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Introduction

Vitamin B1 (VB1), also known as thiamine, is one of the eight
water-soluble B vitamins. In the human body, VB1 plays an
essential role in the synthesis of nucleic acids (e.g., DNA), the
conduction of nerve impulses, and the production of energy
from food.* The structure of VB1 contains a thiazole ring and
a pyrimidine ring linked by a methylene bridge (Fig. 1). As an
important subarea of biocatalysis, VB1 and its analogs have
been widely used as non-toxic, low cost, and stable catalysts in
diverse organic transformations® including oxidation,’ cycliza-
tion,* Michael addition, C-X bond coupling,® benzoin conden-
sation,® Knoevenagel condensation,” etc.® Despite this
impressive progress which has been achieved, reports related to
the C-O bond formation by employing this renewably biobased
catalyst are still highly desirable, offering benefits from an
environment point of view.

The esters have been found a myriad of applications in fields
ranging from agrochemistry, pharmacochemistry, and mate-
rials science to organic synthesis, mainly owing to their unique
biological and chemical properties.® The development of effi-
cient strategies towards ester functionality has inspired chem-
ists for more than 100 years, therefore, a variety of well-
established methods are developed. Classical condensation of
carboxylic acids with alcohols is carried out under strongly
acidic conditions in the presence of a large excess of either
substrate.’® In addition, esterification can also be achieved
through the stoichiometric activation of the corresponding
acids (e.g., acid halides, anhydrides, or activated esters)
following nucleophilic substitution with appropriate alcohols.
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A straightforward aerobic oxidative esterification of aryl aldehydes with alcohols has been developed for the
synthesis of substituted esters by employing vitamin Bl as a cost-effective, metal-free, and eco-friendly
NHC catalyst. Air is used as a green terminal oxidant. The reaction is a useful addition to the existing
NHC-catalytic oxidative esterification.

On the other hand, transition metal-catalyzed direct oxidative
functionalization of aldehydes provides a powerful platform for
ester synthesis over the past decades (Scheme 1A). Despite
advances, these transformations commonly suffered from
harsh reaction conditions, the use of costly metal catalysts,
stoichiometric oxidants, and extra additives, which constitute
drawbacks for large-scale applications and late-stage modifica-
tions." Alternatively, N-heterocyclic carbenes (NHCs) derived
from thiazolium ions have the capability to accomplish the
oxidative esterification with the assistance of various oxidants,
such as MnO,,"” nitroarene,”® TEMPO," NFSL" diphenoqui-
none,'® azobenzene,"” phenazine,” CCLCN,” and O,/air
(Scheme 1B).?° From a viewpoint of green chemistry, a metal-
free NHC-catalyzed one-pot esterification of aldehydes under
air has become more sought after. In this regard, most of the
existing methods relied on the preformed NHC catalysts which
required multi-step synthesis. Continuing with our interests in
green chemistry,” herein we introduce the commercially avail-
able VB1 as an efficient catalyst for oxidative esterification
(Scheme 1C). As a result, a cost-effective, metal-free, eco-
friendly, and catalytic route that minimizes hazardous waste
is developed for the synthesis of esters by employing a variety of
aryl aldehydes and alcohols as coupling partners or reaction
solvents. This metal-free approach offers a valuable alternative
when compared to the above-mentioned methods: (i) biocom-
patible VB1 is used as an NHC catalyst; (ii) transition metal and
expensive oxidant are not necessary; (iii) DABCO serves as

SNAN

523

OH

Vitamin B1 (VB1)

© wichael addition

o C-X bond coupling

e Benzoin condensation

e Knoevenagel condensation

Fig.1 Thiamine (VB1) as a versatile catalyst in organic transformations.
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—— A. Metal-catalyzed oxidative esterification ——

R'-CHO + RZ-OH —G@—» R'COOR?

[Pd, Ru, Cu, Fe, Ni, efc.]

—— B. NHC-catalyzed oxidative esterification

NHC
[=A

R'-CHO

+ - R'COOR?

) Oxidants

R*-OH .

MnO,, nitroarene, TEMPO
NFSI, diphenoquinone
azobenzene, phenazine

CCI3CN, Oy/air, etc.

—— C. BV1-catalyzed oxidative esterification

this work

Ar-CHO + R2-OH *@ +air > ArCOOR?

air as the oxidant
30 examples, up to 72% yield
VB1 as a cheap, low-toxic, eco-friendly catalyst

Scheme 1 General routes for the oxidative esterification.

a basic promoter. In particular, aerobic oxidation using dioxy-
gen gas as a green oxidant is attractive.

Results and discussion

We commenced the study by investigating the model reaction of
4-nitrobenzaldehyde (1a) with ethanol (2a) (Table 1). Gratify-
ingly, the reaction proceeded smoothly in the presence of VB1
(20 mol%) as a catalyst and triethylenediamine (DABCO, 2
equiv.) as a base at 40 °C for 6 h under air, leading to the desired
coupled product 3aa in 58% yield (entry 1). In contrast, eroded
efficiency was observed when the amount of VB1 was increased
from 20 mol% to 30 mol% (entry 2), or when the amount of
DABCO was increased from 2 equiv. to 3 equiv. (entry 3). Based
on the control experiments, the necessity of adding catalyst and
base were adequately demonstrated for the present reaction
(entries 4 and 5). Subsequently, variations of various reaction
parameters, including base, reaction temperature, reaction
time, and solvent, were also carried out. It was found that
DABCO was the base of choice, as the same reactions performed
with other bases (including Na,CO3, Et;N, and NaOH) produced
the corresponding product 3aa in low yields (entries 6-8).
Furthermore, evaluation of reaction temperature and reaction
time showed that the isolated yield of product 3aa could be
increased to 65% when the reaction was performed at 80 °C for
12 h (entry 9). Interestingly, a low equivalent of ethanol (1
mmol) in CHCl; did not considerably reduce the yield efficiency
(49% yield, entry 10). Further screening of other solvents (e.g.,
DMSO, toluene, THF, and acetone) revealed that the reaction
performance could be improved in acetone as the solvent (57%
yield, entry 14). Finally, it was found that 63% yield could be
obtained by carrying out the reaction at 60 °C in acetone for 12 h
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Table 1 Optimization of reaction conditions®
CHO Vitamin B1 (x mol%) 0
/©/ + EtOH : basi (y equiv.) /@)\ost
solvent, Temp., air, time
O,N ON

1a 2a 3aa

T
Entry VB1 (x mol%) Base (y equiv.) Solvent (°C) Yield” (%)
1 20 DABCO (2) EtOH 40 58

2 30 DABCO (2) EtOH 40 49

3 20 DABCO (3) EtOH 40 47

4 — DABCO (2) EtOH 40 0

5 20 — EtOH 40 0

6 20 Na,COj; (2) EtOH 40 <10

7 20 Et;N (2) EtOH 40 10

8 20 NaOH (2) EtOH 40 <10

9 20 DABCO (2) EtOH 80  65°

10 20 DABCO (2) CHCl; 40 497

11 20 DABCO (2) DMSO 40 227

12 20 DABCO (2) Toluene 40  Trace?

13 20 DABCO (2) THF 40  Trace?

14 20 DABCO (2) Acetone 40 579

15 20 DABCO (2) Acetone 60 637

16 20 DABCO (2) Acetone 60  61%°

¢ Reaction conditions: 4-nitrobenzaldehyde (1a, 1 mmol), VB1 (0-0.6
mmol), and base (0-3 mmol) in EtOH (2a, 2 mL) at 40-80 °C (oil bath)
under air for 6 h. ” Isolated yield. © 12 h. ? Reaction conditions: 4-
nitrobenzaldehyde (1a, 3 mmol), EtOH (2a, 1 mmol), VB1 (0.2 mmol),
and DABCO (2 mmol) in solvent (2 mL) at 40-60 °C (oil bath) under
air for 12 h. ¢ O, is used as an oxidant.

(entry 15). However, further improvement of the yield of product
3aa and diminishment of the undesired process were failed by
replacing air with pure O, (entry 16).

With this optimized result in hand, we continued to study
the substrate scope of the present esterification by employing
a wide variety of structurally varied alcohols and aryl aldehydes
as starting materials, and the results were summarized in Table
2. The aerobic oxidative esterification of 4-nitrobenzaldehyde
(1a) worked equally well when the reactions were performed in
different alcohols 2 as the solvents at 80 °C for 12-24 h,
furnishing the corresponding esters 3aa-3aj in 18-65% yields.
Interestingly, the chain length of the alkyl alcohols only had
a slight impact on the reaction outcome (3aa-3ae, 52-65%
yields). Notably, a sterically hindered secondary alcohol could
be employed as substrate with equal ease (3ad, 53% yield).
However, 2,2,2-trifluoroethan-1-ol with a strong electron-
withdrawing CF; group obviously reduced the reactivity
presumably because of its low nucleophilicity (3af, 18% yield).
To our delight, alcohols containing functional groups such as Cl
atom (2g), alkene (2h), and alkyne (2i) were compatible with the
mild reaction conditions, providing the anticipated products
3ag-3ai in 44-59% yields. Moreover, aryl aldehydes 1 bearing
various substituents successfully underwent oxidative coupling
with ethanol. In most cases, the cross-coupled products were
produced in moderate yields (3ba-3fa). In addition to 4-nitro-
benzaldehyde, aryl aldehydes possessing F, CN, I, and Br in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of various alcohols and aryl aldehydes®
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Table 3 Substrate scope of various alcohols 2 ¢

Vitamin B1 (20 mol%) o
CHO DABCO (2 equiv.)
+ ROH —————=1 = - OR
80 °C, air, 12-24 h
1 2 3
o o o

J@J\O/\
O,N

3aa, 12 h, 65%

/©)ko/
O,N

3ab, 24 h, 63%
o

o J\
n
O)(o O)ko, >
O,N O2N

3ad, 24 h, 53%
o o

[o}
Pz
4
/@)( o/\/\ cl /©)(0/\/\ /@)( O/\/
O,N O,N O,N

3ag, 24 h, 59% 3ah, 24 h, 45% 3ai, 24 h, 44%
o o o

O;N O)(o/\ o /@)( o
O,N NC

F
3ba, 24 h, 50% 3ca, 24 h, 47% 3da, 24 h, 40%

[o] [o]

/©)ko/\ /©)ko/\
I Br

3ea, 24 h, 33% 3fa, 24 h, 25%

3ac, 24 h, 52%

o
/©)(0/\CF3
O;N

3ae, 24 h, 59% 3af, 24 h, 18%

unsuccessful examples
o o F o
o | A o0 N SN o~
MeO N Z
1i, 48 h, trace

1h, 48 h, trace

NO, O
A N

| (o) @AO/\
_N

1j, 48 h, trace 1Kk, 48 h, complex

“ Reaction conditions: aryl aldehyde 1 (1.0 mmol), VB1 (0.2 mmol), and
DABCO (2.0 mmol) in alcohol 2 (2.0 mL) at 80 °C (oil bath) for 12-24 h
under air; isolated yields.

benzene ring were also proven to be appropriate substrates for
the reaction (3ca-3fa). Unfortunately, further examination
revealed that 4-methoxybenzaldehyde (1g) and heterocyclic
aldehydes 1h-1j were reluctant to participate in the titled
transformation. The failures could be attributed to the elec-
tronic effect. However, the reaction of 2-nitrobenzaldehyde (1k)
with alcohol also failed to give the desired product, mainly
owing to the negative effect of steric hindrance.

Encouraged by the above results, the generality of the
substrate scope was further evaluated by applying different
alcohols in acetone. As summarized in Table 3, benzyl alcohols
2 possessing either electron-donating group (e.g., Me, Me) or
electron-withdrawing group (e.g., F, Cl, Br, and I) smoothly
underwent the present organic transformations to give the
desired esters 3ak-3ar in moderate to good yields. Notably,
halogen functionality was satisfactorily compatible with the
mild reaction conditions, which could be allowed for further

© 2021 The Author(s). Published by the Royal Society of Chemistry

Vitamin B1 (20 mol%) o
DABCO (2 equiv.)

acetone, 60 °C, air, 24 h

CHO
+ ROH

o
N
z
d

Ar= 4-N°2CsH4

oI

o] (o]
Ar)LO/\© Ar)LO/\©\ Ar)Lo/\CEOMQ
OMe OMe
3aj, 60% 3ak, 65% 3al, 71%
(o] OMe o o
Ar)J\O/\@ Ar)J\o/\©\ Ar)J\O/\©\
F
3am, 72% 3an, 62% 3ao, 65%
(o] o (o] |
Ar)J\o/\@ Ar)J\O/\©\ Ar)J\O/\©
Cl Br
3ap, 64% 3aq, 55% 3ar, 52%
[o] (o] (o]
Ar)J\O/\ES) Ar)J\O \ 0/ Ar)J\O/\EQ
NH
3as, 64% 3at, 63% 3au, trace
o o OMe o O
A’)LO | NS Ar)‘ko/\/©/ Ar)LO O
=
3av, 69% 3aw, 66% 3ax, 58%
o
Ar)J\o/\O Ar)J\O/\/\Ph
3ay, 46% 3az, 62%

other unsuccessful examples

o)
HO

2a', 0% 2b', 0%

“ Reaction conditions: 4-nitrobenzaldehyde (1a, 3.0 mmol), alcohol 2
(1.0 mmol), VB1 (0.2 mmol), and DABCO (2.0 mmol) in acetone (2.0
mL) at 60 °C (oil bath) for 24 h under air; isolated yields.

divergent late-stage modifications (3ao-3ar). Similarly,
thiophen-2-ylmethanol (2s), furan-2-ylmethanol (2t), and
pyridin-2-ylmethanol (2v) were proven to be good candidates,
affording the anticipated products 3as, 3at, and 3av in 63-69%
yields. However, other heterocyclic substrate such as (1H-indol-
3-yl)methanol (2u) could not participate into the reactions with
4-nitrobenzaldehyde (1a). In addition, we were able to accom-
plish the conversion of alkyl alcohols such as 2-(4-
methoxyphenyl)ethan-1-ol (3aw), 2-(naphthalen-1-yl)ethan-1-ol
(3ax), and cyclohexylmethanol (3ay) to the coupled products
3aw-3ay in 46-66% yields. Remarkably, (E)-3-phenylprop-2-en-

RSC Adv, 2021, 11, 30937-30942 | 30939
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A. Scale-up synthesis of product 3aa

cHO VitDa'rAnEi’ré 31 2(20 mol%) o
EtOH, 60 °C, air, 24 h
N . , air,
0, O,N
1a (10 mmol) 3aa, 61%
B. Without O,
Vitamin B1 (20 mol%) o
CHO
DABCO (2 equiv.
/©/ COO( equiv.) OFt
O,N EtOH, 60 °C, N, 24 h

O,N
1a 3aa, trace

C. Radical trapping experimen

TEMPO (1.0 equiv.)
O,N
1a

Vitamin B1 (20 mol%) o
Scheme 2 Scale-up synthesis of product 3aa and control experiment.

DABCO (2 equiv.)
EtOH, 80 °C, air, 24 h

OEt

O,N
3aa, 42%

1-ol can be easily converted into 3az in 62% yield. During the
course of our studies, other types of nucleophiles including
phenol 2a’ and amine 2b’ failed to react under the optimized
reaction conditions.

Subsequently, a scale-up reaction was also applied to the
model reaction (Scheme 2A). It was found that 10 mmol scale
reaction worked with equally high efficiency under the well-
established reaction conditions to produce the desired
product 3aa in 61% yield. Additionally, when the reaction of 4-
nitrobenzaldehyde and ethanol was performed under N,
atmosphere, the formation of product 3aa was almost
completely inhibited (Scheme 2B). This result suggests that the
presence of O, is important for the intermolecular oxidative
coupling reaction.?” Furthermore, a radical trapping experiment
by using 2,2,6,6-tetramethylpiperidinooxy (TEMPO, 1.0 equiv.)
as a radical inhibitor provided clear evidence that the reaction
might not proceed in a radical manner (Scheme 2C).

Based on the control experiment and a literature survey,**°
a proposed mechanism is depicted in Scheme 3. Initially,
deprotonation of VB1 under the basic condition gives rise to
carbene catalyst A. Subsequently, the resulting species reacts
with aryl aldehyde to produce the Breslow intermediate B,

ArCHO

Ar OH
1 7/' /LL{\NI

NH, -2
+ “L{\ N )\J{ﬂ
N7 > N;\S base - N/\s g
)\\ | Cl |__ (- HCl) )Q( Breslow
N o intermediate |[O]
A
VitaminB1  OH Ar__o
X
N
- _N/
Ar” "OR ol
3 ROH &
2 Cc

Scheme 3 Proposed mechanism.
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which in the presence of air can be further oxidized to acyl
azolium intermediate C. Next, an intermolecular nucleophilic
attack from the alcoholic OH occurred to give the desired
product and regenerate the NHC catalyst.

Conclusions

In summary, we have developed a vitamin B1-catalyzed aerobic
oxidative esterification of aryl aldehydes with alcohols,
providing easy access to synthetically important ester deriva-
tives in moderate yields. The reaction proceeds in the air
without an external oxidant. Moreover, commercially available
VB1 was used as a cost-effective, metal-free, eco-friendly, and
green catalyst, complementing the previously reported NHC-
catalytic methods for the esterification.

Experimental

General procedure of vitamin B1-catalyzed aerobic oxidative
esterification for the synthesis of products 3

Method 1. A solution of aldehyde (1 mmol), vitamin B1
(60.2 mg, 0.2 mmol), and triethylenediamine (DABCO,
224.3 mg, 2 mmol) in alcohol (2 mL) was stirred at 80 °C under
air for 12-24 h. The reaction was then quenched by saturated
NH,CI solution (20 mL) and extracted with EtOAc (20 mL x 3).
The organic layer was washed with saturated brine twice, dried
over MgSO,, filtered, and concentrated under reduced pressure.
The crude product was purified by flash column chromatog-
raphy (300-400 mesh) using petroleum ether/ethyl acetate (100/
1-2/1) as eluent to afford the pure products 3.

Method 2. A solution of 4-nitrobenzaldehyde (453.4 mg, 3
mmol), alcohol (1 mmol), vitamin B1 (60.2 mg, 0.2 mmol), and
triethylenediamine (DABCO, 224.3 mg, 2 mmol) in acetone (2
mL) was stirred at 60 °C under air for 24 h. The reaction was
then quenched by saturated NH,Cl solution (20 mL) and
extracted with EtOAc (20 mL x 3). The organic layer was washed
with saturated brine twice, dried over MgSO,, filtered, and
concentrated under reduced pressure. The crude product was
purified by flash column chromatography (300-400 mesh) using
petroleum ether/ethyl acetate (100/1-2/1) as eluent to afford the
pure products 3.

General procedure for the scale-up synthesis of pyridine 3aa

A solution of 4-nitrobenzaldehyde (1.51 g, 10 mmol), vitamin B1
(601.6 mg, 2 mmol), and triethylenediamine (DABCO, 2.24 g, 20
mmol) in EtOH (20 mL) was stirred at 80 °C under air for 24 h.
The reaction solvent was removed under reduced pressure, then
the reaction mixture was quenched by saturated NH,ClI solution
(20 mL) and extracted with EtOAc (20 mL x 3). The organic layer
was washed with saturated brine twice, dried over MgSOy,
filtered, and concentrated under reduced pressure. The crude
product was purified by flash column chromatography (300-400
mesh) using petroleum ether/ethyl acetate (100/1-2/1) as eluent
to afford the pure products 3aa (1.19 g, 61% yield).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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