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In the present work, Norrish type reactions of aqueous valerophenone and the reactivity of the triplet
1,4-biradical formed by the 1,5-H shift have been studied with the free energy perturbation (FEP)
method thatis based on the combined scheme of quantum mechanics (QM) and molecular mechanics
(MM). The fluctuation and diffusion of the solvent molecules were found to have an important
influence on Norrish type reactions of valerophenone. The oo C—C bond cleavages were predicted to
be not in competition with the 1,5-H shift, which is consistent with the experimental findings that
Norrish type 11 quantum yield is close to unity. The triplet lifetime of aqueous valerophenone was
experimentally inferred to be 52 ns, which is nearly reproduced by the QM/MM-FEP calculated rate
constant of 2.33 x 107 s~ '. The calculated results show that branch ratios of the subsequent reactions
from the triplet 1,4-biradical are mainly controlled by the equilibrium populations of its stable
conformations. The ratio of cleavage to cyclization measured experimentally is well reproduced by
the present QM/MM-FEP calculations. However, the absolute quantum yields of cleavage and

cyclization reactions are underestimated theoretically and the reason for this is discussed.

Introduction

The photochemistry of carbonyl compounds has been
extensively studied over the past several decades' > and
recent studies'”~>* demonstrated that carbonyl compounds
continue to play an important role in the development of our
understanding of the photochemistry and photophysics of
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polyatomic molecules. Photoexcitation of a ketone from the
ground state to the excited singlet state may lead to breakage
of a bond « to the carbonyl group,' > which is known as a
Norrish type I reaction.® The 1,5-H shift (Norrish type II
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SCHEME 1. Norrish Type I and II Reactions
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reaction)’*?* was found to be one of the fundamental
photoreactions for ketones that contain a hydrogen atom
at the y-position. It has been well established that Norrish
type I and II reactions (Scheme 1) occur from the lowest
triplet state for most of the aromatic ketones or aldehydes.
The Norrish type II reaction proceeds via a six-member
cyclic transition state, leading to formation of a triplet 1,4-
biradical as an intermediate. There are three competing
pathways for the triplet 1,4-biradical deactivation: the cycli-
zation of the 1,4-biradical to give the cyclobutanol product
(Norrish—Yang cyclization), the cleavage of the C—C single
bond to produce an enol and the related alkene as products
(Norrish II cleavage), and the hydrogen back-transfer to
reconstitute the starting material in the ground state.

The structure—reactivity relationship of the 1,4-biradical
has been the subject of numerous experimental studies.?¢ ™
Scheffer and co-workers have investigated effects of geome-
try and orbital-overlap on the behavior of the 1,4-biradi-
cal produced by photolysis of ketones in the crystalline
state.?* 28 The 1,5-H shift in the crystalline state occurs with
little motion of the associated heavy atoms and the 1,4-
biradical structure is determinable by X-ray crystallography
of the parent ketones. Conformational effects on the ratio of
cyclization to cleavage were explained by overlap between
the singly occupied p orbital and the C—C o* orbital.
Cleavage was found to be favored when the conformation
of the 1,4-biradical allows an efficient p—o* overlap. The
cleavage-to-cyclization ratio has its maximum value at § =
0° (B is defined as the angle between the p orbital and the
C—C bond).?® Transient absorption spectroscopy was used to
study the lifetime of triplet 1,4-biradicals produced by laser
flash photolysis of ketones in different solvents.>*%2°~3! It has
been observed that the triplet 1,4-biradical has its lifetimes on
the order of tens of nanoseconds for most aromatic alkyl
ketones investigated®*' and is sufficiently long-lived for equi-
librium to be established between the various conformations.
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In this case, the quantum yields of products are determined to a
certain extent by populations of the various conformations of
the triplet 1,4-biradical at equilibrium. There exist two subtly
different schools of thought concerning the ISC process and the
partitioning between cyclization and cleavage.>>10-27:31:33.34
Although the more widely accepted view is that the reactivity
of the triplet 1,4-biradical is controlled by intersystem cross-
ing,>1%?73! the spin—orbit coupling (SOC) calculation proved
that the SOC matrix elements between the lowest triplet
and singlet states are similar for different isomers of the 1,4-
biradical.'**?

Experimental investigations 32 of photoreactions
of aromatic alkyl ketones over the past many decades have
provided a wealth of information concerning effects of
conformational factor and solvent on the 1,4-biradical
reactivity. However, there is no clear-cut understanding of how
the concerted effect of solvent and conformation on partition
of the 1,4-biradical between cyclization and cleavage and the
behavior of the 1,4-biradical is still an enigma in general.
Attempts to understand the factors that influence the reac-
tivity of triplet 1,4-biradicals continue to be of contemporary
interest in view of the importance of the Norrish type
reactions in many applications.'®*”*3737 In the present
work, Norrish type reactions of the aqueous valerophenone
(VP) have been studied from the viewpoint of theory and
more attention was paid to the solvent effect on the con-
formation of the 1,4-biradical.

Zepp and co-workers have studied kinetics and products
of the photoreaction of valerophenone in aqueous solution.®
The quantum yield of Norrish type II reaction was found to
be close to unity in the wavelength region of 290—330 nm and
the ratio of cyclization to cleavage was inferred to be about
1:2. On the basis of quenching studies with steady-state
irradiations, the triplet lifetime of valerophenone was esti-
mated to be 52 ns. To our knowledge, there is only one report
on theoretical investigation of Norrish type II reaction and
subsequent processes for valerophenone in water.'® The
electrostatic interactions between the solvent and solute
molecules were calculated by a combination of ab initio
method (QM) with molecular mechanical force field (MM)
and solvent effect on the relative energies was explored by the
combined QM/MM calculation.'® However, the fluctuation
and diffusion of solvent molecules leading to different
relaxation and barrier-crossing dynamics, which should be
described by the free energy calculation, has not been
considered in the previous study. The QM/MM-based free
energy perturbation method (QM/MM-FEP),**-* which has
been confirmed to be an accurate and effective method for
describing the fluctuation and diffusion effects of solvent
molecules for a chemical reaction in solution, is used in the
present work for calculating active free energies of Norrish

1—5,8,26—

(33) Ding, L.-N.; Fang, W.-H. J. Org. Chem. 2010, 75, 1630-1636.

(34) Wagner, P. J.; Meador, M. A.; Zhou, B.; Park, B. S. J. Am. Chem.
Soc. 1991, 113, 9630-9639.

(35) Natarajan, A.; Mague, J. T.; Ramamurthy, V. J. Am. Chem. Soc.
2005, 127, 3568-3576.

(36) Roscini, C.; Davies, D. M. E.; Berry, M.; Orr-Ewing, A. J.; Booker-
Milburn, K. 1. Angew. Chem., Int. Ed. 2008, 47, 2283-2286.

(37) Herrmann, A. Angew. Chem., Int. Ed. 2007, 46, 5836-5863.

(38) Hu, H.; Lu, Z.; Yang, W. J. Chem. Theory Comput. 2007, 3, 390-406.
Hu, H.; Yang, W. Annu. Rev. Phys. Chem. 2008, 59, 573-601.

(39) Zhang, Y.; Liu, H.; Yang, W. J. Chem. Phys. 2000, 112, 3483-3492.



Shen and Fang

type reactions of aqueous valerophenone and for simulating
isomerization processes of the triplet 1,4-biradical.

Computational Methods

A combined scheme of quantum mechanics (QM) and molec-
ular mechanics (MM) was used in the present work for struc-
tural optimizations and subsequent free energy calculations.
The total energy of the QM/MM system can be written as
follows

E = Eqm + Evmm + Eqm/Mm (1)

where Eqgm is the quantum mechanical energy of the QM
subsystem, and Eppy is the standard molecular mechanical
interactions involving exclusively atoms in the MM subsystem.
Since no covalent interaction exists between the QM and MM
subsystems for our aqueous system, the QM/MM interaction
can be simplified as

EQM/MM = Eeleclrostalic +EvdW (2)

In comparison with the electrostatic interaction, Eyqw is negli-
gibly small. The sum of Egn and Egjecirostatic €an be obtained
with ab initio methods as the eigenenergy of an effective
Hamiltonian

—<1p

where N is the total number of electrons of each QM atom, Z, is
the charge of the nuclei of QM atoms, and g is the point charge
of MM atoms from the molecular mechanical force field. To
save the computational cost, the approximation is introduced
during MD simulations that the QM /MM electrostatic interac-
tion can be expressed as

EQM + Eelectrostatic

Hout Sy LUy s

0cQM BeMM 7 ﬁsMMr/J"

Qotqﬂ

aeQM BeMM Top

4)

Eelectrostatic =

where Q, is the point charge of QM atoms obtained by fitting
the electrostatic potential from the QM calculation. It should be
pointed out that Q. is generated in the mean field of the
electrostatic potential from the MM subsystem rather than a
particular conformation on account of the fluctuation of MM
conformations.

An iterative QM and MM optimization procedure®®® was
used to determine stationary structures of the total system. The
structure of the QM subsystem was first optimized at the ab
initio level with the fixed structure for the MM subsystem. Once
convergence is reached, the electrostatic potential is fitted to
obtain the effective charge on each QM atom. Then, the geo-
metric structure of MM subsystem was optimized at the MM
level with the QM subsystem fixed at the QM optimized bond
parameters. The previous steps are repeated until both meet
convergence criteria at the same geometry.

Some advanced approaches such as rephca exchange
and weighted histogram analysis method*' ~** have been developed

40,41
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for the QM/MM free energy calculation, but most of them
need to sample different QM conformations on the QM /MM
potential energy surface, which requires the enormous com-
putational cost. In comparison, the FEP method is more
suitable for computing free energy of photochemical systems
in solution, which has been discussed in previous studies.*>
For a QM/MM system, the partition function can be represen-
ted as

Zo(rQM, VMM) = /e_/}E("QM”‘MM) dl‘QM dVMM (5)

where E is the total energy, and rqom and ryv represent
coordinates of the QM and MM atoms, respectively. The
Helmbholtz free energy is related to partition function for an
(N, V, T) ensemble as

Fo(romsrvm) = — B In Zo(rom, rmm) (6)

Let us consider the free energy as the potential of mean force
(PMF) of rgm. The partition function and the Helmholtz free
energy can be written as

Z(rom) = /e_ﬂE("QMsVMM) drvm (7)
and
F(VQM) = _ﬂ71 In Z(VQM)
_ _ﬁﬂ In /e—ﬁE(rQM,rMm) drvm (8)

The FEP method is commonly used to calculate the difference in
free energy between two adjacent conformations (A and B) on
the free energy surface®

Fp—Fy4 = _ﬂ_llné (9)
Zy

Applying eq 7 into eq 9 it is evaluated as an ensemble average of

conformation A or B
Fp—Fy — B~ IngePEs B0y

= B I/ E)y (10)

where the broken bracket refers to ensemble averaging. As the
second-order approximation to Taylor expansion of eq 10 (also
called linear response),*® the free energy difference can be
approximately represented as

S

—(AExB)4)*) 4 — {(AEag — (AEaR)5)")s] (11)

which is used in our present work. The perturbation is run in
both directions, i.e., A — B and B — A, and the difference is a
measure of how well AFp is statistically converged. The free
energy surface of the triplet 1,4-biradical is calculated as a
function of the dihedral angles with a step size of 30° and the
free energy difference between two adjacent conformations is
comparable to kg 7. However, the free energy difference between
reactant and transition state for the Norrish type reaction is very
large. Several conformations on the pathway from reactant to

AFpp = %((AEABM +(AExg)p)
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transition state are selected as intermediate states and the final
barrier is the sum over free energy differences between two
neighboring states. Once the activation free energy is calculated
by the FEP method, the rate constant is easily estimated from
transition state theory (TST),*>!

kgT _
krst = BTE AG/RT (12)

To mimic the nature of valerophenone in the water environ-
ment, we built a water box of 40 x 40 x 40 A® including 2219
water molecules with the VP enclosed. Then the VP molecule is
treated as the QM subsystem, while the remaining atoms are
calculated at the molecular mechanical level utilizing the OPLS-
AA/L all-atom force field.>® For the explicit solvent simula-
tions the TIP3P water>® model is used. The ESP charges of QM
atoms are computed with a QM/MM simulation of 300 ps,
which consists of 100 ps of equilibration and 200 ps of sampl-
ing 38396061 The free energy differences are calculated by the
FEP method from an MD sampling of 1000 ps with the QM
geometry and ESP charges frozen. Many independent MD
simulations have been performed with different initial settings
to determine relative free energies of stationary structures on the
pathways of Norrish type reactions and 1,4-biradical isomeriza-
tion. Each MD simulation is carried out with a time step of
1.0 fs. Periodic boundary conditions are used for the MD
simulation. The temperature of the whole system is kept at
300 K by a Berendsen thermostat.®> The cutoff of 10 Ais set to
treat the nonbonded interactions. The B3LYP method is chosen
for the present QM calculation because it has proved to be
computationally efficient in the treatment of rather large sys-
tems in the ground and lowest triplet states and can provide a
satisfactory reproduction of the observed stable structures and
their relative energies.'*'®%7% The nature of all stationary
points reported here is confirmed by an analytical frequency
computation at the B3LYP/6-311G** level. All calculations are
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implemented by the Gaussian 03 package®’ that linked to the
Gromacs-3.3 package.®®

Results and Discussion

Norrish Type I and IT Reactions. The S,('nz*) — T,(*nz*)
intersystem crossing was confirmed to occur very efficiently
due to the existence of the S;('n*)/T,Cna*)/To(Can*) inter-
section for valerophenone.'® Both Norrish type I and II reac-
tions proceed along the lowest triplet state pathways, which
have been observed for most aromatic ketones.'~>!#102333 T
the previous study,'® the structures and relative energies of the
ground state (Sp) and the lowest triplet state (T;) of valerophe-
none in water have been calculated by the iterative QM/MM
optimization, which mainly includes the Coulomb interactions
between the solvent and solute molecules. Here we compute the
relative free energy based on the QM /MM optimized Sy and T
equilibrium structures and explore the influence of fluctuation
and diffusion of the solvent molecules. The relative energy of the
T, state was predicted to be 69.5 kcal-mol ' for the VP
molecule in the gas phase and increased to 72.5 kcal-mol ™!
for the molecule in water solution. The present QM/MM-FEP
calculations predict that the T, structure has its relative free
energy of 67.1 kcal-mol™ !, which is lower than its relative
energy.

The VP—H,O complex was treated as the QM subsystem
in the previous QM/MM calculations'® and the B3LYP/6-
311G** calculation for the QM subsystem provides the
information on the H-bond character between VP and
H,O. It was found that the H-bond interaction between VP
and H,O originates mainly from a donation of the lone-pair
electrons of the carbonyl O atom of VP to the H-O o*
orbital of H,O from the viewpoint of valence-bond theory.
One of the lone-pair electrons is excited to the C=0 x*
orbital in the T,(*nz*) state, which leads to a decrease of the
electron density on the carbonyl O atom. As a result, the
intermolecular H-bond is significantly weakened in the
T,(Pn*) state, as compared with that in the S, state. On
the one hand, the S state is stabilized more than the T, state
by the H-bonding interaction between VP and H,O, which is
mainly responsible for an increase of the T, relative energy
from the gas phase to aqueous solution. On the other hand,
the system becomes more flexible in the T, state due to
weaker H-bonding interaction between VP and H,O,
which is the main reason why the relative free energy is
decreased for the system in the T} state. The evidence for this
comes from the QM/MM-FEP calculated entropy increase
of 0.018 kcal-mol™'-K ' in the Sy — T, process.

The activation free energies on the T state were calculated
with the QM/MM-FEP method for Norrish type I and II
reactions by using the QM /MM optimized stationary struc-
tures on the T, state. The obtained results are summarized in
Table 1 and Figure 1. There are two C—C bonds a to the
carbonyl group for valerophenone. The oo C—C bond cleav-
age along the T pathway can lead to fragments of PhCO +
CH,CH,CH,CHj; (path A) or Ph + COCH,CH,CH,CHj3;
(path B) via the transition state of TS1A or TS1B. The active
free energy was predicted to be 15.3 and 28.9 kcal-mol ™" for
path A and path B, respectively. It can be expected that the o
C—Cbond cleavage along path B takes place more difficultly
than the cleavage along path A, due to the conjugated
interaction between the carbonyl group and phenyl ring.
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TABLE 1. Relative Energies and Free Energies (kcal-mol ") for
Stationary Structures in the T; State, along with Rate Constants (s~ ")
of Norrish Type I and II Reactions

energy
in in free energy in rate constant in
vacuum aqueous aqueous aqueous
VP-T, 0.0 0.0 0.0
TSIA 16.6 14.5 15.3 527 x 10
TSIB 28.7 20.4 289 7.54 % 10°°
TS2 3.8 0.6 7.5 2.33 x 107

b9 0 2t ’
‘{% —“‘; “’ {‘5‘{%‘{ ﬁ}d}ff@% L CeH5CO + (CH,),CH,

e

VP-S, (0.0) VP-T, (67.1) \TSIA (82.4)°
)r“[;.u.oo 2 Jl ,;_J.J
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f‘) »? )’ ‘) ’ *J )‘ & JJ
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Jrj : ,; 220
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+2.5 keal/mol “4 4"’;;-' Y f , )f
’ B2 7 fj

FIGURE 1. Stationary structures and their relative free energies
(kcal-mol ™! in parentheses) on pathways of Norrish type reactions
and the subsequent processes from the triplet 1,4-biradical, along
with the selected bond distances (A) and the atom-labeling scheme
illustrated in the VP-S, structure.

This is in good agreement with the calculated active free
energies. Applying the calculated active free energies into
eq 12, the two aa C—C bond cleavages were calculated to have
rate constants of 7.54 x 10~ %and 5.27 x 10" s ™!, respectively.

The 1,5-H shift (Norrish type II reaction) along the T,
pathway gives rise to a I,4-biradical as an intermediate
through a six-membered ring transition state (TS2). The
active free energy was predicted to be 7.5 kcal-mol ™' by
the QM/MM-FEP calculations, which is much lower than
the active free energies of 15.3 and 28.9 kcal-mol ™! on the
pathways of the oo C—C bond cleavages. The rate constant of
the 1,5-H shift reaction was calculated to be 2.33 x 107s™! by
using eq 12. It should be pointed out that the calculated
active free energies of 7.5 kcal-mol ™' for the 1,5-H shift is
higher than the energy barrier of 0.6 kcal-mol ™' reported in
the previous study.'® This should be attributed to entropy
decrease in the process from the T, equilibrium structure
(VP-T;) to the transition state (TS2) for the 1,5-H shift
reaction. The conformational change from VP-T; to TS2
for the QM subsystem has a considerable contribution to
entropy decrease, which was estimated by normal vibra-
tional analyses for the isolated VP-T; molecule and TS2
structure. It was found that the entropy is decreased by 0.007
kcal-mol~'-K ™!, giving rise to an increase of the active free
energy by 2.1 kcal-mol ™" at 300 K. The energy barrier of 0.6
kcal-mol ™" was calculated by the iterative QM/MM opti-
mization, which is only based on one minimum-energy
structure for the MM subsystem and the solvent fluctuation
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was not considered in the previous study.'® The contribution
of the solvent fluctuation to entropy decrease was calculated
by the QM/MM-FEP calculation with the QM subsystem
fixed at the QM/MM optimized structure. The entropy was
estimated to decrease by 0.015 kcal-mol ' -K ™! from VP-T,
to TS2, due to the solvent fluctuation.

Upon inspection of the calculated rate constants listed in
Table 1, it can be seen that the a C—C bond cleavages are not
in competition with the 1,5-H shift, which is consistent with
the experimental findings that Norrish type I quantum yield
is close to unity throughout the 290—330 nm spectral region.®
In addition, on the basis of quenching studies with steady-
state irradiation, the triplet lifetime of aqueous valerophe-
none at 20 °C was experimentally estimated to be 52 ns. The
corresponding rate constant of 1.92 x 107 s~! (52 ns) is very
close to the calculated value of 2.33 x 107 s™'. It is evident
that the triplet lifetime is mainly controlled by the 1,5-H
shift reaction for valerophenone in aqueous solution. More
importantly, a good agreement between experiment and
theory provides the strong evidence that Norrish type II
reaction of aqueous valerophenone can be well described by
the QM/MM-FEP calculations.

Conformations of 1,4-Biradical and the Subsequent Reac-
tions. Experimentally, it has been observed that the triplet
1,4-biradical is sufficiently long-lived for equilibrium to be
established between the various conformations for most
aromatic alkyl ketones investigated.®3' Thus, the branch
ratios of the subsequent reactions are determined to a large
extent by the equilibrium populations of the triplet confor-
mations. Twelve structures for the 1,4-biradical in aqueous
solution were characterized by the iterative QM/MM opti-
mization and were confirmed to be minima on the triplet
potential energy surface by the frequency calculations. Iso-
merization processes among the twelve isomers involve
mainly the rotations around the C—C single bonds, which
can be described by a change in the C6—C1—C2—C3 (¢)),
C1—C2—C3—C4 (¢,), and C2—C3—C4—CS5 (¢3) dihedral
angles. The optimized bond parameters for these isomers
and their relative energies are listed in Table 2. As can be seen
from the optimized structures in Figure 1, Br-1 has a
favorable conformation for the hydrogen back-transfer to
reconstitute the parent ketone after ISC to the lowest singlet
state, referred to as type-1 in Table 2. Because of an efficient
overlap between the singly occupied p orbital at the C1 atom
and the C2—C3 ¢* orbital, Br-2 is well aligned for Norrish IT
cleavage, referred to as type-2. The By-3 isomer exhibits a
tendency to undergo the Norrish—Yang cyclization, due to a
short C1—C4 distance, and is referred to as type-3.

The C1—C4 distance in Bg-4 (3.144 A) is a little longer
than that (3.067 A) in Br-3 and the difference in the
C6—C1—C2—C3 angle between Br-3 and Bgr-4 is close to
180°. Like Bg-3, Br-4 has a favorable conformation for the
Norrish—Yang cyclization. The C4—Hy distance in Bg-5 is
very short (2.833 A) and can be referred to as type-I,
although the C6—C1—C2—C3 and C2—C3—C4—CS5 angles
are quite different in Bg-5 and Bg-1. Isomers from Bg-6 to
Bgr-12 mainly originate from the terminal CH; rotation (¢3)
of Bgr-1, Br-2, and Br-3, which are labeled as type-1, type-2,
and type-3 in Table 2 in line with the related reactions. It can
be expected that the terminal CHj3 rotation has little influ-
ence on the branch ratio of the subsequent reactions of the
1,4-biradical. In addition, these isomers have relatively high
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TABLE 2.  Dihedral Angles (deg) and Relative Energies (kcal-mol )
for the Stable Triplet 1,4-Biradical Isomers
Co6—Cl— Cl—-C2—- C2—-C3— rel
C2—-C3 C3—-C4 C4—-C5 energy

Br-1 (type-1) —153.4 —69.7 165.1 0.0
Br-2 (type-2) —81.5 176.4 166.4 0.9
Br-3 (type-3) 79.9 58.5 —162.6 4.1
Br-4 (type-3) —120.6 62.5 —166.4 3.8
Bg-5 (type-1) —103.1 —67.6 —151.3 1.9
Br-6 (type-1) —142.2 —66.1 —69.0 5.8
Br-7 (type-2) —60.2 175.2 —81.3 6.9
Bgr-8 (type-2) 67.7 —170.6 157.6 7.3
Br-9 (type-3) —116.3 61.7 77.1 6.4
Br-10 (type-3) —126.2 59.1 85.1 6.4
Bgr-11 (type-3) —107.5 53.9 —89.1 6.6
Br-12 (type-3) —121.3 69.2 —160.5 11.0

330

270

@1 (degree)

P et

210 330
@2 (degree)

FIGURE 2. The relative free energies (kcal-mol ') are plotted as a
function of the C6—C1—C2—C3 (¢;) and C1-C2—C3—C4 (¢p,)
dihedral angles for the triplet 1,4-biradical in aqueous solution with
the isomerization pathways shown by dashed lines.

energies and their populations are very small at thermal
equilibrium with respect to Bg-i (i =1—5). The Br-1 con-
formation is the most stable with the relative energies of 0.9
and 4.1 kcal-mol ™! for Br-2 and Bg-3, respectively.

Here we pay more attention to the stable conformations of
the 1,4-biradical in the T, free energy surface. As discussed
above, the conformational isomerization that controls the
ratio of different products is determined by the C6—Cl1—
C2—C3 (¢;) and C1—C2—C3—C4 (¢,) dihedral angles. On
the basis of the optimized conformations for the triplet 1,4-
biradical, the triplet free energy surface was calculated as a
function of the ¢ and ¢, dihedral angles with the QM/MM-
FEP method. The ¢; and ¢, angles were changed from 0° to
360° with a step-size of 30°. To obtain the smooth plot for the
free energy surface, free energies were calculated for a lot of
additional ¢ and ¢, values. The two-dimensional contour of
the calculated free energy surface is plotted in Figure 2,
which reflects the conformational isomerization of the triplet
1,4-biradical in aqueous solution. As shown in Figure 2, five
local minima were found on the free energy surface and their
structures are very similar to those in the potential energy
surface. This gives us a hint that the optimized stationary
structures on potential energy surface can be approximately
used for free energy calculations. As can be seen from
Figure 2, the free energy of the system is nearly unchanged
when the ¢, angle is decreased from 210° to 90° with the ¢,
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TABLE 3.  Free Energy Diffenerces and Barriers (kcal-mol !) for
Isomerization Pathways of the Four Stable Isomers of the Triplet 1,4-
Biradical in Aqueous Solution and the Corresponding Rate Constants (s ')

free energy free energy rate
reactant product difference barrier constant
Bg-1 Bg-2 2.5 4.9 1.8 x 10°
Br-1 Bg-3 2.9 53 9.1 x 10
Bg-2 Bg-3 0.4 3.0 4.2 x 10"
Bg-2 Bg-4 2.4 5.8 4.0 % 108

angle fixed at ~290°. However, free energy of the system is
increased by ~4.5 kcal/mol when the ¢, angle varies from
270° to 100° with the ¢ angle fixed at ~90°. The ¢, angle can
be considered as the reaction coordinate and its change is
tightly related isomerization from Bgr-1 to Br-2 or Bg-3.
Thus, a large change of free energy with the ¢, angle predicts
that the hydrophobic interaction between VP and water can
have a significant effect on the isomerization processes.

The Br-1 conformation is the most stable structure on the
triplet free energy surface, which is similar to that on the
triplet potential energy surface. The relative free energies of
Bgr-2, Br-3, Br-4, and Bg-5 are respectively 2.5, 2.9, 4.9, and
0.1 kcal-mol ™" with respect to the Bg-1 minimum. Isomer-
ization pathways of five different conformations are shown
with dashed lines in Figure 2. As listed in Table 3, the free
energy barriers from Bg-1 to Br-2 and Bi-3 were calculated
to be 4.9 and 5.3 kcal-mol ™!, respectively, while the isomer-
izations from Bgr-2 to Bg-3 and Br-4 have the free energy
barriers of 3.0 and 5.8 kcal-mol ™', respectively. Applying
these free energy barriers into eq 12, isomerization processes
from Bgr-1 to Br-2 and Bg-3, and from By-2 to Bgr-3 and Br-4
have rate constants of 1.8 x 10°, 9.1 x 10%, 4.2 x 10'°, and
4.0 x 10%s7", respectively.

The spin-conservation reactions from the triplet 1,4-bir-
adical were confirmed to take place with little probability,
due to relatively high barriers or high endothermicity.'*!%-%3
Thus, intersystem crossing (ISC) from the triplet 1,4-biradi-
cal to the singlet state might play an important role in the
subsequent reactions. The ISC rate constant was predicted to
be ~107 s~! from the triplet 1,4-biradical to its singlet state
for butyrophenone and acetylphenylacetic acid by nonadia-
batic RRKM rate calculations,'*3* which is consistent with
the lifetime of about 10~ s measured for the several triplet
1,4-biradicals in the solution phase.® Since the triplet—sing-
let ISC rate constant (~10” s~ ') is much smaller than those
(~10°) for the isomerization processes among different con-
formations of the triplet 1,4-biradical, thermal equilibrium
can be established among the five stable conformations of
the triplet 1,4-biradical, which is in a good agreement with
the experimental findings.®*' The singlet 1,4-biradical is very
reactive, thus the subsequent cleavage, cyclization, and
hydrogen back-transfer proceed very easily once the singlet
1,4-biradical is formed by intersystem crossing from the
triplet 1,4-biradical. Therefore, branch ratios of the subse-
quent reactions are determined to large extent by the equi-
librium populations of the triplet conformations.

The Br-4 conformation has its relative free energy of
4.9 kcal-mol ™" with respect to the Bg-1 minimum and the
Bgr-4 equilibrium population is less than 0.1% of that for the
Bg-1 conformation. Therefore, the Bg-4 conformation has a

(69) Das, P. K.; Encinas, M. V.; Small, R. D., Jr.; Scaiano, J. C. J. Am.
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negligible contribution to the subsequent reactions. The
relative free energy of Br-3 is 0.4 kcal-mol ™' higher than
that for Br-2, and the Bg-2:Bg-3; population ratio is close to
2:1 at thermal equilibrium. As pointed out before, Br-2 is
well aligned for the Norrish II cleavage, due to an efficient
p—o* overlap, and Bgr-3 has an optimal geometry for the
Norrish—Yang cyclization. Thus, the Bg-2:Bg-3 population
ratio at thermal equilibrium is approximately equal to the
cleavage:cyclization branch ratio. The quantum yields were
inferred to be 0.65 for the cleavage and 0.32 for the cycliza-
tion upon photoexcitation of aqueous valerophenone.®

As can be seen from Figure 1, Bg-1 is well set up for the
hydrogen back-transfer, which reveals that the dispropor-
tionation back to the starting ketone is a dominant pathway
after formation of the 1,4-biradical. However, the sum of
cyclization and cleavage quantum yields was calculated to be
close to unity by using the estimated first-order rate constant
and the molar absorptivity integrated over all the effective
wavelengths of the light source.® Since an aqueous solution
of valerophenone was irradiated for a long time in the
kinetics study, the parent ketone, which is formed by the
disproportionation of the 1,4-biradical, can be re-excited and
followed by the Norrish type II reaction. This might be one
of the reasons that quantum yields of cyclization and clea-
vage reactions were overestimated experimentally. The
relative free energies of Bg-2 and Bg-3 may be overestimated
by ~2.0 kcal-mol~" with the QM/MM-FEP calculation,
which is the reason that the absolute quantum yields of the
cyclization and cleavage are underestimated theoretically.
More accurate calculation of the relative free energies is still a
challenging task for the current quantum chemical methods.

Summary

In the present work, the QM/MM-based free energy
perturbation (FEP) method has been used to study Norrish
type reactions of aqueous valerophenone and the behavior of
the triplet 1,4-biradical formed by the Norrish type II reac-
tion. On the basis of the QM/MM-FEP calculated active free
energies, the rate constants were estimated with transition
state theory. The Coulomb interactions between the solvent
and solute molecules and the fluctuation and diffusion of the
solvent molecules were found to have an important influence
on the oo C—C bond cleavage and the 1,5-H shift reactions of
valerophenone and the relative stability of different isomers
of the triplet 1,4-biradical. The calculated active free energies
reveal clearly that the a C—C bond cleavages are not in
competition with the 1,5-H shift, which is consistent with the
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experimental findings that Norrish type II quantum yield is
close to unity throughout the 290—330 nm spectral region. In
addition, the triplet lifetime of aqueous valerophenone at
20 °C was experimentally estimated to be 52 ns (the corre-
sponding rate constant of 1.92 x 107 s "), which is compar-
able with the calculated rate constant of 2.33 x 107 s~ for the
Norrish type II reaction. A good agreement between experi-
ment and theory provides the evidence that Norrish type
reactions of aqueous valerophenone can be well described by
the QM/MM-FEP calculations.

The five most stable conformations for the 1,4-biradical in
the triplet free energy surface were determined by the QM/
MM-FEP calculations. Rate constants for isomerization
processes among the five different conformations were esti-
mated from transition state theory, which are much larger
than the ISC rates from the triplet to singlet 1,4-biradical.
This shows that the thermal equilibrium can be established
among the five stable conformations of the triplet 1,4-
biradical. In this case, branch ratios of the subsequent
reactions are mainly controlled by the equilibrium popula-
tions of the triplet stable conformations. The ratio of cleav-
age to cyclization was experimentally measured to be about
2:1 upon photoexcitation of aqueous valerophenone at 290—
330 nm, which is well reproduced by the present QM/MM-
FEP calculations. The disproportionation back to the start-
ing ketone was predicted to be a dominant pathway after
formation of the 1,4-biradical. However, the quantum yields
were measured to be about 0.65 for the cleavage and 0.32 for
the cyclization. The parent ketone formed by the dispropor-
tionation of the 1,4-biradical can be re-excited and followed
by the Norrish type II reaction, which might be one of the
reasons that quantum yields of cyclization and cleavage
reactions were overestimated experimentally. The relative
free energies of the stable isomers of the triplet 1,4-biradical
are a little overestimated by the QM/MM-FEP calculation
and this is the reason that the absolute quantum yields of the
cyclization and cleavage are underestimated theoretically.
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