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rogen atom abstraction initiates
the photochemistry of b-20-deoxycytidine†
Rafał Szabla,*a Jesús Campos,bc Judit E. Šponer,ad Jǐŕı Šponer,ad Robert W. Góra*e

and John D. Sutherland*f

Understanding the effects of ultraviolet radiation on nucleotides in solution is an important step towards a

comprehensive description of the photochemistry of nucleic acids and their constituents. Apart from having

implications for mutagenesis and DNA photoprotection mechanisms, the photochemistry of cytidines is a

central element in UV-assisted syntheses of pyrimidine nucleotides under prebiotically plausible conditions.

In this contribution, we present UV-irradiation experiments of b-20-deoxycytidine in aqueous solution

involving H–D exchange followed by NMR spectroscopic analysis of the photoproducts. We further

elucidate the outcome of these experiments by means of high-level quantum chemical calculations. In

particular, we show that prolonged UV-irradiation of cytidine may lead to H–C10 hydrogen atom

abstraction by the carbonyl oxygen atom of cytosine. This process may enable photoanomerisation and

nucleobase loss, two previously unexplained photoreactions observed in pyrimidine nucleotides.
1 Introduction

The photochemistry and photophysics of nucleic acids and
their constituents has attracted appreciable interest in recent
years. Besides mechanistic studies on UV-induced mutagenic
processes1–4 and the photochemical origins of life,5–10 a lot of
effort has been put into understanding ultrafast photo-
deactivation pathways of DNA and RNA nucleobases (adenine,
guanine, cytosine, thymine and uracil). Both spectroscopic and
theoretical techniques have been employed to investigate radi-
ationless deexcitation of purine and pyrimidine bases as well as
the Watson–Crick base pairs.11–18 Although the photostability of
isolated nucleobases seems to be well-understood, the
proposed mechanisms are not necessarily transferable to the
wider context of poly- and oligo-nucleotides. Recent ndings
conrm that the photochemistry of nucleobases may be
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signicantly altered due to stacking interactions. In particular,
UV-irradiation of single and double strands rich in adenine
leads to the formation of long-lived and photostable excimers
with much longer lifetimes than the isolated adenine
molecule.19,20

Separate nucleotides and nucleosides also evince distinct
photochemical behavior to their respective nucleobases. For
instance, results of resonant two-photon ionization studies
indicate a much shorter excited-state lifetime of adenosine in
comparison to adenine.21,22 This might be caused by the acces-
sibility of a signicantly more efficient radiationless deactiva-
tion channel in the nucleoside. Tuna et al. attributed these
observations to the presence of intramolecular O50–H/N3
hydrogen bonds between the ribose and adenine moieties.23

Excited-state forward–backward proton transfer along the
intramolecular hydrogen bond might effectively dissipate the
excess energy of UV-excited adenosine.23 These results support
the hypothesis that sugars could directly modulate the photo-
chemistry of nucleotides via interactions with the chromophore
(i.e. nucleobase). It is also becoming evident that with the
increasing complexity of target compounds, oen only
combined experimental-theoretical studies allow the unam-
biguous determination of plausible photodeactivation
mechanisms.

UV-irradiation plays a fundamental role in the nal step of
prebiotically plausible synthesis of pyrimidine nucleotides
reported by Powner and co-workers.24 Prolonged exposure of the
product mixture to ultraviolet light resulted in the destruction
of the biologically irrelevant stereoisomers of cytidine and
uridine, while the biologically important forms of the pyrimi-
dine nucleotides remained nearly intact.24
Chem. Sci., 2015, 6, 2035–2043 | 2035
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Besides providing a prebiotically highly plausible route
towards pyrimidine nucleotides, this latter work offered a
valuable insight into the complex photochemistry which could
have taken place on the early Earth parallel to the synthesis of
the building blocks of the rst genetic molecules. The most
prominent photoreactions reported in this work were the
formation of oxazolidinone, photoanomerisation and nucleo-
base loss.9,10,24,25 A low yield of photoanomerisation was also
observed in an earlier prebiotic synthesis of nucleotides per-
formed by Sanchez and Orgel.26 Nevertheless, the mechanisms
of these processes have not yet been comprehensively
discussed.

In this article, we focus on the photoanomerisation and
nucleobase loss reactions of UV-irradiated b-20-deoxycytidine
(b-dC), a model reaction which was also studied in ref. 9. This
molecule was selected for the purpose of our studies since the
absence of the 20-OH group prevents the photochemical
formation of oxazolidinone derivatives, and thus allows us to
concentrate on the photoanomerisation and nucleobase loss.
We present a joint experimental/computational analysis of the
photochemistry of this molecule including irradiation and H–D
exchange experiments, NMR spectroscopic analysis, quantum
chemical calculations of potential-energy (PE) surfaces and
characterization of conical intersections. In particular, we
discuss regioselective and anomer-selective deuterium incor-
poration from the solvent which indicates the possible reaction
mechanisms.
2 Results and discussion
Irradiation of C6-deuterated b-dC rules out the possibility of
[1,3]-hydrogen shi

UV-irradiation experiments of different phosphorylated and
non-phosphorylated cytidines were recently published by some
of us.9,10,24,25 Fig. 1 shows the yields of the products formed
Fig. 1 (a) Photoproducts of the 72 h irradiation of b-20-deoxycytidine
described in ref. 9; (b) scheme showing [1,3]-sigmatropic rearrange-
ment that was proposed as the mechanism explaining photo-
anomerisation of b-ribocytidine in ref. 9.

2036 | Chem. Sci., 2015, 6, 2035–2043
through the 72 h irradiation of b-dC in H2O.9 Ultraviolet irra-
diation of cytosine nucleosides in aqueous solution leads to the
reversible formation of photohydrates and subsequent partial
deamination to yield the respective uridine analogs.27–29 In
addition, and besides photoanomerisation, variable amounts of
bare cytosine, uracil and oxazolidinone are formed (the latter
when the 20-OH group is present in the substrate). Revisiting the
previous work by Sanchez and Orgel,26 a tentative reaction
mechanism was proposed for the photoanomerisation of
a-cytidine into b-cytidine based on the formation of iminium
ions (A and B) prone to intramolecular [1,3]-sigmatropic rear-
rangement (Fig. 1b).9

With the aim of investigating the suggested mechanism, we
decided to irradiate b-dC selectively labeled with deuterium at
the C(6) position of the nucleobase (see the ESI† for more
details), which would allow for the easy tracking of the proposed
[1,3]-hydrogen shi by 1H NMR spectroscopy. Irradiation of
[6-D]-b-dC for 44 h resulted in the formation of its a anomer in
15% yield, along with 8% of the deaminated product, a-dU. To
our surprise, the deuterium atom at the C(6) position remained
in place, and the corresponding C10 hydrogens did not exhibit
any isotopic exchange. Furthermore, the H–C(5) signals of the
free bases cytosine (7%) and uracil (3%) were also singlets,
proving that no deuterium shi occurred during glycosidic C–N
bond cleavage (see Fig. S3 in the ESI† for the respective NMR
spectrum). These results forced us to search for alternative
pathways for the photoanomerisation of cytosine nucleosides.
Irradiation of b-dC in D2O solution leads to anomer-selective
deuterium incorporation from the solvent

Given the valuable information that can be extracted from H–D
isotopic exchange, we decided to reinvestigate the photochem-
istry of b-dC using D2O as the solvent. The UV-irradiation was
carried out for 44 h, and aerwards the products were examined
for any deuterium incorporation from the solvent. The 1H-NMR
spectrum of the resulting product mixture is presented in Fig. 2.
Two distinct sets of signals at 6.13 and 6.16 ppm correspond to
a-dC and a-dU, produced in 9% and 5% yields, respectively.
Interestingly, aer the integration of the signals, we observed a
considerable difference between the H–C(6) and H–C10 peaks
for a-dC and a-dU (see Fig. 4 for the atom numbering). More
precisely, H–C10 peaks for the a-anomers represented only 20%
of the integral for H–C(6) peaks. This indicates partial, but not
complete, deuterium incorporation from the solvent at the C10

position of the sugar ring. Apart from this, partial deuteration
was also observed at the C(5) position of the nucleobase moiety.
The latter nding was presumably due to photohydration and it
is most probably not involved in photoanomerisation and
nucleobase loss reactions.

A potential explanation for the partial deuteration at the C10

position of the deoxyribose fragment is an interrupted Norrish
type II reaction mechanism, in which photoexcitation to the
np* state localized at the carbonyl group of cytosine leads to
H–C10 hydrogen atom abstraction (see Fig. 3). The intermediate
formed in this photoreaction may readily undergo inversion of
the C10 stereogenic center. Because the hydrogen–deuterium
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 1H-NMR analysis of the products of the 44 h UV-irradiation of b-dC in D2O. No H–C(5) was detectable because of the exchange with D
under irradiation conditions; integration of a-dC–H–C10 amounts to around 20% of the integration of a-dC–H–C(6).

Fig. 3 Proposed mechanism that explains photoanomerisation of
b-dC with partial incorporation of deuterium at H–C10. The electronic
structure of the H–C10 hydrogen atom abstraction intermediate
(shown in the top right corner) is discussed later in the text and in the
ESI.†

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Sa

nd
a-

pp
n 

20
15

. D
ow

nl
oa

de
d 

on
 2

02
5/

11
/0

4 
12

:2
6:

30
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
exchange of the nucleobase enol thus produced can be expected
to be extremely rapid, the reaction should lead to both a- and b-
anomers deuterated at H–C10.

Although this mechanism could explain why only partial
deuteration was encountered at the C10 position, it cannot be
denitely conrmed without performing any additional exper-
iments or simulations, particularly since the above consider-
ations entail two major uncertainties. First of all, it is well
established that Norrish type II reactions are usually initiated by
the abstraction of a g-hydrogen atomwith respect to the reactive
carbonyl group.30 In this case, H–C20 abstraction should be at
least feasible (if not dominant), however, no deuteration was
detected at this position by 1H-NMR analysis. Secondly,
This journal is © The Royal Society of Chemistry 2015
assuming that this mechanism took place, one would also
expect some H–C10 deuteration of b-dC, although this was not
detected (H–C10 deuteration was observed only in the case of the
a-anomer).

In order to conrm the validity of the proposed variation of
the Norrish type II mechanism, the two issues mentioned above
needed clarication. It was already pointed out that the spatial
positioning of the carbonyl group may impose hydrogen atom
abstraction at an unusual site.30–32 Thus, if this mechanism is
true for b-dC photoanomerisation, the lowest energy
conformers should somehow prevent H–C20 abstraction and
simultaneously enable H–C10 abstraction. The anomer-selective
deuteration in the C10 position could be promoted by higher
stability of a-congured intermediates, directly aer the
hydrogen atom abstraction. Indeed we have found that the
b-congured intermediates formed aer the H–C10 atom
abstraction are thermodynamically less stable in bulk water. In
the next section we discuss these two phenomena and we
provide thorough theoretical analysis of the proposed reaction
channels.

Some theoretical insights into the photochemistry of b-dC
were already published by Zgierski and Alavi.33 The authors
concluded that the substitution of cytosine with deoxyribose
should not have a signicant impact on the electronic relaxa-
tion mechanism.33 In contrast, picosecond and sub-picosecond
time-resolved spectroscopic experiments used to investigate the
photodynamics of b-dC reveal that the substitution with
20-deoxyribose has a signicant effect on the excited-state life-
time and probably on the photochemical reactivity.34–37

Considering this lack of agreement, we decided to investigate in
Chem. Sci., 2015, 6, 2035–2043 | 2037
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detail the role of the sugar in the photochemistry of b-dC and its
implications in the proposed interrupted Norrish II type
photoanomerisation mechanism, by means of quantum-
chemical calculations.
b-dC may adopt either a C20-endo or a C30-endo conformation
in bulk water

We have considered two conformers of b-dC that were proposed
to be the lowest-energy conformers according to gas phase ab
initio calculations,38,39 molecular dynamics simulations with
explicit water molecules40 and NMR data obtained at 278 K in
aqueous solution.41 Both of the conformers exhibit an anti
orientation of cytosine with respect to 20-deoxyribose, and
C–H/O interactions form between the nucleobase and the O50

oxygen atom.42,43 The only difference between these conformers
is the arrangement of the furanose ring: C20-endo denoted S (for
South) and C30-endo denoted N (for North) (see Fig. 4 for the
schematic representation of these conformers). The S
conformer was found to be more stable in aqueous solution
than the N conformer,40,41 whereas the opposite was found in
the gas phase.38 Gibbs free energy calculations performed using
the Kohn–Sham density functional theory with a M06-2X func-
tional and a C-PCM implicit solvent model were consistent with
those ndings (DGPCM

S–N ¼ 0.9 kJ mol�1 and DGgas
S–N ¼ �3.7 kJ

mol�1). Therefore, considering these results and the afore-
mentioned NMR data measured between 278 K and 358 K, the S
conformer should constitute approximately 60% of b-dC in
solution.41 The remaining part of b-dC in solution should
mainly correspond to the N conformer. The preference of the S
conformer can also be explained in terms of the strong gauche
stereoelectronic effect of the O40–C40–C30–O30 fragment which is
present in 20-deoxyribonucleosides and shis the N#S equi-
librium towards the S form.44 The gauche effect is partially
compensated for by the relatively weaker anomeric effect of
cytosine.44 Consequently, only a slight excess of the S conformer
is observed in aqueous solution.

The equilibrium ground-state geometry of the S conformer is
characterized by a very short distance between the carbonyl
oxygen atom of cytosine and the H–C10 hydrogen atom (2.26 Å).
On the contrary, the accessible H–C20 atom is 3.99 Å away from
Fig. 4 Schematic representation of the twomost stable conformers of
b-dC, considered in the theoretical investigations. The atom
numbering presented above is used throughout the manuscript.

2038 | Chem. Sci., 2015, 6, 2035–2043
this carbonyl oxygen atom. In the case of the N conformer, the
distance between this oxygen atom and the H–C20 atom is much
shorter (2.69 Å), but H–C10 still remains the nearest hydrogen
atom (2.38 Å) that could be potentially abstracted aer the
photoexcitation. Thus, the conformational positioning of the
carbonyl group of cytosine with respect to the various H–C
bonds could already partially explain the preferential H–C10

abstraction.
The minimum of the S1 state of b-dC is of np* character

The vertical excitation energies computed at the CC2 level show
that the lowest-lying excited singlet state of b-dC is of pp*

character. This is the most intense transition which is respon-
sible for the absorption of this molecule in the UV-B spectral
range (see Table 1). The np* state that is signicantly involved
in the photodeactivation mechanisms of cytosine is the S2 state,
which lies approximately 0.3 eV above the optically bright pp*
state. These results are consistent for both the S and N
conformers and are comparable to the vertical excitation ener-
gies calculated for cytosine.45

We have optimized the geometries of the lowest excited
singlet state structures at the CASSCF level. Similarly as in the
case of cytosine the minimum of the S1 state is of np* char-
acter.45 This state is of biradical character with unpaired elec-
trons localized on the C6 carbon atom and on the carbonyl
oxygen atom (see Fig. 3). This is reected by slight pyramidali-
zation of the C6 atom and elongation of the C]O bond.
Interestingly, the distances between the carbonyl oxygen atom
and the H–C10 hydrogen atom amount to approximately 2.20 Å
in the minima on S1 PE surfaces of both the considered
conformers. In contrast, the H–C20 atom is much more distant
from the carbonyl oxygen atom: 4.44 Å and 3.80 Å in the S and N
conformers respectively. In the light of the above structural
data, photoinduced g-hydrogen atom abstraction seems rather
improbable.
Excited-state hydrogen atom abstraction is possible at the C10

position

Fig. 5 shows the PE prole for the H–C10 hydrogen atom
abstraction in the S conformer of b-dC. The reaction path is
generally ascending until the C]O/H–C10 distance reaches
Table 1 CC2 vertical excitation energies (in eV) of both b-dC
conformers, computed assuming the ground-state minimum energy
structures optimized at the M06-2X/6-311++G(2d,2p) level

State/transition Eexc/[eV] fosc l/[nm]

S conformer of b-dC; CC2/cc-pVTZ
S1 pp* 4.72 0.124 262.7
S2 np* 5.07 3.20 � 10�3 244.5
S3 np* 5.44 5.65 � 10�3 227.9

N conformer of b-dC; CC2/cc-pVTZ
S1 pp* 4.79 0.120 258.8
S2 np* 5.11 1.83 � 10�3 242.6
S3 np* 5.54 1.73 � 10�2 223.8

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Relaxed PE scan along the C]O/H–C10 distance, performed
at the SA4-CASSCF(10,8)/cc-pVDZ level of theory. The S conformer of
b-dC was considered. The initial and final points represent the
minimum of the S1 state and the optimized minimum-energy conical
intersection respectively. These structures are also shown in the top
left-hand and top right-hand corners of the graph. The final six
structures before the optimized conical intersection geometry were
obtained by LIIC (linear interpolation in internal coordinates). A single-
point CASPT2 energy correction was calculated at every point of the
PE profile.
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1.35 Å. Further shortening of this contact rapidly decreases the
energy of the np* state. The respective ground-state energy is
systematically increased along the reaction coordinate and the
S1 and S0 PE surfaces nearly intersect for distances shorter than
1.0 Å. The S1/S0 conical intersection is separated from the
minimum of the np* (S1) state by an energy barrier of 0.59 eV
(56.9 kJ mol�1). This indicates that the predicted quantum yield
of hydrogen atom abstraction might be rather low, particularly
since it could be largely outcompeted by the effective ring-
puckering processes responsible for the photostability of cyto-
sine.45–47 Nevertheless, the photodynamics starts in the Franck–
Condon region of photoexcited b-dC, which is higher in energy
than the intersection seam responsible for the hydrogen atom
abstraction. The excess energy gained aer the UV-excitation is
easily redistributed into vibrational degrees of freedom.
Consequently, the modest energy barrier found for this process
can be overcome and a fraction of photoexcitation events might
lead to the photoproducts reported in our experiments. The
shallow minimum, present on the ground-state PE surface for
C]O/H–C10 distances close to 1.2 Å, indicates that a short-
lived intermediate may be formed aer this conical intersection
is reached.

We have performed an analogous relaxed scan along the
C]O/H–C20 distance, in order to investigate the possibility of
hydrogen atom abstraction in the g-position. However, short-
ening of this distance to up to 1.20 Å does not lead to a state
crossing and the S1 hypersurface is over 1.0 eV above the elec-
tronic ground-state. We also did not locate the conical
This journal is © The Royal Society of Chemistry 2015
intersection related to this process, and the optimizations drove
the geometry to another region on the PE surface. These results
are consistent with our ndings that no deuteration is observed
at the C20 position. Therefore, the possibility of g-hydrogen
abstraction in b-dC can be practically ruled out.

To further characterize the photoinduced H–C10 atom
abstraction, we have optimized the respective conical intersec-
tion at the CASSCF level. The length of the newly formed O–H
bond amounts to merely 0.95 Å in the case of the optimized
minimum-energy conical intersection (MECI) geometry. The
remaining structural parameters do not differ signicantly from
the equilibrium of the S1 state. Single point CASPT2 calcula-
tions performed at the located stationary points show that the
MECI structure is lower in energy than the S1 minimum (by
approximately 0.8 eV). Thus, once UV-excited b-dC lands in the
vicinity of this conical intersection, the probability of escaping
to a different region of the np* hypersurface is rather low.

The branching space coordinates provide additional infor-
mation about possible evolution of the system aer the non-
adiabatic transition to the electronic ground state. These li the
electronic state degeneracy and consequently, dene the
conical intersection. Yarkony dened these coordinates as the
energy difference gradient (g) and non-adiabatic coupling (h)
vectors.48,49 In the case of the aforementionedMECI, the g vector
is predominantly composed of in-plane vibrations of the cyto-
sine ring and stretching of the O–H bond formed aer the
H–C10 atom abstraction. In other words, if the photoreaction
proceeds along the g vector, the hydrogen atom may be imme-
diately returned to its initial C10 position simultaneously with
the redistribution of the p bond structure in cytosine, thus
yielding b-dC as the nal photoproduct (see Fig. 6a). In this
scenario the initial form of the irradiated molecule (b-dC) is
preserved. The h vector is composed of several modes respon-
sible for the puckering of the cytosine ring and for the rotation
of the hydroxyl group formed aer the hydrogen atom
abstraction (see Fig. 6b). The rotating hydroxyl group may form
a hydrogen bond with a nearby water molecule yielding a rela-
tively stable ground-state intermediate. At the same time, the
C10 carbon atom aer hydrogen atom abstraction enables free
interconversion between the a- and b-anomers.

Regardless of the direction of the photoreaction, analysis of
the CASSCF wave function reveals that the respective photo-
products have closed-shell electronic structures. Although the
hydrogen atom abstraction occurs on the hypersurface of a
biradicalic electronically excited state, the subsequent non-
adiabatic transition to the electronic ground state results in the
redistribution of the electronic structure. More precisely, the
ground-state intermediates aer H–C10 hydrogen atom
abstraction are of closed-shell character with substantial
charge-transfer (see Fig. 3 for a schematic representation and
Fig. S1 and S2 in the ESI† for more details). According to elec-
tron population analysis of these intermediates, approximately
0.8 electrons are transferred from the nucleobase to the sugar
moiety. In the next few paragraphs we will discuss the Gibbs
free energy (DGPCM) differences between various conformers of
the H–C10 hydrogen atom abstraction intermediate, based on
Chem. Sci., 2015, 6, 2035–2043 | 2039
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Fig. 6 Optimized geometries of relevant stationary points: (a) and (b)
present the g and h vectors, respectively, displayed on the CASSCF
optimized geometry of the minimum-energy S1/S0 conical intersec-
tion of the S conformer of b-dC; the g and h vectors point in the
directions of possible photoproducts; (c) is the lowest energy
conformer of the ground-state intermediate formed after H–C10 atom
abstraction, optimized at the M06-2X level (note the a-configuration
of the N-glycosidic bond); (d) is the lowest energy conformer of the
deprotonated intermediate that could be formed during the H–D
exchange reaction, optimized at the M06-2X/6-311++G(2d,2p) level
(again, note the a-configuration of the N-glycosidic bond).

Table 2 Relative Gibbs free energy values (in kJ mol�1) of the H–C10

hydrogen atom abstraction intermediates calculated with respect to
the lowest energy conformer at the M06-2X/6-311++G(2d,2p) level
assuming the C-PCM model of bulk water

a-C10-endo a-S b-S a-N b-N

Neutral intermediates before the O–H group dissociation
12.0 0.0 24.8 17.8 30.4

Intermediates aer the O–H bond dissociation
0.0a 0.1 17.6b 0.0a 17.6b

a Optimization of the a-N intermediate aer the O–H bond dissociation
converged to the a-C10-endo conformer, thus, their respective energies
are identical. b Optimization of the b-N intermediate aer the O–H
bond dissociation converged to the b-S conformer, thus, their
respective energies are identical.

Fig. 7 Rupture of the N-glycosidic bond in the H–C10 atom abstrac-
tion intermediate leads to the formation of the enol form of cytosine,
which could explain its presence among the photoproducts.
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the results of M06-2X/6-311++G(2d,2p) calculations, assuming
the C-PCM model of bulk water.

H–C10 atom abstraction intermediates are more stable in the
a-conguration

Owing to pyramidalization of the C10 carbon atom, the H–C10

atom abstraction intermediates of dC may adopt an a- or a
b-conguration. Right aer the hydrogen atom abstraction,
both the S and N conformers of dC will be in the b-congura-
tion. However, the a-congured conformers are thermody-
namically more stable in both cases. In particular, the a-S C10

hydrogen atom abstraction intermediate (Fig. 6c) is more stable
by 24.8 and 30.4 kJ mol�1 than the b-S and b-N conformers,
respectively (cf. Table 2). The a-N H–C10 atom abstraction
intermediate is slightly higher in energy, but it is still more
stable than the b-congured conformers. In consequence, the
a-conguration of the intermediate should be preferred aer
the hydrogen atom abstraction. If this compound exchanges the
H–O(2) proton to deuteron in D2O solution, only the a-anomers
of the nal photoproducts should be deuterated at H–C10 aer
the reverse reaction.

H–D exchange of the photochemically-created hydroxyl
group of cytosine would rst require the proton to be trans-
ferred to the nearby D2O molecule. Thus, we have also
2040 | Chem. Sci., 2015, 6, 2035–2043
considered different conformers of the negatively charged
intermediates aer such a proton transfer to the nearby solvent
molecule. Similarly as in the previous case, the a-congured
negatively charged conformers are more stable than the
b-congured intermediates (by over 17.0 kJ mol�1). The lowest-
energy conformer presented in Fig. 6d, has a very strong
O50–H/C10 interaction (approximately 1.84 Å). This indicates
that a considerable part of the negative charge is centered on
the C10 carbon atom and that the 50-hydroxyl group acts to
stabilize the intermediate in the a-conguration. It is worth
noting that this intermediate has an unusual arrangement of
the sugar ring that enables this interaction, namely the C10-endo
conformation. The respective a-S negatively charged interme-
diate is almost isoenergetic with the C10-endo conformer.
H–C10 atom abstraction intermediates might undergo
nucleobase loss reaction

To elucidate the reasons for the relatively high yield of nucleo-
base loss, we reconsidered the lowest-energy direct product of
the photochemical H–C10 abstraction (a-S conformer). Rupture
of the N-glycosidic bond of this moiety might result in the
formation of the enol form of cytosine and a carbene of
20-deoxyribose (see Fig. 7). The corresponding activation free
energy DG amounts to 10.8 kJ mol�1. According to this estimate,
the considered reaction path has a remarkably low energetic
barrier, and it might explain the presence of bare cytosine in the
This journal is © The Royal Society of Chemistry 2015
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product mixture aer 44 h of UV-irradiation. Since the
N-glycosidic bond is in the a–b position with respect to the
carbonyl group, this reaction strikingly resembles the classic
Norrish type II cleavage.30,50 In fact, the only difference is the
position at which hydrogen atom abstraction occurs (the b-
position in the case of cytidine, instead of the g-position in the
regular Norrish type II reaction).30,50

3 Conclusions

In this article we emphasize the role of deoxyribose in the
photochemistry of 20-deoxycytidine. In particular, we elucidate
the mechanisms of photoanomerisation and nucleobase loss
reactions that were reported in several previous works
describing plausible origins of nucleotides on early Earth.9,10,24,25

We performed UV-irradiation experiments in D2O solution fol-
lowed by the analysis of the NMR spectra of the photoproducts.
The experiment resulted in partial deuteration (approximately
80%) at the H–C10 position of the a-anomer of dC. We further
explained this phenomenon on the basis of quantum chemical
calculations and we showed that the main photoproducts can
be formed aer the photoinduced H–C10 hydrogen atom
abstraction. In particular, our ndings imply that similarly as in
adenosine,23 the sugar subunit is responsible for a signicant
part of the photochemistry of cytidine.

The conical intersection responsible for the H–C10 atom
abstraction is separated from the S1 minimum by a modest
energetic barrier. Thus, a rather low quantum yield of H–C10

atom abstraction is expected. This is conrmed by relatively
long irradiation periods that are necessary to generate the
resulting photoproducts. Potentially competitive g-hydrogen
atom abstraction was ruled out by both experiment (no
deuteration at H–C20) and computations (no respective conical
intersection). Therefore, the above-mentioned mechanism can
be referred to as an interrupted variation of the Norrish type II
reaction.

Aer the abstraction of the H–C10 hydrogen atom, anomer-
isation to the a-congured intermediates is an exergonic
process. Consequently, the reverse proton transfer in the
ground-state H–C10 hydrogen atom abstraction intermediate
might exclusively occur aer the b to a anomerisation. If the
photochemically-created hydroxyl group of cytosine undergoes
H–D exchange, only the a-anomers of dC can be deuterated.
This explains the anomer-selective deuteration of a-dC observed
in our experiment. Finally, the intermediate may also readily
undergo nucleobase loss reaction, if no reverse-protonation of
the C10 carbon atom occurs.

Although we elucidated part of the photoreactions
mentioned in several articles that describe plausible origins of
pyrimidine nucleotides,9,10,24,25 there are still a number of
questions that should be addressed in future works related to
this topic. First of all, some additional insights could be
provided by non-adiabatic molecular dynamics simulations.
However, such a study needs to be carefully designed consid-
ering the system size and the excited-state lifetime predicted by
experiments.35 Furthermore, the presence of the 20-hydroxyl
group in ribocytidine and additional phosphorylation might
This journal is © The Royal Society of Chemistry 2015
enable interactions which are absent in dC. Since these factors
may signicantly alter the photochemistry of cytosine nucleo-
sides, more experimental and theoretical insights are necessary
in order to fully understand their photochemistry.
4 Methodology
Experimental section

Synthesis of [6-D]-b-dC. The deuterated b-dC was prepared by
a modication of the reported procedure51 giving rise to selec-
tive deuteration of the C(6) and C(5) positions at levels of 97%
and 85%, respectively. Since the H–C(5) proton is readily
exchanged under irradiation conditions anyway, its deuteration
did not present any problems.

General procedure for photochemical reactions. b-dC (30
mg, 0.13 mmol) was dissolved in D2O (5 mL) and the pH
adjusted to 6.5 using degassed 1 M HCl and a Russell RL150 pH
meter. The solution was purged with N2 for 10 min and then,
with a continuous stream of N2 bubbling through the solution
to agitate it, irradiated with an unltered Hg lamp (254 nm,
cooled to 15 �C by a quartz water jacket). Aer 44 h of irradia-
tion, the solution was heated at 90 �C for 40 h, lyophilized, and
the residue re-dissolved in D2O (0.75 mL). 1H NMR spectra were
then acquired before and aer spiking the sample with
authentic standards of b-dC, b-dU, a-dC and a-dU.
Computational methods

All the stationary points on the ground-state PE surface were
located using the Kohn–Sham formulation of Density Func-
tional Theory (KS-DFT). The M06-2X functional was chosen, due
to its performance in computing thermodynamic properties.52,53

These ground-state calculations were carried out using the
6-311++G(2d,2p) basis set. In order to account for the solvent
screening effects exerted by bulk water we used the conductor-
like polarizable continuum model (C-PCM) as implemented in
the Gaussian 09 code.54–56

Vertical excitation energies of b-dC were calculated at the
CC2/cc-pVTZ level. Optimizations of S1 minima, conical inter-
section and relaxed scans were performed using the SA-CASSCF/
cc-pVDZ method. A single-point CASPT2 energy correction was
computed where appropriate in order to account for dynamic
electron correlation.

The CC2 calculations were performed using the TURBO-
MOLE 6.3 package,57,58 whereas the constrained CASSCF opti-
mizations and the CASPT2 calculations were done using the
MOLCAS 7.8 package.59,60 The CASSCF optimizations of conical
intersections were performed with the COLUMBUS 7.0 program
package.61,62 All the KS-DFT calculations reported in this study
were performed using the Gaussian 09 quantum chemistry
package.63

More details regarding the experimental procedures and
computational methods are specied in the ESI.†
Chem. Sci., 2015, 6, 2035–2043 | 2041
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