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The direct photochemical cross-esterification of alcohols
via site-selective C-H bromination

The direct photochemical cross-esterification of alcohols
proceeds via the in situ generation of acyl bromides.

The C-H bond of a benzyl alcohol is selectively activated
by a bromo source under light irradiation, enabling the
cross-esterification to afford the functionalized esters.
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We have developed a direct photochemical cross-esterification of
alcohols that proceeds via the in situ generation of acyl bromides.
The C-H bond of a benzyl alcohol is selectively activated by a
bromo source under light irradiation, enabling the cross-
esterification to afford a variety of functionalized esters.

Esters represent an important structural motif found in a wide
variety of bioactive compounds and functional materials. While
conventional esterification reactions typically use carboxylic acids
or aldehydes as substrates,' the direct oxidative esterification of
alcohols has been developed as an alternative method. The
esterification of alcohols typically employs transition-metal cata-
lysts or stoichiometric oxidants (Scheme 1(a)).> Meanwhile, photo-
chemical transformations have gained significant attention in
recent years due to their potential in sustainable energy-
conversion systems, and several methods for the photochemical
esterification of alcohols have been developed. In 2012, Itoh and
co-workers have reported the cross-esterification of benzyl alcohol
with aliphatic alcohols such as methanol as the solvent in the
presence of CBr, under an oxygen atmosphere and irradiation
from a household lamp (Scheme 1(b)).*> More recently, in 2024,
the one-pot, two-step esterification of benzyl alcohol with
alcohols using trichloroisocyanuric acid (TCCA), a stoichiometric
amount of triethylamine, and a catalytic amount of 4-dimethyl-
aminopyridine (DMAP) under blue-light irradiation has been
reported (Scheme 1(c)).*> While these reactions represent use-
ful methods that use alcohols as substrates, there are still
only a few examples of the photochemical esterification of
alcohols. Therefore, the development of more efficient
approaches to photochemical esterification reactions remains
highly desirable.
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The direct photochemical cross-esterification of
alcohols via site-selective C—H bromination
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Recently, we have developed the photochemical esterifica-
tion of aldehydes with alcohols via C-H bromination.® Given
that bromo sources such as bromotrichloromethane (BrCCls)
effectively activate the C-H bonds of aldehydes, we hypothe-
sized that they could also potentially activate the C-H bonds of
benzyl alcohols, thus enabling the application of bromo
sources in cross-esterification reactions. Here, we report the
direct photochemical cross-esterification of alcohols via site-
selective C-H bromination (Scheme 1; This work).
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Scheme 1 Examples of photochemical cross-esterification reactions of
alcohols.
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Table 1 Photochemical esterification of alcohols?

Br source 0

Ph” NOH + "BuOH D
solvent, MS3A rt, 24h  Ph O"Bu
1a 2a @ 3a
[
Entry Br source Light source (nm) Solvent Yield (%)

1 (l) 380 CH;CN 23
2 ] 380 Hexane 30
3 ) 380 Toluene 52
4 (i) 380 DCE 60
5 (i) 380 CH,Cl, 68
6 (ii) 380 CH,Cl, 77
7 (i) 380 CH,Cl, 78
8 (iv) 380 CH,Cl, 86
9 (iv) 405 CH,Cl, 73
10 (iv) 365 CH,Cl, 95
11° (iv) 365 CH,CL, 94
127¢ (iv) 365 CH,Cl, 68
1374 (iv) 365 CH,Cl, 72

14° (iv) — CH,Cl, 0

157 — 365 CH,Cl, 0

Cl. CI OXO ) o)
BrCCly Br
Br o o) Ph Ph

Cl Ci B’ Br Br Br

(i) (i) (iii) (iv)
“ All reactions were carried out with 1a (0.4 mmol), 2a (1.2 mmol), a Br
source (6.0 equiv.) in the specified solvent (4.0 mL) at room temperature
for 24 h under LED irradiation. ” 0.8 mmol of "BuOH were used.
€ 3.0 equiv. of the Br source were used. ¢ Without MS3A.

We initially investigated the optimization of the reaction
conditions for the photochemical esterification of benzyl alco-
hol (1a) with 1-butanol (2a) in the presence of BrCCl; (i)
(Table 1). The reaction proceeded in common solvents such
as CH;CN, hexane, and toluene, giving the desired product (3a)
in low to moderate yield (entries 1-3). Furthermore, haloge-
nated solvents such as 1,2-dichloroethane (DCE) and CH,Cl,
increased the product yield (entries 4 and 5). The esterifica-
tion proceeded smoothly with various Br sources, including
1,2-dibromo-1,1,2,2-tetrachloroethane (ii), 2,2-dibromo-1,3-
diphenyl-1,3-propanedione (iii), and 2,2-dibromo-1,3-diphenyl-
1,3-propane-dione (iv) (entries 6-8). Although a lower-energy
light source (1ex = 405 nm) did not improve the yield of the
product, a higher-energy light source (1ex = 365 nm) signifi-
cantly increased the product yield (95%, entries 9 and 10).
The molar absorption coefficients of Br source (iv) were deter-
mined to be 2.655 x 10° M ' em ™' at 405 nm and 4.783 X
10> M~ ' em ™" at 365 nm shown in SL These results suggest that
irradiation at 365 nm excites the Br source more efficiently,
promoting cleavage of the C-Br bond and thereby improving
the product yield. Reducing the amount of 2a (2.0 equiv.) also
afforded the product in high yield (entry 11). Reducing the
amount of Br source (iv) (3.0 equiv.) afforded the product in a
moderate yield (entry 12). When the reaction was carried out
without MS3A, the product yield decreased to 72% (entry 13).
The control experiments, wherein the Br source (iv) or the light
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source were omitted, did not proceed, and it can therefore be
concluded that these two factors effectively promote the reac-
tion (entries 14 and 15). These results also show that the
reaction affords the corresponding ester without the require-
ment for any additives such as bases, and bypasses the need for
a sequential one-pot, two-step protocol.*

With the optimal conditions in hand, we next investigated
the scope of the alcohols suitable for this reaction (Table 2).
Benzyl alcohols with a variety of halogen substituents afforded the
corresponding products in high yield (3b-3j). Under the applied
reaction conditions, m-conjugated functionalities were also well
tolerated (3k-3m). Aromatic alcohols substituted with either
electron-donating or withdrawing groups also provided the corres-
ponding products efficiently (3n-3p). Heteroaromatic substrate
could be applied to the reaction (3q). The combination of
aliphatic alcohols was not suitable for the reaction (3r). Notably,
the method was applicable for the esterification of multiples sites
in the same molecule, affording multi-substituted esters, which
are found in various functional materials (3s-3u).” As multi-
substituted esters are typically prepared via the Fischer
esterification,® the present mild method starting from alcohols
offers a valuable alternative for the efficient synthesis of these
functional materials. Aliphatic alcohols yielded the desired esters
in moderate to high yield, not only for primary alcohols but also
in more sterically congested secondary alcohols and cyclic alco-
hols (3a and 3v-3ac). Owing to the greater steric hindrance of
secondary alcohols compared with primary alcohols, extending
the reaction time led to a significant increase in product yields (3z,
3aa, 3ac). In contrast, the combination of benzyl alcohols was not
suitable for the reaction (3ad).

To examine the reaction mechanism, a radical scavenger
was employed (Scheme 2(1)). When the reaction was carried out
in the presence of TEMPO, product formation was not
observed. In addition, an acyl radical was trapped by TEMPO
and detected as 4a using mass spectrometry, suggesting that
the reaction may proceed via a radical pathway. Additionally,
when the reaction was conducted in the absence of 2a, the
formation of acyl bromide 5 was confirmed by "H and '* C NMR
spectroscopy (Scheme 2(2)). Therefore, the reaction should
involve the generation of an acyl bromide intermediate via
C-H bromination. When the reaction was carried out using
the aldehyde instead of benzyl alcohol, the desired ester 3j
was obtained in 82% yield, suggesting that the reaction
would proceed through the aldehyde as an intermediate
(Scheme 2(3)).

A feasible reaction mechanism is proposed in Scheme 3.
Homolytic cleavage of the Br source (iv) under light irradiation
(Zex = 365 nm) generates an organic radical (A) and a bromo
radical (B).° Radical A can induce the dissociation of the C-H
bond of benzyl alcohol (1a) to form a benzyl radical (C), which
then reacts with another equivalent of the Br source (iv) to
produce an o-bromo benzyl alcohol (D).'®'! The elimination of
HBr from D produces benzaldehyde (E). Radical A dissociates
the C-H bond of E to form an acyl radical (F), which then reacts
with the Br source (iv) to form acyl bromide 4.">" Finally, 1-
butanol (2a) reacts with 4 to furnish the desired ester (3a).
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Table 2 Scope of the alcohols suitable for this photochemical esterification?

O/\OH " HO-O Br source (iv) ,O

MS3A, CH,Cl,, rt, 24 h

1 2 O'f
0 0 0 0 o cl o
/@)LOHBU /©)J\on8u /©)kon8u /©)kon8u Cl \©)LOHBU O"Bu
F cl Br 1
3b 3c 3d 3e 3f 3g
92% >99% 89% 85% 84% 75%
o
Br O CF; O - 05, 0"Bu o) o
O"Bu s
0"Bu O"Bu OO OO 0"Bu O"Bu
Ph
(e]]
3h 3i 3 3k 3l 3m
84% 99% 89% >99% 89% 62%
o)
o [o) [o) o (o] o
os O"Bu NC
u o O"Bu S 0O"Bu O"Bu "BuO O"Bu
MeO' \ S
OMe
3n 30 3p 3q 3r 3s
50% 53% 69% 18% 0% 62%
o (o] O"Bu
O"Bu [e] [e] o o
n
BuO "BuO 0"Bu Ph)LO"Bu Ph)LO"Pr Ph)LO"Hep Ph)LO"Dec
o o o
3t 3u 3a 3v 3w 3x
51%P 19%" 94% 95% 88% 97%
o)
o) 0 o) o)
s s R e iy S oo
) Ph” O RhEE O RhEEMO
OMe
3y 3z 3aa 3ab 3ac 3ad
53% 62%, (81%)° 57%, (86%)° 58% 54%, (79%)° 0%

“ All reactions were carried out using 1 (0.4 mmol), 2 (0.8 mmol), a Br source (iv) (2.4 rnrnol) and MS3A (100 mg) in CH,Cl, (4.0 mL) at room
temperature under an argon atmosphere and LED irradiation (Aex =365 nm, 18 W) for 24 h. ? The reaction was carried out using 1 (0.4 mmol), 2
(1.6 mmol), a Br source (iv) (2.4 mmol), and MS3A (100 mg) in CH,CI, (4 0 mL) at room temperature under an argon atmosphere and LED
irradiation (/e = 365 nm, 18 W) for 72 h. © The reaction was carried out using 1 (0.4 mmol), 2 (0.8 mmol), a Br source (iv) (2.4 mmol), and MS3A
(100 mg) in CH,Cl, (4.0 mL) at room temperature under an argon atmosphere and LED irradiation (1ex = 365 nm, 18 W) for 48 h.
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Scheme 2 Mechanistic aspects of the photochemical cross-esterification Br
of alcohols. Scheme 3 Proposed reaction mechanism.
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In summary, we have developed a method for the direct
photochemical esterification of alcohols. The reaction affords
the corresponding esters without the requirement for any addi-
tives such as bases, and bypasses the need for a sequential one-
pot, two-step protocol. Various benzyl alcohols bearing electron-
donating or electron-withdrawing substituents, as well as n-
conjugated functionalities, were well tolerated in the reaction.
Notably, this method is applicable to the synthesis of multi-
substituted esters, which are commonly found in functional
materials and are typically prepared via the Fischer esterifica-
tion, which often proceeds under much harsher reaction condi-
tions. The present reaction enables the synthesis of a wide range
of functionalized esters from alcohols, making it a valuable tool
for producing bioactive compounds and functional materials.
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