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Experimental and Theoretical Study on the Cycloreversion of a
Nucleobase-Derived Azetidine by Photoinduced Electron Transfer

Ana B. Fraga-Timiraos*,® Antonio Francés-Monerris*,’l Gemma M. Rodriguez-Muiiiz,[® Miriam
Navarrete-Miguel,© Miguel A. Miranda,® Daniel Roca-Sanjuan* and Virginie Lhiaubet-Vallet*

Abstract: Azetidines are interesting compounds in medicine and
chemistry as bioactive scaffolds but also as synthetic intermediates.
However, the photochemical processes involved in the generation

and fate of azetidine-derived radical ions have been scarcely reported.

In this context, the photoreduction of this four-membered heterocycle
might be relevant in connection with DNA (6-4) photoproduct by
photolyase. Here, a stable azabipyrimidinic azetidine AZT.,, obtained
from cycloaddition between thymine and 6-azauracil units, is
considered as an interesting model of the proposed azetidine-like
intermediate. Hence, its photoreduction and photooxidation are
thoroughly investigated through a multifaceted approach including
spectroscopic, analytical and electrochemical studies complemented
by CASPT2 and DFT theoretical calculations. It has been found that
both injection and removal of an electron results in the formation of
radical ions, which evolve towards the repaired thymine and azauracil
units. Whereas photoreduction energetics are similar to those of the
cyclobutane thymine dimers, photooxidation is clearly more favorable
in the azetidine. Ring opening occurs with relatively low activation
barriers (<13 kcal mol™?) and the process is clearly exergonic for the
photoreduction. In general, a good correlation has been observed
between the experimental results and the theoretical calculations,
which has allowed a synergic understanding of the phenomenon.

Introduction

Azetidines are saturated four-membered ring compounds
containing one nitrogen atom. They are interesting
pharmacological units, in part due to the rigidity of their strained
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ring that offers an added value in the search for new compact
scaffolds, but also in connection with their presence in natural
products and their application as peptidomimetics. ' From a
synthetic point of view, their facile ring-opening by nucleophiles
makes them valuable building blocks in the construction of
complex nitrogen containing molecules.l** 2 Moreover, azetidines
have found application as chiral auxiliaries or ligands in metal-
catalyzed reactions.[*2

By contrast, the generation and fate of azetidine-derived
biradicals or radical ions have been scarcely reported.i In this
context, direct irradiation of 1,4-diphenylazetidine yields mainly
styrene and N-phenylmethanimine through formation of a 1,4-
biradical and its subsequent C2-C3 cleavage.*! Concerning the
reactivity via radical ions, tris(4-bromophenyl)aminium radical
cation triggers the oxidative ring opening of 1,2,3-
triphenylazetidine, affording stilbene and N,1-
diphenylmethanimine.*?! Cyanoaromatics have also been used
as electron acceptors in the oxidation of a biomimetic azetidine
obtained from photocycloaddition between 6-azauracil and
cyclohexene.d In comparison with azetidines, the cycloreversion
of oxetanes mediated by photoinduced electron transfer has been
thoroughly investigated, both experimentally and theoretically.
This process occurs through a non-concerted two-step
mechanism, with initial C-O cleavage in the reductive version and
a substituent dependent C-C or C-O cleavage in the oxidative
counterpart.®! More importantly, photoreductive electron transfer
of the oxetane and azetidine rings is of biological interest in
connection with its possible involvement in DNA repair catalyzed
by photolyases, which takes advantage of solar light to trigger the
cycloreversion of dimeric pyrimidine lesions through electron
transfer from an excited flavin cofactor. Interestingly, the
mechanism involved in the repair of the (6-4) photoproducts by
these enzymes is still under debate.l’! For a longtime, it was
proposed that an oxetane or azetidine-like intermediate is
involved in the catalytic cycle for dimers having a thymine or a
cytosine at the 3"end, respectively.[] This hypothesis has been
challenged during the last decade,® ! but recent spectroscopic
studies are consistent with the formation of a reversible
intermediate that might be in line with the involvement of a
saturated heterocyclic intermediate. 62 &

In a previous communication, the photoinduced reductive
cycloreversion of an azetidine derivative has been reported for the
first time.[*“! This was achieved by using a stable azabipyrimidinic
azetidine (AZTn,, Scheme 1) as model for the short-lived
intermediate proposed for the repair of (6-4) photoproducts at TC
sequences. Here, the photoreductive process, together with its
photooxidative version, has been thoroughly investigated through
a multifaceted approach including spectroscopic, analytical and
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electrochemical investigations complemented by theoretical
calculations. Parallel studies on a related cyclobutane derivative
(Tm<>Tm, Scheme 1) are also included for comparison.
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Scheme 1. Photocycloreversion of the azabipyrimidinic AZTm model in the
presence of a photosensitizer (Phs) and structure of the cyclobutane dimer
Tn<>Tm.

Results and Discussion

The obtained results are presented below, structured under
differents sub-headings dealing with excited states dynamics,
electrochemical  behavior, photocycloreversion, quantum
chemistry determination of the photoreductive and photooxidative
properties, and decomposition mechanisms of AZT radical cation
and anion.

Excited states dynamics

In a first stage, the electron transfer process was studied by
steady-state (SS) and time-resolved (TR) fluorescence. Thus,
acetonitrile solutions of the selected photosensitizers (Phs) were
prepared, and their emission spectra were registered in the
absence and in the presence of increasing amounts of the
cyclobutane (Tm<>Tm) or azetidine (AZT») compounds, used as
quenchers. The selected sensitizers (see Chart 1) were 1-
methoxynaphthalene (1-MN) and chrysene (CHRY) as the
electron donating compounds (reduction potential in the singlet
excited state E* ca. -2.5 and -2.1 V vs Ag/AgCl, respectively),
together with 1,4-dicyanonaphthalene (DCN, E*=2.4 V vs
Ag/AgCl) and 9,10-dicyanoanthracene (DCA, E*=1.8 V vs
Ag/AgCl) for the photooxidative version.

1-MN CHRY

CN CN
!!N !!N
DCN DCA

Chart 1. Structure of the selected photoreductants and photooxidants.
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Figure 1. Fluorescence kinetic traces and their corresponding Stern-Volmer plot
obtained for (a) 1-MN (Aexc= 310 nm) and (b) CHRY (Aexe= 310 nm) in the
presence of increasing amounts of Tm<>Tm (from 0 to 7 mM); (c) DCN (Aexc= 310
nm) and (d) DCA (Aexc= 375 nm) in the presence of increasing amounts of AZTm
(from 0 to 10 mM); (e) DCN (Aexc= 310 nm), (f) DCA (Aexce= 375 nm) in the
presence of increasing amounts of Tm<>Tm (from 0 to 10 mM).

The experiments using photoreductants 1-MN and CHRY were
performed using Tm<>Tn as the accepting moiety and compared
to those reported for AZT, (Table 1).* For the selected
photooxidants DCN and DCA, new experiments were run for both
AZTy, and Tm<>Tm. Fluorescence measurements revealed a
decrease of the emission intensity in all the
photosensitizer/quencher combinations (Figure S1 of SI).
Bimolecular rate constants of the electron transfer process from
steady-state experiments (Kq(SS)) were determined as the slope
of the regression line obtained from the Stern-Volmer plot
(Material and Methods eq. 1 and Figure S1, inset), which
represents the variation of the fluorescence intensity (I/lp) as a
function of the quencher concentration. Quenching of the electron
donors 1-MN and CHRY by Tn<>Tn occurred with a kq(SS) value
of 16.3 and 3.3 x 10° M s (Figure S1, insets). For the process
between photooxidants and AZTn, kq(SS) was of 72.8 and 7.0 x
10° M s for DCN and DCA; lower values of 15.8 and 0.4 x 10°
M st were determined for the DCN/Tm<>Tm and DCA/Tm<>Tm
combinations, respectively. Indeed, the rate constant for
DCN/AZTy, was abnormally high as it is faster than the diffusion
control in acetonitrile, kg of ca. 1.9 x 10*° M* s%, Actually, partial
light absorption by the concentrated quencher occurs when the
sample is excited at 310 nm, reducing the portion of light
absorbed by the photosensitizer, which results in a decrease of
the emission intensity. By contrast, the longer excitation
wavelength used for DCA (hexc = 375 nm) should ensure a more
selective excitation of the photooxidant. To overcome this
drawback and to evaluate whether a dynamic quenching is taking
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place, time-resolved fluorescence studies were performed (Figure
1). For photoreductants, the initial lifetimes of 1-MN and CHRY
were shortened in the presence of T<>Tm, and the bimolecular
rate constants of the electron transfer process (kq(TR) of ca. 4.0
and 1.7 x 10° M? s, respectively) were determined from the slope
of the regression line obtained from the Stern-Volmer plot (Figure
1, inset). This tendency is in agreement with the redox potential
of the photosensitizer in the singlet excited state that points to 1-
MN as a better reductant than CHRY. Moreover, the similar
values of kq(TR) obtained for AZT, and Tn<>T, (Table 1) is
suggestive of a close value for the reduction potential of both
substrates. For the photooxidation process, a bimolecular
guenching rate constant of ca. 7.8 x 10° M s** was obtained for
the quenching of DCN and DCA by AZT.. Interestingly, lower
values (kq(TR) of 3.0 and <0.5 x 10° M s'1) were determined with
the cyclobutane derivative as the deactivating species. This
revealed a more difficult oxidation of this compound by
comparison with AZT,.

Table 1. Lifetime (t) and reduction potential in the singlet excited state (E*)
of the selected Phs, and bimolecular rate constant (kq) for the quenching of
the Phs by AZTm or Tm<>Tm determined by time-resolved fluorescence (TR).

Phs t/ns E*/V vs Ag/AgCl kq(TR) / x10° M1st
AZTm Tm<>Tm
1-MN 6.2 -2.58@ 4.0 3.9
CHRY 11.9 -2.101 1.74 11
DCN 7.5 2.4 7.8 3.0
DCA 12.5 1.8 7.8 <0.5

[a] From reference . [b] From reference 9. [c] From reference (', [d] From
reference ¢,

Electrochemical behavior

Electrochemical studies were performed by cyclic voltammetry
using a three electrode standard configuration with glassy carbon
as working electrode, platinum wire as counter electrode, and
Ag/AgCl in 3 M NaCl as reference electrode. The cyclic
voltammograms obtained at a scan rate of 0.1 V s are shown in
Figure 2. In reduction, AZT, and Tn<>Tm exhibited similar
behavior with a wave appearing at a potential of ca. -2.6 V vs
Ag/AgCl. This value is compatible with that reported for the cis,syn
cyclobutane dimers of 1,3-dimethythymine.*?! By contrast, two
waves were observed in oxidation for the dyad AZT, the first one
with a peak potential Ep(1) at ca. 1.34 V (close to the E, of the
azetidine formed between 6-azauracil and cyclohexenel*) and
the second one E,(2) at ca. 1.93 V. This latter peak is similar to
that observed for azaUn-Tr, dyad (see Sl), which might be formed
during the experiment as a product of the photooxidation
process.*?a Concerning, Tm<>Tm, a single wave was observed
with an E, of 1.85 V, which is in agreement with the previously
reported value of 1.83 V. (vs Ag/AgCl).123

10.1002/chem.201803298

WILEY-VCH
b
0] @ 3oo~( )
< -501 200
=
<
2 -100 100
5
o
-150 0+
30 25 2.0 15 10 05 10 15 20

Potential [V vs. Ag/AgCI] Potential [V vs. Ag/AgCI]
Figure 2. Cyclic voltammograms of AZTm (red line, 2 mM) and Tm<>Tm (black
line, 2 mM) in N2-purged DMF for reduction (a) or acetonitrile for oxidation (b)
using 0.1 M n-BusNCIOxs as electrolyte. Scan rate: 0.1 V-s*

Photocycloreversion

The photocycloreversion of cyclobutane thymine dimers in the
presence of compounds acting as oxidants or reductants in their
excited states has been largely reported in the literature (see for
example refs 1% 4) "By contrast, ring opening of AZT, to
regenerate the native dyad azaUn,-Tm has only been achieved in
the presence of electron donors, such as N,N,N’,N’-tetramethyl-
1,4-phenylenediamine.*? Hence, photooxidation of AZT, was
attempted in the presence of DCN as the electron acceptor and
analyzed by HPLC to determine the obtained photoproducts. A
deaerated acetonitrile solution of AZT, (1.5 mM) was irradiated at
330 nm in the presence of DCN (4 mM) for 100 min. As shown in
Figure 3, under these conditions the azetidine was split giving rise
to the dyad azaUn-Tm. By contrast with the photoreductive version
of the reaction,*? a quantitative formation of azaUn-T, was not
observed (Figure 3, inset). This can be attributed to further
oxidation of the nucleobases by DCN leading to the formation of
secondary products. Indeed, a similar behavior has been
described in the literature for the photocycloreversion of
cyclobutane thymine (and cytosine) dimers in the presence of
electron acceptors.*4a

0.5

Concentration [mM]

o
o
°
°
.

0 25 50 75 100
Irradiation time [min]

200 /77177

50 177177

50 /77177

nd 75 177177

5 10 15 20 25 30
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Figure 3. HPLC chromatograms, monitored at A=220 nm, of the photooxidative
cycloreversion of AZTm (at retention time of ca. 10 min) and azaUm-Tm (at
retention time of ca. 20 min) in the presence of DCN under monochromatic
irradiation at 330 nm. Inset: Time course of the photoreaction (AZTm, black
squares and azaUm-Tm red points).
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Quantum-chemistry determination of the photoreductive and
photooxidative properties

To gain insight into the energetics involved in the injection and
removal of one electron in the azetidine and cyclobutane
derivatives, the ionization potentials (IPs) and electron affinities
(EAs), respectively, were computed for the N-demethylated
compounds AZT and T<>T with the density functional theory
(DFT) method, the M06-2X functional and the 6-31++G(d,p) basis
set. Benchmark calculations (Table S1) on the thymine
nucleobase compared with high-level complete-active-space self-
consistent field second-order perturbation theory (CASPT2)
results indicate an accurate performance of the DFT/M06-2X
method for the vertical and adiabatic IPs (VIPs and AIPs) and
adiabatic EAs (AEAs). Vertical EAs (VEAS) involve temporary
anion states much more difficult to describe (see Refs. !5 for more
details). Hence, we keep them out of the analysis. Table 2
compiles the computed gas phase and acetonitrile solution values,
which also allows an estimation of the solvent effect. As expected,
solvation has an important influence on the IP and EA values
because it stabilizes to a higher extent the ionic states as
compared to the neutral state. Regarding IPs, Table 2 shows
significantly lower IPs values for AZT than for T<>T, while EAs
differ only slightly. This allows us to interpret the fact that higher
experimental quenching rates (kq) were measured for AZT, than
for Tm<>Tn in the case of photooxidants (DCN and DCA) while
similar kq values were obtained for the photoreduction (see Table
1).

Table 2. Vertical (V) and adiabatic (A) ionization potentials (IPs) and electron
affinities (EAs) in eV (kcal mol?! within parentheses) for AZT and T<>T in the
gas phase and in acetonitrile computed with the DFT/M06-2X method and the
6-31++G(d,p) basis set.

vIP AlP AEA
AZT
Gas phase 9.02 (207.9) 8.06 (185.8) 0.50 (11.6)
Acetonitrile 7.14 (164.7) 6.23 (143.7) 2.16 (49.9)
T<>T
Gas phase 9.30 (214.5) 8.64 (199.2) 0.31 (7.1)
Acetonitrile 7.57 (174.6) 6.92 (159.6) 2.00 (46.1)

To interpret the excited-state quenching of photosensitizers (Phs)
by AZT., four Phs with significantly different redox properties of
the singlet excited state were chosen to carry out a quantum-
chemistry determination of the photoreduction and photooxidation
energetics: 1-MN and DCN (used in the experiments detailed
above), together with N,N,N’,N’-tetramethyl-1,4-
phenylenediamine (TMPD) and cyanonaphthalene (CNN),
employed in previous works.®¢ 44 Singlet-excited-state redox
potentials were E* of -2.5, 2.4, -3.3, and 1.4 V vs. Ag/AgCl,
respectively. By using the time-dependent (TD)-DFT method, the
electronic band origins (or adiabatic electronic-transition
energies) of the lowest-lying excited state of the Phs (Esi) were
computed. Such information together with the AIP and AEA
values of AZT, compiled in Table 2, allowed to determine the
energy difference (AErdox) related to the photoreduction (Phs* +
AZT - Phs** + AZT*") and photooxidation (Phs* + AZT - Phs*~

10.1002/chem.201803298
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+ AZT**) processes (see Table 3). Data related to 1-MN and DCN
will allow us to establish theory-experiment comparisons,
whereas those values computed for TMPD and CNN shall provide
with new information not obtained in the experiments. Indeed, for
TMPD, the experimental kq could not be determined in the
previous workl*’ due to the temporal resolution of the setup and
for CNN no quenching is observed in the present study. According
to the computed AEeqox Values, TMPD was found to have the
strongest photoreduction ability. In the photooxidation process
exerted by CNN, AEeqox iS Very close to zero. This might explain
the fact that attempts to experimentally measure K, for this Phs in
this work were not successful. As it can be seen in Table 1 and 3,
DCN and 1-MN have intermediate photooxidation and
photoreduction properties, respectively. Theory (Table 3) predicts
here a more favorable process for DCN than for 1-MN, which is in
agreement with the experimental k, data compiled in Table 1.

Decomposition mechanisms of AZT radical anion and cation
The reduction of AZT produces the rupture of the C-C bond due
to the fact that the anion of the four-membered ring is not a stable
structure (see Figure 4). The extra electron from the
photosensitizer is partially located in the o* orbital of the C-C bond
thus weakening this bond, which breaks. For T<>T, previous
studies (see, for instance, Ref. 18l) and the current work also
indicate a more favorable open structure for the anion.

Table 3. Adiabatic absorption energy of the lowest-lying singlet excited state
(Es1), adiabatic ionization potentials or electron affinities (AIP/AEA) of the
selected photosensitizers and energy change (AErdox) related to the
photoreduction (Phsred* + AZT - Phsred®* + AZT*") or photooxidation (Phsox* +
AZT > Phso® + AZT**) processes in eV (kcal molt within parentheses)
computed in solution (acetonitrile) with the DFT/M06-2X method, the 6-
31++G(d,p) basis set and the PCM approach.

Es1 AIP/AEA AEredox
Photoreduction
TMPD 3.72 (85.8) 4.53 (104.5)1 -1.35 (-31.1)
1-MN 4.07 (93.8) 5.91 (136.3)™ -0.32 (-7.4)
Photooxidation
DCN 3.62 (83.5) 3.14 (72.4)b1 -0.53 (-12.2)
CNN 3.95(91.1) 2.43 (56.0)! -0.15 (-3.4)

[a] Adiabatic ionization potential. [b] Adiabatic electron affinities.

Evolution of the system towards recovery of the thymine and 6-
azauracil molecules has also been studied with appropriate
reaction path computational strategies showing an electronic
energy barrier height of around 13 kcal mol? (see Figure 5). Due
to technical difficulties to accurately determine the TS structure,
an approximated procedure has been used. This approach,
based on minimum energy path (MEP) and linear interpolation of
internal coordinates (LIIC) calculations, gives rise to a connected
path between reactant and product and provides an upper-bound
value for the barrier. Therefore, the exact energy barrier height
shall be expected at slightly lower energies in the range of 10-13
kcal mol™. Regarding the electronic-structure properties, analysis
of the spin density obtained with the complete-active space self-
consistent field (CASSCF) method indicates a delocalization of
the extra electron over the two carbon atoms which breaks at the
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reactant side of the cycloreversion mechanism (see Figures 6 and
S3). Once the two monomers are regenerated, the unpaired
electron is localized in 6-azauracil.

Figure 4. Chemical structures (top) and geometries (bottom) of the neutral AZT
(left) and its radical anion AZT*" (right). Relevant bond distances for the reaction
are shown in A.

150
100 |

50 t P .
1Y R — 1 § 285

2 0t i $
G100 b N 4@ 2

-15.0 9 1.8

© 200 | ¥ \

250 | & P

-30.0

Nuclear coordinates

Figure 5. Chemical structure of relevant points (top) and energy profile (bottom)
for the C-N and C-C bond breakings of AZT radical anion (AZT*") obtained with
minimum energy path (MEP) and linear interpolation of internal coordinates
(LIIC) computational strategies. Relevant bond distances for the reaction are
shown in A.

For the photooxidation, the 4-membered ring is preserved in the
cationic structure, in contrast to the findings obtained for the
corresponding anion. The reaction mechanism of AZT** implies
an asynchronous N-C and C-C bond breaking, in which the first
cleavage (N-C) requires ca. 7.5 kcal molt and gives rise to a
relatively flat energy profile with no stable structure (see Figure 7).
In such region, the carbon atom of the broken bond becomes a
carbocation.
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Figure 6. CASSCEF spin-density representations for the AZT radical anion (top)
and cation (bottom) systems at the reactant (left) and product (right) geometries,
respectively. Red = excess of spin density, green = defect of spin density.

It can be seen in the gas-phase CASSCF spin-density
representations of Figure 6 that the unpaired electron is localized
over the nitrogen atom and to some extent also over the adjacent
nitrogen atom. Similar findings are obtained by analyzing the
MO06-2X singly-occupied molecular orbital both in the gas phase
and in acetonitrile (see Figure S3). The second step in the
mechanism corresponds to the C-C bond breaking and increases
the energy barrier for the overall process up to 12.5 kcal mol™.
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Figure 7. Chemical structure of relevant points (top) and energy profile (bottom)
for the C-N and C-C bond breakings of AZT cation (AZT**) obtained with intrinsic
reaction path (IRC) computational strategy. Relevant bond distances for the
reaction are shown in A,

Globally, the in-vacuo mechanism described above implies
energy barriers lower than 13 kcal mol™ for both the radical anion
and cation systems. The cycloreversion process is clearly
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exergonic for AZT* whereas a much lower energy release is
determined for AZT**. To further improve the description, we have
focused on the relevant points for the present mechanism
(reactants, TSs and products) and we have determined several
thermochemical magnitudes using the highly accurate CASPT2
method. In particular, the activation energy (AE*) and
thermodynamics (AE), the zero-point vibrational energy (ZPVE)
corrected values (AEq” and AEy) and the Gibbs free energies (AG*
and AG) have been computed at both gas and solution phases.
Results are compiled in Table 4. As it can be seen, the CASPT2
method confirms the relatively low DFT energy barrier heights and
the highly exergonic character of the AZT* ring opening reaction.
For AZT**, both methods differ in the sign of AE; however, the
values are around zero. Regarding the solvent effects, in contrast
to the redox properties determined in the previous section, no
significant changes are observed for the AZT* and AZT**
cycloreversion mechanisms. This is due to the fact that along the
ring opening reactions the total charge is preserved. The ZPVE
correction gives rise to lower AEs as a consequence of the bond
breakings occurring along the reactions. The same behavior is
observed for AG, which reflects the entropy increase in the
decomposition process.

Table 4. Computed energy differences between products and the reactants (AE,
AEo and AG) and activation energies (AE*, AEo* and AG*) for the cycloreversion
of the AZT radical anion and cation. Energies in kcal mol™.

Methodology AZT® AZT®*

AE® AE* AE® AE*
MO06-2X -29.070! 11.69-13.200! -4.8901 12.520b1
CASPT2//M06-2X -25.160! 11.88-12.850! 2.2100 14,771
PCM-M06-2X -29.200 11.22-12.510 -3.09 13.529

AEo AEo* AEo AEo*
M06-2X -29.87 -l -7.364 10.73
CASPT2//M06-2X -25.9614 -l -0.264 12.98M

AG AG* AG AG*
M06-2X -30,9911 -l -8.991M 11.47010
CASPT2//M06-2X -27.08l" el -1.89M1 13,7201

[a] Energies related to the lowest-energy conformer of the product (see text). [b]
Electronic energy (gas phase). [c] Electronic energy including solvent effects
(acetonitrile). [d] Electronic energy with ZPVE corrections (gas phase).

[e] No TS found. [f] Electronic energy with thermal and entropic contributions at
298.15 K and 1 atm (gas phase).

Finally, Table 5 compares the overall ability ( AE}.) of the different
photosensitizers to produce the photoinduced cycloreversion of
AZT. Upon excitation of TMPD, the reduction process releases a
much larger amount of energy as compared to the barrier needed
to break the bonds between the thymine and 6-azauracil units.
Thus, TMPD is the best Phs and DCN continues the trend. In the
latter case, the Phs oxidizes the AZT dimer given the very small
energy barrier. Such activation energy increases in 1-MN and
especially in CNN. Since the barrier heights for the ring opening
of AZT* and AZT** are similar, the efficiency of the Phs to trigger
the cycloreversion of AZT is basically determined by the excited-
state redox properties of such sensitizers. Therefore, the trends
observed in the overall process (Table 5) show a good correlation
with the observed quenching rates measured in the experiments
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and compiled in Table 1. As already mentioned above,
experiments with CNN have not shown any quenching in contrast
to the others. This agrees with the higher energy barrier obtained
for this Phs.

Table 5. Computed gas-phase overall energy barrier height (AE].) for the
photoreductive ring opening Phsred® + AZT 2 Phsrd®* + azaU-T* and the
photooxidative ring opening Phsox* + AZT = Phsox®* + azaU-T*", with Phsred =
TMPD, 1-MN and Phso = DCN, CNN. Energies in keal mol 2.

AE5.
TMPD -19.41--17.90
DCN 0.32
1-MN 4.29 - 5.80
CNN 9.12

Conclusions

The photooxidative and photoreductive cycloreversion of an
azabipyrimidinic azetidine (AZTy,) have been addressed through
a multifaceted approach including spectroscopic, electrochemical
and analytical experiments complemented by theoretical
calculations. In a first stage, the electron accepting and donating
capabilities of this 4-membered heterocycle have been
established by means of singlet excited state quenching. In this
context, comparison of the bimolecular rate constants obtained
for AZT, with those of a cyclobutane derivative Tn<>Tn, has
revealed that the presence of the nitrogen atom in the ring
facilitates its oxidation, while comparable behavior has been
observed for the reduction process. The electrochemical
experiments fully support these redox features as close reduction
peaks have been registered for AZTr, and Tn<>Tm, a result that
contrasts with their oxidation waves differing in ca. 0.5 V.
Quantum-chemistry determinations based on DFT and
CASSCF/CASPT2 methodologies have allowed to interpret the
observations. Furthermore, the ring-opening mechanisms have
also been analyzed by the theoretical methods. The azetidine
radical anion spontaneously dissociates the C-N bond of the four-
membered ring upon electron attachment after photoreduction.
Subsequently, the C-C bond breaking step requires an activation
energy lower than 13 kcal mol?! and is significantly exergonic.
Meanwhile, cycloreversion of the azetidine radical cation
produced in the photooxidation is characterized by asynchronous
C-N and C-C bond ruptures with an overall energy barrier also
lower than 13 kcal mol? although it is much less exergonic.
Altogether, these experimental and theoretical findings represent
an important advance in the understanding of photoinduced
cycloreversion of azetidines by electron transfer.

Experimental Section

Chemicals. Dimethylformamide (Fisher, extra dry over molecular sieves),
anhydrous acetonitrile and the supporting electrolyte BusNCIO4 (abcr)
were used as received. Dyads AZTm, azaUm-Tm, and Tm<>Tm were
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synthesized as previously described, the N3-methylated derivatives were
used to allow a higher solubility in organic media.[*c 17]

UV-Vis absorption. Absorption spectra were registered on a Cary 60
using quartz cuvettes of 1 cm of optical path.

Steady-state fluorescence. Steady-state fluorescence experiments were
carried out on a Photon Technology International (PTI) LPS-220B
spectrofluorometer. All experiments were performed under air in a quartz
cuvette of 1 cm of optical path. The absorbance of the sensitizer for the
fluorescence experiments was kept under 0.15 at the excitation
wavelength (Lexc = 310 nm for DCN, 375 nm for DCA, 290 nm for 1-MN
and 266 nm for CHRY). Stock solutions of the quenchers (AZTm or Tm<>Tm,
0.15 M) were prepared, so it was only necessary to add microliter volumes
to the sample cell to obtain appropriate concentrations of the quencher.
The bimolecular rate constants kq(SS) for the reaction were obtained from
the Stern-Volmer plots following the equation:

lo/l = 1+ kq(SS) 10 [Q]= 1+ Ksv [Q] (eq. 1)

where lo and | are the emission intensity in the absence of Q and after the
addition of a quencher concentration [Q], respectively; Ksv (= kq(SS) 10)
the Stern-Volmer rate constant obtained from the slope and 1o is the
lifetime of the photosensitizer in the absence of Q.

Time-resolved fluorescence. Measurements were performed with a
EasyLife V spectrometer from OBB, equipped with a pulsed LED as
excitation source; residual excitation signal was filtered in emission by
using a cut-off filter. The kinetic traces were fitted by one monoexponential
decay function, using a deconvolution procedure to separate them from
the lamp pulse profile.

The absorbance of the sensitizer for the fluorescence experiments was
kept at 0.15 at the excitation wavelength (hexc = 310 nm for DCN, 375 nm
for DCA, 295 nm for 1-MN, 310 nm for CHRY) Quenchers stock solutions
of 0.15 M (ie. AZTm or Tm<>Tm) were also used for this experiment, and
the rate constants kq(TR) for the reaction were obtained from the Stern-
Volmer plots following the equation:

1/t = Lo + ko(TR) [Q] (eq. 2)

where 1o is the lifetime of the photosensitizer in the absence of Q and t is
the lifetime after addition of a quencher concentration [Q].

HPLC measurements. The irradiated solutions were analyzed by HPLC
using reversed phase column (MEDITERRANEA SEA 18, 25x0.46 cm, 5u
Teknokroma). A mixture of 20/80 CH3CN/H20 v/v at a flow of 1 mL min**
was used as mobile phase. Consumption of AZTm and formation of azaUm-
Tm was monitored using a PDA detector set at 220 and 270 nm,
respectively; and areas of their peaks were correlated to calibration curves
derived from authentic samples azaUm-Tm and AZTm allowing the
determination of their concentration as a function of irradiation time.

Cyclic voltammetry. Cyclic voltammetry measurements were performed
with a VersaSTAT 3 potentiostat (Princeton Applied Research, Algete-
Madrid, Spain) and using a three electrode standard configuration with
glassy carbon as working electrode, platinum wire as counter electrode,
and Ag/AgCl in 3 M NaCl as reference electrode. Measurements were
carried out on N2-purged acetonitrile (for oxidation) or dimethylformamide
(for reduction) solutions of AZTm, Tm<>Tm, and 1,3-dimethyl-6-azauracil (2
mM) with 0.1 M BusNCIlO4 as electrolyte at a scan rate of 0.1 Vs?.
Ferrocene was taken as standard and measured potentials have been
referenced to the Ex2 potential of the ferrocinium/ferrocene (Fc*/Fc) couple
of 0.425 V in CHsCN.[8l

Quantum-chemistry ground-state computations. All geometry
optimizations have been carried out employing the DFT method, in
particular, making use of the Minnesota DFT/M06-2X hybrid functional*9
and the standard 6-31++G(d,p) basis set, as implemented in the
GAUSSIAN 09 (D.01 revision) software package.?%l This computational
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method provided satisfactory descriptions of the reactivity of other DNA-
based open-shell and closed-shell systems.?! Frequency calculations
using the harmonic oscillator approximation were used to obtain the
ZPVEs and to verify the nature of the stationary points, by checking the
absence of any imaginary frequency at the minima and the presence of
only one imaginary vibrational mode (reaction coordinate) at the TS
structure. For AZT**, IRC calculations have been performed to ensure the
connectivity between the TS and the related minima. For the AZT*, the TS
that leads to the C-N bond breaking was not found since the reaction
coordinate most probably depends on the bond stretching but also on a
complex molecular reorganization of the relative orientations of the
aromatic rings, as revealed by preliminar relaxed scan calculations.
Therefore, MEP calculations starting from the two highest points of the
relaxed scan potential energy surfaces (C-N distances of 1.85 and 1.90 A,
respectively) were conducted in order to connect both reactants and
products and estimate in this way an upper bound for the energy barrier.
The energy of the mentioned molecular reorganization taking place
between the two selected structures have been tracked by means of the
LIIC procedure, which provides a connected (and therefore, possible) path
between the two geometries, ensuring thereby the absence of any energy
barrier not found by the relaxed scan exploration.

VIPs were computed by subtracting the energies of the neutral state
to the energy of the cationic state at the equilibrium geometry of the former,
whereas the AIPs were determined by subtracting the energy of the neutral
state at its corresponding equilibrium geometries to the energy of the
cationic state at its equilibrium geometry. On the other hand, the AEAs
were obtained by subtracting the energy of the anionic state at its
optimized geometry to the energy of the neutral state at its equilibrium
geometry. Thereby, positive AEAs indicate stable anionic states, whereas
positive VIPs and AlPs refer to unstable cations. Methylation at the N3
position of the thymine and the 6-azauracil units, which might affect in
particular the ionization potentials and electron affinities, was considered
by computing the VIPs, AIPs and AEAs of AZTn in the gas phase and
acetonitrile (see Table S2). Changes in general lower than 0.2 eV were
obtained, which does not affect the analysis and conclusions obtained in
this work based on the AZT system (compare Tables 2 and S2). This
further validates the N-H model system used throughout in this study.

For the thermochemical properties, the rigid-harmonic oscillator-
ideal approximation has been used to estimate the Gibbs energies at
298.15 K and 1 atm to include the entropic effects. A previous benchmark
of this approach reported reasonable accuracy at a modest computational
cost.l?2 The influence of the solvent (acetonitrile) in the reaction energies
was assessed by means of the PCM using the GAUSSIAN 09 default
settings. The PCM-M06-2X method was applied on top of the converged
MO06-2X geometries.

The CASSCF method was used to build multiconfigurational
ground-state wave functions on top of the M06-2X geometries. The active
space has been chosen including the most relevant out-of-plane nitrogen
lone pairs (ny), = and n* molecular orbitals of the 6-azauracil and thymine
moieties in the azaU-T n-stacked arrangement, i.e. 12 electrons distributed
into 12 molecular orbitals (12-in-12) for the neutral system. Thus, active
spaces of (13-in-12) and (11-in-12) were used throughout to study the
reactivity of the anionic and cationic systems, respectively. In the case of
AZT* at the reactants structure, one © and one n* orbitals combine to
produce the corresponding ¢ and o* orbitals of the C-N bond. Similarly, at
the reactant structure of the AZT radical cation, two = and two ©* orbitals
give rise to the two o/c* pairs of the C-N and the C-C covalent bonds.

CASPT2[2 as used to compute the dynamic electron correlation on
top of the CASSCF wavefunction and thus provide accurate energies. An
imaginary level shift of 0.2 a.u. was set in order to minimize the presence
of weak intruder states.?l Regarding the ionization-potential electron-
affinity (IPEA) parameter,[? the recommended value of 0.25 a.u. was used
for the charged systems as previously benchmarked for cationicl?® and
anionic® DNA nucleobases, whereas the standard zeroth-order
Hamiltonian (IPEA=0.0 a.u.) was employed for the neutral systems. All
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multiconfigurational calculations were performed with the MOLCAS 8 suite
of programs[?”! and the atomic natural orbital (ANO) L-type basis set with
the C, N, O [4s3p1d]/H [2s1p] contraction scheme (ANO-L 431/21).128]

Quantum-chemistry excited-states computations. Determination of the
lowest-lying excited-state equilibrium structure in ACN and its energy
related to the ground-state minimum in the Phs was carried out using time-
dependent TD-DFT and PCM approach, which is a standard and calibrated
approach in fluorophores as those studied here. The 6-31++G(d,p) basis
set was used and the calculations were carried out in the GAUSSIAN 09
(D.01 revision).
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The ring-opening reaction of an azetidine derivative has been studied in detail using experimental and computational methodologies.
Both photoinduced electron injection and abstraction lead to the cycloreversion of the heterocycle.
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