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Cycloreversion of cis- and trans-1,2,3-triphenylazetidine (c-2 and #-2) is achieved by electron transfer to (tris(4-bromophenyl)aminium radical
cation (5'*). Stepwise C—N and C—C bond cleavage of azetidine radical cations leads to cis- and trans-stilbene, together with N-benzylideneaniline,
as final products. Mechanistic evidence is provided by quenching studies, using laser flash photolysis to generate 5 from its neutral precursor.

The azetidine ring can be found in a wide number of
compounds with different properties and applications. Thus,
it is present in a variety of natural products and in
biologically or pharmacologically active substances.>? It is
also akey substructure of useful synthetic intermediates® and
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conformationally constrained amino acids,* which are used
as basic tools for the design of novel peptides and peptido-
mimetics. Moreover, the use of modified nucleosides con-
taining the azetidine ring as constrained RNA or DNA
building blocks has also been reported.®

Perhaps one of the most relevant areas of interest for
azetidinesis related to UVB-induced DNA damages, which
include cyclobutane pyrimidine dimers (CPD, 80—90% of
the observed lesions) and pyrimidine (6-4) pyrimidones (6-4
photoproducts, 10—20% of the lesions).® In a number of
biological systems, the enzymatic repair that protects from
accumulation of CPD lesions is provided by DNA photol-
yases, through formation of CPD radical anions, which
readily fragment into closed-shell monomeric pyrimidines.
Concerning formation of the 6-4 photoproducts, it is assumed
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to proceed via cyclic oxetane/azetidine intermediates resulting
from photocycloaddition of the Cs=Cs and C,=0O/NH bonds
of two bases (in a Paterno—Buchi [2 + 2] cycloaddition). It
has been demonstrated that in many organisms 6-4 photo-
products can be efficiently repaired by regeneration of the
oxetane/azetidine moiety, in an electron transfer mechanism
resembling that employed by CPD photolyases; this is not
unexpected in view of the similarity between CPD and 6-4
photoproductsin terms of structure and binding of cofactors.
Thus, cycloreversion (CR) of azetidine and oxetane radical
ions appears to be involved in the enzymatic repair of DNA.
Moreover, the possible involvement of both the anionic and
the cationic pathways in the regeneration of native pyrim-
idines from azetidine and oxetane lesions has been recently
studied by means of theoretical calculations.”

In this context, the electron transfer CR of model oxetanes
has been previously described;® however, there seems to be
no report dealing with the same type of process in azetidines.
Hence, the goal of the present work was to gain insight into
the mechanistic aspects of azetidine CR viaelectron transfer.
For this purpose 1,2,3-triphenylazetidines c-2 and t-2 were

(4) (a) Hart, P. A.; Rich, D. H. In The Practice of Medicinal Chemistry,
2nd ed.; Wermuth, C. G. Ed.; Academic Press: London, 2003. (b) Brauner-
QOshorne, H.; Bunch, L.; Chopin, N.; Couty, F.; Evano, G.; Jensen, A. A.;
Kusk, M.; Nielsen, B.; Rabasso, N. Org. Biomol. Chem. 2005, 3, 3926. (c)
Jensen, A. A.; Kusk, M.; Nielsen, B.; Rabazo, N. Org. Biomol. Chem. 2005,
3, 3926. (d) Couty, F.; Evano, G. Org. Prep. Proced. Int. 2006, 38, 427.
(e) Zagari, A.; Nemethy, G.; Scheraga, H. A. Biopolymers 1990, 30, 951.
(f) Deming, T. J.; Fournier, M. J.; Mason, T. L.; Tirell, D. A. Macromol-
ecules 1996, 29, 1442. (g) Schlechtingen, G.; Dehaven, R. N.; Daubert,
J. D.; Cassel, J.; Goodman, M. Biopolymers 2003, 71, 71. (h) Boni, R.;
Verdini, A. S.; Deber, C. M.; Blout, E. R. Biopolymers 1978, 17, 2385.

(5) (& Honcharenko, D.; Zhou, C.; Chattopadhyaya, J. J. Org. Chem.
2008, 73, 2829. (b) Plashkevych, O.; Chatterjee, S.; Honcharenko, D.;
Pathmasiri, W.; Chattopadhyaya, J. J. Org. Chem. 2007, 72, 4716. (c)
Honcharenko, D.; Varghese, O. P.; Plashkevych, O.; Barman, J.; Chatto-
padhyaya, J. J. Org. Chem. 2006, 71, 299.

(6) (a) Cadet, J.; Vigny, P. In The Photochemistry of Nucleic Acids;
Morrison, H., Ed.; John Wiley & Sons: New York, 1990; Vol. 1, pp 1—272.
(b) Park, H.-W.; Kim, S.-T.; Sancar, A.; Deisenhofer, J. Science 1995, 268,
1866. (f) Todo, T.; Takemori, H.; Ryo, H.; lhara, M.; Matsunaga, T.;
Nikaido, O.; Sato, K.; Nomura, T. Nature 1993, 361, 371. (c) Prakash, G.;
Falvey, D. E. J. Am. Chem. Soc. 1995, 117, 11375. (d) Nakaima, S.;
Sugiyama, M.; Iwai, S.; Hitomi, K.; Otoshi, E.; Kim, S. T.; Jiang, C. Z,;
Todo, T.; Britt, A. B.; Yamamoto, K. Nucleic Acids Res. 1998, 26, 638. (€)
Todo, T.; Ryo, H.; Yamamoto, K.; Inui, T.; Ayaki, H.; Nomura, T.; Ikenaga,
M. Science 1996, 272, 109. (ff) Lysetska, M.; Knall, A.; Boehringer, D.;
Hey, T.; Krauss, G. Nucleic Acids Res. 2002, 30, 2686-2691. (q) Sancar,
A. Chem. Rev. 2003, 103, 2203. (g) Harrison, C. B.; O'Neil, L. L.; Wiest,
O. J. Phys. Chem. A 2005, 109, 7001. (h) Durbeej, B.; Eriksson, L. A.
J. Am. Chem. Soc. 2000, 122, 10126. (i) Cichon, M. K.; Arnold, S.; Carell,
T. Angew. Chem,, Int. Ed. 2002, 41, 767. (j) Joseph, A.; Falvey, D. E.
Photochem. Photobiol. Sci. 2002, 1, 632. (k) Su, D. G. T.; Kao, J. L.-F,;
Gross, M. L.; Taylor, J-S. A. J. Am. Chem. Soc. 2008, 130, 11328. (I)
Taylor, J-S. In DNA Damage Recognition; Siede, W., Kow, Y. W., Doetsch,
P. W., Eds.; Taylor and Francis Group: New Y ork, 2006; pp 67—94. (m)
Cadet, J.; Sage, E.; Douki, T. Mutat. Res. 2005, 571, 3. (n) Boussicault, F.;
Robert, M. Chem. Rev. 2008, 108, 2622.

(7) (8 Wang, Y.; Gaspar, P. P.; Taylor, J-S. A. J. Am. Chem. Soc.
2000, 122, 5510. (b) Borg, O. A.; Eriksson, L. A.; Durbesgj, B. J. Phys.
Chem. A 2007, 111, 2351.

(8) (a) Pérez-Ruiz, R.; Gil, S.; Miranda, M. A. J. Org. Chem. 2005, 70,
1376. (b) I1zquierdo, M. A.; Miranda, M. A. Eur. J. Org. Chem. 2004, 1424.
(c) Pérez-Ruiz, R.; Izquierdo, M. A.; Miranda, M. A. J. Org. Chem. 2003,
68, 10103. (d) Izquierdo, M. A.; Domingo, L. R.; Miranda, M. A. J. Phys.
Chem. A 2005, 109, 2602. () Miranda, M. A.; Izquierdo, M. A. J. Am.
Chem. Soc. 2002, 124, 6532. (f) Miranda, M. A.; 1zquierdo, M. A.; Galindo,
F. J. Org. Chem. 2002, 67, 4138. (g) Miranda, M. A.; Izquierdo, M. A ;
Pérez-Ruiz, R. J. Phys. Chem. A 2003, 107, 2478. (h) Miranda, M. A_;
Izquierdo, M. A. Chem. Commun. 2003, 3, 364. (i) Pérez-Ruiz, R.; Miranda,
M. A.; Alle, R.;; Meerholz, K.; Griesbeck, A. G. Photochem. Photobiol.
Sci. 2006, 5, 51. (j) Miranda, M. A.; Izquierdo, M. A.; Galindo, F. Org.
Lett. 2001, 3, 1965.

5208

chosen as models and tris(4-bromophenyl)aminium hexachlo-
roantimonate (also named BAHA or magic blue)® as one-
electron oxidizing agent.

Although the synthesis of azetidines 2 has been the subject
of aprevious publication, their isolation and characterization
as pure separated stereoisomers has not been completely
reported. In the present work, ¢-2 and t-2 were prepared as
depicted in Scheme 1: copper-catalyzed reaction of pheny-

Scheme 1. Synthesis of ¢-2 and t-2
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lacetylene with o,N-diphenylnitrone to the corresponding
2-azetidinones c¢-1 and t-1,'° followed by reduction with
alane™ (see Supporting Information for further experimental
details and spectroscopic characterization).

For the electron transfer experiments, a solution of c-2 or
t-2 in acetonitrile was reacted with an equimolar amount of
BAHA, which was added dropwise in the same solvent. At
the end of the addition theinitial blue color, typical of tris(4-
bromophenyl)aminium radical cation, changed to red-brown.
Analysis of the reaction mixture by GC—MS showed the
presence of cis-stilbene (c-3) and/or trans-stilbene (t-3),
toghether with lower amounts of imine 4 (Scheme 2). For
guantitation, known amounts of appropriate standards were
added prior to analysis. The structures of all of the products
were confirmed by comparison with authentic samples.

The obtained results can be explained by initial electron
transfer from c-2 or t-2 to BAHA. Subsequent C,—N/C3—C,
bond cleavage (pathway a) of the generated azetidine radical
cation would lead to formation of the two stilbene isomers.
Alternatively, the initial azetidine radical cation could
undergo C,—C3/C4—N cleavage (pathway b), ultimately
resulting in formation of 4. The proposed mechanism is
illustrated in Scheme 3. A control experiment showed that
no cycloreversion takes place in the absence of BAHA.

To rule out a possible interconversion of the stilbenes via
radical cation under the employed reaction conditions, c-3
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Scheme 2. Reactivity of 2 in the Presence of BAHA
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and t-3 were also treated with BAHA. As expected from
consideration of the free energy changes associated with the
involved redox process,*? this did not lead to any detectable
degree of isomerization, suggesting a stepwise CR mecha-
nism for c-2 or t-2 with formation of a distonic 1,4 radical
cationic intermediate, where free rotation around the C,—Cs
bond would be possible.

Scheme 3. Mechanistic Pathways in the Cycloreversion of
Azetidine Radical Cations
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To obtain clear-cut experimental evidence in support of
the proposed reaction mechanism and specifically to make
sure that the observed cycloreversion actually occurs via
electron transfer from the azetidine to tris(4-bromophenyl)-
aminium radical cation (5*), transient absorption spectro-
scopic studies were undertaken. For this purpose, a pulsed
laser was used to generate 5t in the absence of a stabilizing
counteranion. This way, its lifetime was expected to be much
shorter, allowing us to employ time-resolved detection
techniques for performing quenching experiments and for
determining reaction rate constants. As a matter of fact, laser
flash photolysis (LFP) of the neutral precursor 5 (0.25 mM,
355 nm, acetonitrile, air) led to photoionization, giving rise
to atransient absorption spectrum, which was coincident in
shape and position with the visible band recorded for an
acetonitrile solution of BAHA (Figure 1). The UV spectrum
of 5 (not shown) displays bands with maxima at 214 and

(12) The Eox vaue for N,N-dimethylaniline (as a simple model for
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regards the E;eq value of BAHA, it has been found to be 1.17 V versus
SCE.® Thus, oxidation of azetidines by BAHA would be exergonic; however,
the analogous process with stilbenes is thermodynamically disfavored.
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300 nm and no absorption above 400 nm. Hence, the species
obtained by LFP was safely assigned to radical cation 5.
Its lifetime was 36 us, asufficiently long value asto provide
a wide dynamic range for further studies.
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Figure 1. (Top) UV —vis absorption spectrum of BAHA. (Bottom)
Transient absorption spectrum obtained after LFP (355 nm, 2.5 x
1074 M) of 5.

Once the methodology to generate 5 as atransient species
was available, the next step was to carry out quenching
studies. Thus, LFP of 5 in the presence of increasing amounts
of c-2 or t-2 generated the same signal at 680 nm attributed
to 5, but the remarkable shortening of its lifetime with
azetidine concentration revealed a strong quenching (Figure
2). Upon application of the Stern—Volmer relationship,™ the
rate constant was estimated to be 2 x 10° M1 s for both
sterecisomers. This dynamic quenching is assumed to occur
by electron transfer, on the basis of the favorable free energy
changes associated with the process.? By contrast, no
quenching of 5+ was observed in the presence of c-3 or t-3
(see Supporting Information), ruling out electron transfer
between 5*and the stilbenes. These results are consistent
with the fact that ¢-3 and t-3 did not undergo interconversion
when BAHA was used as oxidazing agent (see above) and
further support that twisting around the C,—Cs bond must
occur in a distonic 1,4 intermediate, through a stepwise
cycloreversion of the azetidine radical cation.

Upon quenching of 5t by c-2 or t-2, no new transient
absorption spectrum was observed at 515 or 470 nm that
could correspond to ¢- or t-3"*.2* This indicates that, upon
CR of the azetidines along pathway a, spin and charge are
mainly located at the more easily oxidizable imine fragment.
The same would be true for CR through pathway b, which

(13) IUPAC Compendium of Chemical Terminology, 2nd ed.; McNaught
A. D., Wilkinson, A. Eds.; Roya Society of Chemistry: Cambridge, 1997.
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100, 13615.
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Figure 2. Quenching of 5 in the presence of increasing amounts
of 2: ¢c-2 (top), t-2 (bottom). Concentration of 5was 2.5 x 1074 M
in all cases. The decay traces correspond to a[5]/[2] ratio equal to
1:0 (black), 1:0.5 (red), 1:1 (green), and 1:2 (blue), respectively.

should lead preferentially to 4'". Unfortunately, no transient
absorption spectra attributable to the imine radical cations
were detected in the LFP experiments, probably because
these species are not compatible with the employed wave-
length/time scale windows. In this context, it is remarkable
that cycloreversion of c-2'* and t-2'* was also observed in
the gas phase, upon electron impact ionization. Figure 3
shows the fragmentation pattern obtained for t-2, as an
example; a similar spectrum was obtained for c-2.

In conclusion, electron transfer cycloreversion of azetidines
c-2 and t-2 can be achieved by oxidation with tris(4-
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Figure 3. Mass spectrum (electron impact) of t-2. Insets: spectra
of t-3 (left) and 4 (rigth).

bromophenyl)aminium radical cation. The process occurs by
stepwise cleavage of the C,—N/Cs;—C, or the C,—C4/Cy—N
bonds, to give stilbenes and N-benzylideneaniline as final
products. These results, obtained with model systems,
confirm the feasibility of the radical ionic pathways to
achieve the enzymatic repair of 6-4 photoproducts in
damaged DNA. At the same time, the developed experi-
mental approach provides a new entry to undertake similar
studies with more complex azetidines, closer to the rea
biological systems.
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