1,2-addition pathway leads to notably improved trajectories of
∠N-H-O = 159.8� and ∠O-H-C = 153.6� (s-cis). It is instructive to
note that the higher energy transition structures resulting from
s-trans crotonaldehyde generally show poorer proton transfer
trajectories of ∠N-H-O = 169.5� and ∠O-H-O = 155.5�

(1,4-addition) and ∠N-H-O = 144.5� and ∠O-H-O = 158.1�

(1,2-addition).
The uncatalyzed tautomerization step of the 1,4-addition

pathway proceeds via a highly strained 4-membered transition
structure, meaning the proton transfer occurs at an unfavorable
angle of 104.6�. Although participation of a catalytic water

molecule expands the cyclic transition structures to more
relaxed 6-membered rings, the proton transfer trajectories
observed are at ∠N-H-O = 145.7� and ∠O-H-O = 156.6 still nota-
bly less linear than those observed for the favorable addition
steps, partially explaining why a pathway including tautomeri-
zation is unlikely.

The Newman projections of the reaction centers of the differ-
ent transition structures for the addition steps depicted in
Figure 2 allow further insights into why differing stabilities are
observed for the different conformations and pathways. It was
previously found that the steric effects of a staggered or eclipsed
conformation in the transition structure can have a significant
influence on the pathway selectivity of a reaction [55–57]. In the
addition reaction here the transition structures pertaining to the
1,4-addition with s-cis crotonaldehyde, both for the uncatalyzed
and the water-catalyzed pathway, are in a favorable staggered
conformation and accordingly give the lowest barriers in the
pathways of 86.2 and 67.5 kJ mol−1, respectively (relative to the
reactant complex). The same reaction via s-trans crotonaldehyde
results a sterically hindered eclipsed transition structure. Accord-
ingly, an increase in activation energy of 106.6 kJ mol−1 is
observed. The higher energy transition structures of the
1,2-addition largely yield sterically hindered eclipsed geometries.
Unlike the transition structures resulting from the s-trans rotamer,
those pertaining to the reaction of the s-cis rotamer allow for a
stabilizing hydrogen-bonding interaction between the carbonyl
and the 2� amine of the pyrimidine (Fig. 2), rationalizing the
higher stability of the s-cis-like transition structures.

Further, it can be observed that for both the uncatalyzed and
the catalyzed reaction the forming C� � �N bond is longer in tran-
sition structures resulting from the s-trans rotamer as compared
to those pertaining to the s-cis rotamer, indicating that the lat-
ter rotamer gives transition states that are later in the addition
reaction. Whereas the s-trans rotamer results C� � �N bond
lengths of 1.614 Å (uncatalyzed) and 1.629 Å (catalyzed), the s-
cis rotamer gives a C� � �N bond length of 1.560 Å for both the
uncatalyzed and catalyzed pathways.

Overall, the aza-Michael addition step will occur via a con-
certed 1,2-type addition leading directly to the ring-open
adduct. Compared to the uncatalyzed reaction, participation of
a catalytic water molecule reduces the activation energy of this
step by 44.0 kJ mol−1.

Figure 2. Newman projections of the
reaction centers of the transition
structures of the 1,4- and 1,2-addition
steps (upper pane: uncatalyzed, lower
pane: water-catalyzed). The bonds
being broken and formed in the
transition structures are represented
by gray lines, H-bonds are
represented by green lines. [Color
figure can be viewed at
wileyonlinelibrary.com]
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Cyclization reaction

The cyclization of the ring-open adduct occurs via nucleophilic
attack by the pyrimidine nitrogen in alpha position at the car-
bonyl carbon of the new aldehyde substituent and a proton
transfer to the carbonyl oxygen. For this reaction two pathways
are possible: One, in which the cyclization is preceded by a tau-
tomerization of the guanine moiety in the ring-open adduct,
giving the enol-tautomer of guanine and one in which the
keto-form reacts directly. As illustrated by the schematic transi-
tion structures given in Scheme 4 this changes the substituents
involved in the proton transfer. Whereas in the direct cycliza-
tion the proton transfer occurs between the pyrimidine nitro-
gen and the aldehyde carbonyl, the proton transfer in the
reaction involving the enol-tautomer occurs between the enol
hydroxyl group and the carbonyl.

Both the conjugate addition as well as the cyclization step
form new stereocenters. In the cyclization step, the relative ste-
reochemistry of the two stereocenters determines the possible
orientations of the substituents on the forming 6-membered
ring. As in the conjugate addition it can be envisaged that the
proton transfers in all pathways may be catalyzed by an explicit
water molecule.

Figure 3 gives schematic PESs for the uncatalyzed and water-
catalyzed cyclization reaction of both the keto- and enol-
tautomers of the ring-open starting material. For each tauto-
mer, four different relative stereochemistries and substituent
orientations are possible. For clarity Figure 3 only gives the PESs
for those pathways that result in the lowest activation energy
for this step (Tables S6–S9 of the Supporting Information give
the energies of the transition structures leading to all possible
conformations and configurations).

As illustrated in Figure 3, the direct cyclization of the ring-open
adduct from its keto-form yields high barriers of 188.3 and
110.8 kJ mol−1 for the uncatalyzed and catalyzed reactions,
respectively. Compared to this an initial tautomerization of the
guanine moiety leads to significant overall barrier reductions of
26.6 (uncatalyzed) and 55.2 kJ mol−1 (catalyzed). With activation
energies of 161.7 (uncatalyzed) and 55.6 kJ mol−1 (catalyzed), the
tautomerization reactions of this pathway form the rate-
determining steps of both reactions while the ensuing cycliza-
tions give low barriers of 35.0 (uncatalyzed) and 38.6 (catalyzed)
kJ mol−1. Overall, water catalysis reduces the activation energy of
the rate-determining step very significantly by 106.1 kJ mol−1.

It is instructive to note that although participation of a cata-
lytic water molecule reduces the activation energy of the direct
cyclization of the keto-tautomer of the adduct by as much as
77.5 kJ mol−1, this is not the case for the cyclization of the
enol-tautomer where the barrier toward cyclization is margin-
ally lower for the uncatalyzed reaction. These observations can
largely be attributed to changes in the ring-sizes of the cyclic
transition structures. In the cyclization of the keto-tautomer a
strained 4-membered cyclic transition structure leads to both
highly unfavorable trajectories for the proton transfer and the
nucleophilic addition of ∠N-H-O = 126.7� and ∠N-C-O = 75.5�,
respectively. Participation of the catalytic water molecule allows
for a more relaxed six-membered ring. In particular, we obtain
improved trajectories of ∠N-H-O = 160.5� and ∠O-H-O = 155.2�

for the proton transfers, and ∠N-C-O = 107.4� for the nucleo-
philic addition. The cyclization of the enol-tautomer occurs con-
comitant with a proton transfer between the enol OH-group
and the carbonyl, allowing for a favorable 6-membered cyclic
transition structure in the uncatalyzed pathway. Near-ideal tra-
jectories of ∠O-H-O = 157.0 and ∠N-C-O = 106.7 result for the
proton transfer and nucleophilic addition. Participation of the
water molecule here expands the transition structure to an
8-membered ring, which without giving a reduction in ring-

Scheme 4. Schematic representation of the transition structures associated
with the direct cyclization via the keto-tautomer (left) and cyclization via the
enol-tautomer (right).

Figure 3. Reaction profiles (DSD-PBEP86-D3/Def2-TZVPP, ΔH298, kJ mol−1)
for the uncatalyzed (a) and water-catalyzed (b) cyclization step. The energies
of the initial ring-open (r-o) adducts, transition structures (TS), intermediates,
and ring-closed (r-c) product complex (PC) are given relative to the free
reactants in Figure 1. Atomic color scheme: H, white; C, gray; N, blue; O, red.
The bonds being broken and formed in the transition structures are
represented by gray lines, H-bonds are represented by green lines. [Color
figure can be viewed at wileyonlinelibrary.com]
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strain, leads to comparably smaller improvements in the trajec-
tories of the proton transfer and nucleophilic addition.

It can be observed that in all transition structures pertaining
to the pathways involving the enol-tautomer of the guanine
moiety the forming N� � �C bond is notably shorter than in those
transition structures containing the keto-tautomer indicating
that in the transition states via the enol-tautomer the cycliza-
tion is more advanced. In the case of the pathways illustrated
in Figure 3 the keto-tautomer leads to N� � �C bond lengths of
2.500 Å (uncatalyzed) and 2.147 Å (catalyzed) whereas the enol-
tautomer gives N� � �C bond lengths of 1.840 Å (uncatalyzed)
and 1.779 Å (catalyzed). This can partly be attributed to steric
encumbrance from the carbonyl substituent of the guanine
moiety at the reaction center.

It has been found that the ring-open adduct is mainly
observed in double-stranded DNA whereas in single-stranded
DNA the adduct is largely present in its ring-closed form
[19,20,58]. The observations here can offer a plausible explanation
for this. Tautomerization reactions of the DNA bases are
expected to occur more readily in single-stranded DNA than in
double-stranded DNA where the substituents are involved in
Watson–Crick base pairing. The results presented here show
that an initial tautomerization of the DNA base is necessary for
a facile cyclization reaction. In double-stranded DNA, where tau-
tomerization is unlikely only the high energy direct cyclization
of the keto-adduct would be accessible making the reaction
overall unlikely.

Due to conformational flexibility of the newly formed
6-membered ring and the formation of a new stereocenter the
cyclization reaction may proceed via a number of conforma-
tionally different transition structures giving two different half-
chair conformations and either the same (shown as R,R) or
opposite stereochemistry (shown as R,S) at the two newly
formed stereocenters at C6 and C8 (Scheme 4). The PESs in

Figure 3 represent those pathways that resulted the most stable
transition structures. As illustrated in Figure 3, in the uncata-
lyzed reaction these transition structures lead to a ring-closed
adduct with opposite stereochemistry at C6 and C8. The methyl
and hydroxyl group are cis to each other and both assume an
equatorial orientation. When catalyzed, conversely, the most
stable transition structure leads to an adduct in which C6 and
C8 have the same stereochemistry. The substituents are trans
and the methyl group has an equatorial orientation while the
hydroxyl group is in an axial orientation.

Figure 4 illustrates the relative configurations for the two dif-
ferent half-chairs possible for the ring-closed adduct and their
relative energies. Overall, we find that the first half-chair confor-
mation (structures a and b) allowing for an equatorial methyl
group gives the more stable adducts. Apart from the most favor-
able structure a, the conformations are all very close in energy.
In structure a, C6 and C8 have the same stereochemistry leading
to a trans relationship between the two substituents. The methyl
group assumes an equatorial orientation while the hydroxyl
group is in an axial orientation. In agreement with the results
presented here, a conformational analysis of the same adduct
using 2D NMR methods by Boerth et al. [59] finds the ring-closed
adduct of conformation a to be present at 93.5%.

From conformational analyses of cyclohexanes it is well
known that those conformations with bulky substituents in an
equatorial orientation are thermodynamically favored [60]. While
this can explain why structures a and b with equatorial methyl
groups are more stable than structures c and d, the higher sta-
bility of structure a counters this. Consideration of competing
electrostatic and stereoelectronic interactions may rationalize
why an axial hydroxyl group is favorable. Table 1 gives overall
dipole moments of the structures a–d as well as E(2) energies
from second order perturbation analysis for the stabilizing neg-
ative pN ! σ*C-O hyperconjugation interaction between the

Figure 4. Conformations of the ring-
closed adduct of guanine and
crotonaldehyde and their relative
energies (DSD-PBEP86-D3/
Def2-TZVPP, ΔH298, kJ mol−1). Atomic
color scheme: H, white; C, gray; N,
blue; O, red. [Color figure can be
viewed at wileyonlinelibrary.com]
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hydroxyl substituent and the neighboring nitrogen. We find
that structures with an axial hydroxyl group (a and d) give
lower overall dipole moments indicating smaller destabilizing
electrostatic interactions. As the adducts are otherwise structur-
ally the same, the orientation of the hydroxyl substituent is
expected to largely determine differences in total dipole.
Figure 4 illustrates that whereas the hydroxyl and the carbonyl
group of the guanine moiety have different orientations in
structures a and d, they have the same orientation in structures
b and c meaning their dipoles are aligned and cause destabiliz-
ing repulsion. The stabilizing hyperconjugative pN ! σ*C-O
interaction is ~33% higher in those structures with an axial
hydroxyl group compared to those with an equatorial hydroxyl
group. This indicates that an axial hydroxyl group leads to
orbital orientations more favorable for stabilizing overlap than
an equatorial hydroxyl group.

Conclusions

The mechanism and water catalysis of the adduct formation
reaction between guanine and crotonaldehyde has been stud-
ied using DHDFT methods. We find that this reaction proceeds
via two steps: an aza-Michael addition reaction giving a ring-
open adduct followed by a cyclization reaction giving the ring-
closed adduct. For each step, we considered two pathways. In
the addition step a 1,4-type addition with subsequent tauto-
merization or a direct 1,2-type addition can be envisaged. Both
for the uncatalyzed and water-catalyzed reactions, the 1,2-type
addition, giving barriers of 152.9 (uncatalyzed) and
108.9 kJ mol−1 (catalyzed), is favorable due to a high barrier
toward tautomerization observed for the 1,4-type addition.

The cyclization reaction can be envisaged to occur either via
a direct nucleophilic addition and proton transfer from the
pyrimidine nitrogen to the newly formed carbonyl or via a step-
wise pathway in which nucleophilic addition is preceded by a
tautomerization of the guanine. The following proton transfer
consequently occurs between the reacting carbonyl and the
hydroxyl group of the formed enol-tautomer of the guanine
moiety. For both the uncatalyzed and catalyzed reaction the
pathway via the enol-tautomer emerges as the kinetically favor-
able pathway. With barriers of 161.7 (uncatalyzed) and
55.6 kJ mol−1 (catalyzed) the initial tautomerization of the gua-
nine moiety emerges as rate-determining for this step.

Interestingly, the rate-determining step for the formation of
the final ring-closed product changes upon catalysis: While the
cyclization step is rate-determining for the uncatalyzed adduct
formation, the aza-Michael addition step is rate-determining in
the catalyzed reaction. Overall, water is found to be a viable
catalyst for the adduct formation, reducing the energy barriers

toward the addition and cyclization reactions by 44.0 and
106.1 kJ mol−1, respectively.

Previously the DNA adduct formation between a reactive
α,β-unsaturated aldehyde and guanine was thought to occur
via a 1,4-type addition and a direct cyclization of the keto-
tautomer of the ring-open adduct, with the cyclization step
being rate-determining [24]. The results presented here suggest
a 1,2-type addition followed by a tautomerization of the ring-
open adduct and cyclization of the enol-tautomer of the ring-
open adduct is the kinetically preferred pathway. This new
mechanism may partly explain why in single-strand DNA facile
cyclization leads to the adduct mainly being present in its ring-
closed form.

The ring-closed adduct may form in a number of configura-
tions and conformations. It has been previously shown that
only adducts with the same stereochemistry at the two newly
formed stereocenters and a trans-orientation of the methyl and
hydroxyl substituent are formed [22,59]. The water-catalyzed
pathway studied here correctly predicts the transition structure
leading to this product to be most stable and a further analysis
of the possible conformations of the ring-closed adduct finds
that in addition to steric considerations minimal dipole–dipole
repulsion together with high pN ! σ*C-O hyperconjugation sta-
bilize the favored configuration and conformation of the
adduct.
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