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Abstract

Ab initio calculations on systems involving singlet molecular oxygen (Oz (1A,)) are
challenging due to significant multi-reference character arising from the degeneracy of
the HOMO and LUMO orbitals in singlet oxygen. Here we investigate the stragegy of
bypassing singlet oxygen’s multi-reference character by simply adding the experimen-
tally determined singlet/triplet splitting (22.5 kcal/mol) to the triplet ground state of
molecular oxygen. This method is tested by calculating rate constants for the reac-
tions of singlet molecular oxygen with furan, 2-methylfuran, 2,5-dimethylfuran, pyrrole,
2-methylpyrrole, 2,5-dimethylpyrrole, and cyclopentadiene. The calculated rate con-
stants are within a factor of 15 compared to experimentally determined rate constants.
The results show that energy refinement at the CCSD(T)-F12 level of theory is cru-
cial to achieving accurate results. The reasonable agreement with experimental values
validates the bypassing approach which can be used for other systems involving the

1,4-cyclo-addition of singlet oxygen.



Introduction

Molecular oxygen plays an extremely important role in all aspects of aerobic life on earth
and its chemistry is closely related to the electronic structure of molecular oxygen.? Molec-
ular oxygen has three electronic states that, in terms of energy, are located very close to
one another. The transitions between the electronic states of molecular oxygen in vacuum
are forbidden by the selection rules related to symmetry, spin, orbital angular momentum,
and parity.® The lowest lying singlet state of molecular oxygen (*A,) has a life time that is
long enough to undergo chemical reactions. The reactivity of singlet oxygen has been used
in many applications such as removing pollutants from waste water,*® in photodynamic

6.7 and as a valuable selective oxidant in organic chemistry.”®

therapy for treating cancer,
Furthermore reaction with singlet oxygen could be an important oxidation path for certain

species in the atmosphere and hydrosphere.®

Ab initio calculations on systems involving singlet oxygen are challenging due to the inherent
multi-reference character, caused by the degeneracy of the HOMO and LUMO orbitals in
singlet oxygen and have been the topic of many theoretical studies.'®** CASSCF provides a
direct way of including the static correlation of the system.!® CASSCF calculations require
selection of an active space which must include the orbitals involved in the reaction, how-
ever, selection of the active space is not straightforward. The CASSCF method primarily
describes the static correlation of the system. Addition of dynamic corelation to a CASSCF
wavefunction is challenging because of the high computational cost and poor scaling with
size. Another way of dealing with the multi-reference character of singlet oxygen is the
approximate spin projection method where the HOMO and LUMO orbitals are allowed to
mix and the electronic energy is corrected on the basis of the spin contmination and the
energy of the fist spin contaminat (the triplet state in the case of singlet oxygen). The spin
contamination error can be reduced by using the approximate spin projection method!®,

however, the results are sensitive to the choice of DFT method.!"1?



An alternative approach would be to bypass the multi-reference character of singlet oxygen
by performing the electronic structure calculation using ground state triplet molecular oxy-
gen, and then adding the experimentally determined energy splitting between the triplet and
singlet states of molecular oxygen, as illustrated in Figure 1. For reaction of singlet oxygen
with cyclohexadiene?’, this approach has been shown to yield the same qualitative results for

B3LYP/6-31G(d) as refining the electronic energy with CASPT2(12¢,100)/6-31G(d). The

AE; ¢ = 22.5 kcal/mol
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Figure 1: Hlustration of the calculations needed to bypass the multi-reference character of

singlet oxygen.

accuracy of this approach depends on whether the multi-reference character persists in the
TS. While the degeneracy of the HOMO and LUMO orbital in the singlet oxygen moiety is
most likely lost in the TS, the transition state might still possess multi-reference character
due to close lying molecular orbitals. Bypassing the multi-reference character is by far the

most simple and straight forward approach for treating systems containing singlet oxygen.

Discussion of Mechanism

Singlet oxygen is reactive towards many compounds including alkenes and sulfides. If the

alkene is a conjugated diene in the cis conformation, singlet oxygen may undergo a 1,4-
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cyclo-addition to the alkene via the Diels Alder mechanism to form an endo-peroxide as

illustrated in Figure 2. Whether the 1,4-cyclo-addition mechanism of singlet oxygen occurs
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Figure 2: The 1,4-cycloaddition mechanism for the reaction between singlet oxygen and
cyclopentadiene.

in a single concerted reaction or as a stepwise addition with a stable intermediate has been
debated.?! Bobrowski et al. examined the 1,4-cycloadition of singlet oxygen to benzene and
cis-butadiene and found that the benzene reaction proceeds through a concerted mechanism,
while the cis-butadiene reaction proceeds through a stepwise addition, which also align with
earlier MINDO/3 studies.'® The stepwise mechanism proceded via a biradical intermediate
calculated at the level of MCQDPT2/6-31G*//MCSCF /6-31G*. The concerted mechanism
was found to have a second order saddle point, 1 kcal/mol higher than the stepwise transi-
tion state.?? However, earlier studies at the MP2/6-31G*//HF/3-21G level of theory found
a first order saddle point along the concerted mechanism to be the lowest for the cyclo
addition of cis-butadiene and singlet oxygen.?® Sevin et al. studied the cyclo addition of
singlet oxygen to 1,3-cyclohexadiene at the CASPT2(12¢,100)/6-31G(d)//B3LYP/6-31G(d)
level of theory.?° In this study the initial energy barrier was found to be 6.5 kcal/mol. They

found the reaction to take place via a two-step mechanism at the DF'T level, but the energy



barrier of the second transtion state became negative at the CASPT2 level, transforming
the mechanism into a concerted but non-synchronous process. Fudickar and Linker found
that the reactions of singlet oxygen with anthracenes shift from a step wise mechanism to a
concerted one on going from gas phase to acetonitrile solution,?* indicating the close com-
petition between the two reaction channels. The experimental investigation by Gorman et
al. indicates a concerted reaction mechanism for the reaction between singlet oxygen and
a range of cyclodienes in toluene.?There is experimental evidence that the cyclo-addition
in solvent involve a reversibly formed exiplex that might become rate determining at low
temperatures. 2

The goal of this paper is to evaluate different strategies for calculating accurate energy bar-
riers for reactions involving singlet oxygen. Two strategies have been tested. In the first we
bypass the multi-reference character of singlet oxygen by performing the energy calculation
on the triplet state and then adding the experimentally determined energy difference of 22.5
kcal/mol. The second methodology is based on broken symmetry solution of unrestricted
density functional theory calculations (UDFT) where the spin contamination is removed
using the approximated spin projected method (AP-UDFT) proposed by Yamaguchi and
co-workers. ' The obtained energy barrriers are used to calculate the rate constants using
transition state theory (TST). The rate constant is used to evaluate the energy barriers, by
comparing the calculated rate constants with experimentally obtained rate constants. We
emphasize that TST is a simple approach, nevertheless it provides valuable insight regarding
the reaction kinetics and it is a natural approach yielding results that can be compared with
experiment. Arrhenius parameters for the reaction of furan, 2-methylfuran and cyclopen-
tadiene obtained by Ashford and Ogryzlo have similar pre-exponential factors but different
activation energies hence the different reactivities of these systems is solely controlled by
their activation energies. Based on these findings we argue that TST is a useful approach
for testing the performance of different electronic structure theories. The simplicity of the

TST model makes the calculation transparent. The calculated rate constants have an expo-



nential dependency on the energy barrier which makes the calculation very sensitive to this
parameter. A change of 1 kcal/mol on the energy barrier leads to an approximately 5-fold
change in the rate constant, which makes the calculated TST rate constants a useful tool in

validating the quality of the energy barriers.

A series of model systems consisting of furan, 2-methylfuran, 2,5-dimethylfuran, pyrrole,
2-methylpyrrole, 2,5-dimethylpyrrole and cyclopentadiene are used to test the method. All
the model systems consist of conjugated five membered rings that are able to undergo 1,4-
cyclo-addition with singlet oxygen. The gas-phase rate constants for furan, 2-methylfuran,
2,5-dimethylfuran, 2,5-dimethylpyrrole and cyclopentadiene have all been determined exper-

27,28,29

imentally and serve as validations of the suggested computational strategy.

Computational Method

Gaussian 16" is used for all geometry optimizations, employing the aug-cc-pVTZ3! (AVTZ)
basis set and the wB97XD3? | B3LYP?? and M06-2X3* functionals. The strategy relying
on the addition of the experimentally determined singlet/triplet spliting is based on ge-
ometry optimizations performed with UDFT and RDFT (RODFT in the case of triplet
oxygen), whereas the stragegy based on spin projection is based on geometries optimized
with UDFT. Intrinsic reaction coordinate (IRC) calculations are performed to confirm that
the TS connects the reactants to the products. Molpro20123° is used to perform single point
RCCSD(T)-F12a/VDZ-F123¢ energy calculations for obtained geometries. The basis set con-
vergence of the RCCSD(T)-F12a method is tested by comparing the RCCSD(T)-F12a/VDZ-
F12 and RCCSD(T)-F12a/VTZ-F12 single point energies performed for the RwBI7XD/AVTZ
geometries of the furans. If a system possesses significant multi-reference character, RCCSD(T)-
F12a calculations might yield unreliable results because of the poor quality of the HF ref-

erence wave-function. For example, RCCSD(T)-F12a/VDZ-F12 predicts a singlet/triplet



splitting for molecular oxygen of 28.51 kcal /mol, which is around 6 kcal /mol too high. Two
markers are used to judge whether the multi-reference character is still pronounced in the
TS, namely the 77 diagnostics obtained in the RCCSD(T)-F12a calculations, and the spin
contamination obtained either from UDFT optimization or from single point UDFT cal-
culations performed at the RDFT optimized geometries. (10e,80)CASPT2-F12/VTZ-F12
calculations are performed along the reaction coordinate of the furan and singlet molecu-
lar oxygen to obtain the energy of the two lowest singlet states and the triplet state. The
(10e,80)CASPT2-F12/VTZ-F12 calculations are performed in Molpro 2012.

The rate constants are calculated using transition state theory:37

k= Lﬁl%lﬁe—%

h QrQo,

Where kg, T and h are Boltzmann’s constant, the temperature (298 K) and Planck’s constant
respectively, #TFOQ is the ratio of the partition functions for the TS and the two reactants
and Ej is the electronic energy barrier including zero point vibrational energy (ZPVE). &
is the tunneling correction and is based on the one dimensional Eckart tunneling correction
which is calculated from the imaginary frequency of the TS, and the forward and reverse

energy barriers.®® L is the symmetry factor for the reaction and is described in greater detail

in the supplementary information (SI).

Result and Discussion

Singlet /triplet splitting in singlet oxygen

It is well known that the singlet/triplet splitting of singlet oxygen is poorly described by
a single reference method.?° This fact is illustrated in Table 1 where RDFT is observed to

overestimate the energy spliting by 12.7 kcal /mol whereas UDFT underestimates the energy



splitting by 10.92 kcal/mol. Even the CCSD(T)-F12a/VDZ-F12 method overestimates the
energy barrier by around 6 kcal/mol. The UDFT wavefunction can be spin contaminated
where higher spin states are mixed in the wavefunction. This is evident from the (S?)
value which is calculated to be around 1 for singlet oxygen, significantly deviating from
the expected value of 0 for a pure singlet. Furthermore the lowering of the singlet-triplet
splitting from RDFT to UDFT can be attributed to spin contamination of the wavefunction,
where the lower lying triplet state is mixed into the UDFT wavefunction. The approximated
spin-projection scheme provides a method to remove the contamination coming from the
first spin contaminant.!”1¢ As seen in Table 1 the approximated spin projected value (AP-
UwB97XD/AVTZ) agrees well with the experimentally determined value. The singlet /triplet
splittings using AP-UDF'T calculated with the functionals BSLYP and M06-2X are shown in
Table 1. The difference across all methods is 8.63 kcal/mol; in particular the M06-2X seems
to perform poorly. The fact that M06-2X shows the worst performance might be intriguing
since this functional has often been chosen for systems involving singlet oxygen using the

approximated spin projection method. 83

Table 1: Singlet/triplet splitting calculated using some single reference method

AEt—>s (kcal)

mol

ROwB9Y7XD/AVTZ 35.20
UwB97XD/AVTZ 11.58
AP-UwB97XD/AVTZ 23.16
AP-UB3LYP/AVTZ 20.12
AP-UMO06-2X/AVTZ 28.75

UCCSD(T)-F12a/VDZ-F12 28.85
RCCSD(T)-F12a/VDZ-F12 28.51
Exp. 22.5

The large variation among the different DF'T functionals indicates that care should be
taken when selecting the DFT functional to be used with approximate spin projection meth-

ods.



Furan, 2-methylfuran and 2,5-dimethylfuran.

Transition state structures (TS) for the 1,4-cyclo-addition of singlet oxygen to furan, 2-
methylfuran and 2,5-dimethylfuran calculated at the wB97XD/AVTZ level of theory are
shown Figure 3. The TS structures are qualitatively the same across the different DFT
methods: the TS connects the reactants with the endo-peroxide products in a concerted
reaction where both the C-O bonds are formed simultaneously without a stable intermediate
between reactants and products. Table 2 shows the energy barriers obtained by performing
CCSD(T)-F12a/VDZ-F12 on top of optimized DFT geometries for the reaction of furan,
2-methylfuran and 2,5-dimethylfuran with singlet oxygen. The calculated energy barriers
vary within 1.59 kcal/mol across the different DFT methods, showing that similar structures

are obtained for the different DFT methods.

Single point CCSD(T)-F12a/VTZ-F12 calculations performed using the wB97XD/AVTZ ge-
ometries are shown in Table 2: these calculations were used to test the effect of expanding the
basis set. The energy barriers were seen to decrease by 0.31 kcal/mol or less when increasing
the size of the basis set. Some spin contamination was observed for the (U/R)B3LYP/AVTZ
and (U/R)M06-2X/AVTZ optimized geometries, but interestingly, no spin contamination
was observed in the UwB97XD/AVTZ calculation using the RwB97XD/AVTZ optimized
geometry. This might indicate that wB97XD is more robust in treating the 1,4-cycloaddition
reactions. The T diagnostics of the transition states shown in Table 2 are all lower than
0.02 which is often accepted as the upper limit indicating when a single reference method
should give reliable results.%-4! It is accepted that extending the coupled cluster expansion
beyond CCSD(T) improves the calculation of multi-reference systems*? but since both the
spin contamination and the 77 diagnostics were sufficiently low the CCSD(T)-F12a method
was deemed to be satisfactory in improving the accuracy of the electronic energies of the

DFT optimized transition state structures.
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The calculated rates shown in Table 2 are approximately within an order of magnitude
compared to the experimentally determined rate constants. Further, the rate constants cal-
culated using CCSD(T)/VTZ-F12 single point energies perform slightly better than the ones
calculated using the CCSD(T)/VDZ-F12 energies. It is seen that the calculated rates are
generally lower than the experimentally determined rates which is surprising since transition
state theory is normally expected to overestimate rate constants where tunneling is not im-
portant.*® This observation might stem from use of the CCSD(T)-F12a/VDZ-F12 method
which consistently overestimates the energy in the transition state region, which may indi-
cate that some multi-reference character is still persistent in the TS region. Alternatively,
the optimized DFT geometries may not accurately describe the true reaction coordinate, a

possibility that is discussed later in this paper

The experimentally determined rate constants are observed to increase in the order kgyan <
Fo-methylfuran < K2,5-dimethylfuran, @ trend which is clearly captured in the theoretically de-
termined rate constants. Two experimentally determined rate constants were found for
2-methylfuran and they differ by a factor of 4. If the factor of 4 is taken as the general
experimental uncertainty for these kinds of systems, the theoretically calculated rates are
close to matching the experimental values. It should be mentioned that only standard tran-
sition state theory calculations have been performed on the chosen systems, and that more
advanced methods would be expected to improve the accuracy of the calculation.

SI Table 2 shows the energy barriers for the furans calculated using the approximate spin
projected scheme and the bypassing method (without any CCSD(T)-F12a energy refine-
ment), the energy barries are compared to the CCSD(T)-F12a/VTZ-F12//RwB97XD/AVTZ
which was observed to be in good agreement with experiment and hence qualifying it as
a benchmark value. The energy barriers are seen to vary within 8.35 kcal/mol and 3.02
kcal/mol across the different functionals using the approximate spin projected and bypass-

ing method respectively. A variation of 8.35 kcal/mol would lead to a change of the TST
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rate constant by a factor of 10° which is not acceptable. The lower fluctuation observed
in the bypassing method indicates that this method is less sensitive to the selection of
DFT functional, However, the energy barriers are still 2.07-5.56 kcal/mol higher than the
CCSD(T)-F12a/VTZ-F12//RwB97XD/AVTZ value. Hence, the absolute values of the rate
constants are expected to be inaccurate but relative values might still be accurate since
all the calculated energy barriers are in qualitative agreement with the expected tendency
Eo (faran) > Eo,(2-methylfuran) > £0,(2,5-dimethylfuran)- Lhe energy barriers calculated using AP-
UMO06-2X are within 1 kecal/mol of the energy barriers obtained at the CCSD(T)-F12a/VTZ-
F12//RwB97XD/AVTZ level of theory and the method is observed to be the best performing
method for predicting energy barriers for the 1,4-cyclo-addition if energy refinement at the

CCSD(T)-F12 level is excluded.

T. Karsili et al. recently studied the 1,4-cycloaddition reaction of singlet molecular oxygen.*4
They performed CASPT?2 calculations on approximate reaction surfaces obtained from linear
interpolation of internal coordinates. Their calculations suggest that the two degenerate sin-
glet states of molecular oxygen move away from each other in energy as the reaction proceeds
towards the transition state, which supports the logic of the bypassing scheme investigated
in this study. In their study the triplet and singlet surfaces were found to cross in the region
near the transition state. Since the triplet surface is fully repulsive, surface hopping will lead
to a quenching of the reaction; the quenching efficiency will be dependent on the spin/orbit
coupling. Recent work from the group of Ogilby investigated the quenching mechanism in a
solvent where crossing of the singlet and triplet surfaces was a key factor in the quenching
mechanism.?® There are similarities between quenching and chemical reaction and the two
processes are in competition with each other. To get a better description of the relevant
states along the reaction coordinate we calculated the energy profile of the two lowest singlet
states and the triplet state with the CASPT2-F12 method along the reaction coordinate for

the reaction between furan and singlet molecular oxygen obtained with the UM06-2X/AVTZ
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method. The state averaged (10e,80)CASSCF reference wavefunction has a bistability point
along the reaction coordinate which leads to a discontinuous energy surface, see Support-
ing Information Figure S2, however the singlet /singlet and singlet /triplet splitting seem not
to be affected by this discontinuity (Figure S3). The singlet/triplet splitting calculated at
the CASPT2-F12 was utilized as an alternative bypassing scheme where the singlet /triplet
splitting was added to the ROCCSD(T)-F12a/VDZ-F12 triplet surface. The ROCCSD(T)-
F12a/VDZ-F12 triplet surface should have a well-behaved single reference character, and its
multi-reference character is captured using the CASPT2-F12 singlet/triplet splitting. The
maximum of this composite reaction surface is slightly shifted towards the reactant region
compared to TS on the UM06-2X/AVTZ surface, but the energy difference between the two
points is only 0.37 kcal/mol. This indicates that both methods have similar potential energy
surfaces i the TS region. The electronic energy barrier is calculated to be 14.79 kcal/mol
with the composite method while the UM062X/AVTZ method yields an electronic energy
barrier of 17.41 kcal/mol. As shown in table 1 the UM062X/AVTZ method underestimates
the energy of the singlet reactants which leads to an overestimation of the electronic en-
ergy barrier. The electronic energy barrier calculated with the bypassing scheme in Figure
1 is only 3.43 kcal/mol. Considering the reasonable agreement between experimental data
and rate constants calculated in Table 2 it is difficult to believe that the composite method
yields an accurate energy barrier for this reaction. Alternatively, the DFT optimized geome-
tries may be a poor description of the true reaction surface. To investigate this possibility
CASPT2-F12/VTZ-F12 optimization of the transition state was performed, unfortunately

this TS could not be found.

The reasonable performance for the bypassing scheme outlined in Figure 1 with the fu-
ran model system encouraged us to look at a range of different systems to test the perfor-
mance of the method with the strategy that such a test could reveal whether the reasonable

agreement with literature was fortuitous or if the method is physically meaningful. Since
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the furan results were only marginally affected by the choice of DFT method, and since
the wBI7XD/AVTZ calculation did not appear to be affected by spin contamination, the
wBI97XD/AVTZ functional was chosen for further optimization, along with M06-2X, since
this functional often has been used for similar systems.

o
-9
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Figure 3: TS structures for the 1,4-cyclo-addition of singlet oxygen on furan (left), 2-
methylfuran (middle) and 2,5-dimethylfuran (right), calculated at the RwB97XD/AVTZ
level of theory.
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Table 2: Spin contaminations, 77 diagnostic, energy barriers including ZPVE in kcal /mol and
rate constants in cr:3 calculated at CCSD(T)-F12a/VDZ-F12//DFT/AVTZ level of theory
using the known singlet/triplet splitting in molecular oxygen.

Furan + 'O, (8% T Ey (*4) k (%)
RMO06-2X 0.35 0.016 4.93 3.01x10718
UMO06-2X 0.11 0.017  4.64 6.18x1071®
RB3LYP 0.34 0.017 4.44 8.76x10718
UB3LYP 0.10 0.018 3.76 3.39x 10717
RwB97XD 0 0.017 4.66 5.49x10718
RwB97XD* 0 0.017 4.35 9.29x 10718
exp. %’ 3.49x10717
2-Methylfuran + 1O, (8% T Ey (=) feo(en2)
RMO06-2X 0.48 0.016 241 2.15x1071¢
UMO06-2X 0.13 0.016 1.79 7.51x1071¢
RB3LYP 0.45 0.016 1.92 5.93x10716
UB3LYP 0.11 0.017 0.82 4.09x1071°
RwB97XD 0 0.016 1.99 4.69x10~1¢
RwB97XD* 0 0.016 1.71 7.58x1071°
exp. 2728 (1.66-5.81)x 1016
2,5-Dimethylfuran + 10, (S%) Ty  Ep (k) ke (2
RMO06-2X 0.62 0.015 0.21 9.16x10~1
UMO06-2X 0.15 0.016 -0.98 6.22x10714
B3LYP - - -

RwBI7XD 0 0.015 0.05 1.03x107
RwB97XD* 0 0015 -0.12 1.42x107
exp. 8 2.49x10~1

a: Energies obtained from single point CCSD(T)-F12a/VTZ-F12 calculations.

Pyrrole, 2-methylpyrrole and 2,5-dimethylpyrrole.

Transition state structures were found for pyrrole, 2-methylpyrrole and 2,5-dimethylpyrrole
(Figure 4). The TS’s connect the reactants with the products in a concerted mechanism
similar to their furan analogues. As shown in Table 3 the UwB97XD/AVTZ method does
not show any spin contamination in the transition state, and the 7T} diagnostics are all lower
than 0.02, justifying the use of a single reference method for the transition state. The energy

barriers are lowered when a hydrogen is exchanged with a methyl-group in the pyrrol moiety,
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" “
Figure 4: TS structure of pyrrol (left), 2-methylpyrrol (middle) and 2,5-dimethylpyrrol
(right), calculated at RwB97XD/AVTZ level of theory.

in qualitative agreement with the furan system. The energy barrier is observed to become
negative for the 2-methylpyrrol and 2,5-dimethylpyrrol. Transition state theory breaks down
when the energy barrier becomes negative, and ideally other methods should be applied when
calculating such rate constants, however, for the sake of comparison the rate constants are
calculated using traditional transition state theory (without tunneling correction) for systems
with negative barriers. Experimentally determined rate constants have to our knowledge only

013 CT The calculated rate

been determined for the 2,5-dimethylpyrrole reaction 1.66 x 1
constants are 20-60 times higher than the experimentally determined ones. The fact that
the calculated rates are faster than experiment, can be attributed to the negative energy
barriers which leads to a non-physical enhancement of the rate constant.

The negative energy barrier could be explained by the existence of a pre-reactive exiplex,
with a lower energy than the transition state. An exiplex was found in the Uw97XD/AVTZ
optimization, however the Uw97XD/AVTZ wave function was found to be heavily spin con-
taminated with (S?) ~ 1. The heavy spin contamination in this range of the reaction surface
prohibits us utilizing the bypassing scheme outlined in Figure 1. We conclude that a full
multi-reference treatment is necessary for including the exiplex in the kinetic model. Reac-
tion enthalpies close to zero are often found for reactions of singlet oxygen in solution, in this
case it is found that it is the entropy rather than the enthalpy which controls the reactivity

of singlet oxygen.?®
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Table 3: Spin contaminations, 77 diagnostic, energy barriers including ZPVE in kcal /mol and
rate constants in C‘;‘?’ calculated at CCSD(T)-F12a/VDZ-F12//DFT/AVTZ level of theory
using the known singlet/triplet splitting in molecular oxygen.

pyrrole + 1Oy (S T Ep (k) g (e exp.
RwB97XD 0 0.017 2.57 1.47x10716

RMO06-2X 0 0.016 2.88 8.81x10717
2-Methylpyrrole + 10, (8% Ty Ey (X)) k (%) exp.
RwB97XD 0 0.016 -0.70 2.95x 10714

RM06-2X 0.11 0.015 -0.37 1.79x10~14

UMO06-2X 0.02 0.015 -0.44  1.92x107™
2,5-Dimethylpyrrole + 'Oy, (S?) T, E (I;C—gll) k (%) exp. %
RwB97XD 0 0.015 -3.58 3.55x1072  1.66x10713
RM06-2X 0.44 0.014 -3.70 5.58x 10712

UMO06-2X 0.07 0.015 -3.43  3.19x107'2

Cyclopentadiene

Cyclopentadiene is chosen because experimental data is available for this system and it is
expected to follow a 1,4-cycloaddition mechanism as for the furan and pyrrole derivates.

The optimized transition state obtained at the RwB97XD/AVTZ level of theory is shown

Figure 5: TS structure of cyclopentadiene calculated at RwB97XD/AVTZ level of theory.

in Figure 5. The obtained transition states connect the reactants directly to the prod-
uct in a concerted reaction. Table 4 shows that no spin contamination is observed for the
RwBI7XD/AVTZ optimized TS and the T diagnostics are lower than 0.02. Again, the multi-

reference character is lost in the transition state when optimizing using the RwB97XD/AVTZ
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method. Two different TS’s were optimized using the UwB97XD/AVTZ method. One of
them is identical to the TS obtained with RwB97XD/AVTZS, and the other is more product
like, with shorter C-O bonds. The second transition state possess some spin contamination
with a (S?) value of 0.27. Tt was not possible to find a second TS at the RwB97XD/AVTZ
level of theory, so we conclude that the second TS is an artefact arising from spin con-
tamination of the wavefunction, which leads to an artificial lowering of the energy over
some part of the potential energy surface. The TS found at the RM06-2X/AVTZ level
of theory is more reactant-like compared to the one optimized with the UM06-2X/AVTZ
method. Here we again observe the trend seen in wB97XD/AVTZ where the RDFT finds
an earlier transition state compared to UDFT. This general trend is also observed for the
furan and pyrrole derivatives. The excellent agreement with experimental rates observed
for the UwB97XD/AVTZ calculated rates may simply be due to cancellation of errors. The
RwBI7XD/AVTZ calculated rate constant is 15 times slower than the experimentally deter-
mined one. The RwB97XD/AVTZ calculated rate constant shows the worst agreement with
experiment, however from a computational point of view, it seems to be the most reliable
result since no spin-contamination is observed for the T'S and the 77 diagnostic is reasonably
low.

Table 4: Spin contaminations, 77 diagnostic, energy barriers including ZPVE in kcal/mol
and rate constants in % calculated at CCSD(T)-F12a/VDZ-F12//DFT level of theory using
the known singlet /triplet splitting in molecular oxygen.

mol s

Cyclopentadiene + 'Oy (S?) T}  Ej (@) k <@>

RwBI7XD 0 0015 387  3.90x10°"
RMO06-2X 0.61 0015 296  1.14x107'6
UwB97XD 0.26 0.016 206  5.33x10710
UMO6-2X 0.25 0016 311  1.87x1071°
exp.”’ 5.81%x 10710
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Temperature Dependency

The temperature dependency of the calculated krgr were obtained and compared to those
obtained by Ashford and Ogryzlo to validate the quality of the calculated rate constants.
As shown in SI Figure 5 the calculated rates seem to predict the temperature dependen-
cies resonably well in the interval (298 K - 500 K). In SI Figure 6 the energy barriers are
manually changed by less than 1.5 kcal/mol so the calculated rate constants match the ex-
perimental ones at 298 K. When the temperature is increased to 500 K the experimentally
determined rate constant increases to approximately twice the calculated one. This result
shows that TST performs reasonably well in predicting the temperature dependency, but
tends to underestimate it. It also shows that the activation barrier for these systems is the

most important parameter to be determined in order to obtain accurate rate constants.

Conclusion

The rate constants for the reactions between singlet oxygen and 7 different reactants are
calculated by bypassing the multi-reference character of singlet oxygen by performing the
electronic structure calculations on the triplet state of molecular oxygen and then adding the
experimentally determined energy difference between the two states to obtain the effective
energy of the singlet state. All the optimized transition states have low 77 diagnostics
indicating that the inherent multi-reference character of singlet oxygen is lost in the transition
state, since the degeneracies of the molecular orbitals are lost when the transition states are
reached. The calculated rates are all within a factor of 15 of the experimentally determined
rate constants (excluding the non-physical results obtained from 2,5-dimethylpyrrole). We
believe that the accuracy could be further improved by going beyond the transition state
approximation.

We have tried to perform variational transition state theory calculations on the system

to go beyond TST, however, the poor description of singlet oxygen by (R/U)DFT becomes
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more pronounced when going from the transition state towards reactants. This fact has
prevented us from obtaining converged reaction paths at the VI'ST level of theory, and we

are working to resolve this issue.

Most of the calculated rate constants were lower than the experimentally determined rate
constants which could indicate that there is a systematic error in either the calculation or
the experiments. Care should be taken when selecting the DFT method for optimizations.
UDFT seems to be influenced by spin contamination and artificial TS’s can arise as a re-
sult of the spin contamination. The agreement with experimentally determined rates is
reasonable for both RDFT and UDFT and we recommend using the RwB97XD functional
to optimize transition states for 1,4-cycloaddition reactions involving singlet oxygen, since
this functional seems to be the least spin contaminated. We also recommend refining the
energy with a single point CCSD(T)-F12a/VDZ-F12 calculation since the pure DFT en-
ergies show huge variations across different functionals. We do not recommend using the
approximate spin projection method in connection with DFT energies for calculating rate
constants for systems involving singlet molecular oxygen, since the energy variation is up to
8.16 kcal/mol across different DFT functionals, compared to 2 kcal/mol when the energy
is refined with CCSD(T)-F12a/VDZ-F12 single point calculations. The approximate spin
projected energy barriers at M06-2X/AVTZ level of theory were in best agreement with the
CCSD(T)-F12a/VDZ-F12 barrier, so we recommend this functional when an approximate

spin projected method is needed for systems involving singlet molecular oxygen.

The proposed bypassing of the multi reference character of singlet oxygen yields a straightfor-
ward methodology for calculating rate constants without the complication of multi-reference
calculations. The reasonable performance for calculating rate constants for the various meth-
ods and with different chemical systems show that the multi-reference character in singlet

oxygen can be effectively bypassed by performing the calculations with the triplet state of
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molecular oxygen and adding the experimentally determined singlet/triplet energy splitting

to obtain the energy of singlet oxygen.

Supporting Info

Symmetry numbers. Approximate spin projection method. IRC calculations. Temperature
dependency of selected rate constant. Geometries of all stationary points calculated with

wBI7XD/AVTZ.
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