Theor Chem Acc (2011) 128:327-339
DOI 10.1007/s00214-010-0859-7

REGULAR ARTICLE

Thermolysis of 2-methyloxetane: a computational study

J. Martin-Ortiz - J. J. Quirante

Received: 7 June 2010/ Accepted: 12 November 2010/ Published online: 12 December 2010

© Springer-Verlag 2010

Abstract Thermal fragmentation of 2-methyloxetane
(2MO), which yields two different sets of products by
virtue of ring asymmetry, was studied theoretically by
using DFT, MPn and CASPT2//CASSCF methods. At the
MPn and DFT theoretical levels, only concerted transition
states were located on the ground state potential energy
surface (PES). The CASSCF approach leads to different
stepwise pathways for the two fragmentation modes, with
biradical as intermediates, in addition to the concerted
paths, with a very shallow PES for the asynchronous region
in which intermediates becomes unstable under CASPT2//
CASSCF calculations. Nevertheless, activation barriers
thus calculated were quite consistent with experimental
values. The reaction pathway that experimentally renders
the main set of products was calculated as the lowest-
energy path for the fragmentation of the 2-methyloxetane
heterocycle, and this evolves with an initial cleavage of the
C-O bond of the oxetane ring.

Keywords Methyloxetanes - Thermal fragmentation -
DFT - CASPT2//CASSCF study
1 Introduction

In general, the chemistry of oxetanes has been scarcely
studied despite their significance. The oxetane ring is
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present in a number of naturally occurring compounds with
interesting therapeutic properties (e.g. taxol, oxetanocin,
thromboxane A,) and also in hydrocarbon oxidation
intermediates. In addition, oxetanes are useful chemicals
for synthesizing a variety of products by hydrogenolysis,
thermolysis, nucleophilic attack and other reactions with
appropriate substrates [1-9].

Moreover, the oxetane thermolytic cycloreversion is
highly useful for synthetic purposes. Thus, it gives car-
bonyl-olefin formal metathesis products [7-9], also oxe-
tane metathesis under mold Photoinduced Electron
Transfer (PET) provides an effective tool for preparing
new carbonyl-alkene pairs. The cycloreversion process
under PET conditions has in fact aroused much interest
over the last decade by virtue of its involvement in the
photoenzymatic repair of DNA damage [10-28].

Specifically, the thermal decomposition of 2-methyl-
oxetane in the gas phase, which was the subject of the
present study, has been studied experimentally over the
temperature range 660-760 K [29]. The process takes
place via two different reaction pathways (see Scheme 1)
one of which prevails over the other.

Oxetane thermolysis (and the reverse reaction) has also
aroused interest in establishing whether it takes place in a
concerted manner or in two steps involving cleavage of the
two bonds to be broken—or their formation in the reverse
reaction—which would require the presence of a biradical
intermediate. However, attempts at answering this question
have so far provided non-conclusive evidences because
they seem consistent with both types of mechanisms
[29-36].

Worth special note among the theoretical studies
addressing the previous question are those of Robb et al. on
the Paterno—Biichi reaction by use of CASSCF methods
[37], which led to two different stepwise mechanisms for
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Scheme 1 Thermolysis of 2-methyloxetane

the process in the Sy PES; and our own MP2, QCISD and
DFT study of the thermolysis of 3-vinyloxetane [38], the
results of which were consistent with concerted pathways,
both synchronous and asynchronous—the latter, however,
exhibited no biradical intermediates on the ground state
PES.

The primary purpose of this work was to expand
available theoretical knowledge about the reaction mecha-
nism for the thermal decomposition of oxetanes. To this
end, we studied 2-methyloxetane, asymmetric substitution
in which affords the obtainment of two different sets of
products via two different reaction pathways. Also, we
rationalized the way the substituent dictates which pathway
prevails for this compound.

2 Theoretical methods

While the theoretical study of reaction pathways poten-
tially involving biradical species is known to require the
use of wavefunctions with more than one Slater determi-
nant—at least with CASSCF [39—41]—some authors have
shown that the DFT, with a suitable choice of exchange—
correlation functionals [42-46], and some post-HF corre-
lated methods can also provide an accurate description for
such species [47-54]. In this work, we used various
chemical models constructed with theoretical tools ranging
from the DFT ones (with the B3LYP [55-57] and MPW 1K
[58] functionals and both their restricted and unrestricted
formalisms) to the CASPT2//CASSCF multi-configura-
tional methods to take properly into account the dynamic
correlation effects [59]. For comparison, we also used the
MPn and QCISD correlated methods, and the G2 additive
scheme (MP2, SVP) for highly precise energy predictions.
All calculations were done with the Gaussian03 software
package [60]—by exception, CASPT2 computations were
obtained with MOLCAS v. 7.4 [61].

Singlet biradical exhibits generally two nearly degene-
rate potential energy surfaces (a type of avoided crossing
situation) that requires of well-balanced theoretical
methods to be adequately treated. Possible adverse results
regarding its geometric localization can be obtained. The
complete active space SCF (CASSCF) approach, which
does not consider dynamical correlation contributions,
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may overestimate the stability of biradical on reaction
pathways [44]. On the other hand, the DFT method that
includes dynamical electronic correlation, in an unspecific
manner, may not show the multi-reference character
associated with non-dynamic or near degeneracy effects.
The above-mentioned considerations should be of special
relevancy with flat potential energy surfaces for the region
of interest.

The most stable species in each case were completely
optimized and transition states (TS) located by using the
Schlegel algorithm [62] at various theoretical levels. All
structures were optimized with the 6-31G(d) basis set. The
nature of the different critical points on each PES was
determined by IRC computations [63] done with the
algorithm of Gonzélez and Schlegel [64].

The active space used in the CASSCF calculations was
that involving the IT and IT" orbitals of the products in
addition to the non-bonding p orbital of the oxygen atom: a
total of six electrons in five orbitals. As this active space
only includes a C—C bond and a C-O bond, there are two
possible reference structures for the 2MO compound, each
one corresponding to a definite fragmentation mode.
Nonetheless, in this case, the two complementary active
spaces gave identical geometries for 2MO and energies
with a difference of only 0.1 kcal/mol (as represented in
Fig. 7). CASPT2 computations required expanding the
active space for improved wavefunction convergence. This
involved introducing the orbitals of the carbon—oxygen
bond in the carbonyl fragment and a 3p orbital of oxygen.
An (8, 8) active space was thus considered.

Finally, electron rearrangement in the different reaction
pathways were studied by examining the configurations of
the wavefunctions for bimolecular transition states by
means of a theoretical method originally developed by
Fukui [65, 66]. This interpretative tool rewrites a TS
monodeterminantal wavefunction (built in this work from
the B3LYP/6-31G(d) Kohn—Sham Molecular Orbitals) as a
combination of the electronic configurations of the inter-
acting fragments,

V= Codo + Z Gy, (1)

where 1, is the reference state function in which neither
electron transfer nor electron excitation takes place and v,
stands for monotransferred configurations (an electron of
an occupied MO in any fragment is transferred to an
unoccupied MO of a different one), monoexcited configu-
rations (where the electron is excited to an unoccupied MO
of the same fragment), ditransferred and so on. These
contributions, under the assumption of fragment geome-
tries being identical with that in the respective supermole-
cule structure, were estimated with the ANACAL program
developed by Loépez et al. [67-70] which has proven
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usefulness for understanding the chemical features of
complex formation and chemical reactivity [67-70].

3 Results and discussion

Scheme 2 shows the possible reaction pathways for the
thermal decomposition of 2-methyloxetane. Both the con-
certed process I and the stepwise processes III and IV,
which involve biradical intermediates, lead to formalde-
hyde and propene as products. On the other hand, the
concerted mechanism II and the also stepwise reaction
pathways V and VI give ethene and ethanal.

The asymmetric structure of the reagent allows the
reaction pathways III to VI to be split into two different
reaction pathways involving different conformational iso-
mers of the previous intermediates. Scheme 3 shows the
Newman type projections of the two rotamers of the bi-
radical intermediates potentially formed by effect of the
initial bond cleavage of 2-methyloxetane molecule. There
are thus two conformational isomers for 2MO-INTy,
namely: a gauche-in isomer resulting from opening of the
ring and placement of the oxygen atom on the same side as
the methyl group, and a gauche-out isomer with the oxygen
on the opposite side. Both species were examined on all the
explored PES. 2MO-INT}y can be formed from 2-meth-
yloxetane with its methylene radical on the same (gauche-in
conformer) or opposite side (anti rotamer) as the methyl
substituent. Only the anti conformers in 2MO-INTyy, and
2MO-INTy, which additionally include gauche-in con-
formers, were studied as they were subject to less steric
hindrance. Finally, both rotamers for 2MO-TSy; of the
gauche-in type are equivalent.
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3.1 Single-configuration methods
3.1.1 Concerted mechanisms I and 11

Figure 1 shows the most salient structural data for all sta-
tionary points—reaction products excepted—identified on
the explored PES [MP2/6-31G(d), B3LYP/6-31G(d) and
MPW1K/6-31G(d)]. The geometries shown correspond to
the B3LYP/6-31G(d) quantum model because our B3LYP
and UB3LYP calculations provided identical results for
these stationary points.

Application of the above-mentioned single-configura-
tion MPn methods to the exploration of the asynchronous
regions of the ground-state PES provided no evidence for
the stepwise reaction pathways. With respect to DFT
results, trials for the basic reaction of oxetane thermolysis
[46], avoiding the spin and spatial symmetries by using the
UB3LYP formalism (including the option GUES = MIX
that requests that the HOMO and LUMO orbitals be mixed
in the calculations), allow us to localize some transition
states and biradical intermediates (for example, the analo-
gous to 2MO-INTyy and the analogues to 2MO-TSy; and
2MO-TSyyy of Figs. 5 and 6, but no other points of those of
the Scheme 2. These discouraged results and a lot of failed
trials to localize point on the asynchronous region of PES
for the 2MO fragmentation allow us to consider not suit-
able the UB3LYP method for the global study of reactivity
of this system. Nonetheless, DFT results were very valu-
able in order to analyze the concerted mechanisms (see
next section).

The transition states 2MO-TS; and 2MO-TSy; (Fig. 1)
corresponded to synchronous cleavage reactions in
2-methyloxetane. In both, the C—O bond was broken to a

#
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Scheme 2 Possible routes in the thermal decomposition of 2-methyloxetane
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Scheme 3 Newman projections HsC H HaC H H H H H
of the conformational isomers \C/ \C'/ \C/ \C/
for the p9s31ble biradical o H H 5 HyG EH,
intermediates that may form
after a first bond cleavage in
2-methyloxetane. The H H H H H CHg H CHs
terminology used, gauche-in/ H H
gauche-out/anti, describes the gauche-in gauche-out anti gauche-in
relative position of the methyl
group in relation to one of the 2MO-INTy 2MO-INTy
radical centers
H H H H H H H H
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H H H H H H H H
H CHj
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slightly greater extent than the C-C bond; thus, the
increase in C-O distance as calculated with the B3LYP
functional was 0.831 A in 2MO-TS; and 0.574 A in
2MO-TSy;, whereas that in C-C was 0.191 A in the
former transition state and 0.454 A in the latter.

Figure 2 shows the enthalpies of activation obtained
with the above-described theoretical methods and the
experimental values for comparison [29, 35]. Computations
were done at the default temperature and pressure used by
the Gaussian03 software package (298.15 K and
1.000 atm, respectively); in addition, G2 calculations were
done at the temperature and pressure used to obtain the
experimental data (700 K and 0.015 atm) (Table 1). All
theoretical models used provided very similar energies of
activation for both decomposition pathways. The energy of
the transition state associated to pathway I was slightly
lower than that for pathway II with all theoretical levels
used except QCISD(T)-FC/cc-pVDZ//B3LYP/6-31G(d);
this general result is consistent with a experimental k{*/
k({o) ratio [29] which is temperature-dependent but
invariably greater than unity.

Calculated mean unsigned errors (MUE parameter in
the Table 1) were used to estimate the differences
between theoretical and experimental enthalpies of
activation. Holbrook et al. [35] obtained the same
experimental energy of activation for both pathways
(59.8 kcal/mol) and claimed that the only difference
between the two in this respect was in the pre-expo-
nential factor, A. On the other hand, Zalotai et al. [29]
obtained different results for the two pathways; this led
us to use their data set to calculate MUE here. As it was
expected, we obtained the best MUE parameter for our
G2 results.
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3.1.2 Configurational analysis of the wavefunction

Table 2 shows the relative weights (as calculated from
coefficients Cy and Cg4 in Eq. 1) of the major electronic
configurations of the fragments for the transition states
2MO-TS; and 2MO-TSy; as computed with the B3LYP/6-
31G(d) model, the net charge transfer between fragments—
from B (the alkene) to A (the aldehyde) in all cases—and
the calculated Mayer’s interfragment bond orders [71, 72].

The increased weight of the zero AB configuration
(A = ethanal, B = ethene) in the wavefunction for the
transition state 2MO-TSy; relative to the saddle point 2MO-
TS, together with the Mayer bond orders values, indicates
that 2MO-TS; (1.377) is more distant from the respective
fragmentation products than is 2MO-TSy (1.204).

For the following discussion in this section, we consider
the cycloaddition reverse processes (see Scheme 2): the most
important electronic configuration between fragments—AB
excluded—in both cases is that for a charge transfer from the
alkene HOMO (Ilc—c) to the aldehyde LUMO (Te—o):
however, the inductive effect of the methyl group in the
alkene favors the electron release in 2MO-TS; with a net
charge transfer twice greater than for 2MO-TSy; (viz. 0.28¢ in
2MO-TSj and 0.15¢ in 2MO-TSy). In addition, the transition
states exhibit a slight secondary release from the aldehyde
HOMO [n (2p0)] to the alkene LUMO (IT¢_c). The asyn-
chronicity of the cycloaddition process, which favors for-
mation of a C—C bond over a C—O bond in the two transition
states (Fig. 1), and their geometric distortion (reflecting in the
corresponding C,—C3—C4—O; dihedral angles: 32.51° for
2MO-TS; and —27.36° for 2MO-TSy)), facilitate the electron
transitions and, ultimately, a[2 s + 2 s] cycloaddition that is
symmetry-forbidden in theory. The slight polarizing effects
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Fig. 1 Most important geometrical parameters of the stationary
points located in the explored PESs with DFT, MP2 and CASSCF
methods for the highly synchronous fragmentation of 2-methyloxe-
tane. Bond distances are given in A and angles in degrees

of fragment A (i.e. the A'B configuration) result from
single excitations on the aldehyde (Ilc—o — szo and
n (2p0) — Tl¢ o), whereas those of fragment B (AB” con-
figuration), which are even smaller, are a consequence of
single excitations in the alkene (Ilc_c — ITe—c). As a con-
sequence of the above changes, there results a net stabiliza-
tion of 2MO-TS; against 2MO-TSy;, which is consistent with
experimental evidences [29, 35].

Figure 3 illustrates the previous electron transfers and
the corresponding electronic configurations, in addition to
the variation of the energy of the frontier orbitals of the
fragments when they adopt the supermolecule geometry of
the TS. As can be seen, the energy of non-bonding orbitals
decreases, whereas that of bonding orbitals increases and
that of n (2p0O) remains virtually unchanged. Also, the
strongest interaction is that between the highest-energy
HOMO (in the alkene) and the lowest-energy LUMO (in
the aldehyde), the energy difference between the two
orbitals being lower for 2MO-TS; (i.e. the most stable
transition state).

Based on the signs of the lobes of the p orbitals involved
in the interaction leading to the major configuration
(Fig. 4a) in both transition states, only that between a
carbon atom in the alkene and another in the aldehyde is
favorable—those between the other p orbitals are all
unfavorable—as a result, the concerted cycloaddition pro-
cess must be somewhat asymmetric starting with formation
of the C—C bond. The transition states are stabilized by the
other orbital interactions described above and depicted
schematically in Fig. 4b, c. Torsion of the fragments about
the C-C bond while it forms (see the C,—C3—C,~O; dihe-
dral angle for 2MO-TS; and 2MO-TSy) facilitates the
favorable interaction depicted in Fig. 4c and hinders the
unfavorable interaction between the oxygen and carbon
atoms of Fig. 4a.

In addition and by comparison with similar results for
the fragmentation of unsubstituted oxetane, we found that
for 2MO-TS;, the +I inductive effect of the methyl group
at position C2 reinforces the main interaction and not the
secondary ones. For 2MO-TSy;, the effect is less pro-
nounced because the transition state corresponds to a
reaction where the methyl substituent does not belong to
the olefin.

3.2 Multi-configuration methods

All species in Scheme 2 were located on the CASSCF(6,5)/
6-31G(d) potential energy surface; by exception, the tran-
sition state 2MO-TSyy (gauche-in) only converged at
slightly lower computational levels (with a basis set con-
taining no polarization functions).

Figures 1, 5 and 6 show the most salient geometric
parameters for the stationary points obtained at the
CASSCEF level, and Figs. 7 and 8 summarize the obtained
reaction energy profiles.

3.2.1 Concerted mechanisms I and I1
Regarding the transition states typical of concerted reac-

tions, computations yielded the two species corresponding
to pathways I and II in Scheme 2 (viz. 2MO-TS; and
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Table 1 MUE (mean unsigned Theoretical level A*H° (kcal/mol) MUE
error) parameter values
2MO-TS; 2MO-TSy
MP4(SDTQ)/6-311 + G(d,p)//MP2/6-31G(d) 62.3 62.6 24
G2(MP2) 700 K 0.015 Atm 61.3 61.9 22
G2(MP2) 298.15 K 1.000 Atm 60.9 61.5 22
B3LYP/6-311 + G(d,p)//B3LYP/6-31G(d) 55.0 56.5 6.3
MPW1K/6-311 + G(d,p)//MPW1K/6-31G(d) 65.5 66.8 4.1
QCISD(T)/cc-pvDZ//B3LYP/6-31G(d) 65.3 64.5 29
QCISD(T)/cc-pvDZ//IMPW 1K/6-31G(d) 63.8 65.2 24
Experimental data 1 [Ref. 29] 59.6 64.6 0.0

Table 2 Relative weights for the most important fragment electronic
configurations in the B3LYP/6-31G(d) transition structures 2MO-TS;
and 2MO-TSy

Configurations 2MO-TS} 2MO-TS},
AB 1.000 (1.000) 1.000
ATBY 0.724 (0.507) 0.459
ATB™ 0.277 (0.252) 0.253
ATBY? 0.170 (0.093) 0.080
AB'/A"B 0.170/0.181 (0.133/0.192) 0.135/0.171
Net charge transfer 0.28e (0.20e) 0.15¢
Mayer interfragment bond 1.377 (1.206) 1.204

order

In parentheses are the values corresponding to the transition state for
the oxetane thermolysis

A H2CO, B CH2CHCH3
® A CH;CHO; B CH,CH,

2MO-TSyy), even though no similar states had previously
been reported for oxetane [37]. Figure 1 shows the most
salient features of the two stationary points.
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The geometric similarity between the two species and
those provided by the single-configuration methods (Fig. 1)
led us to conclude that both saddle points must also
correspond to concerted [2 s 4 2 5] cycloreversion to
2-methyloxetane.

At the CASSCEF level, the transition state 2MO-TS; has
a lower energy than 2MO-TSy; (Fig. 7), which is consistent
with both experimental evidence and the results of the
above-described single-determinant methods. However,
introducing the dynamic correlation inverted the sequence.
This seemingly inconsistent result is of little consequence
since, as shown below, the prevalence of one reaction
pathway over the other is not dictated by these transition
states.

3.2.2 Stepwise mechanisms IV and VI

These mechanisms involve the initial cleavage of a C-C
bond in 2-methyloxetane. Both processes proceed via a
biradical species (2MO-INT;y and 2MO-INTy;) with
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Fig. 3 Frontier molecular
orbitals electronic energies of
the products and these values
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transition states 2MO-TS; and
2MO-TSy,, electronic transfers
between the MOs (dashed
arrows) and the configurations
they giving rise (in parentheses),
according to analysis results of
the configurational
wavefunctions performed with
the B3LYP/6-31G(d) theoretical
model
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Fig. 5 Most important geometric parameters of stationary points for
the paths IV and VI obtained with the CASSCF(6,5)/6-31G (d)
theoretical model. Bond distances are given in A and angles in
degrees

radical sites in two carbon atoms—both of which were
located in the CASSCF(6,5)/6-31G(d) potential surface
energy, as well as the transition states connecting the
intermediates with both reagent and reaction products.
Based on the way the radical sites are arranged, these two
species are gauche conformers—the only ones which can
be directly obtained by initial cleavage of the ring. Also for
these intermediate structures, both may undergo rotation of
the fragments about the still intact C—O bond in order to
adopt the corresponding anti conformation rather than
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Fig. 6 Most important geometric parameters of stationary points for
the paths III and V obtained with the CASSCF(6,5)/6-31G (d)
theoretical model. Bond distances are given in A and angles in
degrees. a For 2MO-TSIII, 2MO-INTIII and 2MO-TSIII', the data not
in parentheses correspond to the gauche-in conformational isomers,
and those that in parentheses correspond to the gauche-out rotamers.
b The values for 2MO-TSIT' (gauche-in) correspond to the CASS-
CF(6,5)/6-31G model

evolving to the 2-methyloxetane or to the respective set of
reaction products. However, we chose not to explore these
potential pathways since they were mere indirect routes to
the same end products.

Going from reaction products to the 2-methyloxetane,
2MO-TSyy» and 2MO-TSyy are the saddle points
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Fig. 7 Reaction energy profiles corresponding to the CASSCF(6,5)/6-31G(d)//CASSCF(6,5)/6-31G(d) (in parentheses) and CASPT2(8,8)/cc-

pvDZ//CASSCF(6,5)/6-31G(d) (in brackets)

Fig. 8 Reaction Gibbs free 2MO-TS; 2MO-TS,,
energy profiles corresponding to 680 mo-Tsyy IMO-TS (©74)
the CASPT2(8,8)/cc-pvDZ// ! 593\ (64.1) 3.5 4 \
L / ! (59.0)
CASSCF(6,5)/6-31G(d) 2MO-TSyy” /2MO-INT Y/ ! ' N MOANT, 2MO-TSyy
lculati (56.7) 1" s oo/ RO,
calculations /25— 2MO-TS bMO-TS (55.6)
-7 2MO-INTypy = = 1 I (594) 7 v
MO-Ts - (gauche-in) (gauc l("-m\e 54 / - \
O-TSy 5.0 \ (59.2) [l ) 2MO-INTy (| |
[’guuche-l}v) (58.0) “ \ 1 (54.5) \—
iy \ \ | / IMO-TSY
| h \ \ Il 1 A
| | \ \ | ;! 1(49:9)
I ! \ \ , \ I
1 \ \ 1 \ |
[ \ \ / \ |
' \ \ ! \ !
I B \ \ [ \ |
| h \ \ ’I [ \ |
% | ! \ ‘\ ! \ !
g ] /I ‘\ \ / ] \ \‘
= [ v / 1 \ \l
g ' vy K Vo
2 ;! VA [ -
E I / \ \ [/ \ ;
1 v ‘ ! \
' ! \ ‘l ' // ‘\ \
[} \ \
1 1 \
I ! W | -
' 1 vl ! \ ‘
1 \ ! \
I " li ‘i
I \
I/ - R A
b 2-methyloxetane® 2-methyloxetane® ‘\‘
- 1 (0.0) (©0.1) \\\ ethene
propene ‘| +
+ \_ethanal
formaldehyde (-10.0)
-5.1)
< Reaction Coordinate >

connecting the respective set of reaction products with the
local minima 2MO-INTy; or 2MO-INTy;. 2MO-TSyy and
2MO-TSyy have a C-O bond distance of 1.619 and
1.581 A, respectively (Fig. 5). The interacting fragments in

these structures, with a C,—0,—C4—Ho dihedral angle of
35.19° in the former and a C4—0;—C,—Hg angle of 41.04° in
the latter, must adopt a configuration midway between (a)
one attack of the aldehyde to the alkene with the two
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fragments in parallel and a C,—O0,—C4—H,q dihedral angle
of ca. 90° (this rearrangement correlating with the ground
state of both interacting fragments), and (b) another with
the fragments lying normal to each other and a C4—0;—C,—
Hg dihedral angle of c.a. 0°(that correlates with a
n 2p0O) — Te—o excited state for the formaldehyde frag-
ment, i.e. with the first excited singlet state). Therefore,
although both transition states correspond to the lowest-
energy PES, the CASSCF wavefunctions for these struc-
tures include not only the configuration for the ground
state—that with the greatest weight—but also one other
with a substantial weight with the aldehyde in an n-IT"
excited state. Because the two stationary points fall at a
relative maximum of reaction coordinate on the ground
singlet PES, but are typical of species on an excited-state
PES, both surfaces must be very close in the respective
regions of the PES. In consequence, transition states con-
necting both gauche minima with their products must
correspond to avoid crossing points, as previously found in
an MC-SCF study of the Paterno—Biichi reaction [37]. For
2MO-TSy and 2MO-TSy;, we can make similar
considerations.

3.2.3 Stepwise mechanisms IIl and V

The fragmentation process may also evolve via one bi-
radical with a radical site in one carbon atom and another
in the oxygen atom, i.e. via the 2MO-INT}; or 2MO-INTy,
intermediates. Pathway III was examined as regards routes
involving both gauche-in and gauche-out conformers.
Because the route involving gauche-in conformers had a
lower energy profile than that involving gauche-out con-
formers, only the former is described here (Fig. 6 depicts
both). All species belonging to the three reaction pathways
depicted at the left part of Scheme 2 were located on the
CASSCEF(6,5)/6-3G(d) PES; by exception, the transition
state 2MO-TSyy (gauche-in) had to be optimized only with
the 6-31G basis set.

2MO-TSyy and 2MO-TSy are the transitions states
reached by fragmentation of the C—C bond in the biradical
intermediates 2MO-INTyy; (gauche-in) and 2MO-INTy,
respectively. The C—C bond length at these saddle points is
1.703 and 1.695 A, respectively, both of which exceed
those for their originating intermediates. The long distance
between the radical sites (3.117 A in 2MO-TSyy and
3.129 A in 2MO-TSy) is suggestive of absence of mutual
interaction at this stage of the fragmentation.

2MO-INTyy (gauche-in) and 2MO-INTy are the biradi-
cal intermediates formed in the initial cleavage of the C-O
bond in 2-methyloxetane. As can be seen, the Cs—C,—Cs3—
H; dihedral angle changes from 2.73° in 2-methyloxetane
to —45.01° in 2MO-INTy; (gauche-in) and —68.73° in
2MO-INTy, thereby avoiding the relative eclipsed position
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of the C3-H7 and C2-Me bonds on the initial heterocycle.
As it was stated by Robb et al. [37], the two lower potential
energy surfaces for the biradical intermediates 2MO-INTyy;
or 2MO-INTYy can be exchanged by orbital rotation at the
oxygen atom [37]; therefore, the wavefunctions describing
the species involved in pathways III and V also may
include some contribution from excited states, as was the
case with pathways IV and VI by geometric rotation of the
oxygen-bonded terminal methylene group.

2MO-TSyy (gauche-in) and 2MO-TSy are the transition
states for the initial cleavage of the C—O bond on the ring
and connect the reagent with the intermediates 2MO-INTyy
(gauche-in) and 2MO-INTYy, respectively. In these species,
the C—C bond is completely formed—it is 1.543 A long in
2MO-TSyy (gauche-in) and 1.548 A in 2MO-TSy— also,
the torsional angle about the C—C bond is still very low
(52.01° and —52.43°, respectively). The distance between
radical sites is about 2.700 A, which is suggestive of a
weak interaction between unpaired electrons.

3.2.4 Analysis of the energy profile for the thermolytic
reaction

In this section, we will discuss the energy characteristics of
the species described in the previous two. Figure 7 shows
the CASSCEF(6,5)/6-31G(d)//CASSCF(6,5)/6-31G(d) (in
parentheses) and CASPT2(8,8)/cc-pvDZ//CASSCF(6,5)/6-
31G(d) (in brackets) relative energies. To take into account
entropic effects, we also represented in Fig. 8 the Gibbs
free energy profiles obtained from our CASPT2(8,8)/cc-
pvDZ//CASSCF(6,5)/6-31G(d) results that for this
approach corrects the atypical relative position of the
2MO-INTyy; level in Fig. 7. No results for the gauche-out
conformers of the species involved in pathway III
(Scheme 2) have been included since 2MO-TSyy (gauche-in)
was 1.6 kcal/mol more stable than 2MO-TSyy (gauche-out).
As can be seen, the transition states of the synchronous and
concerted processes (2MO-TS; and 2MO-TSy;) exhibited
high energy values than every species involved in the
stepwise pathways of Scheme 2; therefore, the thermally
induced decomposition of 2-methyloxetane must primarily
take place in a asynchronous mode and, if are right the
CASSCF predictions, involving biradical intermediates.
These results should be consistent with previous findings of
Holbrook et al. [30] for oxetane that the rate-determining
kinetic step in the stepwise fragmentation reaction is that
involving the formation of a biradical. As can also be seen,
the CASSCF energy profiles are very flat in the biradical
regions; the barriers to be overcome on both sides of the
biradical intermediates can be assigned to the slight steric
changes occurring while the system rotates about the C-O
bond in 2MO-TS;y and 2MO-INTy;; or the C—C bond in
2MO-INTy; and 2MO-INTy. However, activation energy
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barriers for the overall reactions were underestimated by
CASSCEF in comparison with available experimental values
(and also probably was overestimated the stability of
biradicals).

Also apparent from the figure is that considering the
effects of dynamic correlation leads to the biradical inter-
mediates—2MO-TSyy (gauche-in) excepted as it could not
be located—appearing with higher energy than the transi-
tion states for the second step of fragmentations, i.e. when
dynamical effects were considered biradicals become
unstable, and therefore, the favorable paths should be
“concerted asynchronous” instead stepwise, i.e. once
the first bond is practically broken, their connection with
the fragments is subject to no other energy barrier and the
process continues very rapidly.

These results can be attributed to the almost flat form of
the energetic profile of biradical area and the presumably
error derived from carried out single points CASPT2(8,8)/
cc-pVDZ energy calculations for CASSCF(6,5)/6-31G(d)
geometries which are not necessarily stationary points—
but, presumably, close—on the CASPT2(8,8)/cc-pVDZ
PES. More investigations must be derived in this respect
and so the exact mechanism remains still an open question.
Nonetheless, our CASPT2//CASSCEF results show a good
agreement with experimental activation energies, espe-
cially for the more favorable paths (MUE = 2.9, if we
compare the estimated activation enthalpies (59.20 and
59.29 kcal/mol) with the respective data from Zalotai,
although CASPT2//CASSCF energetic predictions are in
better accordance with the Holbrook’s statement of two
competitive reactions with similar activation energy
barriers).

The lowest-energy pathways are those involving the
initial cleavage of the C—O bond in 2-methyloxetane, the
energy for the transition state 2MO-TSy; (gauche-in),
which undergoes cleavage of the C,—O; bond being
slightly lower (0.5 kcal/mol) than that for 2MO-TSy—
where the C,~O; bond is broken. This route evolves to
propene and formaldehyde, which are the experimentally
known reaction products for the main reaction pathway
[29, 35]. From Gibbs activation energies for the two more
favorable competitive reaction channels, we predict a 60%
relative yield of the reaction channel via 2MO-TSy; against
the channel 2MO-TSy, (being negligible the contributions
of synchronous paths and others to global reaction rates).’
So our CASPT2//CASSCF predicted branching ratio is
comparable with the experimental value of ca. 1.3 [35].

' The relative yield for reaction I of Scheme | was estimated
according the following formula:

o — exp{—AG”(TSy;)/RT}
T exp{—AGZ(TSy)/RT} + exp{—AGZ(ISy)/RT}

100.

One of the potential reasons for pathways III and V
being more stable than IV and VI, respectively, would be
the slight eclipsed position of the oxygen-bonded radical
fragment in the area of biradical intermediates 2MO-INTy
and 2MO-INTy; (viz. the methylene group in the former
and the ethylene group in the latter) and the C,-bonded
hydrogen atom (or C4-bonded in the 2MO-INTy specie)—
which should be absent from the biradicals 2MO-INTy;
(gauche-in) and 2MO-INTy. The pathway III resulting
more stable than the V can be understand taking in con-
sideration the reverse cycloaddition process: in this point,
the +/ character of the C,-bonded methyl group favors the
attack of propene to formaldehyde, which occurs via Cj
and C4, over the attack of the ethene to ethanal (where this
inductive effect hinders the attack of the aldehyde by the
alkene); in addition, the still hypothetical intermediate for
the former case, the 2MO-INTy; (gauche-in), must be more
stable than the 2MO-INTy by virtue of hyperconjugative
effects of that specie (the bonding of the methyl group to
C2 stabilizes its radical site).

4 Conclusions

The results obtained in this work warrant the following
comments by way of summary:

1. Applying the single-configuration methods MP2,
B3LYP and MPWIK to the two possible fragmenta-
tion pathways for the thermolysis of 2-methyloxetane
led to highly synchronous concerted mechanisms and
the absence of biradical species on the explored PES
(as exception, trial UB3LYP calculations drove to
some isolated stationary points but not to the complete
set of species that collects the Scheme 2). The
preferential cleavage of the C—O bond relative to the
C-C bond, together with the presence of geometric
distortion in the transition states, facilitates interac-
tions of the supra—supra type between fragments. The
energy of the transition state for the highly synchro-
nous concerted process leading to propene and form-
aldehyde (2MO-TS) is slightly lower than that of the
saddle point 2MO-TS;—QCISD(T)-FC/cc-pvDZ//
B3LYP/6-31G(d) calculations excepted—which con-
nects the reagent with ethene and ethanal.

2. The CASSCF multi-configuration methods (6 elec-
trons/5 orbitals) allowed four different reaction path-
ways involving biradical intermediates to be identified;
two such pathways involve initial cleavage of the C—C
bond and two cleavage of the C—O bond. All four
involve gauche isomers as regards arrangement of the
two radical sites and have wavefunctions including
some contribution from excited states. The two
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additional transition states directly connecting the
reagent with two potential sets of products were also
located but with higher activation energies that the
stepwise paths. However, biradical intermediates
become unstable by including the dynamical effects
by single point CASPT2(8,8)/cc-pvDZ//CASSCF(6,5)/
6-31G(d) calculations, and so the thermal fragmenta-
tion of 2-methyloxetane should be primarily an
asynchronous process in which activation energies
principally arise of breaking of the first of the two
bonds to be broken. Particularly, the pathway via the
2MO-TS 11 (gauche-in) is that subject to the lowest-
energy barrier among those involving fragmentation of
the ring. Once overpasses the 2MO-TSyy; (gauche-in),
the supermolecule rapidly evolves to propene and
formaldehyde, which are the experimentally detected
products of the main reaction pathway. Good accor-
dance was obtained between CASPT2//CASSCF
results and some experimental evidences as activation
energies and the branching ratio for the two compet-
itive processes.

The PES is so flat at the region of interest (biradical
and TS’s) that results are very sensitive to the
employed theoretical method. For this reason, both
the CASSCF and the DFT schemes apparently reach
their respective limits of applicability due to an
imbalance in their treatment of the two types of
electron correlation. A definitive conclusion about the
true nature of mechanism requires more investigations.
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