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Nano-Gold Catalyzed Transesterification of (Hetero)aryl Esters with
Alkyl Halides via C—O Activation
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Abstract Nano-gold catalyzed transesterification of the (hetero)aryl ester with alkyl halides via C—O activation has been
developed. In a series of supported AuNPs and PdNPs, the Au/y-Al,O5 catalyst with an AuNP mean diameter of 3.63 nm and 3
wt% Au loading exhibited the best catalytic performance. The catalyst can be reused and shows high activity after five cycles.
The X-ray photoelectron spectroscopy (XPS) analysis of the catalyst before and after the reaction suggested that the reaction
might be performed via a catalytic cycle that began with Au’.
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1 Introduction

Gold can be deposited as nanoparticles (NPs) with di-
ameters of 2~5 nm and clusters with diameters less than 2
nm on a variety of materials such as oxides, carbides, and
sulfides of transition metals, carbons, and organic poly-
mers."! Gold catalysts have been shown to catalyze many
types of reactions, including oxidation, hydrogenation, the
water-gas shift, coupling reactions, efc.!”! Catalysis by
nano-gold in the presence of liquid-phase reactants had not
been investigated as intensively as that in the presence of
gas-phase reactants. However, in the preceding decade,
nano-gold catalysts have been fruitfully introduced in the
liquid phase reactions because that gold exhibits unique
and excellent product selectivity different from those of
palladium and platinum.””! Supported AuNPs are consid-
ered as one of the most active and general catalysts for
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liquid-phase oxidation of alcohols,™ aldehydes,” amines®

and hydrocarbons!”! with high product selectivity (Scheme
la). These oxidation reactions have received significant
attention, and rightfully so since these reactions satisfy
most of the demands for a modern, sustainable, and
“green” reaction.”)

Recently, aryl esters have gained significant interest as
new aryl-coupling partners in biaryl synthesis since aryl
esters are inexpensive and readily available both syntheti-
cally and commercially."”) It has been reported that some
Ni and Pd catalysts can oxidatively add to robust aryl es-
ters, generating an acyl-metal intermediate.!'” But gold
catalyzed C—O activation of aryl ester is a challenging
and underdeveloped transformation. Our previous work
has confirmed that aryl esters can generate an activated
acyl intermediate I via C,.,—O activation and perform an
amidation reaction with tertiary amines to form amides
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under AuNPs catalyzed conditions (Scheme 1b).'""! We
consider that under the right catalytic circumstances its
acyl part can be taken on to further chemical transfor-
mations with other nucleophilic or electrophilic reagents.
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Scheme 1 AuNPs catalyzed oxidative esterification and C—O
activation of Aryl esters

Here, we report that the first example of AuNPs cata-
lyzed transesterification of aryl ester with alkyl halides via
C—O activation. In a series of supported AuNPs and
PdNPs, the Au/y-Al,O; catalyst with an AuNP mean diam-
eter of 3.63 nm and 3 wt% Au loading exhibited the best
catalytic performance and it could be used five times
without significant loss in catalytic activity. The XPS
analysis of the catalyst before and after the reaction sug-
gested that the reaction might be performed via a catalytic
cycle that began with Au’.

2 Results and discussion

To have a good knowledge of the information for the
catalyst, the fresh and used (recovered after 5 cycles)
AuNPs on y-Al,O5 catalysts were studied by X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD), and
transmission electron microscopy (TEM) and so on. The
XPS analysis of the fresh and used catalysts was showed
that AuNPs on the support exists in the metallic state be-
fore and after reaction, which was confirmed by XPS sig-
nal appeared energies for 83.36 eV of Au 4" and 87.03
eV of Au 4f"? over fresh catalyst and 83.52 eV of Au 4f*?
and 87.18 eV of Au 4f"? over used catalyst (Figure 1). It is
shown that Au’ as the active center completes the catalyst
cycle.

Generally, the catalytic properties of Au strongly depend
on the particle size, which can be controlled by the prepa-
ration method and the catalyst support.!"! The transmission
electron microscope (TEM) analysis of the fresh and the
used (after 5 cycles) catalysts was represented in Figure 2.
The AuNPs are distributed evenly on the y-Al,O5 surface,
and the mean diameters of the AuNPs are 3.86 nm of fresh
catalyst and 5.02 nm of used catalyst, respectively. The
used catalyst had a slightly larger Au particle size, but
AuNPs still distributed evenly on the y-Al,O5 surface.

X-ray diffraction (XRD) patterns of fresh and used (after
5 cycles) Au/y-Al,O; catalysts are shown in Figure 3, the
peaks around 26 38.18°, 44.41°, 64.64° and 77.64° are
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Figure 1 XPS analysis of fresh and used 3 wt% Au/AlL,O; cata-
lyst

observed and assigned to the characteristic peaks of the
(111), (200), (220) and (311) planes of the AuNPs in the
samples, respectively.!'’! More evident peaks from gold
crystals were observed in the used catalyst than fresh cata-
lyst because that the reflection peaks strengthen as the siz-
es of the AuNPs increase.

The Brauner-Emmet-Teller (BET) specific surface areas
of the samples were derived from N, physical sorption data
of the samples using the BET method, which are similar to
that of the y-Al,O; support (Table 1). The y-AL,O3 support
has a large specific surface area, and loading a small
amount of the AuNPs, ca. 3 wt% as shown below, does not
cause significant change in the specific surface area of
samples. The amounts of Au loading in the samples were
determined by atomic absorption spectrophotometer
(AAS), and the Au content of the fresh catalyst is approx-
imately 3 wt%. We did note a slight decrease in the Au
content after being cycled 5 times (2.79%, Table 1).

Table 1 Characterization results of BET, AAS of catalysis

Sample Sper/(m’+g ") Au loading/wt%
y-A1203 1 0 1 -
3 wt% Au/y-Al,O3 (fresh) 109 3.02
3 wt% Au/y-Al,O3 (used) 103 2.79

© 2019 Chinese Chemical Society & SIOC, CAS

Our initial attempt was executed toward C—O activa-
tion reaction of pyridin-2-yl 4-methylbenzoate (1a) using
1-bromobutane (2a) as both the alkyl-donor and solvent, 3
wt% Au/y-Al,O;3 as catalyst in the presence of different
bases such as KsPO,4, Na,COs, KO'Bu and K,COs (Table 2,
Entries 1~4). To our delight, the combination of the 3
wt% Au/y-Al,O3 and K,CO; give the best performance.
After 24 h of refluxing, the desired transesterification
product n-butyl 4-methylbezoate (3aa) was isolated in 99%
yield. Moreover, the catalytic performance of AuNPs was
superior to that of PANPs in the model reaction (Entry 5).
Other AuNPs on different supports including a-Al,Os3,
TiO,, ZrO, and ZnO were also evaluated (Entries 6~9).
These catalysts exhibited much lower catalytic activity
compared with Au/y-Al,Os3. The higher activity of AuNPs
on y-Al,O; was that y-Al,0O3 had a large surface area and

http://sioc-journal.cn/ 735
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Figure 2 (a, b) TEM images of fresh 3 wt% Au/y-AL,O; and used (after 5 cycles) 3 wt% Au/y-Al,O;, respectively; (c, d) AuNP size dis-

tribution of fresh and used catalysts, respectively.
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Figure 3 X-ray diffraction (XRD) patterns of fresh 3 wt%
Au/y-Al,0O;, used (after 5 cycles) 3 wt% Au/y-Al,O; and y-Al,O3

open porosity which could enable a high dispersion of the
AuNPs catalyst.'* Moreover, we also examined the effect
of different Au loadings on the reaction, and 3 wt%
Au/y-AlL,O; was the most effective catalyst (Entries 10,
11). Both a decrease and increase in the reaction tempera-
ture reduced the yields of 3aa (Entries 12~14). It was
noteworthy that the product ester was isolated about 20%
yield in the absence of gold under otherwise identical con-
ditions (Entries 15, 16). So the possibility of K,COj; inde-
pendent catalyzing the reaction could not be rule out.!"
Furthermore, no desired ester 3aa was obtained without
any base (Entry 17).

After optimizing the catalyst system, we tested the
736
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Table 2 Optimization of reaction conditions”

O =

/©)J\O \N | Cat., base /©)oko /”Bu
+ "BuBr 100 °C, 24 h
3aa

Entry Catalyst Base Temp./C  Yield/%
1 3 wt% Au/y-ALO; K;PO, 100 62
2 3 wt% Au/y-Al,O; Na,CO; 100 20
3 3 wt% Au/y-Al,0; KO'Bu 100 40
4 3 wt% Au/y-AlLO; K,COs 100 99
5 3 wt% Pd/y-AL,O3  K,COs 100 78
6 3 wt% Auw/a-AlL,O3 K,COs 100 70
7 3 wt% Aw/TiO, K,COs 100 31
8 3 wt% Auw/ZrO, K,COs 100 40
9 3 wt% Au/ZnO K,COs 100 60
10 1 wt% Au/y-AL,O; K,COs 100 60
11 5 wt% Au/y-AlLO; K,COs 100 41
12 3 wt% Au/y-AlLO; K,COs 60 Trace
13 3 wt% Au/y-AlLO; K,COs 80 52
14 3 wt% Au/y-AlLO; K,COs 120 70
15 — K,COs 100 19
16 7-ALO; K,COs 100 20
17 3 wt% Au/y-ALO; — 100 NP

“ Reaction conditions: 1a (0.10 mmol), catalyst (1 wt%, 75 mg; 3wt%, 25 mg;
5 wt%, 15 mg), 1-bromobutane 2a (2.00 mL), K,CO; (1.5 euqiv.), 100 C, 24
h.

Chin. J. Org. Chem. 2019, 39, 734~746
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Table 3 Scope of pyridyl esters”

(0] = 3 wt% Au/y-AlL,O 0]
| NRy— ? 7S By
X + "Bu—Br %
R 07N K,CO3, 100 °C, 24 h R™ 0
1 2a 3
0 0o o
shaslise ol canallae e
F of o
3ba 86% 3ca 68% 3da 66% 3ea 67%
o) o 0 0
e el cAan Casaiicane
| NC O,N
[
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o o) o) 0
OZN\©)J\O/\/\ H?’C\©)LO/\/\ dj\o/\/\ \/\/@)ko/\/\
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0 0
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O
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SN

3ra 76% 3sa 70%
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LB I
N
R e
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(0]
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“Reaction conditions: 1 (0.10 mmol), 3 wt% Auw/y-ALO; (25 mg), 2a (2.00 mL), K,CO; (1.5 euqiv.), 100 C, 24 h.

generality of the reaction with regard to various pyri-
din-2-yl esters (Table 3). It was found that both elec-
tron-rich and electron-poor pyridin-2-yl benzoates can be
successfully converted across a range of functional groups
(including alkyl, fluoro, chloro, iodo, nitro, cynao). Im-
portantly, ortho- and meta-substitution can be tolerated in
the transformation (3fa, 3ga, 3ja, 3ka, 3la) and apparent
steric effect was not detected. In addition to the benzoates,
naphthoate  (3pa), thiophene-2-carboxylate  (3qa),
1H-indole-2-car- boxylate (3ra) and cinnamate (3sa) per-
formed the transesterification reaction smoothly give the
corresponding product in moderate yields. But the experi-
ment results showed that saturated aliphatic acid ester,
pyridin-2-yl 3-phenylpeopanoate (1t), could not perform
the transesterification reaction.

A variety of alkyl halides, including bromoalkanes,
chloroalkanes and iodoalkanes, were subjected to the op-
timized conditions. As shown in Table 4, the desired
products 3ab~3am were obtained in moderate to good
yields. The methodology was successful in converting
various alkyl halides with short-chain, long-chain or cy-
cloalkyl with various haloalkane to the corresponding
products, in which n-octyl bromide (2e) showed the best

Chin. J. Org. Chem. 2019, 39, 734~746
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activity affording n-octyl 4-methylbenzoate (3ae) in 90%
yield (Entries 1~5). Compared with bromoalkanes, the
chloroalkanes and iodoalkanes showed lower activity for
this transesterification reaction (Entries 6~12). Addition-
ally, by the comparisons between 1-chlorobutane (2g) and
1-chloro-2-methylpropane (2h), 1-idopropane (2k) and
2-iodopropane (2m), as will be readily to seen that the ef-
fect of steric hindrance on the reaction is seldom. Interest-
ingly, epoxide bond was also tolerated in the new trans-
esterification reaction, so it may be applicable for epox-
ide-containing drug synthesis (Entry 8). Aromatic haloal-
kane (2j) as well as aliphatic haloalkane reaction efficient-
ly with (1a) to afford the homologous product in moderate
yield (Entry 9). The dihalides, including 1,2-dichloro-
ethane (DCE), 1,3-dichloropropane and 1,4-dichlorobut-
ane, showed the better activity and mono-selectivity and
afford the chloro-esters (Entries 13~15). The mono-selec-
tivity is possibly because the far excessive amount of
dihalide was used in the reaction. Moreover, it was found
that the reaction site of bromine is much more active than
the reaction site of chlorine through the reaction of pyri-
din-2-yl 4-methylbenzoate (1a) and 1-bromo-4-chlorobut-
ane (2q) (Entry 16).

http://sioc-journal.cn/ 737
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Table 4 Catalytic coupling of 2-pyridyl-4-methyl benzoate”

S R
o SN 3 Wt% Auly-Al,O, o~
+ R c0, 100°C, 24 h X=ClBr,1
HsC 1a 2 2LUs, ) HsC 3
Entry Haloalkane Product Yield/%
(0]
/\Br /©)k0/\
1 89
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3ab
o}
~p o
2 66
2c HsC
3ac
(0]
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gk
Entry Haloalkane Product Yield/%
O J\
)\ ©
12 I 36
HsC
2m
3am
(0]
cl ~_Cl
" o
13 45
2n
3an
(0]
14 65
20 ch
3ao
e}
Cho~© o>
15 96
2p HiC
3ap
/\/\/CI
16 Br 3ap 71
2q

“Reaction conditions: 1a (0.10 mmol), 3 wt% Au/p-ALOj; (25 mg), 2 (2.00 mL), K,CO; (1.5 euqiv.), 100 ‘C, 24 h.

To investigate the role of the pyridyl group and whether
it works only as good leaving group!'® or also functions as
a directing group, control experiments were carried out.
Compared with pyridin-2-yl 2-methylbenzoate (11), pyri-
din-3-yl 2-methylbenzoate (1a') and pyridin-4-yl 2-methyl-
benzoate (1b') which are nearly equal in electronic nature
as a leaving group but extremely different in coordination
ability of the nitrogen atom were chosen to react with
1-bromobutane 2a (Table 5, Entries 1, 2). Under the same
reaction, desired product 3la was isolated in yields of 53%
and 41%, respectively. These results indicated that without
the chelating effect of the nitrogen with AuNPs the yield
decreased apparently. What is more exciting is that, cata-
lyzed by AuNPs, various perfluorophenyl esters 1c¢'~1g'
performed the transesterification reaction with 2a to give
the desired esters in excellent yields (Entries 3~7). But
perfluorophenyl 3-phenylpropanoate (1h') as well as 1t
could not perform the transesterification reaction (Entry 8).
These examples further confirmed that the acyl fragment
of the aryl ester strongly influenced the reaction outcome
and saturated aliphatic acid esters are not suitable for
Cacey—O bond activation. Various aryl picolinates 1i'~1o'
were also tested, and the results demonstrated that the
electron effect of substitution groups on the (O—Ar) part
of picolinates showed less of an effect on the yields (En-
tries 9~14). Interestingly, when 4-acetylphenyl piconlin-
ate (In') was used as substrate, along with desired ester
66% yield of byproduct 1-(4-butoxyphenyl)ethane-1-one

Chin. J. Org. Chem. 2019, 39, 734~746
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(4n'a) was isolated. This result confirmed the hypothesis
that catalyzed by AuNPs, aryl esters 1 generate an activat-
ed acyl intermediate I via C,,—O activation and the
alkoxyl part also coupled with alkyl group of 2. Further,
using quinolin-6-yl piconlinate (10') as heteroaromatic
ester resulted in desired product in moderate yield (Entry
15). It is noted that ethyl piconlinate (1p') could not per-
form the reaction (Entry 16). This was also the case in our
earlier studies.!""

We also examined the possibility of recycling AuNPs
catalyst in the reaction of pyridin-2-yl 4-methylbenzoate
(1a) with 1-bromobutane (2a). As shown in Figure 4, the
catalyst can be reused for five cycles with only 14% de-
cline of activity after the 5th recycle. The decreased cata-
lytic activity of the AuNPs may result from the slight

100

80

60

40

20

0
1 2 3 4 5

Cycle

Yield/%

Figure 4 Recyclability of catalyst
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Table 5 Scope of other aryl esters
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Entry Ester Product Yield/%
10 A 3f'a 62
| o
N 1j
11 | N o 3f'a 65
_N 1K
. Oy
12 X 3f'a 72
| O
N ar
O
13 | N © cl 3fa 61
N Cl
im’
(o] 3i a 5 42
+
14 O /@)\CH;:, /@)\CHa
N O
N . "0 66
> 1n 4n'a
15 | X o & 3fa 70
N 10'
O
16 ™ o — NP
N 1p'
“Reaction conditions: 1 (0.10 mmol), 3 wt% Au/p-ALO5 (25 mg), 2a (2.00 mL), K,COs (1.5 eugiv.), 100 °C, 24 h.
increase in the average size of the particles and slight de- o]
crease in the Au content recovered after the 5th cycle. OH K,CO
. . . . AN 2V M3
Further investigations on the mechanism were per- + Br 00 240 no product
formed. One could imagine that the ester 1 is first decom- HsC '
posed to the corresponding carbroxylic acid, which then o = 3 Wt% Au/jAlLO,
performed nucleophilic substitution with alkyl halide under ~ | BN K,CO;4
. . r e ———
the presence of base. However, no sign of ester formation 0" N+ 100 °C, 24 h
was observed when the reaction was carried out with HsC 80,
(0]

4-methylbenzoic acid in the presence of K,CO; (Scheme
2). Furthermore, 4-methylbenzoic acid was not detected in
the GCMS data of model reaction solution after the end of
the reaction (see Supporting Information). And the GC
data showed that along with desired product 3aa, a rela-
tively few 2-butoxypyridine was obtained. Not only that,
along with desired ester, a similar amount of ether was
detected in the GCMS spectra of reaction solution of 1d'
with 2a (see Supporting Information). These results indi-

Chin. J. Org. Chem. 2019, 39, 734~746
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ﬁ1eom
HC

Scheme 2 Investigation into the reaction mechanism

cated that alkoxyl group of aryl ester 1 eliminated to ether
in this reaction. Therefore, we infer that the transesterifica-
tion does not proceed via a carboxylic acid but via inter-
mediate I. Aim to confirm if the participation of molecular

http://sioc-journal.cn/ 741
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oxygen in this transformation, isotope labeling experiment
was performed. The experiment results ruled out the possi-
bility of oxygen gas participation.

On the basis of the experiments and previously reported
literature, the possible mechanism and intermediates I~TV
in the transesterification pathway are postulated as follows
(Scheme 3). Initially, Au” undergo an oxidative addition
with the C,¢;;—O bond in aryl ester 1, generating interme-
diate I. On the other hand, alkyl halides 2 undergo an oxi-
dative addition with Au’to generate intermediate II. Sub-
sequently, the intermediates I and II performed transmeta-
lation to generate intermediates III and IV. The reductive
elimination of III results in acyl halide, with regenerating
Au’. The acyl halide performed esterification reaction with
alcohol, which was formed by basic hydrolysis of alkyl
halides 2, generating the desired ester 3. The reductive
elimination of IV results in ether, with regenerating Au’.

(0]
H,0
N
-
~>"oH X
K,CO3
HsC o)
X (0]
Au

Scheme 3 Proposed preliminary mechanism

3 Conclusion

In this work, we expand the scope of gold nanoparticles
as catalysts for C—O activation by showing that they are
general catalysts to perform the transesterification of aryl

742 http://sioc-journal.cn/
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esters with alkyl halides. By using AuNPs as a catalyst,
under air atmosphere, various (hetero)aryl esters, including
pyridinyl esters, phenyl esters and quinolin-6-yl esters,
could undergo transesterification with various bromoal-
kanes, chloroalkanes and iodoalkanes to furnish versatile
alkyl esters 3 in up to 99% yield. The XPS analysis of the
catalyst before and after the reaction suggested that Au’ as
the active center completes the catalyst cycle. Additionally,
the nano-gold catalysis can be reused for five cycles with
only 14% decline of activity after the 5th recycle. There-
fore, nano-gold catalysis can play a significant role in the
development of green chemistry and green technology. It
offers new opportunities in developing sustainable chemi-
cal industry.

4 Experimental section

4.1 Catalyst preparation

The AuNPs on y-Al,0O; and other supports were pre-
pared by an impregnation-reduction method."'”’ For exam-
ple, 3 wt% Au/AlL,O; catalyst was prepared by the follow-
ing procedure: 0.97 g of y-Al,O3; powder was dispersed
into 100 mL of deionized water, followed by adding 16.8
mL of 0.01 mol/L HAuCl, aqueous solution while mag-
netically stirring. One milliliter of 0.03 mol/L L-lysine was
added with vigorous stirring. Then 0.1 mol/L NaOH aque-
ous solution was added into the mixture to adjust pH to 7.
To this suspension, 4.5 mL of 0.35 mol/L NaBH, solution
was added dropwise in 10 min. The mixture was aged for
24 h. The solid was separated, washed with water (4 times)
and ethanol (once), and dried at 80 ‘C. The dried solid was
used directly as the catalyst.

4.2 Catalyst characterization

The transmission electron microscope (TEM) images
were recorded on a JEM-2100 transmission electron mi-
croscope employing an accelerating voltage of 200 kV. The
samples were suspended in ethanol and dried on holey
carbon-coated Cu grids. The X-ray photoelectron spec-
troscopy (XPS) was recorded on a Kratos Amicus of Brit-
ish equipped with taper anode Mg Ko radiation. The Cls
hydrocarbon peak at 284.60 ¢V was used as an internal
standard for the correction of binding energies. The X-ray
diffraction (XRD) patterns of all samples were tested on a
Rigaku Ultimal IV X-ray diffractometer using Cu Ko radi-
ation (A=1.5406 A) from 20=10° to 80°, at a scan rate of
8 (°)»min"', with the beam voltage and beam current of 40
kV and 40 mA, respectively. The specific surface areas of
all samples were obtained on an ASAP-2020 accelerated
surface area and porosity analyzer of American Mi-
cromeritics Company, resulted from the nitrogen sorption
data of the samples using the Brunauer-Emmett-Teller
(BET) model in a relative pressure (p/po) range between
0.06 and 0.30. The Pd content was determined by the
Z-8000-type polarized Zeeman atomic absorption spectro-
photometer (AAS) of Hitachi company. The Au sensitive
wavelength is 242.8 nm. GC-MS analysis was detected on
a Thermo DSQ-II with a DB-5 column. Thin layer chro-
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matography (TLC) was performed on pre-coated silica gel
GF254 plates. The '"H NMR and “C NMR spectra were
measured on a 600 MHz Bruker Avance III nuclear mag-
netic resonance spectrometer, using CDCI; as the solvent
with tetramethylsilane (TMS) as the internal standard. The
structures of known compounds were further corroborated
by comparing their 'H NMR and >C NMR data with those
of literature. The reaction was conducted in a 35 mL ov-
en-dried reaction tube.

4.3 Activity test

The reaction was conducted in 25 mL over-dried reac-
tion tube. The transetserification between pyridin-2-yl
4-methylbenzoate (1a) and 1-bromobutane (2a) was used
as the model reaction. In a typical reaction catalyst (25mg),
pyridin-2-yl 4-methylbenzoate (21.3 mg, 0.10 mmol) and
1-bromobutane (2 mL), K,CO; (20.7 mg, 0.15 mmol) were
added into the reaction tube. The resulting solution was
stirred at 100 ‘C for 24 h in the magnetic heating agitator
with a parallel reaction porous heating module. All prod-
ucts were confirmed by comparison with the previously
reported '"H NMR and "°C NMR data.

n-Butyl 4-methylbenzoate (3aa):'"® Yield 99% (19.0
mg); 'H NMR (600 MHz, CDCl;) 0: 7.95 (d, J=8.2 Hz,
2H), 7.31~7.23 (m, 2H), 4.33 (t, J=6.6 Hz, 2H), 2.43 (s,
3H), 1.83~1.71 (m, 2H), 1.57~1.45 (m, 2H), 1.00 (t, J=
7.4 Hz, 3H); >C NMR (126 MHz, CDCI3) ¢: 166.8, 143 4,
129.6, 129.0, 127.8, 64.7, 30.8, 21.7, 19.3, 13.8.

n-Butyl benzoate (3ba):'"® Yield 86% (15.3 mg); 'H
NMR (600 MHz, CDCly) ¢: 8.05 (d, J=7.7 Hz, 2H),
7.61~7.49 (m, 1H), 7.47~7.39 (m, 2H), 4.33 (t, J=6.6
Hz, 2H), 1.82~1.71 (m, 2H), 1.54~1.40 (m, 2H), 0.98 (t,
J=17.3 Hz, 3H); “C NMR (151 MHz, CDCl;) é: 166.7,
132.8, 130.6, 129.5, 128.3, 64.8, 30.8, 19.3, 13.8.

n-Butyl 4-fluorobenzoate (3ca):'” Yield 68% (13.3
mg); 'H NMR (600 MHz, CDCl;) 6: 8.15~7.97 (m, 2H),
7.10 (t, J=8.0 Hz, 2H), 4.32 (t, J=6.4 Hz, 2H), 1.82~
1.69 (m, 2H), 1.55~1.39 (m, 1H), 0.98 (t, J/=7.2 Hz, 3H);
C NMR (151 MHz, CDCl;) d: 166.5, 165.7, 164.9, 132.1,
132.0, 126.8, 126.8, 115.5, 115.4, 65.0, 30.8, 19.3, 13.8.

n-Butyl 4-chlorobenzoate (3da):'"” Yield 66% (14.0
mg); '"H NMR (600 MHz, CDCl;) 6: 8.03~7.91 (m, 2H),
7.49~7.32 (m, 2H), 4.32 (t, J=6.6 Hz, 2H), 1.81~1.65
(m, 2H), 1.54~1.40 (m, 2H), 0.98 (t, J=7.4 Hz, 3H); "°C
NMR (151 MHz, CDCl;) d: 165.8, 139.2, 130.9, 129.0,
128.7,65.1, 30.7, 19.3, 13.8.

n-Butyl 3-chlorobenzoate (3ea):"”! Yield 67% (14.2
mg); '"H NMR (600 MHz, CDCl;) d: 8.01 (t, J=1.7 Hz,
1H), 7.93 (d, J=7.8 Hz, 1H), 7.59~7.47 (m, 1H), 7.38 (t,
J=7.9 Hz, 1H), 4.33 (t, J=6.6 Hz, 2H), 1.83~1.69 (m,
2H), 1.55~1.39 (m, 2H), 0.99 (t, J=7.4 Hz, 3H); "°C
NMR (151 MHz, CDCl;) d: 165.5, 134.5, 132.8, 132.3,
129.7,129.6, 127.7, 65.3, 30.7, 19.2, 13.7.

n-Butyl 3-iodobenzoate (3fa):*” Yield 91% (27.7 mg);
'H NMR (600 MHz, CDCl;) J: 8.37 (s, 1H), 8.00 (d, J=
7.8 Hz, 1H), 7.87 (d, J/=7.8 Hz, 1H), 7.18 (t, J=7.8 Hz,
1H), 4.32 (t, J=6.6 Hz, 2H), 1.82~1.67 (m, 2H), 1.55~
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1.42 (m, 2H), 0.98 (t, J=7.3 Hz, 3H). °C NMR (151
MHz, CDCl;) 0: 165.2, 141.6, 138.4, 132.4, 130.0, 128.7,
93.8, 65.3,30.7, 19.2, 13.8.

n-Butyl 2-iodobenzoate (3ga):*"! Yield 91% (27.6 mg);
'H NMR (600 MHz, CDCls) §: 7.98 (d, J=7.9 Hz, 1H),
7.78 (d, J=7.7 Hz, 1H), 7.40 (t, J=7.5 Hz, 1H), 7.14 (t,
J=17.6 Hz, 1H), 4.34 (t, J=6.6 Hz, 2H), 1.82~1.72 (m,
2H), 1.56~1.39 (m, 2H), 0.98 (t, J=7.4 Hz, 3H); °C
NMR (151 MHz, CDCly) 0: 166.7, 141.3, 135.6, 132.5,
130.8, 127.9, 94.0, 65.6, 30.6, 19.3, 13.7.

n-Butyl 4-cyanobenzoate (3ha):'”! Yield 60% (12.2
mg); 'H NMR (600 MHz, CDCl;) ¢: 8.14 (d, J=8.1 Hz,
2H), 7.75 (d, J=8.1 Hz, 2H), 4.36 (t, J=6.5 Hz, 2H),
1.85~1.73 (m, 2H), 1.56~1.44 (m, 2H), 0.99 (t, J=7.3
Hz, 3H); “C NMR (151 MHz, CDCl;) d: 165.0, 134.3,
132.2,130.1, 118.0, 116.3, 65.7, 30.6, 19.2, 13.7.

n-Butyl 4-nitrobenzoate (3ia):"""! Yield 82% (18.3 mg);
'H NMR (600 MHz, CDCl;) §: 8.29 (d, J=8.8 Hz, 2H),
8.21 (d, J=8.8 Hz, 2H), 4.38 (t, J=6.7 Hz, 2H), 1.86~
1.73 (m, 2H), 1.58~1.44 (m, 2H), 1.00 (t, J=7.4 Hz, 3H);
C NMR (151 MHz, CDCl;) d: 164.8, 150.5, 135.9, 130.7,
123.5, 65.8, 30.6, 19.2, 13.7.

n-Butyl 3-nitrobenzoate (3ja):'"! Yield 69% (15.4 mg);
'H NMR (600 MHz, CDCl;) J: 8.88~8.83 (m, 1H), 8.42
(ddd, J=8.2,2.3, 1.1 Hz, 1H), 8.39~8.35 (m, 1H), 7.66 (t,
J=8.0 Hz, 1H), 4.40 (t, J=6.7 Hz, 2H), 1.87~1.70 (m,
2H), 1.57~1.43 (m, 2H), 1.00 (t, J=7.4 Hz, 3H); "°C
NMR (151 MHz, CDCly) d: 164.6, 148.3, 135.3, 132.3
129.6, 127.3, 124.5, 65.8, 30.7, 19.2, 13.7.

n-Butyl 3-methylbenzoate (3ka):''” Yield 70% (13.4
mg); '"H NMR (600 MHz, CDCl;) 6: 7.96~7.74 (m, 2H),
7.38~7.34 (m, 1H), 7.32 (t, J=7.5 Hz, 1H), 4.32 (t, J=
6.6 Hz, 2H), 2.40 (s, 3H), 1.89~1.63 (m, 2H), 1.53~1.39
(m, 2H), 0.98 (t, J=7.4 Hz, 3H); °C NMR (151 MHz,
CDCly) d: 166.9, 138.1, 133.6, 130.5, 130.1, 128.2, 126.7,
64.8,30.8,21.3,19.3, 13.8.

n-Butyl 2-methylbenzoate (3la):"""" Yield 82% (15.8
mg); 'H NMR (600 MHz, CDCl;) 6: 7.90 (d, J=7.9 Hz,
1H), 7.38 (t, J=7.3 Hz, 1H), 7.28~7.20 (m, 2H), 4.30 (t,
J=6.6 Hz, 2H), 2.60 (s, 3H), 1.85~1.70 (m, 2H), 1.56~
1.42 (m, 2H), 0.98 (t, J=7.4 Hz, 3H); “C NMR (151
MHz, CDCl;) 0: 167.8, 140.0, 131.8, 131.7, 130.5, 130.0,
125.7, 64.6, 30.8, 21.8, 19.4, 13.8.

n-Butyl 4-butylbenzoate (3ma):*?' Yield 81% (19.0
mg); 'H NMR (600 MHz, CDCl;) 6: 7.95 (d, J=8.2 Hz,
2H), 7.23 (d, J=8.2 Hz, 2H), 4.31 (t, J=6.6 Hz, 2H), 2.66
(t, J=7.8 Hz, 2H), 1.81~1.69 (m, 2H), 1.64~1.57 (m,
2H), 1.53~1.42 (m, 2H), 1.41~1.31 (m, 2H), 0.98 (t, J=
7.4 Hz, 3H), 0.93 (t, J=7.4 Hz, 3H); >C NMR (151 MHz,
CDCLy) J: 166.8, 148.4, 129.6, 128.4, 128.0, 64.6, 35.7,
33.3,30.8,22.3,19.3, 13.9, 13.8.

n-Butyl 4-tert-butylbenzoate (3na):1**! Yield 78% (18.3
mg); '"H NMR (600 MHz, CDCl;) 6: 8.05~7.90 (m, 2H),
7.51~7.38 (m, 2H), 4.31 (t, J=6.6 Hz, 2H), 1.84~1.67
(m, 2H), 1.56~1.43 (m, 2H), 1.34 (s, 9H), 0.98 (t, J=7.4
Hz, 3H); “C NMR (151 MHz, CDCly) d: 166.7, 156.4,
129.4, 127.8, 125.3, 64.6, 35.1, 31.1, 30.8, 19.3, 13.8.
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n-Butyl 2-chloro-4-nitrobenzoate (30a):** Yield 73%
(18.8 mg); "H NMR (600 MHz, CDCl;) J: 8.32 (d, J=1.4
Hz, 1H), 8.16 (dd, J=8.5, 1.5 Hz, 1H), 7.95 (d, J=8.5 Hz,
1H), 4.40 (t, J=6.6 Hz, 2H), 1.86~1.75 (m, 2H), 1.51~
1.44 (m, 2H), 0.99 (t, J=7.4 Hz, 3H); >C NMR (151
MHz, CDCl;) 0: 164.4, 149.4, 136.3, 131.9, 126.0, 121.5,
66.4,30.5,19.2,13.7.

n-Butyl 1-naphthoate (3pa):"**! Yield 74% (16.9 mg); 'H
NMR (600 MHz, CDCLy) 6: 8.91 (d, J=8.7 Hz, 1H), 8.18
(d, J=7.2 Hz, 1H), 8.01 (d, J=8.2 Hz, 1H), 7.88 (d, J=
8.1 Hz, 1H), 7.64~7.58 (m, 1H), 7.53 (t, J=7.5 Hz, 1H),
7.52~7.47 (m, 1H), 4.43 (t, J=6.7 Hz, 2H), 1.96~1.71
(m, 2H), 1.66~1.38 (m, 2H), 1.01 (t, J=7.4 Hz, 3H); "°C
NMR (151 MHz, CDCL) d: 167.7, 133.9, 133.2, 131.4,
130.0, 128.5, 127.7, 127.6, 126.2, 125.9, 124.5, 65.0, 30.9,
19.4,13.8.

n-Butyl thiophene-2-carboxylate (3qa):**' Yield 53%
(9.8mg); 'H NMR (600 MHz, CDCl;) J: 7.80 (dd, J=3.7,
1.2 Hz, 1H), 7.54 (dd, J=5.0, 1.2 Hz, 1H), 7.10 (dd, J=
4.9, 3.8 Hz, 1H), 4.30 (t, J=6.6 Hz, 2H), 1.80~1.67 (m,
2H), 1.54~1.37 (m, 2H), 0.97 (t, J=7.4 Hz, 3H). °C
NMR (151 MHz, CDCL) d: 162.4, 134.1, 133.2, 1322,
127.7, 65.0, 30.8, 19.2, 13.8.

n-Butyl 1H-indole-2-carboxylate (3ra):*® Yield 76%
(16.5 mg); '"H NMR (600 MHz, CDCl3) 6: 9.06 (s, 1H),
7.69 (d, J=8.0 Hz, 1H), 7.42 (d, J=8.3 Hz, 1H), 7.32 (t,
J=7.6 Hz, 1H), 7.23 (s, 1H), 7.15 (t, J=7.5 Hz, 1H), 4.37
(t, J=6.5 Hz, 2H), 1.88~1.71 (m, 2H), 1.55~1.41 (m,
2H), 0.99 (t, J=7.3 Hz, 3H); >C NMR (151 MHz, CDCl,)
9: 162.2, 136.9, 127.5, 125.3, 122.6, 120.8, 111.9, 108.6,
64.9,30.8,19.2, 13.8.

(E)-n-Butyl cinnamate (3sa):*” Yield 70% (14.3 mg);
'H NMR (600 MHz, CDCl3) d: 7.68 (d, J=16.0 Hz, 1H),
7.59~7.47 (m, 2H), 7.46~7.33 (m, 3H), 6.44 (d, J=16.0
Hz, 1H), 421 (t, J=6.6 Hz, 2H), 1.76~1.66 (m, 2H),
1.50~1.40 (m, 2H), 0.97 (t, J=7.4 Hz, 3H); C NMR
(151 MHz, CDCLy) 0: 167.1, 144.6, 134.5, 130.2, 128.9,
128.1, 118.3, 64.5,30.8, 19.2, 13.8.

Ethyl 4-methylbenzoate (3ab):** Yield 89% (14.6 mg);
'H NMR (600 MHz, CDCl3) d: 7.93 (d, J=8.1 Hz, 2H),
7.23 (d, J=8.0 Hz, 2H), 4.36 (q, J=7.1 Hz, 2H), 2.41 (s,
3H), 1.39 (t, J=7.1 Hz, 3H); "C NMR (151 MHz, CDCl)
9:166.7, 143.4, 129.6, 129.0, 127.8, 60.8, 21.7, 14.4.

n-Propyl 4-methylbenzoate (3ac):*” Yield 66% (11.8
mg); 'H NMR (600 MHz, CDCl;) 0: 7.94 (d, J=8.0 Hz,
2H), 7.23 (d, J=7.8 Hz, 2H), 4.26 (t, J=6.6 Hz, 2H), 2.41
(s, 3H), 1.86~1.74 (m, 2H), 1.03 (t, J=7.4 Hz, 3H); °C
NMR (151 MHz, CDCl;) d: 166.8, 143.4, 1296, 129.0,
127.8,66.4 22.1,21.7, 10.5.

n-Pentyl 4-methylbenzoate (3ad):*” Yield 76% (15.7
mg); '"H NMR (600 MHz, CDCl;) d: 7.93 (d, J=7.9 Hz,
2H), 7.23 (d, J=7.8 Hz, 1H), 4.30 (t, J=6.6 Hz, 2H), 2.41
(s, 3H), 1.84~1.66 (m, 2H), 1.50~1.35 (m, 4H), 0.93 (t,
J=6.9 Hz, 3H); °C NMR (151 MHz, CDCl;) é: 166.8,
143.4, 129.6, 129.0, 127.8, 65.0, 28.5, 28.2, 22.4, 21.6,
14.0.

n-Octyl 4-methylbenzoate (3ae):"'! Yield 90% (22.3
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mg); 'H NMR (600 MHz, CDCl;) 6: 7.93 (d, J=8.2 Hz,
2H), 7.23 (d, J=8.0 Hz, 2H), 4.29 (t, J=6.7 Hz, 2H), 2.40
(s, 3H), 1.86~1.69 (m, 2H), 1.47~1.40 (m, 2H), 1.38~
1.24 (m, 8H), 0.88 (t, J=7.0 Hz, 3H); C NMR (151
MHz, CDCl;) d: 166.8, 143.4, 129.6, 129.0, 127.8, 65.0,
31.8,29.3,29.2,28.8,26.1,22.7,21.7, 14.1.

Cyclopentyl 4-methylbenzoate (3af):*!! Yield 89% (18.2
mg); 'H NMR (600 MHz, CDCl;) 6: 7.91 (d, J=8.2 Hz,
2H), 7.22 (d, J=8.0 Hz, 2H), 5.49~5.32 (m, 1H), 2.40 (s,
3H), 2.01~1.90 (m, 2H), 1.88~1.75 (m, 4H), 1.71~1.60
(m, 2H); C NMR (151 MHz, CDCLy) J: 166.5, 143.3,
129.5,129.0, 128.2, 77.45, 32.8, 23.8, 21.6.

Isobutyl 4-methylbenzoate (3ah):*" Yield 73% (14.0
mg); 'H NMR (600 MHz, CDCl;) 6: 7.94 (d, J=7.8 Hz,
2H), 7.24 (d, J=17.7 Hz, 2H), 4.09 (d, J=6.4 Hz, 2H), 2.41
(s, 3H), 2.12~2.05 (m, 1H), 1.02 (d, J=6.6 Hz, 6H); "*C
NMR (151 MHz, CDCLy) o: 166.8, 143.5, 129.6, 129.1,
127.8,70.8,27.9,21.7, 19.2.

2-(Oxiran-2-yl)ethyl 4-methylbenzoate (3ai):"* Yield
40% (8.2 mg); 'H NMR (600 MHz, CDCl;) 6: 7.96 (d, J=
8.0 Hz, 2H), 7.25 (d, J=7.9 Hz, 2H), 4.64 (dd, J=12.3,
2.9 Hz, 1H), 4.16 (dd, J=12.2, 6.2 Hz, 1H), 3.40~3.27
(m, 1H), 2.90 (t, J=4.4 Hz, 1H), 2.79~2.67 (m, 1H), 2.42
(s, 3H); >C NMR (151 MHz, CDCl;) J: 166.4, 1440,
129.8,129.1, 126.9, 65.3, 49.6, 44.7, 21.7.

Phenethyl 4-methylbenzoate (3aj):**! Yield 48% (11.5
mg); '"H NMR (600 MHz, CDCl;) d: 7.90 (d, J=8.1 Hz,
2H), 7.34~7.26 (m, 4H), 7.26~7.20 (m, 3H), 4.51 (t, J=
7.0 Hz, 2H), 3.07 (t, J=7.0 Hz, 2H), 2.40 (s, 3H). °C
NMR (151 MHz, CDCLy) o: 166.6, 143.6, 138.0, 129.6,
129.1, 129.0, 128.5, 127.6, 126.6, 65.3, 35.3, 21.6.

Isopropyl 4-methylbenzoate (3am):** Yield 36% (6.4
mg); '"H NMR (600 MHz, CDCl;) J: 8.02~7.86 (m, 2H),
7.25~7.16 (m, 2H), 5.33~5.14 (m, 1H), 2.40 (s, 3H),
1.40~1.34 (m, 6H); *C NMR (151 MHz, CDCly) ¢:
166.2, 143.3,129.5, 128.9, 128.2, 68.1, 22.0, 21.6.

2-Chloroethyl 4-methylbenzoate (3an):®** Yield 45%
(8.9 mg); 'H NMR (600 MHz, CDCl;) d: 7.96 (d, J=8.0
Hz, 2H), 7.26 (d, J=8.6 Hz, 2H), 4.56 (t, J=5.7 Hz, 2H),
3.81 (t, J=5.8 Hz, 2H), 2.42 (s, 3H). >C NMR (151 MHz,
CDCly) 6: 166.3, 144.0, 129.8, 129.2, 126.9, 64.3, 41.7,
21.7.

3-Chloropropyl 4-methylbenzoate (320):**' Yield 65%
(13.8 mg); "H NMR (600 MHz, CDCl;) d: 7.92 (d, J=8.2
Hz, 2H), 7.24 (d, J=8.0 Hz, 1H), 4.46 (t, J=6.0 Hz, 2H),
3.70 (t, J=6.5 Hz, 2H), 2.41 (s, 3H), 2.28~2.20 (m, 2H).
C NMR (151 MHz, CDCly) d: 166.5, 143.8, 129.6, 129.1,
127.3,61.5,41.3,31.8, 21.7.

4-Chlorobutyl 4-methylbenzoate (3ap):*® Yield 96%
(21.8 mg); "H NMR (600 MHz, CDCl;) d: 7.92 (d, J=7.6
Hz, 2H), 7.24 (d, J=7.9 Hz, 2H), 4.34 (t, J=5.4 Hz, 2H),
3.61 (t, J=5.6 Hz, 2H), 2.41 (s, 3H), 1.98~1.90 (m, 4H).
C NMR (151 MHz, CDCly) d: 166.6, 143.7, 129.6, 129.1,
127.5,63.9,44.5,29.3, 26.2, 217.

n-Butyl furan-2-carboxylate (3e'a):®” Yield 45% (7.6
mg); '"H NMR (500 MHz, CDCl;) d: 7.58 (d, J=0.7 Hz,
1H), 7.17 (d, J=3.5 Hz, 1H), 6.51 (dd, J=3.4, 1.7 Hz,
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1H), 4.31 (t, J=6.7 Hz, 2H), 1.80~1.68 (m, 2H), 1.51~
1.38 (m, 2H), 0.97 (t, J=7.4 Hz, 3H); >C NMR (126
MHz, CDCls) 0: 158.9, 146.2, 1449, 117.7, 111.8, 64.8,
30.7,19.2,13.7.

n-Butyl picolinate (3f'a):**! Yield 76% (13.6 mg); 'H
NMR (600 MHz, CDCL3) ¢: 8.78 (d, J=4.5 Hz, 1H), 8.14
(d, J=7.8 Hz, 1H), 7.86 (td, J=7.7, 1.6 Hz, 1H), 7.55~
7.43 (m, 1H), 4.43 (t, J=6.9 Hz, 2H), 1.88~1.75 (m, 2H),
1.55~1.40 (m, 2H), 0.98 (t, J=7.4 Hz, 3H); C NMR
(151 MHz, CDCL3) 0: 165.1, 149.8, 148.1, 137.2, 126.9,
125.2,65.9,30.7,19.2, 13.7.

1-(4-Butoxyphenyl)ethenone (40'a):**! Yield 66% (12.7
mg); 'H NMR (600 MHz, CDCl;) 0: 7.94 (d, J=8.8 Hz,
2H), 6.94 (d, J=8.8 Hz, 2H), 4.04 (t, J=6.5 Hz, 2H), 2.57
(s, 2H), 1.86~1.76 (m, 2H), 1.56~1.49 (m, 2H), 1.00 (t,
J=17.4 Hz, 4H).

4.4 Catalyst recycle experiment

After each reaction recycle, the solvent, substrate, and
products were removed by centrifugation. The separated
catalyst was washed thoroughly with distilled water (3
times), and then washed twice with ethanol followed by
centrifugal separation and drying at 80 C for 12 h. The
recovered catalyst was used for next work.

Supporting Information The GCMS analysis of reac-
tions of 1a with 2a, characterization data for the products,
'H NMR and "*C NMR spectra of the products. This mate-
rial is available free of charge via the Internet at
http://siocjournal.cn/.
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