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Abstract We report a theoretical study of the thermal
decomposition of benzene endoperoxide. A comparison
between unrestricted density functional theory (UDFT) and
highly correlated multireference ab initio methods has been
carried out in order to assess the accuracy and reliability
of UDFT to describe biradical mechanisms. The conclusion
is that UDFT is a promising tool to describe the biradical
mechanisms of endoperoxides. However, it can fail in the
particular case of high multiconfigurational character asso-
ciated with a rather weak biradical character, which hap-
pens in the first step of the stepwise cycloreversion mecha-
nism of the prototype system studied, depending on the
exchange—correlation functional used. Thus, caution has to
be taken when arguing about the possible non-existence of
biradical pathways with UDFT.

Keywords Endoperoxide - Cycloreversion - Homolysis -
Broken-symmetry density functional theory - Ab initio
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1 Introduction
Endoperoxides (EPOs) belong to a family of compounds

able to release singlet oxygen 'O, under heating or UV
irradiation, an exceptional feature which makes these
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compounds highly interesting for various applications. In
particular, highly reactive 'O, and other reactive oxygen
species play a key role in biological and biochemical pro-
cesses [1]. They are also critical in photodynamic therapy
due to their extraordinary high oxidation potential [2].
This property can be exploited for selective destruction of
cancer cells and skin diseases, for example [3, 4]. Thus,
understanding the thermolysis and photolysis of EPOs is of
prime importance to benefit from the formidable potential
of these versatile compounds.

Two primary pathways of transformation may com-
pete during thermolysis or photolysis of aromatic EPOs
(Scheme 1): (1) cycloreversion, leading to the parent aro-
matic hydrocarbon and to singlet or triplet oxygen, and (2)
homolytic cleavage of the peroxidic bond, which can be
followed by rearrangement to diepoxides (not represented
in Scheme 1) or by decomposition to hydroxyketones or
quinones. The branching ratio between these two compet-
ing processes depends on the EPO chemical structure and
on experimental conditions [5].

The photochemistry of EPOs has been investigated in
detail both theoretically [6—-14] and experimentally [15-
22]. One of the main conclusions is that the two main
photolysis pathways depend on the nature of the excited
electronic state that is populated: While w* states are
responsible for cycloreversion, mo* states can lead to
homolytic cleavage of the peroxidic bond. While the ther-
mal decomposition of EPOs is well characterized from an
experimental standpoint [23-25], relatively few theoreti-
cal studies [26] have been reported on the two competing
thermolysis pathways. However, a number of theoretical
studies have been devoted to the addition of singlet oxy-
gen to benzene and longer acenes [26-29]. One of the
main difficulties in studying theoretically the competi-
tion between these two thermal decomposition processes
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Scheme 1 Possible transformation of CHDEPO during thermolysis
or photolysis

is that several biradical intermediates are involved along
the reaction paths. While multiconfigurational ab ini-
tio calculations, such as the complete active space self-
consistent field (CASSCF) method and its extension
to second-order perturbation theory (CASPT2), can be
used reliably to describe these biradical pathways, they
become rapidly too expensive when the size of the sys-
tem becomes too large. These methods can be used rou-
tinely for studying the thermolysis and photolysis of ben-
zene EPO (also called cyclohexadiene EPO and denoted
CHDEPO in the following) but are unworkable for longer
acenes (naphthalene and beyond) unless further approxi-
mations are made to reduce the number of configurations
generated [30-34] or to treat very large active spaces
[35-38]. Thus, there is an incentive to use less demand-
ing methods based on density functional theory (DFT)
since many biradical species are too large to be treated
with correlated multireference ab initio methods. Bro-
ken-symmetry unrestricted DFT (BS-UDFT) calculations
using a spin-projected correction scheme [39—-41] for the
energies have proved reliable to describe singlet biradical
mechanisms provided appropriate functionals are used
[42]. In particular, it has been used by Bendikov et al.
[26] to study the Diels—Alder reaction of acenes (benzene
through pentacene) with molecular oxygen. However, no
comparison was made with accurate ab initio calcula-
tions to verify the validity of their UDFT results. Here,
we report a theoretical study of the thermolysis mecha-
nisms of CHDEPO based on the comparison of accurate
multiconfigurational ab initio calculations and UDFT
calculations. This study brings some insight into the two
competing thermal decomposition pathways of this spe-
cies, as shown in Scheme 1, and illustrates the limitations
of using an unrestricted DFT formalism in this particular
case. It also shows that one has to be careful when draw-
ing mechanistic conclusions from UDFT calculations on
biradical mechanisms.
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2 Computational details

Restricted DFT and unrestricted DFT calculations were per-
formed for all closed-shell and open-shell species, respec-
tively. For open-shell species, permuted orbitals (PO) and
BS-UDFT calculations were performed. These calcula-
tions result from different constructions of initial guesses,
as explained in references [43, 44]. Spin-projected energies
have been calculated with the approximate spin-correction
procedure proposed by Yamaguchi and coworkers [39,
40] (Table S1 in Electronic Supplementary Material). The
MO06-2X functional [45] was used throughout, as it has been
tested and recommended to treat open-shell singlet biradi-
cals [42]. The 6-311G** basis set was used on all atoms.
The structures of all the critical points have been fully opti-
mized (Tables S2-S10 in Electronic Supplementary Mate-
rial) using an analytical gradient procedure with the meth-
ods available in the Gaussian 09 package of programs [46].
Harmonic frequency analyses were performed in order to
determine the nature (minimum or transition state) of the
critical points found. Natural orbitals (Table S11 in Elec-
tronic Supplementary Material) and spin densities (Table
S12 in Electronic Supplementary Material) were computed
to evaluate the biradical character of the optimized species.
Geometry optimizations were also performed at the
CASSCEF level of theory (Tables S13-S22 in Electronic
Supplementary Material) using a 6-31G* basis set. Unless
otherwise specified, the active space used throughout
the calculations includes the complete w valence space
(two pairs of mcc/né- and moo/m§g) and the o orbitals
involving the two oxygen atoms oco/od (two pairs) and
000/00, necessary to properly account for O-O homoly-
sis and cycloreversion. This comprises altogether a total of
14 electrons distributed into 12 orbitals, denoted CASSCF
(14,12) in the following. The orbitals are provided as sup-
plementary material for CHDEPO (Figure S1 in Electronic
Supplementary Material). State-averaged (SA) calculations
over at least two states (ground and first singlet excited
states) were necessary in order to preserve the active space
along the homolysis and cycloreversion pathways consid-
ered in this study. Final energies were calculated at these
CASSCF optimized geometries using the internally con-
tracted CASPT2 method [47] along with the correlation-
consistent triple-{ (cc-pVTZ) basis set. We also used the
CIPT2 method [48], which is a coupling between multiref-
erence configuration interaction and multireference pertur-
bation theory. To estimate the importance of higher-order
correlations, a Davidson correction (denoted CIPT2 + Q)
was applied. A level shift of 0.2 Hartree was adopted to
avoid intruder state problems in both the CASPT2 and
CIPT2 calculations. All these multireference calculations
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have been performed with the MOLPRO quantum chem-
istry package [49]. Note that we did not include any cor-
rections for the basis set superposition error (BSSE), as the
purpose of this work is to compare the DFT and ab initio
mechanistic pictures rather than to obtain the most accurate
energies for the thermolysis of this prototype EPO.

Electronic structures have been determined exploiting
the results of the computation of the spin-exchange den-
sity matrix P; and the diagonal elements of the one-elec-
tron density matrix at the CASSCF level (see Ref. [50] for
details). The elements of P; have a simple physical inter-
pretation, which is related to the spin coupling between the
electrons localized in the orbitals residing on the atoms i
and j [51]. An illustration of the meaning of these matrix
elements can be found in Ref. [50]. The code to calculate
the CASSCF P; matrix is implemented in Gaussian 09.
We also analyzed the CASSCF natural orbital occupation
numbers (NOONSs), i.e., the eigenvalues of the ground-
state density matrix (Table S23 in Electronic Supplemen-
tary Material). Here, the eigenvalues close to one (or sig-
nificantly different from zero or two) reflect the biradical
character of the wavefunction. Direct comparison can then
be made with the NOONSs found at the UDFT level in order
to compare the biradical characters found at the two levels
of theory.

3 Results and discussion
3.1 Cycloreversion mechanism

Two possible mechanisms have been identified for the
cycloreversion pathway. Energies and bond distances
are given at the CIPT2 and CASSCEF levels, respectively,
unless otherwise specified. As shown in Fig. 1, the lowest
energy path involves a concerted mechanism in which the
transition state (TSc,,.) displays two equally elongated CO
bonds (1.9 A, Fig. 2). The energy barrier of this synchro-
nous activated process amounts to 0.86 eV, and the benzene
and singlet oxygen products (Mp_0,) generated are slightly
lower in energy (by 0.12 eV) than the original EPO reactant
(Mcupepo)- These results are in good agreement with a pre-
vious CASSCEF study including quasi-degenerate perturba-
tion theory (MCQDPT?2) providing a barrier of 0.92 eV and
locating the product 0.16 eV below the EPO reactant [29].
The analysis of the CASSCEF electronic structure at TSc
shows a weak biradical character on both the benzene and
oxygen moieties, as the NOON closest to one is only 0.17
(Fig. 3; Table S23).

The second mechanism involves a stepwise process in
which the two CO bonds are broken sequentially. In a first
step, one CO bond is broken (3.9 A), leading to a biradi-
cal intermediate denoted M, lying 0.94 eV above the
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Fig. 1 CIPT2 energies (eV) for biradical stepwise (black) and con-
certed (red) cycloreversion pathways relative to CHDEPO. The mini-
mum energy (M) and transition-state (TS) structures obtained at the
CASSCEF level are also shown

reactant. The transition state involved in this step (TSco,)
lies close in energy to the M, intermediate and displays a
rather weak biradical character with a NOON of only 0.34
(Fig. 3; Table S23), as a result of the CO bond being broken
(2.2 A, Fig. 2). At M,,,, the biradical character is already
very strong (two NOONS close to one). In the second step,
the other CO bond is being elongated (1.8 A at TSco,) with
an energy barrier of 0.14 eV. At this transition state, both
the benzene and singlet oxygen moieties acquire a biradi-
cal character (Fig. 3; Table S23). These results are consist-
ent with previous multistate (MS)-CASPT?2 results [6] in
which the second step of the stepwise mechanism was char-
acterized (see Table 1). Note that Bobrowski et al. failed to
determine this asynchronous mechanism in their CASSCF/
MCQDPT?2 study [29]. Table 1 shows that CASPT2 results
with a larger basis set and inclusion of Davidson correc-
tions at the CIPT2 level (CIPT2 + Q) do not affect signifi-
cantly the results.

The results of the UDFT calculations are reported in
Table 1 for energies and in Fig. 2 for structures. The con-
certed path is fairly well reproduced by the UDFT calcula-
tions in terms of both energies and geometrical structures.
The barrier at TS, is 1.12 eV, in good agreement with the
1.19 eV energy barrier found by Bendikov et al. [26]. The
main structural deviation with the CASSCF geometries con-
cerns the OO bond length that is significantly shorter at the
DFT level (by 0.05 at Mg+, up to 0.1 A at Mcypgpo)- Note
that from crystal structures of 1,4-peroxides formed from
aromatic compounds, the OO bond length is determined to
be between 1.47 [52, 53] and 1.50 A [54] at intermediate
values between the CASSCF and M06-2X bond lengths.

@ Springer
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Fig. 3 Electronic structures and values of the spin-exchange density matrix along (a) the biradical stepwise and (b) the concerted cycloreversion
pathways, and along (c) the biradical O—O homolysis and decomposition to benzoquinone pathway

Regarding the change in electronic structure along this path,
the CASSCF wavefunction shows a weak biradical char-
acter of both the benzene and oxygen moieties at TS,
as discussed above. The CASSCF wavefunction is domi-
nated by a closed-shell determinant (78 %) followed by

@ Springer

several biexcited configurations with much smaller weights
(ca. 1 %). Not surprisingly, the UDFT self-consistent field
(SCF) solution collapses to the closed-shell singlet determi-
nant dominating the CASSCF wavefunction and thus does
not describe the weak open-shell character of this transition
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Table 1 Energies (eV) for biradical and concerted cycloreversion pathways relative to CHDEPO at different levels of theory

Structure  UMO06-2X/6-311G** MS-CASPT2/ANO SA2-CASSCF/6-31G* CASPT2/VTZ CASPT2/VQZ CIPT2/VTZ CIPT2 4 Q/VTZ

Mcupero 0 0 0

TSco, n.f. n.a. 0.987
M, 0.974 0.90% 0.504
TSco, 1.222 1.20% 0.782
Mgio0, 0.117 0.01* —-1.012
TScone 1.124 n.a. 0.970

0 0 0 0
0.833 0.835 0.950 0.920
0.873 0.897 0.943 0.970
0.872 0.891 1.080 1.081
—0.280 —0.252 —0.122 —0.040
0.726 0.723 0.856 0.813

n.f. not found, n.a. not available
4 Ref. [6]

state. However, it gives reliable information on the energy
and geometrical structure of this species, as the main config-
uration is a closed-shell determinant. For the benzene plus
oxygen product, the DFT SCF solution is converging to the
singlet closed-shell benzene and the singlet biradical state of
O, (Tables S11 and S12 in Electronic Supplementary Mate-
rial). Thus, a reliable description of the potential energy pro-
file along the concerted pathway is obtained with UDFT, in
agreement with CASSCF/CASPT?2.

The case of the stepwise mechanism proved to be quite
different. It was not possible to locate the TSco, transi-
tion state at the unrestricted M06-2X level. All attempts to
optimize this structure ended up collapsing to the closed-
shell SCF solution of the concerted path (i.e., TS¢,,.). This
result is consistent with previous theoretical studies [26—
29], which concluded that the concerted path was the pre-
ferred one for the reaction of benzene with singlet oxygen.
However, we would like to point out that because a singlet
biradical pathway is not found with BS-UDFT does not
mean it cannot exist. The existence of the minima Mcypepo
and M;,, means that there is necessarily a transition state
connecting these two structures. The CASSCF wavefunc-
tion at TSco, shows a strong multiconfigurational charac-
ter and a weak biradical character. The major configuration
corresponds to a closed-shell determinant with a weight
of only 66 %. Many other determinants involving mono-
and biexcited configurations play an important role, and
some of these are responsible for the rather weak biradi-
cal character of the wavefunction. With M06-2X, the SCF
solution collapses immediately to the closed-shell determi-
nant leading, upon optimization, to the synchronous transi-
tion state. It is worth noting that the multiconfigurational
character at TSco, is not surprising, as this transition state
connects two minima corresponding to two completely dif-
ferent electronic states. In other words, this transition state
results from an avoided crossing that sits on the “shoulder”
of a conical intersection between the ground state and an
excited state (see Figure 3 in Ref. [6]). As a result, the elec-
tronic structure is heavily mixed in that region of the poten-
tial energy surface.

While it is true that DFT is a monodeterminantal
method, which thus cannot pick up all these configura-
tions, it is an exact theory which, in principle, could deter-
mine exactly the electron density of a system and thus its
energy if the exact exchange—correlation functional was
known. In DFT, the mixing of electronic configurations
occurs through the electron density instead of the electron
configurations in a multiconfigurational wavefunction-
based method such as CASSCF. Examples of multicon-
figurational transition states optimized with unrestricted
DFT can be found in references [55-59]. Here we tested
all the various hybrid functionals and long-range corrected
functionals available in Gaussian 09 to assess their perfor-
mance in finding TSco,. Several scenarios can be distin-
guished. In the first one, which was the most frequently
encountered, the SCF solution collapses immediately to
the closed-shell determinant. This was the case in most
of the functionals tested (including the popular B3LYP
[60], PBEO [61], MO06 [45], TPSSh [62], HSE06 [63] and
wB97X-D [64]). In such cases, the transition-state search
inevitably ends up finding TS(,.. In the second scenario,
a few functionals (e.g., MPWBIK [65], CAM-B3LYP [66]
and wB97 [67]) allow finding the BS solution, but opti-
mization of the transition state leads to TS, because no
stationary point corresponding to TSco, exists. Finally, the
third scenario, which was encountered with half-and-half
functionals [68] (BHandH and BHandHLYP) and with
LC-wPBE [69], is that not only the BS solution is stable,
but also a stationary point corresponding to TSco, could
be found. With BHandH and BHandHLYP, the stationary
point is characterized by one imaginary frequency corre-
sponding to the CO stretching of the breaking CO bond,
as expected. However, with LC-wPBE, two imaginary fre-
quencies were found. The largest one corresponds to the
stretching of the breaking CO bond, and the lower one
corresponds to the stretching of the other CO bond. Thus,
LC-wPBE represents a case at the limit between the sec-
ond and third scenarios, as the stationary point located
is unstable against stretching of the second CO bond,
thus producing a second-order saddle point. It is also

@ Springer
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interesting to note that by increasing progressively the per-
centage of exact Hartree—Fock exchange (EXF) in B3LYP,
the situation evolves from scenario 1 (E)I({CF < ~30 %) to
scenario 2 (~30 % < E,chF < ~40 %) and then to scenario
3 (EMF > ~40 %). With BHandH and BHandHLYP, the
energy barrier for the first step is calculated at 1.296 and
1.085 eV, respectively, while LC-wPBE gives an interme-
diate value of 1.244 eV. M;,, is located 0.35 and 0.66 eV
below TSco, with the two half-and-half functionals,
respectively, and 0.43 eV below with LC-wPBE. These
results are in good agreement with the CASSCF value of
0.48 eV. It is likely that TSco, is too low in energy at the
CIPT2 level due to the approximate CASSCF structure
used, as the position of a transition state is sensitive to the
energy difference between the two minima it interconnects
(cf. Hammond’s postulate [70]). At the CASSCF level,
the energy difference between Mcypppo and M, is only
0.5 eV, whereas it is nearly double this value at the CIPT2
and MO06-2X levels. Thus, one can expect that TSco,
should lie closer to the M;,, structure than it does at the
CASSCEF level. Note also that BS optimized geometries
at the UDFT level suffer from the spin contamination [71,
72] and are therefore less reliable than optimized geom-
etries of closed-shell singlet species.

In addition, UDFT describes accurately the second
step of the stepwise mechanism. The intermediate M, is
located 0.97 eV above Mcypppo, and the energy barrier
for this second step is calculated at 0.25 eV, in good agree-
ment with the CIPT2 results. The biradical character at M,
and TSco, are correctly described (Tables S11 and S12 in
Electronic Supplementary Material), giving a pair of nearly
singly occupied natural orbitals similar to the CASSCF one
for each structure (compare Tables S11 and S23 in Elec-
tronic Supplementary Material).

Fig. 4 CIPT2 energies (eV) for
biradical O—O homolysis and

3.2 Mechanism of peroxidic bond homolysis
and decomposition to benzoquinone

The pathway for the O—O homolysis mechanism leading to
the benzoquinone product has been characterized. As shown
in Fig. 4, this path involves a stepwise mechanism in which
the OO bond and two CH bonds are broken sequentially. In
a first step, the OO bond is broken (5.0 A, Fig. 2), leading to
a biradical intermediate denoted Mgy lying 0.83 eV above
the reactant (Fig. 4; Table 2). The transition state involved
in this step (TSq() lies 1.25 eV above the reactant Mcypgppo
and displays a substantial biradical character (Fig. 3; Table
S23 in Electronic Supplementary Material), as a result of the
0O bond being broken (2.5 A, Fig. 2). In the second step,
two CH bonds are being elongated synchronously (1.4 A at
TSyy) with an energy barrier of 0.31 eV. At this transition
state, the biradical character is still substantial (Fig. 3; Table
S23 in Electronic Supplementary Material). Finally, the
benzoquinone and molecular hydrogen products (Mpq+H,)
are located 2.8 eV below the EPO reactant. These results are
in good agreement with previous MS-CASPT?2 results [6,
10], except for the TSy transition state which was located
0.38 eV higher in energy at this level of calculation.

The results of the UDFT calculations (Table 2; Fig. 2¢)
are consistent with this mechanism. The OO homolysis
involves a barrier at TS of 0.97 eV, 0.28 eV lower than
the CIPT2 result but 0.12 eV higher than the MS-CASPT2
result. At this transition state, the OO bond length has
increased by 0.59 A (0.95 A at CASSCF level). The Mpy
intermediate is located 0.62 eV above Mcypgpo, i-€., 0.2 eV
lower than the corresponding CIPT2 value. The struc-
ture of Mgy is in good agreement with the CASSCF one,
except maybe for the CO bond lengths which are 0.06 A
shorter at the M06-2X level. The step for decomposition

decomposition to benzoquinone TS 29
pathway relative to CHDEPO. 1.25.22°. L TSun
The minimum energy (M) and - ] 1.14"

transition-state (TS) structures
obtained at the CASSCEF level
are also shown

MCHDEPO
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Table 2 Energies (eV) for biradical O—O homolysis and decomposition to benzoquinone pathway relative to CHDEPO at different levels of

theory

Structure  UMO06-2X/6- MS-CASPT2/ SA2-CASSCF/ CASPT2/VTZ CASPT2/VQZ CIPT2/VTZ CIPT2 + Q/VTZ
311G** ANO 6-31G*

Mcupgro 0 0 0 0 0 0

TSoo 0.971 0.85% 0.712 1.291 1.316 1.253 1.315

Mgr 0.624 0.52,20.85° 0.207 0.907 0.936 0.829 0.906

TSuy 1.456 1.52° 3.075 1.049 1.035 1.141 1.158

Mgo+H, —2.724 —2.77° —3.678° —2.812, —2.644° —2.825 —2.834, —=2.779° —2.820, —2.715°

& Ref. [10]

b Ref. [6]

¢ Computed with a (16e, 140) active space

to benzoquinone involves a barrier of 0.83 eV at TSyy, in
good agreement with the MS-CASPT2 value of 0.67 eV,
but substantially higher than the CIPT2 value of 0.31 eV. At
this transition state, the CH bonds have been synchronously
stretched by 0.19 A (0.32 A at CASSCF level). Finally,
the Mpq+H, products are located 2.72 eV below Mcypgpos
in very good agreement with MS-CASPT2 and CIPT2
results. In addition, the UDFT method describes correctly
the biradical character of these two steps: The My biradi-
cal intermediate is characterized by a pair of nearly singly
occupied natural orbitals, while in the two transition states
TSgo and TSyy, only about half of an electron has been
transferred, in agreement with CASSCF (compare Tables
S11 and S23 in Electronic Supplementary Material).

4 Conclusions

We report in this study a theoretical study of the thermal
decomposition of benzene (or cyclohexadiene) EPO. The
small size of this prototype system allows accurate bench-
mark calculations to be performed based on multireference
ab initio calculations (CASPT2, CIPT2) against which DFT
calculations can be compared. Due to the intrinsic biradical
character of the two decomposition pathways investigated
(i.e., cycloreversion and OO homolysis followed by decom-
position to benzoquinone), BS and PO DFT calculations
have been performed. This study shows that some accurate
information on the potential energy profiles (applying a
spin-projected correction scheme), structural changes and
electronic structure reorganizations along these biradical
mechanisms can be obtained from the UDFT calculations.
However, in this particular case, the information is incom-
plete at the M06-2X level, as one important transition state
could not be found. While two possible mechanisms, con-
certed and stepwise, have been identified for the cyclorever-
sion with highly correlated ab initio methods, BS M06-2X
calculations fail to locate the first transition state (T'Sco,) of

the stepwise mechanism. Rather, the transition-state opti-
mization collapses to the transition state of the concerted
pathway (TSc,,.). At TSco,, the CASSCF wavefunction is
highly multiconfigurational and the biradical character is
rather weak making the case difficult for BS-UDFT. The test
of various density functionals produced different behaviors.
While most functionals failed to find a stable BS solution in
that region of the potential energy surface, a few functionals,
however, allowed finding TSco,. This is the case with half-
and-half functionals and modified B3LYP functionals with
an increased admixture of exact Hartree—Fock exchange.

To summarize, UDFT in the form of PO and BS-DFT is
certainly a promising tool to investigate biradical mechanisms
of larger EPOs and other biradical species. Yet, the potential
multiconfigurational and weak biradical character of some
intermediate structures should be a concern when using
such an approach, as UDFT may fail to locate the associated
biradical pathway. As a consequence, carefulness should to
be taken before claiming about the possible non-existence of
biradical pathways based solely on UDFT calculations.
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