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dichloropropane under mild conditions+
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Dichloromethane (DCM) as a C1 source has been discovered: methylene diesters from DCM and carboxylic
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acids or aldehydes with TBHP in water were efficiently synthesized. The reactions proceed under mild

conditions and afford both aliphatic and aromatic methylene diesters in good to excellent yields (up to
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Methylene diesters are very important scaffolds in pharmaceu-
tical** and material science.® Various methylene diester deriv-
atives have been found to possess anti-inflammatory, analgesic
and other biological properties.*>** The general route for
construction of symmetric methylene diesters is the reaction of
either CH,]I, (ref. 6) or CH,Br, (ref. 7) with a carboxylic acid [eqn
(1)]. For unsymmetric methylene diesters, a common route
employs acyl chlorides, which react with aldehydes to give an a-
chloro esters in the presence of ZnCl,,” and these further react
with different carboxylic acids to afford the unsymmetric dies-
ters [eqn (2)]. Alternatively, CH,IBr can be employed in two step
pathway.> Compared with CH,I,, CH,Br,, and CH,IBr, DCM is
much less expensive, and even though it is a widely used
solvent, it is seldom® used as a reagent, especially to serve as a
C, source (Scheme 1).

Aldehydes are cheap, commercially available, and widely
used organic compounds. The oxidation of aldehydes to
carboxylic acids is a well-known transformation, but although
many efficient methods have been developed, most involve
transition metals. We found that in the presence of base, TBHP
in water-DMSO readily converts aldehydes into the corre-
sponding carboxylic acids in good to high yield. Herein we
describe a novel methylene diester synthesis that starts with
aldehydes and uses DCM as the C; source. This transformation
is highly efficient for symmetric methylene diester formation.
The same procedure was also adapted to utilize 1,2-dichloro-
ethane and 1,3-dichloropropane, but instead of yielding the
corresponding diesters, monoesters were formed in most cases.

Our studies commenced with the reaction of benzoic acid (1)
and DCM in the presence of K,CO; in DMSO solvent at 60 °C in
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>99%). 2-Chloroethyl benzoates and 3-chloropropyl benzoates are easily obtained in the same way
from 1,2-dichloroethane and 1,3-dichloropropane, respectively, in good to excellent yields.
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Scheme 1 Symmetric and unsymmetric methylene diester syntheses.

air (Table 1). Most gratifyingly, methylene diester 2 was obtained
in 80% yield! Solvent screening showed that both DMSO and
DMF are good solvents for this reaction, while 1,4-dioxane,
toluene, THF and water gave no reaction. In term of bases, both
K,COj; and Cs,CO; gave excellent yields, but KHCOj;, Na,CO; and
NaHCO; produced only trace amounts of diester. In the presence
of pyridine, triethylamine, NaOH, KOH or sodium ter¢-butoxide,
there was no reaction at all. The amount of base was also inves-
tigated and it appears that 1 equivalent of K,CO; in DMSO and
0.5 mL of DCM gives the best results, with isolated yields of up to
99% (entry 6, Table 1), and Cs,CO;-DMSO is also an acceptable
system for the reaction (entry 15, Table 1).

With the optimized protocol in hand, we next set out to
explore the scope and limitations of the reaction (Table 2). As
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Table 2 Methylene diester formation from various carboxylic acids®

Table 1 Reaction condition screening for methylene diester synthesis®
0] 0] (o}
©)LOH DCM/Base ©)‘\O/\OJ\©
solvent
1a 2a
Entry Bases (equiv.) Solvent DCM (mL) T(h) T (°C) Yield*%
1 K,CO;(3) DMSO 1 3 60 >99%
2 K»CO;(2) DMSO 1 3 60 >99%
3 K,CO;(1) DMSO 1 3 60 >99%
4 K,CO5(0.5) DMSO 1 3 60 80%
4 K,C0;(0.25) DMSO 1 3 60 34%
5 K,CO5(1) DMSO 0.5 3 60 >99%
6 K,CO5(1) DMSO 0.2 3 60 80%
7 K»CO;(1) DMF 0.5 3 60 >99%
8 K,CO;(1) 1,4-Dioxane 0.5 3 60 NR°
9 K,CO5(1) Toluene 0.5 3 60 NR°
10 K,CO4(1) THF 0.5 3 60 NR°
11 Pyridine — 0.5 3 60 NR*
12 Triethylamine — 0.5 3 60 NR¢
13 KHCO(2) DMSO 0.5 3 60  Trace
14 Na,CO3(1) DMSO 0.5 3 60 Trace
15 NaHCO5(2) DMSO 0.5 3 60 Trace
16 Cs,CO5(1) DMF 0.5 3 60 >99%
17  NaOH(2) H,0 0.5 3 60  NR°
18  KOH(2) H,0 0.5 3 60 NR°
19 Sodium-tert- DMSO 0.5 3 60 NR°
butoxide(2)
20 Potassium-tert- DMSO 0.5 3 60 NR°
butoxide(2)

“ Reaction conditions: substrate (0.5 mmol), base, DCM and solvent (2.5
mL) stirred under air for the indicated time. ? Yield of the isolated
product. ¢ NR = no reaction.

summarized in Table 2, both aromatic and aliphatic carboxylic
acids could be smoothly transformed into the desired products
(2a-2n in Table 2). Halo-substituted aromatic carboxylic acids
survived well, leading to halo-substituted products (2d-2i), and
substituents on the aromatic ring at different positions (ortho-,
meta- and para-) did not affect the efficiency (2d-2f and 2g-2i).
Similar reactivity was observed with both electron-donating and
electron-withdrawing groups on the aromatic rings (2a, 2¢, 2d,
2h and 2j), and the reaction can tolerate many functional
groups, including methyl, benzyl ether, halo and nitro groups.
The procedure can readily be scaled up to gram quantities, and
there is no decrease in yield between 0.5 mmol and gram scale
(95% in 0.5 mmol and 96% in gram scale; entry 2b in Table 2).
Besides the symmetric examples above, an unsymmetric
methylene diester (20) was also formed under the standard
conditions in 39% isolated yield. This result is not inferior to the
common methods for unsymmetric diester formation, which
usually require two steps and give overall yields of 30-50%."
1,2-Dichloroethane and 1,3-dichloropropane are also
common solvents. Interestingly, when the standard conditions
were applied to these dichloro alkanes, none of the expected
diesters were formed. Instead, monoesters were formed exclu-
sively (Table 3). This is a highly efficient method for synthesis of
2-chloroethyl and 3-chloropropyl benzoates, and the reaction

This journal is © The Royal Society of Chemistry 2013

0 0 0
K,CO4/DCM
R)LOH : RJ\O/\OJ\R
DMSO, 60 °C
1 R = Aryl or Alkyl 2

Entry 1 Carboxylic acid Product Yield (%)

0 0 o
1 sa TN easa LI

o o 95%
)k PS 0 1

; ph” 007 P (2b) (0.5 mmol)

2 Benzoic add 96%
(gram scale)
Q Ph
()\)J\OH o o Ko o
3 e ceaach,
0""Ph
4 0 0-Br (2d) 94%
5 B Y o m-Br (2e) 84%
6 \F p-Br (2f) 89%
7 0 o-F (2g) 99%
8 N oH m-F (2h) 97%
9 s p-F (2i) 99%
10 0-NO, (2j) 94%
11 o m-NO, (2k) 96%
12 oNE Y oH p-NO, (21) 92%
Z

0 o 0

13 O)%H OAOAO)KO am  99%
o 0 0 N

14 \/\)LOH Butyln)kOAOknButyl @m 98%

F F o o
COOH  Br. COOH A~ Br
15 + \©/ oo 20) 39%

¢ Reaction conditions: carboxylic acid (0.5 mmol), K,CO; (0.5 mmol),
DMSO (2.5 mL), DCM (0.5 mL), air. ” Isolated yield.

worked well with both aromatic and aliphatic carboxylic acids
(3a-4g, Table 3). It is easily scaled up to gram quantities without
loss of yield (3b). For aromatic acids, ring substituents at
different positions (ortho-, meta- and para-) did not affect the
efficiency (3a, 3c-3e and 4a, 4c-4e), and the reaction tolerated
many functional groups, including fluoro, bromo, nitro, methyl,
and anisyl groups. However, when the reaction temperature was
raised to 90 °C, both mono- and di-esters were formed, and the
ethylene diester (3f) was obtained in 49% isolated yield.
Aldehydes are readily available and widely used organic
compounds, and they can be considered precursors of carbox-
ylic acids via oxidation. Numerous methods have been devel-
oped for aldehyde oxidation,”™ yet most are either transition
metal-catalyzed®'>*>'® or catalyzed by highly complex organo-
catalysts.™ Current environmental concerns necessitate greener
reactions free of any transition metal involvement, and water is
the preferred medium. When 4-chlorobenzaldehyde was treated
with TBHP in aqueous DMSO, we found that bases could
promote the conversion of aldehyde to acid without any tran-
sition metal present. Since methylene diester formation is a
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Table 3 2-Chloroethyl and 3-chloropropy! ester formation from DCE and DCP
and various carboxylic acids®™
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¢ Reaction conditions: carboxylic acid (0.5 mmol), K,CO, (0.5 mmol),
DMSO (2.5 mL), DCE or DCP (1.0 mL), air. ? Isolated yield. ¢ Reaction
temp: 35 °C. ? Reaction temp: 45 °C. ©Reaction temp: 60 °C.
/ Reaction temp: 90 °C.

base-mediated reaction, addition of DCM to the reaction
mixture directly leads to methylene diester formation. Condi-
tion screening showed that 2.5 equivalents of TBHP in water at
120 °C in the presence of K,CO; could convert 1 equivalent of 2-
chlorobenzaldehyde into carboxylic acid smoothly, and
furthermore, DCM addition at 90 °C gave a 75% yield of the
corresponding methylene diester (entry 4, Table 4).

Table 4 Reaction condition screening for methylene diester formation from
aldehydes®

o Ol HO
dant CH,Cl,
DAH oxidan 2Vl /©)LO><O)J\©
o KiCOJDMSO Tty al
5 Tilty 2

Entry Oxidant (equiv.) T, (°C) t; (h) T, (°C) ¢, (h) Yield’%
1 TBHP in hexane (2.5) 120 5 90 2.5 58
2 DTBP (2.5) 120 5 90 2.5 43
3 TBHP in toluene (2.5) 120 5 90 2.5 43
4 TBHP in H,0 (2.5) 120 5 90 2.5 75
4 TBHP in H,O (1.4) 120 5 90 2.5 32
5 TBHP in H,0 (3.2) 120 5 90 2.5 75

¢ Reaction conditions: substrate (0.5 mmol), oxidant and DMSO (2.5 mL)
and DCM (0.5 mL) with stirring under air for the indicated time. ? Yield
of the isolated product.
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Table 5 Methylene diester formation from various aldehydes”
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@ Reaction conditions: step 1: aldehyde (1 mmol), TBHP in water (0.34
mL), DMSO (1.75 mL), 5-6 h, 120 °C, air, reflux; step 2: 0.8 mL DCM,
3 h, 60-90 °C. ? Yield of the isolated product.

A variety of benzaldehydes were subjected to the standard
conditions, and as shown in Table 5, all gave fair to good results.
Many functional groups were tolerated in this reaction (5a-5j,
Table 5), and the same functional group at a different positions
on the aromatic ring had little effect on the efficiency of the
reaction (5b, 5h and 5i, 5d and 5f). In the case of aliphatic alde-
hydes, however, only trace amounts of product were obtained.

When DCE and DCP were used instead of DCM under the
above conditions, the corresponding monoesters were formed
in good yield as well (Table 6).
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Table 6 2-Chloroethyl and 3-chloropropyl ester formation from various alde-
hydes and DCE and DCP?
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% Reaction conditions: step 1: aldehyde (1 mmol), TBHP in water (0.34
mL), DMSO (1.75 mL), 5-6 h, 120 °C, air, reflux; step 2: 0.8 mL DCE
(entry 1-3) or DCP (entry 4-6), 2.5 h, 60 °C. ” Yield of the isolated
product.

2-Chloroethyl benzoates and 3-chloropropyl benzoates are
versatile intermediates and building blocks in organic
synthesis."”” For example, a Sonogashira reaction could take
place between a terminal alkyne and a 2-chloroethyl benzoate or
3-chloropropyl benzoate to give a useful product;” a tandem
reaction between sodium azide, acetylene, 4-bromopyridine and
2-chloroethyl benzoate or 3-chloropropyl benzoate might give a
click type product;*® in the presence of strong base, the ester can
be hydrolyzed to 2-chloroethanol;* and the chlorine might be
replaced by hydroxide to give 2-hydroxyethyl benzoate;** when
treated with a nitrogenous organic base in the presence of
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Scheme 2 Literature transformations of 2-chloroethyl benzoates and 3-chlor-
opropyl benzoates.
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Cs,CO;3 and DMF, an N-substituted product was obtained;** and
the chlorine can easily be converted into iodine in the presence
of sodium iodide (Scheme 2).>>

In summary, we have demonstrated direct methylene diester
formation from carboxylic acids with DCM (dichloromethane),
as well as a methylene diester preparation from aldehydes and
DCM in a basic TBHP aqueous system. DCM is much cheaper
than DBM (dibromomethane), DIM (diiodomethane) or bro-
moiodomethane and the reaction proceeds smoothly to give
good to excellent yields. If DCE (1,2-dichloroethane) or DCP
(1,3-dichloropropane) is used instead of DCM, monoester is
formed in good to excellent yield. This method affords a cheap
and efficient route for synthesis of methylene diesters and 2-
chloroethyl benzoates and 3-chloropropyl benzoates. The scope,
mechanism and synthetic applications of these reactions are
under investigation in our lab.

Experimental section
General method

All manipulations were conducted with a trace reaction tube
under air. "H-NMR spectra were recorded on a Bruker AVIII-
400M spectrometers. Chemical shifts (in ppm) were referenced
to tetramethylsilane (6 = 0 ppm) in CDCl; as an internal stan-
dard. "*C-NMR spectra were obtained by using the same NMR
spectrometers and were calibrated with CDCl; (6 = 77.00 ppm).
High-resolution mass spectra (HRMS) were recorded on a FTMS
mass spectrometer using ESI (electrospray ionization) and
FT-ICR mass analyser or mass spectrometer using EI (electro-
ionization). Unless otherwise noted, materials obtained from
commercial suppliers were used without further purification.

A typical procedure for preparation of methylene diester from
carboxylic acid and DCM (1,1-dichloromethane)

2-Methylbenzoic acid (69 mg, 0.5 mmol), K,CO; (69 mg, 0.5
mmol), DCM (0.5 mL), and DMSO (2.5 mL) were stirred at 60 °C
under air for 3 hours. After cooling to r.t., EtOAc (20 mL) was
added, and the reaction solution was washed with saturated
NaHCO; solution (20 mL), water (20 mL x 3) and brine
sequentially. Then the organic layer was dried over anhydrous
MgSO0,. After filtration, the solvent was removed under vacuum.
At last, the reaction affords 71.5 mg of 2a as a white solid.

A typical procedure for preparation of 2-chloroethyl benzoate
from carboxylic acid and DCE (1,2-dichloroethane)

2-Methylbenzoic acid (100 mg, 0.5 mmol), K,CO; (69 mg,
0.5 mmol), DMSO (2.5 mL) and DCE (1.0 mL) were stirred at
35 °C under air for 4 hours. After cooling to r.t., EtOAc (20 mL)
was added, and the reaction solution was washed with saturated
NaHCO; solution (20 mL), water (20 mL x 3) and brine
sequentially. Then the organic layer was dried over anhydrous
MgSO,. After filtration, the solvent was purified by flash chro-
matography on silica gel (eluent: petroleum ether-ethyl
acetate = 15 : 1) to afford 95 mg of 3a as yellow oil.
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A typical procedure for preparation of 3-chloropropyl benzoate
from carboxylic acid and DCP (1,3-dichloropropane)

2-Methylbenzoic acid (100 mg, 0.5 mmol), K,CO; (69 mg, 0.5
mmol), DMSO (2.5 mL) and DCP (1.0 mL) were stirred at 45 °C
under air for 3 hours. After cooling to r.t., EtOAc (20 mL) was
added, and the reaction solution was washed with saturated
NaHCO; solution (20 mL), water (20 mL x 3) and brine
sequentially. Then the organic layer was dried over anhydrous
MgSO,. After filtration, the solvent was purified by flash chro-
matography on silica gel (eluent: petroleum ether-ethyl acetate
= 20 : 1) to afford 96.5 mg of 4a as yellow oil.

Bis(2-methylbenzoyloxy)methane (2a)

71.5 mg (99%), a white solid. Mp: 62-63 °C. "H NMR (400 MHz,
CDCl;): 6 8.03-7.97 (m, 2H), 7.43 (td, J = 7.5, 1.4 Hz, 2H), 7.25
(dd,J = 8.1, 6.4 Hz, 4H), 6.21 (s, 2H), 2.63 (s, 6H); >*C NMR (100
MHz, CDCl;): 6 165.88, 141.11, 132.70, 131.81, 131.09, 128.16,
125.81, 79.71, 21.82; HRMS caled for C;;H;(NaO, [M + Na]"
307.0941, found 307.0939.

Bis(benzoyloxy)methane (2b), 0.5 mmol scale

60.8 mg (95%), a white solid. Mp: 100-102 °C. 'H NMR (400
MHz, CDCl,): 6 8.10 (dd, J = 8.4, 1.3 Hz, 4H), 7.61-7.56 (m, 2H),
7.47-7.42 (m, 4H), 6.26 (s, 2H); ">°C NMR (100 MHz, CDCI;): 6
165.38, 133.80, 130.20, 129.13, 128.62, 80.19; HRMS caled for
C15H1,NaO,4 [M + Na]* 279.0628, found 279. 0624.

Bis(benzoyloxy)methane (2b), gram scale

Benzoic acid (1.098 g, 9 mmol), K,CO;3 (1.242 g, 9 mmol), DCM
(4 mL), and DMSO (6 mL) were stirred at 90 °C under air for 5
hours. After cooling to r.t., EtOAc (60 mL) was added, and the
reaction solution was washed with saturated NaHCO; solution
(60 mL), water (60 mL x 3) and brine sequentially. Then the
organic layer was dried over anhydrous MgSO,. After filtration,
the solvent was removed under vacuum. At last, the reaction
affords 1.106 g (96%) of 2b as a white solid.

Methylene bis(2-(benzyloxy)benzoate) (2c)

106 mg (93%), brown oil. "H NMR (400 MHz, CDCl,): 6 7.89 (dd,

J = 7.8,1.2 Hz, 2H), 7.51-7.40 (m, 6H), 7.27 (ddd, J = 10.3, 7.5,
3.8 Hz, 6H), 7.02-6.92 (m, 4H), 6.23 (s, 2H), 5.15 (s, 4H); *C
NMR (100 MHz, CDCl3): 6 164.42, 158.77, 136.55, 134.13,
132.33, 128.47, 127.67, 126.79, 120.47, 119.33, 113.80, 79.93,
70.53; HRMS caled for C,oH,,NaOg [M + Na]" 491.1465, found
491.1456.

Bis(2-bromobenzoyloxy)methane (2d)

97.3 mg (94%), a white solid. Mp: 57-59 °C. "H NMR (400 MHz,
CDCl,): 6 7.94-7.87 (m, 2H), 7.73-7.65 (m, 2H), 7.41-7.33 (m,
4H), 6.24 (s, 2H); >C NMR (100 MHz, CDCl,): § 164.31, 134.64,
133.32, 131.94, 130.35, 127.23, 122.40, 80.29; HRMS calcd for
Cy5H10Br,NaO,4 [M + Na]" 434.8838, found 434.8842.
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Bis(3-bromobenzoyloxy)methane (2¢)

89 mg (84%), a white solid. Mp: 100-102 °C. '"H NMR (400 MHz,
CDCly): 6 8.22 (t,J = 1.6 Hz, 2H), 8.02 (d, /] = 7.8 Hz, 2H), 7.72 (d,
J = 8.0 Hz, 2H), 7.34 (t, ] = 7.9 Hz, 2H), 6.24 (s, 2H); >*C NMR
(100 MHz, CDCl;): 6 163.89, 136.71, 132.98, 130.73, 130.08,
128.63, 122.61, 80.30; HRMS calcd for Cy5H,oBr,NaO, [M + Na]"
434.8838, found 434.8841.

Bis(4-bromobenzoyloxy)methane (2f)

92.2 mg (89%), a white solid. Mp: 119-121 °C. '"H NMR (400
MHz, CDCl,): 6 7.94 (d, ] = 8.7 Hz, 4H), 7.59 (d, J = 8.7 Hz, 4H),
6.22 (s, 2H); >C NMR (100 MHz, CDCl;): 6 164.49, 131.90,
131.51, 129.04, 127.75, 80.17; HRMS calcd for C,5H,(Br,NaO,
[M + Na]" 434.8838, found 434.8843.

Bis(2-fluorobenzoyloxy)methane (2g)

72.3 mg (99%), a white solid. Mp: 61-63 °C. "H NMR (400 MHz,
CDCl,): 6 7.99 (td, J = 7.6, 1.7 Hz, 2H), 7.56 (dddd, J = 8.3, 7.4,
4.8, 1.8 Hz, 2H), 7.18 (dddd, J = 10.7, 9.2, 8.1, 0.9 Hz, 4H), 6.25
(s, 2H); **C NMR (100 MHz, CDCl;): 6 163.63, 162.61 (d, J = 3.8
Hz), 161.03, 135.28 (d, J = 9.2 Hz), 132.33, 124.02 (d, J = 4.1 Hz),
117.45 (d,J = 9.0 Hz), 117.08 (d, J = 22.0 Hz), 80.10; HRMS calcd
for C15H;0F,NaO, [M + Na]" 315.0439, found 315.0437.

Bis(3-fluorobenzoyloxy)methane (2h)

70 mg (97%), a white solid. Mp: 45-46 °C. "H NMR (400 MHz,
CDCly): 6 7.91-7.87 (m, 2H), 7.80-7.73 (m, 2H), 7.47-7.40 (m,
2H), 7.33-7.26 (m, 2H), 6.25 (s, 2H); "*C NMR (100 MHz, CDCL,):
6 164.05 (d, J = 3.3 Hz), 163.74, 161.28, 130.97 (d, J = 7.6 Hz),
130.18 (d, J = 7.8 Hz), 125.79 (d, J = 3.1 Hz), 120.83 (d, ] = 21.3
Hz), 116.90 (d, J = 23.3 Hz), 80.32; HRMS caled for
C15H;0F,NaO, [M + Na]" 315.0439, found 315.0438.

Bis(4-fluorobenzoyloxy)methane (2i)

72.3 mg (99%), a white solid. Mp: 97-98 °C. "H NMR (400 MHz,
CDCl,): 6 8.14-8.09 (m, 4H), 7.16-7.10 (m, 4H), 6.23 (s, 2H); *C
NMR (100 MHz, CDCl,): 6 167.48, 164.94, 164.23, 132.70 (d, ] = 9.5
Hz), 125.15 (d, J = 3.1 Hz), 115.73 (d, J = 22.1 Hz), 80.05; HRMS
caled for Cy5H,oF,NaO, [M + Na]" 315.0439, found 315.0439.

Bis(2-nitrobenzoyloxy)methane (2j)

81.3 mg (94%), a light yellow solid. Mp: 87-89 °C. "H NMR (400
MHz, CDCl,): 6 7.99 (dd, J = 7.9, 0.7 Hz, 2H), 7.87-7.83 (m, 2H),
7.71 (dtd, J = 17.0, 7.6, 1.3 Hz, 4H), 6.16 (s, 2H); ">C NMR (100
MHz, CDCl;): 6 164.14, 147.82, 133.28, 132.22, 130.08, 126.60,
124.06, 80.40; HRMS caled for C;sH;(N,NaOg [M + Nal'
369.0329, found 369.0333.

Bis(3-nitrobenzoyloxy)methane (2k)

83.9 mg (96%), a white solid. Mp: 83-85 °C. "H NMR (400 MHz,
CDCl3): 6 9.04-8.79 (m, 2H), 8.50-8.42 (m, 4H), 7.71 (t, J = 8.0
Hz, 2H), 6.35 (s, 2H); "*C NMR (100 MHz, CDCl;): 6 163.09,
148.36, 135.62, 130.48, 129.89, 128.20, 125.00, 80.80; HRMS
caled for C,5H;,N,NaOg [M + Na]* 369.0329, found 369.0323.
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Bis(4-nitrobenzoyloxy)methane (21)

79.6 mg (92%), a light yellow solid. Mp: 181-183 °C. 'H NMR
(400 MHz, CDCl): 6 8.47-8.22 (m, 8H), 6.31 (s, 2H); ">*C NMR
(100 MHz, CDCl3): 6 163.34, 151.07, 133.97, 131.25, 123.72,
80.72; HRMS calcd for C;5H;,N,NaOg [M + Na]" 369.0329, found
369.0326.

Bis(cyclohexanecarbonyloxy)methane (2m)

66.2 mg (99%), a light yellow oil. "H NMR (400 MHz, CDCl,): 6
5.74 (s, 1H), 2.34 (tt, J = 11.2, 3.7 Hz, 2H), 1.95-1.85 (m, 4H),
1.78-1.71 (m, 4H), 1.68-1.59 (m, 2H), 1.53-1.36 (m, 4H), 1.35-
1.17 (m, 6H); "*C NMR (100 MHz, CDCl;): 6 174.69, 78.93, 42.79,
28.67, 25.62, 25.24; HRMS caled for Cy5H,4,NaO, [M + Na]
291.1567, found 291.1568.

Bis(pentanoyloxy)methane (2n)

105 mg (98%), a yellow oil. "H NMR (400 MHz, CDCl3): 6 5.75 (s,
2H), 2.36 (t, J = 7.5 Hz, 4H), 1.72-1.53 (m, 4H), 1.42-1.30 (m,
4H), 0.92 (t, J = 7.4 Hz, 6H); >C NMR (100 MHz, CDCl,): 6
172.44, 76.68, 33.64, 26.62, 22.07, 13.59; HRMS caled for
C11H,oNaO, [M + Na]' 239.1254, found 239.1255.

((3-Bromobenzoyl)oxy)methyl 2-fluorobenzoate (20)

68.9 mg (39%), a light yellow solid. Mp: 39-40 °C. "H NMR (400
MHz, CDCl,): 6 8.22 (t, ] = 1.8 Hz, 1H), 8.04-7.94 (m, 2H), 7.70
(ddd, J = 8.0, 2.0, 1.1 Hz, 1H), 7.62-7.51 (m, 1H), 7.33 (t,/ = 7.9
Hz, 1H), 7.24-7.09 (m, 2H), 6.24 (s, 2H); "*C NMR (100 MHz,
CDCl,): 6 163.82, 163.63, 162.62 (d, J = 3.8 Hz), 161.02, 136.59,
135.37 (d, J = 9.1 Hz), 132.92, 132.32, 130.79, 130.02, 128.58,
124.04 (d,J = 3.9 Hz), 122.54, 117.31 (d,J = 9.3 Hz), 117.11 (d, J
= 22.0 Hz), 80.17; HRMS calcd for C,5sH;,BrFNaO, [M + Na]"
374.9639, found 374.9647.

2-Chloroethyl 2-methylbenzoate (3a)

95 mg (96%), a yellow oil. "H NMR (400 MHz, CDCl;): 6 7.96 (dd,
J=8.1,1.4 Hz, 1H), 7.41 (td, ] = 7.5, 1.5 Hz, 1H), 7.28-7.22 (m,
2H), 4.545 (t, ] = 6.0 Hz, 2H), 3.805 (t, / = 6.0 Hz, 2H), 2.61 (s,
3H); "*C NMR (100 MHz, CDCl;): 6 167.00, 140.39, 132.23,
131.69, 130.75, 128.93, 125.72, 64.23, 41.71, 21.72; HRMS caled
for C1,H,;CINaO, [M + Na]" 221.0340, found 221.0342.

2-Chloroethyl benzoate (3b), 0.5 mmol scale

92.5 mg (99%) of 3b as yellow oil. "H NMR (400 MHz, CDCl,): 6
8.07 (dd, J = 8.3, 1.2 Hz, 2H), 7.61-7.55 (m, 1H), 7.45 (t,] = 7.7
Hz, 2H), 4.575 (t,] = 6.0 Hz, 2H), 3.815 (t,] = 6 Hz, 2H); "*C NMR
(100 MHz, CDCl3): 6 166.13, 133.22, 129.71, 129.61, 128.40,
64.42, 41.63; HRMS calcd for CoHoCINaO, [M + Na]* 207.0183,
found 207.0183.

2-Chloroethyl benzoate (3b), gram scale

Benzoic acid (1.098 g, 9 mmol), K,COj; (1.242 g, 9 mmol), DMSO
(6 mL) and DCE (5 mL) were stirred at 60 °C under air for 5
hours. After cooling to r.t., EtOAc (60 mL) was added, and the
reaction solution was washed with saturated NaHCOj; solution
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(60 mL), water (60 mL x 3) and brine sequentially. Then the
organic layer was dried over anhydrous MgSO,. After filtration,
the solvent was purified by flash chromatography on silica gel
(eluent: petroleum ether-ethyl acetate = 15 : 1) to afford 1.639 g
(99%) of 3b as yellow oil.

2-Chloroethyl 4-bromobenzoate (3c)

105 mg (80%), a white solid. Mp: 56-58 °C. "H NMR (400 MHz,
CDCl;): 6 7.93 (dd, J = 8.6, 1.9 Hz, 2H), 7.60 (dd, J = 8.7, 2.1 Hz,
2H), 4.565 (t, ] = 6.0 Hz, 2H), 3.81 (t, ] = 4.0 Hz, 2H); >*C NMR
(100 MHz, CDCl;): 6 165.43, 131.81, 131.24, 128.51, 128.45,
64.65, 41.57; HRMS calcd for CoHoBrClO, [M + H]' 262.9469,
found 262.9476.

2-Chloroethyl 2-fluorobenzoate (3d)

95.1 mg (94%), a yellow oil. "H NMR (400 MHz, CDCl,): § 7.99-
7.92 (m, 1H), 7.62-7.46 (m, 1H), 7.25-7.11 (m, 2H), 4.58 (t, /] =
5.7 Hz, 2H), 3.815 (t, / = 6.0 Hz, 2H). *C NMR (100 MHz,
CDCly): 6 63.74 (d, ] = 3.7 Hz), 163.30, 160.71, 134.75 (d, ] = 9.2
Hz), 132.07, 123.94 (d, ] = 4.0 Hz), 118.10 (d,J = 9.7 Hz), 116.97
(d,J=22.2 Hz), 64.59, 41.39; HRMS calcd for CoHgCIFNaO, [M +
Na]" 225.0089, found 225.0091.

2-Chloroethyl 3-nitrobenzoate (3e)

108.8 mg (95%), a yellow oil. "H NMR (400 MHz, CDCI;): 6 8.88
(s, 1H), 8.47-8.38 (m, 2H), 7.69 (t, ] = 8.0 Hz, 1H), 4.655 (t, ] =
6.0 Hz, 2H), 3.865 (t, / = 6.0 Hz, 2H); "*C NMR (100 MHz,
CDCl,): 6 164.03, 148.29, 135.33, 131.34, 129.71, 127.64, 124.65,
65.18, 41.36; HRMS calcd for CoHsCINO, [M + H]' 230.0215,
found 230.0220.

1,2-Bis(2-nitrobenzoyl)ethane (3f)

44.1 mg (49%), a brown solid. Mp: 132-133 °C. '"H NMR (400
MHz, CDCl,): 6 7.92 (dd, J = 7.9, 1.3 Hz, 2H), 7.81 (dd, J = 7.6,
1.5 Hz, 2H), 7.67 (dtd,J = 17.1, 7.6, 1.4 Hz, 4H), 4.64 (s, 4H); *C
NMR (100 MHz, CDCl3): ¢ 165.10, 148.12, 132.98, 131.87,
130.06, 127.16, 123.87, 63.51; HRMS calcd for C;gH;3N,05[M +
H]" 361.0666, found 361.0678.

2-Chloroethyl 2-(4-methoxyphenyl)acetate (3g)

108.3 mg (95%), a yellow oil. "H NMR (400 MHz, CDCl,): 6 7.23-
7.19 (m, 2H), 6.88-6.85 (m, 2H), 4.335 (t, ] = 6.0 Hz, 2H), 3.79 (s,
3H), 3.665 (t,J = 6.0 Hz, 2H), 3.61 (s, 2H); >*C NMR (100 MHz,
CDCl3): 6 171.50, 158.77, 130.27, 125.62, 114.02, 64.26, 55.24,
41.45, 40.14; HRMS calcd for C;;H;3CINaO; [M + Na]* 251.0445,
found 251.0449.

2-Chloroethyl benzoate (3h)

88.4 mg (93%), a light yellow oil. "H NMR (400 MHz, CDCl;): 6
4.315 (t,] = 6 Hz, 2H), 3.68 (t,] = 6 Hz, 2H), 2.35 (tt, ] = 11.3, 3.6
Hz, 1H), 1.93 (ddd, J = 11.8, 6.3, 3.6 Hz, 2H), 1.80-1.72 (m, 2H),
1.70-1.61 (m, 1H), 1.54-1.40 (m, 2H), 1.38-1.19 (m, 4H); *C
NMR (100 MHz, CDCl;): 6 175.66, 63.63, 42.99, 41.72, 28.92,
25.68, 25.34; HRMS caled for CoH,5CINaO, [M + Na]* 213.0653,
found 213.0658.
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2-Chloropropyl 2-methylbenzoate (4a)

96.5 mg (90%), a yellow oil. "H NMR (400 MHz, CDCl;): 6 7.90
(dd,J = 8.1, 1.3 Hz, 1H), 7.39 (td, J = 7.5, 1.3 Hz, 1H), 7.31-7.16
(m, 2H), 4.44 (t,J = 6.1 Hz, 2H), 3.69 (t, ] = 6.5 Hz, 2H), 2.60 (s,
3H), 2.22 (p, J = 6.3 Hz, 2H); "*C NMR (100 MHz, CDCl,): 6
167.26, 140.13, 131.99, 131.67, 130.46, 129.38, 125.66, 61.39,
41.29, 31.68, 21.66; HRMS calcd for C;;H;;CINaO, [M + Na]"
235.0496, found 235.0495.

2-Chloropropyl benzoate (4b)

88.1 mg (89%), a yellow oil. "H NMR (400 MHz, CDCl,): 6 8.07-
8.01 (m, 2H), 7.60-7.52 (m, 2H), 7.48-7.41 (m, 2H), 4.66 (t, ] =
6.1 Hz, 2H), 3.70 (t, ] = 6.4 Hz, 2H), 2.23 (p, ] = 6.2 Hz, 2H); **C
NMR (100 MHz, CDCly): 6 166.26, 132.95, 129.97, 129.47,
128.31, 61.59, 41.20, 31.68; HRMS calcd for C,,H;;NaClO, [M +
Na]" 221.0340, found 221.0344.

2-Chloropropyl! 2-bromobenzoate (4c)

125 mg (90%), a yellow oil. "H NMR (400 MHz, CDCl,): 6 7.81-
7.75 (m, 1H), 7.67-7.63 (m, 1H), 7.41-7.30 (m, 2H), 4.49 (t, ] =
6.0 Hz, 2H), 3.72 (t,J = 6.4 Hz, 2H), 2.27-2.20 (m, 2H); "*C NMR
(100 MHz, CDCl;): 6 165.94, 134.21, 132.51, 132.08, 131.21,
131.20, 127.10, 121.38, 62.23, 41.20, 31.44; HRMS calcd for
C10H;1BrClO, [M + H]" 276.9626, found 276.9633.

2-Chloropropyl 4-fluorobenzoate (4d)

94 mg (87%), a yellow oil. "H NMR (400 MHz, CDCl;): 6 8.14-
7.94 (m, 2H), 7.15-7.07 (m, 2H), 4.47 (t,] = 6.1 Hz, 2H), 3.70 (t,]
= 6.4 Hz, 2H), 2.28-2.19 (m, 2H); "*C NMR (100 MHz, CDCl,): 6
166.96, 165.27, 164.44, 132.01 (d, J = 9.4 Hz), 126.21 (d, ] = 3.0
Hz), 115.44 (d,J = 22.0 Hz), 61.74, 41.13, 31.61; HRMS calcd for
C1oH1oCIFO, [M + H]" 239.0215, found 239.0246.

2-Chloropropyl 3-nitrobenzoate (4e)

107.2 mg (88%), a yellow oil. "H NMR (400 MHz, CDCl;): 6 8.84
(d,J = 1.5 Hz, 1H), 8.48-8.33 (m, 2H), 7.68 (t,J = 8.0 Hz, 1H),
4.56 (t,J = 6.1 Hz, 2H), 3.73 (t,/ = 6.3 Hz, 2H), 2.30 (p,/ = 6.2 Hz,
2H); "*C NMR (100 MHz, CDCl;): 6 164.20, 148.22, 135.17,
131.71, 129.63, 127.40, 124.43, 62.63, 41.04, 31.45; HRMS calcd
for C;oHy;CINO, [M + H]" 244.0371, found 244.0378.

3-Chloropropyl 2-(4-methoxyphenyl)acetate (4f)

114.5 mg (96%), a yellow oil. "H NMR (400 MHz, CDCl;, TMS): 6
7.21-7.17 (m, 2H), 6.89-6.84 (m, 2H), 4.24 (t, ] = 6.1 Hz, 2H), 3.80
(s, 3H), 3.59-3.50 (m, 4H), 2.07 (p,J = 6.3 Hz, 2H); *C NMR (100
MHz, CDCl;, TMS): 6 171.71, 158.74, 130.20, 125.94, 114.03,
61.46, 55.26, 41.09, 40.42, 31.54; HRMS caled. for C;,H;5CINaO;
[M + NaJ* 265.0602, found 265.0604.

3-Chloropropyl cyclohexanecarboxylate (4g)

98.4 mg (95%), a yellow oil. "H NMR (400 MHz, CDCl;, TMS): 6
4.21 (t,] = 6.0 Hz, 2H), 3.61 (t, ] = 6.5 Hz, 2H), 2.30 (tt, ] = 11.3,
3.6 Hz, 1H), 2.15-2.04 (m, 2H), 1.96-1.86 (m, 2H), 1.79-1.71 (m,
2H), 1.69-1.60 (m, 1H), 1.51-1.38 (m, 2H), 1.35-1.17 (m, 3H);
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3C NMR (100 MHz, CDCl;, TMS): 6 175.87, 60.77, 43.13, 41.21,
31.65, 28.98, 25.70, 25.39; HRMS calcd. for C;,H;,CINaO, [M +
Na]" 227.0809, found 227.0814.

Typical procedure for preparation of methylene diester from
aldehydes and DCM

4-Chlorobenzaldehyde (140 mg, 1 mmol), K,CO; (166 mg, 1.2
mmol), TBHP in H,0 (0.34 mL, 2.5 mmol), DMSO (1.75 mL)
were stirred at 120 °C under air for 5 hours. Then the solvent
was charged with 0.8 mL DCM and stirred for 3 more hours.
After cooling to r.t., the reaction solution was washed with
saturated Na,S,0; solution (20 mL), water (20 mL x 2) and
brine sequentially. Then the organic layer was dried over
anhydrous MgSO,. After filtration, the solvent was purified by
flash chromatography on silica gel (eluent: petroleum ether-
ethyl acetate = 70 : 1) to affords 120 mg of 2p as a white solid.

Typical procedure for preparation of methylene diester from
aldehydes and DCE

4-Chlorobenzaldehyde (140 mg, 1 mmol), K,CO; (166 mg, 1.2
mmol), TBHP in H,0 (0.34 mL, 2.5 mmol), DMSO (1.75 mL)
were stirred at 120 °C under air for 5 hours. Then the solvent
was charged with 0.8 mL DCE and stirred for 2.5 more hours.
After cooling to r.t., the reaction solution was washed with
saturated Na,S,0; solution (20 mL), water (20 mL x 2) and
brine sequentially. Then the organic layer was dried over
anhydrous MgSO,. After filtration, the solvent was purified by
flash chromatography on silica gel (eluent: petroleum ether-
ethyl acetate = 70 : 1) to afford 161 mg of 3i as yellow oil.

Typical procedure for preparation of methylene diester from
aldehydes and DCP

4-Chlorobenzaldehyde (140 mg, 1 mmol), K,CO; (166 mg, 1.2
mmol), TBHP in H,0 (0.34 mL, 2.5 mmol), DMSO (1.75 mL)
were stirred at 120 °C under air for 5 hours. Then the solvent
was charged with 0.8 mL DCP and stirred for 2.5 more hours.
After cooling to r.t., the reaction solution was washed with
saturated Na,S,0; solution (20 mL), water (20 mL x 2) and
brine sequentially. Then the organic layer was dried over
anhydrous MgSO,. After filtration, the solvent was purified by
flash chromatography on silica gel (eluent: petroleum ether-
ethyl acetate = 70 : 1) to afford 172 mg of 4h as yellow oil.

Bis(4-Chlorobenzoyloxy)methane (2p)

122 mg (75%), a white solid. Mp: 68-70 °C. "H NMR (400 MHz,
CDCl,): 6 8.02 (d, ] = 8.6 Hz, 4H), 7.43 (d, ] = 8.7 Hz, 4H), 6.23 (d,
J = 6.7 Hz, 2H); "*C NMR (100 MHz, CDCl,): 6 164.37, 140.34,
131.43, 128.91, 127.31, 80.15; HRMS calcd for C,5H;,Cl,NaO,
[M + Na]" 346.9848, found 346.9852.

Methylene bis(4-(trifluoromethyl)benzoate) (2q)

137.2 mg (70%), a white solid. Mp: 88-90 °C. "H NMR (400 MHz,
CDCl,): 6 8.21 (ddd, J = 7.6, 1.4, 0.7 Hz, 4H), 7.73 (ddd, J = 6.2,
1.5, 0.6 Hz, 4H), 6.30 (s, 2H); *C NMR (100 MHz, CDCl;): 6
164.01, 135.25 (q, J = 32.9 Hz), 132.01 (d, J = 1.5 Hz), 130.48,
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125.59 (dd, J = 7.9, 4.0 Hz), 122.09, 80.42; HRMS calcd for
Cy7H;oFeNaO, [M + Na]' 415.0383, found 415.0386.

Bis(4-methylbenzoyloxy)methane (2r)

88 mg (62%), a white solid. Mp: 98-100 °C. 'H NMR (400 MHz,
CDCL,): 6 7.98 (d, ] = 8.3 Hz, 4H), 7.23 (d, ] = 8.0 Hz, 4H), 6.22 (s,
2H), 2.39 (s, 6H); 1°C NMR (100 MHz, CDCL,): 6 165.29, 144.44,
130.06, 129.15, 126.24, 79.84, 21.66. HRMS caled for
C1,H1¢NaO, [M + Na]' 307.0941, found 307.0939; HRMS calcd
for C,;H;,NaO, [M + Na]' 307.0941, found 307.0949.

Bis(3-methylbenzoyloxy)methane (2s)

76.7 mg (54%), a light yellow solid. gel (eluent: petroleum ether-
ethyl acetate = 70 : 1) to affords 100.4 mg (62%) of 2t as a yellow
solid. Mp: 50-52 °C. 'H NMR (400 MHz, CDCl,): 6 7.90 (dt, ] =
8.4, 4.2 Hz, 4H), 7.50-7.29 (m, 4H), 6.23 (s, 2H), 2.39 (s, 6H); °C
NMR (100 MHz, CDCl;): ¢ 165.43, 138.31, 134.41, 130.52,
128.36, 127.22, 79.95, 21.19; HRMS caled for C,,H;(NaO, [M +
Na]+ 307.0941, found 307.0939.

Bis(3-Chlorobenzoyloxy)methane (2t)

100.4 mg (62%), a yellow solid. Mp: 69-71 °C. "H NMR (400
MHz, CDCl,): 6 8.06 (t, ] = 1.8 Hz, 2H), 8.00-7.95 (m, 2H), 7.56
(ddd, J = 8.0, 2.1, 1.1 Hz, 2H), 7.40 (t, ] = 7.9 Hz, 2H), 6.24 (s,
2H); *C NMR (100 MHz, CDCl;): 6 164.00, 134.73, 133.77,
130.54, 130.05, 129.83, 128.16, 80.28; HRMS caled for
Cy5H;,Cl,NaO, [M + Na]' 346.9848, found 346.9852.

2-Chloroethyl 4-chlorobenzoate (3i)

161 mg (74%), a yellow oil. "H NMR (400 MHz, CDCL,): 6 8.00 (d,

J = 8.6 Hz, 2H), 7.43 (d, J = 8.5 Hz, 2H), 4.57 (t, ] = 6 Hz, 2H),
3.83-3.79 (t,J = 4 Hz, 2H); ">C NMR (100 MHz, CDCl;): 6 165.27,
139.74, 131.09, 128.78, 128.03, 41.57; HRMS calcd. for
CoHgCl,NaO, [M + Na]* 240.9800, found 240.9802.

3-Chloropropyl 4-chlorobenzoate (4h)

172.4 mg (74%), a yellow oil. "H NMR (400 MHz, CDCl,): 6 7.96
(d,J = 8.6 Hz, 2H), 7.41 (d, J = 8.6 Hz, 2H), 4.48 (t, ] = 6.1 Hz,
2H), 3.69 (t, ] = 6.4 Hz, 2H), 2.24 (p, J = 6.3 Hz, 2H); *C NMR
(100 MHz, CDCl;): 6 165.46, 139.48, 130.91, 128.71, 128.42,
61.91, 41.16, 31.62; HRMS calcd for C;oH,;(Cl,NaO, [M + Na]"
254.9950, found 254.9955.

3-Chloropropyl 4-(trifluoromethyl)benzoate (4i)

193.3 mg (77%), a yellow oil. "H NMR (400 MHz, CDCl,): 6 8.15
(d,J = 8.2 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H), 4.53 (t,/ = 6.1 Hz,
2H), 3.70 (t, ] = 6.4 Hz, 2H), 2.32-2.22 (m, 2H); "*C NMR (100
MHz, CDCl,): 6 165.16, 134.56 (d, J = 32.8 Hz), 133.24, 129.96,
125.44 (dd, J = 7.9, 4.0 Hz), 122.22, 62.27, 41.10, 31.58; HRMS
caled for Cy,H;(CIF;NaO, [M + Na]" 289.0220, found 289.0223.
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