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Understanding the effects of ultraviolet radiation on nucleotides in solution is an important step towards a comprehensive de-
scription of the photochemistry of nucleic acids and their constituents. Apart from implications for mutagenesis and DNA pho-
toprotection mechanisms, 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 3-2'-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-C1’ hydrogen atom abstraction by the carbonyl oxygen atom of cytosine. This pro-
cess 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 the re-
cent years. Apart from the mechanistic studies on UV-induced
mutagenic processes ' and photochemical origins of life, %
a lot of effort has been put in understanding ultrafast photode-
activation pathways of DNA and RNA nucleobases (adenine,
guanine, cytosine, thymine and uracil). Both spectroscopic
and theoretical techniques have been employed to investigate
radiationless deexcitation of purine and pyrimidine bases as
well as the Watson-Crick base pairs. =!8 Although the photo-
stability 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 find-
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ings confirm that photochemistry of nucleobases may be sig-
nificantly altered due to stacking interactions. In particu-
lar, UV-irradiation of single and double strands rich in ade-
nine leads to the formation of long lived and photostable ex-
cimers having much longer lifetimes than the isolated adenine
molecule. 120

Separate nucleotides and nucleosides also evince distinct
photochemical behavior than their respective nucleobases. For
instance, results of resonant two-photon ionization studies
indicate much shorter excited-state lifetime of adenosine in
comparison to adenine.?!??> This might be caused by the ac-
cessibility of a significantly more efficient radiationless deac-
tivation channel in the nucleoside. Tuna et al., attributed these
observations to the presence of intramolecular O5'-H- - -N3
hydrogen bonds between the ribose and adenine moieties.??
Excited-state forward-backward proton transfer along the in-
tramolecular hydrogen bond might effectively dissipate the
excess energy of UV-excited adenosine.?® These results sup-
port the hypothesis that sugars could directly modulate the
photochemistry of nucleotides via interactions with the chro-
mophore (i.e. nucleobase). It also becomes evident that with
increasing complexity of target compounds, often only com-
bined experimental-theoretical studies allow the unambiguous
determination of plausible photodeactivation mechanisms.

UV-irradiation plays a fundamental role in the final step of
prebiotically plausible synthesis of pyrimidine nucleotides re-
ported by Powner and co-workers.?* Prolonged exposure of
the product mixture to ultraviolet light resulted in the destruc-
tion of the biologically irrelevant stereoisomers of cytidine and
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uridine, while the biologically important forms of the pyrimi-
dine nucleotides remained nearly intact.>*

Besides providing a prebiotically highly plausible route to-
wards pyrimidine-nucleotides, this latter work offers a valu-
able insight into the complex photochemistry, which could
take place on the early Earth parallel to the synthesis of the
building blocks of the first genetic molecules. The most
prominent photoreactions reported in this work were the for-
mation of oxazolidinone, photoanomerisation and nucleobase
loss. 102425 [ ow yield of photoanomerisation was also ob-
served in an earlier prebiotic synthesis of nucleotides per-
formed by Sanchez and Orgel.?® Nevertheless, the mecha-
nisms of these processes have not been comprehensively dis-
cussed yet.

In this article, we focus on the photoanomerisation and nu-
cleobase loss reactions of UV-irradiated §-2’-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 2’-OH group prevents the photochem-
ical 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) sur-
faces and characterization of conical intersections. In particu-
lar, we discuss regioselective and anomer-selective deuterium
incorporation from the solvent which indicates the possible
reaction mechanisms.

2 Results and Discussion

Irradiation of C6-deuterated 3-dC rules out the possibility
of [1,3]-hydrogen shift

UV-irradiation experiments of different phosphorylated and
non-phosphorylated cytidines were recently published by
some of us.”!0?42> Fig. 1, shows the yields of the prod-
ucts formed through the 72h irradiation of B-dC in H20.9
Ultraviolet irradiation of cytosine nucleosides in aqueous
solution leads to the reversible formation of photohydrates
and subsequent partial deamination to respective uridine
analogs.27‘29 In addition, and besides photoanomerisation,
variable amounts of bare cytosine, uracil and oxazolidinone
are formed (the latter when the 2’-OH group is present the sub-
strate). Revisiting the previous work by Sanchez and Orgel, >
a tentative reaction mechanism was proposed for the pho-
toanomerisation of ¢-dC into $-dC based on the formation
of iminium ions (A and B) prone to intramolecular [1,3]-
sigmatropic rearrangement (Fig. 1b).”

With the aim of investigating the suggested mechanism we
decided to irradiate 3-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 shift by "HNMR spectroscopy.
Irradiation of [6-D]-f-dC for 44 h resulted in the formation of
its o¢ 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 C1’
hydrogens did not exhibit any isotopic exchange. Further-
more, H-C(5) signals of the free bases cytosine (7%) and
uracil (3%) were also singlets, proving that no deuterium
shift 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.
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Fig. 1 a) Photoproducts of the 72h irradiation of §-2’-deoxycytidine
described in Ref. 9; b) Scheme showing [1,3]-sigmatropic
rearrangement that was proposed as the mechanism explaining
photanomerisation of B-ribocytidine in Ref. 9

Irradiation of 8-dC in D,O solution leads to anomer-
selective deuterium incorporation from solvent

Given the valuable information that can be extracted from
H-D isotopic exchange, we decided to reinvestigate the pho-
tochemistry of -dC using D,O as the solvent. The UV-
irradiation was carried out for 44 h, and afterwards the prod-
ucts were examined for any deuterium incorporation from the
solvent. The "H-NMR spectrum of the resulting product mix-
ture is presented in Fig. 2. Two distinct sets of signals at 6.13
and 6.16 ppm correspond to @-dC and a-dU, produced in 9%
and 5% yields, respectively. Interestingly, after the integration
of the signals, we observed a considerable difference between
the H-C(6) and H-C1’ peaks for a-dC and a-dU (see Fig. 4
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for the atom numbering). More precisely, H-C1’ peaks for the
a-anomers represented only 20% of the integral for H-C(6)
peaks. This indicates partial, but not complete, deuterium in-
corporation from the solvent at the C1’ position of the sugar
ring. Apart from this, partial deuteration was also observed at
the C(5) position of the nucleobase moiety. The latter finding
was presumably due to photohydration and it is most proba-
bly not involved in photoanomerisation and nucleobase loss
reactions.

A potential explanation for the partial deuteration at the C1’/
position of the deoxyribose fragment is an interrupted Nor-
rish type II reaction mechanism, in which photoexcitation to
the n* state localized at the carbonyl group of cytosine leads
to H-C1’ hydrogen atom abstraction (see Fig. 3). The inter-
mediate formed in this photoreaction may readily undergo in-
version of the C1’ stereogenic center. Because the hydrogen-
deuterium 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-C1’.
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Fig. 3 Proposed mechanism that explains photoanomerisation of
B-dC with partial incorporation of deuterium at H-C1’. The
electronic structure of H-C1’ hydrogen atom abstraction
intermediate (shown in the top right corner) is discussed later in the
text and in the ESI.

Although this mechanism could explain why only partial
deuteration was encountered at the C1’ position, it cannot be
definitely confirmed without performing any additional exper-
iments or simulations. Particularly since, the above consider-
ations entail two major uncertainties. First of all, it is well es-
tablished that Norrish type II reactions are usually initiated by
the abstraction of a y-hydrogen atom with respect to the reac-
tive carbonyl group.3® In this case, H-C2' abstraction should
be at least feasible (if not dominant), however, no deuteration
was detected at this position by 'H-NMR analysis. Secondly,
assuming that this mechanism took place, one would also ex-
pect some H-C1’ deuteration of 3-dC, although this was not
detected (H-C1’ deuteration was observed only in the case of
the a-anomer).

In order to confirm the validity of the proposed variation
of the Norrish type II mechanism, the two above mentioned
issues needed clarification. It was already pointed out that
the spatial positioning of the carbonyl group may impose hy-
drogen atom abstraction at an unusual site.>*32 Thus, if this
mechanism is true for $-dC photoanomerisation, the low-
est energy conformers should somehow prevent H-C2' ab-
straction and simultaneously enable H-C1’ abstraction. The
anomer-selective deuteration in the C1’ position could be pro-
moted by higher stability of a-configured intermediates, di-
rectly after the hydrogen atom abstraction. Indeed we have
found that the fB-configured intermediates formed after the
H-C1’ atom abstraction are thermodynamically less stable in
bulk water. In the next section we discuss these two phenom-
ena and we provide thorough theoretical analysis of the pro-
posed reaction channels.

Some theoretical insights into the photochemistry of $-dC
were already published by Zgierski and Alavi.?3 The authors
concluded that the substitution of cytosine with deoxyribose
should not have significant impact on the electronic relaxation
mechanism.?3 In contrast, picosecond and sub-picosecond
time-resolved spectroscopic experiments used to investigate
the photodynamics of $-dC reveal that the substitution with
2/-deoxyribose has significant effect on the excited-state
lifetime and probably on the photochemical reactivity.3+>7
Considering this lack of agreement we decided to investigate
in detail the role of the sugar in the photochemistry of -dC
and its implications in the proposed interrupted Norrish II
type photoanomerisation mechanism by means of quantum-
chemical calculations.

4
OH 2'

OH
C2-endo (S)

C3'-endo (N)

Fig. 4 Schematic representation of the most stable conformers of
B-dC considered in the theoretical investigations. The atom
numbering presented above is used throughout the manuscript.

B-dC may adopt either C2'-endo or C3’-endo conforma-
tion in bulk water

We have considered two conformers of 3-dC that were pro-
posed to be the lowest-energy conformers according to gas
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Fig. 2 'H-NMR analysis of the products of the 44h UV-irradiation of B-dC in D,0. No H-C(5) was detectable because of the exchange with
D under irradiation conditions; integration of @-dC-H-C1’ amounts to around 20% of the integration of o-dC-H-C(6)
phase ab initio calculations,>®3° molecular dynamics simula- 2'-deoxyribonucleosides and shifts the N=S equilibrium to-
tions with explicit water molecules*’ and NMR data obtained ~ wards the S form.** The gauche effect is partially compen-
44

at 278 K in aqueous solution.*' Both of the conformers exhibit
an anti orientation of cytosine with respect to 2’-deoxyribose
and C-H- - - O interaction formed between the nucleobase and
the 05’ oxygen atom.*>*3 The only difference between these
conformers is the arrangement of the furanose ring: C2’-endo
denoted S (for South) and C3’-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 water so-
lution than the N conformer,***! whereas the opposite was
found in the gas phase.?® The Gibbs free energy calculations
performed using the Kohn—Sham density functional theory
with M06-2X functional and C-PCM implicit solvent model
are consistent with those findings (AGEY = 0.9 kJ/mol and
AGY®y, = —3.7kJ/mol).  Therefore, considering these re-
sults and the aforementioned NMR data measured between
278 K and 358 K, the S conformer should constitute approx-
imately 60% of B-dC in solution.*' The remaining part of
B-dC in solution should mainly correspond to the N con-
former. The preference of the S conformer can be also ex-
plained in terms of the strong gauche stereoelectronic ef-
fect of the 04'—-C4'-C3'-03’ fragment which is present in

sated by the relatively weaker anomeric effect of cytosine.
Consequently, only slight excess of the S conformer is ob-
served 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-C1’ hydrogen atom
(226 A). On the contrary, the accessible H-C2' atom is
3.99 A away from this carbonyl oxygen atom. In the case
of the N conformer, the distance between this oxygen atom
and the H-C2' atom is much shorter (2.69 A), but H-C1’
still remains the nearest hydrogen atom (2.38 A) that could
be potentially abstracted after 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-C1’ abstraction.

The minimum of the S; state of 3-dC is of n7* character

The vertical excitation energies computed at the CC2 level
show that the lowest-lying excited singlet state of S-dC is of
n* character. This is the most intense transition which is
responsible for the absorption of this molecule in the UV-B
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spectral range (see Table 1). The nz* state that is significantly
involved in the photodeactivation mechanisms of cytosine is
the S, state which lies approximately 0.3 eV above the opti-
cally bright Tz* state. These results are consistent for both the
S and N conformers and are comparable to the vertical excita-
tion energies calculated for cytosine.*>

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 S; state is of
nm* character.*> This state is of biradical character with
unpaired electrons localized on the C6 carbon atom and on
the carbonyl oxygen atom (see Fig. 3). This is reflected
by slight pyramidalization of the C6 atom and elongation
of the C=0 bond. Interestingly, the distances between the
carbonyl oxygen atom and the H-C1’ hydrogen atom amount
to approximately 2.20 A in the minima on S; PE surfaces of
both the considered conformers. In contrast, the H-C2' atom
is much more distant from the carbonyl oxygen atom: 4.44 A
and 3.80 A in the S and N conformers respectively. In the
light of the above structural data, photoinduced y-hydrogen
atom abstraction seems rather improbable.

Table 1 CC?2 vertical excitation energies (in eV) of both f-dC
conformers, computed assuming the ground-state minimum energy
structures optimized at the M06-2X/6-3114++G(2d,2p) level.

State / Transition  Egxc/[eV] fosc A/[nm]
S conformer of B-dC; CC2/cc-pVTZ

Si nr* 4.72 0.124 262.7

S5 nr* 5.07 3.20-1073 2445

S5 nr* 5.44 5.65-1073 2279
N conformer of B-dC; CC2/cc-pVTZ

Si nr* 4.79 0.120 258.8

S, nw* 5.11 1.83-1073 2426

S3 nw* 5.54 1.73.1072 223.8

Excited-state hydrogen atom abstraction is possible in the
C1' position

Fig. 5 shows the PE profile for the H-C1’ hydrogen atom
abstraction in the S conformer of -dC. The reaction path is
generally ascending until the C=0---H-C1’ distance reaches
1.35 A. Further shortening of this contact rapidly decreases
the energy of the nz* state. The respective ground-state en-
ergy is systematically increased along the reaction coordinate
and the S; and Sp PE surfaces nearly intersect for distances
shorter than 1.0 A. The $1/Sg conical intersection is separated
from the minimum of the nz* (S;) state by an energy barrier of
0.59 eV (56.9 kJ/mol). This indicates that the predicted quan-

tum yield of hydrogen atom abstraction might be rather low.
Particularly since, it could be largely outcompeted by the ef-
fective ring-puckering processes responsible for the photosta-
bility of cytosine.*>*7 Nevertheless, the photodynamics starts
in the Frank—Condon region of photoexcited f3-dC, which is
higher in energy than the intersection seam responsible for the
hydrogen atom abstraction. The energy excess gained after 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 photoexci-
tation events might lead to the photoproducts reported in our
experiments. The shallow minimum, present on the ground-
state PE surface for C=0---H-C1’ distances close to 1.2 A,
indicates that a short-lived intermediate may be formed after
this conical intersection is reached.

relaxed scan

Energy [eV]

2.2 2 1.8 1.6 1.4 1.2 1
O-H distance [A]

Fig. 5 Relaxed PE scan along the C=0---H-C1’ 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 S; state and optimized
minimum-energy conical intersection respectively. These structures
are also shown in the top left-hand and top right-hand corners of the
graph. Final six structures before the optimized conical intersection
geometry were obtained by LIIC (linear interpolation in internal
coordinates). Single-point CASPT2 energy correction was
calculated at every point of the PE profile.

We have performed an analogous relaxed scan along the
C=0---H-C2’ distance, in order to investigate the possibil-
ity of hydrogen atom abstraction in the y-position. However,
shortening of this distance up to 1.20 A does not lead to a state
crossing and the S; hypersurface is over 1.0 eV above the elec-
tronic ground-state. We also did not locate the conical inter-
section related to this process, and the optimizations drove the
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geometry to another region on the PE surface. These results
are consistent with our findings that no deuteration is observed
in the C2' position. Therefore, the possibility of y-hydrogen
abstraction in B-dC can be practically ruled out.

To further characterize the photoinduced H-C1’ atom ab-
straction, 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 A in the case of optimized
minimum-energy conical intersection (MECI) geometry. The
remaining structural parameters do not differ significantly
from the equilibrium of the S; state. Single point CASPT2
calculations performed at the located stationary points show
that the MECTI structure is lower in energy than the S; min-
imum (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 nz* hy-
persurface is rather low.

The branching space coordinates provide additional infor-
mation about possible evolution of the system after the non-
adiabatic transition to the electronic ground state. These lift
the electronic state degeneracy and consequently, define the
conical intersection. Yarkony defined these coordinates as the
energy difference gradient (g) and non-adiabatic coupling (h)
vectors. 4849 In the case of the aforementioned MECI, the g
vector is predominantly composed of in-plane vibrations of
cytosine ring and stretching of the O—H bond formed after
the H-C1’ atom abstraction. In other words, if the photore-
action proceeds along the g vector, the hydrogen atom may be
immediately returned to its initial C1’ position simultaneously
with the redistribution of the & bond structure in cytosine, thus
yielding -dC as the final photoproduct (see Fig. 6a). In this
scenario the initial form of the irradiated molecule (5-dC) is
preserved. The h vector is composed of several modes respon-
sible for the puckering of cytosine ring and for the rotation of
the hydroxyl group formed after the hydrogen atom abstrac-
tion (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
C1’ carbon atom after hydrogen atom abstraction enables free
interconversion between the ¢- and f-anomers.

Regardless of the direction of the photoreaction, analysis
of the CASSCF wave function reveals that the respective pho-
toproducts have closed-shell electronic structure. 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 pre-
cisely, the ground-state intermediates after H-C1’ hydrogen
atom abstraction are of closed-shell character with substantial
charge-transfer (see Fig. 3 for a schematic representation and
Figs. S1 and S2 in ESI for more details). According to elec-
tron population analysis of these intermediates, approximately

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 S;/Sy conical
intersection of the S conformer of 3-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-C1’
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
MO06-2X/6-311++G(2d,2p) level (again, note the ¢t-configuration of
the N-glycosidic bond).

0.8 electron is transferred from the nucleobase to the sugar
moiety. In the next few paragraphs we will discuss the Gibbs
free energy (AGP“M) differences between various conformers
of the H-C1’ hydrogen atom abstraction intermediate, based
on the results of M06-2X/6-311++G(2d,2p) calculations,
assuming the C-PCM model of bulk water.

H-C1' atom abstraction intermediates are more stable in
the a-configuration

Owing to pyramidalization of the C1’ carbon atom, the
H-C1’ atom abstraction intermediates of dC may adopt o-
or f-configuration. Right after the hydrogen atom abstrac-
tion, both the S and N conformers of dC will be in the B-
configuration. However, the a-configured conformers are
thermodynamically more stable in both cases. In particular,
the &-S C1’ hydrogen atom abstraction intermediate (Fig. 6¢c)
is more stable by 24.8 and 30.4 kJ/mol than the -S and 3-N
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Table 2 Relative Gibbs free energy values (in kJ/mol) of the H-C1’
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.

o-Cl’-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 after the O—H bond dissociation
0.0 0.1 176> 0.0° 17.6"

¢ Optimization of the @-N intermediate after the O—H bond dissociation
converged to the a-C1’-endo conformer, thus, their respective energies are
identical. » Optimization of the 3-N intermediate after the O~H bond
dissociation converged to the 3-S conformer, thus, their respective energies
are identical.

conformers, respectively (cf. Tab. 2). The o-N H-C1’ atom
abstraction intermediate is slightly higher in energy, but it is
still more stable than the -configured conformers. In con-
sequence, the a-configuration of the intermediate should be
preferred after the hydrogen atom abstraction. If this com-
pound exchanges the H-O(2) proton to deuteron in D, O solu-
tion, only the a-anomers of the final photoproducts should be
deuterated at H-C1’ after the reverse reaction.

H-D exchange of the photochemically created hydroxyl
group of cytosine would first require the proton to be trans-
fered to the nearby D,O molecule. Thus, we have also
considered different conformers of the negatively charged
intermediates after such a proton transfer to the nearby
solvent molecule. Similarly as in the previous case, the
a-configured negatively charged conformers are more stable
than the PB-configured intermediates (by over 17.0 kJ/mol).
The lowest-energy conformer presented in Fig. 6d, has a very
strong O5'—H- --C1’ interaction (approximately 1.84 A). This
indicates that a considerable part of the negative charge is
centered on the C1’ carbon atom and that the 5'-hydroxyl
group acts to stabilize the intermediate in the o-configuration.
It is worth noting, that this intermediate has an unusual
arrangement of the sugar ring that enables this interaction,
namely the Cl’-endo conformation. The respective «-S
negatively charged intermediate is almost isoenergetic with
the C1’-endo conformer.

H-C1’ atom abstraction intermediates might undergo nu-
cleobase loss reaction

To elucidate the reasons for the relatively high yield of nu-
cleobase loss, we reconsidered the lowest-energy direct prod-
uct of the photochemical H-C1’ abstraction (@-S conformer).
Rupture of the N-glycosidic bond of this moiety might result

in the formation of enol form of cytosine and a carbene of
2'-deoxyribose (see Fig. 7). The corresponding activation free
energy AG* amounts to 10.8 kJ/mol. According to this esti-
mate, the considered reaction path has remarkably low ener-
getic barrier, and it might explain the presence of bare cyto-
sine in the product mixture after 44 h of UV-irradiation. Since
N-glycosidic bond is in the o—f position with respect to the
carbonyl group, this reaction strikingly resembles the classic
Norrish type II cleavage.?*>" In fact, the only difference is
the position at which hydrogen atom abstraction occurs (-
position in the case of cytidine, instead of y-position in the
regular Norrish type II reaction). 3%

o
I

H H
H NH H NH y
on AN on Mgy o
| hv &+ AGH
O_N_N M O NN 2
he H atom ¢ Y 108 kdimol

R H O abstraction R H/O

HO g 4c HO H

G

NH,

%\Z}I +

o

Fig. 7 Rupture of the N-glycosidic bond in the H-C1’ atom
abstraction intermediate leads to the formation of enol form of
cytosine that could explain its presence among the photoproducts.

3 Conclusions

In this article we emphasize the role of deoxyribose in the pho-
tochemistry of 2’-deoxycytidine. In particular, we elucidate
the mechanisms of photoanomerisation and nucleobase loss
reactions that were reported in several previous works describ-
ing plausible origins of nucleotides on early Earth. 102425 We
performed UV-irradiation experiments in D,O solution fol-
lowed by the analysis of the NMR spectra of the photoprod-
ucts. The experiment resulted in partial deuteration (approx-
imately 80%) in the H-C1’ position of the o-anomer of dC.
We further explained this phenomenon on the basis of quan-
tum chemical calculations and we showed that the main pho-
toproducts can be formed after the photoinduced H-C1’ hy-
drogen atom abstraction. In particular, our findings imply that
similarly as in adenosine,?? the sugar subunit is responsible
for significant part of the photochemistry of cytidine.

The conical intersection responsible for the H-C1’ atom ab-
straction is separated from the S; minimum by a modest ener-
getic barrier. Thus, rather low quantum yield of H-C1’ atom
abstraction is expected. This is confirmed by relatively long
irradiation periods that are necessary to generate the resulting
photoproducts. Potentially competitive y-hydrogen atom ab-
straction was ruled out by both experiment (no deuteration at
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H-C2) 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.

After the abstraction of the H-C1’ hydrogen atom, anomeri-
sation to the o-configured intermediates is an exergonic pro-
cess. Consequently, the reverse proton transfer in the ground-
state H-C1’ hydrogen atom abstraction intermediate might ex-
clusively occur after the -to-a anomerisation. If the pho-
tochemically created hydroxyl group of cytosine undergoes
H-D exchange, only the ¢-anomers of dC can be deuter-
ated. This explains the anomer-selective deuteration of o-dC
observed in our experiment. Finally, the intermediate may
also readily undergo nucleobase loss reaction, if no reverse-
protonation of the C1’ carbon atom occurs.

Although we elucidated part of the photoreactions men-
tioned in several articles that describe plausible origins of
pyrimidine nucleotides,”!%?*2 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.> Furthermore, presence of the 2’-hydroxyl
group in ribocytidine and additional phosphorylation might
enable interactions which are absent in dC. Since these factors
may significantly alter the photochemistry of cytosine nucle-
osides, more experimental and theoretical insights are neces-
sary in order to fully understand their photochemistry.

4 Methodology

Experimental Section

Synthesis of [6-D]--dC. The deuterated 3-dC was prepared
by a modification of the reported procedure’! giving rise to
selective deuteration of the C(6) and C(5) positions at lev-
els 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. S-dC
(30 mg, 0.13 mmol) was dissolved in D,O (5 mL) and the pH
adjusted to 6.5 using degassed 1M HCI and a Russel RL150
pH meter. The solution was purged with N, for 10 min and
then, with a continuous stream of N, bubbling through the
solution to agitate it, irradiated with an unfiltered Hg lamp
(254 nm, cooled to 15 °C by a quartz water jacket). After
44 h of irradiation, the solution was heated at 90 °C for 40 h,
lyophilized, and the residue re-dissolved in D,O (0.75 mL).
'H NMR spectra were then acquired before and after spiking
the sample with authentic standards of §-dC, f-dU, a-dC and
o-dU.

Computational methods

All the stationary points on the ground-state PE surface
were located using the Kohn—Sham formulation of Density
Functional Theory (KS-DFT). The M06-2X functional was
chosen, due to its performance in computing thermodynamic
properties. 23 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. *°

Vertical excitation energies of -dC were calculated at the
CC2/cc-pVTZ level. Optimizations of S; minima, conical in-
tersection and relaxed scans were performed using the SA-
CASSCF/cc-pVDZ method. Single-point CASPT2 energy
correction was computed where appropriate in order to ac-
count for dynamic electron correlation.

The CC2 calculations were performed using the
TURBOMOLE 6.3 package,®’® whereas the constrained
CASSCEF optimizations and the CASPT2 calculations were
done using the MOLCAS 7.8 package.’”® The CASSCF
optimizations of conical intersections were performed with
the COLUMBUS 7.0 program package. %> All the KS-DFT
calculations reported in this study were performed using the
GAUSSIAN 09 quantum chemistry package. ®3

More details regarding the experimental procedures and
computational methods are specified in the ESI.
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