Journal of Molecular Catalysis B: Enzymatic 57 (2009) 40-47

journal homepage: www.elsevier.com/locate/molcatb S i

Contents lists available at ScienceDirect

Journal of Molecular Catalysis B: Enzymatic

JOURNAL OF MOLECULAR

[CATATYSS

B EADYMATIC.

Lipase-catalysed preparation of acyl derivatives of the germacranolide cnicin

Leandro N. Monsalve?, Sergio Rosselli®?, Maurizio BrunoP, Alicia Baldessari®*

a Laboratorio de Biocatdlisis, Departamento de Quimica Orgdnica y UMYMFOR, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires,

Ciudad Universitaria, Pabellon 2 Piso 3, C1428EGA Buenos Aires, Argentina

b Dipartimento di Chimica Organica, Universita di Palermo, Viale delle Scienze, 90128 Palermo, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 7 May 2008

Received in revised form 17 June 2008
Accepted 20 June 2008

Available online 3 July 2008

Keywords:
Enzyme catalysis
Acylation
Alcoholysis
Sesquiterpenoids
Cnicin

Several acyl derivatives of cnicin were obtained through lipase-catalysed acylation and alcoholysis reac-
tions. In most reactions lipases showed a regioselective behaviour affording only one product. Longer
chain acyl derivatives were prepared at lower temperature than the used in lipase-catalysed reactions, to
preclude side products formation. The enzymatic approach let to prepare a family of novel acetyl and fatty
acid derivatives of cnicin which are not obtainable following traditional organic synthetic procedures.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Sesquiterpene lactones are a class of secondary metabolites
found in some plant families, mainly in several genera of Asteraceae,
such as Centaurea [1]. This genus contains about 1000 species and
the aerial parts of several species are used in the popular medicine
and, in some cases, evidence for antimicrobial [2], antibacterial [3],
cytotoxic and phytotoxic [4] activities has been pointed out.

The most important metabolites in genus Centaurea are
acetylenic compounds, flavonoids and terpenoids, mainly
sesquiterpenes with guaiane, germacrane, elemane and eudes-
mane skeletons. Often, among the sesquiterpenes, the most
abundant one is the germacranolide cnicin (1), sometimes isolated
in grams quantity and whose antibacterial cytotoxic and antifungal
properties have been investigated (Scheme 1) [5-7].

Regarding its antibacterial activity, it is interesting to observe
that the presence of an ester at C-8 of the germacranolide is impor-
tant for the activity, being the esterified derivatives more active
against Gram-positive bacteria [3]. Cnicin is a potent and irre-
versible inhibitor of the bacterial enzyme Mur A (EC 2.5.1.7) which
is responsible for the first step in the cytoplasmatic biosynthe-
sis of peptidoglycan precursor molecules. The Mur-A-dependent
metabolites are of vital importance for bacteria, and the enzyme

* Corresponding author. Tel.: +54 11 4576 3300x262; fax: +54 11 4576 3385.
E-mail addresses: monsalve@qo.fcen.uba.ar (L.N. Monsalve), roselli@unipa.it (S.
Rosselli), bruno@dicpm.unipa.it (M. Bruno), alib@qo.fcen.uba.ar (A. Baldessari).

1381-1177/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcatb.2008.06.019

is therefore in the focus of several drug development projects in
academic and industrial groups [8]. The first explanation of the
antibacterial mode of action of cnicin on a molecular basis takes
into account the a,[3-unsaturated carbonyl system in the side chain
of the molecule. A Michael addition on the electrophilic double
bond of cnicin by the thiol group of Cys115 of Mur-A, which results
in a stable binding, is proposed. As a consequence of the alkyla-
tion of this important residue, the enzyme closes that active site
completely.

Recently, we reported a study on the chemical reactivity of
cnicin towards oxidative processes [9]. We have also studied the
structure—cytotoxic activity relationships of cnicin, and confirmed
that an a-exo-methylene-y-lactone is a necessary feature for the
cytotoxic effect of cnicin and other sesquiterpene lactones [10].

The presence in cnicin (1) of three free hydroxyl groups
prompted us to synthesize various esters. The position of the ester
group could influence the numerous biological activities displayed
by cnicin. Due to the high reactivity of the germacranolide nucleus,
it was not possible to achieve significant results by means of con-
ventional synthetic methods, and a mixture of products was always
obtained. Therefore, we decided to apply an enzymatic approach.

It is well known that lipases are efficient as biocatalysts for
chemo-, regio- and stereoselective reactions under mild conditions
[11,12]. They can be used in a wide variety of organic solvents and
do not require a coenzyme for activity [13].

In previous works, we reported the regioselective acylation of
natural products as polyhydroxy compounds by means of alkyl car-
boxylates or carboxylic acids under the catalysis of enzymes in
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Compound R' R R’
1 H H I8!
2 H H Ac
3 Ac H Ac
4 H H CH3(CH),CO
5 H H CH3(CH;)sCO
6 H H CH;(CH;);2CO
7 H H ¢is-CHi(CH;);CH=CH(CH,);CO
8 Ac Ac Ac
9 Ac Ac H
10 Ac H H

Scheme 1.

anhydrous organic solvents [14,15]. In the steroid field, enzyme
catalysis can play an important role for the mild and selective
interconversion of functional groups via regio- and stereoselec-
tive transformations [16,17]. Studies carried out in our laboratory
on the esterification and transesterification of polyfunctionalyzed
steroids, have shown that lipases can act on substituents either
on A-ring or on the D-ring [18-20]. Taking into account these
properties we have prepared series of fatty acid derivatives of
dehydroepiandrosterone [21] and 3,17--estradiol [22] and alkyl
succinates of a series of pregnanes [23].

Regarding terpenoids, lipases catalysed the regioselective acy-
lation of polyhydroxylated sesquiterpenoids [24] and, by using
both lipases and esterases, we performed regio- and stereoseletive
acetylation and alcoholysis reactions of ent-kauranes [25]. Here we
report the use of lipases in the preparation of acyl derivatives of the
germacranolide cnicin (1) (Scheme 1).

2. Experimental
2.1. General remarks

All solvents and reagents were reagent grade and used with-
out purification. Lipase from Candida rugosa CRL (0.905 U/g solid),
and type Il crude from porcine pancreas (190,000 U/g protein) were
purchased from Sigma Chemical Co.; Candida antarctica lipase A:
Chirazyme L-5, c.-f. lyo (400U/g) and C. antarctica lipase B: Chi-
razyme L-2, c.-f., C3, lyo (6300U/g) were purchased from Roche
Diagnostics GmbH; Lipozyme RM 1M (7800U/g) was a generous
gift of Novozymes Latinoamerica Ltda.; Pseudomonas lipase: Lipase
PS Amano PSL (33,200U/g) was purchased to Amano Pharmaceu-
tical Co. All enzymes were used “straight from the bottle”.

Enzymatic reactions were carried out on a Sontec incubator
shaker (Scientifica, Bs. As., Argentina) at 10, 33 and 55°C and
200 rpm. Enzymatic transesterifications were followed by TLC on
Merck silica gel 60F-254 aluminium sheets (0.2 mm thickness). For
column chromatography, Merck silica gel 60 (70-230 mesh) was
used. IR spectra were obtained on a Shimadzu FTIR-8300 spec-
trophotometer. 'H NMR and 3C NMR spectra were recorded at
500 MHz with Bruker AM 500 spectrometer. Chemical shifts are
reported in § units relative to tetramethylsilane (TMS) set at 0 §,
and coupling constants are given in Hz. Solvents are indicated. Ele-

mental analysis was carried out with a CE-440 Elemental Analyzer.
Optical purities of products were determined by specific rotation
with PerkinElmer 343 and Jasco P-1010 polarimeters. Solvents are
indicated. Microwave reactions were carried in a SEM Discover
monomode reactor using a closed vessel with magnetic stirring.

2.2. Molecular modelling

Conformational search was performed using AM1 semi empiri-
cal method integrated on HyperChem 7.5. The whole structure was
first minimized and then the Conformational Search algorithm inte-
grated on the same software was employed to find local minima.
The torsions to vary were C5-C4-C15-0 and C4-C15-0-H. Fig. 1
was captured from the graphical interface of HyperChem 7.5.

2.3. Isolation of (6R,7R,8S,1"R)-[(1",2"-dihydroxyethyl )acryloyl]-
15-hydroxygermacra-1 (10),4,11 (13)-trien-6,12-olide (cnicin) (1)

Cnicin (1) was isolated from Centaurea sphaerocephala and Cen-
taurea napifolia both collected in June 2006 at Lascari, 60 km east
of Palermo, Italy following the purification procedures reported
previously [26,27]. 'H and 13C NMR: Tables 1 and 2.

2.4. Chemical and microwave assisted acetylation

2.4.1. 8-a-(3',4'-diacetoxy-2'-methylene-butanoyloxy)-15-acety!-
11,13-dehydromelitensine (11)

50 mg (0.13 mmol) of cnicin were dissolved in 2ml of acetic
anhydride and heated under microwave irradiation (70 W)at 100 °C
for 30 min. The reaction was then quenched with methanol and the
solvent was evaporated. A colorless oil was obtained (63 mg, 93%
yield). [«]3’ = +67.8 (c=0.02, CHCl3, IR (film) vmax =2931, 1777,
1743, 1718, 1369, 1222, 1136, 1044, 966cm~!. 'H and 13C NMR:
Tables 1 and 2. Anal. calcd. for CogH3019: C 61.90%; H 6.39%. Found:
C61.79; H 6.47%.

2.4.2. Cnicin 4',15-diacetate (3) and cnicin triacetate (8)

They were prepared according to a procedure previously
reported. Physical and spectral data are according to those previ-
ously reported [28].

Fig. 1. Structural representation of a conformer (local minimum) of cnicin. A hydro-
gen bonding (black dotted line) between hydrogen on hydroxyl 15 and lactone
oxygen, forms a seven-membered ring. Bond distance is 2.2 A.



Table 1

TH NMR data of compounds 1, 4-7, 9-11

H no. 1 4 5 6 7 9 10 11

1 5.07 brd (7.0) 5.00 brd (7.0) 5.00 brd (7.0) 5.00 brd (7.0) 5.00 brd (7.0) 5.00 brd (7.0) 5.04 brd (7.0) 5.76 dd (17.4, 11.0)
2a 223 m 221 m 221 m 223 m 2.22m 222 m 227 m 5.07 brd (11.0)

2b 223 m 221 m 221 m 223 m 222 m 222m 227 m 5.02 brd (17.4)

3a 2.55m 2.58 m 2.58 m 2.60 m 2.60 m 2.52m 2.54m 5.43 brs

3b 2.01 m 1.97 m 1.97 m 1.97 m 1.97 m 2.06 m 2.09 m 5.04 brs

5 4.95 d (10.0) 4.81d(10.0) 4.81d(10.0) 4.82 d (10.0) 4.82d(10.0) 4.93 d (10.0) 5.06 d (10.0) 2.47d(12.2)

6 5.16 dd (10.0, 8.5) 5.11 dd (10.0, 8.5) 5.11 dd (10.0, 8.5) 5.11 dd (10.0, 8.5) 5.12 dd (10.0, 8.5) 4.90dd (10.0, 8.5) 5,14 dd (10.0, 8.5) 4.22t(11.2)

7 312 m 3.09 m 3.09 m 3.09 m 3.09 m 311 m 3.26m 2.95 dddd (11.2, 10.8, 3.0, 2.8)
8 5.21 brdd (12.0, 11.5)  5.17 brdd (12.0, 11.5) 5.17 brdd (12.0, 11.5) 5.19 brdd (12.0, 11.5) 5.19 brdd (12.0, 11.5) 5.17 brdd (12.0, 11.5)  5.08 brdd 5.31 td (10.8, 4.6)
9a 2.65 brd (11.5) 2.60 brd (11.5) 2.60 brd (11.5) 2.60 brd (11.5) 2.60 brd (11.5) 2.61 brd (11.5) 2.58 2.09 o.s.

9b 2.59dd (12.0, 12.0) 2.49dd (12.0, 12.0) 2.49dd (12.0, 12.0) 2.49 dd (12.0, 12.0) 2.49dd (12.0, 12.0) 2.51dd (12.0, 12.0) 2.52 1.69 dd (12.8, 10.8)
13a 6.39d (3.5) 6.27 d (3.5) 6.27 d (3.5) 6.28 d (3.5) 6.28 d (3.5) 6.32d (3.5) 6.25d (3.5) 6.15d (3.0)

13b 5.81d (3.0) 5.75d (3.0) 5.75 d (3.0) 5.75 d (3.0) 5.75 d (3.0) 5.74 d (3.0) 5.84d (3.0) 5.57 d (2.8)

Me-14 1.54s 1.50s 1.50s 1.50's 1.50s 1.51s 155s 117 s

15a 427 d(15.0) 429d (15.0) 4.29d (15.0) 430d (15.0) 4.30d (15.0) 463 d (16,0) 472s 451 brs

15b 4.01d (15.0) 4,09 d (15.0) 4.09 d (15.0) 4.10d (15.0) 4.10d (15.0) 4.59 d (16,0)

3 4.53dd (10.0, 8.5) 4.70dd (7.0, 3.5) 4.70dd (7.0, 3.5) 4.70dd (7.0, 3.5) 4.70dd (7.0, 3.5) 5.62dd (7.0, 3.5) 4.55dd (7.0,3.5) 5.83t(4.8)

4'a 3.71dd (11.5, 3.5) 4.28 dd (11.5, 3.5) 4.28 dd (11.5, 3.5) 4.29 dd (11.5, 3.5) 4.29 dd (11.5, 3.5) 3.88 dd (11.5, 3.5) 3.76 dd (11.5, 3.5) 4.29d (4.8)

4'b 3.47 dd (11.5, 7.0) 421dd (11.5, 7.0) 4.21dd (11.5, 7.0) 421dd (11.5, 7.0) 4.21dd (11.5, 7.0) 3.79 dd (11.5, 7.0) 3.51 dd (11.5, 7.0)

5a 6.39 brs 6.38 brs 6.38 brs 6.38 brs 6.38 brs 6.39 brs 6.41 brs 6.40 brs

5'b 6.09 brs 6.10 brs 6.10 brs 6.09 brs 6.09 brs 5.98 brs 6.13 brs 5.96 brs

OR! - - - - - 211s 212s 212s

OR? - - - - - 213s - 2.09s

OR3 = 2.32t(7.5), 1.61 m, 233 t(7.5), 1.61 m, 2.32t(7.5), 1.61 m, 534m;234t(75),161 - = 2.05s

1.30 m, 0.89 ¢ (7.5)

1.25 m, 0.87 t (7.5)

1.25 m, 0.87 t (7.5)

m, 1.30 m, 0.91 t (7.5)

Solvent: 1: CD30D; 4-9 and 11: CDCl3; 10: CDCl3/CD50D.

(4%
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Table 2

13C NMR of compounds 1-11

Cno. 1 2 3 4 5 6 7 8 9 10 1

1 129.74  129.81 129.63 129.81 129.81 129.83 129.82 129.71 129.66 130.72 145.29

2 26.91 26.29 26.14 26.30 26.33 26.35 26.32 26.25 26.20 25.91 11712

3 35.19 34.68 34.84 34.69 34.72 34.73 34.72 34.98 34.80 34.54 113.45

4 14231  143.96 138.92 143.91 143.93 143.87 143.89 138.86 138.91 139.18 138.35

5 130.84 128.39 130.61 128.41 128.41 128.44 128.43 130.63 130.70 129.52 5135

6 78.70 76.52 76.35 76.46 76.44 76.43 76.43 73.36 76.26 7713 78.16

7 54.05 52.93 52.82 52.94 52.96 52.96 52485] 52.84 52.80 52.69 52.26

8 71.96 73.29 73.07 73.29 73.29 73.31 73.31 69.42 73.26 72.94 69.58

9 49.35 48.59 48.44 48.60 48.61 48.61 48.61 48.42 48.45 48.03 44.82

10 133.24 132.26 132.09 132.32 132.32 132.38 132.41 132.28 132.12 132.11 41.92

1 172.11 135.40 135.00 135.41 135.40 135.42 135.27 135.00 134.91 135.32 136.45

12 13745  169.75 169.39 169.69 169.67 169.63 169.65 169.42 169.33 170.46 169.80

13 125.26  125.38 125.20 125.27 125.28 125.27 124.34 125.32 125.50 125.05 120.22

14 17.14 16.73 16.80 16.73 16.73 16.76 16.74 16.86 16.70 16.30 18.64

15 60.83 61.41 61.66 61.48 61.52 61.58 61.54 61.73 61.64 65.47 67.31

1 166.54 164.54 164.43 164.52 164.50 164.50 164.51 163.57 164.10 165.10 163.75

2 14550 138.71 138.60 138.74 138.71 138.71 138.71 136.31 136.60 140.37 136.04

3 74.48 69.49 69.33 69.66 69.69 69.75 69.71 69.42 72.40 70.56 69.80

4 66.70 67.26 67.20 67.08 67.09 67.11 67.11 63.90 63.81 65.47 64.00

5 12729  127.75 127.72 127.70 127.70 127.70 127.70 128.06 127.68 126.57 128.34

OR! - - 20.84,170.59 - - = - 20.89,170.59  20.96,170.72  20.18,171.21  20.91, 170.47

OR? - - - - - - - 20.89,170.40 21.04,169.74 - 20.95, 169.55

OR® - 20.79,171.30  20.73,17118  34.05, 174.20, 174.22, 31.83, 29.39, 174.22, 34.10, 31.90, 29.63, 174.18, 130.00, 129.70, 20.70,171.52 - - 20.70, 170.61
31.22, 24.54, 29.22,29.09, 29.04, 29.24, 29.10, 24.89, 23.72, 33.80, 31.90, 29.74, 29.65,
22.26,13.86 24.88,24.70, 22.63, 22.96, 22.67, 14.10, 29.59, 29.49,29.29, 29.14, 29.12,

14.08

29.44, 29.33, 29.24, 29.10,
24.89, 23.72, 22.96, 22.67,
14.10

29.07, 29.04, 29.01, 27.20,
2714, 22.65, 14.09

Solvent 1: CD3;0D; 2-9 and 11: CDCl3; 10: CDCl5/CD;0D.
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2.5. Enzymatic acylation

2.5.1. Acetate derivatives of cnicin

2.5.1.1. Cnicin4'-acetate (2). Cnicin (1) (25 mg,0.07 mmol) was sus-
pended in ethyl acetate (10 ml) and the amount equivalent to 1500
units of the indicated lipase was added. The mixture was shaken
overnight at 33 or 55 °C at 200 rpm and the progress of the reaction
was monitored by TLC. Once completed, the enzyme was filtered
off and the solvent evaporated and the crude residue purified by
flash chromatography (eluent:hexane-AcOEt), yielding a colorless
0il (25.6 mg, yield 92%). Physical data according to those previously
reported [29,30]. 13C NMR: Table 2.

2.5.1.2. Cnicin4',15-diacetate (3). Cnicin(1)(40mg, 0.11 mmol)was
dissolved in acetonitrile (25 ml), and vinyl acetate (1 ml, 865 mmol)
and CAL B (400 mg) were added. The mixture was shaken overnight
at 55°C at 200 rpm. Once completed, the enzyme was filtered off
and the solvent evaporated. Two products were separated by flash
chromatography (AcOEt:hexane 3:7): 29.8 mg of 2 (81% yield) and
12.1 mg of 3 (17% yield) were isolated. Physical and spectral data
according to those previously reported [28]. 13C NMR: Table 2.

2.5.1.3. Long chain carboxylic acid derivatives of cnicin: general pro-
cedure. Cnicin (1) (40 mg, 0.11 mmol) was dissolved in acetonitrile
(25 ml). The acylating agent, the corresponding carboxylic acid or
ethylester (0.20 mmol) and the enzyme (amount equivalent to 1500
units of the indicated lipase) were added. The mixture was shaken
for 5 days at the indicated temperature at 200 rpm. Enzyme was
filtered off and the solvent evaporated. Products were separated by
flash chromatography (ethyl acetate:hexane 1:9).

2.5.14. Cnicin 4'-hexanoate (4). 72% yield; colorless oil; [oc]zD5 =
+115.8 (c=0.02, CHCl3, IR (film) vimax = 3446, 2932, 2865, 1760, 1740,
1716, 1456, 1386, 1276, 1153, 1090, 1000, and 954cm~'. 'H and 13C
NMR: Tables 1 and 2. Anal. calcd. for C;gH360g: C 65.53%; H 7.61%.
Found: C 65.36%; H 7.78%.

2.5.1.5. Cnicin 4'-decanoate (5). 68% yield; colorless oil; [oe]zD5 =
+71.9 (c=0.02, CHCl3, IR (film) vmax = 3445, 2954, 2826, 1735, 1713,
1458, 1408, 1277, 1144, 1086, 1019, 997, and 816cm~!. 'H and 13C
NMR: Tables 1 and 2. Anal. calcd. for C3gH440g: C 67.64%; H 8.33%.
Found: C 67.74%; H 8.41%.

2.5.1.6. Cnicin4'-tetradecanoate (6). 70%yield; colorless oil; [oz]%5 =
+70.0 (c=0.02, CHCls, IR (film) vmax = 3434, 2929, 2851, 1743, 1707,
1454, 1383, 1274, 1149, 1080, 1021, 994, 952, and 813 cm~!. 'H and
13C NMR: Tables 1 and 2. Anal. calcd. for C34Hs5305: C 69.36%; H
8.90%. Found: C 69.30%; H 8.99%.

2.5.1.7. Cnicin 4'-cis-9-octadecenoate (7). 66% yield; colorless oil;
[oz]zD5 =+68.6 (c=0.02, CHCl3, IR (film) vmax =3448, 3001, 2920,
2856, 1740, 1713, 1454, 1402, 1388, 1277, 1149, 1086, 1049, 1019,
996, 949, and 814cm~!. 'H and 3C NMR: Tables 1 and 2. Anal.
calcd. for C3gHs50g: C 71.00%; H 9.01%. Found: C 69.81%; H 8.98%.

2.5.2. Enzymatic alcoholysis

2.5.2.1. Cnicin 3,15-diacetate (9). Cnicin triacetate (8) (20mg,
0.04 mmol) was suspended in acetonitrile or alcohol (8 ml). In
the case of acetonitrile as solvent, the corresponding alcohol
(1.71 mmol) was added. Finally CAL B (200 mg) was added and the
mixture shaken at 55°C and 200 rpm. After 36 h, enzyme was fil-
tered off and the solvent evaporated. Product was purified by flash
chromatography (Ethyl acetate:hexane 3:7). 28.5 mg (yield 99%).
Colorless oil. [o]3’ = +102.1 (c=0.03, CHCl3, IR (film) vmax = 3475,
2956, 2918, 2845, 1741, 1369, 1224, 1144, 1041, 966, 816 cm~1. 'H

and 13C NMR: Tables 1 and 2. Anal. calcd. for Co4H300q9: C 62.33%;
H 6.54%. Found: C 62.24%; H 6.50%.

2.5.2.2. Cnicin 15-acetate (10). 3 (20mg, 0.04 mmol) was sus-
pended in acetonitrile or alcohol (8 ml). In the case of acetonitrile
as solvent, ethanol (0.1 ml, 1.71 mmol) was added. Finally 200 mg
of CAL B were added, and the mixture shaken at 55°C at 200 rpm.
After 36 h enzyme was filtered off and the solvent evaporated. Prod-
uct was purified by flash chromatography (ethyl acetate:hexane
3:7). 21.8 mg (yield 98%). Colorless oil. [o{]ZD5 = +49.5 (c=0.03, iso-
propanol, IR (film) vmax =3412, 2934, 2868, 1760, 1732, 1718, 1444,
1377, 1263, 1230, 1144, 1075, 1030, 997, 958, and 821 cm~!. 'H and
13C NMR: Tables 1 and 2. Anal. calcd. for C»Hy305: C 62.85%; H
6.71%. Found: C 62.70%; H 6.80%.

3. Results and discussion
3.1. Acylation reactions

3.1.1. Enzymatic acetylation

The presence of the three hydroxyl groups in cnicin (1) makes
this compound an interesting model for enzymatic transformation.
Therefore, we began investigating the behaviour of lipases from
several sources in the acetylation of this germacranolide. Accord-
ingly, cnicin (1) was dissolved in ethyl acetate, working as acylating
agent and solvent. Then, the enzyme was added and the suspension
shaken at 33 and 55 °C for 24 and 36 h.

At both temperatures, the six lipases afforded compound 2 as a
single product (Table 3, entries 1-6). (Scheme 2).

The product was identified as cnicin-4'-acetate (2). 'H NMR
spectral data was according to literature [29]. Acylation of cnicin
on hydroxyl of methylene 4’ can be confirmed by the chemical shift
of protons belonging to methylene 4. This product can be isolated
from aerial parts of Centaurea sp. [25], and it is less abundant than
cnicin [27].

The enzymatic reaction allowed us to obtain this product from
cnicinin quantitative yield and under simple and mild reaction con-
ditions. In this case, the lipase behaviour was highly regioselective
since primary hydroxyl moiety on carbon 15 did not react at all
under the mentioned conditions.

Since the reaction with ethyl acetate only afforded the monoa-
cylated product in the position 4/, we decided to try the enzymatic
acetylation using vinyl acetate and isopropenyl acetate as acylating
agents, well-known as active reagents in lipase-catalysed acetyla-
tions (Table 3, entries 7-12). In this case, we performed reactions
with CAL B and PSL, which had shown the best performance, work-
ing with ethyl acetate and various solvents.

As solvent effect is very important in biocatalysis [13,31], we
tried to test the influence of the reaction media in yield and selectiv-
ity of the enzymatic transesterification. Using isopropenyl acetate
in acetonitrile both enzymes gave the same product (2) after 24 h
in high yields, being CAL B (95%, entry 7) more efficient than PSL
(84%, entry 8).

Longer reaction times did not promote any change. In acetone,
vinyl acetate proved to be a good acylating agent with both CAL
B and PSL, obtaining 2 in 82 and 80% yield, respectively (entries
9 and 10). Finally, CAL B was not active enough using the sys-
tem vinyl acetate and diisopropyl ether since the product 2 was
obtained in only 16% yield (entry 12). In almost all these reac-
tion conditions, lipases showed a decrease in regioselectivity. Only
when vinyl acetate, CAL B and acetonitrile were employed to acety-
late cnicin, the compound 2 was accompanied by a second product:
cnicin-15,4'-diacetate (3), obtained in 17% yield (entry 11).
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Table 3
Lipase-catalysed acetylation of cnicin (1)
Entry Enzyme Acylating agent Solvent Time (h) Product 2 yield (%)
33°C 55°C
1 CALA Ethyl acetate AcOEt 36 20 22
2 CALB Ethyl acetate AcOEt 36 43 97
3 CRL Ethyl acetate AcOEt 36 23 29
4 LIP Ethyl acetate AcOEt 36 13 17
5 PPL Ethyl acetate AcOEt 36 9 9
6 PSL Ethyl acetate AcOEt 36 34 64
7 CALB I[sopropenyl acetate MeCN 24 - 95
8 PSL Isopropenyl acetate MeCN 24 - 84
9 CALB Vinyl acetate Acetone 24 - 82
10 PSL Vinyl acetate Acetone 24 - 80
11 CALB Vinyl acetate MeCN 24 - &
12 CALB Vinyl acetate DIPE 24 - 16

2 Product 2 is accompanied by product 3 that was obtained in 17% yield.

Acylation of hydroxyl on methylene 15 was confirmed by 'H
NMR. In 1, protons belonging to methylene 15 appear as two dou-
blets centered at 4.09 and 4.29 ppm. When the substituent on this
methylene becomes an acetate group, both signals collapse to a sin-
glet. In this case, its chemical shift is 4.61 ppm. This change might
be caused by the absence of a conformational restriction of methy-
lene 15, probably due to hydrogen bonding between hydroxyl on

“O*HJ\./\OH RCOOH or
O OH RCOOEt

methylene 15 and the oxygen atom of the lactone on methyne 6
(Fig. 1).

When acetate is present this interaction is not longer possible.
Moreover, a second singlet arises at 2.11 ppm, which belongs to
acetate protons. Fig. 1 shows a structural representation of a con-
former (local minimum) of cnicin. Two stable torsion angles found
for C5-C4-C15-0 can be attributed to hydrogen bonding between

OH

0
CALB A
AcOEt

—_—
Lipase
MeCN HO
Ac5O
70°C

EtOH | CAL B
MeCN

0 OH

O OAc

EtOH | piaciy

Scheme 2.
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hydrogen on hydroxyl 15 and the lactone oxygen, due to the dis-
tance between hydroxyl hydrogen and the oxygen of the lactone is
no longer than 4 A.

3.1.2. Enzymatic acylation

Encouraged with the previous results, we decided to apply the
same enzymatic strategy in the preparation of acyl derivatives of
cnicin having longer chain acyl moieties. It is well-known that
the presence of medium and long chain fatty acid in derivatives
of bioactive compounds often enhance their absorption into the
cell, thus increasing their activity compared to the original natural
compounds [32].

In previous work we have observed that lipases show the same
regioselective behaviour, acting on the same position in the sub-
strate structure, such in the esterification as in the hydrolysis of
esters [14]. Therefore it is highly probable that the acyl derivatives
obtained through lipases catalysis are more likely to be hydrolyzed
in a biological environment. This fact could lead to a controlled
release of active molecules.

We began the screening using three enzymes (CAL B, PSL, LIP),
acetonitrile as solvent and ethyl caproate as acylating agent (Table 4,
entries 2-4).

Neither acetone nor acetonitrile as solvents, in reactions carried
out at 55 °C, afforded satisfactory yields after 24 h. Longer reaction
time did not improve the results. Furthermore, after 72 h cnicin
began to decompose giving a mixture of products. As this problem
can be attributed to thermally induced rearrangements in the ger-
macranolide skeleton of cnicin (1) [9], we decided to reduce the
reaction temperature.

The acylation of cnicin at 10°C, using ethyl caproate as acylat-
ing agent, CAL B as biocatalyst and acetonitrile as solvent afforded
the compound 4 in a slightly higher yield, 47% in comparison with
34% at 55 °C (Table 4, entry 5). Even better results were obtained in
experiments performed in the same conditions but using caproic
acid as acylating agent: 4 was obtained in 72% yield (Table 4, entry
7). The other fatty acid derivatives of cnicin (5, 6 and 7) were
obtained in high yield (66-70%). In every case, it was observed that
the free acids proved to be more effective than ethyl esters in the
acylation reactions.

Moreover, the results showed that CAL B maintained the
high selectivity towards the acylation of hydroxyl on carbon 4’
in every case. Reactions made at 10°C with CAL B gave the
best results after 120 h, as monoacylation products on hydroxyl
group of carbon 4’ were obtained as the only product in high
yields. The remarkable behaviour of C. antarctica lipase, keeping
its activity at low temperature, allowed us to achieve a trans-
formation minimizing undesirable products as a consequence of
thermally induced reactions. Therefore, we could obtain a series

Table 4
Lipase-catalysed acylation of cnicin (1) with longer chain carboxylic acids

of fatty acid derivatives of cnicin not previously reported in litera-
ture.

3.2. Enzymatic alcoholysis

As cnicin possesses two ester moieties, we found interesting to
test the ability of lipases to make transformations on these groups.
We attempted to carry out the enzymatic alcoholysis of cnicin using
the same enzymes tested on the acetylation reactions; ethanol,
n-butanol and octanol as nucleophiles and acetonitrile, acetone,
diisopropyl ether and ethanol as solvents. Under these conditions,
cnicin remained unaltered. We also tried a hydrolysis of cnicin
catalysed by CAL B in a mixture of phosphate buffer and tetrahy-
drofuran but we obtained the same unsatisfactory results.

In order to complete this study, we decided to apply the
enzymatic alcoholysis on polyacetylated derivatives of cnicin. Per-
acetylation of cnicin was not easy to achieve. Attempts were made
with acetic anhydride and pyridine, N,N-dimethylaminopyridine
and Lewis acid catalysts, such as trimethylsilyl trifluoromethane-
sulfonate, but all of them were unsuccessful.

We also tried a microwave-aided acetylation with acetic
anhydride. In this case we obtained the novel elemanolide:
8-a-(3',4’-diacetoxy-2'-methylene-butanoyloxy)-15-acetyl-11,13-
dehydromelitensine (11), product of peracetylation and Cope
rearrangement of cnicin. Product 11 was completely identified by
spectroscopic methods. Its structure was evident from its NMR
spectra. In fact, the signals at 5.76, 5.07 and 5.02 ppm (H-1, H-2a
and H-2b; 8C 145.29 and 117.12, C-1 and C-2) and the two broad
singlets at 5.43 and 5.04 ppm (H-3a and H-3b; dC 113.45 and
138.35, C-3 and C-4) were typical of two vinyl groups, monosub-
stituted and disubstituted, respectively. The presence of three
acetyl groups was clearly indicated by the singlets at 2.12, 2.09
and 2.05 and by the downfield shifts of the signals of H-15 protons
(8H 4.51, brs, 2H), H-3’ (8H 5.83, brt, 1H) and H-4’ protons (8H
4.29, brd, 2H) with respect to the data reported in literature for
the trideacetyl derivative of 11, isolated from Centaurea cineraria
subsp. Umbrosa [28]. The stereochemistry of the new stereocenters
(C-5 and C-10) was unambiguously determined by the chemical
shift of protons in CH3-14 and H-5 at 8H 1.17 and 2.47 ppm,
respectively. Furthermore, the value of the coupling constant of
H-5 signal (12.2 Hz) was in full agreement with a diaxial coupling
with H-6.

Finally, the best results in peracetylation were obtained when
we treated cnicin with acetic anhydride at 70°C [28]. The reaction
was not selective and instead of the desired triaceyl derivative of
cnicin as the only product, we obtained a mixture of this compound
cnicin-3’,4’,15-triacetate (8) and cnicin-4’,15-diacetate (3) in 18 and
76% yield, respectively (Scheme 2).

Entry Enzyme Acylating agent Solvent Temperature (°C) Product (yield%)
1 CALB Ethyl caproate Acetone 55 4(16)
2 CALB Ethyl caproate MeCN 55 4(34)
3 PSL Ethyl caproate MeCN 55 4(27)
4 LIP Ethyl caproate MeCN 55 4(16)
5 CALB Ethyl caproate MeCN 10 4 (47)
6 CALB Caproic acid MeCN 55 4(61)
7 CALB Caproic acid MeCN 10 4(72)
8 CALB Ethyl caprate MeCN 10 5(35)
9 CALB Capric acid MeCN 10 5(68)

10 CALB Ethyl myristate MeCN 10 6(38)

11 CALB Myristic acid MeCN 10 6 (70)

12 CALB Ethyl oleate MeCN 10 7 (44)

13 CALB Oleic acid MeCN 10 7 (66)

Reaction time 120 h.
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Table 5
Lipase-catalysed alcoholysis of cnicin-3',4,15-triacetate (8) and cnicin-4/,15-
diacetate (3)

Entry Substrate Nucleophile Solvent Product (yield%)
1 8 EtOH MeCN 9(99)

2 8 EtOH EtOH 9(72)

3 8 n-BuOH MeCN 9(23)

4 8 n-0cOH MeCN n.d.

5 3 EtOH MeCN 10 (98)

6 3 EtOH EtOH 10 (75)

Enzyme: CAL B; temperature: 55°C; time: 36 h. n.d.: non detected.

The identity of the products was confirmed by 'H NMR. Pro-
ton on carbon 3’ of 1 appears as a double doublet at 4.52 ppm.
When the substituent is acetate this signal shows a downfield shift
to 5.62 ppm. Methyl protons belonging to acetate in this position
arises as a singlet at 2.12 ppm.

Both compounds 3 and 8 were tested on enzymatic alcoholysis
using CAL B as biocatalyst and various alcohols as nucleophiles. The
results are presented in Table 5.

From these data we can conclude that best results can be
achieved when employing CAL B as catalyst and acetonitrile as
solvent. Under these conditions, it was possible to obtain cnicin-
15,3’-diacetate (9) from 8 and cnicin-15-acetate (10) from 3 in
quantitative yield (Table 5, entries 1 and 5) (Scheme 2). The site of
alcoholysis in every case was unambiguously established by NMR
spectroscopic analysis.

Attempts to use ethanol both as nucleophile and solvent showed
a decrease in products yield of about 20%. Higher alcohols such as
n-butanol and n-octanol did not show a good performance (Table 5,
entries 3 and 4).

In addition, these results proved that the enzyme kept the
same regioselectivity that it was shown in the acylation reactions.
The lipase catalysed both reactions, acylation and alcoholysis, in
the same position of the germacranolide molecule: the oxygen
atom on carbon 4'. This fact is in agreement with previous work
performed in our laboratory using pyridoxine and steroids as sub-
strates [14,20,21] in which CAL B was active at the same position
both in alcoholysis and acylation reactions.

4. Conclusions

This work describes the application of enzymes to the prepa-
ration of acyl derivatives of cnicin in a highly regioselective way.
Lipases from different sources exhibited good performance as cat-
alysts both in alcoholysis and acylation reactions. Candida antartica
B lipase gave the best results in both reactions. By enzymatic acety-
lation and deacetylation reactions, various mono- and diacetylated
derivatives of cnicin have been regioselectively obtained. Some of
these products have not been reported early in literature. Deriva-
tives of cnicin with longer chain carboxylic acids, not reported early
in literature, were also obtained in high yields. Through the enzy-
matic reaction, carried on at low temperature, CAL B lipase was able
to successfully catalyse the acylation and secondary products were
not obtained in any of the examples tested.

Alcoholysis reactions afforded good results in the presence of
short chain alcohols such as ethanol and allowed us to obtain com-
plementary derivatives of cnicin. Taking into account the current
results showed by CAL B it could be assumed that the active site
of the enzyme acts in the same position of the germacranolide
skeleton both in acylation and alcoholysis reactions. In contrast

with these results, the chemical methodology uses conventional
acylating agents, such as acetic anhydride that do not let to acety-
late regioselectively one of the primary hydroxyl moieties of cnicin.
Moreover, the germacranolide skeleton of cnicin seems to be sen-
sitive to pyridine and Lewis acid catalysts such as trimethylsilyl
trifluoromethanesulfonate. Regarding microwave irradiation, this
new methodology allowed to obtain, in high yield and selectivity,
an elemanolide not previously described in literature.

Due to the mild conditions required for the biocatalysts,
enzymatic reactions allowed us to obtain a family of novel germa-
cranolides which cannot be prepared through traditional synthetic
methods.

Acknowledgment

We thank UBA (project X089), ANPCyT (project PICT 2005,
32735) (Argentina) and Italian Government project PRIN for partial
financial support. AB is a Research Member of CONICET.

References

[1] EC. Seaman, in: A. Cronquist (Ed.), The Botanical Review-Sesquiterpene Lac-
tones as Taxonomic Characters in Asteraceae, vol. 48, no. 2, New York Botanical
Garden, New York, 1982, pp. 121-140.

[2] M. Suchy, V. Herout, Coll. Czech. Chem. Commun. 27 (1962) 1510-1512.

[3] M.Bruno, S.Rosselli, A. Maggio, R.A. Raccuglia, F. Napolitano, F. Senatore, Planta
Med. 69 (2003) 277-281.

[4] K.L. Stevens, G.B. Merril, ACS Symp. Ser. (Chem. Allelopathy) 268 (1985)
83-98.

[5] R.Vanhaelen-Fastré, M. Vanhaelen, Planta Med. 29 (1976) 179-189.

[6] A.F.Barrero,].E.Oltra, I. Rodriguez, A. Barragan, D.G. Gravalos, P. Ruiz, Fitoterapia
66 (1995) 227-230.

[7] A.G. Gonzalez, V. Darias, G. Alonso, J.N. Boada, N. Feria, Planta Med. 33 (1978)
356-359.

[8] S. Eschenburg, M.A. Priestman, FA. Abdul-Latif, C. Delachaume, F. Fassy, E.
Schonbrunn, J. Biol. Chem. 280 (2005) 14070-14073.

[9] S. Rosselli, A. Maggio, RA. Raccuglia, M. Bruno, Eur. J. Org. Chem. (2003)
2690-2694.

[10] M. Bruno, S. Rosselli, A. Maggio, R.S. Raccuglia, K.F. Bastow, C.-C. Wu, K.H. Lee,
Planta Med. 71 (2005) 1176-1178.

[11] K. Buchholz, V. Kasche, U.T. Bornscheuer, Biocatalysis and Enzyme Technology,
1st ed., Wiley-VCH, Weinheim, 2005, pp. 109-170.

[12] V. Gotor, Org. Process. Res. Dev. 6 (2002) 420-426.

[13] G. Carrea, S. Riva (Eds.), Organic Synthesis with Enzymes in Non-Aqueous
Media, Wiley-VCH, Weinheim, 2008, pp. 3-24.

[14] A. Baldessari, C.P. Mangone, E.G. Gros, Helv. Chim. Acta 81 (1998) 2407-2413.

[15] A. Baldessari, C.P. Mangone, Biocatal. Biotransform. 20 (2002) 275-279.

[16] M.M. Cruz Silva, S. Riva, M.L. Sa e Melo, Tetrahedron 61 (2005) 3065-3073.

[17] M.M. Cruz Silva, M.L. Sd e Melo, M. Parolin, D. Tessaro, S. Riva, B. Danieli, Tetra-
hedron: Asymmetry 15 (2004) 1173-1179.

[18] A.Baldessari, M.S. Maier, E.G. Gros, Tetrahedron Lett. 36 (1995) 4349-4352.

[19] A.Baldessari, A.C. Bruttomeso, E.G. Gros, Helv. Chim. Acta 79 (1996) 999-1004.

[20] A.C. Brutomesso, A. Baldessari, ]. Mol. Catal. B: Enzym. 29 (2004) 149-153.

[21] A.C. Brutomesso, A. Tiscornia, A. Baldessari, Biocatal. Biotransf. 22 (2004)
215-220.

[22] E.M. Rustoy, LE. Ruiz Arias, A. Baldessari, ARKIVOC xii (2005) 175-180.

[23] L.N. Monsalve, M.Y. Machado Rada, A.A. Ghini, A. Baldessari, Tetrahedron 64
(2008) 1721-1730.

[24] A.Intra, A. Bava, G. Nasini, S. Riva, ]. Mol. Cat. B: Enzym. 29 (2004) 95-98.

[25] L.N. Monsalve, S. Rosselli, M. Bruno, A. Baldessari, Eur. J. Org. Chem. (2005)
2106-2115.

[26] M. Bruno, C. Fazio, M.P. Paternostro, J.G. Diaz, W. Herz, Planta Med. 61 (1995)
374-375.

[27] L. Fernandez, J.R. Pedro, E. Polo, Phytochemistry 38 (1995) 655-657.

[28] A.Rustaiyan, A. Niknejad, Y. Aynehchi, Planta Med. 50 (1984) 185-186.

[29] M. Bruno, W. Herz, Phytochemistry 27 (1988) (1988) 1873-1875.

[30] J. Jakupovic, Y. Jia, V.P. Pathak, F. Bohlmann, R.M. King, Planta Med. 52 (1986)
399-401.

[31] (a) C.R. Wescott, A.M. Klibanov, Biochim. Biophys. Acta 1206 (1994) 1-9;
(b) G. Carrea, G. Ottolina, S. Riva, Trends Biotechnol. 13 (1995) 63-70.

[32] (a)L.Zhao, L. Fang, Y. Xu, S. Liu, Z. He, Y. Zhao, Eur. ]. Pharm. Biopharm. 69 (2008)
199-213;
(b) S. Pujals, E. Giralt, Adv. Drug Deliv. Rev. 60 (2008) 473-484.



	Lipase-catalysed preparation of acyl derivatives of the germacranolide cnicin
	Introduction
	Experimental
	General remarks
	Molecular modelling
	Isolation of (6R,7R,8S,1R)-[(1,2-dihydroxyethyl)acryloyl]-15-hydroxygermacra-1 (10),4,11 (13)-trien-6,12-olide (cnicin) (1)
	Chemical and microwave assisted acetylation
	8-alpha-(3´,4´-diacetoxy-2´-methylene-butanoyloxy)-15-acetyl-11,13-dehydromelitensine (11)
	Cnicin 4´,15-diacetate (3) and cnicin triacetate (8)

	Enzymatic acylation
	Acetate derivatives of cnicin
	Cnicin 4´-acetate (2)
	Cnicin 4´,15-diacetate (3)
	Long chain carboxylic acid derivatives of cnicin: general procedure
	Cnicin 4´-hexanoate (4)
	Cnicin 4´-decanoate (5)
	Cnicin 4´-tetradecanoate (6)
	Cnicin 4´-cis-9-octadecenoate (7)

	Enzymatic alcoholysis
	Cnicin 3´,15-diacetate (9)
	Cnicin 15-acetate (10)



	Results and discussion
	Acylation reactions
	Enzymatic acetylation
	Enzymatic acylation

	Enzymatic alcoholysis

	Conclusions
	Acknowledgment
	References


