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A highly efficient palladiumeatalyzed approach for the direct oxidative estaiion o
benzylic alcohols with methanol and long-chain ladific alcohols under mild conditions
been achieved. This practical catalyst system déshid broad substrate scope and ¢
functional group tolerance. Catalytic amount of@if)s is used as coatalyst to improve tt
activity and selectivity of the reactions. A vayielf esters are obtained in yields of 43-96%.
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1. Introduction

The ester group is an important functional groupiganic
chemistry and can be widely found in natural prosiudine
chemicals, pharmaceuticals and synthetic internesfi8ecause
of their importance, the synthesis of esters haensively
attracted much attention and numerous transformsitioave
been developed. Traditionally, the classical andnroon
strategies for the preparation of esters involve tiicleophilic
substitution of carboxylic acid derivatives (carllix halides,
anhydrides and active esters) with alcohols (Schienag’ These
protocols usually require stoichiometric amountseafgents such
as strong acid or basic and large amounts of undahte
products are produced. In recent years, consideeffbrts have
been devoted to the direct synthesis of esters fhmroxidative
esterification of aldehydes with alcohols (Scheme h)?
However, stoichiometric amounts of oxidants such
oxone? N-iodosuccinimid€, hydrogen peroxidé, tert-butyl
hydroperoxidé, TCCA? (NH,),S,0¢'° or noble transition-metal
catalysts including vanadiuf, ruthenium®® iridium,** gold“
were usually employed in this reaction. Moreoveg thquired
aldehydes are chemical unstable. Thus, these plstaf the
direct oxidative esterification of aldehydes areill st
environmentally unfavorable. As is well known, aldetycdcan
be easily prepared by the selective oxidation ebladls and
numerous methods have been develdpédiditionally, alcohols
are inexpensive, benign and readily available chahfieedstock.
Therefore, the development of one-pot process lier direct
oxidative esterification of alcohols is highly dedile from both
economic and environmental points of view (Schemec)l
However, the main challenge of this process is thecBeity

between oxidation of alcohols to aldehydes and iéstion. To
the best of our knowledge, few works have been regdatethe
aerobic oxidative esterification of alcohdfs.

Over the past few years, homogeneous and heterageneo
palladium-catalyzed oxidation reactions are of gieterest and
have been developed rapidlyThe majority of this work has
focused on conversion of alcohols to aldehydes ketdnes,
relatively few works were carried out on the oxidative
esterification of alcohols. In 2011, the group ef'f and Bellet’
reported palladium-catalyzed oxidative cross-efstation of
benzylic and aliphatic alcohols, respectively. heit methods,
molecular oxygen was used as the terminal oxidamt,\arious
esters were prepared in good yields. However, bottheftwo
strategies required expensive Ag salt and speigahdl, which
was a disadvantage for its practical applicationbsgquently,
Lei also found that Pdg{PPh), could act as the sole catalyst for
the oxidative esterification of alcohdfs.The approach used
benzyl chloride as the oxidant and stoichiometmcoants of
unwanted toluene were produced as by-product. Vepntht S.
Stahl and coworkers described a heterogeneous Pcidethan
combination with  bismuth(lll) nitrate and telluriurmetal
catalyst system for the synthesis of esteralthough, this
catalyst system was highly efficient and readilyessible, but
prevalently furnished methyl esters. Similarly, @réo reported
Pd/C-catalyzed aerobic oxidative esterificationatdfohols, but
the reaction was carried out under MW irradiatiord drigh
temperaturé? Therefore, the development of a selective, efficie
and practical protocol for the aerobic oxidativeredt
esterification of alcohols is still desirable inthacademia and
industry.
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Herein, we report a facile and efficient approach the
direct oxidative esterification of alcohols catagz by
PdCL(CH;CN), with dioxygen as the environmentally benign
oxidant. This protocol tolerates a variety of prignalcohols,
especially long-chain aliphatic alcohols. In theegant of
catalytic amount of Bi(OT§) the activity and selectivity of the
reactions were significantly improved.

a) Conventional Methods
I X
+ HO-R' — '
R)LX R O”R
b) Oxidative esterification of aldehydes
(0]

0
+ HO-R — '
Y AR

©)

c) Direct oxidative esterification of alcohols
(0]
R OH + HOR —— I g
this work R™ 0
Scheme 1Methods for the synthesis of esters.

2. Results and discussion

Table 1. As shown in Table 1, different palladiumabadts were
investigated in the present ob®O; with O, balloon (Table 1,
entries 1-5). To our delight, PATH,CN), showed the best
catalytic reactivity and the desired prod@atwas formed in 61%
yield with 34% yield of aldehyd®a' (Table 1, entry 5). Bismuth
salts have been widely used in organic synthesjgoigly in
oxidative esterificatioA-*®In order to improve the yield of ester
2a, various bismuth salts such as Bi(j Bi(OAc);, Bi(OTf)s,
BiCl; and BjO; were screened (Table 1, entries 6-10). Notably,
Bi(OTf); was found to be the best co-catalyst because it
significant improved the activity and selectivity the reaction
and gave the yield oRa up to 93%. It was obvious that
PdCL(CH;CN), was crucial for the oxidative esterification of
alcohols (Table 1, entry 11). Then, we investigdtedinfluence
of various bases in detail, the results revealed KBCO; was
most effective for the reaction and gave good ya@l@a (Table

1, entries 8 and 12-15). The reaction with orgaagebNES gave
2a in trace yield (Table 1, entry 15). Furthermore,ewhthe
reaction was performed without base, the desiredygtodas
obtained in 62% vyield (Table 1, entry 16). The tiec time
could be reduced to 3 h also providing 93% vyiel@af{Table 1,
entries 17 and 18). In addition, the reaction tewpee and the
amount of catalyst loadings were also tested tdhéuroptimize

|nitia||y, benzy| alcohol la) and methanol were emp|0yed as the reaction conditions (TabIe 1, entries 19-26)0[]"’ hands the

model substrates to optimize the reaction conditiarsing
molecular oxygen as the oxidant. The optimizedItesacluding
catalyst, additive, base and reaction time were saniaed in

Table 1 Optimization of reaction conditioris.

o) o)
~
EjﬂoH+ MeOH @ ) ©)LH
+
2a 2a'

1a

5 mol% Pd, 5 mol% additive
base, time, O,, 60 °C

addition of polymethylhydrosiloxane (PMHS) as additias
reported by Xu et & did not influence the yield of the product
(Table 1, entry 24). When the reaction was carrigdunder air,
the product was obtained in 87% vyield. It was sligldwer than
the reaction under oxygen.

With the optimal reaction condition in hand (Taldleentry
17), the substrate scope and limitation of thislgét system
were examined. Firstly, we investigated the reaatiom variety

Table 2 Oxidative esterification of different benzylic
alcohols with methandt.

PACIo(CH3CN), (5 mol%) 0
B . 0, B ~
R OH, 11eoH Bi(OTf); (5 mol%) R Q)ko

Z KoCO; (1 equiv), 60 °C
1 0O,-balloon 2

- . Yield (%)
Entry Pd-catalyst Additive Base Time 2a ( 2) a
1 PdC} - K.CO;, 5 - -
2 Pd(OAc) - KoCOs 5 43 46
3 5 wt%Pd/C - KCO; 5 39 25
4 PdCLPPh), - KoCO;5 5 52 41
5 PdCH(CHCN), - K.CO;, 5 61 34
6 PdCH(CHCN), Bi(NO3)3 K.COs 5 85 11
7 PdCH(CHCN), Bi(OAC); K.COs 5 78 17
8 PACHCHCN),  Bi(OT)s  K,CO; 5 93 <1
9 PACH(CH3CN), BiCl3 K.COs 5 81 12
10 PdC}(CH;CN), Bi,O3 K.CO3 5 68 22
11 - Bi(OTf)3 K.COs 5 - -
12 PdC}(CH:CN), Bi(OTf);  t-BuOK 5 89 <5
13 PdC}(CH:CN), Bi(OTf)3 KsPO, 5 67 23
14 PACHCH:CN),  Bi(OTf)s CsCO; 5 76 18
15 PACHCH:CN),  Bi(OTf); NEt 5 - 45
16 PACHCH:CN),  Bi(OTf); - 5 62 16
17 PACL(CH3CN), Bi(OTf)3 K.CO3 3 93 <1
18 PdC}(CH:CN), Bi(OTf)3 K.COs 2 81 <5
19 PACL(CH:CN), Bi(OTf)3 K.COs 3 92 <1
20 PACKCH:CN),  Bi(OTf)s  K,COs 3 85 <5
21° PACKCH:CN),  Bi(OTf)s  K,COs 3 78 16
22f PACKCH:CN),  Bi(OTf)s  K,COs 3 93 <1
23°¢ PACL(CH;CN), Bi(OTf)3 K.COs 5 86 10
249 PdCL(CH:CN), Bi(OTf)3 K.COs 3 93 <1
25 PdCH(CH;CN), Bi(OTf)3 K.COs 3 87 <5

#Reaction conditions: benzyl alcohol (1 mmol), 5 #hdPd catalyst, 5 mol%

additive, base (1 mmol) and MeOH (2 mL) -i@lloon, 60°C , 3 h.?

2a, R=H, 93%
2b, R=2-Me, 79%

o 2c, R=3-Me, 90%
_ 2d,R=4-Me, 95%
R%\ o 2e, R=4-OMe, 96%
= 2f, R=4-t-butyl, 95%
2g, R=4-F, 81%
2h, R=3-F, 70%
| 2i, R=4-Cl, 60%
0x O

2t, 83%

Reas

2w, 69%

o

2z, 87%

Q

2y, 56% o

2ab, 64%

o
°/

2j, R=4-CF3, 73%

2k, R=4-NO,, 77%

21, R=3-NO,, 56%

2m, R=3,5-(OMe), , 91%
2n, R=2-Me, 4-F, 76%
20, R=4-SMe, 72%

2p, R=4-COMe, 69%
2q, R=2-NH,, 43%

2r, R=4-Ph, 85%

o
w O/

2u, 75%

o
S o~
\S

2x, 76%

(e}
@@A"/
‘ 7
N

2aa, 70%

& Reaction conditions1 (1 mmol), 5 mol% PdGICH;CN),, 5 mol%

Determined by GC using internal stand4meaction at 65C. ¢ Reaction at
55 °C. ©3 mol% PdGICH:CN),. 10 mol% PAGACH:CN), ¢ 0.2 eq.
polymethylhydrosiloxane(PMHS) was addedinder air.

Bi(OTf)s, K.COs; (1 mmol) and MeOH (2 mL), 66C, O, -balloon, 3 h;
Isolated yield® The reaction was performed at%®5



of benzylic alcohols with MeOH under standard condgio
(Table 2). To our delights, both electron-donatgrgups and
electron-withdrawing groups were well tolerated in tbactions.
As is shown in Table 2, primary benzylic alcoholsatirgy
electron-donating groups such as methyl, methotert-butyl
proceeded smoothly to give the desired products9r96%
yields. @b-2f). However, the electron-withdrawing groups such
as -F, -Cl, -NQ@ and -Ck substituted benzylic alcohols provided
comparably low yields of the corresponding methykes g-
2l). Halogenated benzyl alcoholsli were susceptible to
dehydrohalogenation under standard conditions aoderl
reaction temperature was needed to obtain the prodic
Disubstituted benzylic alcohols were still suitable this
transformation with good efficiency2in and2n). Of particular
note was that benzylic alcohols bearing thioethetereand
amino functional groups were smoothly converted ithe
desired products in 72%, 69% and 43% yields, rasmdyg (20-
20). 4-Phenylbenzyl alcohol, 1-naphthalenemethanodl @
naphthalenemethanol furnished the correspondindiyhesters
in moderate to good yield2rt2t). In the case of allylic alcohol
such as cinnamyl alcohol andmethylcinnamyl alcohol were
also well tolerated in this reactior2u and 2v). In addition,
diverse heterocyclic and heterocyclic substitutelels were
tested successively and the desired products wesaneld in
56% - 87% yieldsZw-2ab).

To further expand the substrate scope, we investigéte
reactions of benzylic alcohols with other aliphaicohols. As
shown in Table 3, benzyl alcohol reacted smoothlyhwit
[D4]methanol and the product was isolated in 84% y(éH). In
general, a higher temperature and a longer reatiioa were
required for the oxidative esterification betweennyic
alcohols and other long-chain aliphatic alcohotswas worth
noting that when the chain length of aliphatic atdshincreasing,
the products yield reducediif-4f). Under the present reaction
conditions, substituted benzylic alcohols containirither
electron-donating groups or electron-withdrawing goteacted

Table 3 Oxidative esterification of different benzylic
alcohols with long-chain aliphatic alcohdls.

PACI,(CHaCN); (5 mol%) %
. R’
" @/\OH + R—OH B(OTN, (5 mol) (j)ko
Z K»CO3 (1 equiv), 80 °C Z
1 3 Oy-balloon 4
4b, n=1, 86%

4f, n=7, 54%°

Q 4c, n=2, 73%
O’H\ 4d, n=3,67%
4e, n=4, 61%°

o] o]
ﬁo/n-caH7

4j, 7808 4k, 70%o

ﬁko/iBu/O O/iBu
O

4n, 72%
e

41, 75%

40, 51%

4p, 65% 4q, 76%° 4r, 63%°

& Reaction conditions1 (1 mmol), 5 mol% PdGICH;CN),, 5 mol%
Bi(OTf);, K:CO; (1 mmol) and R'OH (2 mL), 86C, 8 h, Q -balloon;
Isolated yield? Reaction carried out at 8C for 3 h.®Reaction carried out
for 12 h.

3

well with aliphatic alcohols of different chain lehg{4g-4K).
Then, isobutanol was introduced in this oxidativeegfcation
and moderate to good yield of the desired prodwetg obtained
(41-4p). Notably, the reaction of benzylic alcohols witkrgtally
demanding cyclopropylmethanol was found to be effecand
the respective esters were produced in 76% and 6@tdsy

respectively 4q and4r).
SO

2d', 3 h, 88%

/©)k/

2d,3h, 96%

Q*

2d,3h, 65%

60 °C, CD;0D

05h 17%
2h 60%
3 h 79%

Scheme 2 Control experiments

PACI(CHZCN), (5 mol%)

OH Bi(OTf)3 (5 mol%)

Q

a

K,CO3, Oy, 60 °C, toluene

1d

PdCIx(CHACN)5 (5 mol%)
Bi(OTf)3 (5 mol%)

A=)
/;
o

K;CO3, Oy, 60 °C, MeOH
2d'

PdCI,(CH3CN), (5 mol%)

@;

)

KCO3, O,, 60 °C, MeOH

2d'
PdCI»(CH3CN), (5 mol%)

OH _ Bi(OTNy (Bmol%)

d

Q

K;CO3, Oy,
4%
6%

75%
15%

To elucidate the reaction pathway, the following ooint
experiments were carried out (Scheme 2). As illustrain
Scheme 2, 4-methylbenzyl alcohol was smoothly cdadeinto
4-methylbenzaldehyde2d') with toluene serving as solvent
(Scheme 2, a). WhePd' was subjected to the standard reaction
conditions, the desired est@d was isolated in 96% yield
(Scheme 2, b). We also carried out the reactioroxaflative
esterification of 4-methylbenzyl alcohol in the abse of
Bi(OTf)s, only 65% yield of2d was obtained, which indicated
that Bi(OTf), play an important role in improving the activitych
selectivity of the reaction. We suggested that bibmcould
promote the formation of the hemiacetaBenydride elimination
of intermediatel or VI to the corresponding aldehyde and ester,
respectively (Scheme 3). Meanwhile, we conducted the
experiment ofld with CD;OD under standard conditions. After
the mixture was stirred for 0.5 h and 2 h, tHeNMR spectrum
of the reaction solution was taken (Fig S1 and 88)shown in
Fig S1 and S2, no hemiacetal was observed. Whenetiation
was carried out for 0.5 h, the corresponding es?ef, and
unreactedld were observed by NMR spectroscopy in 17%, 4%
and 75% vyield, respectively. After the solution wased for 2 h,
the desired ester was obtained in 60% vyield by NMR
spectroscopy, with 6% oRd' and 15% of unreactedd. In
addition, when the mixture was stirred for 3 h, Iwand2d'
were detected (Fig S3), 79% vyield of the correspupéister was
obtained. These results illustrate that aldehyde amasnportant
intermediate of the reaction.

OH

X
PN / ROH
Ph™ \'H LnPd" p-H
L,Pd"X. K j " \O elimination )OL E )O\H
Ph/kH Ph™ H P OR
HaO2 ! LPd"Xy
X
2 x p-H Lpd K HX
Pdl
o /X ﬁ elimination Q
LPd T Lpd LoPd" OR'
\ H Ph
W e  OOH Ny o "
O,
hX Ph” “OR'

vil
Scheme 3Proposed mechanism of the oxidative esterificatio



4
On the basis of the above-mentioned results andnpett
literatures, the reaction pathway was propd§éd**Firstly, the
benzyl alcohol coordinated to the palladium catalysnter to
form intermediatel. Subsequently, the intermediate will

Tetrahedron

To a 25-mL Schlenk tube equipped with a magneticesti
PdCL(CH;CN), (0.05 mol, 5 mol%), Bi(OT% (0.05 mol, 5
mol%), K;CO; (1 mmol) were added. Substrates 1(1 mmol) and
aliphatic alcohol (2 mL) were added subsequentlye fidgaction

undergo B-hydride elimination to give benzaldehyde andtube was vacuumed and backfilled with oxygen (3 tim&ken

intermediatell . Then, reoxidation of intermediaté forms the
active palladium catalystin the meanwhile, benzaldehyde
reacted with aliphatic alcohols to form the hemiak®t, which
followed by a second palladium-catalyzed reaction gige
intermediateVI. In the last step, anoth@hydride elimination
occurred to afford the desired proddit and intermediatél .
Finally, the active palladium catalyst was regetestafrom
intermediatdl under molecular oxygen again.

3. Conclusion

In conclusion, we have established a highly efficie
PdCL(CH;CN),/Bi(OTf)s;-catalyzed system for the oxidative
esterification of benzylic alcohols with methanotasther long-
chain aliphatic alcohols using dioxygen as benigidant. The
catalyst system exhibits broad substrate scopeaawvariety of
esters are obtained in moderate to excellent yiéltie use of
Bi(OTf); additive significantly increases the activity and
selectivity of the reactions. Notably, the estedfion reactions
of long-chain aliphatic alcohols also proceed sssfidly under
mild conditions without the addition of ligands. &udition, a
plausible reaction mechanism has been proposedfatiuer
applications of this catalytic system are under wayour
laboratory.

4. Experimental section

4.1.General information

the reaction mixture was stirred at 8D for 8 h in the presence
of an oxygen balloon. The progress of the reactisas
monitored by TLC. After completion, the reaction tmpe was
diluted with water and extracted with ethyl acetatiee Brganic
layer was dried over anhydrous magnesium
Subsequently, the combined organic layer was cdrated
under reduced pressure and the crude product wafseg@uoy
column chromatography with hexane/ethyl acetatefflardathe
corresponding products

4.3. Characterization

4.3.1. Methyl benzoat@#)'®. Colorless oil; 90% Yield'H NMR
(500 MHz, CDC}) 6 8.04 (d,J = 7.2 Hz, 2H), 7.56 () = 7.4 Hz,
1H), 7.44 (tJ = 7.7 Hz, 2H), 3.92 (s, 3H}*C NMR (125 MHz,
CDCl,)  166.85, 132.64, 129.91, 129.31, 128.09, 51.82.

4.3.2. Methyl 2-methylbenzoat2bf*®. Colorless oil; 79% Yield.
H NMR (500 MHz, CDCJ) 8 7.91 (d,J = 7.7 Hz, 1H), 7.39 (§

= 7.5 Hz, 1H), 7.24 () = 7.0 Hz, 2H), 3.89 (s, 3H), 2.60 (s, 3H).
B¥Cc NMR (125 MHz, CDGJ) 6 167.79, 139.90, 131.68, 131.41,
130.30, 129.30, 125.42, 51.50, 21.43.

4.3.3. Methyl 3-methylbenzoatc(*®. Colorless oil; 90% Yield.
H NMR (500 MHz, CDCJ)  7.86 (s, 1H), 7.84 (d] = 7.6 Hz,

1H), 7.36 (d,J = 7.6 Hz, 1H), 7.32 () = 7.5 Hz, 1H), 3.91 (s,
3H), 2.40 (s, 3H)°C NMR (125 MHz, CDGJ) 5 167.02, 137.86,
133.39, 129.85, 127.98, 126.44, 51.75, 20.98.

4.3.4. Methyl 4-methylbenzoatd(*®. Colorless oil; 95% Yield.
H NMR (500 MHz, CDC) 5 7.93 (d,J = 8.1 Hz, 2H), 7.23 (d]

All reagents were purchased from commercial suppliers 8-0 Hz, 2H), 3.90 (s, 3H), 2.40 (s, 3H)C NMR (125 MHz,

without further purification. Experiments were mon@d by thin
layer chromatography (TLC) and the TLC was performegre-
coated silica gel plates. Th#l and °C NMR spectra were
recorded on a Bruker Avance lll 500 MHz spectrometih
CDCl; as the solvent and tetramethylsilane (TMS) asngernal
standard at room temperature. Chemical shifts arengin
relative to TMS, and the coupling constahtgalues are given in
Hertz (Hz). Column chromatography was carried outr @@O-
300 mesh silica gel. High-resolution mass spectraMBRwere
obtained on an Agilent mass spectrometer using ESF-T
(electrospray ionization-time of flight).

4.2.General procedure
4.2.1 General procedure for the synthesi2 af Table 2.

To a 25-mL Schlenk tube equipped with a magneticesti
PdCL(CH,CN), (0.05 mol, 5 mol%), Bi(OT§ (0.05 mol, 5

CDCly) 6 166.90, 143.26, 129.33, 128.80, 127.18, 51.648%1.

4.3.5. Methyl 4-methoxybenzoae){®. Colorless oil; 96% Yield.
H NMR (500 MHz, CDCJ) 5 7.99 (d,J = 8.9 Hz, 2H), 6.92 (d]
= 8.9 Hz, 2H), 3.89 (s, 3H), 3.86 (s, 3HC NMR (125 MHz,
CDCl,) 6 166.61, 163.07, 131.32, 122.35, 113.34, 55.15%1.

4.3.6. Methyl 4-tert-butylbenzoat2f). Colorless oil; 95% Yield.
'H NMR (500 MHz, CDC}) § 7.97 (d,J = 8.3 Hz, 2H), 7.45 (d]

= 8.3 Hz, 2H), 3.90 (s, 3H), 1.34 (s, 9HJC NMR (125 MHz,
CDCly) 6 166.87, 156.26, 129.18, 127.13, 125.06, 51.6580B4.
30.85. HRMS calcd for GHig0,[M+H]*, 192.1150; found,
192.1156.

4.3.7 Methyl 4-fluorobenzoat@d)'®. Colorless oil; 81% Yield.
H NMR (500 MHz, CDCJ) 5 8.09 — 8.01 (m, 2H), 7.10 @,=
8.2 Hz, 2H), 3.91 (s, 3HI’C NMR (125 MHz, CDCJ) 5 165.88,
165.65(d,J = 253.6 Hz), 131.84 (d,= 8.7 Hz), 126.15, 115.23(d,

mol%), K,CO, (1 mmol) were added. Substrates 1 (1 mmol) and = 21.6 Hz), 51.90.

MeOH (2 mL) were added subsequently. The reaction tudee
vacuumed and backfiled with oxygen (3 times). Thiwe
reaction mixture was stirred at 80 for 3 h in the presence of an
oxygen balloon. The progress of the reaction wasitoad by
TLC. After completion, the reaction mixture was dédtwith
water and extracted with ethyl acetate. The orgasyerl was
dried over anhydrous magnesium sulfate. Subseguetite
combined organic layer was concentrated under redpiEssure
and the crude product was purified by column chrogaphy
with hexane/ethyl acetate to afford the correspangioduct<2.

4.2.2. General procedure for the systhesiéiof Table 3.

4.3.8. Methyl 3-fluorobenzoat@h)®". Colorless oil; 70% Yield.
'H NMR (500 MHz, CDCJ) 5 7.83 (d,J = 7.8 Hz, 1H), 7.71 (m,
1H), 7.41 (m, 1H), 7.28 — 7.23 (m, 1H), 3.92 (s, 3. NMR
(125 MHz, CDCJ) & 165.71, 162.28 (d = 251.6 Hz), 132.04 (d,
J = 6.1 Hz), 129.73 (dJ = 6.7 Hz), 125.04 (s), 119.73 @~=
22.1 Hz), 116.23 (d] = 23.5 Hz), 52.11.

4.3.9. Methyl 4-chlorobenzoat&if*". Colorless oil; 67% Yield.
'H NMR (500 MHz, CDC}) § 7.97 (d,J = 8.6 Hz, 2H), 7.41 (d]
= 8.6 Hz, 2H), 3.91 (s, 3H):*)C NMR (125 MHz, CDG) &
165.95, 139.11, 130.70, 128.44, 128.07, 51.98.

4.3.10. Methyl 4-(trifluoromethyl)benzoat®j)t*. Colorless oil;
73% Yield.'H NMR (500 MHz, CDC}) § 8.15 (d,J = 8.1 Hz,

sulfate.



2H), 7.70 (dJ = 8.1 Hz, 2H), 3.95 (s, 3H}°C NMR (125 MHz,
CDCl) & 165.59, 134.17(q) =31.67 Hz ), 133.09, 129.70,
125.13, 123.37 (g1 =271.8 Hz ), 52.22.

4.3.11. Methyl 4-nitrobenzoat@k)*®’ Pale yellow solid; 77%
Yield. *H NMR (500 MHz, CDCJ) & 8.30 (d,J = 8.9 Hz, 2H),
8.22 (d,J = 8.9 Hz, 2H), 3.98 (s, 3H)’C NMR (125 MHz,
CDCl,) 6 164.92, 150.27, 135.22, 130.46, 123.29, 52.59.

4.3.12. Methyl 3-nitrobenzoat@l)**". Pale yellow solid; 56%
Yield. '"H NMR (500 MHz, CDC}) & 8.87 (s, 1H), 8.45 — 8.34 (m,
2H), 7.66 (t,J = 8.0 Hz, 1H), 3.99 (s, 3H}*C NMR (125 MHz,

5
4.3.22. (E)-methyl 2-methyl-3-phenylacryla@)e. Colorless
oil: 53% Yield.'H NMR (500 MHz, CDC)) 5 7.70 (s, 1H), 7.40
(d,J = 4.4 Hz, 4H), 7.33 (m, 1H), 3.82 (s, 3H), 2.13 (s,.3fQ
NMR (125 MHz, CDC)) 6 168.9, 138.7, 135.6, 129.4, 128.1,
128.1, 51.8, 13.8.

4.3.23. Methyl furan-2-carboxylate2y)*®. Colorless oil; 69%
Yield. 'H NMR (500 MHz, CDCJ) & 7.57 (s, 1H), 7.18 (] =
3.5 Hz, 1H), 6.53 — 6.49 (m, 1H), 3.90 (s, 3L NMR (125
MHz, CDCL) 4 158.87, 146.00, 144.36, 117.65, 111.56, 51.64.

4.3.24. Methyl thiophene-2-carboxylagx)*. Colorless oil; 76%

CDCl;) & 164.67, 148.00 (s), 134.99, 131.60, 129.38, 127.11Yield. '"H NMR (500 MHz, CDC})) & 7.79 (d,J = 3.4 Hz, 1H),

124.30, 52.52.

4.3.13. Methyl 3,5-dimethoxybenzoate @MyVhite solid; 91%
Yield. '"H NMR (500 MHz, CDC)) & 7.18 (d,J = 2.4 Hz, 2H),
6.64 (t,J = 2.3 Hz, 1H), 3.90 (s, 3H), 3.82 (s, 6C NMR (125

7.54 (d,J = 4.9 Hz, 1H), 7.12 — 7.05 (m, 1H), 3.88 (s, 3K¢
NMR (125 MHz, CDCJ) & 161.65, 132.55, 132.42, 131.32,
126.71, 51.08.

4.3.25. Methyl nicotinate2)®. White solid: 56% Yield.'H

MHz, CDCL) 6 166.59, 160.38, 131.74, 106.86, 105.52, 55.29NMR (500 MHz, CDC}) § 9.22 (d,J = 1.5 Hz, 1H), 8.77 (ddl =

51.96.

4.3.14. Methyl 4-fluoro-2-methylbenzoatn)®®. Colorless oil;
76% Yield.'H NMR (500 MHz, CDCJ) 5 7.95 (dd,J = 8.5, 6.1
Hz, 1H), 6.98 — 6.86 (m, 2H), 3.88 (s, 3H), 2.60 (s,.3FQ
NMR (125 MHz, CDC)) é 166.73, 164.32 (dJ = 253 Hz),
143.64 (d,) = 8.0 Hz), 133.0 (d] = 8.7 Hz), 125.30, 118.15(d,
=21 Hz), 112.44(d) = 22 Hz) , 51.53, 21.66.

4.3.15. Methyl 4-methylsulfanylbenzoa2e)t". White solid; 72%
Yield. *H NMR (500 MHz, CDCJ) 5 7.96 (d,J = 8.4 Hz, 2H),

7.28 (d,J = 3.6 Hz, 2H), 3.92 (s, 3H), 2.54 (s, 3H).
3C NMR (125 MHz, CDG)) 5 166.56, 145.16, 129.60, 126.03,

124.68, 51.72, 14.55.

4.3.16. Dimethyl terephthalatgg)*. White solid; 69% Yield'H
NMR (500 MHz, CDC)) § 8.09 (s, 4H), 3.94 (s, 6H}’C NMR
(125 MHz, CDC}) & 165.97, 133.63, 129.26, 52.12.

4.3.17. Methyl 2-aminobenzoat)*". Colorless oil; 43% Yield.
'H NMR (500 MHz, CDC}) § 7.85 (d,J = 8.0 Hz, 1H), 7.26 (]
= 7.7 Hz, 1H), 6.65 (m, 2H), 5.72 (s, 2H), 3.87 (s, 380.NMR

(125 MHz, CDC}) ¢ 168.34, 150.17, 133.84, 130.97, 116.42

116.03, 110.51, 51.27.

4.3.18. Methyl biphenyl-4-carboxylater(*®. White solid; 85%
Yield. *H NMR (500 MHz, CDCJ) 5 8.11 (d,J = 8.5 Hz, 2H),
7.67 (d,J = 8.5 Hz, 2H), 7.63 (d] = 7.1 Hz, 2H), 7.47 (1 = 7.5
Hz, 2H), 7.40 (tJ = 7.4 Hz, 1H), 3.95 (s, 3H}3C NMR (125

4.9, 1.7 Hz, 1H), 8.29 (df,= 7.9, 1.9 Hz, 1H), 7.39 (dd,= 8.0,
4.9 Hz, 1H), 3.95 (s, 3H)"*C NMR (125 MHz, CDGJ) § 165.37,
153.08, 150.55, 136.69, 125.69, 122.96, 52.06.

4.3.26. Methyl 3,4-methylenedioxybenzo&®®f. White solid;

87% Yield."H NMR (500 MHz, CDCJ) & 7.65 (dd,J = 8.2, 1.6
Hz, 1H), 7.46 (dJ = 1.5 Hz, 1H), 6.83 (d] = 8.2 Hz, 1H), 6.03
(s, 2H), 3.88 (s, 3H)**C NMR (125 MHz, CDG)) & 166.17,

151.30, 147.44, 125.04, 123.91, 109.23, 107.68,50051.76.

4.3.27. Methyl Quinoline-6-Carboxylat2a@?’. White solid;
70% Yield."H NMR (500 MHz, CDCJ) & 9.01 (s, 1H), 8.60 (s,
1H), 8.34 — 8.25 (m, 2H), 8.16 (d= 8.8 Hz, 1H), 7.48 (dd] =
8.3, 4.2 Hz, 1H), 3.99 (s, 3H}*C NMR (125 MHz, CDG)) &
166.2, 152.2, 149.7, 137.0, 130.7, 129.5, 128.6,8,2127.1,
121.5,52.1.

4.3.28. Methyl 4-(1,2,4-triazol-1-yl)benzoaak). White solid;
64% Yield."H NMR (500 MHz, CDC}) § 8.66 (s, 1H), 8.19 (dl
= 8.7 Hz, 2H), 8.13 (s, 1H), 7.79 @z 8.7 Hz, 2H), 3.95 (s, 3H).
*C NMR (125 MHz, CDGJ) § 165.6, 152.7, 140.9, 139.9, 131.1,
129.4, 119.0, 52.1. HRMS calcd for,;i8N;0, [M+H]",

'203.0695; found, 203.0692.

4.3.29. Methyl benzoate;[4a)'°. Colorless oil; 84% YieldH
NMR (500 MHz, CDC}) & 8.04 (d,J = 7.2 Hz, 2H), 7.56 () =
7.4 Hz, 1H), 7.44 (tJ = 7.7 Hz, 2H).”*C NMR (125 MHz,
CDCl;) § 166.86, 132.62, 129.93, 129.30, 128.08.

MHz, CDCL) & 165.97, 144.60, 138.96, 129.07, 127.88, 127.104.3.30. Ethyl benzoatélf)'®. Colorless oil; 86% YieldH NMR

126.24, 126.01, 51.08.

4.3.19. Methyl 1-naphthoat@g*®. Colorless oil; 81% Yield*H
NMR (500 MHz, CDC}) 5 8.92 (d,J = 8.7 Hz, 1H), 8.19 (d] =
7.2 Hz, 1H), 8.02 (dJ = 8.2 Hz, 1H), 7.89 (d] = 8.2 Hz, 1H),
7.62 (t,J = 7.7 Hz, 1H), 7.52 (m, 2H), 4.01 (s, 3HJC NMR

(500 MHz, CDC}) § 8.05 (d,J = 8.1 Hz, 2H), 7.55 (1) = 7.4 Hz,
1H), 7.44 (tJ = 7.7 Hz, 2H), 4.38 (q] = 7.1 Hz, 2H), 1.40 (] =

7.1 Hz, 3H)."®C NMR (125 MHz, CDG)) & 166.37, 132.52,
130.26, 129.27, 128.04, 60.67, 14.06.

4.3.31. Propyl Benzoate4)™. Colorless oil; 73% YieldH

(125 MHz, CDC)) ¢ 166.99, 132.81, 132.32, 130.31, 129.17,NMR (500 MHz, CDC}) § 8.05 (d,J = 7.2 Hz, 2H), 7.55 (i) =

127.49, 126.71, 126.06, 125.16, 124.79, 123.4981.

4.3.20. Methyl 2-naphthoat@f*** White solid; 83%H NMR
(500 MHz, CDC}) 5 8.62 (s, 1H), 8.07 (dd,= 8.6, 1.5 Hz, 1H),
7.96 (d,J = 8.1 Hz, 1H), 7.89 (d] = 8.7 Hz, 2H), 7.62 — 7.53 (m,
2H), 3.99 (s, 3H)°C NMR (125 MHz, CDCJ) 5 166.24, 134.50,
131.48, 130.04, 128.33, 127.20, 127.13, 126.74,3826.25.61,
124.21, 51.20.

4.3.21. Methyl cinnamate2()*®. Colorless oil; 75% YieldH
NMR (500 MHz, CDCJ)  7.70 (d,J = 16.0 Hz, 1H), 7.51 — 7.53
(m, 2H), 7.40 — 7.35 (m, 3H), 6.45 @= 16.0 Hz, 1H), 3.81 (s,
3H). “C NMR (125 MHz, CDCJ)) 5 167.15, 144.61, 134.14,
130.03, 128.63, 127.81, 117.56, 51.41.

7.4 Hz, 1H), 7.44 (t) = 7.7 Hz, 2H), 4.29 (t) = 6.7 Hz, 2H),
1.85 — 1.75 (m, 2H), 1.04 (8, = 7.4 Hz, 3H).”*C NMR (125
MHz, CDCk) & 166.36, 132.49, 130.28, 129.24, 128.02, 66.22,
21.84, 10.20.

4.3.32. Butyl benzoatdd)". Colorless oil; 67% Yield*H NMR
(500 MHz, CDC}) 5 8.05 (d,J = 7.0 Hz, 2H), 7.55 () = 7.4 Hz,
1H), 7.43 (tJ = 7.7 Hz, 2H), 4.33 (t} = 6.6 Hz, 2H), 1.80 — 1.71
(m, 2H), 1.52 — 1.44 (m, 2H), 0.98 {t= 7.4 Hz, 3H)*C NMR
(125 MHz, CDCJ) & 166.38, 132.48, 130.31, 129.25, 128.02,
64.53, 30.53, 19.01, 13.46.

4.3.33. Pentyl benzoatdd)™. Colorless oil; 61% YieldH NMR
(500 MHz, CDC}) & 8.05 (d,J = 7.2 Hz, 2H), 7.55 () = 7.4 Hz,
1H), 7.44 (tJ = 7.8 Hz, 2H), 4.32 ( = 6.7 Hz, 2H), 1.82 — 1.73
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(m, 2H), 1.46 — 1.36 (m, 4H), 0.93 Jt= 7.0 Hz, 3H):°*C NMR

Tetrahedron

4.3.43. Isobuthyl 4-nitrobenzoatddj **. Pale yellow oil; 51%

(125 MHz, CDCJ) § 166.43, 132.51, 130.30, 129.27, 128.05,Yield. *H NMR (500 MHz, CDCJ) § 8.29 (d,J = 8.7 Hz, 2H),

64.86, 28.18, 27.95, 22.10, 13.72.

4.3.34. Octyl benzoat@f)'®. Colorless oil; 54% YieldH NMR
(500 MHz, CDC}) 5 8.05 (d,J = 7.3 Hz, 2H), 7.55 () = 7.4 Hz,
1H), 7.44 (tJ = 7.8 Hz, 2H), 4.32 (] = 6.7 Hz, 2H), 1.81 - 1.73
(m, 2H), 1.48 — 1.41 (m, 2H), 1.38 — 1.27 (m, 8H),90(8 J =
6.9 Hz, 3H)."®C NMR (125 MHz, CDG)) & 166.39, 132.49,
130.31, 129.27, 128.03, 64.86, 31.54, 28.99, 2@8%8, 25.80,
22.38,13.82.

4.3.35. Ethyl 3-methylbenzoatégf®®. Colorless oil; 82% Yield.
'H NMR (500 MHz, CDCJ) § 7.85 (m, 2H), 7.33 (m, 2H), 4.37
(q,J = 7.1 Hz, 2H), 2.40 (s, 3H), 1.39 @,= 7.1 Hz, 3H).°C
NMR (125 MHz, CDC)) é 166.50, 137.78, 133.26, 130.20,
129.78, 127.92, 126.40, 60.56, 20.95, 14.05.

4.3.36. Ethyl 4-nitrobenzoatdtf)*®* Pale yellow oil; 69% Yield.
'H NMR (500 MHz, CDC}) 5 8.28 (d,J = 8.8 Hz, 2H), 8.21 (d]

= 8.8 Hz, 2H), 4.44 (q) = 7.1 Hz, 2H), 1.43 () = 7.1 Hz, 3H).
C NMR (125 MHz, CDG)) § 164.42, 150.23, 135.60, 130.39,
123.23, 61.69, 13.96.

4.3.37. Propyl 3-methylbenzoati)( Colorless oil; 73% Yield.
'H NMR (500 MHz, CDC}) 6 7.85 (d,J = 9.6 Hz, 2H), 7.34 (m,

2H), 4.28 (tJ = 6.7 Hz, 2H), 2.40 (s, 3H), 1.79 (m, 2H), 1.04 (t,

J = 7.4 Hz, 3H).*C NMR (125 MHz, CDCJ)  166.57, 137.80,
133.27, 130.21, 129.79, 127.94, 126.41, 66.18, 72120.98,
10.25. HRMS caled for GHO[M+H]", 178.0994; found,
178.0991.

4.3.38. Propyl 4-methoxybenzoatdj){. Colorless oil; 78%
Yield. '"H NMR (500 MHz, CDCJ) & 8.00 (d,J = 8.9 Hz, 2H),
6.91 (d,J = 8.9 Hz, 2H), 4.25 (t) = 6.7 Hz, 2H), 3.85 (s, 3H),
1.81 — 1.74 (m, 2H), 1.02 (8, = 7.4 Hz, 3H).”C NMR (125

MHz, CDCL) 6 166.16, 162.99, 131.26, 122.71, 113.28, 65'95A

55.11, 21.90, 10.26.

4.3.39. Butyl 4-methylbenzoatk)*®. Colorless oil; 70% Yield.
H NMR (500 MHz, CDCJ) § 7.93 (d,J = 8.2 Hz, 2H), 7.23 (d]

= 8.0 Hz, 2H), 4.31 () = 6.6 Hz, 2H), 2.40 (s, 3H), 1.78 — 1.71 unnumbered

(m, 2H), 1.51 — 1.44 (m, 2H), 0.98 {t= 7.4 Hz, 3H)}*C NMR

(125 MHz, CDC}) 6 165.71, 142.34, 128.53, 127.98, 126.79,

63.59, 29.79, 20.57, 18.26, 12.73.

4.3.40. Isobutyl benzoatet]*®. Colorless oil; 75% Yield.'H
NMR (500 MHz, CDCJ) § 8.06 (d,J = 7.0 Hz, 2H), 7.55 (§] =
7.4 Hz, 1H), 7.44 (t) = 7.7 Hz, 2H), 4.11 (d) = 6.6 Hz, 2H),
2.09 (m, 1H), 1.03 (dJ = 6.7 Hz, 6H)."*C NMR (125 MHz,
CDCly) 6 165.55, 131.75, 129.50, 128.48, 127.28, 69.98726.
18.14.

4.3.41. Isobutyl 3-methylbenzoaten). Colorless oil; 61% Yield.
'H NMR (500 MHz, CDC}) 6 7.85 (d,J = 8.5 Hz, 2H), 7.34 (m,

2H), 4.10 (dJ = 6.6 Hz, 2H), 2.41 (s, 3H), 2.09 (m, 1H), 1.03 (d,

J = 6.7 Hz, 6H).”°C NMR (125 MHz, CDCJ)  166.56, 137.84,
133.30, 130.22, 129.80, 127.96, 126.40, 70.69, &724.02,
18.95. HRMS calcd for GH;s0,[M+H]", 192.1150; found,
192.1142.

4.3.42. I1sobuthyl 3,5-dimethoxybenzoate) ( Colorless oil; 72%

Yield. '"H NMR (500 MHz, CDC)) & 7.19 (d,J = 2.4 Hz, 2H),

6.64 (t,J = 2.4 Hz, 1H), 4.09 (d] = 6.6 Hz, 2H), 3.82 (s, 6H),
2.07 (m, 1H), 1.01 (dJ = 6.7 Hz, 6H)."*C NMR (125 MHz,

CDCl,) 6 166.03, 160.36, 132.13, 106.90, 105.05, 70.82®5.
27.61, 18.89. HRMS calcd for @50, M+H]", 238.1205;

found, 238.1209.

8.21 (d,J = 8.7 Hz, 2H), 4.16 (d] = 6.7 Hz, 2H), 2.11 (m, 1H),
1.04 (d,J = 6.8 Hz, 6H)°C NMR (125 MHz, CDG)) 5 164.42,
150.25, 135.62, 130.37, 123.26, 71.62, 27.58, 18.86

4.3.44. 1sobuthyl 2-naphthoatdp)®. Colorless oil; 65% Yield.
H NMR (500 MHz, CDCJ) 5 8.63 (s, 1H), 8.09 (dd},= 8.6, 1.5
Hz, 1H), 7.97 (dJ = 8.1 Hz, 1H), 7.88 (d] = 8.8 Hz, 2H), 7.56
(m, 2H), 4.19 (d,) = 6.6 Hz, 2H), 2.16 (M, 1H), 1.08 @= 6.7
Hz, 6H).°C NMR (125 MHz, CDGJ) 5 165.75, 134.47, 131.49,
129.89, 128.30, 127.08%72, 125.55, 124.76, 124.22, 70.12,
26.94, 18.22.

4.3.45. Cyclopropylmethyl benzoatéqf. Colorless oil; 76%
Yield. '"H NMR (500 MHz, CDC)) & 8.07 (d,J = 7.1 Hz, 2H),
7.55 (t,J = 7.4 Hz, 1H), 7.44 (§ = 7.7 Hz, 2H), 4.16 (A] = 7.2
Hz, 2H), 1.31 — 1.22 (m, 1H), 0.62 @= 6.0 Hz, 2H), 0.37 (d]
= 4.7 Hz, 2H).”*C NMR (125 MHz, CDGC)) 5 166.47, 132.53,
130.30, 129.33, 128.04, 69.4, 9.66 , 3.03.

4.3.46. Cyclopropylmethyl [1,1'-biphenyl]-4-carboatg @r)**"
Colorless oil; 63% Yield'H NMR (500 MHz, CDC})) 6 8.15 (d,
J = 8.5 Hz, 2H), 7.67 (d) = 8.5 Hz, 2H), 7.63 (dJ = 7.1 Hz,
2H), 7.47 (tJ=7.5 Hz, 2H), 7.40 (1 = 7.4 Hz, 1H), 4.19 (d] =
7.2 Hz, 2H), 1.30 (m, 1H), 0.64 (4,= 6.0 Hz, 2H), 0.40 (q] =
4.7 Hz, 2H)."”*C NMR (125 MHz, CDG)) & 166.37, 145.30,
139.83, 129.89, 129.07, 128.68, 127.86, 127.04,762659.44,
9.74, 3.09.

4.3.47. 4-Methylbenzaldehydzd(). Colorless oil; 88% Yield'H
NMR (500 MHz, CDCJ) & 9.96 (s, 1H), 7.78 (d} = 8.1 Hz, 2H),
7.33 (d,J = 8.0 Hz, 2H), 2.44 (s, 3HY’C NMR (125 MHz,
CDCl) 5 191.71, 145.27, 133.94, 129.56, 129.43, 21.56.
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