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Abstract

Chemo-enzymatic oxidation of cyclopentanones and substituted cyclopentanones to the corresponding �-valerolactones was investigated employ-
ing catalytic amount of Candida antarctica lipase-B in ethyl acetate and employing urea–hydrogen peroxide as the oxidant. In contrast to the smooth
oxidation of cyclohexanones to the corresponding �-caprolactones, the �-valerolactones reacted further with the lipase delivering trans-esterified

products and also acetylated alcohols, depending on the structural nature of the cyclopentanones.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction

The Baeyer–Villiger oxidation is the oxidative cleavage of
carbon–carbon bond adjacent to a carbonyl group and the

nsertion of an oxygen atom between these two carbons. The
aeyer–Villiger oxidation involves the reaction of a ketone or
n aldehyde with organic peroxyacids or alkyl hydroperoxides
o deliver esters (or lactones). Several methodologies have been
eveloped to achieve this high synthetic value transformation
1]. This oxidation can also be carried out with hydrogen perox-
de in the presence of a Lewis acid and also enzymatically using
aeyer–Villiger monooxygenases [2,3].

We are particularly interested in developing new benign
xidative methodologies that can be practical and minimize
he environmental impact [4]. Organic peracids are expensive
nd/or hazardous, which limits their industrial applications.
ommercially available solution of peracetic acid also con-

ains acetic acid, hydrogen peroxide, and traces of sulfuric acid
hich might be detrimental to some sensitive oxidized prod-
cts. Efforts have been directed toward the in situ generation

f organic peracids [5]. In this context, we recently devel-
ped a green chemo-enzymatic oxidation of unfunctionalized
lefins [6]. This chemo-enzymatic approach was also success-
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ully applied to Baeyer–Villiger oxidation of cyclohexanones
7].

Candida antarctica lipase-B, also called CAL-B, is a 317
minoacid serine-hydrolase which has found many applications
or the synthesis of fine chemicals [8]. This enzyme has been
loned and expressed in Aspergillus orizae and immobilized in a
orous polyacrylic resin, Novozyme-435. This enzyme is highly
aluable in the kinetic resolution of racemic primary and sec-
ndary alcohols [9]. It was also found that it could also carry out
erhydrolysis and ammonolysis of esters and carboxylic acids
10,11].

We recently reported attractive environmentally benign pro-
edures for the epoxidation of unfunctionalized olefins, and
he Baeyer–Villiger oxidation of cyclohexanones utilizing C.
ntarctica lipase-B, Scheme 1 [6,7]. A chemo-enzymatic strat-
gy was developed to generate the peracetic acid in situ in a mild
nd green fashion. In this transformation, ethyl acetate was uti-
ized as solvent and also as a substrate for a lipase which oxidizes
he ethyl acetate to peroxyacetic acid using hydrogen peroxide
omplexed with urea (UHP). The peracetic acid, formed in situ,
xidizes unfunctionalized olefins to the corresponding epox-
des. The same reaction conditions were applied with success

or the Baeyer–Villiger oxidation of cyclohexanone and sub-
tituted cyclohexanones for the preparation of caprolactones.
he use of UHP, an anhydrous form of hydrogen peroxide [12],

acilitated the addition of the oxidant, and avoided any dam-
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Fig. 1. Chemo-enzymatic oxid
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being the alcohol 3b the major product after 7 days. With the
more hindered 2-n-hexylcyclopentanone (1c), Baeyer–Villiger
oxidation was also relatively fast, having a 50% conversion
after 3 days, Fig. 2c. Trans-esterification of valerolactone 2c
Scheme 1. Overall catalytic cycle.

ge of the oxidant to the enzyme. In this paper, we report this
hemo-enzymatic oxidation applied to cyclopentanones.

. Results and discussion

A smooth conversion of cyclohexanone and substituted
yclohexanones to the corresponding �-caprolactones occurred
hen the oxidation was carried out with UHP in the presence
f lipase and ethyl acetate as the solvent [7]. However, we
bserved that when cyclopentanones were subjected to the same
hemo-enzymatic conditions, formation of several other prod-
cts occurred. Reaction of ethyl acetate and Novozyme-435 in
he presence of UHP generates peracetic acid and also an equiv-
lent of ethanol (Fig. 1). The peracetic acid readily oxidizes
yclopentanone to �-valerolactone (2a) generating also acetic
cid. Now, the �-valerolactone generated can also compete with
thyl acetate and acetic acid for binding to the active site of the
ipase to form the acyl enzyme complex with serine-105 of C.
ntarctica lipase-B. Reaction of ethyl acetate or acetic acid with
he lipase forms the acetyl–enzyme complex, nucleophilic attack
f ethanol regenerates ethyl acetate, and nucleophilic attack of
ydrogen peroxide forms peroxyacetic acid. In addition, reaction
f the lactone with the lipase can potentially generate a hydrox-
ester with the serine group in the binding site (the acyl enzyme
omplex). It appears that �-valerolactone reacts faster than �-
aprolactone with the lipase. Once generation of peracetic acid
ccurs, ethanol and hydrogen peroxide can compete for nucle-
philic attack to other acyl enzyme complex. Attack of ethanol to
he acyl enzyme complex formed with valerolactone can deliver
thyl 5-hydroxypentanoate (3a). The new alcohol formed, can
lso compete for nucleophilic attack to acyl enzyme complexes.
n this manner, ethyl 5-acetoxypentanoate (4a) is also formed.

The oxidation of cyclopentanone using the chemo-enzymatic
onditions was carefully monitored by NMR, Fig. 2a. We
bserved that as soon as cyclopentanone (1a) was oxidized,

alerolactone 2a reacted smoothly with the lipase and ethanol
elivering the hydroxyester 3a. Furthermore, 5-hydroxyester
a was also readily acetylated to the diester 4a. After 7 days,
he major product was the acetylated alcohol 4a. In the case
ation of cyclopentanone.

f 2-methyl cyclopentanone (1b), the Baeyer–Villiger oxida-
ion occurred faster than with the unsubstituted cyclopentanone,
ig. 2b. Again, we observed ethanolysis of the valerolactone
urnishing the corresponding 5-hydroxy ethyl ester 3b. But this
ime, acetylation of the secondary alcohol was more difficult,
Fig. 2. Chemo-enzymatic oxidation of cyclopentanones.
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Table 1
Baeyer–Villiger oxidation of cyclopentanones with calculated amounts of Novozyme-435 in ethyl acetate

Entry Ketone Time (days) 1 (%) 2 (%) 3 (%) 4 (%) Conversion (%)

1 1a, R1 = H, R2 = H 4 37 30 19 14 63
5 24 26 10 40 76
7 13 2 21 64 87

2 1b, R1 = H, R2 = Me 2 47 48 5 0 53
4 18 47 35 0 82
6 16 23 56 5 84
9 8 22 64 6 92

3 1c, R1 = H, R2 = n-hexyl 3 51 45 4 0 49
7 35 52 13 0 65

10 24 56 20 0 76
18 4 69 27 0 96

4 1d, R1 = H, R2 = n-pentyl 7 28 58 14 0 72

5 1e, R1 = H, R2 = benzyl 8 3 75 22 0 97

6 1f, R1 = H, R2 = allyl 7 15 76 9 0 85
9 9 71 9 0 91a

7 1g, R1 = Me, R2 = Me 5 85 15 0 0 15
7 83 17 0 0 17

13 76 24 0 0 24
20 75 25 0 0 25
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acid and Novozyme-435 [10b,13]. The oxidation of 2-methyl
cyclopentanone (1b) was studied at different temperatures and
conversion was measured by NMR after 24 h, Table 2. Under
these conditions (inert solvent), octanoic acid reacts with the
1h, R1 = benzyl, R2 = benzyl 20

a Other product obtained as diastereomeric mixture (11%) was the hydroxy-e

ith ethanol occurred slowly and no acetylation of the alcohol
as observed. Trans-esterification of the larger valerolactone
c was so slow that the major product of this reaction was the
alerolactone. It should be noted, that only starting cyclopen-
anones and no other products were observed when no enzyme
as added. From these three examples, we can see clearly that

ipase-mediated trans-esterification of valerolactones depends
n the structural nature of the lactones, and that acetylation
f alcohols is also dependent on the structural nature of the
lcohol.

Other substituted cyclopentanones were investigated using
hese chemo-enzymatic conditions, Table 1. As expected, n-
entylcyclopentanone 1d behaved similarly than n-hexy-
cyclopentanone 1c. Oxidation of benzylcyclopentanone 1e was
lmost complete after 8 days yielding a mixture of valerolac-
one 2e and alcohol 3e. Oxidation of allyl-cyclopentanone 1f
ave valerolactone 2f in good yield after 7 days without oxi-
izing the terminal olefin. Interestingly, no acetylated ester 3f
as observed, but instead, epoxidation of the terminal alkene
as observed after 9 days. Oxidation of the �, �-disubstituted

yclopentanones was more difficult furnishing modest yields
f valerolactone 2g after 7 days and no valerolactone 2h was

bserved even after 20 days.

The chemo-enzymatic Baeyer–Villiger was also investigated
n 1- and 2-indanones, Fig. 3. Oxidation of 1-indanone (1i) was
xtremely slow providing dihydrocoumarin (2i) in only 5% yield
0 0 0 0

e 4k (R = CH2CHOCH2).

fter 12 days. On the other hand, oxidation of 2-indanone (1j)
ave 3-isochromanone (2j) in 50% yield after 7 days. No trans-
sterification products were observed with these products.

In order to avoid further trans-esterification of the valero-
actones in the chemo-enzymatic oxidation, we replaced the
olvent for acetonitrile and added catalytic amounts of octanoic
Fig. 3. Chemo-enzymatic oxidation of 1-indanone and 2-indanone.
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Table 2
Baeyer–Villiger oxidation of 2-methyl cyclopentanone (1b) with calculated
amounts of octanoic acid and Novozyme-435 in acetonitrile after 24 h

Entry Temperature (◦C) Conversion (%)

1b 2b

1 24 75 25
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40 48 52
60 17 73

ipase and UHP forming peroxyoctanoic acid and water. Now,
he peroxyoctanoic acid oxidizes the cyclopentanone to the cor-
esponding �-valerolactone. As expected, no product other than
alerolactone 2b was detected. The absence of ethanol avoids
he formation of the hydroxy ethyl ester product 3b. A 25% con-
ersion was achieved at room temperature and 73% conversion
as reached when the reaction was run at a higher temperature.
Obviously, Baeyer–Villiger oxidation of substituted

yclopentanones with peracetic acid does not provide any
nantioselectivity [1d]. However, lipase-mediated hydrolysis
14] or trans-esterification of the substituted valerolactones
ight be an enantioselective process depending on reaction

onditions. For example, substituted caprolactones have been
nantioselectively trans-esterified via lipase when the reaction
s solventless [15]. Therefore, we measured optical activity
f valerolactones 2b–f and hydroxyl esters 3b–d and also
repared diastereomeric esters from 3b to 3d with (S)-O-acetyl-
andeloyl chloride [16]. In all cases, we did not observe any

nantioselectivity when ethyl acetate was used as solvent [17].

. Conclusions

In summary, we observed that cyclopentanone and substi-
uted cyclopentanones with small substituents are oxidized by
eracetic acid generated in situ in the enzymatic reaction of
thyl acetate with UHP and Novozyme-435. In contrast to
-caprolactones, �-valerolactones react faster with Novozyme-
35 and ethanol in ethyl acetate yielding the corresponding
rans-esterification products. Primary alcohols and not hin-
ered secondary alcohols can also be acetylated under these
onditions. If the �-valerolactone is the desired product, replac-
ng the solvent for acetonitrile and adding a catalytic amount
f octanoic acid will deliver the desired valerolactone. These
hemo-enzymatic oxidation methods should be a green alterna-
ive to chemical processes.

. Experimental section
.1. Materials and equipment

Cyclopentanones 1a and 1b, and indanones 1i and 1j were
urchased from Aldrich and used without purification. Sub-

d
1
(
(

lysis B: Enzymatic 54 (2008) 61–66

tituted cyclopentanones 1c–h were prepared according to
ublished procedures [18]. Urea–hydrogen peroxide complex
as purchased from Acros. Novozyme-435 was a gift from
ovozymes. Solvents were Reagent grade and used without
urification. GC analyses were performed using a Shimadzu
C-17A equipped with a FID. The column was a Chiraldex
-PH (20 m × 0.25 mm). 1H and 13C NMR were recorded in
DCl3 (δ, ppm) on a Bruker Avance 300 instrument. Optical

otations were determined in a Jasco P-1020 polarimeter.

.2. General procedure for the chemo-enzymatic
aeyer–Villiger oxidation in ethyl acetate

To a solution of cyclopentanone (1 mmol) in ethyl acetate
3.0 mL) was added urea–hydrogen peroxide (188 mg, 2 mmol)
nd Novozyme-435 (25 mg). The reaction mixture was stirred at
oom temperature and monitored by 1H NMR (a 0.1 mL sample
rom the reaction mixture was diluted with CDCl3). Reaction
ixture was filtered through a plug of celite and the solid washed
ith more solvent. The organic layer was washed with water to

emove the urea, and the organic layer was dried over Na2SO4,
ltered and solvent evaporated. Products were purified by flash
olumn chromatography.

.3. Procedure for the chemo-enzymatic Baeyer–Villiger
xidation in acetonitrile

To a solution of cyclopentanone (1 mmol) in acetonitrile
3.0 mL) was added urea–hydrogen peroxide (188 mg, 2 mmol)
nd Novozyme-435 (25 mg), and a catalytic amount of octanoic
cid (1 small drop). The reaction mixture was stirred at room
emperature and monitored by 1H NMR. Reaction mixture was
ltered through a plug of celite and the solid washed with more
olvent. The organic layer was washed with saturated NaHCO3
olution, and the organic layer was dried over Na2SO4, filtered
nd solvent evaporated. Products were purified by flash column
hromatography.

.3.1. δ-Valerolactone (2a)
1H NMR (300 MHz, CDCl3) δ 4.35 (2H, t, J = 5.8 Hz, H-5),

.56 (2H, t, J = 7.0 Hz, H-2), 1.89 (4H, m, H-3, H-4); 13C NMR
75 MHz, CDCl3) δ 171.47 (C, C-1), 69.45 (CH2, C-5), 29.79
CH2, C-2), 22.26 (CH2, C-3), 19.04 (CH2, C-4).

.3.2. 6-Methyl-tetrahydropyran-2-one (2b)
1H NMR (300 MHz, CDCl3) δ 4.45 (1H, m, H-5), 2.65–2.35

2H, m, H-2), 2.00–1.75 (3H, m), 1.63–1.44 (1H, m), 1.38 (3H,
, J = 6.5 Hz, H-6); 13C NMR (75 MHz, CDCl3) δ 172.12 (C,
-1), 77.82 (CH, C-5), 29.84, and 29.48 (CH2, C-2, C-4), 21.96

CH3, C-6), 18.80 (CH2, C-3).

.3.3. 6-Hexyl-tetrahydropyran-2-one (2c)
1H NMR (300 MHz, CDCl3) δ 4.28 (1H, m, H-5), 2.59 (1H,
t, J = 17.4, 7.3 Hz, H-2a), 2.44 (1H, dt, J = 17.4, 8.6 Hz, H-2b),
.98–1.21 (14H, m, H-3, H-4, H-6, H-7, H-8, H-9, H-10), 0.88
3H, t, J = 7.1 Hz, H-11); 13C NMR (75 MHz, CDCl3) δ 172.09
C, C-1), 80.71 (CH, C-5), 35.95, 31.78, 29.58, 29.17, 27.90,
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4.99, 22.65 and 18.61 (CH2, C-2, C-3, C-4, C-6, C-7, C-8,
-9, C-10), 14.16 (CH3, C-11).

.3.4. 6-Pentyl-tetrahydropyran-2-one (2d)
1H NMR (300 MHz, CDCl3) δ 4.28 (1H, m, H-5), 2.59 (1H,

, H-2a), 2.44 (1H, m, H-2b), 1.97–1.22 (12H, m, H-3, H-4,
-6, H-7, H-8, H-9), 0.89 (3H, t, J = 6.8 Hz, H-10); 13C NMR

75 MHz, CDCl3) δ 172.10 (C, C-1), 80.71 (CH, C-5), 35.90,
1.69, 29.57, 27.90, 24.71, 22.61 and 18.60 (CH2, C-2, C-3,
-4, C-6, C-7, C-8, C-9), 14.16 (CH3, C-10).

.3.5. 6-Benzyl-tetrahydropyran-2-one (2e)
1H NMR (300 MHz, CDCl3) δ 7.38–7.14 (5H, m, Arom),

.49 (1H, m, H-5), 3.08 (1H, dd, J = 13.8, 5.9 Hz, H-6a), 2.87
1H, dd, J = 13.8, 6.9 Hz, H-6b), 2.56 (1H, dt, J = 18.2, 6.9 Hz,
-2a), 2.441 (1H, dt, J = 18.2, 8.6 Hz, H-2b), 1.95–1.68 and
.60–1.42 (4H, m, H-3, H-4); 13C NMR (75 MHz, CDCl3) δ

71.67 (C, C-1), 136.56 (C, Arom), 129.67, 128.65 and 126.92
CH, Arom), 81.11 (CH, C-5), 42.21 (CH2, C-6), 29.54 (CH2,
-4), 27.17 (CH2, C-2), 18.49 (CH2, C-3).

.3.6. 6-Allyl-tetrahydropyran-2-one (2f)
1H NMR (300 MHz, CDCl3) δ 5.83 (1H, ddt, J = 17.1, 10.2,

.0 Hz, H-7), 5.17 (1H, m, H-8a), 5.12 (1H, m, H-8b), 4.35 (1H,
ddd, J = 10.9, 7.0, 6.2, 3.0 Hz, H-5), 2.68–2.30 (4H, m, H-2,
-6), 2.00–1.74 (3H, m, H-4a, H-3), 1.67–1.44 (1H, m, H-4b);

3C NMR (75 MHz, CDCl3) δ 171.78 (C, C-1), 132.78 (CH,
-7), 118.71 (CH2, C-8), 79.95 (CH, C-5), 40.20 (CH2, C-6),
9.63 (CH2, C-4), 27.35 (CH2, C-2), 18.60 (CH2, C-3).

.3.7. 6,6-Dimethyl-tetrahydropyran-2-one (2g)
1H NMR (300 MHz, CDCl3) δ 2.48 (2H, t, J = 7.0 Hz, H-2),

.83–1.95 (2H, m, H-3), 1.89–1.75 (2H, m, H-4), 1.41 (6H, s,
-6, H-7); 13C NMR (75 MHz, CDCl3) δ 171.36 (C, C-1), 82.27

C, C-5), 33.91 (CH2, C-4), 29.15 (CH2, C-2), 28.75 (CH3, C-6,
-7), 16.86 (CH2, C-3).

.3.8. Dihydrocoumarin (2i)
1H NMR (300 MHz, CDCl3) δ 7.40–7.20 (4H, m, H-Arom),

.32 (2H, s, H-5), 3.72 (2H, s, H-2); 13C NMR (75 MHz, CDCl3)
170.82 (C, C-1), 131.73 and 131.15 (C, C-Arom), 129.00,

27.55, 127.26 and 124.85 (CH-Arom), 70.26 (CH2, C-5), 36.39
CH2, C-2).

.3.9. 3-Isochromanone (2j)
1H NMR (300 MHz, CDCl3) δ 7.35–7.00 (4H, m, H-Arom),

.00 (2H, dd, J = 8.0, 6.8 Hz, H-3), 2.78 (2H, dd, J = 8.0, 5.6 Hz,
-2); 13C NMR (75 MHz, CDCl3) δ 168.64 (C, C-1), 152.07

C, C-5), 122.74 (C, C-4), 128.33, 128.12, 124.47 and 116.97
CH-Arom), 29.30 (CH2, C-3), 23.78 (CH2, C-2).

.3.10. Ethyl-5-hydroxypentanoate (3a)
1H NMR (300 MHz, CDCl3) δ 4.13 (2H, q, J = 7.2 Hz,
OOCH2), 3.64 (2H, t, J = 6.4 Hz, H-5), 2.34 (2H, t, J = 7.0 Hz,
-2), 2.20 (1H, bs, OH), 1.72 (2H, m, H-3), 1.61 (2H, m, H-
), 1.26 (3H, t, J = 7.2 Hz, COOCH2CH3); 13C NMR (75 MHz,
DCl3) δ 173.96 (C, C-1), 62.23 (CH2, C-5), 60.46 (CH2,

4

C
H
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OOCH2), 34.04 (CH2, C-2), 32.14 (CH2, C-4), 21.22 (CH2,
-3), 14.32 (CH3, COOCH2CH3).

.3.11. Ethyl-5-hydroxyhexanoate (3b)
1H NMR (300 MHz, CDCl3) δ 4.13 (2H, q, J = 7.2 Hz,

OOCH2), 3.80 (2H, m, H-5), 2.33 (2H, t, J = 7.3 Hz, H-2), 1.73
3H, m, OH, H-3), 1.47 (2H, m, H-4), 1.26 (3H, t, J = 6.9 Hz,
OOCH2CH3), 1.20 (3H, d, J = 5.9 Hz, H-6); 13C NMR

75 MHz, CDCl3) δ 173.91 (C, C-1), 67.64 (CH, C-5), 60.47
CH2, COOCH2), 38.72 (CH2, C-4), 34.26 (CH2, C-2), 23.63
CH3, C-6), 21.20 (CH2, C-3), 14.38 (CH3, COOCH2CH3).

.3.12. Ethyl-5-hydroxyundecanoate (3c)
1H NMR (300 MHz, CDCl3) δ 4.14 (2H, q, J = 6.9 Hz,

OOCH2), 3.60 (1H, m, H-5), 2.33 (2H, t, J = 6.9 Hz, H-2),
.85–1.27 (14H, m, H-3, H-4, H-6, H-7, H-8, H-9, H-10), 1.26
3H, t, J = 7.2 Hz, COOCH2CH3), 0.88 (3H, t, J = 6.9 Hz, H-11);
3C NMR (75 MHz, CDCl3) δ 173.96 (C, C-1), 71.57 (CH, C-
), 60.47 (CH2, COOCH2), 37.66, 36.93, 34.36, 32.01, 29.51,
5.77, 22.79 and 21.17 (CH2, C-2, C-3, C-4, C-6, C-7, C-8, C-9,
-10), 14.42 and 14.25 (CH3, C-11, COOCH2CH3).

.3.13. Ethyl-5-hydroxydecanoate (3d)
1H NMR (300 MHz, CDCl3) δ 4.13 (2H, q, J = 7.1 Hz,

OOCH2), 3.60 (1H, m, H-5), 2.33 (2H, t, J = 7.2 Hz, H-2),
.90–1.22 (13H, m, H-3, H-4, H-6, H-7, H-8, H-9), 1.23 (3H, t,
= 7.1 Hz, COOCH2CH3), 0.89 (3H, t, J = 6.7 Hz, H-10); 13C
MR (75 MHz, CDCl3) δ 173.94 (C, C-1), 71.39 (CH, C-5),
0.38 (CH2, COOCH2), 37.53, 36.81, 34.27, 31.98, 25.41, 22.72
nd 21.10 (CH2, C-2, C-3, C-4, C-6, C-7, C-8, C-9), 14.32 and
4.12 (CH3, C-10, COOCH2CH3).

.3.14. Ethyl-5-hydroxy-6-phenylhexanoate (3e)
1H NMR (300 MHz, CDCl3) δ 7.35–7.16 (5H, m, Arom),

.12 (2H, q, J = 6.9 Hz, COOCH2), 3.81 (1H, m, H-5), 2.81 (1H,
d, J = 13.3, 4.4 Hz, H-6a), 2.66 (1H, dd, J = 13.3, 8.4 Hz, H-6b),
.33 (2H, t, J = 6.9 Hz, H-2), 1.92–1.44 (4H, m, H-3, H-4), 1.24
3H, t, J = 7.2 Hz, COOCH2CH3); 13C NMR (75 MHz, CDCl3)
173.86 (C, C-1), 138.56 (C, Arom), 129.55, 128.70 and 126.62

CH, Arom), 72.30 (CH, C-5), 60.45 (CH2, COOCH2), 44.20
CH2, C-6), 36.19 (CH2, C-4), 34.25 (CH2, C-2), 21.27 (CH2,
-3), 14.38 (CH3, COOCH2CH3).

.3.15. Ethyl-5-hydroxyoct-7-enoate (3f)
1H NMR (300 MHz, CDCl3) δ 5.83 (1H, m, H-7), 5.16

1H, m, H-8a), 5.11 (1H, m, H-8b), 4.13 (2H, q, J = 7.2 Hz,
OOCH2), 3.66 (1H, m, H-5), 2.34 (2H, t, J = 7.2 Hz, H-2), 2.30

1H, m, H-6a), 2.16 (1H, m, H-6b), 1.77 (3H, m, H-4a, H-3), 1.50
1H, m, H-4b); 13C NMR (75 MHz, CDCl3) δ 173.86 (C, C-1),
34.82 (CH, C-7), 118.38 (CH2, C-8), 70.32 (CH, C-5), 60.47
CH2, COOCH2), 40.10 (CH2, C-6), 36.25 (CH2, C-4), 34.28
CH2, C-2), 21.21 (CH2, C-3), 14.41 (CH3, COOCH2CH3).
.3.16. Ethyl-5-acetoxypentanoate (4a)
1H NMR (300 MHz, CDCl3) δ 4.14 (2H, c, J = 7.2 Hz,

OOCH2), 4.08 (2H, t, J = 6.2 Hz, H-5), 2.34 (2H, t, J = 7.2 Hz,
-2), 2.05 (3H, s, COCH3), 1.69 (4H, m, H-3, H-4), 1.26 (3H,
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, J = 7.2 Hz, COOCH2CH3); 13C NMR (75 MHz, CDCl3) δ

73.44 (C, C-1), 171.27 (C, COCH3), 64.14 (CH2, C-5), 60.49
CH2, COOCH2), 33.97 (CH2, C-2), 28.19 (CH2, C-4), 21.63
CH2, C-3), 21.12 (CH3, COCH3), 14.40 (CH3, COOCH2CH3).

.3.17. Ethyl-5-acetoxyhexanoate (4b)
1H NMR (300 MHz, CDCl3) δ 4.90 (1H, m, H-5), 4.13 (2H,

, J = 7.2 Hz, COOCH2), 2.31 (2H, t, J = 7.2 Hz, H-2), 2.03
3H, s, COCH3), 1.75–1.43 (4H, m, H-3, H-4), 1.26 (3H, t,
= 7.2 Hz, COOCH2CH3), 1.22 (3H, d, J = 6.3 Hz, H-6); 13C
MR (75 MHz, CDCl3) δ 173.75 (C, C-1), 171.10 (C, COCH3),
0.66 (CH, C-5), 60.51 (CH2, COOCH2), 35.41 (CH2, C-4),
4.17 (CH2, C-2), 21.54 (CH3, C-6), 21.01 (CH3, COCH3),
0.08 (CH2, C-3), 14.42 (CH3, COOCH2CH3).
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