BIOORGANIC &
MEDICINAL CHEMISTRY
LETTERS

Bioorganic & Medicinal Chemistry Letters 9 (1999) 1853-1858

Pergamon

LIPASE-CATALYSED ACYLATION OF PROSTANOIDS

Omar Parve®", Ivar Jarving?, Ivar Martin®, Andrus Metsala®, Imre Vallikivi®, Madis Aidnik®, Tonis Pehk®,
Nigulas Samel®

@ Institute of Chemistry at Tallinn Technical University, Akadeemia tee 15, 12618 Tallinn, Estonia
b Estonian Agricultural University, Kreutzwaldi 62, 51014 Tartu, Estonia
¢ Institute of Chemical Physics and Biophysics, Akadeemia tee 23, 12618 Tallinn, Estonia

Received 12 March 1999; accepted 17 May 1999

Abstract: Natural prostaglandins (PG) F,, and E; as well as (+)-cloprostenol were regioselectively 11-acylated using
Novozym® 435 as a catalyst and viny] acetate as an acyl donor. Unlike the above compounds the 15-OH group of
PGE, was also acylated with a significant velocity under the same conditions. The enantiospecificity of the lipase-
catalysed 11-acetylation of cloprostenol was established by separate treatment of (+)- and (-)-cloprostenols. © 1999
Elsevier Science Ltd. All rights reserved.

A number of prostanoids are continuously used in biological, pharmacological and medical research.
The simplest approach to synthesising several prostanoids involves interconversions starting from PGFa,,
PGE,, etc. PGs are (poly)hydroxycarboxylic acids of complex structure. Some of them are both acid- and
base-sensitive compounds. Consequently, methodologies of the chemo- and regioselective treatment of
hydroxyl groups of the parent PG are of crucial importance. The choice of the synthetic methods as well as
protecting groups should be in accordance with stability requirements for target compounds.

Lipasesz’3’4 have been proved to allow stereo- and/or regioselective acylation of polyhydroxylated
compounds such as steroids,’ carbohydrates,® etc.” It is also noteworthy that some modifications of PGs in vivo
could be related to hydrolase-catalysed reactions.>*!® Nevertheless, the lipase-catalysed acylation of PGs in
organic media has not been described. Herein we report our preliminary results of studies on the chemo-,
regio- and enantioselectivity of the lipase-catalysed derivatisation of some prostanoids.

1. Acylation of prostanoids of F type catalysed by Novozym® 435 (Candida antarctica lipase B (CALB)).

The common rule for enantiopreference for lipases® (Figure 1, A) suggests the accessibility of the 11-
hydroxyl group of PGF,, (1) to the enzyme (Figure 1, B). Indeed, the CALB-catalysed11 acetylation of (1) in
the CHCly/vinyl acetate solution (Table 1, run 1) proceeded smoothly and was highly chemo- and regio-
selective: the crude product contained the target 11-acetyl-PGFa, (2)'? (found earlier in soft coral)® with over
99 % purity by NMR spectroscopic analysis (Table 2). The esterification of the carboxyl group of PG was
suppressed by a large excess of vinyl acetate. However, negligible amounts of several (by NMR) by-products
(~1 % after 48 h; ~3 % after 96 h) were detectable on TLC beginning from the 6th h of incubation. 11-Acetyl-
PGF», (2) was readily purified by recrystallisation from CHCl3/n-hexane (2/3) at -15°C.

The enantioselectivity of the lipase-catalysed acylation of prostanoids was studied by using cloprostenol,
both of its individual optical antipodes being available."? (+)-Cloprostenol (3), whose configuration (Figure 1,
C) is similar to that of natural PGFaq (1) reacted just like (1) (Table 1, run 2) under catalysis by CALB'*"
affording the corresponding 11-acetate (4)' in over 98 % yield. (-)-Cloprostenol (5) gave (Figure 1, D) no
detectable amount of the 11-acylated product upon the same procedure (Table 1, run 3). Furthermore, the
conversion of (5« probably acetylation of the 9-hydroxyl group; cf. Figure 1, A and D) was very slow being
accompanied by ;"tial degradation of the sample and therefore the product was not investigated further.
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Figure 1. The enantio- and regioselective acetylation of prostanoids of F type catalysed by CALB.

A the enantiomer of the secondary alcohol acylated preferably by lipases; B: acetylation of natural PGF3, (1);
C: acetylation of (+)-cloprostenol (3); D: no (-)-cloprostenol-11-acetate (6) was obtained upon lipase-cata-
lysed acylation.

2. Lipase-catalysed modification of prostanoids of E type in organic media.

The acylation of PGE; (7) with vinyl acetate in CHCl; catalysed by CALB proceeded readily affording
11-acetyl-PGE; (8)' as almost a single product detected after incubation for the first 4 h. Unexpectedly, the
15-hydroxyl group of 11-acetyl-PGE, (8), unlike that of 11-acetyl-PGF,, (2), appeared to be accessible to
CALB: after 24 h the ratio of mono- to bis-acetylated product (8)/(9) was 3/1 (Table 1, run 4 and 5). The
increasing modest amounts of PGA; (10)'? and 15-acetyl-PGA, (11)"? were detected as well.'® The formation
of PGA; (10) was also observed when instead of CALB Lipolase® 100T (Humicola (Thermomyces)
lanuginosa lipase (HLL)) was used to catalyse the acetylation of PGE; (7) (Table 1, run 10). It is noteworthy,
that PGA; and 15-acetyl-PGA; methy] ester have been separated from soft coral tissue.”'’

Being concerned about the increase of the content of PGA,-s (10) and (11) in the reaction mixture
during the acetylation, we decided to study the lipase-catalysed deacylation of (8) and (9). The mixture
containing 11-acetyl-PGE; (8) and 11,15-diacetyl-PGE, (9) (ratio: 3/2) together with the little amounts of
PGA; (10) and 15-acetyl-PGA; (11) (see Table 1, run 4: the crude product) was treated with HLL in methanol
(Table 1, run 6) to give a quantitative access to PGA; (10) and 15-acetyl-PGA; (11) at a ratio of 3/2."%17 The
other part of the same starting mixture was incubated with CALB in methanol (Table 1, run 7) to afford a
complex mixture of products: carboxylic acids (no PGE; was detected) and esters. Indeed, an independent trial
showed (Table 1, run 8) that PGE; ethyl ester (12)"* was readily formed upon treatment of PGE; (7) with
CALB in ethanolic chloroform.

Thus, the HLL-catalysed cleavage of the 1l-acetoxy moiety of 11-acetyl-PGE;-s (8) and (9) leads
exclusively to the formation of the corresponding PGA, via elimination of acetic acid from the acetyl-p-ketol
moiety. No PGE; was detected in any stage of the deacylation reaction, thus supporting the hypothetical
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mechanism proposed in Figure 4."® Additionally, the fact of acetylation of PGE; (7) using HLL (Table 1, run
10) suggests the elimination reaction to be catalysed by free serine as proton donor. Thus, we have stated that
PGE; (7) can be recovered neither from its acetyl derivatives (8) nor (9) upon lipase-catalysed deacylation
using CALB or HLL in methanol.
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Figure 2. Lipase-catalysed modification of prostanoids of E type.

Table 1. Lipase-catalysed reactions™® of prostanoids.

Run (Substrate Enzyme Medium Acyldonor ([Time (Degree of (Products
No. |( t) (amount) (vol ) ( t) [h] conversion |(ratio)
1 PGF,, (1) Novozym®435 [CHCI, vinyl acetate 16 |99 % 11-acetyl-PGF,, (2)/
0.3g) (0.3 g) (3.5 ml) (1.5 mb) ° by-products > 99/1
(+)-cloprostenol (3) Novozym®435 |CHCI, vinyl acetate o (+)-11-acetyl-cloprostenol (4)/
2 24 9%
(50 mg) (0.3 g) (4 mb) (2 ml) by-products >99/1
® . products not identified; formation
3 (])(;cloprosteno] ®) I}I)o;l ;) zZym*435 C2HCll; vlmyl] acetate 96 |70-80 % of (-)-11-acetyl-cloprostenol (6) was
(10 mg) (015 ) 2mh (1 ml) not detected
a)4 (75 % 1 ]-acet}.fl-PGEz (8)/ ,
PGE, (7) Novozym®435 |CHCI, vinyl acetate o 11,15-diacetyl-PGE, (9) = 7071
4 @25 mg) ©.158) @ ml) (i ml) b) 24 [>95 % (8)/(9)=3/1
: c) 48 [>99 % (8)/(9)=3/2 and
PGA,-s (10) and (11) < 10 %
5 PGE; (7) Novozym®435 |CHCly vinyl acetate 06 15999 (8)/(9)=2/3 and
(50 mg) (03 g) (4 ml) (1 ml) PGA,~s (10) and (11) (15-20 %)
11-acetyl-PGE, (8)/ 99 % PGA.
i = I ® o 2 (10)/15-acetyl-PGA, (11)
¢ |1115-diacetyl-PGE; (9)= |Lipolasc™100T |CH,OH - 72 |conv.of  |=3/2 (formation of by-products was
3/2 and PGA,-s (10;11) (10g) (4 ml) PGE- lizibl
<10% (15 mg) s negligible)
7 Same as previous Novozym®435 |CH;OH - 72 |>50% not identified (a complex mixture
(15 mg) 0.2g) (4 ml) ° of PG-s and their esters)
3 PGE,; (7) Novozym®435 gg};l 1C13/EtOH . 24 |90% PGE; ethyl ester (12)/
(25 mg) (0.3 g) (5 mi) starting material (7) = 9/1
11-lauroyl-PGE, (8a)/PGA; (10)
9 PGE; (7) Novozym°435 CHCl3 vinyl laurate 9% |50% = 20/1 (a significant amount of lauric
(50 mg) 03g) (5 ml) (1.3 ml) acid was also detected
in the crude product)
10 PGE, (7) Lipolase®100T [CHCI, vinyl acetate 9% 120% 11-acetyl-PGE, (8)/PGA, (10)
(50 mg) (1.0g) (4 ml) (2 ml) > 10/1; no other products were detected
1 PGE, (13) Novozym®435 CHCl, vinyl acetate 96 |75 % 11-acetyl-PGE, (14);
(50 mg) 03g) (4 ml) (2 ml) ° no other products were detected
a: all reactions were performed at room temperature, no agitation of the reaction mixture was carried out;

b: typically crude products were investigated using TLC and NMR spectroscopy; in some cases NMR spectroscopic studies were
repeated after purification of the product.
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Figure 3. The most favoured conformers of PGs in gas phase: Faq (I, IL, IID), E; (IV, V), E; (VL, VII).

Our preliminary studies have shown different factors to influence the regioselectivity of the lipase-
catalysed acylation of PGs. However, using a vinyl ester donating a bulky acyl group (vinyl laurate: Table 1,
run 9) allowed the regioselective CALB-catalysed acylation of the 11-hydroxyl group of PGE; (7). Unlike
CALDB, only the 11-hydroxyl group of PGE; was acylated by HLL using vinyl acetate as an acyl donor (Table
1, run 10). In order to study the influence of structural differences between remote from the potential reaction
centre parts of the substrate molecules on the regioselectivity we tested also the CALB-catalysed acetylation
of PGE; (13). Exclusively only 11-acetyl-PGE; (14) was formed (Table 1, run 11) demonstrating the highest
degree of sensitivity of the enzyme to a change of structural features of the substrate.

At first glance it seems to be rather difficult to observe large steric differences between PGE; (7) and
PGFy, (1) as well as between PGE; (7) and PGE, (13). Numerous crystal structures of PGs obtained by X-ray
analysis show “hairpin-like” conformations'~'® for them in a solid state. These conformations are considered
arguable for PGs in solution and when interacting with a receptor.' Differences in NMR spectra (Table 2)
observed between PGs and their esters (corresponding to remote from the structural difference regions of the
molecule) prompted us to study the geometry of PGs by using quantum chemical calculations.?*?" Indeed, our
results of conformational analysis of PGs in gas phase show the conformers in which the carboxylic acid
moiety has formed hydrogen bonds with the hydroxyl group leading to a six-membered ring coordination of
these functional groups to be the most favourable ones (Figure 3).22 For PGF, the conformer in which the 11-
hydroxyl is engaged into the hydrogen bond formation (Figure 3, I) is clearly the most favourable. For PGE,
the conformer (similar to “hairpin”) with the 15-hydroxyl group, being hydrogen-bonded with carboxylic acid
moiety (Figure 3, VI), is more favourable than that with 11-OH being included into the H-bonding (Figure 3,
VII). For PGE, the energies of these two most favourable conformers (Figure 3, IV and V) were found to be
almost equal. These results correlate with the crystallisability of PGs in the order PGE;>PGE;>PGF3,. The
results also correlate with the ability of CALB to produce 11-acylated PGs in the order PGF2,>PGE,>PGE,,
the phenomenon which could be mediated by the intramolecular coordination of the carboxylic acid function-
ality to the 11-OH group. However, our results still do not help us to explain differences in the acetylation of
15-OH group. Concerning the regioselectivity it can be expected that the steric differences between PGs are
evidently amplified by the coordination of certain functional groups of PG with appropriate groups of the
lipase. For instance, the carboxyl group of PG expectedly coordinates with imidazole of histidine 224 for
CALB, etc.” — thus, allowing the formation of a conformation characteristic just for a certain PG-lipase pair
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and probably other than calculated for gas phase (Figure 3). Additionally, it seems noteworthy that the results
presented in Figure 3 show a higher flexibility of the a-chain corresponding to PGs of 2 series due to the
presence of the 5,6-cis double bond.

In conclusion, the regioselectivity of the lipase-catalysed acylation of PGs has been shown to depend on
the lipase, substrate and the acyl group to be transferred by the lipase.

Table 2. *C NMR chemical shifts® of prostanoids.

Comp Jolo-  [11- 11- Az is. 11- 1n- 1,15 |1-
INo.  Jproste- |acetyl- F,;, |acetyl- Ay meth 6l acetyl- E, |acetyl- E, E, ethyl [ E, [acetyl- |diacetyl- |lauryl-
| Atom ol clopros- Faq ester |A, E methyl | ecter E, E, E,
[No. tenol ester’
(3). (5) @ 1) 2) | (10 ay | (13) | (14 (12) (7) (8) (%) (8a)
C-e2 13.8
C-el 51.5 51.6 60.2
C-1 1772 1775 11774 | 1716 17821 174.0| 178.4| 177.1 | 1771 | 174.2] 173.6 | 178.0| 178.1| 1785 179.0
C-2 329 328 | 333 33.1 33.4| 335 33.5] 339} 339 33.5 33.5 332 33.1 332 33.1
C-3 244 244 | 246 24.5 246 248 246 245 24.5 24.7 24.5 244 244 244 243
C4 26.3 26.3 263 26.3 266 267 266] 287 | 28.6 26.6 264 26.3 26.3 264 | 263
C-5 129.61 129.9 | 1294 | 129.8 1301} 131.0] 1311 29.2 ] 29.1] 1309] 130.7 | 130.8] 131.1| 131.1} 1309
C-6 129.1| 1285 | 129.1 | 128.6 126.7] 126.7| 126.7| 26.5 263 | 126.6( 1263 | 126.7) 1262 126.1] 126.2
C-7 252 246 | 25.1 25.0 274 274 274 276 273 252 25.0 25.1 24.5 247 245
C-8 50.7 498 | 499 49.7 5201 520 519 544 | 537 53.8] 535 53.6 53.6 53.6| 53.6
c-9 72.6 717 | 722 71.5 210.5] 210.5] 21042150 | 213.9 | 214.2( 214.1 | 215.8] 213.1] 212.9| 2130
C-10 429 409 | 426 40.8 133.2] 1333 1334] 458 | 436 46.1 45.8 46.1 43.8 438 | 437
C-11 77.6 78. 773 79.0 165.3] 165.0( 1651} 71.8 | 73.2 72.0 71.7 72.1 723 73.0| 730
C-12 55.6 515 | 551 S51.3 495 496 496 | 54.7 | 50.6 54.5 543 54.5 49.1 49.2 | 492
C-13 132. 129.6 | 132.8 | 1320.7 130.0] 130.2] 132.5] 132.0 [ 129.7 | 131.7 131.5]| 131.5{ 1289[ 1309 129.0
C-14] 1349] 1334 [135.1 [ 1350 | 1350/ 135.1| 130.6] 136.7 | 1364 | 136.7( 136.6 | 136.5| 1360| 132.0| 1359
C-15 70.8 704 | 73.2 72.5 726| 725 7431 733 724 73.1 729 73.2 73.3 73.8| 72.1
C-16 71.9 71.7 | 368 36.8 37.2| 372 343 369 369 373 370 36.9 36.8 34.2 36.7
C-17 159.3| 159.1 252 25.2 25.1 25.1 2481 25.1 25.0 25.1 24.8 252 249 247 249
C-18 115.1] 1151 31.7 31.7 317 317 315 316 31.7 31.7 31.5 31.6 31.6 314 31.6
C-19 134.8| 1348 | 225 22,6 226 226 225 226 | 226 226| 224 22.6 22.6 224 22.5
C-20 121.3] 1213 14.0 14.0 14.0 14.0 140] 140 14.0 14.0 14.0 14.0 14.0 14.1 13.9
C-21 1303 1303
C-22 113.1] 113.1
Cpl 171.1 171.3 170.9 170.8] 1704 173.5
Cii2 212 212 208 208] 207 340
Cysl 170.5 170.5
Cis2 21.2 212
a) NMR spectra were measured in CDCl; solution at room temperature on a Bruker AMX500 instrument. "H-'H and 'H-"C 2D

COSY correlation diagrams were used for the full assignment of 'H and “C chemical shifts. Only *C chemical shifts are
reported with single decimal point precision. Derivatisation results in inequality of nearly all chemical shifts of prostanoid and its
acylated derivative. For the unambiguous determination of acylation sites characteristic a(to low field)- and B(to high field)-
effects of acylation (see the bold underlined data) were used.
b) Chemical shifts for the remaining atoms of lauryl residue are not given.

Conclusions.
1. The acylation of the 11-hydroxyl group of PGF,, and PGE; as well as that of (+)-cloprostenol with vinyl
acetate catalysed by Novozym® 435 was found to occur highly chemo- and regioselectively, while both of
the hydroxyl groups of PGE; were readily accessible to this enzyme under the same conditions.
2. The rate of acylation of the 15-hydroxyl group of the prostanoid was found to depend drastically on negli-
gible differences in prostanoid structure, on the structure of the acyl group to be transferred and on the
enzyme used.
3. (-)-Cloprostenol did not give any detectable access to 11-acetyl-derivative upon treatment with vinyl
acetate catalysed by Novozym® 435 in chloroform showing the enantiospecificity of the process.
4. The deacylation of 11-acetyl-PGE;-s (8) and (9) in methanol catalysed by Lipolase® 100T gave a quanti-
tative access to the corresponding PGA»-s (10) and (1 1.7



1858 O. Parve et al. / Bioorg. Med. Chem. Lext. 9 (1999) 1853-1858

Acknowledgement.

The authors wish to thank the Estonian Science Foundation for financial support (grants No. 2858,
No. 2151, No. 3783, No. 3566 and No. 2293). The authors also express gratitude to Riina Siild for reading and
correcting the manuscript.

References and Notes

1. Andersen, N.H.; Hartzell, C.J.; De, B. In: Advances in Prostaglandin, Thromboxane and Leukotriene Research; Pike, J.E. and
Morton, D.R., Ed-s; Raven Press: New York, 1985; Vol. 14, Chemistry of the Prostaglandins and Leukotrienes, pp. 1-45.

. Roberts, S.M.; Turner, N.J.; Willetts, A.J.; Turner, M.K. In: Introduction to Biocatalysis Using Enzymes and Micro-organisms;

Cambridge University Press: Cambridge, 1995.

Faber, K. Biotransformations in Organic Chemistry - A Textbook. Springer-Verlag, 1995, pp. 80-104.

Theil, F. Chem. Rev. 1995, 95, 2203.

Ferraboschi, P.; Rezaelahi, S.; Verza, E.; Santaniello, E. Tetrahedron: Asymmetry 1998, 9, 2193,

Gridley, J.J.; Hacking, A.J.; Osborn, H.M.L; Spackman, D.G. Tetrahedron 1998, 54, 14925.

Lee, D.; Kim, K.-C.; Kim, M.-]. Tetrahedron Lett. 1998, 39, 9039.

Carmely, S.; Kashman, Y.; Loya, Y.; Benayahu, Y. Tetrahedron Lett. 1980, 21, 875.

Schneider. W.P.; Bundy,GL meoln F.H.; Daniels, E.G.; Pike, l.E. J. Am. Chem. Soc. 1977, 99, 1222.

10 Schneider. W.P.; Morge, RA ; Henson, B.E. J. Am. Chem. Soc. 1977, 99, 6062.

11. The samples of Novozym® 435 (BA. LC2 0001) and Lipolase® 100T (Batch No.: LA9 1376) were a generous gift from Novo
Nordisk A/S (Denmark).

12. Characterisation of compounds: *C NMR spectra of the compounds are given in Table 2. (1) — PGF,, was purchased from
Chinoin Ltd. (Hungary); TLC: R=0.069 (CHCI;/EtOH 9/1); (2) — TLC: R=0.302 (CHCI/EtOH 9/1); [a]fﬁé +54.2 (c 14,
CHCI;); mp 79-80.5°C; (4) — TLC: R~0.328 (CHCL/EtOH 9/1); [a [, +33.9 (¢ 1.1, CHCLy); (7) — PGE; was purchased from
Kemasol Ltd. (Estonia); TLC: R=0.094 (EtOAc); (8) - TLC: R=0.491 (EtOAc); (8a) — TLC: R=0.362 (C¢Hs/EtOAc 1/1); (9) —
TLC: R=0.679 (EtOAc); (10) — TLC: R=0.387 (EtOAc); (11) — TLC: R=0.623 (EtOAc); (12) — TLC: R=0.377 (EtOAc); (13) -
PGE, was purchased from Kemasol Ltd. (Estonia); TLC: R=0.103 (EtOAc); (14) - TLC: R=0.566 (EtOAc).

13. Parve, O.; Aidnik, M.; Lille, U.; Martin, L; Vallikivi, L.; Vares, L.; Pehk, T. Tetrahedron: Asymmetry 1998, 9, 885.

14. Heffner, F.; Norin, T.; Hult, K. Biophysical Journal 1998, 74, 1251.

15. Orrenius, C.; Heffher, F.; Roticci, D.; Ohrner, N.; Norin, T.; Hult, K. Biocatalysis and Biotransformation 1998, 16, 1.

16. The reference samples were taken in all cases from the reaction mixture prior to introduction of the enzyme. The reference
sample was stored under the same conditions as the reaction mixture. Only negligible amounts of the degradation products were
formed from reference samples during the reaction time (Table 1). The enzymatic reactions described were stopped by filtering
off the enzyme.

17.Evidently PGA; and its derivatives identified in soft corals may have been formed upon hydrolase-catalysed acylation-
deacylation of PGE,. See also: Brash, A.R.; Baertchi, S.W.; Ingram, C.D.; Harris, T.M. In: Advances in Prostaglandin,
Thromboxane and Leukotriene Research; Raven Press: New York,1989; Vol. 19, pp.70.

18. Figure 4. A simplified mechanism of the lipase-catalysed acylation (A) and elimination (B) reactions of PGE, (7) and PGE; 11-
acetates (8) and (9), respectively.

N

R VP

] 0
A His " W R B W
ww :\\ H\‘
8 ----- HN__N ot H S O=H- N_Q-N-/H-S"\ H
Asp/ﬁr & \H"' _»O Asp/\Ir > ( \<0 _—>
Y\ 0
ler ler

19. Langs, D.A; Fortier, S.; Erman, M.G.; DeTitta, G.T. Nature 1979, 281, 237.

20. Energy minimisations were carried out at the semi-empirical level of theory: Austin Method 1 (AM 1), Dewar, M.J.S. et al. J.
Am. Chem. Soc. 1985, 107, 3902.

21. Conformational space of PG-s E,, E, and F,, was scanned by using the DGEOM95 package (Chiron Corp.©95).

22. The geometry of the hydrogen bonding between carboxylic acid and hydroxyl groups calculated by AM 1 method was confirmed
by the ab initio calculations at the HF/6-31+G** level by using acetic acid and methanol as the model system.

23. The melting points of PGs are: F,, 41-43°C; E, 67-69°C; E; 115-116°C. (Cayman Chemical Company Product Catalogue. Vol.
VIII, 1996, pp. 45-49).

24. The reaction rates were estimated approximately.

25. The accessibility of the 15-OH group of PGs to lipases is probably controlled by distance (we expect that the carboxyl group of
PG is “fixed” by coordination with a basic functional group of lipase) as well as conformation being in mutual dependence.

26. Our unpublished results.



