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a b s t r a c t

A comparative study of the thermal and microwave-assisted decarboxylation of a series of mono- and
disubstituted monohydrolyzed malonate derivatives has been carried out. It has been found out that in
both circumstances the use of imidazole has a profound effect on the success of the reaction. In general
terms the assistance of microwave irradiation accelerates the decarboxylation process significantly and,
at the same time, permits the use of minored temperatures with respect to the thermal via. It has been
also found that both the thermal and the microwave-assisted transformation can be developed under
solvent-free conditions.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

1,3-Dicarbonyl compounds are probably one of the organic
functionalities with the highest diverse reactivity, which is due to
the occurrence of up to five contiguous reaction sites with an al-
ternative electrophilic and nucleophilic nature. The existence of
a growing plethora of different chemical transformations based on
such building block is today at chemist’s disposal. Multicomponent
reactions,1 the Knoevenagel reaction2 and the malonic ester syn-
thesis,3 which are of essential significance in synthetic work, are
clear examples of it.

In particular, the malonic synthesisethe successive combination
of C-2 functionalization of malonate esters, followed by hydrolysis
of one or both ester groups and final decarboxylation reac-
tionserepresents a powerful tool to obtain highly functionalized
esters or related carboxylic acids. Each of these steps is under
constant revision with the aim of developing more efficient pro-
cedures in terms of stereocontrol, use of friendly reaction condi-
tions and for the obtaining of better yields. In this context (see
Scheme 1), the most employed alternatives for the preparation of
esters I lie on the thermal deethoxycarbonylation of II in the
llitu@ehu.es (I. Tellitu).
presence of a metal halide or NaCN at very high temperatures in
a DMSO-H2O solvent system (Krapcho reaction),4 or in the presence
of a chiral base,5 or, alternatively, by heating monoacid III under
a variety of particular conditions. Although feasible, the de-
carboxylation of diacids (malonic acid derivatives) is somehow
discouraging for several reasons: they are more reluctantewhen
compared to esterseto react,6a the bis-decarboxylation is an occa-
sionally accompanying process7 and the manipulation of free car-
boxylic acids in further transformations is more complicated.8 To
circumvent some of these disadvantages, the assistance of micro-
wave irradiation has been implemented to facilitate the de-
carboxylation of malonic acids.6b
Scheme 1. Decarboxylation of malonate derivatives.
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Table 1
Optimization screening of Methods AeD for the decarboxylation of monoacids 2aec

Methods
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Attracted by the ongoing developments in microwave-
accelerated organic syntheses,9 we initiated a study directed to
establish a simple solvent-free protocol to promote the de-
carboxylation step from mono- and disubstituted malonate
monoacid derivatives of type III under such conditions and, hence,
to avoid the extremely hard conditions (up to 200 �C for a pro-
longed time, from hours to days) that conventional heating pro-
cesses normally requires.
2/3 A B C Da E

3 (%) 3 (%) 3 (%) 3 (%) 3 (%)

a 0 15 0 85 (69 �C) 91
b 0 32 0 92 (115 �C) 87
c 0 20 0 89 (125 �C) 83

Method A: 125 �C, 10 min, solvent free.
Method B: 125 �C, 4 min, solvent free, imidazole (1 equiv).
Method C: 125 �C, 10 min, solvent free, mw.
Method D: 125 �C, 4 min, solvent free, imidazole (1 equiv), mw.
Method E: 150 �C, 1 min, solvent free, imidazole (1 equiv), mw.

a Method D was always established at a maximum-programmed temperature of
125 �C. The actual experimental temperature is given for each case in brackets.
2. Results and discussion

Listed in Scheme 2 is shown the series of malonate derivatives 1
required for our study. They were either available from commercial
sources (1aef) or had to be prepared (1gek). In particular, treat-
ment of enolates derived frommalonates 1c,dwith the desired allyl
or benzyl halides in refluxing THF rendered malonates 1gek in
moderate to excellent yields. This selection includes substrates
with nitrile, halide or alkoxy containing substituents, as well as
additional aromatic or olefinic groups, that will let us evaluate the
scope of the projected synthesis. For the next step we found that
treatment of malonates 1aek under basic alcoholic conditions
(KOH, EtOH, rt) was suitable to obtain the monohydrolyzed de-
rivatives 2aek efficiently. They were all isolated in high yields, in
the absence of malonic acids, by simple extraction at adjusted pH,
and, indeed, no further purifications were required to face the next
step.
Scheme 2. Series of commercially available and synthetically prepared malonates
1aek: 1g (91% from 1b), 1h (45% from 1b), 1i (47% from 1b), 1j (91% from 1c), 1k (80%
from 1c). Series of monoacid malonate derivatives 2aek: 2a (89%), 2b (81%), 2c (85%),
2d (92%), 2e (76%), 2f (85%), 2g (74%), 2h (79%), 2i (77%), 2j (45%), 2k (70%).

Table 2
Decarboxylation of monoacids 2aek

Entry 2/3 3, method Da %
yield (actual T)

Krapcho’s condt.b % yield/time/�C

1 a 85 (69 �C) 89/30 min/21013

2 b 92 (115 �C) d

3 c 89 (125 �C) 59/14 h/18014

4 d 99 (125 �C) d

5 e 97 (124 �C) 82/8 h/18015

6 f 98 (62 �C) 90/12 h/18016

7 g 100 (92 �C) 72/24 h/18017

8 h 100 (75 �C) d

9 i 72 (124 �C) d

10 j 88 (117 �C) d

11 k 82 (96 �C) d

a Method C was always established at a maximum-programmed temperature of
125 �C. The actual experimental temperature is given for each case.

b Literature data (if available) for the deethoxycarbonylation of the corresponding
diethyl malonate 1 in the presence of a salt in a mixture of DMSO/H2O as solvent
media.
It is known that the polar carboxylic salts formedwith imidazole
favors the promotion ability for efficient microwave energy ab-
sorption over other ammonium salts.10 To corroborate this state-
ment for our particular challenge, monoacids 2aecwere selected to
optimize the decarboxylation step carrying parallel control exper-
iments both in the presence and in the absence of imidazole, and
with microwave assistance and under simple thermal conditions
(see Table 1). In addition, since the development of a quick pro-
cedure would be more attractive, we did not investigate reaction
times longer than ten minutes.

From the first experiments it could be concluded that the actual
need of imidazole, as announced, seemed to be mandatory. In fact,
no conversion was detected in the absence of it (Method A) even in
combination of microwave assistance (Method C). For an efficient
transformation, both the presence of imidazole and the microwave
radiation are required (Method D). It was also observed that com-
parable yields could be obtained with very short reaction times
(1 min) if the temperature was raised to 150 �C (Method E).

With such results in hand, and having established the conve-
nience of the microwave assistance, over the thermal via, for our
purposes, Method D was applied to the rest of monoacids 2dek
(Table 2) to demonstrate the generality of the procedure.11 In fact,
in all cases under study esters 3aek were obtained in good to ex-
cellent yields (72e100%) in a very short reaction time under rela-
tively low temperatures. To show the convenience of the
established protocol, Table 2 includes previously reported (if
available) synthetic information on the requirements to obtain
esters 3 directly from malonates 1 under Krapcho’s conditions. In
this case, substrates must be submitted to much higher tempera-
tures (up to 210 �C) for several hours to render the desire product in
a comparable yield. It is also noticeable that, contrary to our posi-
tive results (entries 7e11), Krapcho’s conditions are not effective
with disubstituted substrates, even at very high temperatures and
microwave assistance.12
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3. Conclusion

In summary, we have shown that the microwave irradiation in
the presence of imidazole has a profound effect on the ease of
decarboxylation of malonate-derived monoacids. The described
procedure features various fundamental aspects: (1) high yields for
a number of different models, (2) very high temperatures, that
would be harmful for more elaborated molecules, are avoided, (3)
the procedure is effective both for mono- and for disubstituted
substrates, (4) reactions are completed in less than 4 min, and (5)
the possibility to carry out the reaction in the absence of any sol-
vent, which facilitates further manipulations.

4. Experimental section

4.1. General information

All reagents were purchased and used as received. Melting
points were measured using open glass capillaries and are un-
corrected. Infrared spectra were recorded as KBr plates or as thin
films and peaks are reported in cm�1. Only representative absorp-
tions are given. NMR spectra were recorded on a Bruker AV300
(300 MHz for 1H and 75.4 MHz for 13C) instrument at 20 �C using
CDCl3 as solvent. Chemical shifts (d) were measured in ppm relative
to chloroform (d¼7.26 for 1H or 77.0 for 13C) as internal standard.
Coupling constants, J, are reported in hertz. DEPTexperiments were
used to assist with the assignation of the signals. HRMS spectra
were measured by using a Waters GCT Mass Spectrometer under
ESIþ conditions; data for MþHþ is reported. Microwave irradiation
experiments were performed with a CEM Discover instrument.
Temperature was set up at a maximum of 125 �C, but tables show
the actual monitored temperature.

4.2. General procedure for the synthesis of malonates 1gek.
Synthesis of malonate 1g

Malonate 1b (5 mL, 29.4 mmol) was slowly added to a suspen-
sion of NaH (1.76 g, 73.5 mmol) in 25 mL of THF at 0 �C. Then, allyl
iodide (2.7 mL, 29.4 mmol) was added and the mixture was stirred
at reflux for 3 h. When cooled, the mixture was diluted with 15 mL
of diethyl ether and washed with brine (3�10 mL). Layers were
decanted and the organic phase was dried over Na2SO4, filtered,
and solvent was removed under vacuum to afford malonate 1g as
a yellowish oil (91%). Malonate 1g was obtained as a chromato-
graphically pure compound and no further purification was re-
quired for its use. Its spectroscopic behavior was in total agreement
with reported data.

4.2.1. Diethyl 2-allyl-2-methylmalonate (1g).18 Yellowish oil, 91%
yield. 1H NMR (300 MHz, CDCl3) d 5.73e5.63 (m,1H), 5.13e5.07 (m,
2H), 4.15 (q, J¼7.2 Hz, 4H), 2.57 (d, J¼7.4 Hz, 2H), 1.35 (s, 3H), 1.21 (t,
J¼7.2 Hz, 6H); 13C NMR (75 MHz, CDCl3) d 171.8, 132.6, 119.0, 61.1,
53.4, 40.0, 16.6, 14.0; IR (cm�1): 1730, 1246, 1207.

4.2.2. Diethyl 2-benzyl-2-methylmalonate (1h).19 Yellowish oil, 45%
yield, purified by column chromatography (CH2Cl2). 1H NMR
(300MHz, CDCl3) d 7.20e7.05 (m, 5H), 4.18 (q, J¼6.0 Hz, 4H), 3.33 (s,
2H), 1.32 (s, 3H), 1.24 (t, J¼6.0 Hz, 6H); 13C NMR (75 MHz, CDCl3)
d 171.9, 136.2, 130.2, 128.2, 126.9, 61.2, 58.8, 41.1, 16.7, 14.0; IR
(cm�1): 1735, 1275, 1103.

4.2.3. Diethyl 2-(2-bromo-5-methoxybenzyl)-2-methylmalonate
(1i). Yellowish oil, 47% yield, purified by column chromatography
(CH2Cl2). 1H NMR (300 MHz, CDCl3) d 7.35 (d, J¼9.0 Hz, 1H), 6.69 (d,
J¼3.0 Hz, 1H), 6.60 (dd, J¼9.0, 3.0, Hz, 1H), 4.19 (q, J¼7.1 Hz, 4H),
3.68 (s, 3H), 3.42 (s, 2H), 1.34 (s, 3H), 1.21 (t, J¼7.1 Hz, 6H); 13C NMR
(75 MHz, CDCl3) d 171.7, 158.6, 137.2, 133.4, 116.8, 116.6, 114.2, 61.4,
55.2, 55.1, 39.4, 19.2, 14.0; IR (cm�1): 1727, 1462, 1239; HRMS cal-
culated for C16H21BrO5$Hþ: 373.0651, found: 373.0641.

4.2.4. Diethyl 2-allyl-2-propylmalonate (1j).20 Yellowish oil, 91%
yield, purified by column chromatography (CH2Cl2). 1H NMR
(300 MHz, CDCl3) d 5.73e5.52 (m, 1H), 5.10e5.04 (m, 2H), 4.12 (q,
J¼7.1 Hz, 4H), 2.59 (d, J¼7.4 Hz, 2H), 1.90e1.70 (m, 2H), 1.24e1.10
(m, 8H), 0.86 (t, J¼7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3) d 171.2,
132.6, 118.6, 61.0, 57.4, 36.9, 34.3, 17.2, 14.3, 14.1; IR (cm�1): 1730,
1218, 1196.

4.2.5. Diethyl 2-benzyl-2-propylmalonate (1k). Yellowish oil, 80%
yield, purified by column chromatography (CH2Cl2). 1H NMR
(300MHz, CDCl3) d 7.35e7.00 (m, 5H), 4.18 (q, J¼7.2 Hz, 4H), 3.25 (s,
2H), 1.78 (m, 2H), 1.50e1.10 (m, 8H), 0.93 (t, J¼7.2 Hz, 3H); 13C NMR
(75 MHz, CDCl3) d 171.2, 136.4, 129.9, 128.2, 126.8, 61.0, 58.8, 38.1,
34.0, 17.5, 14.1; IR (cm�1): 1727, 1210, 1178; HRMS calculated for
C17H24O4$Hþ: 293.1753, found: 293.1756.
4.3. General procedure for the monohydrolysis of malonates
1aek. Synthesis of monoacid 2a

Malonate 1a (7.5 g, 30.0 mmol) was added to a solution of KOH
(1.68 g, 30.0 mmol) in 45 mL of EtOH at room temperature and the
solution was stirred for 72 h. For the work-up the solvent was
evaporated and the resulting residue was dissolved in NaHCO3 5%
(20 mL) and washed with ethyl acetate (15 mL). The aqueous layer
was acidified and extracted with ethyl acetate (3�15 mL). The
combined organic layers were dried over Na2SO4, filtered, and
solvent evaporated to give monoacid 2a as a colorless oil (89%).
Monoacid 2a was obtained as a chromatographically pure com-
pound and no further purification was required. Its spectroscopic
behavior was consisted with reported data.

4.3.1. 2-(Ethoxycarbonyl)-3-phenylpropionic acid (2a).21 Colorless
oil, 89% yield. 1H NMR (300MHz, CDCl3) d 10.84 (br s,1H), 7.32e7.28
(m, 5H), 4.18 (q, J¼7.1 Hz, 2H), 3.72 (t, J¼7.7 Hz, 1H), 3.25 (d,
J¼7.7 Hz, 2H), 1.21 (t, J¼7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 174.4, 168.8, 137.5, 128.9, 128.7, 126.9, 61.9, 53.7, 34.6, 13.9; IR
(cm�1): 1716.

4.3.2. 2-(Ethoxycarbonyl)propionic acid (2b).22 Colorless oil, 81%
yield. 1H NMR (300 MHz, CDCl3) d 10.80 (br s, 1H), 4.13 (q, J¼7.1 Hz,
2H), 3.47 (q, J¼7.3 Hz, 1H), 1.42 (d, J¼7.3 Hz, 3H), 1.27 (t, J¼7.1 Hz,
3H); 13C NMR (75 MHz, CDCl3) d 175.1, 170.1, 61.7, 46.0, 13.7, 13.4; IR
(cm�1): 3100, 1716.

4.3.3. 2-(Ethoxycarbonyl)pentanoic acid (2c).21 Colorless oil, 85%
yield. 1H NMR (300 MHz, CDCl3) d 9.50 (br s, 1H), 4.23 (q, J¼7.1 Hz,
2H), 3.40 (t, J¼7.3 Hz,1H), 1.95e1.88 (m, 2H), 1.37e1.31 (m, 2H), 1.23
(t, J¼7.1 Hz, 3H), 0.95 (t, J¼7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 175.0 (C-2), 169.5 (C-4), 61.6 (C-5), 51.5 (C-3), 30.8 (C-7), 20.5 (C-
8), 14.0 (C-6), 13.6 (C-9); IR (cm�1): 1713.

4.3.4. 4-Cyano-2-(ethoxycarbonyl)pentanoic acid (2d). Colorless oil,
92% yield. 1H NMR (300 MHz, CDCl3) d 10.69 (br s, 1H), 4.18 (q,
J¼7.1 Hz, 2H), 3.50 (t, J¼7.1 Hz, 1H), 2.48 (t, J¼7.3 Hz, 2H), 2.18e2.16
(m, 2H), 1.23 (t, J¼7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) d 172.6,
168.0, 118.5, 62.3, 49.9, 24.2, 14.9, 13.9; IR (cm�1): 3050, 2247, 1727;
HRMS calculated for C8H11NO4$Hþ: 186.0766, found: 186.0749.

4.3.5. 2-(Ethoxycarbonyl)-4-pentenoic acid (2e).23 Colorless oil, 76%
yield. 1H NMR (300 MHz, CDCl3) d 10.84 (br s, 1H), 5.80e5.76 (m,
1H), 5.25e5.10 (m, 2H), 4.21 (q, J¼7.2 Hz, 2H), 3.45 (t, J¼7.5 Hz, 1H),
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2.68e2.62 (m, 2H), 1.26 (t, J¼7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 174.7, 168.7, 133.6, 117.9, 61.8, 51.4, 32.8, 14.0; IR (cm�1): 1716.

4.3.6. 2-(Ethoxycarbonyl)-2-ethylbutanoic acid (2f). Colorless oil,
85% yield. 1H NMR (300 MHz, CDCl3) d 11.01 (br s, 1H), 4.16 (q,
J¼7.1 Hz, 2H), 1.88 (m, 4H), 1.21 (t, J¼7.1 Hz, 3H), 0.77 (t, J¼6.2 Hz,
6H); 13C NMR (75 MHz, CDCl3) d 177.0, 172.5, 61.5, 58.6, 25.8, 13.9,
8.5; IR (cm�1): 3050, 1705; HRMS calculated for C9H16O4$Hþ:
189.1127, found: 189.1110.

4.3.7. 2-(Ethoxycarbonyl)-2-methyl-4-pentenoic acid (2g). Colorless
oil, 74% yield. 1H NMR (300 MHz, CDCl3) d 10.60 (br s, 1H),
5.80e5.62 (m, 1H), 5.15e5.09 (m, 2H), 4.20 (q, J¼7.2 Hz, 2H),
2.69e2.55 (m, 2H), 1.42 (s, 3H), 1.26 (t, J¼7.2 Hz, 3H); 13C NMR
(75 MHz, CDCl3) d 177.9, 171.6, 132.2, 119.5, 61.7, 53.5, 40.0, 19.8,
14.0; IR (cm�1): 3100, 1710; HRMS calculated for C9H14O4$Hþ:
187.0970, found: 187.0954.

4.3.8. 2-Benzyl-2-(ethoxycarbonyl)propionic acid (2h).24 Yellowish
oil, 79% yield. 1H NMR (300 MHz, CDCl3) d 11.14 (br s, 1H), 7.24e7.18
(m, 5H), 4.24 (q, J¼7.1 Hz, 2H), 3.33 (d, J¼13.6 Hz, 1H), 3.24 (d,
J¼13.6 Hz, 1H), 1.43 (s, 3H), 1.29 (t, J¼7.1 Hz, 3H); 13C NMR (75 MHz,
CDCl3) d 178.1, 171.8, 135.8, 130.2, 128.4, 127.1, 61.9, 55.0, 41.2, 19.7,
14.0; IR (cm�1): 3085, 1710.

4.3.9. 2-(2-Bromo-5-methoxybenzyl)-2-(ethoxycarbonyl)-propionic
acid (2i). White solid, 77% yield, mp 64e65 �C (hexanes). 1H NMR
(300 MHz, CDCl3) d 11.20 (br s, 1H), 7.42 (d, J¼8.9 Hz, 1H), 6.78 (d,
J¼3.0 Hz,1H), 6.66 (dd, J¼8.9, 3.0 Hz,1H), 4.25 (q, J¼7.1 Hz, 2H), 3.75
(s, 3H), 3.53 (d, J¼3.0 Hz,1H), 3.49 (d, J¼3.0 Hz,1H),1.45 (s, 3H),1.28
(t, J¼7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) d 178.0, 171.5, 158.7,
136.8, 133.6, 116.7, 116.6, 114.7, 62.0, 55.2, 39.5, 19.2, 13.9; IR (cm�1):
1713; HRMS calculated for C14H18BrO5$Hþ: 345.0338, found:
345.0343.

4.3.10. 2-(Ethoxycarbonyl)-2-propyl-4-pentenoic acid
(2j). Yellowish oil, 45% yield. 1H NMR (300 MHz, CDCl3) d 8.67 (br s,
1H), 5.68e5.53 (m, 1H), 5.13e5.09 (m, 2H), 4.21 (q, J¼7.1 Hz, 2H),
2.72e2.57 (m, 2H), 1.84e1.75 (m, 2H), 1.23 (m, 5H), 0.9 (t, J¼7.3 Hz,
3H); 13C NMR (75 MHz, CDCl3) d 176.1, 172.5, 132.1, 119.1, 61.8, 57.7,
38.2, 35.8, 17.6, 14.2, 14.1; IR (cm�1): 3100, 1710; HRMS calculated
for C11H18O4$Hþ: 215.1283, found: 215.1272.

4.3.11. 2-Benzyl-2-(ethoxycarbonyl)pentanoic acid (2k). Colorless
oil, 70% yield. 1H NMR (300 MHz, CDCl3) d 9.97 (br s, 1H), 7.30e7.00
(m, 5H), 4.24 (q, J¼7.1 Hz, 2H), 3.37 (d, J¼13.8 Hz, 1H), 3.16 (d,
J¼13.8 Hz, 1H), 2.02e1.93 (m, 2H), 1.40e1.29 (m, 5H), 0.94 (t,
J¼7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3) d 174.9, 174.4, 135.8, 129.5,
128.5, 127.3, 62.3, 59.3, 41.3, 37.5, 18.3, 14.0, 13.9; IR (cm�1): 3100,
1709; HRMS calculated for C15H20O4$Hþ: 265.1440, found:
265.1429.

4.4. General procedure for the microwave assisted de-
carboxylation of 2aek. Synthesis of ester 3a

A cap closed-vessel that has been charged with monoacid 2a
(52 mg, 0.23 mmol) and imidazole (28 mg, 0.23 mmol) was irra-
diated for the programmed time and temperature (see Table 2). For
the work-up, the residue was diluted with CH2Cl2 and washed with
water (to remove imidazole), the organic layer was dried over
Na2SO4, and the solvent evaporated under vacuum to render
chromatographically pure ester 3a as a colorless oil (82% yield).25

4.4.1. Ethyl 3-phenylpropionate (3a). Colorless oil, 82% yield. 1H
NMR (300 MHz, CDCl3) d 7.42e7.30 (m, 5H), 4.13 (q, J¼7.1 Hz, 2H),
2.96 (t, J¼7.8 Hz, 2H), 2.62 (t, J¼7.8 Hz, 2H), 1.24 (t, J¼7.1 Hz, 3H); 13C
NMR (75 MHz, CDCl3) d 173.0, 140.6, 128.4, 128.0, 126.2, 60.4, 36.0,
31.0, 14.2; IR (cm�1): 1731.

4.4.2. Ethyl propionate (3b). Yellowish oil, 91% yield. 1H NMR
(300MHz, CDCl3) d 4.16 (q, J¼7.1 Hz, 2H), 2.32 (q, J¼7.6 Hz, 2H), 1.24
(t, J¼7.1 Hz, 3H), 1.14 (t, J¼7.6 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 174.8, 60.3, 27.6, 14.2, 9.1.

4.4.3. Ethyl pentanoate (3c). Yellowish oil, 86% yield. 1H NMR
(300 MHz, CDCl3) d 4.15 (q, J¼7.1 Hz, 2H), 2.29 (t, J¼7.4 Hz, 2H),
1.62e1.56 (m, 2H), 1.33e1.28 (m, 2H), 1.24 (t, J¼7.1 Hz, 2H), 0.91 (t,
J¼7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) d 174.1, 60.2, 34.1, 27.0,
22.2, 13.9, 13.3.

4.4.4. Ethyl 4-cyanobutanoate (3d).26 Yellowish oil, 99% yield. 1H
NMR (300 MHz, CDCl3) d 4.15 (q, J¼7.1 Hz, 2H), 2.54e2.31 (m, 4H),
2.03e1.95 (m, 2H), 1.27 (t, J¼7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 171.8, 118.6, 60.8, 32.4, 20.8, 16.6, 14.2.

4.4.5. Ethyl 4-pentenoate (3e). Yellowish oil, 97% yield. 1H NMR
(300 MHz, CDCl3) d 5.85e5.63 (m, 1H), 5.11e4.99 (m, 2H), 4.13 (q,
J¼7.1 Hz, 2H), 2.38 (m, 4H), 1.25 (t, J¼7.1 Hz, 3H); 13C NMR (75 MHz,
CDCl3) d 172.8, 137.6, 115.3, 60.2, 33.9, 30.5, 15.8.

4.4.6. Ethyl 2-ethylbutanoate (3f).27 Yellowish oil, 98% yield. 1H
NMR (300MHz, CDCl3) d 4.14 (q, J¼7.1 Hz, 2H), 2.18 (m,1H), 1.54 (m,
4H), 1.25 (t, J¼7.1 Hz, 3H), 0.88 (t, J¼7.4 Hz, 6H); 13C NMR (75 MHz,
CDCl3) d 176.4, 59.9, 49.0, 25.1, 14.3, 11.8.

4.4.7. Ethyl 2-methyl-4-pentenoate (3g). Yellowish oil, 100% yield.
1H NMR (300 MHz, CDCl3) d 5.82e5.61 (m, 1H), 5.08e5.00 (m, 2H),
4.12 (q, J¼7.1 Hz, 2H), 2.59e2.28 (m, 2H), 2.23e2.17 (m, 1H), 1.24 (t,
J¼7.1 Hz, 3H), 1.14 (d, J¼6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 176.2, 135.5, 116.8, 60.2, 39.2, 37.8, 16.5, 14.2; IR (cm�1): 1730.

4.4.8. Ethyl 2-methyl-3-phenylpropionate (3h).28 Yellowish oil,
100% yield. 1H NMR (300 MHz, CDCl3) d 7.30e7.10 (m, 5H), 4.11 (q,
J¼7.1 Hz, 2H), 3.08e2.96 (m, 1H), 2.82e2.60 (m, 2H), 1.25e1.18 (m,
6H); 13C NMR (75 MHz, CDCl3) d 176.1, 139.4, 129.0, 128.3, 126.3,
60.2, 41.5, 39.8, 16.8, 14.2; IR (cm�1): 1730.

4.4.9. Ethyl 3-(2-bromo-5-methoxyphenyl)-2-methylpropionate
(3i). Yellowish oil, 72% yield. 1H NMR (300 MHz, CDCl3) d 7.35 (d,
J¼8.7Hz,1H), 6.72 (d, J¼3.1Hz,1H), 6.59 (dd, J¼8.7, 3.1Hz,1H), 4.05 (q,
J¼7.0 Hz, 2H), 3.70 (s, 3H), 3.12e3.00 (m,1H), 2.80e2.69 (m,1H), 1.15
(t, J¼7.0 Hz, 6H); 13C NMR (75MHz, CDCl3) d 175.7,158.7,139.8,133.3,
115.1, 116.8, 113.7, 60.3, 55.3, 40.0, 39.7, 17.0, 14.1; IR (cm�1): 1730;
HRMS calculated for C13H17BrO3$Hþ: 301.0441, found: 301.0439.

4.4.10. Ethyl 2-propyl-4-pentenoate (3j). Yellowish oil, 88% yield. 1H
NMR (300 MHz, CDCl3) d 5.83e5.60 (m,1H), 5.11e5.05 (m, 2H), 4.13
(q, J¼7.1 Hz, 2H), 2.50e2.15 (m, 3H), 1.68e1.25 (m, 4H), 1.24 (t,
J¼7.1 Hz, 3H), 0.90 (t, J¼7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 175.1, 135.6, 116.5, 61.1, 53.4, 36.5, 34.0, 20.5, 14.3, 14.0.

4.4.11. Ethyl 2-benzylpentanoate (3k).29 Yellowish oil, 82% yield. 1H
NMR (300 MHz, CDCl3) d 7.33e7.18 (m, 5H), 4.06 (q, J¼7.1 Hz, 2H),
2.97e2.86 (m, 1H), 2.70e2.60 (m, 2H), 1.62e1.18 (m, 4H), 1.15 (t,
J¼7.0 Hz, 3H), 0.90 (t, J¼7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 175.7, 139.5, 128.9, 128.3, 126.2, 60.1, 47.5, 38.6, 34.3, 20.5, 14.1,
13.9; IR (cm�1): 1731.
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