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A Bronsted acid-catalyzed benzylic C(sp®)—H functionalization of toluene and its derivatives was accom-
plished through the photo-excitation of benzopyrylium cation intermediates. Light irradiation promoted
the reaction of chromenols with toluene and its derivatives in the presence of a Brensted acid catalyst,
affording the corresponding benzylated chromene derivatives having tetrasubstituted carbon centers.
Experimental and theoretical studies elucidated that the reaction proceeds through a radical addition
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catalyst. The use of a chiral phosphoric acid catalyst enables the enantioselective radical addition reaction
through a chiral anion-controlled asymmetric induction via an ion-pairing interaction to provide an
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Introduction

Brensted acid catalysis is one of the fundamental and versatile
catalytic processes in organic chemistry. In addition to tra-
ditional textbook transformations, such as the hydrolysis and
formation of esters and acetals, Brgnsted acid catalysts have
been widely utilized for carbon-carbon bond forming reac-
tions." Over the past few decades, Brgnsted acid catalysis has
drawn much attention as one of the metal-free organocatalytic
processes.” In particular, the development of enantioselective
catalysis using a chiral Brensted acid as a representative
organocatalyst has evolved into an active research field.**
Transformations under Brgnsted acid catalysis are initiated by
(i) protonation of a substrate to generate a cationic species, fol-
lowed by (ii) bond formation with a nucleophile, and (iii)
deprotonation of the formed species by the conjugate base of
the Bronsted acid to afford a product along with the regener-
ation of the Bronsted acid catalyst. A wide range of transform-
ations have been accomplished through this fundamental cata-
lytic process. However, applicable functional substrates are
still limited because Brensted acid catalysts are effective pri-
marily for polarized functional substrates, for example repre-
sentative carbon nucleophiles, electronically enriched (hetero)
aromatics, and olefins having an oxygen or a nitrogen substitu-
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addition product in an enantioenriched form.

ent. In fact, the direct functionalization of nonpolarized
chemical bonds, such as the benzylic C(sp’)-H bonds of
toluene derivatives, has received sparse attention in Brensted
acid catalysis® despite the fact that the direct conversion of
rich carbon resources enables the derivatization of value-
added carbon frameworks without pre-functionalization.
Therefore, if such a transformation could be achieved in
Bronsted acid catalysis, it would become valuable not only
with regard to expanding the scope of transformations, but
also from the viewpoint of atom-economical and environmen-
tally benign synthesis.

Photo-excited compounds exhibit redox properties, thereby
enabling reactions that are difficult to achieve in the ground
state. For example, a photo-excited cationic species would
function as a strong oxidant because of its intrinsic high elec-
tron affinity. Hence, photochemical radical transformations of
cationic species have been elaborated through single-electron
transfer (SET) from donor molecules such as toluene deriva-
tives to the photo-excited cationic species.®® In the reported
reaction systems, preformed cationic substrates or cationic
intermediates generated using an excess of strong acids were
employed in most cases. Meanwhile, the catalytic variant is
strictly limited to the photo-excitation of iminium intermedi-
ates generated from o,f-unsaturated aldehydes and amine cat-
alysts.” The scope of cationic species generated under the cata-
Iytic conditions is still narrow. In fact, radical reactions of
photo-excited cationic intermediates as strong oxidants using
a Bronsted acid catalyst have never been reported despite the
fact that cationic species are readily available through the pro-
tonation of substrates, which is one of the representative
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approaches for the generation of these species. In this context,
we envisioned the development of a radical transformation of
nonpolarized C(sp’)-H bonds through the generation of
photo-excited cationic intermediates using a Bregnsted acid
catalyst (Fig. 1). The intended transformation is initiated as
follows: (i) protonation of a substrate using a Brensted acid
catalyst generates a cationic intermediate that can function as
a strong oxidant upon photo-excitation; (ii) SET from the
donor molecule to photo-excited cationic intermediate I forms
radical cation II; and (iii) deprotonation by the conjugate base
of the Bronsted acid proceeds smoothly to generate nucleophi-
lic radical III along with the regeneration of the Brensted acid
catalyst because the acidity of the adjacent C(sp*)-H bond of
radical cation II is dramatically enhanced compared with that
of the parent donor molecule. Subsequently, (iv) generated
radical III undergoes further transformation based on its
nucleophilic nature.’

As shown in Fig. 1, the combination of fundamental
Bronsted acid catalytic processes, namely, protonation and
deprotonation, and light irradiation would allow the trans-
formation of nonpolarized C(sp®)-H bonds in a catalytic
fashion. Herein, we report a benzylic C(sp’)-H functionali-
zation of toluene and its derivatives 2 as donor molecules uti-
lizing benzopyrylium cation intermediates, which are gener-
ated by the dehydration of chromenols 1 using Brensted acid
catalysts as strong oxidants under light irradiation (Scheme 1).
The reaction provided the corresponding benzylated chromene
derivatives 3 and 3’ having tetrasubstituted carbon centers that
are generally difficult to construct. Experimental and theore-
tical studies elucidated that the reaction proceeds not through
a radical coupling pathway but through a radical addition
pathway in which the nucleophilic benzylic radical attacks the
benzopyrylium cation intermediate. Furthermore, the use of a
chiral Brensted acid catalyst enabled the enantioselective
radical addition reaction to proceed, thereby providing chro-
mene derivatives in an enantioenriched form.
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Fig. 1 Brgnsted acid-catalyzed radical transformation utilizing photo-
excitation of the cationic intermediate as a strong oxidant.
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Scheme 1 Brgnsted acid-catalyzed radical reaction between chrome-
nols and toluene derivatives.

Results and discussion
Optimization of reaction conditions

As an initial attempt, the reaction of 1a with toluene 2a, which
serves as both the solvent and substrate, was performed under
LED irradiation (4,.x = 405 nm) in the presence of a series of
Brensted acid catalysts at 0 °C (Table 1, entries 1-4). The reac-
tion using diphenyl phosphate afforded a small amount of the
desired benzyl adducts as a mixture of 3aa and 3'aa (entry 1).
The use of AcOH and BzOH did not provide the products prob-
ably due to the low acidity of the catalysts (entries 2 and 3).
The reaction using TFA resulted in an improvement of yield
(entry 4).

In contrast, a strong Brensted acid, TfOH, afforded the pro-
ducts with a decrease in yield (entry 5). This result suggests
that the basicity of the conjugate base of the Brensted acid is
important presumably because of the efficient deprotonation
from the benzyl radical cation. Consequently, TFA was identi-
fied as the optimal catalyst. Gratifyingly, when the reaction was
performed with 30 equivalents of toluene in CH,Cl, as the
solvent, the desired product was obtained in 81% isolated
yield with high regioselectivity (3aa/3'aa = 95/5) (entry 6).'° The

Table 1 Optimization of reaction conditions?

Ph Ph

acid Ph Ph
H (10 mol%) X
/dj\ : ﬁ "o : l
Ph 0°C
MeO o e LED (405 nm) "'*° O [(P" meo 0" ph
Ar Ph
1a 2a 3aa 3'aa

Time  Yield” 3aa/

Entry  Acid Solvent (h) (%) 3'aa
1 (PhO),PO,H  2a (0.025 M) 8 11 75/25
2 AcOH 2a (0.025 M) 8 <1 —

3 BzOH 2a (0.025 M) 8 <1 —

4 TFA 2a (0.025 M) 2 47 83/17
5 TfOH 2a (0.025 M) 4 14 84/16
6° TFA CH,ClL, (0.1 M) 2 84 (81)  95/5
794 TFA CH,ClL, (0.1 M) 3 20 93/7
8¢ TFA CH,ClL, (0.1 M) 2 <1 —
9%/ TFA CH,ClL, (0.1 M) 3 0 —
10° — CH,Cl, (0.1 M) 13 0 —

“Unless otherwise noted, all reactions were carried out using
0.1 mmol of 1a and 0.01 mmol of catalyst (10 mol%) in the indicated
solvent. ’NMR yield. Isolated yield is shown in parentheses.
©3.0 mmol of 2a was used. ? Reaction was carried out in air. ¢0.1 mmol
TEMPO was used.’ No light irradiation.
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inhibition of the reactivity was observed under an aerobic
atmosphere or in the presence of TEMPO (entries 7 and 8). No
product formation was detected in the absence of a Brgnsted
acid catalyst (entry 9) or light irradiation (entry 10)."* The
results indicate that the generation of photo-excited benzopyry-
lium cation intermediates is essential to promote the present
reaction.

Scope of substrates

With the optimized reaction conditions in hand, the substrate
scope of the present reaction was demonstrated using a series
of chromenols (Table 2). The reaction of chromenols having a
substituent at the para- or meta-position of Ar' (1b-1le)
afforded 3ba-3ea and 3'ba-3'ea in moderate yields with high
regioselectivities. The introduction of a methyl substituent at
the ortho-position of Ar' did not retard the reaction at all and
high yield and regioselectivity were observed. Further investi-
gation of the substrate scope with respect to chromenols
having a series of aryl substituents Ar> was carried out.
Chromenols having the 4-methylphenyl group 1g and the
4-chlorophenyl group 1h at the 4-position underwent the reac-
tion efficiently, affording products in good yields with high
regioselectivities. The reaction of chromenol having the
4-methoxyphenyl group 1i did not provide the desired pro-
ducts under the optimized reaction conditions. In contrast,
the use of an LED with A« = 448 nm instead of an LED with
Amax = 405 nm resulted in the formation of products with high

Table 2 Scope of chromenols?

A TFA Ar2 Rz o
4 H 10 mol%
NN . w ( 6) Rl X i @
Rl Ph  CHyCl, 0°C Y N O
o7 | Ar! LED (405 nm) 0" Dart
OH Ar Ph
1 2a 3 3
Ph Ar! time (h) yield (%) 3/3'
N 1b: 4-MeCgHy4 2 73 9317
1c: 4-BrCgH, 2 61 95/5
1d: 4-CF3CgH 3 60  90/10
1 36a
MeO O LA 1l 3-BrCH, 2 62 97/3
1f: 2-MeCgHy 2 82 95/5
Ar2 time (h)  yield (%) 3/3'
1g: 4-MeCgHy 2 86  96/4
1h: 4-CICgH, 2 91 9317
1i®: 4-MeOCgH, 17 <1 -
1i: 4-MeOCgHy 10 29 973
1j: 3-CF3CeHg4 2 90  94/6
1k: 3-BrCgHy 2 68  96/4
11: 2-MeCgHg 3 67 982
Ph R time (h)  yield (%) 3/3'
5
5NN 1m: 6-MeO 4 70 64/36
R—- 1n: 5-MeO 4 <1 -
(NS e 10% 7-Me 2 62  80/20
OH 1p% 7-F 2 48 70/30

“Unless otherwise noted, all reactions were carried out using
0.1 mmol of 1, 3.0 mmol of 2a and 0.01 mmol TFA (10 mol%) in
CH,Cl, (1.0 mL) Isolated yield. ” LED (448 nm) was used. ©0.02 mmol
TFA (20 mol%) was used.
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regioselectivities, albeit in low yields. This is probably because
the introduction of the methoxy group induces a redshift in
the absorption spectrum of the generated benzopyrylium
cation intermediate, resulting in low excitation efficiency at
405 nm.">"* Chromenols having meta- or ortho-substituted aryl
moieties, 1j-11, also underwent the reaction to afford products
with high regioselectivities. The scope with respect to chrome-
nols having a series of substituents R on the chromenol frame-
work was further investigated. As shown in the bottom of
Table 2, the regioselectivity of products was markedly depen-
dent on the electronic nature of the R substituent. The use of
1m having a methoxy group at the 6-position resulted in the
formation of products 3ma and 3'ma in moderate yield with
moderate regioselectivity. In contrast, the reaction of 1n
having a methoxy group at the 5-position did not afford any
desired product. Chromenol having a methyl group at the
7-position (10) underwent the reaction and provided products
in moderate yield with fairly good regioselectivity. The intro-
duction of the fluorine atom at the 7-position retarded the
reaction with moderate regioselectivity.

We next investigated the scope of toluene derivatives
(Scheme 2). The use of a series of xylenes (2b-2d) and mesity-
lene (2e) afforded the corresponding products in good yields
with high regioselectivities. Ethylbenzene (2f) as a secondary
toluene derivative reacted smoothly to afford the product in
high yield with good regioselectivity, albeit with low diastereo-
selectivity. In the reaction of cumene (2g), the product having
vicinal tetrasubstituted carbon centres was formed in moder-
ate yield with high regioselectivity using 20 mol% of TFA. The
reaction of 4-isopropyl toluene (2h), which has two reaction
sites, namely a primary carbon on the methyl group and a ter-
tiary carbon on the isopropyl group, proceeded only on the
methyl group, even though the tertiary carbon radical is more
stable than the primary one. This result indicates that the
deprotonation of the corresponding radical cation was influ-
enced by steric effects. Electron-withdrawing halogenated

TFA

R (10 mol%)
CHyCl2,0°C  MeO
LED (405 nm)
Ar

@8

2b (1h) 2¢ (2 h) 2d (2 h) 2e (2 h) 2f(2 h)
84% yield 86% yield 88% yield 70% yield 83% yield?
3ab/3'ab = 92/8 3ac/3'ac = 98/2 3ad/3'ad = 95/5 3ae/3'ae = 97/3 3af/3'af = 86/14

590 ¢ % ¢

2g° (1.5 h) 2h (2 h) 2i(3h) 2j (3 h) 2k (4 h)
73% yield 89% yield 21% yield 82% yield <1% yield
3ag/3'ag = 91/9 3ah/3'ah = 92/8 3ai/3'ai = 95/5 3aj/3'aj = 96/4

2 3af: 51/49 dr, 3'af: 51/49 dr, ® 0.02 mmol of TFA (20 mol%) was used.

Scheme 2 Scope of toluene derivatives.
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toluene derivatives (2i and 2j) were also applicable in this reac-
tion and the desired products were obtained. However, the
reaction of the toluene derivative 2k having a trifluoromethyl
group as a strong electron-withdrawing group did not afford
the desired product.

Mechanistic studies

The mechanistic elucidation of the present reaction was our
next focus. At the outset of mechanistic studies, we conducted
Stern-Volmer luminescence quenching experiments with ben-
zopyrylium cation salt 1'a"BF,~ to find out that the photo-
excited benzopyrylium cation could be quenched with toluene
(Eox = +2.26 V vs. SCE)."*"® As a result, the emission intensity
of benzopyrylium cation salt 1'a*BF,~ decreased as the amount
of toluene in the CH,Cl, solution increased (Fig. 2). This
observation indicated that SET from toluene to the photo-
excited benzopyrylium cation occurs, generating benzopyry-
lium-derived radical A and benzyl radical cation B having the
highly acidic benzylic C(sp®)-H bond (pK, of B was estimated
to be —13 in CH3CN),” which can be deprotonated by the con-
jugate base of the Brgnsted acid catalyst to generate the benzyl
radical."®

R o

20

100

Toluene (0 M) 35 ¥=12.968x +0.8633 .
~ R=0.9787
z 80 3 IR
E ©046M) 25 e
E s o
£ ©.092M) 15 e
\\ ©18M) 05

0 0.05 01 015 0.2
toluene (M)

Fig. 2 Stern—Volmer luminescence quenching experiments.

We next conducted DFT calculations to determine the
actual reaction pathway in the carbon-carbon bond forming
step. All calculations were performed with the Gaussian 16
package (Revision B.01)."'® Geometries were optimized and
characterized using frequency calculations at the UM06-2X/6-
311+G(d,p) level. Gibbs free energies in the solution phase
were calculated using single-point energy calculations at the
same level according to the solvation model based on the
solute electron density (SMD) (dichloromethane: ¢ = 8.93) of
the optimized structures. First, the energy profile for the
radical coupling reaction of radical A generated by a single
electron reduction of the benzopyrylium cation with the benzyl
radical C was identified (Fig. 3a). The energy barrier of TS-1
(AG* = + 36.9 kcal mol™) is too high for the reaction to
proceed under the present reaction conditions. This result
suggests that the radical coupling reaction is an unfavorable
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Fig. 3 Calculated energy barriers.

pathway. We then explored another reaction pathway. As
shown in Fig. 3b, the energy profile for the radical addition
reaction of benzyl radical C with benzopyrylium cation inter-
mediate D was identified. As a result, the radical addition
pathway exhibits a smaller energy barrier of TS-2 (AG* = +
12.6 kcal mol™") than that of TS-1 in the radical coupling
pathway.'® This radical addition reaction of benzyl radical C
with benzopyrylium cation intermediate D through TS-2 gener-
ates benzylated radical cation E. SET from radical A to radical
cation E gives product 3aa along with the generation of benzo-
pyrylium cation D. This process is exergonic by 34.6 kcal mol ™
and therefore thermodynamically favorable (Fig. 3c).

From these experimental and theoretical studies, we
propose a mechanism for the present radical addition reaction
(Fig. 4). First, the Bronsted acid catalyst protonates the hydroxy
group of chromenol 1 to generate benzopyrylium cation inter-
mediate D, which can reach an excited state under light
irradiation. Photo-excited benzopyrylium cation intermediate
D* oxidizes toluene to form benzyl radical cation B and radical
A. Radical cation B is deprotonated by the conjugate base of
the Bronsted acid to form benzyl radical C while regenerating
the Brensted acid catalyst. The radical addition of benzyl
radical C to another benzopyrylium cation intermediate D gen-
erates radical cation E. SET from radical A to radical cation E
forms the corresponding product 3 along with the regener-
ation of benzopyrylium cation D. Thus, this reaction mecha-
nism indicates that the present reaction proceeds in a dual
catalytic system, namely, Bronsted acid catalysis (protonation

Ar? . H—X
radical 1
NN addition |
R—r _ +o At Ar
Xe d D C deprotonation protonation
Ar
E A2
H
(S} j+~ Rf‘ NS
X" Ar 22
B o~ Al
Ar2 X@
D

ground state

R !
= 0
07" A Ar Ar?
SET A * light
TR irradic
D R

irradiation

T e
0~ A
X
3 D*
excited state

Fig. 4 Plausible reaction mechanism.
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Table 3 Enantioselective reaction catalyzed by chiral phosphoric acid?

CSFS
\[ \//
/ OH
CoFs & Ph
MeO H (S)-4 (5 molos)  MeO X Meo\@ﬁph
— +
DC % |
Ph
0 Ph LED (405 nm) ° P 0" Ph
OH Ar Ph
im 2a 3ma 3'ma

ee (%)

Entry Conditions  Time (h) Yield (%) 3ma/3'ma 3ma 3'ma

1 0°C,1h 1 72 67/33 31 15
2 -75°C,12h 12 35 74/26 60 26

“Unless otherwise noted, all reactions were carried out using
0.1 mmol of 1m, 4 mL of 2 (0.05 M), and 0.01 mmol (S)-4 (10 mol%).
Isolated yield. The ee value was determined by chiral stationary phase
HPLC analysis.

and deprotonation) and photo-redox catalysis of the benzopyr-
ylium cation intermediate.**"

Enantioselective reaction with a chiral phosphoric acid catalyst

From the present reaction mechanism, we expected that the
radical addition reaction would proceed in an enantioselective
manner if the benzyl radical attacks the benzopyrylium cation
intermediate in the chiral environment created by the conju-
gate base of the chiral Brensted acid catalyst.>>* Therefore,
we finally investigated an enantioselective radical addition
reaction using a chiral Brgnsted acid catalyst. The reaction of
1m with toluene 2a, which functions as both the solvent and
substrate, using chiral phosphoric acid (S)-4 at 0 °C afforded a
mixture of addition products 3ma and 3'ma with moderate
regioselectivity (Table 3, entry 1).>> As expected, the desired
products were formed in an enantioselective manner.
Gratifyingly, when the reaction temperature was decreased to
—75 °C, the addition product 3ma was obtained with an
increase in enantioselectivity to 60% ee, albeit in moderate
yield (entry 2). Although the stereochemical outcome is still
unsatisfactory, this is the first example of the enantioselective
radical addition reaction through a chiral anion-controlled
asymmetric induction via an ion-pairing interaction. In the
present system, the cationic intermediate does not have any
H-X hydrogen-bonding interaction site (X = NR, O, etc.) and
therefore, the present achievement deserves high marks.>®

Conclusions

In conclusion, we have developed a radical transformation
between chromenols and toluene derivatives using a Brgnsted
acid catalyst under light irradiation. The reaction that was
initiated through the photo-excitation of the benzopyrylium
cation intermediate converted the benzylic C(sp®)-H bonds of
toluene and its derivatives to afford benzylated chromene

This journal is © the Partner Organisations 2021
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derivatives having tetrasubstituted carbon centers in good
yields with high regioselectivities in most cases. Experimental
and theoretical studies of the present reaction mechanism
suggested that the reaction proceeds through a radical
addition pathway where the benzopyrylium cation intermedi-
ate acts as both an electrophile and a photo-redox catalyst. The
investigation of enantioselective reactions using chiral phos-
phoric acid revealed that the chiral anion-controlled asym-
metric induction vig an ion-pairing interaction is effective even
for the enantiocontrol in the addition of radical species to cat-
ionic intermediates. The present catalytic reaction system uti-
lizing the photo-excitation of cationic intermediates enables
the expansion of the scope of functional substrates that are
generally difficult to transform in Brensted acid catalysis and
is an environmentally benign synthetic method for the metal-
free conversion of abundant and inexpensive carbon resources
into high value-added compounds. Further studies of the
development of other radical addition reactions, especially in
an enantioselective manner, utilizing a variety of photo-excited
cationic intermediates and Brensted acid catalysts will be con-
ducted in due course.
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