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UV-induced formation of the thymine–thymine
pyrimidine (6-4) pyrimidone photoproduct – a DFT
study of the oxetane intermediate ring opening†
Vanessa Labet,*a Nelly Jorge,b Christophe Morell,c Thierry Douki,d André Grand,d
Jean Cadetd,e and Leif A. Erikssonf
The mechanism by which the hypothetical oxetane/azetidine intermediate formed during the photochemical process leading to pyrimidine (6-4) pyrimidone photoproducts when DNA is submitted to UV
radiation opens is investigated computationally by DFT using a 5’-TT-3’ dinucleoside monophosphate as
a structural model. First, the feasibility of an intramolecular mechanism involving one proton transfer
inducing opening of the oxetane ring is examined. It results in a very high Gibbs energy of activation
(+166 kJ mol−1) and quite a low Gibbs energy of reaction (−35 kJ mol−1). The protonation state of the
phosphate group is shown to have little eﬀect while the bulk eﬀect of an aqueous environment
modeled by the Polarizable Continuum Model method lowers slightly the activation barrier (by about
10–20 kJ mol−1), not enough to explain the fact that the oxetane intermediate is not observed experimentally. Then the catalytic eﬀect of water molecules on the reaction pathway is studied by including
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1.

either 1 or 2 assisting water molecules in the chemical system. The resulting activation barrier is considerably lowered and in the most favorable situation – a phosphate group deprotonated and 2 assisting
water molecules – the Gibbs energy activation is as low as +44 kJ mol−1 and the Gibbs energy of reaction
is quite favorable: −79 kJ mol−1, suggesting that in biological systems the oxetane ring opening process
proceeds with explicit intervention of water molecules from the environment.

Introduction

Solar UV radiation is a major mutagenic agent responsible for
the induction of most skin cancers.1 These deleterious properties are explained by the eﬃcient absorption of UV-B
photons (290–320 nm) by DNA. The resulting excitation leads
to the formation of photo-cycloaddition products between
adjacent pyrimidine bases (thymine, T and/or cytosine, C).2
The biological role of these events is unambiguously shown by
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the predominance of mutations at bipyrimidine sites in skin
tumors.3,4
Two types of photoproducts can be produced at each of the
four bipyrimidine dinucleotides, as illustrated in Fig. 1 in the
case of a 5′-TT-3′ bipyrimidine site. In the first type, [2 + 2]
cycloaddition between the two C5–C6 double bonds of the
bases results in the formation of cyclobutane pyrimidine
dimers (CPDs). The second type of lesion is generally thought
to involve Paternó–Bücchi [2 + 2] cycloaddition of the C5–C6
double bond of the 5′-end base to either the C4vO bond of a
3′-end thymine or the exocyclic imino group of a tautomeric
form of a 3′-end cytosine. This latter photoreaction is proposed
to lead to unstable cyclic intermediates that exhibit oxetane
and azetidine structures, respectively, as sketched in Fig. 1B in
the case of a 5′-TT-3′ bipyrimidine site. If the formation of
cyclic intermediates has never been observed for thymine and
cytosine, stable oxetanes arising for the cycloaddition of
thymine and aromatic ketones were isolated.5,6 And a thietane
derivative, the cyclic intermediate involved in the formation of
the second type of photodamage between thymine and
4-thiothymine, could also be isolated and extensively characterized by spectroscopic methods.7 In addition, recent timeresolved measurements showed that the formation of these
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Fig. 1 (A) Chemical structure of the main UVB-induced dimeric photoadducts
produced at a 5’-TT-3’ bipyrimidine site. (B) Hypothetical oxetane intermediate
in the formation of 6-4PP.

photoproducts in double-stranded DNA is much slower than
that of CPDs, likely because of the formation of the cyclic
intermediates.8 Rearrangement of the latter yields stable
photoproducts exhibiting a saturated pyrimidine moiety on
the 5′-end covalently linked to a pyrimidone moiety on the
3′-end. This class of photodamage is thus referred to as pyrimidine (6-4) pyrimidone photoproducts (6-4PPs). They are
believed to arise from a singlet excited state. Indeed, experiments involving triplet energy transfer photosensitization led
to the sole production of CPDs.9–11 A number of reactivity
diﬀerences between the two pyrimidine bases have been
inferred based on the yield of formation of the two kinds of
dimeric photoproducts at each bipyrimidic site (see Fig. S1 in
the ESI†):
(1) The CPDs are produced more eﬃciently than the
related (6-4) photoproducts. This is particularly true
when a thymine is at the 3′-end of the bipyrimidine site;
(2) thymines appear to be more reactive than cytosine
toward the formation of dimeric photoproducts; and
(3) there is a sequence dependence since photoproducts
are not produced in the same yield at 5′-TC-3′ and
5′-CT-3′ sites.12–15
Some mechanistic and energetic information about CPD
and 6-4PP formation has been aﬀorded by computational
studies. For example, the higher reactivity of thymine versus
cytosine has been proposed to originate from the more favorable excited-state energy barriers, and a smaller energy gap
between the ground state (g.s.) and the relevant excited state at
the g.s. transition state structure.16–18 In addition, recent
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studies suggest that if the formation of CPDs involves ππ* excitons, that of the oxetane/azetidine intermediates in the formation of 6-4PPs involves charge transfer excited states and
therefore does not proceed via a Paternó–Bücchi cycloaddition
as was thought originally.19–21 Nonetheless, quite interestingly,
a qualitative theoretical study based on the use of conceptual
DFT reactivity indices for both the ground state and the 1st
excited state (ππ* exciton) proposed an explanation for the
regioselectivity observed between CPDs and 6-4PPs by considering that the oxetane/azetidine intermediate in the formation
of 6-4PP photoproducts results from a Paternó–Bücchi cycloaddition. Indeed, in the corresponding excited state, thymines
are characterized by the O4′ oxygen participating in the [2 + 2]
cycloaddition being more electrophilic than nucleophilic, and
therefore react unfavorably with the electrophilic carbon C5 of
its partner. In contrast, the equivalent nitrogen in the imino
form of cytosine is more nucleophilic than electrophilic and
can react in a favorable way with the electrophilic carbon C5 of
its partner.22
Thus, the mechanism by which the oxetane/azetidine intermediate is formed is still subject to debate. In this work we
propose to focus on the second step of the formation of the
6-4PP photoproducts, i.e. the mechanism by which the 4-membered ring of the oxetane/azetidine intermediate opens. The
objective is to gain insight into the reasons why the cyclic
intermediate is generally not observed. To the best of our
knowledge, this is the first time that this question has been
investigated computationally. In particular, the influence of
the protonation state of DNA phosphate groups as well as that
of water molecules in the environment is examined.

2.

Theoretical model

It was decided to focus on the formation of the 6-4PP
produced at thymine–thymine bipyrimidic sites once the
oxetane intermediate has been formed. To model the chemical
system, the corresponding dinucleoside monophosphate was
used. As such, the reaction studied in this work is shown in
Fig. 2 where the atom labeling used in the following is also
indicated. Note that in Fig. 2 the phosphate group has been
sketched as deprotonated. The same reaction has also been
studied with a protonated phosphate group.

Fig. 2

Reaction mechanism studied in this work.
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As sketched in Fig. 2, the reaction involves transfer of the
H3′ proton from nitrogen N3′ to oxygen O4′, and concomitantly, breaking of the oxetane ring. Contrary to the formation
of the oxetane intermediate, it is expected that this step takes
place in the ground state. Therefore, the reaction mechanism
was explored in the ground state only.

Stationary points were re-optimized accordingly (IR-H2O,
TS-H2O and P-H2O with 1 additional water molecule and
IR-2H2O, TS-2H2O and P-2H2O with 2 additional water molecules). The same methodology as described above was followed
to extract thermochemical data and evaluate the bulk eﬀect of
an aqueous environment.

3.

Computational details

4.

3.1.

General procedure

A minimum of the ground state potential energy surface of the
reaction, corresponding to the IR intermediate, was identified
for both a protonated and a deprotonated phosphate group. In
both cases it shows a real oxetane structure with a four-membered ring involving four completely formed C–C and C–O
single bonds, as suggested by the following bond lengths:
lC5–C6 = 1.54 Å, lC6–C4′ = 1.59 Å, lC4′–O4′ = 1.46 Å and lO4′–C5 =
1.46 Å. Thus the oxetane intermediate corresponds to a stable
structure from an electronic point of view. In the case of a protonated phosphate group, IR shows a ZPE-corrected energy
E at T = 298 K and P = 1 atm about 160 kJ mol−1 higher than
that of the corresponding dinucleoside monophosphate. This
can be compared to the energy of the corresponding CPD,
studied by Durbeej and Eriksson,16 which is about 85 kJ mol−1
higher in energy than two thymines. It can thus be concluded
that the oxetane intermediate is far less stable than the corresponding cyclobutane.
Once the oxetane intermediate has been formed on the
ground state potential energy surface, the four-membered ring
has to be broken so that the corresponding 6-4PP be formed.
As can be seen in Fig. 2, this involves the transfer of hydrogen
H3′ from nitrogen N3′ to oxygen O4′ that in turn induces the
ring opening. Two mechanisms were studied for this transfer:
either directly (intramolecular hydrogen transfer) or with the
assistance of water molecule(s) from the environment.

The geometries of the stationary points corresponding to the
proposed mechanism (see Fig. 2) were optimized in their
ground state using the B3LYP hybrid functional and the 6-31G
(d,p) double-zeta basis set. Frequency calculations were performed at the same level of theory within the harmonic
approximation, in order to check that IR and P corresponded
to minima of the ground state potential energy surface (no
imaginary frequency), while TS was indeed a 1st order saddle
point (exactly one imaginary frequency). The vibrational analysis was also used to extract thermodynamic quantities of activation and reaction for the elementary step. From TS, intrinsic
reaction coordinate calculations (IRC) were performed to
ensure that the transition state connects the oxetane intermediate IR and the (6-4) photoproduct P.
All calculations were performed using the Gaussian 03 and
Gaussian 09 packages.23
3.2.

Evaluation of the basis set eﬀect

Energy calculations with the 6-31++G(d,p) basis set were performed on the structures of IR, TS and P optimized with the
6-31G(d,p) basis set in order to evaluate the eﬀect of adding
diﬀuse functions in the basis set.
3.3.

Evaluation of the solvent eﬀect

In order to have a good estimation of the solvent eﬀect at
reasonable computational cost, the bulk eﬀect of an aqueous
environment was studied by performing single point energy
calculations on the optimized structures for IR, TS and P
including a polarized continuum model in the integral
equation formalism (PCM)24–26 with a dielectric constant of ε =
78.39. The cavity for the solute was built using the United
Atom Topologic Model applied on the atomic radii of the UFF
force field, with an average area of 0.2 Å2 for the tesserae generated on each sphere. The default cavity was modified by
adding individual spheres to all hydrogen atoms linked to
nitrogen and oxygen atoms, using the keyword SPHEREONH.
Enthalpies and Gibbs energies of activation and reaction in
aqueous solution were then evaluated by adding the solvation
energies to the corresponding thermochemical quantities
obtained in a vacuum from the frequency calculations mentioned above (Section 3.1).
In addition, the possibility to form hydrogen bonds
between the biological solute and water molecules from the
solvent was investigated by including discrete H2O molecules –
either one or two – in the system studied computationally.

This journal is © The Royal Society of Chemistry and Owner Societies 2013

4.1.

Results and discussion

Intramolecular H transfer

4.1.1 Influence of the protonation state of the phosphate
group. A transition state TS was optimized, directly linking the
oxetane intermediate IR to the product P on the ground state
potential energy surface. Its geometry is shown in Fig. 3 along
with those of IR and P. Relevant distances particularly modified during the reaction are indicated in Table 1 for the three
stationary points of the elementary step, in the case of a protonated phosphate group as well as in the case of a deprotonated
one. The corresponding relative energies are reported in
Table 2.
For both protonation states of the phosphate group, the
transition state structure displays an N3′–H3′ bond distance
only slightly elongated (from 1.01 Å to either 1.04 Å (deprotonated) or 1.06 Å ( protonated)) with respect to the oxetane
structure, while the C4′–O4′ distance has evolved from
1.46–1.47 Å to 2.30–2.33 Å. Thus, TS is an early transition state
for the N3′–H3′ bond breaking but a quite late transition state
for the oxetane ring opening. Therefore, this elementary step
involves an asynchronous concerted mechanism, with the
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Table 3 Evolution of the enthalpy H and Gibbs energy G (in kJ mol−1) at T =
298 K and P = 1 atm during the IR–TS–P elementary step for protonated and
deprotonated states of the phosphate group, in a vacuum (ε = 1) and in a water
solvent modeled by PCM (ε = 78)
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Protonated

Deprotonated

Fig. 3 Optimized geometries of IR, TS and P in the case of a protonated phosphate group.

Table 1 Evolution of key interatomic distances (in Å) during the IR–TS–P
elementary step, for protonated and deprotonated states of the phosphate
group

Protonated
Deprotonated

lN3′–H3′
lO4′– H3′
lC4′–O4′
lN3′–H3′
lO4′–H3′
lC4′–O4′

IR

TS

P

1.01
2.60
1.46
1.01
2.61
1.47

1.06
1.73
2.30
1.04
1.93
2.33

3.88
0.98
2.78
3.87
0.98
2.80

Table 2 Evolution of the ZPE-uncorrected energy E0, ZPE-corrected energy E,
enthalpy H and Gibbs energy G (in kJ mol−1) at T = 298 K and P = 1 atm in a
vacuum during the IR–TS–P elementary step for protonated and deprotonated
states of the phosphate group. ZPE-uncorrected energies E0 resulting from
single point computations performed with the 6-31++G(d,p) basis set on structures optimized with the 6-31G(d,p) basis set are indicated between
parentheses

Protonated

Deprotonated

ΔE0,ε=1
ΔEε=1
ΔHε=1
ΔGε=1
ΔE0,ε=1
ΔEε=1
ΔHε=1
ΔGε=1

IR

TS

P

0.0 (0.0)
0.0
0.0
0.0
0.0 (0.0)
0.0
0.0
0.0

169.7 (159.8)
162.9
162.9
166.0
140.5 (127.3)
132.4
132.4
131.7

−28.7 (−33.8)
−30.9
−30.9
−35.1
−33.4 (−39.0)
−34.9
−34.9
−37.5

oxetane ring opening starting earlier than the N–H bond
breaking.
In a vacuum, the activation barrier associated with the elementary step is quite high, with an enthalpy of activation and a
Gibbs energy of activation of 163 kJ mol−1 and 166 kJ mol−1
respectively for a protonated phosphate group. The activation
barrier is slightly lowered in the case of a deprotonated phosphate group, with an enthalpy of activation of 132 kJ mol−1
and a Gibbs energy of activation of 132 kJ mol−1 too. Nonetheless, it remains very high.

Photochem. Photobiol. Sci.

ΔHε=78
(ΔHε=1)
ΔGε=78
(ΔGε=1)
ΔHε=78
(ΔHε=1)
ΔGε=78
(ΔGε=1)

IR

TS

P

0.0
(0.0)
0.0
(0.0)
0.0
(0.0)
0.0
(0.0)

136.4
(162.9)
139.6
(166.0)
121.7
(132.4)
121.0
(131.7)

−36.6
(−30.9)
−40.9
(−35.1)
−41.8
(−34.9)
−44.4
(−37.5)

As for the enthalpy of reaction and the Gibbs energy of reaction they are of −31 and −35 kJ mol−1 respectively in the case of
the protonated phosphate group and of −35 and −38 kJ mol−1
respectively in the case of the deprotonated phosphate group.
In other words, the elementary step appears slightly exergonic.
Note that the single point energy calculations performed on
the stationary points with the same basis set augmented with
diﬀuse functions show the same qualitative trend. Nonetheless, quantities of activation and reaction diﬀer by about
5–10 kJ mol−1 from those obtained with the 6-31G(d,p) basis
set, indicating that numeric values extracted from our computations have to be taken with caution.
4.1.2. Bulk eﬀect of an aqueous environment. In biological
systems, DNA is immersed in an aqueous environment, which
is at the same time polar and protic. In order to evaluate in a
first step the eﬀect of polarity on the energetics of the IR–TS–P
elementary step, single point energy calculations were performed on IR, TS and P placing them in a cavity surrounded
by a polarized continuum characterized by a dielectric constant of ε = 78.39. The corresponding quantities of activation
and reaction are reported in Table 3 where values obtained in
a vacuum are also shown.
It appears that polarity of the environment tends to lower
the activation barriers by about 25 kJ mol−1 when the phosphate group is protonated and by about 10 kJ mol−1 when it is
deprotonated. In addition, the IR–TS–P elementary step
appears to be slightly more exothermic/exergonic, with an
enthalpy and a Gibbs energy of reaction more negative by
about 6–8 kJ mol−1, independently from the protonation state
of the phosphate group. Thus, a polar environment facilitates
the oxetane ring opening by intramolecular H transfer. Nonetheless, all in all, in a polar environment such as in a vacuum,
it is characterized by a very high energy barrier and a rather
weak driving force. Thus, the fact that experimentally the
oxetane intermediate has never been isolated cannot be rationalized on the basis of these results. Thus another mechanism
for the oxetane ring opening was considered, involving the participation of water molecules from the surroundings.
4.2.

Assistance of water molecules

It is well established that the presence of a (6-4) photoproduct
in double-stranded DNA induces large structural distortions,
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much larger for example than those for a cyclobutane pyrimidine dimer.27–29 The formation of the oxetane intermediate
can be seen as a first step in the appearance of these distortions, which, at this point, must be comparable though slightly
larger than those accompanying a CPD. As a result, few water
molecules are likely to be present in the proximity of the
oxetane ring. It thus seems reasonable that a water molecule
(or a few) can participate in the H3′ proton transfer process
which will then proceed in an indirect way.
We investigated the possibility that one and then two water
molecules assist in the ring opening process. A transition state
linking directly the oxetane intermediate (in interaction with
one or two water molecules) and the 6-4PP product (in interaction with one or two water molecules) could be optimized in
both cases. They are named hereafter TS-H2O and TS-2H2O
respectively.
With one assisting water molecule, during the step, H3′ is
transferred from N3′ to the oxygen of the water molecule (Ow),
a proton is transferred (Hw) from the water molecule to O4′
and the C4′–O4′ is broken. As such, the transition state structure can be described as a ‘6 centres transition state’. Structures of the corresponding reactant (IR-H2O), transition state
(TS-H2O) and product (P-H2O) in the case of a protonated
phosphate group are shown in Fig. 4. Structures obtained in
the case of a deprotonated phosphate group are very similar as
can be inferred from the evolution of key distances aﬀected
during the step reported in Table 4.
In the TS-H2O transition state structure, the N3′–H3′ bond
is slightly more elongated (1.23 Å if the phosphate group is
protonated; 1.13 Å if it is not) than it was in TS (1.06 Å if the
phosphate group is protonated; 1.04 Å if it is not). As for the
C4′–O4′ distance, it is 2.12 Å in TS-H2O compared to 2.30 Å in
TS when the phosphate group is protonated, and 2.39 Å in
TS-H2O compared to 2.33 Å in TS when the phosphate group
is deprotonated. These modifications are quite small and it
can then be concluded that the assistance of the water

molecule does not aﬀect significantly the synchronicity
between the N3′–H3′ bond breaking and the oxetane ring
opening.
With two assisting water molecules, the elementary step
consists of the H3′ transfer from N3′ to the oxygen (Ow1) of a
first water molecule, transfer of one proton (Hw1) of this first
water molecule to the oxygen (Ow2) of the second water molecule, transfer of one proton (Hw2) of this second water molecule to oxygen O4′ and breaking of the C4′–O4′ bond. Then,
TS-2H2O is a ‘8 centres transition state’. Fig. 5 shows the optimized structures for the reactant (IR-2H2O), transition state
(TS-2H2O) and product (P-2H2O) of the step in the case of a
protonated phosphate group. Once again, the corresponding
structures in the case of a deprotonated phosphate group are
very similar.
In Table 5 the distances aﬀected during the step are
reported. It can be noticed that in the case of a protonated
phosphate group, at the transition state structure, the N3′–H3′
bond breaking is more advanced than in TS or even in TS-H2O.
Indeed, the N3′–H3′ distance is already 1.59 Å while it was
1.23 Å in TS-H2O and 1.06 Å only in TS. In contrast, the C4′–
O4′ bond breaking is less advanced with a C4′–O4′ separation

Fig. 4 Optimized geometries of IR-H2O, TS-H2O and P-H2O in the case of a
protonated phosphate group.

Fig. 5 Optimized geometries of IR-2H2O, TS-2H2O and P-2H2O in the case of a
protonated phosphate group.

This journal is © The Royal Society of Chemistry and Owner Societies 2013

Table 4 Evolution of key interatomic distances (in Å) during the IR-H2O–
TS-H2O–P-H2O elementary step for protonated and deprotonated states of the
phosphate group

Protonated

Deprotonated

lN3′–H3′
lH3′–Ow
lOw–Hw
lHw–O4′
lC4′–O4′
lN3′–H3′
lH3′–Ow
lOw–Hw
lHw–O4′
lC4′–O4′

IR-H2O

TS-H2O

P-H2O

1.02
2.04
0.97
2.16
1.47
1.02
2.24
0.97
2.07
1.48

1.23
1.28
1.10
1.37
2.12
1.13
1.44
1.12
1.34
2.39

2.65
0.97
1.84
0.99
2.71
2.59
0.97
1.89
0.98
2.72
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Table 5 Evolution of key interatomic distances (in Å) during the IR-2H2O–
TS-2H2O–P-2H2O elementary step for protonated and deprotonated states of
the phosphate group

Published on 18 June 2013. Downloaded by Universite Pierre et Marie Curie on 08/07/2013 13:45:39.

Protonated

Deprotonated

lN3′-H3′
lH3′–Ow1
lOw1–Hw1
lHw1–Ow2
lOw2–Hw2
lHw2–O4′
lC4′–O4′
lN3′–H3′
lH3′–Ow1
lOw1–Hw1
lHw1–Ow2
lOw2–Hw2
lHw2–O4′
lC4′–O4′

IR-2H2O

TS-2H2O

P-2H2O

1.04
1.79
0.98
1.83
0.97
2.08
1.48
1.03
1.89
0.98
1.88
0.97
2.03
1.50

1.59
1.04
1.19
1.24
1.04
1.51
1.84
1.23
1.27
1.11
1.36
1.12
1.34
2.36

2.61
0.98
1.99
0.97
3.59
0.98
2.84
2.61
0.98
1.99
0.97
3.59
0.98
2.84

of 1.89 Å in TS-2H2O, 2.12 Å in TS-H2O and 2.30 Å in TS.
Thus, with a protonated phosphate group, assisting water
molecules tend to resynchronize the H3′ proton transfer and
the oxetane ring opening, advancing the former process and
delaying the latter one. This is not so obvious in the case of a
deprotonated phosphate group, since in TS-2H2O, the N3′–H3′
separation is 1.23 Å, quite close to what it is in TS-H2O (1.13 Å)
and TS (1.04 Å). As for the C4′–O4′ separation, it is 2.36 Å in
TS-2H2O, 2.39 Å in TS-H2O and 2.33 Å in TS, i.e. almost
identical.
The enthalpies and Gibbs energies of activation and reaction, in a polar environment, for the oxetane ring processes
involving one and two assisting water molecules are reported
in Table 6, together with those obtained in the case of oxetane
ring opening via a direct intramolecular proton transfer. It
appears quite clear that intervention of one water molecule
from the solvent to induce the H3′ transfer and the oxetane
ring opening considerably lowers the activation barrier. The
enthalpies and Gibbs energies of activation are lowered by
about 55–60 kJ mol−1 when one water molecule assists the ring
opening process, whether the phosphate group is protonated

°
Table 6 Enthalpy of activation (ΔΔH≠
ε=78), enthalpy of reaction (ΔΔHε=78),
≠
°
Gibbs energy of activation (ΔΔGε=78) and Gibbs energy of reaction (ΔΔGε=78) of
the oxetane ring opening elementary step at T = 298 K and P = 1 atm, in a
water solvent modeled by PCM (ε = 78), without the assistance of any water
molecule (IR–TS–P), and with the assistance of either one (IR-H2O–TS-H2O–
P-H2O) or two (IR-H2O–TS-H2O–P-H2O) water molecules, for both protonated
and deprotonated phosphate groups (in kJ mol−1)

Protonated

Deprotonated

ΔΔH≠
ε=78
(ΔΔH°ε=78)
≠
ΔΔGε=78
(ΔΔG°ε=78)
ΔΔH≠
ε=78
(ΔΔH°ε=78)
≠
ΔΔGε=78
(ΔΔG°ε=78)
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0H2O

1H2O

2H2O

136.4
(−36.6)
139.6
(−40.9)
121.7
(−41.8)
121.0
(−44.4)

77.9
(−36.8)
82.7
(−39.3)
62.7
(−44.4)
67.4
(−45.7)

60.1
(−33.0)
72.5
(−33.3)
40.3
(−69.8)
44.3
(−72.0)

or not. The intervention of a second water molecule increases
this catalytic eﬀect, but to a smaller extent since between one
and two assisting molecules, the activation barrier is lowered
by 10–20 kJ mol−1 depending on the protonation state of the
phosphate group. From a kinetic perspective, the most favorable situation is that with a deprotonated phosphate group
and two assisting water molecules. In that case, the Gibbs
energy of activation is as low as +44 kJ mol−1.
The overall energetics for the ring opening reaction
remains relatively similar whether or not one water molecule
assists. As soon as a second water molecule comes into play, it
appears that the exergonicity of the ring opening process is
increased in the case of the deprotonated phosphate group (by
∼25 kJ mol−1) while it remains globally the same for the protonated phosphate group. Therefore, from a thermodynamic perspective too, the most favorable situation is that with a
deprotonated phosphate group and two assisting water molecules. Then the Gibbs energy of reaction is about −72 kJ mol−1.
Therefore, in the hypothesis of an intermediate formed
by the photochemical process leading to 6-4PP photoproducts,
its decomposition needs the intervention of at least one
water molecule from the solvent, and most probably two. The
exergonicity of the reaction can help in explaining why
the oxetane intermediate has not been experimentally isolated
to date.

5.

Conclusions

In this work, using a dinucleoside monophosphate as a
model, we studied diﬀerent reaction pathways for the formation of the thymine–thymine pyrimidine (6-4) pyrimidone
from the corresponding oxetane. Their study in silico by DFT
indicates that: (1) the oxetane corresponds to a local minimum
on the ground state potential energy surface, indicating that it
is electronically stable; (2) the oxetane ring opening process by
intramolecular proton transfer is not feasible from a kinetic
point of view, though slightly favored by the polar character of
the aqueous environment; (3) if one or even better two water
molecules from the environment participate in the reaction,
opening of the 4-membered ring to form the (6-4) photoadduct
is associated with an activation barrier low enough to explain
the rapid clearance of the oxetane intermediate from the
medium. Taken together, these findings bring further support
to the idea according to which the generation of 6-4PPs proceeds via the formation of an oxetane intermediate.
It would be of interest in future work to evaluate more
quantitatively the easiness to break the oxetane/azetidine
intermediate at diﬀerent bipyrimidic sites to determine
to what extent it is involved in the diﬀerence of reactivity
of thymine and cytosine observed regarding the formation of
(6-4) photoproducts, which has been proposed to
originate from diﬀerences in the electrophilic/nucleophilic
character of the exocyclic O of thymine/N of cytosine in the
excited state.
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