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Abstract: The Paterno-Biichi (P-B) reaction can generate oxetane, which is of
great value in organic synthesis and medicinal chemistry, but its mechanism
remains controversial. In this work, we studied the mechanism of the P-B
reaction between acetone and butene to form oxetane by using the method of
multistate complete active space perturbation theory (MS-CASPT2). The
calculation results establish that this reaction can occur on both singlet potential
energy surfaces involving the So and S; ('nn*) states, as well as on triplet potential
energy surfaces containing the 3nz* and nn* states. The reaction pathways on both
singlet and triplet states are energetically allowed. For the C-O attack pathway,
there exist significant differences in structure and energy between the conical
intersection point (Si/So)x-1 on the singlet reaction path and the intermediate *Ico
on the triplet reaction path. For the C-C attack pathway, the conical intersection
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point (S1/So)x-2 and the triplet intermediate 3Icc almost coincide, which means that the singlet and the triplet reaction paths go
through a region where the energies of the four states (Si, T2, T1, and So) are approximately degenerate. Our results have

provided new insights into the mechanism of the P-B reaction.
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1. Introduction

The Paterno-Biichi (P-B) reaction, one of the [2+2]
photocycloaddition reactions between a carbonyl compound and
an alkene, is a flexible photochemical process that produces
four-membered oxygen heterocycles oxetanes [1,2]. Oxetanes
are found in the chemical structures of several natural and
biologically active compounds [3], such as an antitumor drug
paclitaxel [4], merrilactone possessing neurotrophic activity [5],
and showing anti-HIV activity [6]. High
regioselectivity and stereoselectivity in the P-B reaction can be
obtained by proper adjusting the structures of the reactants [2].
In addition to its widespread applications in organic synthesis
and medicine chemistry, the P-B reaction has significant value
for locating the position of double bonds in alkenes, a topic of
substantial interest in the field of lipidomics [7,8].

Although the P-B reaction has been known for more than a
century [9,10], its mechanism continues to be an active area of
research and debate. The mechanism of the Paterno—Biichi
reaction presents several unresolved questions, including (1)
Does the reaction take place in the singlet excited state (S| state)
or the triplet excited state (T: state)? (2) Is the reaction
concerted or stepwise? (3) Which intermediates are involved in
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the reaction? (4) What is the specific reaction pathway?

Early in 1954, Biichi et al. proposed that the P-B reaction
of benzaldehyde with 2-methyl-2-butene involves the most
stable biradical intermediate formed by the triplet-state
carbonyl compound reacting with the ground-state alkene [10-
12]. This triplet state-involved mechanism was supported by
multiple follow-up experiments [13-17] and calculations [18-
20]. However, Turro et al. studied the P-B reaction between
acetone and the trans-dicyanoethylene (t-DCE) and found this
photocycloaddition does not proceed via the acetone triplet state
but via a singlet complex of acetone and t-DCE [21,22]. Further
investigation of Turro and Wriede on the photocycloaddition of
acetone to 1-methoxy-l-butene revealed that both acetone
singlets and acetone triplets are involved in oxetane formation
based on kinetic analysis and quantum yield studies [23]. Robb
and co-workers performed MC-SCF calculations on the P-B
reaction between formaldehyde and ethylene and revealed the
C-O attack and C-C attack pathways behave differently [24].
For the singlet reaction the C-C attack pathway is favored and it
is concerted, while the C-O attack pathway is stepwise due to
the So/Si conical intersection that located before the formation
of the biradical intermediate. They also found the triplet
biradicals have similar energies and structures to the singlets,
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and the triplet reaction pathways can be predicted by the most
stable biradical rule [24]. The biradical intermediates in the P-B
reaction of formaldehyde and ethylene were evaluated in view
of the spin-orbital coupling (SOC) between the singlet and
triplet states. The computed SOC value in the C-C attack course
is two orders of magnitude larger than that in the C-O attack,
indicating the C-C attack path is more possible [25]. Meanwhile,
exploring the P-B reaction pathways of H>CO+CyH; with
artificial force induced reaction (AFIR) method showed that the
C—O—C—C biradical formation by C-O attack is more favorable
than the O-C—C-C biradical formation by C-C attack [26].
Transient electronic and vibrational absorption spectroscopies
on the photo-induced P—B reaction between benzaldehyde and
cyclohexene also provided the evidence on the T; state of
benzaldehyde that decays at a timescale of 80 ps through
reaction with cyclohexene and the C—O bond formation to the
biradical intermediate [27]. Conformational analysis of singlet-
triplet state mixing in P-B radicals with MP2 and MCSCF
methods by Kutateladze [28] supported the Griebeck model of

ISC-controlled stereochemistry of P-B reactions [29]. In case of
P-B
electron transfer (PET) from the alkenes to carbonyl compounds

reactions with electron-rich alkenes, photo-induced
may occur, leading to the formation of radical-ion pair [30,31].
Frequently, P-B reactions involving a PET mechanism are more
selective than those only via a biradical intermediate [32]. It is
worth mentioning that most P-B reactions take place through
the interaction of the excited-state carbonyl compounds with the
ground-state alkenes, but the transposed P-B reaction was also
obtainable where the excited-state alkene reacts with a ground-
state carbonyl compound [33].

Given the significant importance of the P-B reaction and
the debates surrounding its mechanism, we employed the MS-
CASPT2 method in this study to investigate the mechanism of
oxetane formation from the P-B reaction model system acetone
and trans-butene under light irradiation (see Scheme 1). Both
C-O attack and C-C attack pathways in singlet and triplet states
were considered.
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Scheme 1. Schematic diagram of the photoinduced P-B reaction between acetone and trans-butene.

2. Computational details

All the critical points (minima, transition states (TSs) and
conical intersections (Cls)) and reaction pathways in this work
were calculated by the MS-CASPT2 [34] method with the
ANO-S-VDZP basis [35]. On top of the optimized
geometries vibrational frequencies were computed at the same

set

theoretical level to confirm that the obtained structures were
true minima or first-order saddle points. The intrinsic reaction
coordinate (IRC) method [36,37] was used to search the two
critical points connected by the TS, and the linear interpolation
approach or constrained optimization was employed to explore
the decay pathways that pass the intersection points. The decay
pathways from the Franck-Condon point to the excited-state
minima were traced with the minimum energy path (MEP)
method. In MS-CASPT2 single-point calculations, five roots
were computed with equal weights. An imaginary level shift [38]
parameter of 0.2 a. u. and no ionization potential-electron
affinity (IPEA) [39] were used. The spin-orbital coupling (SOC)
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strength between singlet and triplet states was calculated with
atomic mean-field integrals by using one-electron operator.

The choice of orbitals in the active space is a key step in
MS-CASPT2 calculations [40]. To keep line with previous
computational studies [24,26,41] on the mechanism of the
Paterno-Biichi reaction in model systems, we chose the (6,5)
active space in this work. As shown in Figure 1, the (6,5) active
space for the Franck-Condon (FC) structure of the reactant
(acetone-butene complex) contains two pairs of m/a* orbitals
locating on the C=0O and C=C bonds and one in-plane non-
bonding orbital of the oxygen atom.

To validate the choice of the active space, we performed
TD-DFT calculations employing the B3LYP [42] and CAM-
B3LYP [43] functionals with the 6-311+g(d,p) basis set [44,45].
The empirical D3 dispersion corrections [46] with the Becke-
Johnson damping potential [47] were used to describe the weak
interactions. The MS-CASPT2 calculations were performed
with the OpenMolcas v25.06 software [48] and the TD-DFT
calculations were performed with the Gaussian 16 software [49].
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Figure 1. Active orbitals used for the calculations at the Franck-Condon structure of the reactant ('R) in this work.

3. Results

3.1 Ground-state equilibrium structures and vertical

excitations

Figure 2 displays the optimized structures of acetone, butene,
and the acetone-butene complex (denoted as 'R) in their ground
states. Energies and Cartesian coordinates of all the optimized
structures in this work are given in the supporting information.
MS-CASPT2 method predicted the C=0O bond in acetone to be
1.23 A long and the C=C bond in butene to be 1.36 A long,
which are 0.02 A and 0.03 A longer than the corresponding
values predicted by B3LYP and CAM-B3LYP methods. In 'R,
the C=0 and C=C bonds align parallelly and maintain the
length as in the isolated acetone and butene molecules. And the
intermolecular distances are 3.28 A for O1-C6 and 3.55 A for
C2-C7,indicating a very weak intermolecular interaction.

The vertical excitation energies, oscillator strengths, and
dominant configurations of the reactant were computed using
the MS-CASPT2 method and are shown in Table 1. For
comparison, the TD-B3LYP and TD-CAM-B3LYP vertical
excitations at the 'R structure and the MS-CASPT2 results for
isolated acetone and butene molecules are given in Table SI-2
to Table SI-5. The S; state of 'R is an nn* state of the C=0 site
located at 4.31 eV (288 nm) above the FC point and is an
almost dark state with an oscillator strength of 6.76x10°. The
nature and energy of this S; state match well the S; state of the
isolated acetone in Table SI-4. The S, state of the !R structure
is a charge transfer (CT) state originating from the excitation of
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an electron from the 7 orbital of the C=C bond to the n* orbital
of the C=0 bond. The S, state has an oscillator strength of
7.33x107 and an energy of 6.76 eV with respect to that of 'R.
According to the computed energetics, the excitation light of
254 nm (4.88 ¢V) usually used in P-B experiments [50] can
only populate the S; state of our model system.

As for the low-lying triplet states, the T, state lies 0.3 eV
below the S; state and has typical nn* character, corresponding
to one-electron transition from the n orbital of the acetone
oxygen atom to the n* orbital of the C=O bond. The T, state is
of typical mnn* character, arising from one-electron transition
from the n bonding orbital to the n* antibonding orbital of the
C=C bond in butene. Notably, the T: state energy lies close to
that of the S: state. The S;-T» energy difference was predicted
to -0.05, 0.35, 0.50 eV by MS-CASPT2, TD-B3LYP, and TD-
CAM-B3LYP method, respectively. The above discrepancies
can be mainly attributed to the different calculation methods.
The MS-CASPT2 method can accurately describe dynamic
electron correlation effects in multi-reference systems, but the
number of orbitals in the active space is limited. The excitation
energies obtained by the TD-DFT method are highly dependent
on the employed functionals. Moreover, the SOC value between
S state and T, state is 1.28 cm™ as computed by the MS-
CASPT2 method. Given both small energy difference and non-
negligible SOC between S; state and T» state, the intersystem
crossing (ISC) from the S; state to the T, state cannot be ruled
out for the studied model system, especially in the presence of
sensitizers. This is consistent with reported transposed P-B
reactions between phenyl ketone and some enamides under
sensitized irradiation conditions [33].

1.36
(1.33)
[1.33]

Figure 2. Optimized ground-state structures and selected distances (in A) of (a) acetone, (b) butene, and (c) acetone-butene complex (‘R) by
MS-CASPT2, B3LYP (in parentheses), and CAM-B3LYP (in square brackets) methods. The O, C, and H atoms are indicated in red, dark grey,

and light grey colors.
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Table 1. Relative MS-CASPT?2 vertical excitation energy (AE), wavelength (A), and oscillation strength ( /') at ground state structure of the
reactant ('R), along with the main configuration (“u” and “d” stand for singly occupied orbitals with electrons of spin up and spin down).

State Configuration Weight AE (eV) Z (nm) f

So 22200 0.87 0.00

T 22uu0 0.88 4.01 309

Sy 22ud0 0.61 431 288 6.76E-06
T2 2u20u 0.79 4.36 284

T3 u22u0 0.92 6.11 203

Sz 2u2d0 0.46 6.76 183 7.33E-05
S 2ud20 0.36 7.98 155 1.17E-02
T4 2uduu 0.30 8.14 152

Ts 2uudu 0.55 8.54 145

Sa ud220 0.29 9.41 132 5.78E-01

3.2 Initial decay from Franck-Condon region

Light irradiation of 254 nm populates the reactant 'R to S; state.
The decay path leads to the S; minimum ('Rne+) without any
barrier (see Figure SI-1). At the structure of 'Rux+ (see Figure
3), the C=0 bond length increases to 1.35 A, while the C=C
bond length remains 1.36 A, identical to its value in the 'R
structure. 'Rux+ is 3.54 €V higher in energy than 'R. The T; state

T

2
v
—_— T,

R
0.00

lies only 0.14 eV below the S; state and the SOC value between
Si and T, states is 0.47 cm' at this 'Rn+ structure, so
intersystem crossing from S; to T, state is possible, albeit with
low probability. Around 'Rug=, the triplet nm* minimum (*Rpz+)
was located (Figure 3), lying 0.14 eV lower in energy than
'Ruz+. The structure of *Ruq+ (in which the C=0 bond length is
1.34 A) is close to 'Rux+ as well.

40 198
SRS G 2

¥
—
na ﬂ:a

Figure 3. MS-CASPT2 energy profile (energy in eV) with key structures (distances in A) for the initial decay of acetone and butene from

Franck-Condon region.

Additionally, we noticed that the MS-CASPT2 energies of S;
(4.31 eV), T2 (4.36 eV), and T: (4.01 eV) states are close in the
Franck-Condon region and tried to optimize the intersection
points among these three states. A conical intersection point
between T, state and T; state was obtained, labeled as (T2/T1)x,
with an energy of 3.87 eV. At the structure of (T2/Ti)x (Figure
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3), the C=0 bond increases by 0.04 A and the C=C bond
increases by 0.08 A compared with those in the 'R structure.
Inspection of the involved orbitals at (T2/Ti)x in Table SI-6
clearly shows that the two triplet states are the *nn* state of the
C=0 bond in acetone (T state) and the *nn* state of the C=C
bond in butene (T: state). Figure 4 shows the energy profiles of
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the Sy, T2, and T, states together with the SOC values between
the S; state and the two triplet states from 'R to (T2/T1)x along
the interpolation coordinate. It can be seen that the three states
(Si, T2, and T)) are close in energy in this region. The SOC
values between S; state and T» state are much larger than those
between S; state and T} state due to the El-Sayed rule [51]. This
is because both the S; and T, states are the *nn* state of the
C=0 bond in acetone while the T, state is the 3nn* state of the

C=C bond in butene. Therefore, the ISC from the S; state to the
T, state is more likely to occur in this nearly degenerate region.
From (T2/T1)x, the decay paths may lead to either *Ryz+ or >Rz
without any barrier (Figure SI-2 and Figure SI-3). At the
structure of 3Ry+ (Figure 3), the C=C bond increases to 1.47 A
and the C=0 bond remains unchanged of 1.22 A at the 'R
structure. The energy of 3Rqq+ is 0.53 eV lower than that of the
3Rpz+ minimum.
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Figure 4. Potential energy profile of Si, T2, and T, states from the Franck-Condon point 'R to the intersection point (T2/Ti)x. The bar graph

shows the SOC values between the S; state and two triplet states.

3.3 Reaction pathways from the S; minimum

Inspired by the pioneering work on the P-B reaction mechanism
for formaldehyde and ethylene by Robb et al. [24], we
investigated the P-B reaction mechanism of our system in
singlet state via both C-O attack and C-C attack pathway. The
obtained MS-CASPT2 energy profiles are shown in Figure 5.

For the C-O attack, the reaction pathway was computed
along the C6-O1 coordinate with the C6-O1 distance ranging
from 3.62 A at 'Ruex to 1.65 A at the conical intersection point
between S; state and So state labelled as (Si1/So)x-1 hereafter.
The MS-CASPT2 energy profile from 'Rpm to (S1/So)x-1
(Figure SI-4) shows that this pathway has an energy barrier of
approximately 0.44 eV. However, the 254 nm (4.88 ¢V)
excitation light provides sufficient energy to overcome this
barrier. At the structure of (Si/So)x-1, the C6-O1 bond almost
forms, as the distance of 1.65 A is only slightly longer than a
typical C-O single bond (ca.1.5 A). From (S1/So)s-1, the decay
pathway may lead to the ground-state oxetane product 'P by
overcoming a barrier of about 0.35 eV, or go back to the
ground-state reactant 'R without any barrier (see Figure SI-5
and Figure SI-6). At the structure of 'P, the four-membered
oxetane ring is formed. The C-O bond lengths (1.45 A and 1.46
A) are approximately 0.1 A shorter than the C-C bond lengths
(1.54 A and 1.56 A). In terms of energy, 'P lies 0.07 eV below
R.

Regarding the C-C attack, the reaction pathways (see
Figure 5) are similar to those of the C-O attack, but with two
notable differences. One difference is that the Si/S¢ conical
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intersection point for the C-C attack, (Si/So)x-2, is 0.65 eV
lower than (S1/So)x-1 for the C-O attack. The other difference is
that all the decay pathways related with (Si/So)x-2 are
barrierless, including the pathway from 'Rnz to (S1/So)x-2 in
Figure SI-7 and the pathways from (Si/So)x-2 to 'P and 'R in
Figure SI-8 and Figure SI-9. The C2-C7 distance of 1.58 A at
(S1/S0)x-2 is very close to that of 1.56 A at !P.

3.4 Reaction pathways from the triplet minima

The 3nn” state of the carbonyl group is generally accepted to
take part in the photochemical P-B reactions [17]. Figure 6
shows the reaction pathways from the 3Rur+ minimum of our
studied system. For the C-O attack, we located a transition state
3TS-1, which connects *Rnz+ and the biradical triplet minimum
3Ico by overcoming a small energy barrier of 0.12 €V (see
Figure SI-10 for the IRC energy profile). At 3TS-1, the C6-O1
distance is 2.20 A , which decreases to 1.47 A at 3Ico.
Concurrently, the C2-O1 bond changes from 1.34 A to 1.30 A,
and the C6-C7 bond in butene increases from 1.38 A to 1.46 A.
These structure changes indicate the formation of C6-O1 bond
forms and the conversion of the C6=C7 double bond to a single
bond upon biradical formation. Notably, at *Ico, the So state is
only 0.03 eV below the T state, and the SOC value between the
T, and So states is 0.462 cm’!. These conditions suggest that
ISC from the T, state to the Sy state is feasible. Once the system
is populated in the So state of the intermediate, the decay
pathways may go further to the product 'P or the reactant 'R
without any barriers (see the energy profiles in Figure SI-11
and Figure SI-12 by fixed optimizations).
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Figure 5. MS-CASPT2 energy profile (energy in eV) with key structures (distances in A) for the studied P-B reaction in singlet states. The

blue lines are for the S; state and the black lines are for Sy state.

The C-C attack pathway from the 3Ry minimum is quite
similar to that of the C-O attack. The optimized transition state
3TS-2 for the C-C attack pathway lies 0.08 eV above the
reactant *Ryq+. After passing through 3TS-2, the system relaxes
to a triplet minimum point 3Icc (see Figure SI-13 for the IRC
energy profile). Interestingly, at 3Icc, the C=O bond in acetone
and the C=C bond in butene stretched to 1.39 A and 1.50 A,
which are identical to their respective lengths at *Ico. The newly
formed C2-C7 bond at *Icc has a length of 1.56 A, exhibiting
typical character of a C-C single bond. The energy difference
between the T and Sy states at the structure of *Icc is 0.08 eV
and the SOC value between these two states is 11.1 cm’!,
allowing ISC from the T, state to the Sy state. Subsequently, the

decay pathways from *Icc on the Sy surface to both 'P and 'R
are barrierless (see Figure SI-14 and Figure SI-15 for the
energy profiles).

In addition, it was found that the two triplet intermediates
*lcc and 3lco are connected by a transition state point TS-3.
The structure and energy of 3TS-3 are provided in Figure 6, and
the IRC energy profile from *TS-3 is shown in Figure SI-16. At
3TS-3, the C2-C7 distance is 2.41 A and the O1-C6 separation
is 1.99 A. These values
corresponding distances in the structures of 3lco and ‘lcc.

are intermediate between the
However, the energy barrier along this reaction pathway is close
to 0.8 eV, suggesting that the interconversion between *lcc and
*Ico is unlikely to occur.

Figure 6. MS-CASPT?2 energy profile (energy in eV) with key structures (distances in A) for the studied P-B reaction from the *Rpz+ minimum.
The orange line represents the triplet state, and the black line is for the Sy state.
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Figure 7. MS-CASPT?2 energy profile (energy in eV) with key structures (distance in A) for the studied P-B reaction from the *Rzz+ minimum.
Upon reaching the biradical intermediates (*lcc and *Ic,), the subsequent reaction pathways are consistent with those in Figure 6.

From the *Rzz+ minimum, we also explored the possible reaction
pathways leading to the oxetane product. The optimization for
the C-C attack yielded a transition state *TS-4 (see Figure 7),
where the C2-C7 distance is 1.97 A and the C6-C7 bond length
is 1.48 A. IRC energy profile in Figure SI-17 confirms that
3TS-4 connects the *Rzr+ minimum and *Icc. The energy of 3TS-
4 is 0.31 eV higher than that of the 3Rz minimum, suggesting
that the formation of *lcc from 3Rar+ minimum is energetically
allowed. In the C-O attack direction, optimization for the
transition state resulted in a second-order saddle point 3TS-5
(see Figure 7) with two imaginary frequencies of -489 cm™! and
-68 cm!. Since the energy of *TS-5 is 0.78 eV higher than that
of the *Rzr+ minimum, the reaction pathway via 3TS-5 can be
ruled out.

4. Discussion

According to our potential energy surface calculations, the
mechanism of the studied P-B reaction between acetone and
butene is summarized in Scheme 2. Photoexcitation at 254 nm
populates the S; state of the reactant ('Rux+), which is the nm*
state of the C=0 site in acetone. In the S, state, the reaction
pathways may lead to the ground-state product 'P via conical
intersection points (Si/So)x between the S; state and the Sy state.
In addition, the two triplet states (*Rur+ and *Rur+) can be
populated from the S; state by intersystem crossing owing to
the small energy difference and the nontrivial spin-orbital
couplings between the S; state and the triplet states. From the
3Rpr+ minimum, there exist two different pathways to 'P. One
path first goes to the *Ico intermediate along the C-O attack

direction, followed by the C-C bond formation to complete the
oxetane ring. The other path first leads to the *Icc intermediate
along the C-C attack direction, then the C-O bond comes to
formation. From the 3Rxz+ minimum, there is only one pathway
via 3lcc to 'P is energetically allowed, because the reaction
pathway via *Ico has a high energy barrier up to 0.78 eV.
Moreover, our calculations reveal that the reaction pathways
may go back to the ground-state reactant 'R from several sites,
including 3Rzx+, *Ico, *Icc, and the conical intersections. These
at least partially explains why the yield of P-B reaction was
observed to be relatively low in some experiments [12].

Our MS-CASPT2 calculations reveal that in the P-B
reaction between acetone and butene, potential energy surface
crossings are not only widespread but also determine many key
steps, including the intersystem crossings from 'Rz to *Rpg
and *Rz+, the decays through (S1/So)x-1 and (Si/So)x-2 on the
singlet reaction pathways, and the return of triplet intermediates
3Ico and 3lcc to the So state ultimately leading to the formation
of ground-state product 'P. These align with the theoretical
findings in the P-B reaction between formaldehyde and ethylene,
including but not limited to the important roles of (Si/So)x
conical intersections revealed by Robb et al. using the CASSCF
method [24] and the significant contributions of the (Si/T1)x
seam in intersystem crossing and reaction mechanism
discovered by Morokuma et al. employing the AFIR method
[26]. Recent theoretical study on the mechanism of Cu-
catalyzed [2+2] photocycloaddition of norbornene and acetone
to oxetane also revealed the crucial roles of the minimum-
energy crossing points in the reaction [52].
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Scheme 2. Overview of the reaction pathways obtained in this work.
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Interestingly, we found that for the C-O attack, there are
significant differences in structure and energy between the
conical intersection point (S1/So)x-1 on the singlet reaction path
and the intermediate 3Ico on the triplet reaction path.
Meanwhile, for the C-C attack, the (Si/So)x-2 on the singlet
reaction path and the *lcc on the triplet reaction path have
similar structures and energies. This means that the singlet and
triplet reaction paths of C-C attack intersect in a region where
the energies of the four states Si/T2/Ti/S¢ are close to
degeneracy, while this is not the case for C-O attack.

In addition, our calculation results support the widely
recognized nr* state located in the C=O part for the excited
state that triggers the P-B reaction, but also suggest that the nn”
state in the C=C part may likewise be involved. This to some
extent confirms the reported inverted P-B reaction in the
experiment [33], although our model system is different from
the real system in the experiment.

5. Conclusion

In the present work, the mechanism of the P-B reaction between
acetone and butene to achieve oxetane has been investigated on
the basis of the calculated potential energy surfaces (So, 'nm*,
*nm*, and nn* states) and their intersections. We found that the
(S1/So)x conical intersections play important roles in the
reaction pathways of singlet states, while the (T:/Si)x and
(T1/So)x the
involving triplet states. The photo-induced P-B reaction was

intersections facilitate intersystem crossings
found to proceed concertedly in singlet states, while in a
stepwise way involving triplet states via the C-O attack (*Ico) or
C-C attack (*Icc) intermediate. We have provided computational
evidence on that besides the well-known *nz* state of the
carbonyl groups the nn* state of the alkene can also take part
in the P-B reaction. Our results are expected to deepen the
mechanism understanding of the P-B reaction. Calculations to
clarify the acceleration effect of microdroplets in the P-B
reaction [53] are currently under way.
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