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M. Angeles Izquierdo, Luis R. Domingo,** and Miguel A. Miranda* -*

Departamento de Qmica Ordganica/Instituto de Ciencia Molecular, Unérsidad de Valencia,
¢/Dr. Moliner 50, 64100, Valencia, Spain, and Departamento dar@a/Instituto de TecnoldgiQumica
UPV-CSIC, Uniersidad Polifenica de Valencia, Camino Vera s/n, Apdo. 22012, 46022, Valencia, Spain

Receied: September 15, 2004; In Final Form: January 21, 2005

The molecular mechanism for the cycloreversion of oxetane radical cations has been studied at the UB3LYP/
6-31G* level. Calculations support that the cycloreversion takes place via a concerted but asynchronous process,
where C-C bond breaking at the transition state is more advanced thad Ieaking. This allows a favorable
rearrangement of the spin electron density from the oxetane radical cation (with the spin density located
mainly on the oxygen atom) to the alkene radical cation which is one of the final products. Inclusion of
solvent effects does not modify the gas-phase results.

Oxetanes can be easily obtained by PateiBiachi photo- SCHEME 1

cycloaddition of carbonyl compounds to alkedéheir cyclo- o o+ a  ap o
reversion (CR) involves cleavage of two bonds and may yield D? [T—— L. e
formal methathesis productdhis process can be achieved by b1‘ \ ‘ag
using electron transfer (ET) photosensitizers and has recently oy o a4
attracted considerable interest, as it appears to be involved in . 3 [_: } d
the photorepair of DNA, b21+1e‘ e

In a previous study, semiempirical calculations were used to e ot -j) b4 =:0
study the ET-catalyzed CR of the oxetanes proposed as .
intermediates in the photoenzymatic repair of (6-4) photoprod- CHART 1
ucts of DNA dipyrimidine sites by photolyasé3he stationary
points on the potential energy surfaces for the gas-phase splitting R4 Q Fh
were located by AM1 and PM3 methods. These calculations \EOK c c oS
showed that cleavage of the radical anions is more exothermic Ry R, ¢l 1 Ph X7 ph
than that of the radical cations. A nonconcerted, two-step o Y
mechanism was proposed for both radical anion and radical 1aR2=R3%=Ri=H 2 3a:X=0,Y =BF,
cation pathways at these semiempirical levels. In the oxidative 1b R2 = R3= R%= Me 3b:X=8,Y=0Cl
ET cycloreversion, initial €C bond cleavage is favored 1¢ R? = R3= Ph, R*= Me
(Scheme 1, pathway b- bg); by contrast, the reductive pathway 1d R? = R3= Ph, R*= CH,0H

appears to start with €O breaking.

There are no experimental data in the literature related to the It is remarkable that the regioselectivity of ET-mediated CR
CR of simple oxetanes such aaand1b (Chart 1). However, of oxetanes can be controlled by modifying the nature of the
CR of 2,2-diaryloxetanes using cyanoaromatics as ET photo- photosensitizet Thus, we have found that CR @€ using 2,4,6-
sensitizerswas proposed to follow the mechanism predicted triaryl(thia)pyrylium salts 8a,b) as alternative photosensitizers
by semiempirical calculations, based on the stereochemistry ofoccurs with initial G-C, bond cleavagé.In the resulting 1,4-
the products. Thus, CR would occur with cleavage of the same radical cation, spin and charge are located in the oxygen and
bonds (G—Csz and G—O) formed in the synthesis of the Czatoms, respectively. Subsequest-C,4 bond cleavage results
oxetanes. Although the process was explained via formation of in the production ofransstilbene and acetaldehyde (Scheme
radical cations, no intermediate of this type was detected. 1, pathway a+ as). This mechanism is supported by intramo-

The same regioselectivity has been observed in recentlecular trapping of the cationic site in the partially cleaved
experiments performed in our group on the CR of the model intermediate in the case of the hydroxymethyl substituted
compoundrans,trans2,3-diphenyl-4-methyloxetand ) medi- oxetaneld. The relevant transient speci¢saqis-stilbene radical
ated by chloranil2);6 the obtained products are those resulting Cation and pyranyl radical) have been detected by means of laser
from addition of2*~ or 2H* to thetrans3-methylstyrene radical ~ flash photolysis (LFP) ofic and 1d in the presence of (thia)-
cation. pyrylium salts.

The results obtained using cyanoaromatarsd chloranfl as
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TABLE 1: Total Energies (in au) and Relative Energies$ (in kcal/mol, in Parentheses, Relative to the Corresponding Oxetane
Radical Cations) for the Stationary Points along the CR of 1a, 1b't, and 1c*

species UB3LYP/6-31G* MP2/6-31G* MP3/6-31G*//IMP2/6-31G* UB3LYP/6-31G* (acetonitrile)

la RC —192.764030 —192.118751 —192.156172 —192.847667
TS-CC  —192.741323 (14.5) —192.104921 (8.3) —192.132903 (14.2) —192.824759 (14.6)
TS-OC  —192.708907 (32.9) —192.068457 (29.8) —192.095895 (36.0) —192.795664 (30.9)
MC —192.768182  {3.1) —192.138928 {13.5) —192.166245 £7.2) —192.846303 (0.4)

b RC —310.742242 —310.813230
TS-CC  —310.741916 (0.5) —310.814299 €0.4)
TS-OC  —310.706647 (20.8) —310.781661 (18.3)
MC —310.770486  £19.7) —310.837374 £17.1)

1c RC —694.258389 —694.318937
TS-CC  —694.240016 (10.9) —694.305262 (7.9)
TS-OC  —694.221296 (22.2) —694.282967 (21.5)
MC —694.302074 £29.2) —694.353310 £23.3)

2 Relative energies including zero point energies (ZPE).

pounds more similar to our simple systems. This could allow SCHEME 2

the use of a density functional theory (DFT) treatment, at a R o t

higher level that the previous semiempirical studies. The models \E\+

selected for the present work have been the parent unsubstituted RS Or?

oxetane radical catioda™, the 2,3,4-trimethyl derivativéb**, . Ts-oC .

and the 4-methyl-2,3-diphenyl derivatite’*. For all of them, RY " (a) R\:o

two reactive channels have been studied, corresponding to the \Ei . ;Rz—‘“

initial O—C or C—C bond breaking process. RS Yre| L ® ] =V

Computational Methods.DFT calculations were carried out R4 TR

using the B3LYP exchange-correlation functional, together with RC R mc

the standard 6-31G* basis $gfor the studied radical species, ;% )

the unrestricted formalism (UB3LYP) was employed. In addi- RTS-CCR

tion, second- and third-order MollePlesset theory (MP2 and
MP3) calculationdwere also performed for the smallest system
la™, to test the reliability of the DFT method. Optimizations
were carried out using the Berny analytical gradient optimization
method!® The stationary points were characterized by frequency
calculations, to verify that the transition structures (TSs) have
one and only one imaginary frequency. The intrinsic reaction First, the mechanism for the CR of the simplest oxetane
coordinate (IRCY path was traced in order to check the energy radical catiorla was studied in the gas phase at the UB3LYP/
profiles connecting each TS with the two associated ,minima of 6-31G*, MP2/6-31G*, and MP3/6-31G*/MP2/6-31G* levels.
the propos_ed mec_hamsm by using the secor_ld-order Gimza These three levels were selected to ascertain whether the DFT
Sch_legel integration methdd. The electronic structures Of. results could be suitable for the global study. The activation
stationary points were analyzed by the natural bond orbital barriers for fragmentation dfar+ via TS-CC andTS-OC were
(NBO) method'® All calculations were carried out with the 14.5 and 32.9 kcal/mol (UB3LYP), 8.3 and 29.8 kcal/mol
Gaussian 98 suite of prograrffs. (MP2), or 14.2 and 36.0 kcal/mol (MP3), respectively. At the

The solvent effects on }he mephanlsm of cycloreversmn of three computational levels, initial cleavage of the@Cbond is
the selected oxetane radical cations have been considered b%learly favored over that of the €C bond. For the more

UB3LYP/6-31G* optimizations of the gas-phase stationary ¢, apje path vid&S-CC, the MP2 calculations gave a barrier
points, using a relatively simple self-consistent reaction ffeld somewhat lower than that found at the DET level. With MP3
(ggl\RﬂF) rfng;hod p,ased on 6th: ptc;]Iarlza:)Ie (t:ontln(ljjum ?]odel results were similar to those of UB3LYP. Therefore, the DFT
( ) of Tomasi's group: \S the solvent used in the computational method was selected to study the cycloreversion
experimental work was acetonitrile, we have used its dielectric of 1bv+ and1c+. At this level, splitting of the simplest model

co_rll_f]ta?t Off ~ 3?'64'| is of electron densiti ¢ q la™ is slightly exothermic,—3.1 kcal/mol.
€ lopological analysis of electron densities was performe Fragmentation of the trimethyl derivatité*™ presents a very

by_employing ngler's theory of atoms_in molecules (AIM). low barrier when compared witha'*. Its value along th@S-
.Th's theory partitions thg charge_densm(_ro) of a molecule . CC channel is as low as 0.5 kcal/mol. Again, this path is less
in a set of nonoverlapping atomic domains whose surface is energetic (by ca. 20 kcal/mol) than CR vT§:OC Overall
characterized by a chal zero-flux in the_gradient_ vector field cycloreversion ofLb** is strongly exothermic£19.7 kcal/mol),.
of (p(r)). The Laplacian of charge densitypo(r), indicates The CR for model compoundda* and 1b™ has two
whether the charge being associated with attractors and bonddegenerated €C and O-C bond breaking pathways due to
critical points (BCZP s) is locally concentrate®p(r) < 0) or the symmetry of the reactants. However, in the case of oxetane
locally depleted V*o(r) > 0). 1c* ring splitting can occur with different regioselectivity, with
0O—C,/C3—C4 or O—C,4/C,—C3 bond cleavage, as stated in the
Introduction. Both possibilities were investigated. In the latter
Energies for the Fragmentation of Oxetane Radical case, oxetane radical catiohc™ fragments spontaneously
Cations. A detailed analysis of the results indicates that this through initial G—C3z bond cleavage with an unappreciable
fragmentation takes place along concerted but highly asynchro-barrier. This fact precludes characterization of the corresponding

nous processes. Therefore, one oxetane radical c&io)) (wo

TSs (namelyTS-OC and TS-CC) and a molecular complex
(MC) where both fragments of the cycloreversion remain
associated have been studied and analyzed in each case (Scheme
2). The total and relative energies are given in Table 1.

Results and Discussion
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Figure 1. Stationary points corresponding to the cycloreversion of the oxetane radical ch&dndbt, and1ct. The bond lengths directly
involved in the reaction obtained at UB3LYP/6-31G*, UMP2/6-31G* (in brackets), and SCRF-UB3LYP/6-31G* (in parentheses) are given in
angstroms.

TS. When the former pathway was explored, CRlof" via carbonyl oxygen atom. This fact is in agreement with the larger
TS-CC presented a barrier of 10.9 kcal/mol, close to that found exothermic character for the CR &b**. Finally, the alkene
for 1at. The barrier for initial G-C; cleavage vial'S-OC is radical cation generated frodr " is largely stabilized due to
ca. 12 kcal/mol higher in energy. the presence of the two phenyl substituents.

As the experimental data on these reactions were obtained Analysis of the atomic motion along the unique negative
in solution, where the solvent effects can have a strong influencevibrational frequency associated with the less energ&icC
on the mechanism, such solvent effects on the CR of the selectedndicates that it is mainly associated with motion of thea@d
oxetane radical cations have also been considered (see Com&, carbon atoms along the-C breaking bond, whereas motion
putational Methods). The energetic results are given in Table of the O and G atoms is negligible. A different behavior is
1. In acetonitrile, the CR barriers generally decrease in the rangefound at the more energeficS-OC, where the @and G atoms
0.1—-3.0 kcal/mol, but initial G-C bond breaking still remains  have also a large participation. These results, which are in
favored relative to ©C cleavage. agreement with the bond lengths found at the corresponding
Geometry of the Stationary Points.The geometries of the ~ TSs, indicate that ©C; bond breaking at the more favorable
stationary points are shown in Figure 1. An analysis of the TS-CC is more delayed than4£C, cleavage aTS-OC, as a
geometrical parameters of the stationary points for the CR of consequence of the large<@; interaction at the former.
lat obtained at the DFT and MP2 levels shows that there are  In view of the high asynchronicity of the TSs found for these
no significant differences. CR processes, specially those associated with initta€C®ond
The lengths of the ©C, and G—C, breaking bonds at the  breaking, the IRCs fronTS-CC and TS-OC to RC andMC
TSs indicate that they are associated with highly asynchronouswere traced. Analysis of the results indicates that@and C-C
processes, where breaking of the-C, bond atTS-CC and bond breaking after the TSs takes place in a sequential
the O-C, bond breaking atTS-OC are more advanced. procedure, without the participation of any intermediate. Because
Inclusion of solvent effects in the geometry optimizations does of the contour of the IRCs, which does not present any shoulder,
not modify substantially the gas-phase results. the existence of any intermediate associated with a stepwise
The geometries of the CR products show thaki@ s there process can be ruled out.
is a strong interaction between the oxygen atom of the carbonyl Bond Order Analysis. The extent of bonding along a reaction
compound and the alkene derivative that supports most of thepathway is provided by the concept of bond order (BOJhe
positive charge. In addition, this interaction decreases with BO values of the &C; and G—C, breaking bonds atS-CC
increasing substitution of the alkene fragment. Thus, th€C® andTS-OC are given in Table 2. An analysis of the BO values
distances atMC (1.636 and 2.348 A forlat and 1b'™, of the two breaking bonds at the TSs indicates that they
respectively) indicate a larger interaction in the former. The correspond to asynchronous bond breaking processes. At the
geometry of theMC obtained from the CR dfa* reveals that less energetid@S-CC, breaking of the g-C4 bond (BO of ca.
the ethylene € carbon atom remains %phybridized, as a 0.4) is more advanced than that of the-O, bond (BO of ca.
consequence of the large interaction with the lone pair of the 0.8), while atTS-OC breaking of the G-C, bond is very
oxygen atom. The presence of the two methyl groups on the advanced and that of thes€C, bond is more delayed (see Table
alkene fragment derived fromb ™ stabilizes more effectively ~ 2). At the more favorabl&@S-CC, the O-C BO values are lower
the alkene radical cation, decreasing the interaction with the than those found in thRC (ca. 0.9).
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TABLE 2: UB3LYP/6-31G* Wiber Bond Order Values of
the O,—C; and C;—C, Breaking Bonds at TS-CC and
TS-CO

J. Phys. Chem. A, Vol. 109, No. 11, 200505

TABLE 4: UB3LYP/6-31G* Topological Properties (in au)
of Electron Density Distribution at the BCPs for the
Stationary Points along the Cycloreversion of Radical
Cation la*

TS-CC TS-OC
0-C Co—Ca 0-C, CoCs RC MC
la* 0.82 0.36 0.06 0.77 bond o) V() e p) V() e
b+ 0.81 0.39 0.06 0.88 0,—C, 0.2334 —0.1846 0.0467 0.1445—0.0054 0.0859
1lct 0.83 0.40 0.26 0.80 C,—C; 0.2510 —0.5908 0.0337 0.2827 —0.7309 0.0537
Cs—Cs 0.2510 —0.5909 0.0337
TABLE 3: UB3LYP/6-31G* Total Atomic Spin Densities for C,~0; 0.2335 —-0.1841 0.0467 0.3751 0.4024 0.0586
the Stationary Points along the Cycloreversion of the
Radical Cation of 1a* TS-CC TS-OC
atom RC TS-CC TS-OC MC bond o(r) V2p(r) € o(r) V2p(r) €
(6] 0.702 0.268 0.909 0.081 0,—C, 0.2166 -—0.3043 0.0337
C —0.007 —0.045 0.000 0.035 C,—C; 0.2632 —0.6533 0.0564 0.3013 —0.8534 0.0849
Cs 0.006 0.636 —0.007 0.946 Cs—Cs 0.0556 0.0790 0.3604 0.1733—0.2757 0.0247
Cy —0.007 0.129 —0.053 0.004 C,—0; 0.3308 —0.1726 0.1444 0.3017 —0.5714 0.1681

At this point, it appeared interesting to compare the Wiber

shows the properties of the bonding: wHeétp(r) < 0 it means

indexes with the BOs obtained from the natural resonance theorythat the electrons are concentrated between the two atoms so

(NRT). The total bond order valu¥sbetween the ©C, and
C3—C, at the TSs involved in the CR dfar™ were found to be
0.99 and 0.48 affS-CC and 0.43 and 0.68 afTS-OC,
respectively. Thus, the total bond order value§ 8tCC are
close to the Wiber index, whereasT&-OC the total bond order
between the ©C; is very large. In the latter case, the Wiber
index is in better agreement with the topological analysis (see
below).

Analysis of the Atomic Charges and the SpinAn analysis
of the natural atomic charges at the oxetane radical caRahs
shows that the positive charge is mainly located at the@—
C, fragment. This charge distribution results from delocalization
of the electron-density of the,;Gand G carbon atoms on the
neighboring oxygen atom and accounts for the more favorable
C3—C,4 bond breaking that allows a larger stabilization of the
incipient alkene radical cation.

Analysis of the charges a@S-CC andTS-OC for 1a™ shows
that the alkene fragment supports most of the positive charge,
0.73 and 0.68 au, respectively. The large positive charge found
at the less energeti€S-CC is a consequence of the strong
interaction with the oxygen atom.

Finally, analysis of the total atomic spin densities for the
stationary points associated with the cycloreversionlaf"
indicates that although in the starting oxetane radical c&ion
the oxygen atom supports a larger spin density (0.70), in the
reaction produdMC the G atom belonging to ethylene supports
the larger spin density (0.95) (see Table 3). For the TSs, while
at TS-OC the oxygen atom presents a large spin density (0.91),
at the more favorabl&S-CC the spin density at the O anc;C

that a covalent bond is formed by sharing the electrons, and
whenV2p(r) > 0 it means that the charge is locally depleted to
an atom. AtTS-CC the V?p(r) values associated with the,©

C,, C,—C3, and G—0; bonds are negative, indicating covalent
bonds. Howevery?p(r) for the G—C, bond is positive. ATS-

OC the V?p(r) values associated with the-€Cs, C3—C,, and
C,—0; bonds are negative. It is interesting to remark the
topological analysis aMC. This species presents a BCP
between the ©-C, belonging to the formaldehyde and alkene
radical cation frameworks(r) = 0.1445. Finally,TS-CC has

a ring critical point that means that this TS is still a cyclic
system, whileTS-OC does not have such a point in agreement
with an open system.

This topological analysis reinforces the conclusions about the
asynchronicity on the bond breaking process at both TSs based
on the Wiber’'s BO analysis. Thus, S-CC the O,—C, bond
remains with electronic properties similar to thos&8&t, while
the G—C,4 bond breaking is very advanced but with a bonding
character. A different picture is found faiS-OC where there
is no bonding between ©C, anymore; the Wiber ©-C, BO
at this TS is 0.06.

Discussion

On the basis of the obtained results, the present DFT study
for the mechanism of the CR of oxetane radical cations supports
a concerted but highly asynchronous process where only the
Cs—C4 bond is being broken at the TS while the O anda@ms
still remain bonded. Although previous work on the oxidative
ET-CR of more complex oxetanes using semiempirical AM1

atoms, 0.27 and 0.64, respectively, shows the logical progressand PM3 calculatiofsappeared to support a stepwise pathway,

from the reactant to the product.

Bader Topological Analysis To study the changes in
electronic structure along these CR reactions, a topological
analysis of the electron density(r), was performed for the
stationary points in the case @&* using Bader's theory of
AIM. The results are summarized in Table 4. Ti$-CC the
electron density at the BCPs between-@, and G—C4 was
found to be 0.2166 and 0.0556, respectively. Thus, the electron
density at the BCP associated with the—<@, bond is nearly
the same as @RC (0.2334), while in the case of thes€Cy
bond it is largely reduced (as compared with 0.251R@}. In
TS-OC the electron density at the BCP betweeg—C, is
0.1733, while there is no BCP between the-@,, indicating
that these atoms are not bonded anymore. The syvibugl)

the second TS was found to be only slightly above (0.3 kcal/
mol) the reaction intermediate. Thus, taking into account that
these semiempirical methods tend to predict stepwise rather than
concerted mechanisms, the present findings are not substantially
different from the literature results. At theS-CC the positive
charge and the spin density are mainly located in the alkene
fragment, as stated from the analysis of the charge distribution
and the total atomic spin density. These results were consistently
the same for all the selected oxetanes, regardless of the method
employed for the study and the reaction medium (gas phase or
solution).

In the case ofrans,trans2,3-diphenyl-4-methyloxetartec™,

the transition structure resulting from fragmentation through

C,—C3 and O-C4 was impossible to optimize because™
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SCHEME 3

Izquierdo et al.
Conclusions

As a conclusion, the present DFT study for the cycloreversion
mechanism of oxetane radical cations supports a concerted but
asynchronous process in which breaking of the-C, bond at
the TS is more advanced than that of the @ bond. This

1c 3a
rearrangement allows a favorable redistribution of the spin
Me electron density from the oxetane radical cation, where the spin
Phi- <0, Ph density is located mainly on the oxygen atom, to the alkene
I radical cation. Inclusion of solvent effects does not modify the
Phil | results obtained in the gas phase. These DFT results are in
Ph™ "O" "Ph agreement with the observed regioselectivity for the cyclo-
JweCHO reversion of oxetanes using cyanoaromatics and chloranil as ET-
photosensitizers. However, the opposite regioselectivity observed
Ph for the cycloreversion ofc,d photosensitized by (thia)pyrylium
/E/Ph : salts 3a,b points to an initial G-C, bond breaking, as a
PH W consequence of an interaction of the pyranyl radical with the
pnm 0 Ph oxetane radical cation before fragmentation.
act 3a—*
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