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Unique solvent effect of water in radical cyclization reaction

Sara Suzuki, Soni Aman Govind, Kosuke Imamura, Hideki Yorimitsu, Hiroshi Shinokubo, Masahiro Higashi, Hirofumi Sato

o The unique solvent effect of water on the radical cycliza-
tion reaction of Z-(allyloxycarbonyl)methyl reaction is
analyzed theoretically.

e Aqueous solution promotes the forward cyclization reac-
tion to a greater extent than other polar solvents by low-
ering its transition state.

e The activation barrier for the cyclization reaction is low-
ered by formation of hydrogen bonds around the C=0
group in aqueous solution.

e The change in solvation structure of water along with the
C-C bond formation is also revealed.
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Abstract

The radical cyclization reaction in the aqueous environment by Yorimitsu ef al. is revisited using the RISM-SCF-cSED method, a
hybrid of quantum chemistry and statistical mechanics theory for molecular liquids. The difference between the barrier height of the
forward reaction from the intermediate E-rot, the cyclization step, and that of the backward reaction is crucial to the reaction yield.
Considering the effect of hydrogen bonding through the RISM theory, we found that the barrier height for the forward reaction is
lower, especially in water. In other words, considering microscopic solvation effects clearly shows the difference between water
and DMSO solvents, explaining the remarkable acceleration of the reaction in the aqueous environment.
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1. Introduction

Water often exhibits extraordinary properties because it has
a unique hydrogen-bonding network in its liquid state. Such
extraordinary properties also appear when water is adopted as a
reaction solvent. As a result, some reactions show much higher
reaction rates, yields, and selectivity in water rather than in
other organic solvents. Especially for the rate enhancement of
nonpolar organic reactions, the first observation of the water
solvent effect was reported by Breslow; the certain Diels-Alder
reactions are a few hundred times faster in water than in other
organic solvents[1, 2]. Other examples have been reported af-
terward, such as Claisen rearrangement and aldol reactions|[3,
4]. The advantage of using water as a reaction solvent is not
only improved reactivity but also cost and environmental friend-
liness.

In these perspectives, organic reactions in water solvents
have been expanded to various reactions. Yorimitsu et al. ap-
plied water solvent to simple radical reactions[5, 6]. A simple
but interesting result was obtained on the radical cyclization of
allyl iodoacetate into y-lactone, which is usually synthesized
by the cyclization of iodo acetal followed by oxidation devel-
oped by Stork and Uenol[7, 8]. Although no lactone is obtained
by treating allyl iodoacetate with triethylborane/O, as a radi-
cal initiator in benzene or hexane at room temperature, a high
yield is achieved only by changing the solvent to water, 78%.
The value is much larger than for other polar solvents: 37% for
DMSO and 24% for formamide. The proposed reaction scheme
is shown in Figure 1. After radical initiation, the resulting Z-
rot undergoes C—O rotation to yield the less stable E-rotamer
(E-rot). Radical cyclization and the subsequent iodine atom
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Figure 1: The proposed reaction mechanism.

transfer from the starting allyl iodoacetate complete the radi-
cal chain and produce the y-lactone. To obtain the product, a)
E-rot should be produced and have a certain lifetime, and b)
cyclization can happen in competition with the reverse reaction
to Z-rot. If these requirements are not fulfilled, intermolecu-
lar addition occurs to produce oligomers and polymers. This
is the cause of little or no formation of the y-lactone in less
polar solvents. No solvent effect is expected in the process be-
cause the iodine atom transfer step is so rapid. The following
cyclization step, the rate-determining step, is the key to reac-
tion yield, where the solvent effect plays a certain role. The ef-
fect was studied using the polarized-continuum-model (PCM)
calculations using the polarizable conductor calculation model
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(CPCM)[9, 10] in the previous study[5]. The contribution from
the cohesive energy was also discussed based on the geometri-
cal volume utilized in the CPCM computation. However, a spe-
cific solute-solvent interaction, such as hydrogen bonding, has
never been discussed, which is essential to characterize the fun-
damental properties of the aqueous solution. Indeed, the effect
sometimes plays an essential role in organic chemical reactions,
including the Diels-Alder reaction[11, 12].

This paper employed the RISM-SCF-cSED computation[13,
14, 15] to elucidate the role of hydrogen bonding in the radical
cyclization of Z-(allyloxycarbonyl)methyl radical. The RISM-
SCF-cSED method combines quantum chemical calculation and
RISM, which is a statistical mechanics for molecular liquid,
providing the electronic structure of the reaction center and the
solvation structure around it at a molecular level. The com-
putation with the dimethyl sulfoxide (DMSO) solvent, which
shows the second highest yields in the experiment[5], was also
compared. The unique solvent effect of water was revealed by
visualizing the solvation structure at the transition state (TS).

2. Methods

2.1. The RISM-SCF method

In this method[13, 14, 15], the free energy of the total sys-
tem o7 is defined as the sum of the total (potential) energy of
the solute molecule E,y and the solvation free energy Au.

& = Egluie + Au. (D

The electronic structure of the solute molecule and the solvation
structure around it are solved self-consistently in this method.
The solvation effect on the electronic structure, i.e. the polar-
ization, is evaluated by the difference between the energy of the
molecule in an isolated state (Ejsoaed) and that in the solution
phase (Esorue)[ 16, 171.

Ereorg = Esolute - Eisolated- (2)

The solvation free energy is evaluated by the hyper-netted chain
(HNC) approximation

Aﬂ = _pkBT Z fdr |:C(”(r) -

as

L2+ %hw)cw(r)} :

2 as
3
or by the gaussian fluctuation (GF) approximation[18]

A#GF = —pkBT Z fdr |:C(”(r) + %has(r)cas(r)} s (4)

where p, kg, and T are the density of solvent, Boltzmann con-
stant, and temperature, respectively. h,s and c,, are the total
and direct correlation functions for the atomic site « in the so-
lute molecule and s in the solvent molecules, respectively.

The solvation structure is obtained in terms of the radial
distribution function (RDF), which represents the probability
distribution of the solvent site s as a function of the distance r
from the atomic site « in the solute molecule.

8as(r) = hys(r) + 1. ©)

Table 1: Lennard-Jones parameters and atomic charges of DMSO and
water solvent and the solute molecule.

Atom(s)  o/A  g/kcalmol™'  Charge
DMSO[19] S 3.560 0.310 0.319
O 2.630 0410 -0.459
CHj; 3.660 0.225 0.160
Water[20] O 3.166 0.155 -0.820
H 1.000 0.056 0.410
Solute[21, 22] Cl1 3.500 0.066 —
C2 3.750 0.105 —
03 3.000 0.170 —
C4 3.500 0.066 —
C5 3.550 0.076 —
Co6 3.550 0.076 —
H7 2.420 0.015 —
HS8 2.420 0.015 —
09 2.960 0.210 —
H10 2.420 0.015 —
H11 2.420 0.015 —
H12 2.420 0.030 —
H13 2.420 0.030 —
H14 2.420 0.030 —

2.2. Computational details

The reaction profile of the radical cyclization of Z-(allyloxy-
carbonyl)methyl radical was evaluated using the density func-
tional theory (DFT) with the B3LYP functional and 6-31G(d)
basis set. As the molecule is open-shell species, spin-unrestricted
DFT was adopted. The geometry optimizations were conducted
in the gas phase. The effects of DMSO and water solvents were
then introduced by the RISM-SCF-cSED method [13, 14, 15].
The hyper-netted chain (HNC) closure was employed to solve
the RISM equation. The Lennard-Jones (LJ) parameters and
charges of solvent molecules [19] are listed in Table 1. The
parameters for the solute were taken from the OPLS all-atom
(OPLS-AA) force field [21, 22]. Note that the charge distribu-
tion of the solute is self-consistently determined in the RISM-
SCF-cSED method.

We used Gaussian 16 program[23] for the geometry opti-
mizations in the gas phase. The PCM method[24, 25, 26], the
RISM-SCF-cSED method, or the selected solvent provide dif-
ferent optimized geometries in the solution phase. If individu-
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Figure 2: The labeling of the solute molecule.
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ally optimized, the solvation effect and the resulting differences
in geometry and electronic state changes are mixed up, making
analysis difficult. Therefore, we focus only on the solvation ef-
fect by fixing the structure in the present study. Note that the
optimizations were also performed with the PCM (Table S1),
but the difference in the geometry is not significant. The RISM-
SCF-cSED method was employed with the GAMESS program
[27] modified by us.

3. Results and Discussion

3.1. Free energy profile
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Figure 3: Reaction profile of Z—(allyloxycarbonyl)methyl radical cy-
clization reaction in the gas phase and in DMSO and water
solvent calculated by the RISM-SCF-cSED method.

Figure 3 shows the free energy profile of the reaction along
with the profile illustrated in Fig. 1. Table 2 summarizes the
relative free energies to the reactant, including the intermediate
(E-rot), two transition states (TSs), i.e. TS™ and TS¥®. The
activation barriers from the intermediate (E™ and E;°), and
the difference between them, AE, = E;)° — E™, are also listed.
AE, is the key to controlling the reaction: A positive AE, means
that even if an intermediate is produced, the cyclization step is
inhibited, and the reverse reaction to the reactant is promoted.
The negative value corresponds to the second step subsequently
occurring more readily. The CPCM results from Ref. [5] are
also included for comparison.

As reported in the previous study, AE, in the gas phase is
positive at about 4 kcal/mol, making it difficult to reach the
product under kinetic control. By introducing the solvation ef-
fect, both barriers become lowered, especially the height of the
cyclization step received more stabilization. In the present com-
putations, TS is significantly stabilized by several kcal/mol,
while E-rot and TS™ stabilized by a few kcal/mol. These over-
all trends are generally consistent with both the CPCM method
[5] and the present RISM-SCF-cSED method. Still, determin-
ing AE, is very sensitive, and careful consideration of solvent
effects is essential. With the CPCM method, AE, is decreased
to 0.70 kcal/mol in DMSO and 0.34 kcal/mol in water, indicat-
ing the cyclization step more readily occurs in solution. The

aqueous environment promotes the reaction, although the dif-
ference between the solvents is only 0.36 kcal/mol. Note that,
for both cases, the reverse reaction is still slightly preferable.
When employing the RISM-SCF-cSED method, AE, is 1.43
kcal/mol in DMSO and 0.67 kcal/mol in water (HNC formula),
and 1.15 kcal/mol in DMSO and -0.38 kcal/mol in water (GF
formula). The difference between the two solvents is 0.76 kcal/mol
(HNC) and 1.53 kcal/mol (GF), and the difference is remarkable
in the latter formula. It is well established that the results from
the GF are generally closer to the experimental measurements
[28], whereas those from the HNC overestimate the values, es-
pecially in water [29], as a results of the term, h?”(r), in the Eq.
(3) [30]. In particular, the negative AE, indicates that the sec-
ond step is much more enhanced in the aqueous environment,
which supports the experimentally observed results. The other
difference between the formula appears in the overall reaction
profile. The free energies in water solvent calculated by the GF
formula are more stable than the DMSO by about 2 kcal/mol.
This is consistent with the experimental difference in the yield.
On the contrary, the HNC formula gave similar values in both
solvents, implying the overestimation in the solvation-free en-
ergy for the water environment. The difference between the
two solvents is clearly shown by considering the microscopic
explicit solute-solvent interaction using the RISM-SCF-cSED
method. As expected, the specific solvation plays a key role, as
discussed later.

3.2. Difference in solvent effects on the TSs

The difference in AE, between solvents is interpreted by
the contributions from the electronic structure of the solute and
the solvation structure[16]. Based on eq(1) and eq(2), the free
energy of TS™" or TS®* is represented by

/rot __ pcyc/rot cyc/rot /rot
o VI = Eisolale + Ereorg + A#Cyc , (©)
and therefore AE, is given by the corresponding three terms.

Notice that the contribution from E-rot is common and does
not appear.

AE, = AE2  + AE2o, " + AU ™, )
Each term on the right-hand side corresponds to the energy dif-
ference in the isolated system, the energy difference in the re-
organization, and the difference in the solvation-free energy, re-
spectively. The first term, AE; " comes only from the differ-
ence between TS™ and TS in an isolated state, and is com-
mon for all the methods and solvents (3.99 kcal/mol). We also
conducted the computations with more sophisticated levels and
found slight AEliy:la_; (2 increase (Table S2). It should be noted,
however, that this does not affect the notable difference between
the solvents.

Table 3 shows these terms in the DMSO and water results.
The dominant is the solvation-free energy AAu®™™, They all
are negative values, denoting that the TS®C is stabilized than
TS™. Comparing the two solvents, the change is larger in wa-
ter, —3.3 kcal/mol (HNC) or —4.2 kcal/mol (GF), indicating that

TS is greatly solvated in the aqueous solution. On the other



Table 2: Relative free energy of Z—(allyloxycarbonyl)methyl radical cyclization reaction and the activation barriers in the gas phase and in DMSO

and water (in kcal/mol). CPCM results are taken from [5].

solvent Z-rot TS™ E-rot TS®  Prod E E;° AE,

Gas 0.00 1155 699 1554 -10.06 456 855 399
RISM-SCF-cSED HNC DMSO 0.00 1049 505 1192 -14.69 544 6.87 143
GF DMSO 0.00 1032 489 1148 -1548 544 659 1.15

HNC  water 0.00 1043 441 11.10 -1483 6.02 6.69 0.67

GF water 0.00 888 276 850 -17.70 6.12 574 -0.38

CPCM [5] DMSO 0.00 9.17 386 9.87 -18.71 531 6.01 0.70
water 0.00 881 3.04 913 -1977 577 6.09 0.34

hand, AEfey(fr;m is smaller at about 1 kcal/mol. In fact, the spin
density distribution in both solvents is not so different from that
of the isolated molecule. Because Ecor is generally positive,
the negative values indicate that the electronic structure of TS™
is slightly more distorted by the solvation than that of TS%¢.

In general, greater distortion of the electronic structure of
the solute molecules is expected in a more polar solvent, caus-
ing larger polarization. Actually, due to hydrogen bonding ef-
fects, the molecular orbitals are more deformed than those in
the gas phase or the DMSO solvent. The change in dipole mo-
ment with the reaction follows this trend as shown in Table 4.
The dipole moment of each reaction step is largest in water and
smallest in the gas phase, as expected from the theoretical cal-
culation with the CPCM model[5]. In the reaction process, the
maximum dipole moment is observed at TS®®, where the val-
ues are 4.58, 5.53, and 6.57 D, respectively, in the gas, DMSO,
and water. Such kind of solvent dependence is correlated to the
dielectric constant of solvents, which could also be considered
in the CPCM model[9, 10].

3.3. Solvation structures

The difference in solvation structure also plays an important
role in stabilizing the TS®°. Figure 4 shows the RDFs of (a) H
atoms in water solvent and (b) CHj groups in DMSO solvent
around the carbonyl O atom of TS®°. H atoms in water sol-
vent distributed sharply around the carbonyl O atom ca. 1.8 A.
Since the peak position between the two oxygens is about 3A,
O ---H-O interacted linearly, indicating the strong hydrogen-
bonding interaction. In contrast, the distribution of CH; groups
in DMSO solvent shifts outward around 3.3A. Using the RDF
of S---0, S-CHj3 - - - O angle is estimated as 141°, a relatively
weaker interaction. Although these trends are observed at each

Table 3: The difference in solvation effects between TS™ and TS

(in kcal/mol).
AERG"  AAuSe™ AE,
DMSO HNC -0.83 -1.73 1.43
GF -0.83 -2.01 1.15
Water HNC -0.16 -3.32 0.67
GF -0.16 -4.20 -0.38

Table 4: Dipole moment (in Debye) along the reaction.

Z-rot TS™  E-rot TSY Prod
Gas 1.65 3.65 4.41 4.58 4.35
DMSO 2.00 4.27 5.23 553 5.03
Water 254  5.02 6.19 6.57 5.80

step of the reaction process, the effect is the most prominent at
the TS (Figure S1).

The changes in the distribution of O atoms in water sol-
vent around the carbon atoms forming the bonds are shown in
(c) and (d). One is the terminal carbon atom (C1), which ini-
tially forms the radical center; the other is the fifth carbon (C5),
which bonds with C1 to form a new bond. As the new bond is
formed, the directly solvating water molecules are kicked out,
and the height of the RDF becomes lower and lower as the re-
action proceeds. C1, which is still exposed to the solvent af-
ter bond formation, virtually retains its peak. Conversely, C5
is embedded in the surrounding carbon by cyclization, and the
solvent is accessible only from above and below the ring, lead-
ing to the disappearance of the first peak.

4. Conclusions

In the present study, the radical cyclization reaction in the
aqueous environment by Yorimitsu et al. is revisited using the
RISM-SCF-cSED method, a hybrid quantum chemistry and sta-
tistical mechanics theory for molecular liquids. Considering the
microscopic solvation effect, the barrier height from the inter-
mediate E-rot was examined. We found that the barrier height
of the forward reaction, i.e., the cyclization step is lowered by
the solvation effect, especially in water. While solvation sensi-
tively affects the energy level, the difference between water and
DMSO solvents is clearly shown. Namely, the reaction in the
aqueous environment is more stabilized. At the same time, the
electronic structure is not significantly affected by the environ-
ment, meaning that the solvation effect is primarily important.
From the analysis of RDFs, typical hydrogen bonding is formed
between the oxygen atoms of the radical and hydrogen in water.

Although the oligomerization of radical species is suggested
in the original report, the present work focuses on the solva-
tion effect of a unimolecular reaction corresponding to the di-
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Figure 4: The RDFs of (a) H atoms in water solvent and (b) CHj
groups in DMSO solvent around the carbonyl O atom (O9)
of the solute molecule in TS®® and the change in RDF of O
atoms in water around (c) C1 atom and (d) C5 atom during
the C1-C5 bond formation.

lute limit condition. Further investigation might be desirable to
grasp the overall picture of the phenomenon more accurately.
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Table S1: The selected bond lengths (A) of optimised structures in the isolated state and in aqueous phase calculated

by the PCM.
(a) Z-rot (b) TSrot
isolated state  aqueous phase isolated state  aqueous phase
Cl1-C2 1.448 1.447 C1-C2 1.440 1.437
C2-03 1.364 1.359 C2-03 1.384 1.381
03-C4 1.449 1.452 03-C4 1.443 1.452
C4-C5 1.502 1.501 C4-C5 1.503 1.501
C5-C6 1.332 1.333 C5-Co6 1.333 1.334
C2-09 1.223 1.227 C2-09 1.222 1.227
(c) E-rot (d) TS
isolated state  aqueous phase isolated state  aqueous phase
Cl1-C2 1.448 1.447 Cl1-C2 1.471 1.465
C2-03 1.367 1.360 C2-03 1.368 1.361
03-C4 1.438 1.449 03-C4 1.435 1.445
C4-C5 1.503 1.501 C4-C5 1.513 1.512
C5-Co6 1.333 1.334 C5-Co6 1.362 1.363
C2-09 1.222 1.229 C2-09 1.211 1.220
C5---Cl1 2.262 2.260
(e) Prod

isolated state  aqueous phase

C1-C2 1.525 1.519
C2-03 1.367 1.358
03-C4 1.439 1.450
C4-C5 1.550 1.548
C5-C6 1.486 1.486
C2-09 1.202 1.210
Cs5-Cl 1.548 1.519




Table S2: Relative energy of Z—(allyloxycarbonyl)methyl radical cyclization reaction and the activation barriers in the
gas phase calculated by B3LYP, CCSD, and CCSD(T) with 6-31G(d) basis sets and MP2 with 6-311G(d,p)
basis sets using optimized geometries with B3LYP/6-31G(d) (in kcal/mol).

Z-rot  TS™ E-orot TS®  Prod E™ E° AE,

B3LYP/6-31G(d) 0.00 1138 698 1429 -1236 441 731 291
CCSD/6-31G(d) 0.00 1180 793 1757 -1425 387 9.64 5.77
CCSD(T)/6-31G(d) 0.00 12.10 793 1653 -14.05 4.17 8.60 4.43
B3LYP/6-311G(d,p) 0.00 11.65 7.41 1520 -10.17 424 7.79 3.55
MP2/6-311G(d,p) 0.00 1592 1056 20.67 -1924 537 10.12 4.5
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Figure S1: The change in RDFs of (a) H atoms in water solvent and (b) CH3 groups in DMSO solvent around the
carbonyl O atom (0O9) of the solute molecule in the raction process.



