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Abstract The oxygen transfer reactions from heterocy-
clic compounds such as oxaziridine, methyldioxirane and
ethylene oxide to ethylene and phosphine have been stud-
ied using different computational methods, and the results
have been compared to those obtained with CASPT2 and
CBS-QB3 methods. The results show that the generalized
gradient approximation (GGA) functionals BLYP and
PBEPBE, highly underestimate the barriers. On the other
hand, the hybrid meta-GGA functionals (BB1K, M05 and
MO05-2X) and BHandHLYP tend to overestimate the bar-
riers. Finally, the B3ALYP and OPBE functionals provide
reasonable barriers. Nevertheless, none of the tested func-
tionals describes all the studied reactions with the same
accuracy.

Keywords Density functional theory - Oxygen transfer

1 Introduction

The Kohn—Sham density functional theory (DFT) [1-6] is
the most widely used method by computational and theo-
retical chemists. The key of this success has been its
capacity to predict important aspects of a large range of
chemical systems with a low computational cost in com-
parison with post-Hartree—Fock methods.

Dedicated to Professor Santiago Olivella on the occasion of his 65th
birthday and published as part of the Olivella Festschrift Issue.

C. Acosta-Silva - V. Branchadell (X])

Departament de Quimica, Universitat Autonoma de Barcelona,
Edifici Cn, 08193 Bellaterra (Barcelona), Spain

e-mail: vicenc.branchadell @uab.cat; vicenc @klingon.uab.es

The development of new exchange—correlation func-
tionals has allowed the use of DFT in the study of chemical
reactivity. In particular, hybrid functionals, such as B3LYP
[7-9], have been successfully used for many chemical
reactions [6, 10-18]. However, there are certain types of
reactions in which the most popular DFT methods under-
estimate potential energy barriers [16, 19-41].

In the last years, new density functionals have been
developed specially designed to reproduce accurate poten-
tial energy barriers by Zhao and Truhlar [29, 33, 42, 43].
This purpose can be achieved by varying the amount of exact
exchange in the exchange—correlation functional. More
recently, the same authors have developed a new generation
of functionals with broad applicability in chemistry [44—48].

The performance of different functionals in thermo-
chemical kinetics is generally tested for datasets of
different barrier heights corresponding to hydrogen-trans-
fer reactions of small systems [27, 29, 32, 43], showing
that the hybrid functionals with a large amount of
exact exchange such as BB1K [43, 49, 50] (42% of exact
exchange) and mPWIK [42, 51, 52] (42.8% of exact
exchange) give the best results. The studies comprising non
hydrogen-transfer reactions [32, 37, 39] also demonstrate
the good performance of the BB1K functional.

Small heterocycles such as oxaziridines and dioxiranes
(see Fig. 1) are used in oxygen transfer reactions to alkenes
and other species. In the last years, reactions of this kind
have been the object of theoretical studies [53-64].

The transition states of these reactions may have a
diradical character, so that monodeterminantal methods
might not be appropriate for their study. However, in the
literature there are several examples in which density
functional methods lead to results in good agreement
with post-Hartree—Fock methods for this kind of systems
[56, 59, 63, 65-70].
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Fig. 1 Oxaziridine (a), methyldioxirane (b) and ethylene oxide (c)

Bach et al. [56] have shown that for reactions of
dioxirane and dimethyldioxirane the B3ALYP method leads
to transition state geometries similar to QCISD. However,
the B3LYP energy barriers are underestimated with respect
to QCISD(T) results. On the other hand, the MP2 method is
not adequate for the optimization of the transition state.

For the reaction between oxaziridine and ethylene, Houk
et al. [57] have analyzed the diradical character of the
transition state from spin-unrestricted B3LYP calculations,
which lead to a breaking of the symmetry between o and 8
spin densities. However, these UB3LYP calculations seem
to exaggerate the diradical character of the transition state.

Baboul et al. [59] have also studied the oxygen transfer
between dioxirane and phosphine showing that B3LYP and
MP2 lead to a similar energy barriers, but these values are
lower than the QCISD(T) result.

In this work we have studied the oxygen transfer reac-
tions of oxaziridine and methyldioxirane with ethylene and
phosphine using different density functional methods and
comparing the results with CASPT2 and CBS-QB3 cal-
culations. For purpose of comparison, reactions of ethylene
oxide have also been studied.

2 Computational details

The structures of reactants and transition states have been
optimized at the CASSCF [71] and B3LYP levels of theory
with the 6-31G(d) basis set [72]. In all cases, harmonic
vibrational frequencies have been computed to characterize
each structure. In the CASSCF calculations the active
space consists in four electrons and four orbitals for
oxaziridine, methyldioxirane and ethylene oxide (oxo,
0co, 0%xo and o*co orbitals, where X is N, O or C,
respectively) and two electrons in two orbitals for ethylene
(m and ©*) and phosphine (the P lone pair and one of the
o*py orbitals). For the transition states, this leads to an
active space of six electrons in six orbitals.

For all structures single point calculations have been
carried out at the CASPT2 [73, 74], CCSD(T) [75] and
MP2 [76] levels of calculation and different density func-
tional methods using the 6-3114++G(2df,2pd) basis set.
Several functionals have been tested: three generalized
gradient approximation (GGA) functionals (BLYP [8, 49],
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PBEPBE [77, 78] and OBPE [77-79]), three hybrid GGA
functionals (B3LYP [7-9], BHandHLYP [8, 49, 80] and
PBEIPBE [77, 78, 81]) and three meta-GGA hybrid
functionals (BB1K [43, 49, 50], M05 [44] and MO05-2X
[45]). Finally, we have also done calculations with a high
accurate monodeterminantal method such as CBS-QB3
[82].

CASSCEF, density functional and CBS-QB3 calculations
have been done using the Gaussian-03 program [83],
whereas the MOLCAS program [84] has been used for
CASPT?2 calculations.

3 Results and discussion

The geometries of reactants and transitions states of each
reaction have been optimized at the CASSCF and B3LYP
levels of calculation. Figures 2 and 3 show the structures
of the transition states of the reactions of the three model
oxygen donors with ethylene and phosphine, respectively.
When different transition state conformers have been
found, we have chosen the most stable ones at each level of
calculation.

As we can observe, there are significant differences
between CASSCF and B3LYP geometries, especially in
the reactions with ethylene. The values of the C—O inter-
atomic distances corresponding to the forming bonds show
that the CASSCF transition states are asynchronous.
Regarding the B3LYP transition states, we can observe a
decrease of asynchronicity for the reaction of oxaziridine
and, specially, for the reaction of methyldioxirane, which is
nearly synchronous. On the other hand, the asynchronicity
does not change for the reaction of ethylene oxide. Another
significant difference between CASSCF and B3LYP
structures is observed in the torsion angle around the
shortest forming C—O bond (C—-O-C-C dihedral angle) for
the reactions of oxaziridine (53.6° for CASSCF and 102.3°
for B3LYP) and ethylene oxide (58.7° for CASSCF and
11.5° for B3LYP).

Regarding the phosphine reactions, the most significant
differences between CASSCF and B3LYP geometries cor-
respond to the P-O distance in the reactions of oxaziridine
(0.168 A) and ethylene oxide (0.160 A) and to the O-O
distance (0.166 A) for the reaction of methyldioxirane.

The diradical character of these transition states can be
measured through the weight of the diexcited configuration
in a CASSCF(2,2)/6-31G(d) calculation. These weights are
shown in Table 1 along with T1 diagnostic [85] in the
CCSD/6-31G(d) calculation.

From the weights of diexcited configurations, we can
observe that the diradical character of transition state of a
given reaction depends on the method used in its location.
For the reaction of oxaziridine with ethylene the diradical
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Fig. 2 Geometries of the
transition states for the reactions
of oxaziridine, methyldioxirane
and ethylene oxide with
ethylene obtained at the
CASSCF(6,6)/6-31G(d) and
B3LYP/6-31G(d) levels of
theory. Selected interatomic
distances in angstrom

oxaziridine
(CASSCF)

ethylene oxide
(CASSCF)

methyldioxirane
(CASSCF)

oxaziridine
(B3LYP)

character of the transition state is larger for the B3LYP
structure than for the CASSCF one. On the contrary, for the
reactions of ethylene with methyldioxirane and ethylene
oxide the diradical character is larger for CASSCF than for
B3LYP. A similar behavior is observed for the reaction
between phosphine and methyldioxirane, whereas both
CASSCF and B3LYP methods lead to similar diradical
characters for the reactions of phosphine with oxaziridine
and ethylene oxide.

Regarding the T1 diagnostics, all values are >0.02
except the one corresponding the B3LYP transition state of
the reaction between ethylene oxide and phosphine.

Table 2 presents the potential energy barriers of the
studied reactions computed at the CBS-QB3 levels of
theory for geometries optimized at the CASSCF/6-31G(d)
and B3LYP/6-31G(d) levels.

Although the geometries of the transition states depend
on the level of calculation, the potential energy barriers
computed for each reaction at the CBS-QB3 level are
similar, with a mean unsigned difference of 1.7 kcal mol ™!
and a maximum difference of 3.0 kcal mol™' for the
reaction between oxaziridine and phosphine.

As we have seen, potential energy barriers computed
with a given method are reasonably similar regardless of

methyldioxirane
(B3LYP)

ethylene oxide
(B3LYP)

the method used in the geometry optimization. For this
reason, we will examine the results obtained by different
density functionals using only geometries optimized at the
B3LYP level of calculation.

For the DFT calculations, we have also considered the
possibility of symmetry breaking between o and S spin
densities through spin-unrestricted calculations. In the
cases in which this leads to a solution different from the
restricted one, the energy has been projected to annihilate
the contamination from the triplet state [86, 87].

Tables 3 and 4 present the potential energy barriers
computed at different levels of calculation for the reactions
of ethylene and phosphine, respectively.

Table 3 shows how the CBS-QB3 and CASPT2 meth-
ods lead to similar barriers, with a maximum difference of
1.3 kcal mol™" for the reaction with methyldioxirane.
These results provide ranges of values that can be used as a
reference for each reaction. Regarding the CCSD(T)
results, we can observe that the computed energy barriers
lie slightly above the reference range for oxaziridine (28.0-
28.3 kcal molfl), between the CBS-QB3 and CASPT2
results for methyldioxirane and >2 kcal mol ™' above the
CBS-QB3 result for ethylene oxide. The MP2 method
provides values slightly lower than CCSD(T) for
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Fig. 3 Geometries of the
transition states for the reactions
of oxaziridine, methyldioxirane
and ethylene oxide with
phosphine obtained at the
CASSCEF(6,6)/6-31G(d) and
B3LYP/6-31G(d) levels of
theory. Selected interatomic
distances in angstrom

oxaziridine
(CASSCF)

ethylene oxide
(CASSCF)

methyldioxirane
(CASSCF)

oxaziridine
(B3LYP)

Table 1 Weight of the diexcited configuration in the CASSCF(2,2)/
6-31G(d) wave-function and T1 diagnostic in the CCSD/6-31G(d)
calculation for the transition states of reactions of oxaziridine,

ethylene oxide
(B3LYP)

methyldioxirane
(B3LYP)

methyldioxirane and ethylene oxide with ethylene and phosphine
optimized at the CASSCF(6,6)/6-31G(d) and B3LYP/6-31G(d) levels
of calculation

C,H, PH,

CASSCF B3LYP CASSCF B3LYP

Wp Tl Wo Tl Wo Tl Wo Tl
Oxaziridine 19.2 0.0212 28.0 0.0236 20.5 0.0225 20.1 0.0210
Methyldioxirane 19.0 0.0282 124 0.0270 19.5 0.0256 12.5 0.0206
Ethylene oxide 25.8 0.0314 21.2 0.0309 21.1 0.0331 20.5 0.0195

Wp values are given in %

dimethyloxirane and ethylene oxide, but it clearly under-
estimates the barrier for the reaction of oxaziridine.

Regarding the reactions of phosphine (Table 4), we can
observe that CBS-QB3 and CASPT?2 methods also lead to
similar energy barriers. However, the maximum difference
increases to 2.2 kcal mol™" for the reaction with oxaziri-
dine. The CCSD(T) energy barriers lie between 1.2 and
3.1 keal mol™! above the CBS-QB3 results. On the other
hand, the MP2 method underestimates the barriers for the
reactions of oxaziridine and methyldioxirane, whereas for
the reaction with ethylene oxide provides a barrier similar
to CASPT2.

@ Springer

Let us now analyze the potential energy barriers
computed for all reactions with the different density
functionals.

In general, GGA functionals tend to underestimate
energy barriers, especially those corresponding to the
methyldioxirane reactions which have the lower diradical
character (see Table 1). For the reaction between meth-
yldioxirane and phosphine, BLYP and PBEPBE functionals
place the transition state below the reactants. On the other
hand, for the reactions of oxaziridine with ethylene and
phosphine, the results obtained with these two functionals
are similar to the MP2 values.
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Table 2 Potential energy barriers for the reactions of oxaziridine,
methyldioxirane and ethylene oxide with ethylene and phosphine
computed with the CBS-QB3 method for geometries optimized at the
CASSCF/6-31G(d) and B3LYP/6-31G(d) levels of calculation

Oxaziridine Methyldioxirane Ethylene oxide

CASSCF B3LYP CASSCF B3LYP CASSCF B3LYP

CH, 29.7 28.3 18.7 16.0 511 53.5
PH; 207 17.7 6.9 6.9 43.2 42.4

. : —1
Values are given in kcal mol

It is to be noted that the OPBE functional has a dif-
ferent behavior than the other two GGA functionals, since
it yields a reasonable energy barrier for the reaction of
methyldioxirane with ethylene, whereas it slightly over-
estimates energy barriers for the reaction between
methyldioxirane and phosphine and the reactions of
oxaziridine and ethylene oxide. This behavior is similar to
that of B3LYP and PBEIPBE hybrid GGA functionals.
On the other hand, BHandHLYP clearly overestimates
energy barriers. Finally, the energy barriers computed
with the three hybrid meta-GGA functionals, are also too
large.

The results obtained up to now show that none of the
used density functionals provides completely satisfactory
results for all reactions. However, OPBE and, specially,
B3LYP lead generally to the best results in comparison
with CBS-QB3 and CASPT2. The inclusion of exact
exchange in an amount greater than that of B3LYP does

Table 3 Potential energies of transition states relative to reactants for
the reactions of oxaziridine, methyldioxirane and ethylene oxide with
ethylene computed at different levels of theory

Method Oxaziridine =~ Methyldioxirane = Ethylene oxide
BLYP 23.3 7.9 47.5
B3LYP 33.7 (23.1) 16.4 56.8 (52.3)
BHandHLYP  48.4 (21.4) 27.7 70.2 (53.4)
OPBE 32.8 31.7) 17.3 56.8
PBEPBE 22.1 6.2 45.4
PBEIPBE 36.0 (21.7) 17.9 58.0 (50.1)
BBIK 46.7 (27.9) 26.5 68.4 (58.5)
MO5 41.2 (25.6) 20.4 (19.3) 66.9 (55.9)
MO05-2X 46.0 (25.1) 25.8 (19.7) 66.4 (55.5)
MP2 22.9 15.5 53.5
CCSD(T) 294 16.5 55.7
CBS-QB3 28.3 16.0 53.5
CASPT2 28.0 17.3 52.7

Values are given in kcal mol™". In parentheses values obtained from
symmetry broken unrestricted calculations. Geometries obtained at
the B3LYP/6-31G(d) level of theory. Using the 6-3114++G(2df,2pd)
basis set except in CBS-QB3

Table 4 Potential energies of transition states relative to reactants for
the reactions of oxaziridine, methyldioxirane and ethylene oxide with
phosphine computed at different levels of theory

Method Oxaziridine =~ Methyldioxirane = Ethylene oxide
BLYP 12.1 —0.1 36.0
B3LYP 20.9 (14.0) 7.1 (6.9) 45.9 (40.4)
BHandHLYP  33.6 (12.5) 17.5 (2.3) 59.8 (42.2)
OPBE 223 8.3 48.0
PBEPBE 11.6 -13 36.3
PBEIPBE 23.5 (13.4) 8.9 (54) 49.3 (40.5)
BBIK 32.8 (18.5) 16.7 (8.3) 59.4 (47.9)
MO5 28.8 (19.8) 11.3 (9.8) 57.0 (47.8)
MO05-2X 30.3 (15.4) 15.6 (7.7) 55.8 (42.9)
MP2 12.9 43 40.2
CCSD(T) 19.8 8.1 45.5
CBS-QB3 17.7 6.9 42.4
CASPT2 15.5 5.8 40.8

Values are given in kcal mol™". In parentheses values obtained from
symmetry broken unrestricted calculations. Geometries obtained at
the B3LYP/6-31G(d) level of theory. Using the 6-311++G(2df,2pd)
basis set except in CBS-QB3

not improve the results. On the other hand, the used hybrid
meta-GGA functionals do not seem to be appropriate for
this kind of reactions. The performance of the different
density functionals does not have a direct relation with the
diradical character of the transition states.

For all density functional methods, we have done spin-
unrestricted calculations by breaking the symmetry of «
and f spin densities. For the transition states of the reac-
tions of oxaziridine and ethylene oxide, all hybrid
functionals may lead to broken symmetry solutions.
Regarding the GGA functionals, calculations converge to
the spin restricted solution, with the exception of the OPBE
results for the reaction between oxaziridine and ethylene.
For the reaction of methyldioxirane with ethylene the
broken symmetry result is only found with the M05 and
MO05-2X functionals.

Spin-projection has been applied to the broken sym-
metry energies to annihilate contamination form the triplet
state. For the reactions of oxaziridine, where the hybrid
functionals overestimate energy barriers, the projected
broken symmetry barriers are generally too low. However,
for the reaction with phosphine, corrected BB1K and M05
barriers are still too high and the M05-2X barrier is very
close to the CASPT?2 result. For the reaction with ethylene,
the corrected barrier at the BB1K level of theory is close to
the CASPT2 result.

For the reaction between methyldioxirane and phos-
phine the corrected B3LYP barrier coincides with the CBS-
QB3 result, whereas the PBE1PBE functionals leads to a
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result very close to the CASPT2 value. The three hybrid
meta-GGA functionals yield corrected barriers that are
higher than the CBS-QB3 result. Finally, for the reaction
between ethylene oxide and ethylene both B3LYP and
BHandHLYP functionals lead to results within the refer-
ence range. On the other hand, for the reaction with
phosphine, B3LYP and PBEIPBE functionals provide
results close to the CASPT?2 value, whereas the corrected
BHandHLYP barrier is close to the CBS-QB3 barrier. The
corrected barriers obtained with the three hybrid meta-
GGA functionals are still too high, with the exception of
MO05-2X functional which overestimates the CB-QB3
result in only 0.5 kcal mol ™"

As we have observed, energy barriers obtained from
spin-projected unrestricted DFT calculations on transition
states may be closer to the reference values than the
restricted results. Excellent results are obtained from
UB3LYP calculations for the reactions of ethylene oxide
with ethylene and phosphine, from the UBB1K method for
the reaction of oxaziridine with ethylene, and from UMO5-
2X for the reactions of phosphine with oxaziridine and
ethylene oxide. However, it is not possible to predict when
this improvement will be observed.

4 Concluding remarks

We have studied the oxygen transfer reactions of three
heterocyclic compounds (oxaziridine, methyldioxirane and
ethylene oxide) to ethylene and phosphine using different
computational methods, and the results have been com-
pared to those obtained with the CASTP2 and the CBS-
QB3 methods.

The structures of the minima and transition states have
been obtained at the CASSCF and B3LYP levels. The
potential energy barriers calculated for each reaction with
CBS-QB3 are similar regardless the method used in the
optimization.

In general, for B3LYP geometries, CBS-QB3 and
CASPT2 provide similar energy barriers, which can be
used as reference values. In most of the cases, CCSD(T)
slightly overestimates the barriers.

Several GGA, hybrid GGA and hybrid meta-GGA
functionals have been tested. In general, GGA functionals
tend to clearly underestimate the barriers, with the excep-
tion of OPBE, which behaves as a hybrid GGA functional.
In contrast, BHandHLYP functional and the hybrid meta-
GGA functionals BB1K, M05 and M05-2X highly over-
estimate the barriers. OBPE and B3LYP are the functionals
which provide the lowest errors, when all the barriers are
considered. However, none of the tested functionals is
accurate in the same way for the six studied reactions.
Thus, we recommend a careful previous selection of the
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DFT functional before a computational study of a given
oxygen transfer reaction.
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