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Abstract The decomposition mechanism of 5-Aza-2’-
deoxycytidine has been studied by the use of computational
techniques. Optimized structures for all of the stationary
points in the gas phase were investigated at B3LYP/6-
314+G(d,p) level of theory. Single-point energies were
determined employing the ab initio MP2 method in con-
junction with the 6-311+4G(d,p) basis set. Five possible
pathways, paths 1-5, were evaluated. In each pathway, the
direct (A-paths 1-5) and water-assisted (B-paths 1-5)
processes were considered. Meanwhile, the local micro-
hydration model with the direct participation of three water
molecules around the reaction centers was adopted to
mimic the system for the water-assisted decomposition
mechanisms above, where one water molecule is the
nucleophilic reactant and the other two are the auxiliary
molecules located on each side of the nucleophilic water.
The results in the gas phase exhibit that the energy barriers
of the water-assisted pathways based on the local micro-
hydration model decrease dramatically by about
15-20 kcal/mol as compared with those of the direct
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pathways because of the contribution of the auxiliary water
molecules. In addition, bulk solvent effects of water were
determined by means of the self-consistent reaction field
based on the conductor-like polarized continuum model
and Monte Carlo simulation with free energy perturbation
(MC-FEP) technique, respectively. Our computational
results indicate that B-path 3 in the decomposition reaction
of 5-azadC is the most favorable, where the calculated rate
constant (1.68 x 1073 minfl) using the MC-FEP method
is within the range of the experimentally determined values
[(5.89 + 0.54) x 10~ min~' by UV and (1.46 £ 0.08) x
10~ min~' by NMR].

Keywords 5-Aza-2'-deoxycytidine - Decomposition
mechanism - Microhydration model - Self-consistent
reaction field - Monte Carlo simulation

1 Introduction

5-Aza-2'-deoxycytidine (5-azadC) is a cytosine nucleoside
analogue, which was originally synthesized as an antican-
cer agent [1]. 5-azadC has demonstrated its most positive
effect in the clinical treatment for myelodysplastic syn-
drome (MDS) [2-5], for which it received approval by the
US Food and Drug Administration in 2004. Meanwhile, the
great attention was also paid to clinical investigation of
5-azadC for the treatment for other human cancers such
as metastatic lung cancer [6] and hormone-independent
prostate cancer [7]. Clinically, aberrant DNA methylation
patterns are frequently observed in numerous human can-
cers [8]. 5-azadC has high toxicity and has long been uti-
lized as a DNA methyltransferase inhibitor through
inhibiting aberrant DNA methylation and then re-activating
numerous silenced tumor suppressor genes [9].
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In aqueous solution, 5-azadC is quite unstable and
rapidly decomposes within hours. The facile decomposi-
tion of 5-azadC in DNA has recently been the one of the
primary hindrance on clinical development of 5-azadC
from pharmacology and toxicology testing to clinical trials
[10-14]. Early reviews showed that the decomposition
products of 5-azadC themselves are likely to be bioactive
and toxic-independent of the parent compound [15, 16],
thus bringing about another problem whether 5-azadC or
its decomposition products may have pharmacokinetic
activity, or both. From then on, the decomposition reaction
of 5-azadC was the focus of many experimental research
groups due to its clinical importance, but there was a
disagreement about the identification of decomposition
products of 5-azadC [15-17]. In 1981, Lin et al. [15]
examined the chemical stability of 5-azadC in acidic,
neutral, and alkaline solutions by high-performance liquid
chromatographic analysis. They reported that the decom-
position of 5-azadC begins with the reversible hydrolytic
opening, followed by irreversible deformylation of the
triazine ring to give the final product 1-beta-p-2’-deoxyr-
ibofurano-syl-3-guanylurea (see Scheme 1). In their
experiment, the ring-opening-formylated intermediate
formyl-1-beta-p-2'-deoxyribofuranosyl-3-guanylurea  and
other three unknown compounds were detected in neutral
solution (or water). Later, Vesely et al. [16] investigated
the effect of the «-p-anomer of 5-azadC in mouse leukemic
cells, suggesting that anomerization to «-azadC accounts
for at least one of the previously unknown decomposition
products in Lin’s work. In 2006, Liu et al. [17] developed a
new liquid chromatography/tandem mass spectrometry
(HPLC/MS/MS) method for studying the pharmacokinetics
of 5-azadC in plasma. They pointed out that those
previously unidentified compounds are isomers of the
ring-opening-formylated intermediate formyl-1-beta-p-2'-
deoxyribofuranosyl-3-guanylurea or products 1-beta-np-2'-
deoxyribofuranosyl-3-guanylurea. They proposed two
plausible decomposition mechanisms for 5-azadC: (1) 1,2-
addition with the nucleophilic attack of the water molecule
at C(;, atom and the simultaneous proton transfer to N,
atom; (2) 1,4-addition with a nucleophilic water molecule

Scheme 1 Decomposition of
5-azadC to the guanylurea
compound N
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ring-open-formylated intermediate

attacking at C(y atom and proton shift to Ny, atom. The
preference of the nucleophilic attack of hydroxyl ion at
first to C;, mainly attributes to the lower electron density
in position 1 in 5-azadC, which has been substantiated by
Pithova’s investigation [18]. Recently, Rogstad et al. [19]
used multiple analytical techniques involving NMR,
HPLC, and mass spectrometry to estimate the kinetic rates
and characterize the decomposition products under condi-
tions of physiological temperature and pH. The rate con-
stants for the two decomposition processes of 5-azadC (see
Scheme 1) were obtained in their experiment, which are in
good agreement with those values inferred from the first-
order exponential decay equation.

However, to the best of our knowledge, the detailed
decomposition mechanism of 5-azadC has remained elu-
sive and no related theoretical work has been reported. In
the present study, we first examine the first step (process 1
in Scheme 1) of the complex reaction process that is the
decomposition of 5-azadC to the ring-open-formylated
compound, to determine the ring-open-formylated inter-
mediate of decomposition and further identify the corre-
sponding decomposition products of 5-azadC. To fully
illuminate the title reaction, we would like to perform a
detailed computational study for the five possible mecha-
nisms (paths 1-5), as shown in Scheme 2. For the gas-
phase reactions, the structures for all of the stationary
points were optimized at the density functional theory
B3LYP/6-314+G(d,p) level followed by the single-point
MP2/6-3114++G(d,p) calculations to obtain more credible
energy information. The direct and the water-assisted
decomposition were considered. Taking the major effect of
the inner solvent layer on the energy barrier into account,
an interesting local microhydration model was constructed
to describe the water-assisted mechanism with three water
molecules around the reaction centers. Among them, in
each step, one is the nucleophilic reactant, another serves
as the bridge to help the transfer of the hydrogen atom, and
the third one makes the cooperative effect to stabilize the
structure through forming the hydrogen bond in the
opposite side near to the nonreactive nitrogen atom (see
Scheme 3). This model has been utilized in our previous
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study for the water-assisted hydrolysis of N,N-dimethyl-N'-
(2/,3'-dideoxy-3'-thiacytidine) formamidine [20]. Addi-
tionally, it is well known that bulk solvent effects play an
important role in determining transition states (TS),
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reaction rates, equilibrium constants, and the other quan-
tities of chemical and biochemical processes. In our pre-
vious work, we adopted the quantum chemical molecular
orbital method and Monte Carlo (MC) simulation with free
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energy perturbation (FEP) technique to study solvent
effects on a series of systems involving the aza-Wittig
reaction of iminophosphoranes [21], the isomerization of
imidazolines [22, 23], the hydrolysis of N-(2-oxo-1,2-
dihydro-pyrimidinyl) formamide [24], the aminolysis of
XC(O)OCH; [25], and the hydrolytic deamination of
5-methylcytosine glycol [26]. In this study, the effect of
water as solvent was studied using the Monte Carlo free
energy perturbation method (MC-FEP) and the self-con-
sistent reaction field (SCRF) method based on the con-
ductor-like polarized continuum model (CPCM). Such
calculations provide a detailed mechanism of this reaction
and identify the ring-open-formylated intermediate of
decomposition, which facilitate ongoing determination of
corresponding decomposition products of 5-azadC.

2 Computational details
2.1 Gas-phase calculations

To assess the sensitivity of structures to the method and
basis set choice, a variety of computational levels involv-
ing HF, B3LYP, BHandHLYP, and MP2, and two basis
sets [6-314+G(d,p) versus 6-311++G(d,p)] were used to
optimize the geometry of 5-zazdC based on the X-ray
crystallographic structure. Comparison of the results
obtained by the methods above indicated that the B3LYP/
6-31+G(d,p) level is acceptable and a relatively reliable
option in this work (see the detailed discussion in the Sect.
3.1). Therefore, the B3LYP/6-314+G(d,p) method was
chosen for the ensuing calculations on the title reactions.

The geometric structures of all the reactant complexes
(RC), transition states, intermediates (INT), and product
complexes (PC) in the direct and water-assisted pathways in
the gas phase were optimized at the B3ALYP/6-31+G(d,p)
level. The harmonic vibrational frequencies were also cal-
culated at the same level to characterize the nature of the
stationary points as true minimum with no imaginary or
transition state with only one imaginary frequency and to
provide thermodynamic quantities such as the zero-point
vibrational energy, thermal correction, enthalpies, Gibbs free
energies, and entropies. Single-point MP2 calculations, MP2/
6-3114++G(d,p)//B3LYP/6-314+G(d,p), were also carried
out to assess the accuracy of the B3LYP energies.

All transition states were checked by the intrinsic
reaction coordinate (IRC) calculations [27]. In the IRC
calculations for the decomposition reaction systems,
“IRC = tight” option was used to generate the minimum
energy path (MEP) in the gas phase. The MEPs at the
B3LYP/6-314-G(d,p) level were constructed with a step
size of 0.05 amu'? bohr, and the partial charges were
calculated for all points along the MEP using the CHELPG
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method [28]. All calculations mentioned above were per-
formed with the Gaussian 03 program [29].

2.2 Solvation calculations
2.2.1 CPCM

The solvent effects of water on five direct pathways
(A-paths 1-5) and five water-assisted pathways (B-paths
1-5) were tested by the SCRF method based on the CPCM
[30]. Single-point energy calculations were performed in
water at the MP2/6-311++4G(d,p) level of theory on the
basis of the gas-phase optimized geometries. The dielectric
constant used in the calculations was ¢ = 78.39 for water.
Both zero-point vibrational energies and thermal correc-
tions at 298.15 K and 1 atm obtained at the B3LYP/6-
31 4 G(d,p) level were used to correct electron energies of
single-point calculations.

2.2.2 Monte Carlo simulation

The free energy changes of solvation along the MEP were
also determined using Monte Carlo simulation with free
energy perturbation [31] method (MC-FEP). The reaction
system obtained by DFT studies was immersed in a pre-
equilibrated box containing explicit solvent water mole-
cules, and the intermolecular interaction is described by a
molecular mechanical potential consisting of Coulomb and
Lennard-Jones terms between atom i in molecule a and
atom j in molecule b, which are separated by a distance r;;
as shown in Eq. 1

AEy =" {qz‘q/‘ez/ﬂ'j + de [(O’ij/rij)lz - (Gii/”i/)ﬁ} }
(1)

where ¢; is the partial charge of atom i obtained from the
gas-phase calculation above. The crossing terms were
obtained using the geometric combining rules:

&j = g, 05 = \/0i0; (2)

The ¢ and ¢ constants for the solute were taken from the
OPLS all-atom [32] parameters of BOSS program
database. The four-site TIP4P model [33-35] was used
for the solvent water. The system was perturbed between
adjacent structural points i and j, and the free energy
differences AG;; were calculated via Zwanzig perturbation
expression [36] as follows:

AGyj = G; — G; = —kgT In(exp(—(E; — E;) /ksT)), (3)

In Eq. 3, E; is the total energy of the point i, kp is the
Boltzman constant, and 7T is the absolute temperature.

In this study, 390 water molecules in an approximate
20 x 20 x 30 A% box were used for the water-assisted
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decomposition reactions. Simulations were carried out in
the isothermic—isobaric ensemble (NPT; 1 atm, 298.15 K)
by the use of Metropolis sampling and periodic boundary
conditions. The solvent-solvent (RCUT) and solute—sol-
vent (SCUT) nonbonded cutoff were both set to 12.0 A.
Preferential sampling was employed with the WKC
parameter set to 300. Perturbations were performed using
double-wide sampling scheme [31]. The geometries of
solute were mutated along the simulation, which were
obtained in IRC calculations at the B3LYP/6-314+G(d,p)
level in the gas phase. No sampling of the internal degrees
of freedom was performed. Each simulation involved 10°
configurations of equilibration and 2 x 10° configurations
of averaging. Parameters determining volume changes and
solute rotations and translations were adjusted to have an
acceptance level ca. 40%. The total potential energy profile
along the reaction path in solution was obtained by adding
the gas-phase relative energies to the computed free energy
changes of solvation. All of the simulations were executed
using the BOSS 4.2 program [37].

3 Results and discussions
3.1 Test calculations

To test the reliability of the computational approaches and
basis sets for the calculation of the title reaction, the
geometry of 5-zazdC based on the X-ray crystallographic
structure was optimized at the different computational
methods (HF, B3LYP, BHandHLYP, and MP2) and basis
sets [6-314+G(d,p) and 6-311++G(d,p)]. The differences in
the bond lengths, bond angles, and torsion angles between
the crystal structure and theoretical geometry of 5-azadC
are listed in Tables s1—s3 in the Supporting Information.
The D value in the Supporting Information is defined to
evaluate the results at a variety of computational levels
above. From Tables s1-s3, it can be seen that, for the four
tested approaches (HF, B3LYP, BHandHLYP, and MP2),
the structural parameters performed from 6-314G(d,p)
basis set are close to those derived from 6-3114++4G(d,p)
basis set. In Table s1, the computed bond lengths from the
B3LYP and MP2 methods are nearly equivalent and both
closer to the crystal values in comparison with those
derived from the BHandHLYP and HF methods. Among
the eight computational levels, the D values from the
B3LYP/6-31+G(d,p) and MP2/6-31+G(d,p) levels of
theory are lower than those obtained from other six levels.
Furthermore, comparison of B3LYP and MP2 method, it is
found that the MP2 method has the slightly higher D values
for describing the bond angles of 5-azadC, as listed in
Table s2. In addition, two torsional angles (H13-C12-N11-
C9 and 014-C12-N11-C2) are taken into account, which

are mainly influenced by the intermolecular interactions in
the crystal. From Table s3, one can see that out of four
examined approaches, the D values performed from the
B3LYP method are still lower than those derived from
other three methods for depicting the torsion angles of
5-azadC. Therefore, it can be concluded that the B3LYP/6-
314-G(d,p) approach is suitable for this work with a good
compromise between accuracy and computational cost.

3.2 Optimized structures and energetics in the gas
phase

3.2.1 Direct decomposition reaction of 5-azadC

As illustrated in Scheme 2, in our work, five possible
decomposition pathways of 5-azadC were clarified, deno-
ted as A-paths 1-5. A-path 1 begins with the addition of
H,0O to the C(;y=N(z, double bond to form a tetrahedral
structure A1-INT. And then, the hydroxyl H atom transfers
to the N4, atom to give the final product A1-PC. A-path 2
begins with the addition of H,O to the C,=N;, double
bond to form a tetrahedral structure A2-INT, followed by
the transfer of hydroxyl H atom to the N, atom leading to
the product A2-PC. A-path 3 simultaneously contains the
nucleophilic attack of the water molecule to the C(;, atom
and the proton transfer toward the N4, atom. Sequentially,
the H atom of hydroxyl transfers to the N,y atom to gen-
erate the product A3-PC. A-path 4 simultaneously contains
the nucleophilic attack of H,O to the C(;, atom and the
movement of one H atom of water toward the N4, atom. In
the subsequent step, the H atom of hydroxyl transfers to the
N atom to generate the product A4-PC. A-path 5 pro-
ceeds via three processes. In the first step, the H,O attacks
to the C(;y~N, single bond leading to the cleavage of the
C(5yNs bond. Then, one H atom attached to C;, shifts
toward the C(s) atom to produce the intermediate A5-INT2.
At last, the proton migration of hydroxyl H atom to the N4,
atom generates the final product A5-PC. These five path-
ways are the stepwise processes.

The potential energy surface and optimized geometries
along with some selected structural parameters for the
stationary points are depicted in Figures s1—s5. Cartesian
coordinates optimized for the direct decomposition of
5-azadC in the gas phase are given in the Supporting
Information. Additional energy data, including the zero-
point vibrational energy and thermal corrections (AE), and
Gibbs free energies (AG) are listed in Table 1. From
Table 1, it can be seen that, in A-path 1, the relative energy
of the second transition state A1-TS2 is 49.2 kcal/mol at
the B3LYP method and 48.2 kcal/mol at the MP2 method.
It is higher than that in the corresponding first transition
state, indicating that the rate-limiting process of A-path 1 is
the second-step reaction. In A-path 2, the second step

@ Springer
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Table 1 Relative energies, free

energies, and solvation energies Direct B3LYP MP2 CPCM
in direct decomposition of AE (gas) AG (gas) AE (gas) AG (gas) AG (sol)
5-azadC
A-path 1
Al1-RC 0.00 0.00 0.0 0.0 0.0
Al1-TS1 43.1 46.1 47.0 50.1 48.8
A1-INT 12.8 15.2 11.0 13.5 53
A1-TS2 49.2 514 48.1 50.4 40.1
Al-PC 12.8 135 14.2 14.9 14.2
A-path 2
A2-RC 0.0 0.0 0.0 0.0 0.0
A2-TS1 43.1 46.1 47.0 50.1 48.8
A2-INT 12.8 15.2 11.0 13.5 53
A2-TS2 52.0 55.2 50.2 53.3 48.6
A2-PC 4.2 44 9.7 9.9 4.8
A-path 3
A3-RC 0.0 0.0 0.0 0.0 0.0
A3-TS1 53.1 55.7 50.9 53.5 52.2
A3-INT 8.3 10.7 4.6 7.0 43
A3-TS2 44.6 47.6 444 474 43.6
A3-PC 16.5 17.5 14.1 15.1 14.2
A-path 4
A4-RC 0.0 0.0 0.0 0.0 0.0
A4-TS1 58.9 59.8 56.9 57.7 51.5
A4-INT 15.0 16.1 10.9 12.0 4.7
A4-TS2 44.0 44.0 47.2 473 39.3
A4-PC 12.2 11.7 17.2 16.6 12.1
A-path 5
A5-RC 0.0 0.0 0.0 0.0 0.0
A5-TS1 57.5 60.1 574 60.0 59.0
A5-INTI 30.7 31.5 24.3 252 29.6
AS5-TS2 433 452 424 443 449
A5-INT2 19.3 204 21.7 22.8 224
A5-TS3 20.0 21.8 24.6 26.4 24.8
A5-PC —1.4 -0.2 2.7 39 5.6

In kilocalories per mole

referring to the transfer of Hy,, of the water molecule is the
rate-limiting process, because its relative energy (being
52.0 kcal/mol at B3ALYP method and 50.2 kcal/mol at MP2
method) is higher than that in the corresponding first
transition state. In A-path 3, the relative energy of the first
transition state A3-TS1 is 53.1 kcal/mol at the B3LYP
method, while it decreases to 50.9 kcal/mol at the MP2
method. The relative energy of A3-TSI is higher than that
in the corresponding second transition state, implying that
the rate-limiting process in this pathway is the first-step
reaction. In A-path 4, the first step referring to the nucle-
ophilic attack of H,O is the rate-limiting process, because
its relative energy (58.9 kcal/mol at B3LYP method and
56.9 kcal/mol at MP2 method) is higher than that in the
corresponding second transition state. In A-path 5, the first

@ Springer

step (the nucleophilic attack of water) is the rate-limiting
step with a barrier height of 57.5 kcal/mol at B3LYP
method.

From Table 1, the energy barrier in the rate-controlling
step of A-path 1 (49.2 kcal/mol) is lower than those of
other four pathways (being 52.0, 53.1, 58.9, and 57.5 kcal/
mol for A-path 2, A-path 3, A-path 4, and A-path 5,
respectively), suggesting that the direct decomposition
reaction of 5-azadC in the gas phase may be favorable for
A-path 1 than A-paths 2-5. Nevertheless, A-path 1 is still
thought to be rather difficult to occur due to the high energy
barrier being close to 50 kcal/mol. Such high energy bar-
rier mainly arises from the four-centered transition states.
In such cyclic transition states, the orbitals required for the
bond dissociation and formation are deformed so much that
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a large amount of deformation energy is substantially
needed. Therefore, our ensuing work focuses on the
examination of the water-assisted decomposition mecha-
nisms of 5-azadC, which are promoted based on a local
microhydration model with the introduction of two auxil-
iary water molecules in the reaction.

3.2.2 Water-assisted decomposition reaction of 5-azadC

In this section, the main structural and energetic features of
the water-assisted decomposition mechanism of 5-azadC
for the five pathways (B-path 1, B-path 2, B-path 3, B-path
4, and B-path 5) are clarified. Considering the major effect
of the inner solvent layer on the energy barrier, a local
microhydration model concerning three water molecules
around the reaction centers is constructed to describe the
system for the five decomposition reaction mechanisms
above. As for the two additional water molecules located on
each side of the nucleophilic water, one serves as a bridge to
help the proton transfer and the other simultaneously makes
the cooperative effect to stabilize the structure through
forming the hydrogen bond in another side. It is worthwhile
to note that, in the next reaction process, the location of the
cooperative water just can facilitate to act as a bridge to the
subsequent proton transfer while the simultaneous cooper-
ative effect can be afforded by the bridgeable water in last
step (see Scheme 3). Under such ingenious model, the
consecutive potential energy profiles concerning the two
reaction steps (the first is the nucleophilic attack of water
and the second is the proton transfer) were obtained. The
potential energy surface and optimized geometries along

Fig. 1 Potential energy surface B-path 1
(in kcal/mol) and optimized r
structures (in A) in B-path 1 for
water-assisted decomposition
mechanism of 5-azadC in the )
gas phase (fop values, AG at the '
B3LYP/6-314+G(d,p) level;
value in parentheses, AG at the
MP2/6-311++G(d,p)//B3LYP/
6-31+G(d,p) level) \_

with some selected structural parameters for the stationary
points are depicted in Figs. 1, 2, 3, 4, and 5. Cartesian
coordinates optimized for the water-assisted decomposition
of 5-azadC in the gas phase are given in the Supporting
Information. Additional energy data, including the zero-
point vibrational energy and thermal corrections (AE), and
Gibbs free energies (AG) are listed in Table 2.

3.2.2.1 B-Path 1 As described in Fig. 1, the reaction pro-
ceeds via two processes. In the first step, the reactant complex
B1-RCis generated due mainly to the H-bond network, where
three water molecules are connected with two hydrogen
bonds. Meanwhile, the H,; of one auxiliary water and Hy,; of
the other auxiliary water interact, respectively, with the N(,,
atom and the N4, atom on the pyrimidine ring to form another
two hydrogen bonds. Attributed to the presence of an auxil-
iary water molecule, B1-TS1 is a six-membered ring transi-
tion state, which is directly associated with the C;,-O,, bond
forming, the Hy,; atom migration to O, atom, and the transfer
of H,; atom to Nz, atom. IRC results (Fig. 6) indicate that
three processes occur simultaneously in this reaction step: the
O,, atom attacks at the C(y, atom, the H,,; atom transfers from
O,, toward O, atom, and the H,, atom shifts from O, to N,
atom. At the same time, the other auxiliary water located in
another side of OH group exerts great contribution to keeping
the nucleophilic water molecule in an efficient position,
forming two hydrogen bonds with the distance of 2.098 and
1.470 A, respectively. After surmounted the transition state
B1-TS1, the intermediate B1-INT is obtained. B1-INT is a
tetrahedral geometry similar to that in the direct decompo-
sition mechanism with one water molecule. For the geometry

1.200

2.25

& o33
]_—_'33&__ 1.”5
“1.36511278
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f—..
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305 _
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Fig. 2 Potential energy surface
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water-assisted decomposition H H
mechanism of 5-azadC in the 2 .;HM‘\'N{’Z?I\:;I'J'
gas phase : i1 ||'5i
Hui o LHCy ,Cq‘
9\'\' ‘NIGI (o]
H '
w2 _-H

Fig. 3 Potential energy surface
(in kcal/mol) and optimized
structures (in /0%) in B-path 3 for
water-assisted decomposition
mechanism of 5-azadC in the
gas phase

of BI-INT, the distance of C(;)~N(, is 1.450 A, longer than
that in B1-RC by 0.142 A because the hybridization of Cwy
atom changes from sp” in B1-RC to sp® in B1-INT. Although
the distance of Hp;—N4) is 2.110 A in B1-INT, it also indi-
cates that the Hy; atom can be transferred from Oy, to N4,
atom due to the short distance. In this process, the energy
barriers are 28.8 and 30.8 kcal/mol at the B3ALYP and MP2
levels, respectively. The entropic contributions tend to rath-
erish increase the energy barriers, the Gibbs free energy

@ Springer
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/B2-TS2
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barrier ascending to 30.6 kcal/mol at the B3LYP level and
32.6 kcal/mol at the MP2 level. In the next step, the transition
state B1-TS2, still a six-membered transition state, is located
in our calculations. It is worthwhile noting that the auxiliary
water, used to stabilize the structure in the first process, severs
as a bridge to help the proton transfer of Hy,, in this step, and at
the same time, the structure is stabilized by the bridgehead
water that is used in the first process. The imaginary fre-
quency of B1-TS2 is 1,306.64 icm_l, which is associated
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water-assisted decomposition B-path 4
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Fig. 5 Potential energy surface
(in kcal/mol) etnd optimized
structures (in A) in the rate-
limiting step of B-path 5 for
water-assisted decomposition
mechanism of 5-azadC in the B-path 5
gas phase
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with the coupling of the transfer of Hy,; atom from Oy, to N4,
atom and the transfer of Hy,, atom from O, to Oy atom. The
geometry of B1-TS2 reflects that the Hy,; atom can effectively

1.3015? 443
1.13191.118
S—
s BS-TS1 ~~,
s 492 g
/S (48.6)
, 'h\
B5-INT1
33.1
(30.1)

head toward the lone pair of N4, with a little angle constraint
(the bond angle O,—Hy,1—N4, is 151.1°). Finally, the product
B1-PC is offered after surmounted the transition state
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Table 2 Relative energies, free

energies, and solvation energies Water-assisted  B3LYP MP2 CPCM Monte Carlo
in water-assisted decomposition AE (gas) AG (gas) AE (gas) AG (gas) AG (sol) A (AG(sol))  AG (tot)
of 5-azadC
B-path 1
BI-RC 0.00 0.0 0.0 0.0 0.0 0.0 0.0
BI-TS1 28.8 30.6 30.8 32.6 30.9 —-3.5 27.1
BI1-INT 9.0 10.3 6.8 8.0 4.0 0.4 10.7
B1-TS2 27.5 30.5 27.8 30.8 26.4 2.6 33.1
BI1-PC 18.7 19.9 19.0 20.2 134 —0.4 19.5
B-path 2
B2-RC 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B2-TS1 279 30.4 324 349 34.6 —0.6 29.8
B2-INT 8.7 10.4 8.1 9.8 8.4 0.8 11.3
B2-TS2 32.7 36.0 32.2 35.6 37.7 5.7 41.7
B2-PC 30.8 32.7 31.3 33.1 36.3 4.6 37.3
B-path 3
B3-RC 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B3-TS1 34.2 37.0 32.3 35.1 28.2 —17.4 19.6
B3-INT 9.6 10.0 6.4 6.8 1.9 —12.6 —-2.6
B3-TS2 24.2 26.2 24.5 26.6 19.5 —11.1 15.2
B3-PC 18.5 19.1 19.0 19.5 12.0 —15.8 3.3
B-path 4
B4-RC 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B4-TS1 38.7 43.7 34.0 38.9 36.7 —2.2 41.5
B4-INT 12.9 15.3 8.2 10.6 8.1 0.8 16.1
B4-TS2 40.2 443 34.7 38.9 353 0.8 45.1
B4-PC 12.9 15.0 13.2 15.3 15.3 -2.1 12.0
B-path 5
B5-RC 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B5-TS1 46.0 49.2 45.3 48.6 41.9 —4.4 44.8
B5-INT1 31.1 33.1 28.1 30.1 31.9 8.6 41.7

In kilocalories per mole

B1-TS2. In B1-PC, the N4—H,, distance is 1.012 A, which
indicates that this bond has already been shaped. The C;y-O,,
bond length is 1.317 A Itis shortened by 0.048 A compared
to that of the B1-TS2, implying that the bond C;-O,,
changes from the single bond to the double bond. From
Table 2, one can see that the nucleophilic attack of the water
molecule (the first step) is the rate-limiting process in the gas
phase with a barrier height of 28.8 kcal/mol.

3.2.2.2 B-Path 2 In the reactant complex B2-RC, arising
from the hydrogen-bonded network involving three water
molecules, the nucleophilic water holds a more effective
position for the subsequent attacking, with C,-O,, dis-
tance of 3.110 A. The O,, atom of the nucleophilic water
attacks at the C;, atom, leading to a new six-membered
cycle transition state B2-TS1. The calculated imaginary
frequency of 1,019.41 icm™' together with its vibrational
mode signifies a strong interaction between the nucleo-
philic water molecule and the C;y atom. IRC results in

@ Springer

Fig. 6 manifest that the three processes occur in concert:
the O,, attacks at the C,, atom, the H,,; moves to O, atom,
and the H,; migrates toward the N,y atom. After passing
through B2-TS1, a tetrahedral intermediate B2-INT is
offered. The dihedral angle N(—N)-C(3-C(1, of —20.1°
reflects that the C(;, atom has been deviated from the plane
of pyrimidine ring. In this process, the energy barrier is
27.9 kcal/mol at the B3LYP level, while it increases to
32.4 kcal/mol at the MP2 level. When proceeding from
B2-INT to B2-TS2, similar to the mechanism of B-path 1, a
six-membered ring transition state is also shaped. The
imaginary frequency is 1,195.09 icm™', which is associ-
ated with the coupling of the movement of Hy; atom from
Oy, to N6 atom and the migration of Hy,, atom from Oy, to
O, atom, which then intrigues the rupture of C(;—Nig,
bond. Due to the proton transfer, the C;,~N, bond dis-
tance is elongated by 0.107 A and the C(1y-O,, bond length
is shortened by 0.071 A compared to that of the B2-INT.
And then, IRC calculation toward product induces the
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Fig. 6 Changes of the free energies of salvation along the reaction coordinate calculated from Monte Carlo simulations

Reaction Coordinate

and selected bond

lengths (angstrom) along the potential energy profile for the water-assisted decomposition reaction of 5-azadC

appearance of a ring-opening B2-PC (the length of C(;,-
N6, bond is 1.629 A). For B2-PC, the bond C;,-O,, has
changed from the single bond to the double bond. Com-
pared to B2-INT, the C;,-O,, bond length is shortened to
1.312 A by a reduction of 0.127 A, implying that the acyl
group has fully been formed in B2-PC. In this pathway, the
second step corresponding to the proton transfer is the rate-
determining step with a barrier height of 32.7 kcal/mol in
the gas phase.

3.2.2.3 B-Path 3 For the B3-RC, the two auxiliary
waters, respectively, occupy one side of nucleophilic water
for a compact H-bond network around the N, atom and
the N, atom. We located the transition state B3-TS1 in
our calculation. It is also a six-centered ring structure with
regard to with the nucleophilic attack of the O, atom to the
C(y atom and a double proton (Hy; and H,;) transfer
through a proton bridge, receiving a proton and donating
one in turn. In the forward reaction direction, a tetrahedral
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Fig. 6 continued

intermediate B3-INT is obtained. The C(;, atom deviates
relatively to N)—N2)—C3) plane by ca. 16° rendering the
appearance of a tetrahedral structure in B3-INT, together
with the disappearance of the C(;, = N, double bond
evolved to a single bond from B3-RC to B3-INT. In
addition, the hydrogen-bonded network consisting of two
auxiliary waters and OH group is revived with the four
H-bond distances of 1.928, 1.970, 1.926, and 3.350 A,
respectively. Sequentially, the Hy, approaches the O,
leading to a six-membered ring transition state B3-TS2.
The imaginary frequency is 842.73 icm™', which is asso-
ciated with the coupling of the transfer of Hy,; atom from
Oy, to N2y atom and the transfer of Hy,, atom from O,, to O,
atom. Finally, there is the product complex B3-PC with the
N~Hp; bond 1.022 A and a O,-H,, bond of 0.996 A.
From Table 2, it can be seen that the first process referring
to the attacking of the nucleophilic water is the rate-
determining step with a barrier height of 34.2 kcal/mol.

3.2.2.4 B-Path 4 As described in Fig. 4, in B4-RC, the
Hy1, Hyo, Hay, and Hyy atoms interact, respectively, with
the O,, Op, Ny, and O, atoms to form four hydrogen
bonds, with the distances of Hy,—O,, Hy2—Oy, Hy1—Ne),
and H,-Ox, are 1997, 1.965, 2.013, and 1.859 108,

@ Springer

Reaction Coordinate

respectively. In the ongoing process from B4-RC to B4-
TSI, similar to the above mechanism of B-path 3, a six-
membered ring transition state is obtained. The imaginary
frequency of 1,230.89 icm ™' is mainly associated with the
transfer of H,; atom from O, to N, atom, the transfer of
H,; atom from Oy, to O, atom, and the attacking of O,, at
C(1y atom, which intrigues the formation of C;,-O,, bond.
After the reaction overcomes the B4-TS1, a tetrahedral
intermediate B4-INT emerges along the potential energy
profile with the dihedral angle N)—N—-C3~C) of
—17.9°. The length of C;)-O,, diminishes by 0.132 A from
B4-TS1 to B4-INT, which exhibits that the C(;,—O,, bond
of B4-INT becomes stronger and the hydroxyl group has
been formed. Although Hy,; interacts with O, attached to
C¢s) atom to offer a hydrogen bond with the distance of
2.268 10\, the Hy, atom still can be transferred from O, to
N atom based on the IRC calculation. From B4-RC to
B4-INT, the p-m conjugation between N, atom and
Ca) = N(z) double bond is eliminated, resulting in weak-
ening and elongation of the C;,~N, bond. In this process,
the energy barrier is 38.7 kcal/mol at the B3LYP level,
while it decreases to 34.0 kcal/mol at the MP2 level. In the
next step, the transition state B4-TS2, also a six-centered
structure, is located in our calculations. The imaginary
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frequency is 1,230.89 icm™' and its vibrational mode is

mainly associated with the coupling of the transfer of Hy,
atom from Oy, to N, atom and the transfer of H,,, atom
from O, to Oy atom. As Hy; moves from Oy to N, the
Hy,; atom is gradually shared by the two heavy atoms, O,
and N, through the presence of a proton bridge. In con-
trast to those of the B4-INT, the transfer of Hy; leads to a
reduction of 0.046 A for Cy-O,, bond, as well as a
elongation of 0.283 and 0.378 A for O,-Hy» and Oy—Hy,;
bond length, respectively. After overcame transition state
B4-TS2, the product B4-PC is produced. In B4-PC, the
CayN distance is 3.114 A, which indicates that this
bond has already been broken. The C;,—O,, bond length is
1.241 A. It is shortened by 0.107 A compared to that of the
B4-TS2, implying that the bond C;,-O,, changes from the
single bond to the double bond and the acyl compound has
already been formed. In this pathway, the second step
corresponding to the proton transfer is the rate-determining
step with a barrier height of 40.2 kcal/mol in the gas phase.

3.2.2.5 B-Path 5 As stated in the direct hydrolysis sec-
tion, the first process of this pathway with regard to the
addition of the nucleophilic water to the C;)~N, bond is
the rate-limiting step, because its relative energy
(57.5 kcal/mol) is obviously higher than those in the latter
two transition states (being 43.3 and 20.0 kcal/mol for AS-
TS2 and A5-TS3, respectively). Accordingly, in this sec-
tion, for the water-assisted hydrolysis mechanism, we pay
more attention to examine the effect of the auxiliary waters
in the active site, based on a local microhydration model,
on the rate-limiting process. As described in Fig. 5, the
reactant complex B5-RC is offered due mainly to the
H-bond network, with the distances of H,,;—O,, Hy,»—Oy,
Ha]—0(7), and Hb]—N(z) are 1927, 2089, 1961, and
2.043 A, respectively. When the nucleophilic water
approaches the C(,, atom, a six-centered transition state
B5-TS1 appears along the potential energy profile. The
analysis of the vibrational mode indicates that this step is
directly associated with the C,~O,, bond forming, the
transfer of H,,; from Oy, to O, atom, and the transfer of H,;
from O, to N, atom. IRC results further manifest that
these three processes occur simultaneously. From B5-RC
to B5-TS1, the distances of O,-H,,; and O,—H,; bond
drastically increase to 1.301 and 1.118 A, respectively,
while the C(;)-O,, bond reduces remarkably from 3.273 to
1.538 A. Moreover, from the geometry of B5-TSI, it is
clear that the cooperative water plays a decisive role in
keeping the nucleophilic water in an efficient position for
the reaction and shortens the C;,-O,, distance by 0.335 A
compared to that in direct decomposition mechanism.
Sequentially, IRC calculation toward intermediate leads to
the emergence of BS5-INT1. B5-INT1 is a tetrahedral
geometry, and the Cs)~N, length of 1.768 A reveals that

this bond has already been broken. In this process, the
energy barrier diminishes from 57.5 to 46.0 kcal/mol due
to the introduction of the auxiliary waters.

According to the energy data in Table 1 and Table 2, as
expected, the energy barriers of five water-assisted path-
ways decrease dramatically about 15-20 kcal/mol as
compared to those of the direct pathways because of the
contribution of the auxiliary water molecules. Our calcu-
lations exhibit that the formation of the favored six-mem-
bered ring structure in the transition state leads to the
reduction of the ring constraint for the proton transfer, and
most of the energy saving has been achieved for its small
deformation. In addition, the presence of the cooperative
water molecule near to the nonreactive nitrogen atom but
not involved in the proton transfer exerts great contribution
to keeping the nucleophilic water molecule in an efficient
position for the reaction, and the cooperative effect sig-
nificantly facilitates the nucleophilic attack of H,O with the
Cy-O,, distance being shorter by 0.200-0.300 A com-
pared with that in the direct hydrolysis reaction.

3.3 Solvent effects of bulk water on the decomposition
of 5-azadC

3.3.1 CPCM

In view of the fact that the decomposition of 5-azadC
actually takes place in the human body solution, it is of
great significance to study the influence of bulk solvent
water on the reaction. To estimate this solvent effect in
water, the single-point energies were calculated at the
MP2/6-311+4G(d,p) level by the CPCM model on the
basis of the optimized geometries in the gas phase. The
relative Gibbs free energies [AG(sol)] of five direct
(A-paths 1-5) and five water-assisted (B-paths 1-5) path-
ways are presented in Tables 1 and 2, respectively. From
Tables 1 and 2, it can be seen that, both in the direct and in
the water-assisted reaction, the rate-controlling step is the
first one for those five pathways. Solvent water facilitates
the decomposition reaction of 5-azadC, with the transition
states in each step of all pathways being stabilized by
solvation. For the direct decomposition reaction, the free
energy barriers in the rate-controlling step of A-path 1
(48.8 kcal/mol) and A-path 2 (48.8 kcal/mol) are lower
than those of other three pathways (being 52.2, 51.5, and
59.0 kcal/mol for A-path 3, A-path 4, and A-path 5,
respectively), suggesting that the direct reaction of 5-azadC
in water may be favorable for A-paths 1 and 2 than A-paths
3-5.

For the water-assisted decomposition reaction, in step 1
of B-path 1, the free energy barrier is 32.6 kcal/mol in the
gas phase, while it decreases to 30.9 kcal/mol in water by
solvation. In the first step of B-path 2, the free energy
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barriers are 34.9 kcal/mol in the gas phase and 34.6 kcal/
mol in solvent water. For B-path 3, the solvent water sta-
bilizes the transition state B3-TS1, leading to a reduction in
free energy barrier by 6.8 kcal/mol as compared to that in
the gas phase. For B-path 4, the free energy barrier of the
first step in water is 2.2 kcal/mol lower than that in the gas
phase, indicating that the transition state B4-TS1 is destabi-
lized in solvent water by solvation. In B-path 5, for the first
step, the free energy barrier is 48.6 kcal/mol in the gas phase,
while it diminishes to 41.9 kcal/mol in water. Due to the
contribution of the auxiliary water molecules, among five
examined water-assisted pathways, B-path 3 becomes the
most favorable one and AG” (sol) in the rate-limiting step of
five pathways increases in the order: B-path 3 (28.2 kcal/
mol) < B-path 1 (30.9 kcal/mol) < B-path 2 (34.6 kcal/
mol) < B-path 4 (36.7 kcal/mol) < B-path 5 (41.9 kcal/
mol).

3.3.2 Monte Carlo simulations

In this work, Monte Carlo method with FEP technique was
performed to simulate the above five water-assisted
decomposition reactions in water. The changes in free
energies of solvation for the activation and reaction pro-
cedures are given in Table 2. Figure 6 depicts the relative
potential energy profiles Eygp(s) of the reaction paths
along the minimum energy path (MEP) in the gas phase
and in water. From Table 2 and Fig. 6, one can see obvi-
ously that, among the five examined pathways, the solvent
effect remarkably decreases the energy barriers of B-path
3. The energy data in Table 2 show that the free energies of
activation of the rate-limiting steps of five pathways were
calculated by combining B3LYP/6-314+G(d,p) calculation
with Monte Carlo simulation and increase in the following
order: B-path 3 (19.6 kcal/mol) < B-path 1 (27.1 kcal/

No. Molecules

-0.2 T T T T T T T T T T

-6 -14 12 -0 -8 6 4 2 0 2 4 [
Energy (kcal/mol)

mol) < B-path 2 (30.7 kcal/mol) < B-path 4 (41.5 kcal/
mol) < B-path 5 (44.8 kcal/mol). It is clear that B-path 3
has the highest possibility to occur in the water-assisted
decomposition reaction of 5-azadC when the solvent
effects of bulk water are taken into account, which is in
agreement with those results obtained by the SCRF (CPCM
model) method.

In addition, for B-path 3 and B-path 1, the water envi-
ronment has similar effect on the rate-determining steps but
decreases the former more the activation free energy by
13.8 kcal/mol than that of the latter. This indicates that
B-path 3 has more advantage than B-path 1 in the aqueous
solution as compared with the gas phase. To account for
this, the solute—water pair energy distributions (PED) for
the rate-limiting steps of B-path 3 and B-path 1 were
plotted in Fig. 7. The plots give the number of solvent
molecules on the y-axis that interact with the solute with
the interaction energy shown on the x-axis. The bands at
low energy result from the hydrogen-bonded solvent mol-
ecules and the spike centered at 0.0 kcal/mol comes from
the weak interactions between the solute and many distant
solvent molecules in outer shells. As presented in Fig. 7,
for B-path 1, there is a bound group of solvent molecules,
which forms a band from ca. —15.0 to —7.0 kcal/mol.
Integration of the distribution curve for B1-RC, B1-TSl1,
and B1-INT until this limit results in 1.76, 2.28, and 2.03
water molecules that interact with solute. The numbers of
water interacting with solute increase by 0.52, leading to
the slight decrease in the energy barrier in the first step of
B-path 1 in bulk water. For B-path 3, hydrogen bonding in
water is reflected in the left most region with energies more
attractive than ca. —3.0 kcal/mol. The hydrogen-bonded
energy band for B3-RC in water covers the range from
—14.0 to —3.0 kcal/mol. Integration of the curves up to the
end of the plateaus at —3.0 kcal/mol forms 7.17, 8.61, and

24
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Fig. 7 Pair energy distributions of the solute—water interaction for the rate-limiting steps of the water-assisted B-path 1 (a) and B-path 3 (b) of

5-azadC in water

@ Springer



Theor Chem Acc (2012) 131:1108

Page 15 of 16

8.30 water molecules for B3-RC, B3-TS1, and B3-INT,
respectively. The numbers of water strongly interacting
with solute increase by 1.44 on going from B3-RC to B3-
TS1, whereas the change is only 0.52 for B-path 1. The
differences imply that the solvation of the transition state
B3-TS1 is better than that of B1-TS1, lowering the more
energy barriers in the rate-limiting step of B-path 3 in bulk
water.

According to our calculated free energy barrier in
solution, the classical rate constant can be calculated by the
Eyring equation given by the activated complex theory [38]

_AG#
o)
The calculated rate constant of the most favorable
water-assisted B-path 3 is 0.79 x 107> min~" at the SCRF
(CPCM model) method and 1.68 x 107> min~' at the
MC-FEP method. The comparison of our results with
experimental data ((5.89 + 0.54) x 107> min~' by UV
and (1.46 + 0.08) x 107> min~' by NMR) [19] shows
that our estimation for the rate constant at the
SCRE(CPCM model) method (0.79 x 107> min™') is
slightly lower than the experimentally determined value,
while the rate constant at the MC-FEP method
(1.68 x 102> min~!) is within the range of the

experimental value.

k

4 Conclusion

In this study, the decomposition mechanism of 5-azadC in
water was investigated at the B3LYP/6-314+G(d,p) and
MP2/6-3114++G(d,p)//B3LYP/6-31+G(d,p) levels of the-
ory in the gas phase. Five possible pathways (paths 1-5)
were taken into account. In each pathway, two types of
reaction processes were explored. One is a direct decom-
position with one water molecule (A-paths 1-5) and the
other is a water-assisted decomposition based on a micro-
hydration model with three water molecules (B-paths 1-5).
Our computed results clearly manifest that zero-point
vibrational energy barriers (AE”) and Gibbs free energies
(AG™) in each step of the water-assisted pathways
decrease dramatically by about 15-20 kcal/mol as com-
pared with those of the direct pathways in the gas phase. In
addition, the solvent effect of bulk water was evaluated by
the SCRF (CPCM model) and MC-FEP methods. The
results indicated that, at the MC-FEP method, the presence
of water as the solvent results in a net stabilization of
B-path 3, which is consistent with the SCRF (CPCM
model) result but energetically preferred to the SCRF
(CPCM model) method. Out of five examined water-
assisted pathways, B-path 3 has the highest possibility to

occur, which with the attack of nucleophilic water at the
C(1y atom corresponds to the proton movement toward the
Ny atom to form a tetrahedral intermediate B3-INT.
Subsequently, a ring-opening product B3-PC is generated
through the transfer of hydroxyl H atom to the N,, atom.
The calculated rate constant (1.68 x 107> min~') of
B-path 3 at the MC-FEP method is acceptable within the
experimental range. Such calculations give out a greater
fundamental understanding for this important biological
reaction. Our results may facilitate ongoing clinical
development aimed at understanding the mechanism of
toxicity and potential mutagenicity of 5-azadC and related
analogues.

Actually, the decomposition of 5-azadC as a drug takes
place in the human body solution. Experimentally, this
decomposition reaction was usually investigated and
characterized in water and in plasma. To mimic the bio-
logical environment, only water has been chosen as solvent
in our calculations. The effects of other solvent like
methanol on the decomposition of 5-azadC were not the
focus in this study. So, here we did not consider the solvent
effect in methanol or a mixture of water and methanol. The
effects of other solvents on the decomposition of 5-azadC
will be studied in our future work.
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