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Abstract

Theoretical calculations involving singlet molecular oxygen (O5(*A,)) are challeng-
ing due to their inherent multi-reference character. We have tested the quality of re-
stricted and unrestricted DFT geometries obtained for the reaction between singlet oxy-
gen and a series of alkenes (propene, 2-methylpropene, trans-butene, 2-methylbutene
and 2,3-dimethylbutene) which are able to follow the ene-reaction. The electronic en-
ergy of the obtained geometries are refined using 3 different methods which account for
the multi-reference character of singlet oxygen. The results show that the mechanism
for the ene-reaction is qualitatively different when either one or two allylic-hydrogen
groups are available for the reaction. When one allylic-hydrogen group is available the
UDEFT calculations predict a stepwise addition forming a biradical intermediate, while,
the RDFT calculations predict a concerted reaction where both hydrogen abstrac-
tion and oxygen addition occur simultaneously. When two allylic-hydrogen groups are
available for the reaction then UDFT and RDFT predict the same reaction mechanism,
namely that the reaction occurs as a stepwise addition without a stable intermediate
between the two transition states. The calculated rate constants are in reasonable
agreement with experimental data, except for trans-butene where the calculated rate
constant is three orders of magnitude lower than the experimental one. In conclusion
we find that the simple bypassing scheme tested in this paper is a robust approach for
calculations of reaction involving singlet oxygen in the limit that the transition state

processes low multi-reference character.



Introduction

Molecular oxygen has played a central role in the biological and geological evolution of the
planet.! While low levels of molecular oxygen (O,) are generated in a CO, atmosphere,?
photosynthesis allowed considerable amounts to accumulate once oceanic iron was oxidised.
In terms of gas phase chemistry, Chapman* showed how the ozone layer formed which shields
life from harmful UV radiation. Thus, life has evolved in the context of the photochemistry
of O, O, and O; including their excited states.® Molecular oxygen has a unique chemistry
due in large part to its triplet ground state. The triplet ground state (32;) shows a low rate
of reaction with most stable compounds in the environment even though the thermodynamic
driving force is large. The lowest electronically excited state of molecular oxygen, (called
herein ’singlet oxygen’, 'A/) has a lifetime that is long enough to allow for bimolecular re-

actions and it is known to be reactive towards alkenes and sulfides.

The atmospheric concentration of singlet oxygen is 10® (molecules/cm?)® which is larger
than the concentration of the main atmospheric oxidant the OH radical with a concentra-
tion around 10° (molecules/cm?®).” However, speaking broadly, its lower reactivity means
that a negligible amount of VOC will react with singlet oxygen in the free atmosphere.®
This conclusion would not pertain in local environments with elevated singlet oxygen, or for
compounds with a 'O, reaction rate ca 100 times faster than their OH reaction rate. Also
recent experiments have indicated that reaction with singlet oxygen is important for some

compounds in atmospheric aerosol.®

The reaction between singlet oxygen and ethene is generally thought to follow a (2+2)
cyclo-addition mechanism forming dioxethane.!® Dioxethane is thermally unstable and de-
composes into two formaldehyde molecules. Alkenes containing an allylic hydrogen can
follow the ene-mechanism in which singlet oxygen adds to the double bond and abstracts

the allylic hydrogen. The product of the reaction is a hydroperoxide in which the double



bond has migrated by one carbon relative to the reagent.'® The (2+2) cyclo-addition and
ene-reaction mechanisms compete and are generally believed to proceed through different
transition states. Dioxethane formation is found to be favoured in polar solvents indicating

a larger degree of charge separation in the (24+2) cyclo-addition transition state.!1?

In this work we focus on the ene-reaction. We investigate a series of alkenes (propene,
2-methylpropene, trans-butene, 2-methylbutene and 2,3-dimethylbutene) created by adding
methyl groups sequentially to ethene. The behaviour across this set of alkenes can be used

as a proxy for the reactivity of similar alkenes.

There is debate regarding whether singlet oxygen addition to an alkene is concerted or step-
wise. Early theoretical results indicated the formation of a diradical intermediate.'*1¢ In con-
trast, experiments indicate either a perepoxide intermediate or a concerted reaction. %1722
The measurement of the deuterium kinetic isotope effect for cis- and trans-deuterated 2,3-
dimethylbutene provided an important breakthrough. No preference in the product distri-
bution was observed for cis-2,3-dimethylbutene while for trans-2,3-dimethylbutene hydrogen

abstraction was favoured over deuterium.'® This observation was perceived as clear evidence

for the peroxide intermediate mechanism.

First we will present the computational method, and then discuss the results across the
series of reactions tested in this work. Finally, we will make general conclusions about the
performance of the tested methods. Based on the theoretical results, predictions of the

reaction mechanism for the addition reaction of singlet oxygen to allylic alkenes are made.



Computational Method

Gaussian 16?3 is used for all geometry calculations, employing the density functional theory
(DFT) functionals wB97XD,?* M06-2X?* and B3LYP?% in connection with the aug-cc-pVTZ
(AVTZ) basis set.?” The empirical dispersion function D3 is added to the BSLYP functional
to give the full BSLYP-D3 abbreviation. The effect of changing the grid spacing is tested
by applying the superfine grid for the wB97XD and M06-2X functionals. Both restricted
(RDFT) and broken symmetry unrestricted (UDFT) calculations are performed on singlet
oxygen and transition states. For the alkene it is assumed that the UDFT solution is identi-
cal to RDFT, based on its closed shell structure. Broken symmetry solutions of the UDFT
wave functions suffer from spin contamination where higher spin states are mixed in the
wave function. Systems containing singlet oxygen are often heavily spin contaminated and
corrections need to be applied. Yamanaka et al. developed an approximate spin projection
scheme to remove the spin contamination error from the UDFT wavefunction (AP-UDFT).8
Later Saito et al. developed an approximate spin projection optimization scheme where the
spin contamination error is removed from the gradient and Hessian.?® Studies of the reaction
of singlet oxygen with ethylene show that approximate spin projection optimization should
be performed to obtain accurate geometries for the initial T'S, which is the rate limiting step
of the reaction. Unfortunately, the AP-UDFT optimization scheme is not readily available
in any commercial electronic structure packages. The lack of availability often limits the
use of AP-UDFT for geometry optimizations. Instead AP-UDFT is often used to correct
only the electronic energy of spin contaminated UDFT geometries.3%3? We have chosen to
perform the optimization with RDFT and UDFT. The electronic energies of the obtained

DFT geometries are refined with 3 different methods, which are described next.

Method 1: the multi-reference character of singlet oxygen is treated directly by refining
the energy with the MRCI4+Q/AVTZ or CASPT2/AVTZ method.333* MRCI and CASPT?2

use a CASSCF wave function as the reference wave function,® and require a selection of



an active space. To ensure a comparable selection of the active space across the different
chemical systems an RHF calculation is performed on top of the optimized DFT geometries.
Then, the RHF orbitals are localized following the localization procedure proposed by Pipek
and Mezey.?® The localized orbitals are manually inspected and an active space consisting
of ten electrons in seven orbitals (10,7) is selected. The active space contains six electrons in
the four 7/7* orbitals of singlet oxygen, from the alkene, three orbitals are selected, which
contains the four electrons located in the 7 and the C-H o orbital involved in the hydrogen
abstraction and the empty 7* orbital. The localized orbitals are used as a starting guess
for the state averaged CASSCF calculations which include the three lowest singlet states of
molecular oxygen as well as the triplet state, and span all the low lying electronic states of
molecular oxygen (< 40 kcal/mol). The state averaged CASSCF wavefunction is used as
the reference function for single state MRCI/AVTZ and CASPT2/AVTZ calculations of the
triplet state and the three lowest singlet states of the system. The Davidson correction is
used to improve the size extensivity of the MRCI calculation.3” MRCI is not a size consistent
method, and the reactants are calculated in a single calculation where the species are moved

30 Angstroms apart to minimize interactions between the reactant moieties.
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Figure 1: Illustration of the bypassing scheme, Ty and Sy are the potential energy surface of
the triplet and singlet ground states, calculated with a restricted method. Sy bypassing is the
hypothetical potential energy surface where the error due to the multi-reference character of
singlet molecular oxygen is removed. AF;_, is the experimentally determined singlet /triplet
splitting of molecular oxygen.

Method 2: The multi reference character of singlet oxygen is bypassed by performing
the electronic structure calculations using the triplet state rather than the singlet. Triplet
oxygen is optimized with the RODFT method and the energy is refined using single point
ROCCSD(T)-F12a/VDZ-F12 or ROCCSD(T)/AVTZ energies to which the experimentally
determined singlet/triplet splitting of 22.5 keal/mol is added, effectively obtaining the elec-

tronic energy of singlet oxygen. The bypassing scheme is shown in Figure 33.

Method 3: this method is intermediate between methods 1 and 2: the electronic energy
is calculated as the sum of the triplet CCSD(T)/AVTZ energy, and the singlet/triplet en-
ergy splitting is calculated using either CASPT/AVTZ or MRCI4+Q/AVTZ. Methods 2 and

3 exploit the fact that ground state triplet oxygen should be accurately described with a



single reference method. CCSD(T)/AVTZ should capture most of the dynamic correlation
of the system, whereas the singlet/triplet energy splitting obtained from experiment or by

MRCI/CASPT2 calculations deals with the multi-reference character of the system.

Method 2 is a straightforward approach for handling the multi-reference character of singlet
oxygen, whereas methods 1 and 3 are much more delicate procedures where the selection of
the active space is both time-consuming and biased by the required manual inspection of
the localized orbitals. The complexity of methods 1 and 3 imply that they are only used to

refine the electronic energies of the geometries optimized with the B3LYP-D3/AVTZ method.

CCSD(T)-F12a/VDZ-F12 energies are calculated for all optimized reactants and transi-
tion states. Single point CCSD(T)/AVTZ, MRCI/AVTZ and CASPT2/AVTZ calcula-
tions are performed for each point along the intrinsic reaction coordinate (IRC) calculated
with BBLYP-D3/AVTZ. CCSD(T)-F12a/VDZ-F12, CCSD(T)/AVTZ, CASPT2/AVTZ and
MRCI+Q/AVTZ calculations are performed using Molpro2012.2® The multi-reference char-
acter of the transition state (TS) is addressed using the T} diagnostic, and from the spin

contamination calculated from the expectation value of the <5’ 2> of the UDF'T wavefunction.

Rate constants for the studied reactions are calculated using transition state theory:

k= el Qrs -y

h QrQo,

where kg, T and h are Boltzmann’s constant, the temperature and Planck’s constant re-

spectively. Qf% is the ratio of the partition functions for the TS and the two reactants,
O2

and Ej is the electronic energy barrier including zero point vibrational energy (ZPVE). x

is the one dimensional Eckart tunnelling correction which is calculated from the imaginary

frequency of the transition state and the height of the forward and reverse barriers. L is the



symmetry number of the reaction.

Result and Discussion

In the following section the results of the different test systems will be presented system
by system starting with the smallest, propene + singlet oxygen, and ending with 2,3-
dimethylbutene. Based on the results shown in the following section we present, in the

final section, conclusions regarding the computational approaches.

Propene

Propene is the smallest system able to follow the ene-reaction mechanism. Various reaction
mechanisms have been suggested for the reaction between propene and singlet oxygen. The
propene + singlet oxygen reaction has been studied by Maranzana et al.'®* They applied two

theoretical approaches, denoted here as method A and B.

Method A: optimizes the geometries with restricted and unrestricted DFT, applying the
B3LYP and MPWI1K functionals in connection with the 6-311G(d,p) basis set. The energies

of the optimized geometries were corrected using approximate spin projection methods.

Method B: multi-reference calculations are performed where the geometries are optimized
with (10,8)CASSCF and the energy is refined using (12,12)CASPT2. Maranzana et al.!3 find
that the reaction proceeds through two transition states where the first transition state is the
O, addition to the double bond forming a biradical intermediate, and the second transition
state connects the biradical intermediate with the products through hydrogen abstraction.
The first step of this reaction path has a barrier of (12-16) kcal/mol while the second step has
a low barrier of (1-4) kcal/mol. Hence, the initial TS leading to formation of the biradical

intermediate is the rate determining step for the reaction. The authors also find a concerted



reaction path with the RB3LYP/6-311G(d,p) method connecting propene and singlet oxygen
directly to the hydroperoxide product. However, they argue that the transition state is an
artefact of the applied RDFT methods, since the wavefunction is unstable towards orbital
rotation, and the concerted TS could not be optimized at the CASSCF level of theory. The
study by Maranzana et al. also included an investigation of several alternative reaction
paths. One of these is a two step mechanism where the first step is abstraction of the allylic
hydrogen forming HO, + the allylic radical, followed by radical recombination. The energy
barrier for this reaction was calculated to be (23.9-33.6) kcal/mol and was deemed too high
to be important for the overall reaction mechanism. The possible formation of a perepoxide
intermediate was also investigated since experimental kinetic isotope effects could indicate
formation of a perepoxide intermediate.®-'” However, the calculations show that the pere-
poxide intermediate is 12 kcal/mol higher in energy compared to the biradical intermediate,

and is not important for the reaction mechanism.'?

Based on the work of Maranzana et al. the radical recombination pathway is excluded
from this study. The remaining reaction paths, studied in this paper, can be divided into
two classes: singlet oxygen approaching the alkene on the same side as the allylic group
(cis), or approaching the alkene from the opposite side of the allylic group (¢rans). In the
following the cis-TS and trans-TS structures are studied using methods 1, 2 and 3 and the
results are compared to those of Maranzana et al. Since all the methods are different the
important differences are analyzed and discussed. Methods 1, 2, 3 and A are based on DFT
optimizations and method B is based on CASSCF optimization. Method 1 and B refine
the electronic energies by including dynamic correlation in the multi-reference calculation
by MRCI or CASPT2. Method A refines the energy using the approximate spin projection
method. Methods 2 and 3 bypass the multi-reference character of singlet oxygen by adding
the calculated or experimentally determined singlet/triplet splitting to triplet state molecu-

lar oxygen, and dynamic correlation is added with the CASPT2, MRCI4Q and/or CCSD(T)
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Figure 2: TS structure of c¢is-TS-UDFT (left), cis-TS-RDFT (left to the middle), trans-
TS-RDFT (right to the middle) and trans-TS-UDFT (right), calculated at (R/U)B3LYP-
D3/AVTZ level of theory.

)

Optimizations applying the three tested DFT functionals all show the same qualitative
features:
cis-addition: RDFT finds one concerted TS which connects the reactants directly with hy-
droperoxide product (cis-TS-RDFT). The UDFT method is unable to locate the concerted
TS but converge to a T'S (cis-TS-UDFT) which connects the reactants with a biradiral /zwitter-

ionic intermediate.

trans-addition: RDFT finds a transition state which forms the perepoxide. UDFT finds

a transition state which leads to a biradiral /zwitter-ionic intermediate.
Figure 34 shows the optimized TS structures for the cis and trans-addition of singlet oxy-

gen to propene obtained at RB3LYP-D3/AVTZ and UB3LYP/AVTZ which illustrates the

differences of the optimized geometries with RDFT and UDFT methods.
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Table 1: Calculated spin contamination({S?)), T; diagnostics and energy barriers calculated
with CCSD(T)-F12a/VDZ-F12//DFT/AVTZ using method 2 for energy refinement (Ey)
and rate constants k for the cis-addition of singlet oxygen to propene.

Propene + 'O, (cis-TS)  (S?) Ty  Ep (kcal/mol) k (@)

S

RM06-2X 0.025 13.35 2.99x 10724
RMO06-2X* 0.025 13.34 2.97x10~24
RwB97XD 0.027 13.23 3.18x10~24
RwB97XD* 0.027 13.22 3.26x 10724
RB3LYP-D3 0.028 13.09 4.38x107%
UMO06-2X 0.989 0.079 16.95 3.10x 10726
UwB97XD 1.000 0.095 15.98 1.43x1072°
UB3LYP-D3 0.934 0.076 14.49 1.65x10~2

x: The geometry optimization was done using the superfine grid.

cts-Addition

Only the cis-approach mechanism is believed to follow the ene-reaction pathway, and this
path will be the starting point for the following discussion. The spin contamination and 7}
diagnostics are used to estimate the quality of the single reference wave function. A singlet
state should have <S2> = 0 and the deviation from this number is an indication for whether
higher spin states are mixed with the wave function (spin contamination). The 77 diagnostic
is a measure of whether multi-reference character is affecting the CCSD(T) wave function.
Ty < 0.02 and T} < 0.03 are the generally accepted limits for closed shell species and open
shell species respectively.??>4Y When the T} diagnostic exceeds the threshold value, then the
multi-reference character of the system is likely to affects the quality of the CCSD(T) ener-
gies and multi-reference methods should be applied. We emphasize that the multi-reference
character will likely disappear at the TS region since the origin of the multi-reference char-
acter is the degeneracy of the HOMO and LUMO orbitals in singlet molecular oxygen, a
degeneracy which is lost as oxygen approaches the alkene to from the TS. Furthermore, the
hydroperoxide formed in the ene-reaction (the ene-product) is a closed shell structure which
should be accurately described by single reference methods. The reaction path goes from a

multi-reference problem in the reactant region to a single-reference description in the prod-
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uct region. The TS is located in between these two areas, and the success of the bypassing
scheme used in method 2 depends on whether the multi-reference character persists in the
TS or not. Table 1 shows the spin contamination, 7} diagnostics, energy barriers and rate
constants for the TS found for the cis-addition of singlet oxygen to propene. The result for

cis-UDFT-TS will be presented next, followed by the results for cis-RDFT-TS:

cts-TS-UDFT

The ¢is-TS-UDFT calculations leading to a biradical /zwitterion intermediate have T diag-
nostics in the range (0.076-0.095) which is much higher than the generally expected value for
a single-reference system. Consequently, large uncertainties are expected for these calcula-
tions and multi-reference methods should to be applied to obtain reliable results. To further
investigate the reaction coordinate, UB3LYP-D3/AVTZ is taken as a general representative
for the energy surfaces obtained with the UDFT method. Using the intrinsic reaction coordi-
nate (IRC) from this methods, the energy of the singlet surface is further refined by methods
1-3. All energy refinements along the reaction coordinate are calculated using the AVTZ
basis set to eliminate any basis set effect. Method 1 is used to calculate the energy of the
three lowest singlet states as well as the triplet energy. The relative energies of the exited

states are important indicators for the extent of the multi-reference character for the system.

The surfaces of Sy, S1, So and T are shown in Figure 35, where S; and Sy refer to the first
and second excited singlet states, and Sy and Ty are the lowest energy singlet and triplet
states, respectively. The Sy, Sq, and T surfaces remain close in energy, especially Sy and T
which end up with an energy difference of 4.81 and 4.20 kcal/mol at the CASPT2/AVTZ
and MRCI+Q/AVTZ levels of theory, respectively. The small energy separation between
Sp and Ty for the biradical /zwitterionic product enables efficient quenching back to the
triplet state. Reformation of the triplet state reactants from the triplet state biradical is

associated with an energy barrier of 0.31 kcal/mol at the CASPT2/AVTZ theory, while this
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path is fully repulsive at MRCI4Q/AVTZ. The H-shift-TS which connects the biradical with
the ene-product is located 2.13 and 6.59 kcal/mol (CASPT2/AVTZ and MRCI+Q/AVTZ,
method 1) lower in energy than the biradical, which indicates that the biradical is not a

stable intermediate along the reaction coordinate.
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Figure 3: Sg, Si, So and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of cis-UDFT.
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Figure 36 presents the calculated Sy surfaces. It is observed that the T diagnostic of S
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Figure 4: Lower panel Energy refinement of Sy by method 1, 2 and 3, along the reaction
coordinate for cis-UDFT propene. Upper panel T} diagnostic of Sg and Ty along the same
reaction coordinate.

increases in the T'S and product regions to levels much higher than 0.03, which indicates that

the calculations using method 2 are less reliable. On the other hand, the T diagnostic of Ty is



close to 0.03 along the entire potential energy surface. The refined energy of the cis-UDFT-
TS varies between (14.10-19.09) kcal/mol. If calculations using method 2 are excluded,
due to the high 77 diagnostics then the refined energy of the TS is (17.06-19.09) kcal/mol.
All of the refined potential energy surfaces predict an earlier TS compared to UDFT. The
difference is largest for method 3, where the CASPT2/AVTZ singlet/triplet energy is added
to the CCSD(T)/AVTZ triplet energy. Here the maximum of the energy surface is 22.45
kcal/mol, while the energy of the TS is only 18.56 kcal/mol. Saito et al. studied the reaction
between singlet oxygen and ethene,*' where the geometries were optimized with UDFT as
well as approximate spin projection methods. Their results show that the studied UDFT
methods tend to optimize T'S which are more ”product like” compared to the AP-UDFT
method. Showing that the spin contamination error affect the geometric parameter obtained
with UDFT methods. The fact that all the tested energy corrections predict an earlier
TS, hints towards the spin contamination problems of the UDFT wavefunction. The spin-
contamination observed for the UDFT methods mainly originate from the triplet state. In
the case of the propene + singlet oxygen reaction it is expected that the spin contamination of
the UDFT wave function will tend to favour the biradical path over the concerted part. When
the electronic energy is refined with approximate spin projection methods, as in the work
of Maranzana et al.,'® the geometry optimization is still performed without spin projection.
Hence, these calculations will inherently be affected by spin contamination via the geometry
optimization. We argue that care should be taken when using the UDFT methods for

geometry optimization, especially if spin-contamination is high.

cts-TS-RDFT

The T; diagnostics for cis-TS-RDFT are (0.025-0.027) which is higher than the threshold
accepted for closed shell species but lower than that for open shell species. Since it is rea-
sonable to assume that cis-TS-RDFT has some biradical character, a T7 diagnostic < 0.03 is

assumed to ensure the quality of the CCSD(T)-F12a/VDZ-F12 wave function. An investiga-
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tion of the IRC obtained with RB3LYP-D3/AVTZ is performed similar to that for the IRC of
UB3LYP-D3/AVTZ. Again, the IRC obtained from RB3LYP-D3/AVTZ is used as a general
representative for the energy surfaces obtained with RDFT. The energy surfaces calculated
for cis-TS-RDFT are shown in Figure 37. The IRC going towards the reactant region is
terminated early because the reactants are too high in energy for the RDFT method, which
makes the convergence of the IRC difficult. A scan was performed starting at the IRC end-
point. By extending the carbon-oxygen distance involved in bond formation by 1 Angstrom
in steps of 0.1 Angstrom. As seen in Figure 37, this scan extends the potential energy sur-
face further towards the reactant region with energies within 1 kcal/mol of the energies at
30 Angstrom separation. The energy levels of the separated reactants match the expected
energy level of molecular oxygen with S;=0.00/0.00/0.00 kcal/mol, So=15.81/17.60/15.0
keal/mol and Ty=-21.88/-23.56/-22.5 kcal/mol where normal font is MRCI+Q/AVTZ, bold
is CASPT2/AVTZ and italic is obtained from the experimentally measured electronic tran-
sition in molecular oxygen.?® The Sy energy with the reactant moieties separated by 30
Angstrom is taken to be the zero point of energy. The reasonable agreement for the energy

levels of the separated reactants validates the computational approach used in this study.
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Figure 5: Sp, S1, So and T electronic energy surfaces calculated by method 1 along the
reaction coordinate of cis-RDFT.

As observed in Figure 37, the degeneracies of Sy and S; are broken as the reaction

proceeds from reactants to product. At the transition state the difference between Sy and Sy

is 15.73 and 20.76 kcal/mol at the CASPT2/AVTZ and MRCI4+Q/AVTZ levels of theory,

respectively. The Sy and Ty surfaces intersect in the TS region and surface hopping at this

region is a potential route for quenching the reaction, since the T\ surface is fully repulsive

at this point of the surface. Continuing along the reaction coordinate towards the product;

Sy decreases in energy while the other states increase. The energy difference between Sy and

Ty at the IRC endpoint is around 90 kcal/mol, indicating that a single electronic state will

dominate the electronic ground state and the multi-reference character of Sy is low.
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Figure 6: Lower panel Energy refinement of Sy by method 1, 2 and 3, along the reaction
coordinate for cis-RDFT propene. Upper panel T} diagnostic of Sg and Ty along the same
reaction coordinate.

We will now focus on the Sy surface. Figure 38 shows the energy refinement of Sy. First,
we note that the T diagnostics are consistently lower for Sy than for Ty. The T} diagnos-

tics for the Ty state increase to values higher than 0.05 in the later part of the reaction
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coordinate; the high value invalidates the use of CCSD(T) in this region. The high values
for Ty could be caused by the involvement of higher lying triplet states in this part of the
reaction coordinate. This theory was not investigated further, but it is worth noting that
even though method 3 gives an adequate description of the reactant, this result might not

hold for all parts of the reaction coordinate.

The maxima of the refined potential energy surfaces for the cis-TS-RDFT surfaces align
reasonably well with the RDFT maximum. While the CASPT2/AVTZ surface peaks slightly
closer to the reactant region, indicating an earlier TS, the MRCI4+Q/AVTZ surface aligns
with the RDFT surface. The Sy surface calculated using method 2 predicts a slightly earlier
TS, but the energy difference between the highest energy of the Sy surface and the energy
calculated at the cis-TS-RDFT level is less than 1 kcal/mol, indicating the RDFT method
gives a reasonable description of the reaction coordinate. Another interesting observation is
that the Sy surface calculated using CCSD(T)/AVTZ (method 2) is consistently lower than
the surface calculated using CASPT2/AVTZ and MRCI+Q/AVTZ. The difference is largest
in the TS region. This might indicate that higher order excitations are needed for this region
to correctly describe the correlation energy. The T} diagnostic for Sy becomes higher than
0.03 outside the TS region indicating that the CCSD(T)/AVTZ energies are less reliable in
this region. It is seen that the more cost efficient CCSD(T)-12a/VDZ-F12 method gives
energies similar to the ones obtained using CCSD(T)/AVTZ, meaning that it is possible
to extend this method to larger systems. The refined energy of the cis-TS-RDFT surface,
varies between (11.90-19.07) kcal/mol, depending of the method. The large variation across
the tested methods shows the difficulties in obtaining reliable energy barriers for these types

of systems.
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Comparisions between cis-TS-RDFT and cis-TS-UDFT

We will address the question as to whether the concerted (cis-TS-RDFT) or the step wise
addition mechanism (cis-TS-UDFT) is the lowest energy reaction path. Both surfaces are
affected by multi-reference character which makes it difficult to obtain accurate energy bar-
riers. However, when the energy maxima of the calculated PES’s are compared, they all
predict the RDFT to be lowest in energy by 0.94-4.89 kcal/mol which suggests that this
reaction path has the lowest energy. In addition we note the indication that reaction on the
(cis-TS-UDFT) surface might proceed via a quenching mechanism due to the closeness of the
Sp and T states in the biradical intermediate. Marazana et al. calculated the energy barrier
for ¢is-UDFT/AVTZ to be 12-16 kcal/mol, in good agreement with our result of 14.10-19.09
kcal/mol. However we have a different conclusion regarding the cis-RDFT/AVTZ results.
Marazana claims the cis-RDFT/AVTZ result is an artefact of the RDFT method, one justi-
fication being that they were unable to find the concerted path with CASSCF optimization.
We have tried to optimize the TS with CASPT2/AVTZ, but have been unable to locate the
transition state with this method. However, since we performed energy refinement of the
entire IRC from reactants to product, and concluded that the RDFT is the lowest energy

path, we conclude that the cis-RDFT/AVTZ is not an artefact.

trans-Addition

We will now examine the addition of singlet oxygen trans to the allylic group. The trans-TS
is not thought to follow the ene-reaction mechanism, but it might be competitive with it.

Calculated <§ 2>, T diagnostics, energy barriers and rate constants are shown in Table 2.
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Table 2: Calculated spin contamination(({S?)), T; diagnostics and energy barriers calculated
with CCSD(T)-F12a/VDZ-F12//DFT/AVTZ using method 2 for energy refinement (Ey)
and rate constants k for the trans-addition of singlet oxygen to propene.

3

Propene + 'Oy (trans-TS) (S?) T}  Ej (kcal/mol) k(<)

S

RMO06-2X 0.031 19.61 1.82x10728
RwB97XD 0.032 19.47 2.75x107%8
RB3LYP-D3 0.039 17.57 4.81 x 1077
UB3LYP-D3 0.982 0.127 8.38 1.17x1071

trans-TS-UDFT

The trans-UDFT/AVTZ surface is highly spin-contaminated with <§2> ~ 1 and has a T}
diagnostic of 0.093, which indicates a strong multi-reference character in the T'S. The IRC
calculated by UB3LYP-D3/AVTZ is used represent the general trend obtained with UDFT
methods for this reaction path. The Sy, S;, So and Ty surfaces are shown in Figure 40. The
product of the trans-UDFT/AVTZ surface is a biradical intermediate where Sy and T have
similar energies; and they are separated by 1.61 and 1.21 kcal/mol at the CASPT2/AVTZ
and MRCI+Q/AVTZ levels of theory respectively. This reaction path will likely lead to
quenching back to the triplet state, and it is seen that the trans-UDFT/AVTZ result is
similar to the cis-UDFT/AVTZ. Marazana studied the formation of dioxetane from the
biradical intermediates and found that the ene-product was favoured over the dioxetane by
a factor of 3000, hence this reaction path was not studied further. Although, assuming the
dioxetane formed from the biradical is connected by an energy barrier, it is reasonable to
suggest that quenching will be the most likely outcome for such a reaction. The refined Sy
surface of trans-UDFT/AVTZ is shown in Figure 39. The T diagnostic for Sy is very high
and while it is lower for Ty. The consequence of the high T} diagnostic is a much lower
energy for the biradical product, which is an artefact of the poor quality of the CCSD(T)
wavefunction. The energy of the trans-UDFT-TS is 8.10-20.84 kcal/mol, or 18.90-20.84
kcal/mol when excluding the unreliable results for Sg from CCSD(T). Once again, energy

refinement predicts an earlier TS compared to UDFT, which increases the energy barrier of

22



the reaction to 20.29-23.43 kcal/mol after energy refinement. The tested methods predict
the energy barrier for the trans-UDFT/AVTZ path to be higher for cis-UDFT/AVTZ by
0.88-2.65 kcal/mol, indicating that the addition cis to the methyl group is preferred over

trans-addition.
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coordinate for trans-TS-UDFT propene. Upper panel T diagnostic of Sg and Ty along the

same reaction coordinate.
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Figure 8: Sy, S1, So and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of trans-UDFT.

trans-TS-RDFT

Figure 41 presents the refined energy surface for the trans-RDFT /AVTZ reaction coordinate.
S increases from reactants to the T'S and decreases from the TS to product while S;, So and
Ty increase in energy from reactants to product, resulting in a well separated Sy state in the

product region. The Ty and Sy surfaces intersect before the TS.

Figure 42 shows the S surface after energy refinement for the trans-RDFT/AVTZ reac-
tion coordinate. The 77 diagnostic for Sy has a very similar shape to the one observed for
the cis-RDFT/AVTZ surface. In Figure 38, as it starts low and increases more than 0.03 in
the region around and after the T'S. The T7 diagnostic of Ty is near or just above 0.03 over
the entire surface. The Sy potential energy surface has two bumps which can be understood
when looking at the TS structure in Figure 34. The bond between oxygen and the central
carbon is formed first, followed by bond formation to the outer carbon atom, showing that
the reaction occurs asynchronously. Interestingly, this asynchronous addition leads to two en-
ergy maxima along the CASPT2/AVTZ (method 1) and CCSD(T)/AVTZ+CAPT2/AVTZ

(method 3) surfaces and therefore a second TS is predicted by these methods. We have not
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been able to locate a second transition state for the second C-O bond formation with the
tested DFT functionals. The energy of the perepoxide product varies between 5-19 kcal /mol.
The large variation between the methods for the perepoxide product is surprising since the
surface should not have significant multi-reference character, which is reflected in the low
T, diagnostic of the perepoxide. The variation might be due to insufficient inclusion by
dynamic correlation of the CASPT2 and MRCI4+Q methods. Furthermore, Marazana et
al. found the perepoxide to be 19.5 kcal/mol higher than the isolated reactants in excellent
agreement with the values we obtain using the CASPT2/AVTZ method. However, some of
the key conclusions in that paper arise from the perepoxide being located approximately 12
kcal/mol higher than the biradical. The MRCI4+Q method predicts that the perepoxide is
located 5.59 and 3.22 kcal/mol lower in energy than, respectively, the trans-biradical and

cis-biradical.
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Figure 9: Sy, S1, Se and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of trans-RDFT.
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2-methylpropene

To our knowledge there have been no other studies of the reaction between 2-methylpropene
and singlet oxygen. This system plays an important role in the current work, since it is part
of the gradual methyl substitution of propene that constitutes our testing system, and the
results for this system should align with any qualitative trends in the reactivity of singlet
oxygen with the methyl-substituted alkenes. The symmetry of the 2-methylpropene reaction

means that addition on either side of the double bond is identical.

2 ,® 2

/ L]

Figure 11: TS structure of TS-RDFT (left) and TS-UDFT (right), calculated at the
(R/U)B3LYP-D3/AVTZ level of theory.

The optimized structure for the B3LYP-D3/AVTZ calculation is shown in Figure 43 and
represents the general features of the UDFT and RDFT optimizations. The UDFT optimiza-
tions predict a stepwise addition forming a biradical/zwitterionic intermediate, whereas the
RDFT calculations predict a concerted reaction that forms the hydroperoxide in one step.
(S?), Ty, refined energy barriers and rate constants are shown in Table 3. The (S?) for the T'S-
UDFT wave-function (0.925-1.003) shows strong spin contamination and the 7} diagnostic of
(0.071-0.092) indicates that multi-reference character is pronounced for TS-UDFT therefore
requiring multi-reference treatment. The TS-RDFT has a T} diagnostic (0.025-0.027) that
is similar that obtained for the propene system justifying the use of single reference methods
for this TS. The energy barrier for the formation of TS-RDFT is (11.56-11.74) kcal/mol

calculated after CCSD(T)-F12a/VDZ-F12 refinement, while it is (12.76-15.55) kcal /mol for
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Table 3: Calculated spin contamination((S?)), T} diagnostic and energy barriers calculated
at the CCSD(T)-F12a/VDZ-F12//DFT/AVTZ level of theory using method 2 for energy
refinement (Fy) and rate constants k.

3

2-methylpropene+ 10, (S?) Ty  FEy (kcal/mol) &k (&)

S

RM06-2X 0.025 11.58 1.20x1022
RMO06-2X* 0.025 11.58 1.23x10~%2
RwB97XD 0.025 11.74 7.54x1072
RwB97XD* 0.025 11.73 7.61x10723
RB3LYP-D3 0.027 11.56 1.10x1022
UMO06-2X 0.989 0.071 15.55 8.84x10~2
UwB97XD 1.003  0.092 13.89 2.05%x10~23
UB3LYP-D3 0.925 0.071 12.76 7.21x1072

x: The geometry optimization was performed using the superfine grid.

the TS-UDFT.

We now focus on the energy refinement of the IRC obtained with the RB3LYP-D3/AVTZ and
UB3LYP-D3/AVTZ methods. The results from this energy refinement are used to present
general features of the optimization with the UDFT and RDFT methods. All energy re-
finements along the reaction coordinate are done with the AVTZ basis set, to eliminate any

basis set effect of this investigation.

RDFT-TS

Figure 44 shows the CASPT2/AVTZ and MRCI+Q/AVTZ energy refinements for Sy, Sy, Sy
and Ty along the IRC obtained with RB3LYP-D3/AVTZ. Sy, So and Ty increase in energy

along the reaction coordinate and reach values much higher than Sy in the product region.
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Figure 12: Sy, S1, So and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of TS-RDFT

The Sy and T, surfaces intersect close to the RDFT-TS. The Sy surface refined by
methods 1, 2 and 3 is shown in Figure 13. The T} diagnostic for Sy increases above 0.03
after the RDFT-TS indicating the limited accuracy of CCSD(T) for this part of the po-
tential energy surface. The T diagnostic of Ty lies above 0.03 for the entire potential
energy surface, and seems to increase towards the product region. The refined energy of
the RDFT-TS is 16.51 (CASPT2/AVTZ method 1), 19.51 (MRCI+Q/AVTZ method 1),
10.39 (CCSD(T)/AVTZ method 2), 19.39 (CCSD(T)/AVTZ+CAPT2/AVTZ method 3)
and 14.28 kcal/mol (CCSD(T)/AVTZ+(MRCI+Q/AVTZ) method 3), Method 2 predicts
the lowest energy barrier for the reaction, and since the T} diagnostic is reasonably low for
the RDFT-TS, it might indicate that higher order excitation is important to accurately de-
scribe the correlation energy in the TS region. Most of the surfaces obtained after energy
refinement predicts a slightly earlier T'S, which increases the energy barrier for these surfaces
to 17.52 (CASPT2/AVTZ method 1), 10.55 (CCSD(T)/AVTZ method 2), 20.41 kcal/mol
(CCSD(T)/AVTZ+CAPT2/AVTZ method 3). The maximum of the MRCI4+Q/AVTZ en-
ergy surface aligns with the RDFT TS, while CCSD(T)/AVTZ+(MRCI+Q/AVTZ) (method
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3) predicts a slightly later T'S which has a maximum value of 14.68 kcal/mol. The difference
between the refined energies at the optimized RDFT-TS compared to their maximum along
the reaction coordinate is about 1 kcal/mol, which indicates a reasonable quality for the

RDFT optimized geometries.
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Figure 13: Lower panel Energy refinement of Sy by method 1, 2 and 3, along the reaction
coordinate for TS-RDFT. Upper panel T diagnostic of Sy and Ty along the same reaction
coordinate.
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UDFT-TS

Figure 14 shows Sy, S, Sp and T calculated using the CASPT2/AVTZ and MRCI+Q/AVTZ
methods for the reaction coordinate obtained with the UB3LYP-D3/AVTZ method. The
Spo and S; states remain close in energy along the reaction coordinate and are separated
by 13.51 (CASPT2/AVTZ) and 11.36 (MRCI+Q/AVTZ) kcal/mol at the UDFT-TS level.
We note that the Sy and T states have similar energies from the UDFT-TS towards the
product region. The small energy separation between Sy and Ty in this part of the po-
tential energy surface indicates that quenching back to the triplet ground state could be
important for this reaction channel. The refined Sy energies for the UB3LYP-D3/AVTZ
IRC are shown in Figure 15. The energy refinement indicates the presence of an ear-
lier TS, which again agrees perfectly with the result of Saito et al.*! The T) diagnos-
tic becomes high for Sy around the UDFT-TS and towards the product region whereas
the T diagnostic of Ty is stable around 0.03 for the entire surface. The refined energies
at the UDFT-TS are 16.21 (CASPT2/AVTZ method 1), 19.61 (MRCI4+Q/AVTZ method
1), 13.89 (CCSD(T)/AVTZ method 2), 17.44 (CCSD(T)/AVTZ+CAPT2/AVTZ method
3) and 16.90 kcal/mol (CCSD(T)/AVTZ+(MRCI+Q/AVTZ) method 3). As noted ear-
lier, all the methods predict an earlier T'S which increases the barrier of the refined energy
surfaces to: 18.91 (CASPT2/AVTZ method 1), 20.48 (MRCI+Q/AVTZ method 1), 15.52
(CCSD(T)/AVTZ method 2), 21.77 (CCSD(T)/AVTZ+CAPT2/AVTZ method 3) and 17.45
keal/mol (CCSD(T)/AVTZ+(MRCI+Q/AVTZ) method 3). The energy difference between
the energy at the UDFT-TS and the maximum along the reaction coordinate is (0.87-4.33)
kcal/mol. The large energy difference for some of the energy refinements shows the large
effect of spin contamination for the obtained UDFT structures. The maximum of the refined
energy for the UDFT-TS reaction coordinate is (0.97-4.97) kcal/mol higher than that of the
RDFT-TS reaction coordinate. The results show that the concerted pathway is favoured but
the small energy difference between the two reaction paths means they will be competitive,

and might exchange if, for instance solvent effects stabilize the step wise addition more than
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the concerted path.
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Figure 14: Sy, S1, S and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of TS-UDFT.

33



(UB3LYP-D3/AVTZ) 2-methylpropene + 102

A sp(CCSD(T)
v To(ccsD(T) A

- 0.10
A A o
=
A [ o
=)
4 A S
N - 0.05 'c‘_
'—
A A A v
------------------ v- -r-»--v-----‘----x-----‘----’---“---------»-'—----v-----'------v-----v--- |
A A A
25 1 7 0.00
—A— T (CCSD(T) + AET_,g (CASPT2)) (Method 3) :
—A—Tq (CCSD(T) + AET_,g (MRCI+Q)) (Method 3) A4 |
|

20 —{ |—e— s( (MRCI+Q) (Method 1)

—e— So(CASPT2) (Method 1)
S CCSD(T)-F12a/VDZ-F12 (Method 2)
S CCSD(T) (Method 2)

Energy (kcal/mol)

-5

/L
77 1 T

-6 -5 -4 -3 -2 -1 0 1
UDFT IRC (bohr amu'?)

% %
a) %,
2 %
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coordinate.

34



trans-butene

Figure 16: TS structures of TS-RDFT (left) and TS-UDFT (right) calculated at the
(R/U)B3LYP-D3/AVTZ level of theory.

The trans-butene reaction, as for 2-methylpropene, is symmetrical with respect to singlet
oxygen addition to either side of the double bond. The optimized TS structures are shown
in Figure 16. The calculated energy barriers, <S’2>, T, diagnostics and rate constants for
the TS optimized in our calculations are shown in Table 4.

Table 4: Calculated spin contamination(({S?)), Ty diagnostics and energy barriers calculated
using CCSD(T)-F12a/VDZ-F12//DFT/AVTZ and method 2 for energy refinement (Ej) and

rate constants k.

trans-butene+ Oy <S’2> Ty Ep (kcal/mol) k (Cms)

S

RMO06-2X 0.022 9.94 1.60x1072
RMO06-2X* 0.022 9.93 1.58x1072
RwB97XD 0.024 10.00 1.20x1072
RwB97XD* 0.024 10.00 1.19x10~%
RB3LYP-D3 0.024 9.85 1.74x1072
RB3LYP-D3f 0.024 9.36 4.01x107%
UMO06-2X 0.959 0.052 14.02 5.80x10724
UwB97XD 0.975 0.059 14.13 5.45x107%
UB3LYP-D3 0.886 0.055 11.63 2.25x1072
exp.®3 1.49x10718

x: The geometry optimization was performed using the superfine grid.
T: Energy refined at the CCSD(T)/AVTZ level.

The TS optimized with the RDFT method (TS-RDFT) follows a concerted reaction
mechanism where hydrogen abstraction and oxygen addition occur simultaneously. The

energy barrier is determined to be (9.85-10.00) kcal/mol after CCSD(T)-F12a/VDZ-F12
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energy refinement. The T'S-UDFT predicts a stepwise addition where a biradical /zwitterionic
intermediate is formed followed by hydrogen abstraction forming the hydroperoxide product.
The TS-UDFT wave-function is highly spin contaminated with <32> in the range of (0.886-
0.975). The spin contamination likely leads to an overestimation of the biradical character of
the UDFT reaction path. The energy of TS-UDFT is calculated to be (11.63-14.13) kcal/mol
after CCSD(T)-F12a/VDZ-F12 energy refinement. The refined energy barriers changed by
0.15 kcal/mol across the RDFT/AVTZ methods, while the variation is 2.39 kcal/mol for the
UDFT/AVTZ energy barriers. This illustrates the fact that the bypassing scheme becomes

much more sensitive/unreliable for systems with high spin contamination and T} diagnostics.

TS-RDFT

We use the IRC obtained with (U/R)B3LYP-D3/AVTZ to further investigate the reaction

coordinate.
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Figure 17: Sy, S1, So and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of TS-RDFT.
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Figure 18: Lower panel Energy refinement of Sy by method 1, 2 and 3, along the reaction
coordinate for TS-RDFT. Upper panel T diagnostic of Sy and Ty along the same reaction
coordinate.

Figure 17 shows Sy, S1, Sy and Ty calculated using CASPT2/AVTZ and MRCI+Q/AVTZ
for the IRC obtained with the RB3LYP-D3/AVTZ method. The results show that Sy and
Ty intersect close to the TS, while S; drifts away from Sy along the reaction coordinate. At

the TS the energy difference is 16.09 kcal/mol with CASPT2/AVTZ (method 1) and 21.07
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kecal/mol with MRCI+Q/AVTZ (method 1), which clearly shows that the initial degener-
acy of Sy and S; is lost in the TS and in addition that the the multi-reference character
of the TS might be lower compared to that of the reactants. In the product region there
is sufficient energy difference between Sy and the other excited electronic states, hence sin-
gle reference methods are expected to yield reliable results for Sy. Figure 17 shows Sq for
the reaction coordinate obtained with RB3LYP3-D3/AVTZ after energy refinement. The
T, diagnostic for Sy is lower than 0.03 for most of the reaction coordinate, but reaches
the maximum value of 0.033 between the TS and product. The refined energy of the
RDFT-TS is 14.77 CASPT2/AVTZ (method 1), 17.68 MRCI4+Q/AVTZ (method 1), 8.62
CCSD(T)/AVTZ (method 2), 18.03 CCSD(T)/AVTZ+CAPT2/AVTZ (method 3) and 12.55
kecal/mol CCSD(T)/AVTZ+(MRCI+Q/AVTZ) (method 3). The refined energies of the TS
vary by about 10 kcal/mol across the tested methods. This variation is similar to those ob-
served for propene and 2-methylpropene. Most of the energy refinements indicate a slightly
earlier TS, with the exception being MRCI4+Q/AVTZ which predicts a slightly later TS.
The energy differences for the maximum on the refined reaction coordinate compared to the
energy of the RDFT-TS is (0.04-1.18) kcal/mol which indicates a fairly good quality for the
RB3LYP-D3/AVTZ geometry.

TS-UDFT

Figure 19 shows Sg, Sy, Se and Ty calculated using CASPT2/AVTZ and MRCI+Q/AVTZ
for the reaction coordinate obtained with the UB3LYP-D3/AVTZ method. The surfaces Sy,
S1 and Ty remain energetically close along the reaction coordinate. The energy difference
between Sy and Ty is only 4.05 (CASPT2/AVTZ) and 1.24 kcal/mol (MRCI4+-Q/AVTZ)
at the TS while the differences between Sy and S; are 15.77 (CASPT2/AVTZ) and 14.07
kcak/mol (MRCI+Q/AVTZ). The similarity of the energies of Sy and T along the reaction
coordinate indicates that quenching back to the triplet state might be important for this

reaction path.
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Figure 19: Sy, S1, S and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of TS-UDFT.
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Figure 20: Lower panel Energy refinement of Sy by method 1, 2 and 3, along the reaction
coordinate for TS-UDFT. Upper panel T} diagnostic of Sy and Ty along the same reaction
coordinate.

Figure 20 shows the refined energies of Sy for the UDFT-TS reaction coordinate. All
the energy refinements indicate an earlier TS, similar to the results for propene and 2-
methylpropene. The refined energy of the UDFT-TS is 13.24 CASPT2/AVTZ (method 1),
16.84 MRCI+Q/AVTZ (method 1), 11.74 CCSD(T)/AVTZ (method 2), 15.34 CCSD(T)/AVTZ+
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CASPT2/AVTZ (method 3) and 14.46 kcal/mol CCSD(T)/AVTZ+(MRCI4+Q/AVTZ) (method
3) whereas the maximum of the refined energy surface is found to be 16.67 CASPT2/AVTZ
(method 1), 18.11 MRCI4+Q/AVTZ (method 1), 13.46 CCSD(T)/AVTZ (method 2), 19.82
CCSD(T)/AVTZ+CAPT2/AVTZ (method 3) and 15.37 kcal/mol CCSD(T)/AVTZ+(MRCI
+Q/AVTZ) (method 3). When comparing the maximum for the refined (R/U)B3LYP-
D3/AVTZ reaction coordinates, RDFT is consistently found to be lower than the UDFT
pathway by (0.39-4.60) kcal/mol, which shows that the RDFT is the lowest energy pathway.
However the similar energies of the two reaction paths means they will be in close competi-

tion.

Ashford et al. determined the rate constant for the reaction between singlet oxygen and
trans-butene in the gas phase form experiment.*® This type of information is useful to vali-
date the modelled TS and the energy refinement of the reaction coordinate. The concerted
reaction path predicted by RDFT is found to be the lowest energy path for all the energy
refinements, and the T, diagnostic is low enough to expect an accurate result after CCSD(T)
refinement. However the calculated rate constants for the TS-RDFT are in the range (1.19-
4.01)x 10_21%) which is three orders of magnitude lower than the experimental value. The
poor agreement with experiment might suggest that another mechanism with a lower en-
ergy barrier exists, but we were unable to find other transition states using the (R/U)DFT
optimization methods. Interestingly, CCSD(T) predicts the lowest energy barrier of all the
refinement methods, but when comparing to the experimental result, there is no reason to
believe it under-predicts the energy barrier for the reaction. If the RDFT is assumed to yield
accurate geometries for the TS, it might indicate that higher order excitation is important
for the CCSD(T) wavefunction, and expanding the excitation operator to include triples
and quadruples might improve the quality of the calculated energy barriers. However, such

investigation lies outside the scope of this work.
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2-methylbutene

2-methylbutene is an asymmetric alkene where addition of singlet oxygen may occur on the
doubly substituted side of the alkene (c¢is-TS) or on the mono-substituted side (trans-TS)

as illustrated in Figure 21.

O‘O | i O,O

cis-TS trans-TS

Figure 21: Ilustration of the cis- and trans-addition of singlet oxygen to 2-methylbutene.

cis-Addition

The c¢is-TS is believed to be the most favourable pathway for the 2-methylbutene reac-

tion. 174 The stereoselectivity of the reaction has been studied by Stratakis et al. by substi-
tuting hydrogen with deuterium as is shown in Figure 22.

7%

7% 6%
CD; CDs :CH3
HsC  CHs DsC  CHs HC CDs
61% 32%
53% 40% 48% 46%
5%
CH; CD; CHs
2 < /T < 40% /T < 55
D3C CD3 H3C CD3 D3C CH3 %
56% 39% 60% 45%

Figure 22: Stereo selectivity of 2-methylbutene.'”

The cis-effect is evident from their results, and the clear change of stereoselectivity of the

different deuterated 2-methylbutene derivates is evidence for the formation of a perepoxide
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intermediate in this mechanism.!'” The proposed mechanism for the two major reaction paths

/:< + 102

is shown in Figure 23.

l cis-TS-add.

- Perepoxide
\_/

O

|

@)

TS-P1 v b’ TS-P2
|
O

HOO HOO
Product 1 ; < // : Product 2

29% 71%

Figure 23: Illustration of the cis- and trans-addition of singlet oxygen to 2-methylbutene,
together with the gas-phase yield of the two products.*?

Subsequent theoretical studies by Singleton et al. found the mechanism to proceed
through two transition states but without any stable intermediate between the two TS’s.4*
The rate determining step was found to be the first TS (cis-TS-add), where oxygen adds to
the alkene, but without hydrogen abstraction. The initial TS has a ”perepoxide-like” struc-
ture, however the perepoxide is not a stable intermediate since TS-P1 and TS-P2, leading

to the two major products are lower in energy compared to the perepoxide. In the following
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section we compare our result with the experimental evidence and the theoretical results of

singleton et al.*4

L2 L
MJ TP
) 9 > 9 9

Figure 24: TS structure of ¢is-TS-RDFT (left), TS-RDFT-Hshift1 (middle) and TS-RDFT-
Hshift2 (right), calculated at the (R)M06-2X/AVTZ level of theory.

Our M06-2X/AVTZ TS structures for the cis-addition are shown in Figure 24. The
B3LYP-D3/AVTZ method failed to find T'S-P1, and therefore the M06-2X/AVTZ geometries
are shown instead. The refined energies of the optimized geometries for the cis-addition are
shown in Table 5. The reaction mechanism is a stepwise addition of singlet oxygen, where
no stable intermediate is formed in the reaction. The first TS (cis-T'S-add) is an addition
of singlet oxygen to the double bond in the alkene. cis-TS-add has a ”perepoxide-like”
structure but the energy of the perepoxide intermediate is higher compared to the energy
of TS-P1 and TS-P2. Note that TS-P1 and TS-P2 leads to two different hydroperoxide
products via hydrogen abstraction. The energy of TS-P2 to lower than TS-P1 indicating
that product 2 is favored over product 1 in perfect agreement with the product yield observed
in the studies of Stratakis et al. and Ashford et al.'”*? The energy barriers for cis-TS-add
are shown in Table 6 alongside the spin contamination, 7} diagnostics and rate constants.
Interestingly, the UDFT solution collapse to the RDFT solution for both BSLYP-D3/AVTZ
and wB97XD/AVTZ, and with only a slight spin contamination observed with the MO06-
2X/AVTZ method. The biradical pathway, predicted by UDFT for the previous systems

was not found for the cis-addition. The 77 diagnostics are under 0.03 for all found T'S.
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Table 5: Energies for the optimized stationary points of the cis-addition, the electronic
energy is refined with method 2.

relative energies including ZPVE  ¢is-TS Perepoxide TS-P1 TS-P2

RM062X 3.66 1.49 0.01 -0.53
RwB97XD 5.08 1.31 -0.38  -1.09
RB3LYP-D3 3.51 - - -
UMO062X 3.47 1.49 0.01 -0.53
UwB97XD 2.08 1.31 -0.38  -1.09
UB3LYP-D3 3.49 - - -

We will now focus on the two IRCs obtained using B3LYP-D3/AVTZ that lead to for-

mation of product 2.

Figure 25 shows Sp, S;, So and Ty refined by CASPT2/AVTZ and MRCI4+Q/AVTZ for
the IRC obtained for cis-TS-add and TS-P2. Unfortunately, it was not possible to connect
the two IRCs directly through a common intermediate, which is clearly seen in the discon-
tinuity observed between the two reaction coordinates. This problem likely originates from
the flat typography of the potential energy surface in this region. It was not possible to
obtain an IRC going from (cis-TS-add) towards the reactant region. A scan was calculated
by constraining the C-O bond length while optimizing all other degrees of freedom, how-
ever this calculation failed to converge. We argue that the reasonable quality of the RDFT

optimized transition states for the other systems, justifies its use for this reaction.
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Figure 25: Sy, S1, So and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of cis-TS-add and TS-P2.
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Figure 26: Lower panel Energy refinement of Sy by method 1, 2 and 3, along the reaction
coordinate for cis-TS-add and TS-P2. Upper panel T7 diagnostic of Sy and T, and C-O and

O-H bond le

The energy refinement of the IRC show that Sy is the lowest electronic state and that the
So and T surfaces intersect before cis-TS reached. The energy differences between Sy and Sy
at the cis-TS are 35.73 kcal/mol (CASPT2/AVTZ) and 38.14 kcal/mol (MRCI4+-Q/AVTZ).
This is a larger energy separation between Sy and S; than for the transition states of propene,
2methylporpene and trans-butene, indicating a lower multi-reference character for the cis-

TS compared to the previously identified transition states. Figure 26 shows the T} diagnostic

ngth along the same reaction coordinate.
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along the reaction coordinate obtained using BSLYP-D3/AVTZ. The T; of Sy increases after
cis-TS-add, to values slightly over 0.03. The T diagnostic for TS-P2 is less than 0.03 but
increases above 0.03 as the reaction proceeds. The Sy surface is very flat until the point
of hydrogen abstraction. As seen in Figure 26 the cis-TS IRC describes the formation of
the C-O bond while TS-P2 describes the formation of the O-H bond. The refined energy
of (cis-TS-add) is 3.75 CASPT2/AVTZ (method 1), 13.38 MRCI4+Q/AVTZ (method 1),
2.07 CCSD(T)/AVTZ (method 2), 6.87 CCSD(T)/AVTZ+CAPT2/AVTZ (method 3) and
3.17 kcal/mol CCSD(T)/AVTZ+(MRCI4+Q/AVTZ) (method 3). The reaction coordinate
at the MRCI4-Q and CASPT?2 levels show discontinuities which affect the reliability of these
results. The reaction coordinate at CCSD(T)/AVTZ (method 2), on the other hand, shows

a smooth surface alignment with the results from the DFT optimization.

We now consider the differences between the DFT methods. The calculated energy barrier
for cis-TS-add optimized with M06-2X/AVTZ, B3LYP-D3/AVTZ and wB97XD/AVTZ after
CCSD(T)-F12a/VDZ-f12 refinement is (3.49-5.13) kcal/mol (Table 6). The calculated rate
constant for the reaction is in the range of (9.58-326)x10~% % thus spanning 2 orders of
magnitude. The best agreement is obtained using the CCSD(T)/AVTZ//B3LYP-D3/AVTZ
method which is within a factor 2 of the experimentally determined rate constant. As before
we see that the calculated rate constants are too low, which might indicate that a higher

level of theory is needed to obtain accurate energy barriers.
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Table 6: Calculated spin contamination(({S?)), T; diagnostics and energy barriers calculated
at the CCSD(T)-F12a/VDZ-F12//DFT/AVTZ level of theory using method 2 for energy
refinement (Fy) and rate constants k.

3

2-methylbutene+ 'Oy cis  (S%) T}  Epy (kcal/mol) & (¢22)

S

RMO06-2X 0.022 4.69 1.83x10718
RMO06-2X* 0.022 4.66 2.02x 1018
RwB97XD 0.021 5.08 9.57x 10719
RwB97XD* 0.021 5.13 8.72x 10719
RB3LYP-D3 0.027 3.51 1.24x10°17
RB3LYP-D3f 0.027 2.94 3.26x 10717
UMO06-2X 0.022 0.023 4.39 3.10x 1018
UwB97XD 0.000 0.021 5.08 9.58x 1019
UB3LYP-D3 0.000 0.027 3.49 1.28x1017
Exp.4 5.48% 10717

x: The geometry optimization was performed using the superfine grid.
T: Energy refined with CCSD(T)/AVTZ.

trans-Addition

We now consider the trans-addition of singlet oxygen to 2-methylbutene.

2 B, 3,®

Figure 27: TS structure for trans-TS-RDFT (left) and trans-TS-UDFT (right), calculated
at (R/U)M06-2X/AVTZ level of theory.

The optimized transition states are shown in Figure 27. The trans-TS-RDFT follows a
concerted reaction path leading directly to the hydroperoxide product, while the trans-TS-
UDFT calculation predicts a step wise addition forming a biradical /zwitterionic intermediate

followed by hydrogen abstraction, leading to the hydroperoxide product.
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trans-TS-RDFT

Figure 28 shows the refined energies of Sy, Sy, Sy and Ty for the trans-TS-RDFT IRC.
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Figure 28: Sy, S1, So and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of trans-RDFT.
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Figure 29: Lower panel Energy refinement of Sy by method 1, 2 and 3, along the reaction
coordinate for trans-TS-RDFT. Upper panel T diagnostic of S and T, along the same
reaction coordinate.

The IRC could only be obtained in the product direction. The Sq and T surfaces intersect
near the TS, and the energy difference between Sy and S; is 12.49 kcal/mol (CASPT2/AVTZ)
and 17.78 kcal/mol (MRCI4+Q/AVTZ). The bumpy appearance of the energy surface might
indicate that the size of the active space is insufficient to describe the entire reaction surface.
This may be due to the limited inclusion of correlation energy in the CASPT2 and MRCI+Q

methods. The potential energy surface close to the T'S seems to be well behaved and is used
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to refine the energy of the TS. Figure 29 shows the refined energy of Sy. The refined energy
of the TS is 10.85 CASPT2/AVTZ (method 1), 17.32 MRCI4+Q/AVTZ (method 1), 6.96
CCSD(T)/AVTZ (method 2), 16.75 CCSD(T)/AVTZ+CAPT2/AVTZ (method 3) and 7.98
kecal/mol CCSD(T)/AVTZ+(MRCI+Q/AVTZ) (method 3). The refined energies are seen

to vary up to 10 kcal/mol across the energy refinement methods.

trans-TS-UDFT

Figure 30 shows the surfaces Sy, S1, Se and Ty for trans-TS-UDFT.
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Figure 30: Sg, S1, S and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of trans-UDFT.

The qualitative trends for this reaction surface are very similar to the ones obtained for
cis-propene-UDFT, UDFT-2-methylpropene and UDFT-trans-butene: Sg, S; and Tq stay
energetically close along the reaction coordinate. The TS energy difference between Sy and S,
is 14.90 (CASPT2/AVTZ) and 13.22 kcal/mol (MRCI+Q/AVTZ) while the energy differ-
ence between Sy and Ty is 3.81 (CASPT2/AVTZ) and 1.09 kcal/mol (MRCI+Q/AVTZ).
Figure 31 shows the refined Sy energies. All the energy refinements predict an earlier
TS compared to the optimized UDFT-TS. The maximum for the energy barrier is 15.49
CASPT2/AVTZ (method 1), 11.29 MRCI4+Q/AVTZ (method 1), 11.42 CCSD(T)/AVTZ
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(method 2), 18.17 CCSD(T)/AVTZ + CASPT2/AVTZ (method 3) and 11.87 kcal/mol
CCSD(T)/AVTZ+(MRCI4+Q/AVTZ) (method 3).

(trans-UB3LYP-D3/AVTZ) 2-methylbutene + '0,

/ L
7/
v S, (CCSD(T) Y L 0.08
A T (CCSD(T)) v I3)
v .-.:
- 006 0
v o
c
v (®)]
. -0.04%
A#LA‘ """" : hah AR "'AAA """"""""""""" -
v v - 002
v v v v v
/ L
50 o, 0.00

{ |[—— T,(ccsD(T) +AE, ¢ (CASPT2)) Method 3
45 9 |—a—7,(cCSD(T) + AE,_ (MRCI+Q)) Method 3
10 J |2 s, (MRCI+Q) Method 1

{ [ S,(CASPT2) Method 1

35 S, CCSD(T)-F12a/VDZ-F12 Method 2

| S, CCSD(T) Method 2

30 -

25 —

Energy (kcal/mol)

-4 -3 -2 -1 0 1
trans-UDFT IRC (bohr amu'?)

Figure 31: Lower panel Energy refinement of Sy by method 1, 2 and 3, along the reaction
coordinate for trans-TS-UDFT. Upper panel T diagnostic of So and T, along the same
reaction coordinate.

It is seen that the values of the T diagnostics for the Sy surface tend to increase along the
reaction coordinate reaching values much larger than 0.03 towards the product region. The
T diagnostic values of Ty on the other hand stay low along the reaction path and should

give reliable results.
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Table 7: Calculated spin contamination((S?)), T} diagnostic values and energy barriers cal-
culated using CCSD(T)-F12a/VDZ-F12//DFT/AVTZ and method 2 for energy refinement
(Ep) and rate constants k.

3

2-methylbutene + 'Oy trans (S?) T1  FEp (kcal/mol)  k ()

S

RMO06-2X 0.022 7.91 2.54x10720
RMO06-2X* 0.022 7.89 2.52x 10720
RwB97XD 0.022 8.30 1.45%x10~%0
RwB97XD* 0.022 8.24 3.22x10~20
RB3LYP-D3 0.022 8.27 1.37x10720
UMO06-2X 0.963 0.048 12.40 7.18x107%
UwB97XD 0.982 0.057 12.72 3.78x107%
UB3LYP-D3 0.866 0.051 9.56 3.92x10~%
Exp.% 5.48x10717

x: The geometry optimization was performed using the superfine grid.

The energeries of the optimized trans-TS, calculated using CCSD(T)-F12a/VDZ-F12 are
presented in Table 6. The calculated rate constants are 2-3 orders of magnitude lower than
those calculated for the cis-addition, in qualitative agreement with the experimental trend,

where products originating from the cis-addition are the major products.

2,3-dimethylbutene

The reaction of 2,3-dimethylbutene with singlet oxygen is a well studied system. Different
mechanisms have been proposed. In particular the kinetic isotope effect indicated the mech-
anism is occurring via the perepoxide intermediate.!® Theoretical results indicate that the
perepoxide intermediate is not a true intermediate since its energy is larger than the tran-
sition state which via hydrogen abstraction lead to the ene-product. The reaction proceeds
through a two step mechanism with no stable intermediate similar to 2-methylbutene.**
However later theoretical results showed that solvent effect stabilize the perepoxide inter-
mediate which transform the reaction to a stepwise addition with formation of a perepoxide

intermediate solvent. 46
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Multiple experimental determinations of the gas-phase rate constant for the 2,3-dimethylbutene

454749 The relatively large variation observed

reaction with singlet oxygen have been made.
between the experiments was explained from atomic oxygen which is only partly removed
from the singlet oxygen source. Therefore NO, was added to capture the remaining atomic

oxygen, and better agreement was observed across the different experiments.*’

The optimized M06-2X structures for the 2,3-dimethylbutene reaction path are shown in
Figure 32. The reaction profile is very similar to that for cis-addition to 2-methylbutene.
The reaction is found to proceed through two transition states, T'S-add describing the addi-
tion of singlet oxygen to the double bond, followed by a second transition state (Hshift-TS)
describing the hydrogen abstraction which leads to the formation of the hydrogenperoxide
product. It was only possible to locate the T'S-add using the (R/U)M06-2X/AVTZ and
UB3LYP-D3/AVTZ methods. The difficulties in obtaining T'S-add might be caused by the
low barrier and the unusual shape of the reaction potential. The structures all show low
spin-contamination and 77 diagnostic values, validating the use of method 2 for this system.
We were unable to use methods 1 and 3 for energy refinement for this system, since the com-
putational requirements of CASPT2 and MRCI are too high. We were unable to obtain the
perepoxide intermediate and Hshift-T'S using the B3LYP-D3/AVTZ method. The energy

for the reaction paths is shown in Table 8.

Formation of T'S-add is the rate determining step of the reaction. The energy barrier of TS-
add is (0.79-2.35) keal/mol and the calculated rate constant is (4.86-71.5)x 107102 which
is within a factor of 6 of the experimentally determined rate constant of 12.6x 10_16‘32‘—3.
The agreement observed between the calculated and experimentally determined rate con-
stant validates the simple approach of method 2 given the low spin contamination and T}

diagnostic values for the TS.

%)



Figure 32: TS structure of TS-add-RDFT (left), TS-RDFT-Hshift (right) calculated at

(R)M06-2X/AVTZ level of theory.

Table 8: Energies for the optimized stationary points of the cis-addition. The electronic

energy is refined with method 2.

relative energies including ZPVE TS-add Perepoxide Hshift-TS
RM062X 2.34 -2.81 -3.86
UMO062X 1.61 -2.81 -3.86
UB3LYP-D3 0.79 - -

Table 9: Calculated spin contamination <5’2>, T, diagnostic values and and energy barriers

calculated with CCSD(T)-F12a/VDZ-F12//DFT/AVTZ using method 2 for energy refine-
ment (Ey) and rate constants k, for the reaction between 2,3-dimethylbutene and singlet

oxygen.
2,3-dimethylbutene + 'O, (S%) Ty  Ep (keal/mol) Kk (222)
RMO06-2X 0.019 2.34 6.37x10716
RMO06-2X* 0.019 2.35 4.86x10716
UMO06-2X 0.066 0.021 1.61 2.18x10715
UB3LYP-D3 0.042 0.023 0.79 7.15%1071%
exp.*® 1.26x 1071

x: The geometry optimization was performed using the superfine grid.

Conclusion

We examined the reaction of a series of five different alkenes with singlet oxygen. The study

resulted in two main conclusions.
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1) When singlet oxygen adds to alkenes at a position where only one allylic group is avail-
able, then two qualitatively different reaction mechanisms are obtained. RDFT predicts that
the reaction proceeds through a concerted reaction path where oxygen simultaneously adds
to the double bond and abstracts the allylic hydrogen. The UDFT method on the other
hand predicts that the reaction proceeds via stepwise addition where oxygen first adds to
the double bond forming a biradical /zwiterionic intermediate, followed by hydrogen abstrac-
tion to form the ene-product. The tendency of the RDFT method to find a concerted TS
and the UDFT method to find non-concerted reaction paths has also been observed for the
Diels-Alder reaction between butadiene and ethene.®® The UDFT wave function for step wise
addition is heavily spin contaminated. The spin contamination is mainly from the triplet
state and hence a side effect of the spin contamination is to overestimate the biradical char-
acter of the optimized geometries. This leads to a later TS compared to the tested energy

.41 The poor quality of the

refinements, which is in agreement with the findings of Saito et a
UDFT optimized TS leads to an error in the estimated energy barrier of 1-5 kcal /mol, which
might lead to qualitatively wrong conclusions regarding the reaction mechanism. We found
that the RDFT reaction path was consistently lower in energy than the UDFT path, but
the small energy difference means they will both be important. Along the UDFT reaction
coordinate the Ty and Sy surfaces remain close in energy. If the biradical is a stable inter-
mediate along the UDFT reaction coordinate, quenching back to the triplet reactant might
be important, however since the energy barrier going from biradical to ene-product seems to
be very low, the reaction might continue to the ene-product without having time to become
quenched. The flat nature of the potential energy surface in the TS region could indicate that
a finer grid would improve the quality of the optimized geometry, however the optimization
performed with the finer grid yielded results similar to the standard grid. The small en-
ergy difference between the stepwise addition and the concerted reaction path indicates that

these reaction paths will always be in competition and moreover, that they will be differently

affected by the solvent. Fudickar et al.3! showed that the 1,4-cyclo addition went from a
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stepwise mechanism to a concerted mechanism when going from gas-phase to an acetonitrile
solution using a broken symmetry solution of unrestricted BSLYP and M062X functionals.
We argue that similar effects are at work in the ene-mechanism, and so the seeming conflict in
the literature simply arises from the close competition between the concerted and step-wise
addition pathways. One pathway or the other may become dominant depending on both the
solvent and the exact system in question. The poor agreement with the experimental rate
constant for trans-butene might indicate that a third reaction path with a lower energy ex-

ists, however it could not be found with traditional restricted and unrestricted DF'T methods.

2) When singlet oxygen adds to an alkene at a position where two allylic groups are cis
to the double bond, then the reaction occurs through two transition states without a stable
intermediate between them. The UDFT and RDFT calculations predict similar reaction
paths, and low spin contamination (0.000-0.066) and low 7; diagnostic (0.019-0.027) are
observed in the TS. A good agreement between experimental and theoretical rate constants
was observed for these systems. The straightforward bypassing scheme we tested in method
2 is applicable to this type of reaction. Recently, we tested method 2 on a series of 1,4-
cycloaddition reactions where we were able to obtain good agreement between experimental
and theoretical rate constants. The success of the bypassing scheme of method 2 relies on the
multi-reference character being sufficiently low in the TS. In the limit of low spin contami-
nation and T3 values we believe method 2 is straightforward and can easily be scaled to treat
larger molecular systems, as long as the CCSD(T)-F12a/VDZ-F12 single point calculation

is feasible.
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Figure 33: Ilustration of the bypassing scheme, Ty and Sy are the potential energy surface of
the triplet and singlet ground states, calculated with a restricted method. Sy bypassing is the
hypothetical potential energy surface where the error due to the multi-reference character of
singlet molecular oxygen is removed. AF;_, is the experimentally determined singlet /triplet

splitting of molecular oxygen.
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Figure 34: TS structure of cis-TS-UDFT (left), cis-TS-RDFT (left to the middle), trans-
TS-RDFT (right to the middle) and trans-TS-UDFT (right), calculated at (R/U)B3LYP-

D3/AVTZ level of theory.
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Figure 37: Sg, S1, So and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of cis-RDFT.
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same reaction coordinate.
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Figure 40: Sy, S1, S and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of trans-UDFT.
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Figure 41: Sy, S1, Sy and Ty electronic energy surfaces calculated by method 1 along the
reaction coordinate of trans-RDFT.
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Figure 42: Lower panel Energy refinement of Sy by method 1, 2 and 3, along the reaction
coordinate for trans-RDF'T propene. Upper panel T diagnostic of Sy and T along the same
reaction coordinate.
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Figure 43: TS structure of TS-RDFT (left) and TS-UDFT (right), calculated at the

(R/U)B3LYP-D3/AVTZ level of theory.
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Figure 44: Sy, S1, Sy and Ty electronic energy surfaces

reaction coordinate of TS-RDFT
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