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Laboratoire “Lésions des Acides Nucléiques”, INAC/SCIB - UMR-E no. 3 CEA-UJF, CEA Grenoble,
17 aVenue des Martyrs, F-38054 Grenoble cedex 9, France, and Laboratorio de Quı́mica Teórica
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A theoretical study of two different mechanisms for the spontaneous deamination of cytosine is presented. In
the first mechanism, a tetrahedral intermediate results in a two-step mechanism whereas in the second one,
it is the result of a concerted step. In this work a link is made between the two pathways through the study
of the evolution along the reaction coordinates of chemical concepts such as chemical potential, hardness and
electronic populations within the framework of the reaction force analysis. The reaction force profile suggests
that the concerted mechanism is composed of two asynchronous events. The observation of the reaction
force profile appears as an easy way to identify asynchronous concerted steps and as a privileged tool to
study the more or less asynchronous character of chemical reactions.

1. Introduction

In a recent computational study, Almatarneh et al.1 explored
the hydrolytic deamination of cytosine in the gas phase by
nucleophilic attack of either a hydroxyl anion or a water
molecule, by means of HF/6-31G(d), MP2/6-31G(d), B3LYP/
6-31G(d) and G3MP2 levels of theory. A total of four different
pathways were explored, two with a water molecule as the
nucleophilic reagent, and two others with a hydroxyl anion. In
the two cases where a water molecule is involved, the creation
of a covalent link between the water oxygen and carbon C4 of
the cytosine appears as the rate-determining step. Figure 1
sketches the formation of this covalent bond in the more
favorable of the two pathways. First of all, there is tautomer-
ization of the canonical cytosine with assistance of a water
molecule (R1-TS1_1-I1_1), followed by the nucleophilic attack
of this water molecule on carbon C4 with simultaneous proton
transfer from H2O to the exocyclic imine nitrogen of cytosine
to form the tetrahedral intermediate (I1_1-TS2_1-I2_1).

More recently, Labet et al.2 studied the hydrolytic deamination
of cytosine in the gas phase and in aqueous solvent by
nucleophilic attack of a water molecule on either the canonical
cytosine or its N3-protonated form, by means of DFT/6-
311G(d,p) and PCM/DFT/6-311G(d,p) levels of theory. They
proposed a mechanism involving two water molecules, a first
one that plays the role of the nucleophilic reagent, and a second
one that assists the first one. In this study too, the nucleophilic
attack of the water molecule appears as the rate-determining
step. Figure 2 sketches the C-O bond formation in the case
where the substrate is the canonical cytosine. The tetrahedral
intermediate is the same as the one involved in the mechanism
proposed by Almatarneh et al.1 (except the fact that it is in
interaction with one water molecule) and the single step giving
its formation from the canonical cytosine in interaction with
two water molecules (R_2-TS1_2-I1_2) involves a concerted
process and a six-centers transition state. It looks like a

combination of the two elementary steps involved in the
mechanism of Almatarneh et al.1 Figure 3 presents the optimized
geometries of the stationary points involved in the formation
of the tetrahedral intermediate in the two mechanisms. The
associated thermodynamic and kinetic parameters are reported
in Table 1 and the energetics scheme is shown in Figure 4.
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Figure 1. Sketch of the beginning of the reaction pathway for the
deamination of cytosine with one water molecule, proposed by
Almatarneh et al.1

Figure 2. Sketch of the beginning of the reaction pathway for the
deamination of cytosine with two water molecules, proposed by Labet
et al.2

Figure 3. Geometries of the stationary points involved in the first part
(C-O bond creation) of the deamination of cytosine with one and two
water molecules, optimized at B3LYP/6-311G(d,p) level of theory.
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To compare these two propositions, the mechanism of Alma-
tarneh et al.1 has been calculated at the B3LYP/6-311G(d,p) level
of theory and then characterized within the framework of the
reaction force analysis.3 A tentative correlation is made between
the evolution of chemical concepts such as energy, reaction force,
chemical potential and hardness, and the evolution of structural
parameters and electronic properties as bond distances and Mulliken
atomic populations along the reaction path. We will focus
particularly on the R_2-TS1_2-I1_2 step and on its relation with
the two others. Section 2 will be devoted to the presentation of the
concepts used for the analysis of the three elementary steps. In
section 3, the way as the results have been obtained will be detailed.
Then, section 4 will present the results and the discussion.

2. Theoretical Background

2.1. Energy. For a generic elementary step along the reaction
coordinate �, the potential energy E(�) presents a universal form:
it increases from the reactant(s) to the transition state and decreases
from the transition state to the product(s). Reactant(s) and product(s)
correspond to a relative minimum of energy whereas the transition
state corresponds to a maximum of energy. The relative position
of these extrema provides kinetic and thermodynamic information
of the chemical reaction.

2.2. Reaction Force. The concept of reaction force was
introduced a few years ago by Toro-Labbé.3 It is defined as

F(�))- dE
d�

(1)

where � is the reaction coordinate that measures the reaction
progress when going from reactants to products. It represents
the force acting on the system to bring the reactant(s) into

the product(s). As the potential energy, the reaction force
presents a universal form along the reaction coordinate. For
an elementary step it exhibits a minimum between the reactant
and the transition state (corresponding to the inflection point
in the activation part of the potential energy) and a maximum
between the transition state and the product (corresponding
to the inflection point in the relaxation part of the potential
energy). These particular points define the transition state
region, which is mainly characterized by bond breaking and
forming processes, and correspond to transitions between
different stages of the elementary step.3-10

2.3. Chemical Potential and Hardness. Chemical potential
(µ) and absolute hardness (η) are global electronic indices that
provide information about the reactivity of a molecular system.
Within the conceptual density functional theory, they have been
defined as11-13

µ) (∂E
∂N)V( rb)

η) 1
2(∂

2E

∂N2)
V( rb)

(2)

Chemical potential measures the escaping tendency of the
electronic cloud from equilibrium14 and the absolute hardness
the resistance to charge transfer.15-17

3. Method and Computational Details

All calculations were performed using the Gaussian 03
package.18 Calculations along the reaction coordinate were
performed at the B3LYP19,20/6-311G(d,p)21-23 level of theory,
in the gas phase through the intrinsic reaction coordinate
procedure24 from the geometry of the transition state fully
optimized at the B3LYP/6-311G(d,p), and checked by a
vibrational analysis at the same level of theory. The profiles of
energy, reaction force, chemical potential, hardness, structural
parameters and electronic properties were obtained through
single-point calculations on the previously optimized geometries
given by the IRC procedure.

The chemical potential and absolute hardness were calculated
using a finite difference approximation and the Koopmans’
theorem, i.e., using the following formulas:11,25

µ ≈ 1
2

(εLUMO + εHOMO) η ≈ 1
2

(εLUMO - εHOMO) (3)

where εHOMO and εLUMO are the energies of the highest
occupied and the lowest unoccupied molecular orbitals, HOMO
and LUMO, respectively.

TABLE 1: Thermodynamic and Kinetic Parameters for the
First Part (C-O Bond Creation) of the Deamination of
Cytosine with One and Two Water Molecules at Standard
Conditions (298.15 K and 1 atm) in the Gas Phasea

R_1-TS1_1-I1_1 I1_1-TS2_1-I2_1 R_2-TS1_2-I1_2

∆rE‡ 52.2 209.4 148.3
∆rE 9.3 57.0 89.0
∆rH‡ 52.2 209.4 148.3
∆rH 9.3 57.0 89.0
∆rG‡ 61.1 214.0 162.1
∆rG 10.8 62.1 94.1

a All values are in kJ/mol and calculated at the B3LYP/
6-311G(d,p) level of theory.

Figure 4. Energetics of the first part (C-O bond creation) of the deamination of cytosine with one and two water molecules.
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4. Results and Discussion

4.1. Energetic Analysis. The potential energy profiles along
the intrinsic reaction coordinate for the two first steps of the
deamination of cytosine with one water molecule, and for the
first step of the deamination of cytosine with two water
molecules are represented in Figure 5. Whereas the two energy
profiles of Figure 5a,b have the classical form of an elementary
step with an inflection point before the transition state and one
after, it is different for the energy profile of Figure 5c, which
presents a shoulder before the energy maximum. Although only
one transition state connects R_2 and I1_2, this suggests that
the corresponding “elementary” step seems to be the composi-
tion of two simpler processes.

4.2. Reaction Force Profile. As already mentioned in section
2.2, during an elementary step, the reaction force presents a
minimum and a maximum at the two inflection points of the
potential energy. Between these two extrema, the reaction force
vanishes one time at the transition state. This profile for the
reaction force, which is the one that can be observed in Figure
6a,b, is universal. The difference between the different kinds
of elementary steps comes from a rise and a fall that are more
or less symmetric, more or less deep and more or less wide.
Indeed, during the cytosine tautomerization assisted by a water

Figure 5. Relative potential energy (in kJ mol-1) along the IRC for
the three elementary steps involved in the deamination of cytosine with
one and two water molecules: (a) R_1-TS1_1-I1_1; (b) I1_1-
TS2_1_I2_1; (c) R_2-TS1_2-I1_2.

Figure 6. Reaction force (corresponding to an energy in kJ mol-1)
along the IRC for the three elementary steps involved in the deamination
of cytosine with one and two water molecules: (a) R_1-TS1_1-I1_1;
(b) I1_1-TS2_1_I2_1; (c) R_2-TS1_2-I1_2. The red dashed lines
indicate the position of the transitions states, and the black ones the
limits of the different regions identified along the reaction coordinate.
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molecule, the activation and relaxation parts of the reaction force
are quite symmetric with each other. It can be explained by the
symmetric character of this reaction, which involves two proton
transfers, one from the exocyclic amine nitrogen of cytosine to
the oxygen of a water molecule, and one from this latter oxygen
to nitrogen N3 of cytosine. On the contrary, during the following
step, corresponding to the nucleophilic addition of a water
molecule on carbon C4 of the cytosine tautomer, the relaxation
part of the reaction force is less deep and wider than the
activation part.

Similarly, during the first step of the deamination of cytosine
with two water molecules, the reaction force vanishes at the
transition state, but it presents an unexpected local maxima
before the transition state (� ) -1.4), corresponding to the
shoulder in the associated potential energy profile (Figure 5c).
From R_2 to I1_2, the reaction force goes through two local
minima (� ) -2.1 and � ) -0.5) and two local maxima (� )
-1.4 and � ) 1.1). This seems to confirm the fact that this
elementary step is composed of two events and that it is their
simultaneity that leads to only one energy barrier and a unique
transition state. It can be supposed that the second minimum is

not as deep as the first one because of the superposition of the
relaxation part of the first event and the activation part of the
second one.

Moreover, it can be noticed that for the two nucleophilic
addition steps (the one with a single water molecule (I1_1-
TS2_1-I2_1, Figure 6b), and the one with two water molecules
(R_2-TS1_2-I1_2, Figure 6c)) the relaxation parts of the
reaction force are very similar in terms of shape, although the
intensity is smaller in the case of the deamination with two water
molecules, in accordance with the fact that the assisted nucleo-
philic addition is more endothermic than the nonassisted one.
About the profile in the reactant region (before the first minima),
the one for the tautomerization step (R_1-TS1_1-I1_1, Figure
6a), and the one for the assisted nucleophilic addition step (R_2-
TS1_2-I1_2, Figure 6c) look the same in terms of shape and
intensity. This suggests the fact that during the complex R_2-
TS1_2-I1_2 step, the first process looks like the tautomerization
whereas the second one is the nucleophilic addition properly
speaking. This will be confirmed in the next section by
examination of the evolution of several structural parameters
during the R_2-TS1_2-I1_2 step.

4.3. Evolution of Structural Parameters. Figure 7 presents
the atomic numbering used in the following discussion for each
elementary step. During the first step of the deamination of
cytosine with two water molecules, H15 is transferred from O9
to N3, H18 from O17 to O9, a C-O bond is created between
O17 and C4 and the C4-N3 double bond is transformed into
a single one. Figure 8 presents the evolution of the distances
mainly affected by this reaction, i.e., d(N3-H15), d(H15-O9),
d(O9-H18), d(H18-O17), d(O17-C4) and d(C4-N3). It can
be noticed that before � ) -4, all these distances are constant
except the one between O17 and C4, that is, the distance
between the cytosine and the water molecule which plays the
role of assistant in the nucleophilic addition. Although this
change in the relative orientation of the two molecules is not
really part of the reaction, it prepares it for the forthcoming
events. After � ) 3 all the distances remained fixed. Conse-
quently, it can be considered that the reaction takes place
between � ) -4 and � ) 3, which is consistent with the domain
of variation of the reaction force (Figure 6c).

Between � ) -4 and � ) -3, the distances between N3 and
H15 and between O9 and H18 decrease without any increase
of the distances between O9 and H15 and between O17 and
H18. The three reactants are coming closer each other without
any charge transfer. Then, between � ) -3 and � ) -1, the
distance between N3 and H15 continues to decrease whereas
the distance between O9 and H15 increases. This phase

Figure 7. Atomic numbering used for the elementary steps description:
(a) R_1-TS1_1-I1_1; (b) I1_1-TS2_1-I2_1; (c) R_2-TS1_2-I1_2.

Figure 8. Evolution of the distances mainly affected during the R_2-
TS1_2-I1_2 step.

Figure 9. Evolution of the electronic population on H13 and H15 along
the reaction path of the R_1-TS1_1-I1_1 elementary step.
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corresponds to the beginning of H15 transfer from O9 to N3,
i.e., the process that looks like the R_1-TS1_1-I1_1 tautomer-
ization step. In the same domain of reaction coordinate, the
distance between O17 and H18 remains constant whereas the
distance between O9 and H18 decreases, indicating that the
transfer of H18 from O17 to O9 has not yet begun.

Indeed, H18 is transferred between � ) -1 and � ) 1. After
� ) 1, the transfers of H18 and H15 are achieved because the
distances between O9 and H18, and between N3 and H15 are
constant. The increase of the distance between O17 and H18
and between O9 and H15 correspond to the removal of the
products. The distance between O17 and C4 decreases regularly
before � ) -2 and more deeply between � ) -2 and � ) 2
with a simultaneous increase of the C4-N3 bond length. The
formation of the C4-O17 bond can be considered to occur
between � ) -2 and � ) 2.

From these considerations, the first local minima of the
reaction force during the R_2-TS1_2-I1_2 step can be associated
with the activation of the H15 transfer from O9 to N3 whereas
a link can be established between the second minimum, located
at � ) -0.5, and the activation of the H18 transfer from O17
to O9. The study of the electronic reordering during the R_2-
TS1_2-I1_2 step will help to precise this point.

4.4. Electronic Reordering. Figure 9 presents the evolution
of the electronic population on the two transferred hydrogen atoms
along the reaction path of the R_1-TS1_1-I1_1 elementary step.
It appears that the two charge transfers are quasi synchronous. They
take place between � ) -2 and � ) +2. Note that the symmetry
of the reaction entails that the electronic population on H13 and
H18 present minima just before and after the transition state,
respectively. The domain between the force minimum and maxi-
mum is the domain where the charge transfer from one hydrogen

Figure 10. Evolution of the electronic population on H13 (a) and on C4 (b) along the reaction path of the I1_1-TS2_1-I2_1 elementary step.

Figure 11. Evolution of the electronic population on H15 and H18 (a) and on C4 (b) and evolution of the overlap populations between C4 and
N3 and between C4 and N8 (c) along the reaction path of the R_2-TS1_2-I1_2 elementary step.
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to the other, due to the quasi synchronous O9-H15 bond breaking/
O9-H13 bond creation, is localized.

Figure 10 presents the evolution of the electronic population
on H13 and C4 along the reaction path of the I1_1-TS2_1-
I2_1 elementary step. H13 is the hydrogen that is transferred
from the water molecule to the cytosine tautomer during the
nucleophilic addition. C4 is the cytosine carbon that undergoes
the nucleophilic attack. The two charge transfers associated to
the proton transfer and the formation of the C-O covalent bond
appears to be synchronous. It can be observed that within the
transition state region the electronic population increases on both
H13 and C4 because of the formation of the N8-H13 and
C4-O9 bonds.

On Figure 11a is represented the evolution of the atomic
populations for the two protons transferred during the step, i.e.,
H15 and H18. The trend is the same in both cases: the two
populations decrease together with the O9-H15 and O17-H18
bond breakings and increase in line with the N3-H15 and
O9-H18 bond formations. It appears that the charge transfer
associated to the H18 atom transfer begins (� ) -2.0) before
the charge associated to H15 is transferred (� ) 2.5), thus
confirming the fact that the two proton transfers are asynchro-
nous. The electronic populations on H15 and H18 are minimal
at � ) -2.1 and � ) -0.1 respectively, close to the reaction
force minima (� ) -2.1 and � ) -0.5). The electronic
population on H15 in the I1_2 region is larger than that in the
R_2 region because H15 is linked to a nitrogen atom in I1_2
whereas it is linked to an oxygen atom in R_2. The two landing
levels are quite similar for H18 because it belongs to a water
molecule in the two molecular systems.

On Figure 11b is represented the evolution of the electronic
population on carbon C4. Between � ) -3.3 and � ) -1.4, it

decreases because of the H15 transfer from O9 to N3 to whom
C4 is covalently linked. Then the C4-O17 bond formation
increases the C4 population until � ) 1.6. The evolution before
� ) -3.3 and after � ) 1.6 can be attributed to a modification
in the orientation of the reactants and products relative to each
other. The formation of the C4-O10 bond appears quite
synchronous with the H18 proton transfer from O17 to O9.

On Figure 11c is represented the evolution of the Mulliken
overlap populations between C4 and N3 and between C4 and
N8, which can be made in relation with the electronic popula-
tions of the C4-N3 and C4-N8 bonds respectively. Along the
R_2-TS1_2_I1_2 elementary step, the C4-N3 double bond is
transformed into a single one. That is why the overlap population
between C4 and N3 decreases along the reaction coordinate.
As for the overlap population between C4 and N8, it can be
noticed that it increases before the first local maximum (� )
-1.4) in the reaction force and decreases until the second local
maximum (� ) 1.1). The increasing phase corresponds to the
domain where the electronic population on C4 decreases. A
fraction of electrons that were localized on C4 are transferred
into the C4-N8 bond to decrease the electronic repulsion
between carbon C4 and oxygen O17, which become closer. The
decreasing phase corresponds to the formation of the C4-O17
bond. A fraction of the electrons of the C4-N8 bond participate
in the formation of the C4-O17 one. An interesting point to
be underlined is the fact that the crossing point of the two bonds
population can be considered as the starting point of the whole
reaction.

4.5. Chemical Potential and Hardness Profiles. During the
three elementary steps studied in this work, the chemical
potential passes through at least three critical points (Figure 12).
A similar behavior for the chemical potential has already been

Figure 12. Chemical potential (in kJ mol-1) along the IRC for the three elementary steps involved in the deamination of cytosine with one and
two water molecules: (a) R_1-TS1_1-I1_1; (b) I1_1-TS2_1_I2_1; (c): R_2-TS1_2-I1_2.
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described in the literature.4 It was suggested there that it was
an indicator of specific interactions taking place in different
regions of the reaction path (reactant, transition state, and
product).

In the tautomerization step (Figure 12a), the chemical
potential is minimal in the vicinity of the transition state. It is
the reverse for the nonassisted nucleophilic addition step (Figure
12b) where the transition state corresponds to a relative
maximum of chemical potential. The product of the tautomer-
ization step has a smaller chemical potential (more negative)
than its reactant. The cytosine tautomer appears more favorable
to an electronic gain than the canonical cytosine, and is
consequently a better candidate to a nucleophilic attack.

For the two nucleophilic addition steps (the nonassisted one,
Figure 13b, and the assisted-one, Figure 13c) the molecular
hardness reach a minimum at or near the transition state. A small
shifting of the minimum toward the reactants is observed in
the assisted nucleophilic addition; this can be an element
suggesting that this step is more complicated than it seems to
be.

It can be noticed that the molecular hardness presents small
changes during the tautomerization step ((3 kJ/mol) (Figure
13a) whereas it varies dramatically ((100 kJ/mol) during the
nonassisted nucleophilic addition step (Figure 13b). This can
explain that the hardness profile for the assisted nucleophilic
addition looks like the one for the nonassisted nucleophilic
addition. It can also be an element for explaining that the
principle of maximum hardness cannot be applied in the case
of the tautomerization step.

The simultaneous observation of Figures 8, 9 and 13c
indicates that in the case of the R_2-TS1_2-I1_2 elementary
step, the domain where the hardness varies a lot and is minimal

corresponds to the domain where the nuclei are transferred.
Indeed, the electronic population on H15 decreases after � )
-3.8, the one on H18 increases until � ) 2.2, and the absolute
hardness varies a lot between � ) -2.0 and � ) 1.8.

5. Concluding Remarks

Concerning the deamination reaction of cytosine, a nucleo-
philic attack at the C4 position is not possible in its canonical
form, and the increase of the electrophilic tendency of this
carbon must be enhanced by a previous step of tautomerization,
or by introducing an assistant water molecule. The mechanism
in one step proposed here for the formation of the tetrahedral
intermediate is asynchronous. It corresponds to the superposition
of two events, one being the protonation of N3 (transfer of H15
from O9 to N3) and the second being the nucleophilic addition
of a water molecule on C4 (transfer of H18 from O17 to O9
and creation of the C4-O17 bond).

Concerning the study of asynchronous concerted mechanisms,
the reaction force appears to be a well adapted tool, presenting
a great discrimination. That is the consequence of the universal
character of its profile along the intrinsic reaction coordinate.
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