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Abstract The photoirradiation of toluene derivatives with two equiv-
alents of bromine in benzotrifluoride-water provided a satisfactory
yield of the corresponding benzoic acid derivatives. Either a fluorescent
lamp, blue LED (454 nm), or UV LED (385 nm) was used for the photo-
reaction. The reaction pathway might proceed through the dibromina-
tion of benzylic carbon, generation of the benzylic radical via oxidative
C-H abstraction, formation of benzoyl bromide, and hydrolysis of car-
boxylic acid.
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Benzoic acid derivatives are important intermediates in
the formation of esters, amides, and acid chlorides for labo-
ratory and industrial applications. The oxidation of the cor-
responding toluene derivatives is the most common prepa-
ration method of benzoic acid derivatives. However, the ox-
idation of the methyl group in aromatic compounds is
limited, except when using toxic metal oxidants, such as
KMnO,4! or Cr(VI).2 Although oxidation with molecular oxy-
gen has been applied in the industrial field, the method re-
quires high pressures and temperatures.> Several studies
have demonstrated the formation of benzoic acid deriva-
tives using a catalytic bromide, such as HBr, KBr, CBr, with
Oxone™, or O, under visible or ultraviolet light.#
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Historically, the chlorination of toluene derivatives fol-
lowed by hydrolysis has been established and applied in in-
dustrial fields. Chlorination involves a radical chain reaction
by chloro radicals generated by AIBN or a photoreaction
from molecular chlorine.” The time-consuming process of
chlorination to trichloromethyl derivatives is necessary to
yield benzoic acid derivatives (Scheme 1). On the other
hand, the bromination of toluene derivatives mainly pro-
duced dibromomethyl compounds because the transforma-
tion of bulky bromide atoms into tribromomethyl groups is
difficult. The hydrolysis of the dibromomethyl compound
produces aldehydes.5-° The photobromination of 4-bromo-
toluene investigated in a previous study indicated that 4-
bromo(dibromomethyl)benzene produced 4-bromobenzal-
dehyde (Scheme 2).6

Clg,
CHs
AN Cl X
O/ 2 O/\ cl ( Y701 hydrolysis B COH
& hvorABN A - -
7 " R & &

Scheme 2 Industrial synthesis of benzoic acids from toluene deriva-
tives via photochlorination and successive hydrolysis

Notably, there are no reports on using toluene deriva-
tives 1 with Br, in the presence of water to directly form ar-
omatic carboxylic acids 2 under visible- or UV-light irradia-
tion. Therefore, these reactions were examined under sev-

/©/CH3 Br (2.12 equiv) /©/CHBr2 aq CaCOg CHO
Br hv Br A Br/©/

150 w tungsten
lamp, 150 °C

Scheme 1 Photobromination and hydrolysis of 4-bromotoluene
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© 2022. Thieme. All rights reserved. Synlett 2022, 33, 1670-1674
Georg Thieme Verlag KG, RiidigerstraRe 14, 70469 Stuttgart, Germany

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.


http://orcid.org/0000-0002-3400-6377
http://orcid.org/0000-0003-1586-842X

1671

Synlett M. Kirihara et al.

eral conditions using 1-cyano-4-methylbenzene (p-
tolunitrile) (p-1a) as the substrate.

Initially, p-1a was treated with Br, (2.1 equiv) and water
in (trifluoromethyl)benzene (BTF) with irradiation from a
13 W fluorescent lamp and vigorous stirring in an air atmo-
sphere for 24 h. Some solids were precipitated and dis-
solved in ethyl acetate (EtOAc) and aqueous NaOH. Thereaf-
ter, the aqueous alkaline layer was separated and acidified
with dil. HCI, which was extracted using EtOAc. An excel-
lent yield (93%) of the desired carboxylic acid p-2a was ob-
tained in its pure form from the EtOAc extract after evapo-
ration. The presence of molecular oxygen was essential for
obtaining carboxylic acid p-2a. A 90% yield of dibro-
momethyl compound p-(dibromomethyl)benzonitrile (p-
3a), was produced in an inert atmosphere rather than p-2a

(Scheme 3).
Brz (2.1 equiv), air (open) CO,H
hv (13 W fluorescent lamp) Q/
. _5 NC
BTF:H,O =5:1,rt,24h p-2a (93%)

CHg
NC©/ Bry (2.1 equiv), under Np

pa hv (13 W fluorescent lamp) /©/CHBr2
BTF:H,O =5:1,r.t,24 h NG

p-3a (90%)

Scheme 3 Reaction of 1a with Br, and H,0O in BTF and irradiation with
a fluorescent lamp

The solvent effects of this photoinduced aerobic oxida-
tion through Br, and H,0 were examined using p-1a as the
substrate (Table 1). In BTF without H,0, the monobrominat-

Table 1 Examination of Solvents Effects
Brs (2.1 equiv)
/@/CHS air (open)
NC solvent, r.t., 24 h

-1a '
P 13 W fluorescent lamp

ol

p-2a

ed compound p-4a was the main compound produced,
whereas a certain amount of unreactedp-1a was recovered
(entry 2). Significantly, a similar result was obtained in H,O
without BTF, in which the desired p-2a was not produced
(entry 3). An acceptable yield of carboxylic acid p-2a was
produced in halogenated solvents (BTF, chlorobenzene, p-
chloroBTF, CH,(Cl,, and CCl,) with H,O (entries 1, 4-7), and
the best result was obtained in BTF (entry 1). In benzene-
H,0, the yield of p-2a was low, with dibromide p-3a as the
major product. The reaction advanced slowly in polar sol-
vents (EtOAc, MeCN, and DMF) with H,O not producing the
desired p-2a (entries 9-11).

The reactions of several toluene derivatives 1 under op-
timized conditions (2 equiv of Br, in BTF and H,0) were
conducted with vigorous stirring for 24 h under photoirra-
diation.

A 13 W fluorescent lamp, 40 W blue LED (454 nm), or 10
W UV LED (385 nm) was used for irradiation. A consider-
able amount of solid precipitate was produced in all cases;
the reaction mixture was subjected to the same procedure
as that for 1a. The corresponding carboxylic acid derivatives
2 were obtained in high yields in most cases; the com-
pounds obtained were sufficiently pure and did not require
further purification (Tables 2-4).10

Thereafter, control experiments were performed to elu-
cidate the reaction mechanism. As shown in Scheme 3 and
Table 1, both O, and H,0 are essential in entry 2 for produc-
ing the desired carboxylic acid 2; the corresponding dibro-
mide 3 was produced instead of 2 without either O, or H,0.

COzH

CHBr, CH,Br
T T
NC NC

p-3a p-4a p-ia

Carboxylic acid Dibromide Monobromide S. M.

Entry Solvent p-2a® p-3a® p-4aP p1ab
1 BTF:H,0 = 5:1 93% 0% 0% 0%
2 BTF 4% 0% 64% 20%
3 H.0 0% 0% 79% 1%
4 chlorobenzene:H,0 = 5:1 76% 13% 1% 0%
5 p-chloroBTF:H,0 = 5:1 90% 0% 0% 0%
6  CHyCly:H0 = 5:1 70% 19% trace 0%
7  CClgH0 =5:1 85% 0% 0% 0%
8 Benzene:H,0 = 5:1 28% 42% 5% 0%
9  EtOAc:H,0 = 5:1 0% 0% 49% 32%
10 MeCN:H,0 = 5:1 0% 0% 19% 65%
11 DMF:H,0 = 5:1 0% 0% 0%  quant.

2 |solated yield, ® THNMR yield.
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Table 2 Oxidation of para-Substituted Toluenes

Br; (2.1 equiv), air (open)

©/°Ha BTF:H,0 = 5:1, hv, r.t., 24 h
R

R

p-1 p-2
Entry Substrate Product Isolated yield (%)
CHg3 CO.H 932
! NCO pla NC/©/ p2a %
CHs CO.H 952
2 ©/ 1b 2b gg‘é
. | x CHs /@/COQH ggz
arNF ple g p2e 95°
. QCHG | - C02H o
Br p-1d Br 7 P

<
o
IS
22
T O
L
Q @
o

81°

CO.H 80°
p-2f

90?2
96°

CO-H
p-2h
CO,H
p-2i

902

COxH

CH COoH
12 S ’ /©/ 90°
+Bu Z p1l gy p-2l

x CHs
14 | P
CH30 3
CHs
s AT
AcHN p-lo AcHN
CHa
16 com
p-1p

HO

pq

3
(@]
I
3

PhO’
CHs

p-1r

s

i-Pr

912

@ CORH
S

p-1n CH.0 p-2n'

@ COzH
Sl

p-20'

complex mixture

complex mixture

2 White fluorescent lamp (13 W) or
b Blue LED (454 nm, 40 W) or
¢ UV LED (385 nm, 10 W)

9Br, (4.2 equiv), 48 h, © Br, (3.1 equiv).
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We estimated that 3 was the reaction intermediate be-
tween 1 and 2 under these reaction conditions. Therefore,
(dibromomethyl)benzene (3b) was treated with H,O in BTF
in an air atmosphere by vigorously stirring for 24 h with or
without irradiation from a 13 W fluorescent lamp (Scheme
4). Benzoic acid (2b) was produced in an almost quantita-
tive yield with photoirradiation. Conversely, 3b did not re-
act and was quantitatively recovered for reactions per-
formed in the dark.

air (open)
hv (13 W fluorescent lamp) ©/CO2H
Br . _E.
BTF:H,O =5:1,r.t,24 h 97%
Br . 2b
air (open)
shading
3b N.R.

BTF:H,O =5:1,rt.,24 h

Scheme 4 Examination of the effect of light energy on the reaction

Third, a solution of 4-chlorotoluene (p-1¢) and bromine
in BTF (without H,0) was irradiated with a 365 nm UV
lamp after freeze substitution with nitrogen. The bromina-
tion was fast at 96% of 4-chloro(dibromomethyl)benzene
(p-3c) after 0.5 h. Nitrogen-substituted H,0 was added to
the mixture, which was then irradiated for 1 h. GC analysis
revealed the presence of 97% of p-3c. The nitrogen balloon
was removed (open air), and irradiation continued. After 1
h, a GC analysis revealed 72% of (p-3c) and 24% of 4-chloro-
benzoyl bromide (p-5c¢). 4-Chlorobenzaldehyde was not de-
tected. The control experiment is shown in Scheme 5.

CH
N N (balloon) CHBrp
+ Bro /©/
cl . BTF (5 mL) o
-1C
0 mr:ol 2.2 mmol 365 nm LED p-3c
: 05h 96% (GC)
N, (balloon)

CHBr,
/©/ removed N, balloon
plus Cl exposed to air
degasded H,0O (1 mL) unreacted P3¢ “ ooz —1en

365 nm LED
365 nm LED 1h 97% (GC)
/(j/CHBr2 /(j/ /©/C02H
p-3c p-5¢
1h 72% (GC) 24% (GC) 1% (GC)
2h 12% (GC) 72% (GC) 10% (GC)

Scheme 5 Stepwise control experiment through the oxidation of tolu-
ene derivatives into carboxylic acids

Furthermore, a separate experiment on the hydrolysis
of benzoyl bromide (5b) was conducted with and without
light. The results indicated that light was not necessary for
the hydrolysis of benzoyl bromide to carboxylic acid
(Scheme 6).

© 2022. Thieme. All rights reserved. Synlett 2022, 33, 1670-1674

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Synlett M. Kirihara et al.

air (open)

(e}
hv (13 W white fluorescent lamp) COH
| = Br or shade

P N
BTF:H,0 = 5:1, r.t.,, 24 h 2b 98% (with hv)
5b 98% (shade)

Scheme 6 Examination of the effect of photoenergy for the hydrolysis
of benzoyl bromide

Based on the above evidence, a plausible mechanism for
the direct oxidation of toluene derivatives with bromine-

water under photoirradiation is depicted in Scheme 7.

. ) ®
Br HB
O SR ~-CBr2 OBz
= (T e
=
R R R/ Rg

g 1 o !
E» @/C\\BI’ o ®/C\Br ~Y o @/ ~
Br = //
=
e e R

Scheme 7 Plausible photooxidation pathway with bromine-water from
toluene derivatives to the carboxylic acids

Table 3 Oxidation of meta-Substituted Toluenes

CHs Br; (2.1 equiv), air (open) CO.H
BTF:H,0 =5:1, hv, rt., 24 h | =
4
R

R
m- m-2

Entry Substrate Product
CO-H
942
m-1a m-2a 97°
- C02H
m-ic ~ m-2c 99°
CO.H
3 UM @
CO.H
CO-H
5
\©/m-1f \©/m-2f 90°
\©/m1
CHgOgC CHs CH30,C COH
a
\©/ -1h \©/m-2h %0
CH3O\©/ 3 CHzO CO,H
-on' a,d
mn m 2n' 90

2 White fluorescent lamp (13 W) or
b Blue LED (454 nm, 40 W) or

¢ UV LED (385 nm, 10 W)

9Br, (4.2 equiv), 48 h.

Isolated yield (%)

1673

Table 4 Oxidation of ortho-Substituted Toluenes

CHj3 Br; (2.1 equiv), air (open) CO,H
©: BTF:H,0 = 5:1, hv, r.t,, 24 h @ 2
=
R R

o-1 0-2
Entry  Substrate Product Isolated yield (%)
]
CHgz
Noulios T
CN o0-2a
o-1a o
@CHs CO,H
L OC -
78
cl al o0-2¢c
o-1c
- CHs N CO2H
3 | | 79°
= E > F o-2e
o-le
CHg CO,H
C O Gl
NO NO.
o-1g 2 2
CHg CO.H
OO O
CO,Et
o1s 2 CO,Et
ch, (B COH
6 o-2n' g0ad
OCHj OCHjz
o-in
(j:CHg
complex mixture
/- CHa plex mixtu
o-1i

@ White fluorescent lamp (13 W) or

b Blue LED (454 nm, 40 W) or

¢ UV LED (385 nm, 10 W)

d Br, (4.2 equiv), 48 h, © Bry (3.1 equiv).

The key step is the radical fission of the C-H bond in the
dibromide by photoactivated molecular oxygen, where it
was successively oxidized into a dibromomethyl cation, fol-
lowed by a dose of H,O to form the acyl bromide. The rate-
determining step of the whole reaction was the hydrolysis
of acyl bromide into carboxylic acid.

This facile procedure for the oxidation of toluene deriva-
tives into benzoic acids using readily available inexpensive
reagents under catalyst-free conditions can be considered a
convenient method for laboratory and industrial applica-
tions.
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