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Abstract

This review describes the use of lipase-mediated reactions to prepare enantiomerically enriched chiral fragrances for the evaluation of the
odour properties of single stereoisomers.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction widely employed. When a new method is to be established,
catalysis is first investigated, because a minor amount of
The need of single enantiomer compounds is grow- chemicals is immobilized in the reaction vessel, and waste
ing rapidly. Enantiopure chiral drugs represent the 36% is reduced.
of the global market, and the top two drugs in terms of Both chemocatalysis and biocatalysis are possible.
global sales—Lipitor and Zocor—are single enantiomer Chemocatalysis is dominated by metal catalysis, but recent
molecules[1]. Natural flavours are usually single enan- work has also involved organocatalyf2s-4] and Lewis acid
tiomers, and the synthesis of the corresponding natural-catalysis in enantioselective transformations. Several bio-
identical compounds requires stereoselective synthetic ap-catalysed processes are currently running on an industrial
proaches. In the field of fragrance chemistry, the first scale producing up to hundreds of tons of optically pure in-
stereoisomerically enriched synthetic fragrances are now be-termediates for drug industry and agrochemigbry7]. Ac-
ing commercialised. Kharisn] Hedione H® and Super cording to a recent survey appearedGhemical& Engi-
Cepionat& are methyl dihydrojasmonates with a high con- neering Newsl1], biological routes to chiral small molecules
tent of cis diastereoisomer; ParadisShés optically active will have “a phenomenal growth”. The following reasons are
(+)-cissmethyl dihydrojasmonate; SandrafiplDartanoP, given: (i) Getting the right enzyme in the right quantities
Sanjinof, and Levosand®lare optically active{)-2-ethyl- is not longer as rate limiting as it used to be. (i) When a
4-(2,2,3-trimethyl-3-cyclopenten-1-yl)-2-buten-1-ol. An in- really good enzyme is available, the development of a bio-
creasing concern for human health, and also for the envi- catalytic method is generally characterised by lower costs
ronment preservation, has favoured the trend of employing than those involved in metal-catalysed syntheses. (iii) Af-
single enantiomer chemicals in those products that are to in-ter an enzyme has been developed, the running cost is low.
teract with human beings. (iv) Many companies are currently trying to gain expertise in
Nowadays, catalytic enantioselective synthesis is highly biotransformations even through collaboration with a part-
preferred in the preparation of enantiopure compounds, evenner. Biocatalysis is poised for a wider industrial use ranging
if classical resolution via diastereoisomeric salts is still from resolution to enantioselective synthg8is Since 2000,
more than 400 patents on use of microorganisms or enzymes

* Corresponding author. Tel.: +39 02 23993073; fax:+39 02 23993080. t0 produce higher purity specialty chemicals have beenissued
E-mail addresselisabetta.brenna@polimi.it (E. Brenna). [9].
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Scheme 1. (i) PPL;butyl methyl ether, vinyl acetate; column chromatography.

In biocatalysis, enzymes, in particular lipases (E.C. 1.1. Lipase-mediated acetylation of primary alcohols
3.1.1.3), dominate. Lipases generally show remarkable and hydrolysis of primary alcohol esters
chemoselectivity, regioselectivity and enantioselectivity to-
wards a broad range of substrates. They are readily avail- Porcine pancreatidipase (PPL) acetylation of the pri-
able in large quantities, because many of them can be pro-mary alcoholl, in t-butyl methyl ether solution, in the pres-
duced in high yields by gene expression in an appropriate ence of vinyl acetate as an acyl donor, was the key [4i@}
microorganism, such as a fungi, yeast or bacteria. They doin the preparation of both the enantiomers of the odorant
not require cofactors nor catalyse side reactifir-12] FlorhydraP 2. This latter is widely employed in perfumery
They remain enzymatically active in organic solve[i8] to convey a fresh marine and ozonic toy@®]. Racemic
with great advantages as for the dissolution of the substratesalcohol 1 was prepared from commerciai-diisopropenyl
and the recovery of the final products. New promising sol- benzene in two reaction steps: hydroboration, followed by
vents have been found for lipase-catalysed reactions, suchquenching with NaOH-BO,, and subsequent catalytic re-
as ionic liquids[14,15] and supercritical carbon dioxide duction Scheme L
[16,17] Treatment of £)-1 with PPL was afforded after 96 h ac-
Lipases are employed to catalyse hydrolysis or acylation etate ()-4 (ee = 60%) and unreacted alcohol (Hee = 55%,
reactions under mild conditions: common organic solvents, ¢! =48%, E=8.5). The enantiomeric excess of (i)was
atmospheric pressure and usually, room temperature. No speincreased by repeating the enzymic transesterification. Af-
cific reaction apparatus is needed. The handling of lipases ister 120 h reaction time, alcohol (4)was recovered with
safe for the operator and the environment. In most cases,ee >99%. Acetate—<)-4 (ee =60%) was hydrolysed with
the enzyme can be recovered and employed again, withoutKOH in methanol, and the corresponding alcohe){l was
loss of activity. The main applications in the field of catalytic submitted to enzymatic acetylation. After 48 h, acetatp4
stereoselective synthesis involve simple and dynamic kinetic with ee >99% was obtained. Alcohols (+)- and){1 were
resolutions of racemat¢s8]. then employed as starting materials for the preparation of
This review deals with the recent applications of lipase- Florhydral enantiomers. Treatment witktoluenesulphonyl
catalysed reactions in the synthesis of the enantiomericallychloride in pyridine, followed by cyanide displacement
enriched steroisomers of chiral fragrances. (Scheme }Yafforded compoundsH)- and (+)5, which were
The search of the effective odour vector of chiral fra- reduced with diisobutylaluminum hydride in THF-&t0°C,
grances is very challenging. All the possible sterecisomersto afford enantiopure (+) and-(-2, respectively.
of a certain chiral odorant have to be prepared in enantiopure  The two enantiopure samples of (+)- anrd){2 were sub-
form. Their odour properties have to be evaluated and the mitted to Givaudan perfumers for the olfactory evaluation and
corresponding odour threshold determined. the following descriptions were obtained. (was found to
This review will show that lipase-catalysed kinetic res- be floral, watery, green, yet with acidic touch, even in the
olution is a general and efficient method to prepare all dry down note. In comparison with racemig this enan-
the enantiomers of a certain fragrance in high optical pu- tiomer is more green, a bit less watery, and more powerful
rity. An alcoholic function is needed in a key intermedi- (odour threshold=0.035ng/l air). Enantiomer){2 has a
ate or in the final product. The OH moiety can be easily typical Florhydral smell, floral, fresh, green, muguet-like, but
created, and transformed in a variety of other functional

groups. Thus, the technique of lipase-mediated resolution— ——— ) . )
can be successfully applied to a areat number of chiral odor- Conversion (c) and enantiomeric ratio (E) were calculted according to
y app 9 C.-S. Chen, Y. Fujimoto, G. Girdaukas, C.H. Sih, J. Am. Chem. Soc. 104

ants. (1982) 7294.
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more marine, and more plastic (odour threshold =0.88 ng/I
air). We also prepared the best enantiomer of Florhydral
by a baker’s yeast (BY)-mediated enantiospecific synthesis
[19].

DoremoX® (6) is a substantive rose odorant which is very
useful in the preparation of perfumes and concentrated per-
fuming bases, as well as of a variety of articles, such as
soaps, bath or cosmetic formulations, air and body deodor-

ants, detergents, fabric softeners, and household products

[20].

We prepared all the four possible stereoisomers of
Doremo® in enantiomerically enriched form by taking ad-
vantage of the chemo- and enantioselective hydrolysis of a

primary alcohol acetate ester, in the presence of a secondary

alcohol acetate est§?1]. For this purpose, we synthesised
the two racemic diolainti-7 andsyn7 by LiAlH 4 reduction
of lactone8 and hydroxy este® (Scheme 2

Racemic diolsanti-7 (de >99%) andsyn7 (de =83%)
were acetylated with A®/Py, and the corresponding acetyl
derivativesanti and syn10 were submitted separately to
enzymic saponification, at pH 7.8 in the presence of Li-
pase PS. As for diacetatmnti-10 (Scheme 3§ the first en-
zymic saponification afforded monoacetat® @s)-anti-11
showing 55% eeq=43%, E=5.1). This latter was acety-
lated and submitted again to lipase-mediated hydrolysis to
give (1R,39-anti-11 with ee = 95%. Treatment with KOH in
methanol gave ®,39)-anti-7 (ee = 95%). Diacetate §3R)-
anti-10(ee =41%) recovered unreacted from the first saponi-
fication, was depleted of the RI3S) enantiomer as much as
possible by prolonged enzymic reaction. Finally, it afforded
diol (1S3R)-anti-7 with ee =86% by reaction with KOH in
methanol.

The same procedure was applied to diacewtr10
(Scheme 4first saponificationc=43%, E=4.1). (1539)-
syn¥ (ee=70%, de=70%) and RI3R)-syn7 (ee =50%,
de =79%) were obtained from monoacetsya-1 and sur-
vived diacetatesyn10, respectively.

The four enantiomerically enriched diols were treated with
tosyl chloride and pyridine, then with sodium methylate in
methanol to promote ring closure and give the four stereoiso-
mers of DoremoX (Schemes 3 and)4These latter samples
were submitted to olfactory evaluation, an&¢@R)-cis-6 was
found to be the nicest and the most powerful isomer of the
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Scheme 3. (i) Lipase PS, THF-water. pH 7.8, NaOH 0.025 M; (ii) acetic
anhydride, pyridine.

diastereoselective synthesis of the best isom8dB-cis-6
(ee >99%, de = 98%) mediated by BX1].

We exploited the chemoselective PPL-mediated hydroly-
sis (pH 7.8, THF-water, NaOH 0.5 M) of the primary alcohol
acetate ester of enantiopure intermediat§4R)-12 in the
synthesis of (&59-Aerangis lactone1Qd) [22], the main
odour component of the African “moth orchid&erangis
confusad. Stewart andderangis kirkii (Rolfe) Schitr[23]
(Scheme b Diacetate ($,4R)-12 was obtained as a single
enantiomer and diastereoisomer by BY reduction of keto
acid14to (3S4R)-cognac lactonelf), followed by LiAlH4
reduction and chemical acetylation. Mono alcohol mono
acetatel6 was converted through a four step route into
(4S59-13.

The legendary amber (Fr. ambergris, grey amber) is a
pathological metabolite of the sperm whale, probably aris-
ing from injuries in its intestines as a result of certain food
intakes. The tricyclic triterpene (+)-ambrein is one of its main
constituents$cheme i When the excreted chunks of amber
are exposed to sunlight and air at the surface of the sea, anum-
ber of oxidation products are gradually formed from ambrein.
These compounds have a pronounced odour, highly valued
in perfumery since antiquity. Amber aldehyde~scoronal

series. We also optimised an enantiospecific and completely(17) is one of these ambrein’s odorous metabolites. Mori and
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Scheme 4. (i) Lipase PS, THF-water, pH 7.8, NaOH 0.025 M; column chro-
matography; (ii) acetic anhydride, pyridine.

co-workers prepared the most precioBsé€nantiomer by en-
zymatic resolution ofy-cyclohomogeraniolX8) (Scheme H
[24].

Acetylation of racemid 8 with vinyl acetate in the pres-
ence of lipases was found to give optically acti®-(—)-
acetatel9 (ee =49%), leaving optically activeSy-(+)-18
(ee =41%¢c=45%,E=4.2). Investigation of 13 different en-
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Scheme 6. (i) Lipase AK, vinyl acetate, hexane, M&, 9—4°C.

partially resolved §)-(+)-18was further acetylated twice en-
zymatically, to give §-(+)-18 showing ee =97.8%. The par-
tially resolved R)-(—)-19was again hydrolysed with sodium
hydroxide, and the resultingr}-(—)-18was again enzymati-
cally acetylated to giveR)-(—)-19 of increased enantiomeric
purity. This enantiomerically enriched acetd®-(—)-4 was
hydrolysed to giveR)-(—)-18 of 98% ee. Although tedious,
this procedure afforded both the enantiomed8in gram-
scale. §-18 was then converted int®)(~y-coronal through
five reaction steps.

Another precious amber odorant is )cAmbrox®(20).
Some interesting bio-catalysed routes+)-Ambrox® have
been optimised in the last years. The key step of all these ap-
proaches$cheme Yinvolve the lipase-mediated acetylation
of a suitable primary alcohol intermediate.

The preparation of ®)-21 was described by Tanimoto
and Oritani[25]. Racemic derivative?l, readily obtained

zymes, revealed lipase AK to be the enzyme of choice whenby cyclisation of farnesyl acetat@%) with chlorosulphonic

used at 0-4C with 1.5 eq. ofovinyl acetate in hexane in the
presence of molecular sievesdin preparative experiments,

acid and subsequent saponification, was submitted to acety-
lation in the presence of Lipase PS-3séudomonasp.,

o}
OH nﬁo
e~ S

14 (3S,4R)-15

(+)-trans-cognac lactone

OAc

OAc

4519[}3 /\/jl
; H
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(+)-(35,4R)-16

—_—

(45,55)-13
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Scheme 5. (i) PPL, THF-water, pH 7.8, NaOH 0.5 M.
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Scheme 8. (i) chlorosulphonic acid; (ii) saponification; (iii) Lipase PS-30, vinyl acetate, 2 days.

Amano) Scheme B Acetate (R)-23 (ee =97%) and diol  obtained by hydrogenolysis of (8a27 (H2, 20% Pd(OH)-
(1S)21 (ee =27%,c=22%, E=85.8) were obtained. B)- C/AcOEt), with benzaldehyde in the presence of a catalytic
23was deacetylated by LiAlldreduction, and crystallised,to  amount of conc. sulphuric acid gave only §&4 in 98%
give enantiomerically pure B)-21 (ee =99.7%). Repeated yield (Scheme B This latter was converted inte-}-20in 10
acetylations of the recovered substrat&){21 brought its reaction steps.
enantiomeric excess to the value of 89%. Recrystallisation  Enantiopure {)-(8aS-drimenol 8) has been recently
from diisopropyl ether then afforded enantiomerically pure used to prepare «)-Ambrox® [29]. Racemic 28 was
(19-21. Diol (1R)-21 was then converted inte+)-Ambrox treated with PL-266 in the presence of isopropenyl ac-
through seven reaction steps. The same authors employectate in diisopropyl ether at 3&, to afford acetate (&
the chiral building block (R)-21 even for the preparation of 29 (ee =61%) and unreacted 8828 (ee =80%,c=57%,
(+)-ambrein[26], in order to satisfy the request of fragrance E=9.9) (Scheme 1 The ee of (8R)-28 was improved to
companies, which were interested in the release of ambergrisB8% by repeating the enzymatic acetylation. On the other
scent by degradation of synthetic ambrein. hand, (8&)-29 (ee =61%) was treated with LiAlH to give
Intermediate (88)-24 was prepared by Akita et gR27]. (8a9-28, which was submitted to enzymatic acetylation in
Racemic diol25 was first submitted to enzyme-mediated order to obtain (88)-29 with increased ee (ee =85%). The
acetylation with lipase “Godo E-4" frolBseudomonasp. in authors found that enantiomerically pure $8drimenol28
the presence of isopropenyl acetate to obtain a mixture of fourcould be obtained in 90% vyield also by treatment of albi-
different optically active compoundg8]. The authors over-  canol (8&)-30 with BF3-Et;O. This latter derivative could
come the problem of the high reactivity of the primary OH be prepared by lipase-mediated acetylation. Racemic Albi-
group and of the presence of two reaction sites by treating canol 80) was treated with lipases in diisopropy! ether so-
racemic diol25 with 2-hydroxynaphthaldehyde to give the lution at 33°C in the presence of isopropenyl acetate. OF-
phenolic aceté?6as a single diasteroisom&c¢heme 8 The 360 (from Candida rugosaand MY-30 (fromC. rugosa
corresponding acetyl derivati& was exposed to acylase | gave acetate (83-31and unreacted (&30, while Amano
(no. A-2156) fromAspergillus melleusto give hydrolised P (fromPseudomonasp.) and PL-266 (fromlicaligenesp.)
product (8&)-26 (ee 80%) and unreacted Ba27 (ee 92%, provided acetate (&31and alcohol (8R)-30. Whereas, in
c=53%, E=27.5). The enantiomeric excess of both mate- the presence of PL-266, acetate$881 and (8&)-30 were
rials was improved by crystallisation, to give enantiomer- obtained with ee =67% and ee > 99%, respectively§9%,
ically pure (8#)-26 and (8&)-27. Treatment of (89)-25, E=19.5). Then, optically active (31 with ee =67% was
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(8aS)-27 (8aR)-26
ee =92% ee = 80%

Scheme 9. (i) Acylase | frorAspergillus melleusy H,O saturated (i-Pp)O.

reduced with LiAlH,; to give albicanol (88)-30, which was tain enantiomerically enriched derivati@d, these reactions
submitted again to PL-266-catalysed transesterification, af-were combined: the transesterification of race®¢ fol-

fording enantiomerically pure albicanyl acetate 831 in lowed by hydrolysis of the intermediary acetate{35(76%
53%yield. This latter was deacetylated by reduction and con- ee) gave $-34 (96% ee). In the same work, classical reso-
verted into drimenol (89-28in order to prepare{)-Ambrox lution of 2,2,4-trimethylcyclohex-3-ene carboxylic acid with
(five reaction steps). 1-phenylethylamine was performed, in order to prepare not

A combination of lipase-catalysed acetylation and hy- only (§-34but also its R)-enantiomer.R)- and §)-34were
drolysis of a primary alcoholic function was exploited by then converted, according to two different synthetic routes,
Kiyota et al., in order to prepare the enantiomerically en- into (+)- and ()-cis-a-irone and into (+)- and-{)-cis-y-

riched enantiomers dfis-«a irone 32) andcisy-irone (33), irone (Scheme 11

which are key components of Iris root diBO]. Lipase-

mediated transesterification of racemic alcoBdlwas in- 1.2. Lipase-mediated Acetylation of Secondary Alcohols
vestigated in the presence of vinyl acetate as an acyl donor.

PPL (Sigma), Lipase 2G (Nagase), and CHIRAZYME We successfully employed the bio-catalysed resolution of

9 exhibited moderate enantioselectivity. Hydrolysis of the B-hydroxy ketones for the preparation of all the sterecisomers

corresponding racemic aceta#b at pH 7 phosphate buffer  of the commercial floral odorants Floropagj [31], Clarycet

gave good results when PPL was employed: alco8pB4 (37), and Florol 88) (Scheme 1p[32].

showing ee = 89%x= 38%,E = 29.6) was recovered. To ob- Floropal is a grapefruit fragrance wiftuity rhubarb un-
dertonedq20]. It has been employed as a mixture of two di-
astereoisomers36aand36hb) for more than 20 years as an

aromatic substance (Vertac&aind Floropal/Corps. 717). In

2000, Pickenhagen and co-work¢s8] reported the odour
g;@/ properties of the two diastereoisom&@sa and 36b. Ketal

36awas described astrong, herbal-fresh, green, and typical

(8aS)-29 (8aR)-28 grapefruit 36bwas found to b&ery weak, chemical solvent-

ee =61% i like, and to have a detracting influence upon the sensory prop-
erties of the mixture. They also developed a procedure, based
either on fractional distillation or on reaction with BEt,O,

to enrich the mixture into the more valuable derivative
36a

We submitted racemic hydroxy ketoi®®, obtained by
aldolic condensation of acetophenone and acetaldehyde,

| o ot to lipase-mediated esterification ibutyl methyl ether
solution, in the presence of vinyl acetate. Acetaf®- (
Scheme 10. (i) Lipase PL-266, isopropenyl acetate, G@®rB3°C; (ii) 40 (ee=97%) and unreacted alcohd)-39 (ee=93%)

Lipase PL-266, isopropenyl acetate, (i4®) 33°C. were recoveredc=49%, E=226). Both R)-40 and ©-
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Scheme 11. (i) PPL, Vinyl acetate; (ii) PPL, toluene, pH 7.

tiopure (54R,69-36a (33%) and 254S,69)-36b (66%)

OCOCH3 OH
/L (Scheme 1B
o 0 Eﬁv\ m The mixture of diol derivatives @4R)-41aand (R,4R)
ghk.)\ 0 0 41b, prepared by reaction of methyl magnesium iodide with

(R)-40, was submitted to enzyme-mediated transesterifica-
tion in the usual conditions, and a diastereoselective acetyla-
tion of (2R,4R)-41bwas observed, affording acetat®(2R)-

42. This latter was hydrolysed with potassium hydroxide
39 derivatives were submitted to methyl magnesium io- in methanol to provide ®4R)-41b (ee>99%; de=86%,
dide treatment, followed by reaction with acetaldehyde, to i.e. (2R4R)-41/(2S4R)-41a 93:7), which was soon con-
afford two mixtures, one of enantiopure R2R,6R)-36b verted into Floropal (R4R,6R)-36b (ee >99%; de =76%,
(66%) and (R,4S6R)-36a (33%), and the other of enan- i.e. (R 4R,6R)-360/(2R,4S 6R)-36a88:12).

Scheme 12.

!
Phu
43
Ji
0 OH OAc
NN M J\/\
39 (5)-39 (R)-40

O OH . OH OH HO s OH /L
Ph Ph M \\\\M

(S)-39 (2R 45)-41a (25,45-41b  (254R,65)-36a (25,45,65)-36b
= i ? N
Ph e P
(R)-40 (2R, 4R)-41b J (as 4R)-41a (2R,4R,6R)-36b (2943 6R)-36a
i

OH OAc o o
l°v‘\ v,iv z
Ph P

(2R,4R)-42 (2R4R,6R)-36b

Scheme 13. (i) Baker's Yeast; (ii) Lipase RSyutyl methyl ether, vinyl acetate; (iii) G4gl, Et,O; (iv) CH3CHO, CH,Cl,, p-toluenesulphonic acid; (v)
KOH, MeOH.
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R=CH3 45 R =CH3 (-)-(5)-46 ee = 95%
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(5)-47 ee = 60% (5)-44 ee =80%

Scheme 14. (ibutyl methyl ether, vinyl acetate, lipase; column chromatog-
raphy; (ii) THF-water, pH 7.8, CCL.

The two mixtures of enantiopure diastereoison3&aand

36b were enriched in the most valuable diasterecisomer by

treatment with Bg-Et;O, according to reference 33. All the

samples of Floropal isomers were submitted to olfactory eval-

uations (Givaudan and Dragoco perfumers).
The most relevant results were the followingS@R,6S)-

(—)-36awas described to be the most interesting of the enan-

tiomers of the valuable diastereoisor8ér Its presence con-
ferred to the mixture (84R,69)-36d(2S4S,65-36b (1:2) a

A. Abate et al. / Journal of Molecular Catalysis B: Enzymatic 32 (2004) 33-51

acetylation of derivativet5 in t-butyl methyl ether and in
the presence of vinyl acetate, affording the corresponding
acetate 9-46 (30% yield) with ee =95%Fcheme 11 A
rather slow enrichment of the starting alcohol allowed us
to recover hydroxy ketoneRj-45 showing ee =91% (35%
yield). Different results were obtained with racemi Only
C. rugosalipase (CRL, exCandida cylindracedipase) was
found to promote the acetylation of compoufiwith low
enantioselectivity. Acetat&f-47showed ee = 60%. A further
enrichment was obtained by submittir§)-47 (ee = 60%) to
bio-catalysed hydrolysis in water-THF solution at pH 7.8 in
the presence of CRL. Alcoho)-44 (67% yield) was recov-
ered with ee =80%. A striking influence of the structure on
the steric course of lipase acetylation was thus observed.
Enantiomerically enriched hydroxy ketonesS-¢4
(ee =80%), R)-45 (ee =91%) and acetat&)(46 (ee = 95%)
were converted into the pyrane derivativesS{RS-48,
(2R 4R9-38, and (B 4R9-38, respectively $cheme 1h
The diastereoisomers of each mixture could be separated
by column chromatography to afford the following prod-
ucts: (54R)-48(de > 99%, ee = 80%), &45)-48(de > 99%,
ee =80%), (R4R)-38 (de>99%, ee=91%), R49-38

nice character, in spite of the fact that the major component (de = 96%, ee =91%), &4R)-38 (de > 99%, ee =95%), and

was (&5,4S,69-36b. (2R,4R,6R)-(+)-36b was found to have

a pronounced floral character, quite different from that of

racemic36b. We also obtained the starting hydroxy ketone

with 92% optical purity by BY fermentation of diketor.
Claryce® (37) and Florof (38) are two widely used flo-

(2549)-38 (de >99%, ee =95%). Treatment ofS2R)-48
and (5,49-48in refluxing acetic anhydride in the presence
of sodium acetate gave $2R)-37 and (549)-37, respec-
tively.

The CRL-mediated acetylation af}-44 was too slow to

ral fragrances commercialised as mixtures of two racemic allow the recovery of the enantiomerically enriched isomer

diastereoisomers. Clary&et(IFF) is described to have a
herbal, floral, rosy odour with a dried fruitiness and a sug-
gestion of clary sage=lorol® (Firmenich) isfresh, soft, with

a natural floral note; it can be used in almost all perfume
types where it gives elegant floral diffusion without changing
the character of the fragrancéVe prepared all the steroi-
somers of Claryc& and FloroP by a bio-catalysed route,
based on the kinetic resolution of hydroxy ketoddsand

(R)-44, thus a different route to @-Claryce® diastereoiso-
mers had to be foundscheme 1p Chemoselective acetyla-
tion of the primary alcohol moiety of the two diastereoiso-
meric triols (RS59)-49 was achieved by treatment with Li-
pase PS it-butyl methyl ether and vinyl acetate. The two di-
astereoisomeric monoacetateRE5S)-50 (78% yield) were
treated withp-toluenesulphonyl chloride in pyridine, then
submitted to saponification with 10% NaOH in ethanol. Ring

45 (Scheme 1% Lipase PS catalysed the enantioselective closure occurred with inversion of configuration at the carbon

w
R (S)-44 ee = soaew
R

e (R)-45ee=91%
e (5)-46 ee = 95%

OH

(3RS,55)-49 (3RS,55)-50

OH OR'

R=H (254RS)-48

R = Me (2R,4RS)-38

R = Me (25,4RS)-38
OH OTos

(2R,4RS)-48

Scheme 15. (i) Lipase P8&hutyl methyl ether, vinyl acetate.
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0 to hydrolysis with Lipase P-3(Bcheme 1Y By carrying out
)L Gt the enzymatic reaction to 60% completion and saponifying
o the unreacted ester, the authors were able to obtgibR of

Hig 0 high optical purity (92%). This latter was oxidised to ketone
@ (—)-53, which was then converted in 8 reaction steps into
(—)-51
(2R45)-37 (2R4R)-38 (1R,2R)-(—)-Methyl (Z)-jasmonate ((R,2R)-5448) and its
diastereoisomer (+)-§,29-54b occur in nature in the pro-
/K\O portions of 97:3 as the odorous principle of jasmin flower oil
Ph (Jasminium grandifloruni.) [36—38] whereas their enan-
tiomers are nearly odourless.

Alipase-mediated approach to the enantiomegglaivas
reported by Kiyota et al.gcheme 18[39]. Racemic methyl
(2)-jasmonaté4awas reduced to give the two separable di-
i . , i , astereoisomeric racemic alcohéBand56. Transesterifica-
atom in position 2 and a mixture of the two diastereoisomers i, ot 55 with vinyl acetate or vinyl chloroacetate gave very
(2R4R9-48 was obtained. The two dlaster0|som_ers WEr€ modest results with the enzymes tested: lipase MY (Meito);
separated by column chromatography and submitted sepap ps30 Amano: P, 2G and Rhilip&¢dlagase): immobilized
rately to acetylation in refluxing acetic anhydride in the pres- lipase (Toyobo); ChirazynfeL-2 cf. C2 (Roche). On the con-
ence of sqdium acetate. The two en_antiomerically enrichedtrary, Lipase P (Amano) acetylation 66 in the presence of
Claryce® isomers (R 49-37 (69% yield) and (R4R)-37 vinyl acetate was characterised by good selectity 870).
(64% yield) were recovered. _ Acetate (&)-57 and unreacted alcohol 556 were found

All the sample_:s of Clarycet and Florol stereoisomers were o enantiomerically pure & 50%). Hydrolysis of acetate
evaluated by Givaudan perfumers. The following conclu- 574 also investigated, and the following results were ob-
sions could be drawn. As for Clary&tthe single enan- tained. Lipase P (Amano)-catalysed the hydrolysi§ i

tiomer (R 49-37 has a nice floral odour, which makes it peyane and phosphate buffer (pH 7), to give unreacted ac-
distinguished from the other stereoisomers. This latter can ;40 (6)-57 (op =80.7%) and alcohol B-56 (op = 91.4%)

be related to the best isomers of other tetrahydropyranil fra- (c=47%,E=52.7). (-)- and (+)54awere obtained by Dess-

grances, such as§2R)-rose oxide and @4R)-Doremoy’, Martin periodinane oxidation of the enantiomerically pure
which show the methyl group at C(4) and the substituent alcohols (&)- and (63)-56.

at C(2) incis diequatorial arrangement, just adR(29)-37
(Scheme 1p

A gradual variation of odour intensity has been noticed
in the four Florof isomers, from 1.21ng/l of R4R)-38

H,C

(0]
o =
(25,4R)-rose oxide (25,4R)-doremox

Scheme 16.

(R)-Muscone §8) [40,41] is the odoriferous principle of
the dried solidified secretion from a preputial follicle of the
male musk deemMjoschus moschiferus). It belongs to the

so-called class ahacrocyclic musksThe musk note of nat-
to more than 600 ng/l shown by $2IR)-38. The two enan- ;.5 (R).58 was described agery nice musky note, rich, and

tiomers (R 4R) and (5,49)-38 of the diastereocisomer bear- powerful, that of the §)-enantiomer was foungoor, and

ing the OH group and the isobutyl chain in equatorial posi- s strong[42]. The odour thresholds measured in water

tions are decidedly thg most intense, and are responsible of ¢ 1o two enantiomers were 61 and 233 ppb, respectively.
the odour of commercial Florl

: _ ) Lipase-mediated acetylation of 3-methylcyclopentadecanol
The growing demand for ambergris odorants has stimu- 59, \yas exploited for the preparation of enantiopure mus-
lated an intense search for this type of odorous compounds.cone Gcheme 1P[43,44] Transesterification of racemi®

In one of these investigatiori84], (—)-9a-epi-Ambrox 1) (mixture of two racemic diastereoisomers) with isopropeny!
was found to possess a strong amberscentandalowthresholgce,[alte in isopropyl ether solution, mediated by lipase QL

value (0.15 ppb). Alipase-catalysed route {961 was opti- (Alcaligenessp.) gave, after hydrolysis and Cs©xidation,

mised by Paquette and Maleczl&cheme 1¥[35]. Racemic (R)-muscone with ee =88% and good chemical yields.
alcohol52was converted into its chloroacetate and subjected 1-(2,2,6-Trimethyl-cyclohexyl)-3-hexandd0 is a syn-

thetic fragrance[45] with a powdery-woody odour with
OH O\
i-iv
| / |

animal, steroid-type undertondsiown with the commer-
cial name of Timberdl. The commercial mixture is mainly
composed by four racemic diastereoisomers. It was estab-
lished that the woody animal note was due to Hrsi-
diastereoisomer$0ab) [46], so the 1:1 mixture of the two
52 ()53 ()51 racemicanti-diastgreoisomeréOa and60b was introduced
into the market with the brand name of Norlimbahol
Scheme 17. (i) CICKCOCI, pyridine, THF; (i) Lipase P-30; (iii) NaOH The single enantiomers 6Daand60b were synthesised,
15%, THF; (iv) PDC, CHCl,. starting from (R,69- and (1S6R)-dihydrocyclocitral and
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o) 0
N =
COOMe COOMe
(1R,2R)-54a (1R,25)-54b
0 OH OH
P : = =
— &
", _~COOMe ", ~COOMe *,,_-COOMe
(x)-54a ()-55 (+)-56
OH
!
*,_~COOMe /COOM 7\ _COOMe
(£)-56 (6R)-57 (65)-56
ee = 98.6% ee=99.1%
OAc OAC
__* =
", —~COOMe ?\ _-COOMe ~,_-COOMe
(£)-57 (6S)-57 (6R)-56
op =80.7% op =91.4%

Scheme 18. (i) Lipase P (Amano), vinyl acetate, (i2Pr)25°C, E=370; (ii) Lipase P (Amano), hexane, phosphate buffer pH 7% =41.

(R)- and ©)-2-propyloxirane[47] and the olfactory evalu-
ation of (+)- and {)-60aand of (+)- and {)-60b gave the
following results. (1R,3S6'9-(+)-60awas described as the
best of the seriepowerful and longlasting, with a very nice
woody-ambery not€1'S 3S,6'R)-(—)-60b showedan odour
note resembling that (R,3S,6'S)-(+)-60abut less powerful
and decidedly inferiarThe (¥) isomers werealevoid of the
animalic character and very wedk7,48] A few years ago,
we submitted the mixture of the four stereocisomer§@d,b

to enzymic acetylationgcheme 2P[49]. (3R)-acetatebla

was first obtained (24 h reaction time, 19%). After 7 days,

(3R)-acetateb1lb was recovered (18%). Hydrolysis of B
6laand (R)-61bgave (R)-60aand (R)-60b, respectively.

Inversion of the configuration by acetate displacement, fol-

1.3. Lipase-mediated acetylation of 1,3 diols

Magnolan is asubstantive floral, rosy odoranthich is
employedto convey the freshness of rose flower dewer-
fume composition$20]. It is prepared by Prins reaction of
a-methyl styrene with acetaldehy@&0] and it is commer-
cialised as a mixture of two diastereoisomé®gand62b).

We optimised a bio-catalysed approach to the enantiomers
of 62a and 62b [51]. NaBH; reduction of diketone63
(Scheme 2}, prepared according to the literatyB2], gave
a mixture which mainly contained (80%) the same d&a
and64b, obtained by hydrolysis of commercial Magndfan
Diols 64a and 64b were separated by column chromatog-
raphy, and submitted separately to lipase-mediated acetyla-

lowed by saponification, afforded the corresponding odorous tion, using Lipase PS and CRL as catalysts. Different re-

(39-isomers.

OH

(R)-58

(+)-59

Scheme 19. (i) Lipase QL, isopropenyl acetate, (p©r)

giochemistry and enantioselectivity were observed with the
two different enzymes3cheme 2R When racemic diob4a
was treated with CRL, diacetateR RS 1'R)-65a(ee >99%,
12%), mono acetate RI2S1'R)-66a (ee =92%, 16%), and
diol (1S2R,1'S)-64a(ee = 77%, 12%) were recovered. Treat-
ment of racemi®4awith Lipase PS promoted the acetyla-
tion of the OH group in position’lof the opposite enan-
tiomer, affording (B2R,1'9-67a (ee =87.5%, 24%), and
unreacted (R,2S 1'R)-64a(ee =93%, 31%). A different be-
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OH

é:\)\/\

60a,b
tour sterecisomers

\ |

OAc

OH
é/\/g\/\ é/\/t\/\
+

(3R)-61a
ee > 99%, de = 82%

llii, iii, i

OH OAc

(1'S,35,6'R)-60b (1'R,3R6'S)-61b

ee >99%, de = 95%

1[ i, i, i

OH

(1'R.3S,6'S)-60a

Scheme 20. (i) Lipase P$butyl methyl ether, vinyl acetate; (ii) KOH,

MeOH; (iii) p-TosCl, pyridine; AcONa in DMF.

haviour was observed when racemic dddbwas submitted

three sterecisomers

tiomers of 64a and 64b were converted into Magnol&n
stereoisomers Jcheme 2B by reaction with acetalde-
hyde in methylene chloride in the presence of pyridium
p-toluenesulphonate as a catalyst. The four samples of
Magnolar® stereoisomers were evaluated by Givaudan per-
fumers, together with the corresponding racemic mixtures.

As for the comparison of the two racemic diastereoiso-
mers62aand62b, constituents of commercial Magnolan, a
difference in their odour response was found, just as it was re-
ported for the diastereoisome&38aand36b of Floropal. The
most appreciated isomé2b shows the phenyl ring linked
to C(4a) in axial arrangement, resembling the axial phenyl
group of36a

(—)-62b is the most interesting enantiomer of di-
astereoisomed2b. The configuration of the three stereocen-
tres is the same observed r)363a the most appreciated of
36aenantiomersfcheme 2B

1.4. Lipase-mediated acetylation of allylic alcohols

We extensively employed lipase-mediated acetylation of
allylic alcohols in the preparation of the enantiomersxef
ionone, the odoriferous principle of violet oil;ionone, and
of all the 10 isomers of irone, the main constituents of iris
oil. All this work has been already collected in recent spe-
cific reviews[53,54] Some other interesting example are as
follows.

Kinetic resolution of allylic alcohob8 and 69 was ex-
ploited by Fehr and Galindo, to prepare the best isomer of
jasmonaté4 and of its corresponding dihydro derivative
(Scheme 21t Methyl dihydrojasmonaté&(Q) is also a valuable
compound for the manufacture of perfumes (trade names:

to enzyme-mediated transesterification. CRL treatment pro- Cepionaté&, Hedion€) due tots fruity flower fragrance. The

vided diacetate @2R,1'R)-65b (ee >99%, 11%), monoac-
etate (B2R,1'R)-66b(ee = 89%, 15%), and diol R.251'S)-

cisdiastereosiomefObis much more powerful than thrans
diastereoisométOa and the odour 6f0bis mainly due to the

64b (ee = 86%, 18%). Lipase PS promoted the acetylation (1R,2$) enantiomer. Rgce.mic.allylic algoh<ﬂ§and69were _
of 64b with the same enantioselectivity and different regio- Submitted to enzymatic kinetic resolution, by treatment with

chemistry, to afford monoacetateg2R,1'R)-67b (ee = 93%,

399%) and diol (R,2S,1'9-64b (ee = 93%, 32%).

Monoacetate derivatives $PR,1'S)-67a (ee =87.5%)
and (1S2R,1'R)-67b (ee =93%) were hydrolysed, to afford
diols (1S2R,1'S-64aand (1S2R,1'R)-64b. Both the enan-

Scheme 21.

dimethyl malonate at 40C and reduced pressure (8 torr), in
the presence of catalytic amounts of Novozym 435 (immobi-
lizedCandida antarcticdrom Novo Nordisk) and of KHC@
(5 mol%). The corresponding malonat&y-{71 (ee = 100%,
c=49%,E=751) and R)-72 (ee =97%, 48%k=200) were
obtained after 80 min reaction time. The unconverted alcohol
derivatives §)-68 and §)-69 were racemised under acidic
conditions and recycled, thus improving the efficiency of the
enzymatic process. Malonatdg){71 and R)-72 were con-
verted into the desired enantiomerically purdr,@s)-70b
and (IR,29-54b, according to the same five step synthetic
route.

a-Damascone?3) smells floral-fruity green, apple-like
with a harsh camphoraceous cork-note. This cork-note is due
to the (R)-enantiomer, while ()3 is linear, clear and more
intense, with a pleasant wine-like n¢b]. Great efforts have
been devoted to the enantioselective synthesis of 83yiori
et al. reported on a biocatalytic approach to (S)-damascone
in 1993[56], exploiting the chiral building block (R4, he
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OH OAc OAc
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64a OH OH
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X +
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(R,S,R)-64a (S,R,S)-67a
OH OAc
i ”/ \ri fOH §OH
S N\
OH
OH (R,5,5)-64b (S,R,R)-65b (S.R,R)-66b
[ T X
S
OH OH
64b $
g \J/‘\ S . ke
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(R.S,S)-64b (S,R.R)-67b

Scheme 22. (i) CCL-butyl methyl ether, vinyl acetate; (ii) Lipase RShutyl methyl ether, vinyl acetate.

(-)-36a
Scheme 23.

had previously prepare&¢heme 2p[57]. 2,4,4-Trimethyl- after 72h, acetateRE)-78 (ee >99%) and alcoholSE)-
2-cyclohexenone was reduced with NafgBeCk to provide 77 (ee>99%,c=50%, E=1057) were recovered by col-
(£)-74, which was acetylated teH)-75, and submittedtoen- ~ umn chromatographyRE)- and GE)-77 were converted
zymatic hydrolysis. PLE treatmentin 0.1 M phosphate buffer into diastereoisomeric diols E4RS- and (R,4RS-79, re-
with 20% MeOH at pH 7.5 afforded (Rj4 (100% ee) and  spectively Gcheme 2B Each mixture of diastereoisomers
(S)-75 (41% ee) after 65.5h at —XC (c=29%, E=296). was submitted to column chromatography, and the four iso-
Two different routes were then optimised to obtain {S)- mers of diol 79 were obtained as pure compounds. Un-

from (R)-74. fortunately, when the diastereoisomerically pure dié8
We have recently reported on a lipase-mediated approachwere treated with triphenyl phosphine and NBS, or reacted

to all the four stereocisomers of Rhubafurat®) a grape- with p-toluenesulphonyl chloride and pyridine, mixtures of

fruit fragrance with rhubarb undertoneg0]. Allylic al- Rhubafuraf diastereoisomers were obtained. The steric hin-

cohol E)-77 was submitted to Lipase PS acetylation, and drance of the stereogenic carbon atom next to the primary
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O 0O

"%~COOMe m
(+)-70a (+)-70b
o O
O
OH OH 0} OMe
; 2 R
R ! R R
== 0 —=-
ii COOMe
(x)-68 (5)-68, ee= 98% (R)-71, ee= 100% (1R,2S)-70b
R = pentyl R = pentyl R = pentyl R = pentyl
(+)-69 (5)-69, ee= 89% (R)-72, ee= 97% (1R,2S)-54b
R=2-(Z)-pentenyl R = 2-(Z)-pentenyl R = 2-(Z)-pentenyl R = 2-(Z)-pentenyl

Scheme 24. (i) dimethyl malonate, KHgNovozym 435, 40C, 8torr, 80 min; (ii) aqueous 80y, THF, 20°C, 24 h.

into an acetate ester by submitting the four enantiopure steroi-
somers of diol79 to enzymatic-mediated acetylation in the
presence of Lipase PS in separate experiments. The following

results were obtaine®¢heme 2).

11-74 t) 75 92}'_""1‘00% .(358 73 - Diols (2R,49)-79 and (5,4R)-79 after 8 days gave a 1:1
mixture of the two possible monoacetates that could not
1] be separated by column chromatography. DioR 4R)-79

and (549-79 gave after 5 days, respectively, a 1:1 mix-

? ture of the two monoacetatesR2R)-80 and (R,4R)-81
é\l\/\ (which could be separated by column chromatography), and
the single monoacetate $25-80. Even enzymes did not
(5)73 show a definite preference for the hindered primary OH
Scheme 25. (i) PLE, phosphate buffer, 20% MeOH, pH 7.5, 65:86,°C. HO Ph
s i, fii e
hydroxylic group seems to make its reaction with NBS or )j-*‘\/mc;‘ oy
p-TosCl quite difficult, and the reaction of the secondary OH HO Ph o
group becomes competitive. As in the case of Claf§/éso- (2R,4F7)-80 (25,4R)-76
mers, we tried to selectively convert the primary OH group AT oH L
Ph2
O (2R,4R)-81 (2R,4R)-T6
76
OH OH
S e ; S i i )
Ph 1~\/ i e
(B)}77 (RE)-78 SE) 77 pryz O prz R o
(25,45)-79 (25,45)-80 (2R485)-76
OH
C;)H (,l;\ i PhY
R~ e R v : \.
Ph Ph"® z'kOH o7 "

Ph
(RE)-77 (25,4RS)-79 (25,45)-79 (25,45)-76

Scheme 26. (i) Lipase PSbutyl methyl ether, vinyl acetate; columm chro- ~ Scheme 27. (i) Lipase PE&putyl methyl ether, vinyl acetate; (ip-TosCl,
matography. pyridine; (iii) KOH, MeOH; (iv) PPh, NBS, CHCls.
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moiety of this kind of substrate. Reaction withTosCI in
pyridine, followed by saponification with NaOH 10% in
ethanol, afforded the following samples of Rhubaf(ftan
from (2R4R)-81: (2R,4R)-76 de=84%, ee>99%; from
(2R,4R)-80: (254R)-76 de =66%, ee >99%; from &49)-
80: (2R,49)-76 de =78%, ee >99%. The preparation of the
fourth isomer was accomplished by reaction o§,4%)-79
with NBS and PP (de =60% and ee > 99%, 67% yield). All
the samples were submitted to Givaudan perfumeRs48)-
76 was found to be the most pleasant one, floral, linalool-  Racemic menthyl benzoa8b is the starting compound
like, rhubarb and citrus, green, slightly eucalyptuf, &)- to producer-menthol in thousand tons per year through
76, followed by its enantiomer, are the real odour vectors of the so-called Haarman & Reimer process, which involves
commercial Rhubafur&h a fractional crystallisation promoted by crystal seeds of op-
tically pure menthyl benzoat0]. Vorlova et al.[61] op-
timised the enantioselective hydrolysis of this key indus-
trial starting compound under enzymatic catalysis. Starting
from the results of a preliminary screening of commercially
The 3-oxygenated monoterper82-94(Scheme 2Bof p- available lipases and esterases they decided to focus on the
menthane family are important natural compounds. They are heterologously expressétl rugosalipase. The possibility
widespread in nature and are used extensively in flavour andto obtain this enzyme in a pure form, non-contaminated
fragrance industries and as pharmaceuticals, cosmetics, agrowith other hydrolytic enzymes, enabled the production of
chemicals and cooling substances. Men®lis the most L-menthol at an optical purity not achievable with the com-
relevant compound of this class. Several examples of lipase-mercial preparations. The authors were able to produce in
mediated acetylation of racemic menthol are described in thelarge amounts and high purity the recombinant CRL which

96% enantiomeric excess (ee)}Menthyl acetate was sep-
arated from the unreacted isomers by distillation, and hy-
drolyses to give {)-menthol. Enzyme activity was shown
to be retained even after 2000 h of operation. Furthermore,
isomerization/racemization of the unreacted isomers regen-
erated the initial mixture of diastereomers, which was routed
again to enzyme resolution. Over several cycles, thymolis al-
most fully converted ta-menthol. This process is the subject
of a 2002 patent assigned to AE[5B].

1.5. Lipase-mediated acetylation of p-menthan-3-ol
derivatives

literature (see for exampl[®8]). Only some relevant exam-
ples will be herein reported.
Researchers at CSIR Bio/Chemtek developed a process tanenthol of excellent optical purity (>99.9% ee) was ob-
producer-menthol from the readily available raw material
m-cresol. Alkylation ofm-cresol gave thymol, which was
submitted to hydrogenation to afford four pairs of racemic esters.
diastereomers: menthoB2), isomenthol 83), neomenthol
(84), and neoisomenthoBp). Acylation of this mixture us-
ing Lipase AK (Amano) afforded-menthyl acetate showing

exhibited remarkably high enantioselectivifyX 100) in the
kinetic resolution of5. Thus, after 8 h at 40C, 50% (-)-

tained This high selectivity was not restricted to menthyl ben-
zoate, but also allowed efficient resolution of other menthyl

We recently investigated the behaviour of the whole class
of p-menthan-3-0l82-94 under lipase-catalysed acetylation
[62].

O
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OH \/E ~OH OH
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H OH OH
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isopulegol isoisopulegol neoisopulegol neoisoisopulegol  ¢is trans
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Scheme 28. The most commpsmenthan-3-ols.
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(—)-100, respectively. The unreacted (9)}-and (+)92show
good enantiomeric purity (ee=81 and 91%, respectively).
The same reactions performed with CRL gave analogous re-
sults although with inferior selectivity.

Racemic isopiperitendd3 was converted by CRL and li-
pase PS into acetate -101with good to excellent enantios-
electivity (89 and 99% ee, respectively) whereas recovered
alcohol (+)93 showed moderate to good enantioenrichment
by CRL (55% ee) and lipase PS (92% ee), respectively. The
starting material £)-93 was not a single diastereoisomer
P (90% of cis derivative) the isolated products showed com-
elimination side products parable values of de, confirming that both lipases are not
diastereoselective. This study of the enzyme-mediated reso-
lution of racemig-menthan-3-0l82-94 allowed us to draw
the following conclusionsPorcine pancreatidipase is not a
catalyst for the acetylation reaction of these substrates. Onthe
contrary, CRL and lipase PS afforded the acetates in good to
excellent enantioselectivity, with the single exceptiomisf
pulegol90. The reaction was found to be also diastereoselec-
tive for thep-menthan-3-ol82 and86-89 without a double
bond in the cyclohexanic ring. Complete distereoselectivity
was found for the enzymic process performed on the racemic
mixture of the eight-isopulegol isomers. The relevanj-(
isopulegol86 was obtained exclusively in enantiopure form.

Alcohols 91-94 showing one unsaturation on C(1) are
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Ohc acetylated without diastereoselectivity and with an enan-
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Scheme 29. (i) Lipase, vinyl acetatbutyl methylether, (i) KOH, MeOH; Dieniccis-isopiperitenoP3could be also resolved by this
(i) MnO 2,CH,CL,. procedure. We also investigate the behaviour under lipase

acetylation of the structurally relatggmenthane-3,9-diols
Porcine pancreatidipase did not catalyse the acetylation 102-105 precursors of various-menthane odorants, a class
reaction of these substrates and only a trace of acetate wa®f compounds showing interesting organoleptic properties
detected in a few case84 and83). Both C. rugosalipase [63] (Scheme 3D
and lipase PS were found to be good catalysts for the same We prepared the four racemic and diasterecisomerically
reaction, although the latter enzyme seemed to be superior inpure diols102-105 and tested their reactivity towards the
terms of efficiency and enantioselectivitggheme 29 irreversible acetylation-catalysed by three different lipases
Racemic mentho82 was converted by CRL and lipase (lipase PS, CRL, and PPL). We found that both the kinetics
PS into the £)-menthyl acetat®6 with good enantioselec- and enantioselectivity of the acetylation step were strongly
tivity (ee =94-97%) though the ee of the recovered alco- affected by the enzyme used and by the relative configuration
hol was moderate (ee =60-78%) (Schema@2939-44%, of the substrates.
E=59.7-152). The mixture of the isopulegol isom&és89 Each of the four diastereoisomerically pure dibl2-105
was acetylated very slowly and both CRL and lipase PS af- was treated with vinyl acetate tAbutyl methyl ether solu-
forded only ()-isopulegol acetat®7 with good enantios-  tion in the presence of lipases (lipase PS, CRL, and PPL).
electivity (ee =95-98%) and complete diastereoselectivity. All these lipases-mediated the acetylation of the primary al-
Hydrolysis of the latter acetate gave)fisopulegol86 with cohol functions, but, when these groups were in allylic posi-
high enantiomeric purity. This fact is noteworthy sine€<{ tion (compoundd.03-105), the reaction was very fast (less
86is arelevant product for industrial processes, fine chemical

production and for its cooling activity.

Isomeric monounsaturated alcoh®B-92showed the fol-
lowing behaviour. RacemiB0 was slowly converted in its 5
acetate, but with concomitant isomerization to tertiary alco- OH "/0H
hol 98 and its acetate. Isolation gave only alco88lwith a_-OH Z~_-OH /\/OH /\/OH
very low enantiomeric enrichment (8% ee by lipase PS and  (,).402 (+)-103 ()-104 (£)105

0% ee by CRL)trans-Piperitol91 andcis-piperitol 92 were
converted by lipase PS in enantiopure acetatg99 and Scheme 30.



48 A. Abate et al. / Journal of Molecular Catalysis B: Enzymatic 32 (2004) 33-51

OH

H : O
R OH S~ O
(-)-102 (+)-106 = /L"/”’OH

OAc

i

o

OH (+)-111

OH
W
ee = 38%
(£)-102
"OH s s
/‘\/OAC ; w :
(+)'1 1 i 55@/0 .,
ee = 64% “OH “0
OH
0

(+)-102 (-)-106

Scheme 31. (i) Vinyl acetaté;BuOMe, lipase PS; (ii) KOH, MeOH, reflux; (iii) Vinyl acetate BuOMe, CCL; (iv) KMnQy/CuSQ-5H,0, CHCly; (v)
MnO3, CH,Cly; (vi) 10% Ag,COs/celite, benzene, ruflux; (vii) (BFP)sRhH cat., toluene, reflux.

then 36 h) and no enantioselectivity was observed in this 111(38% ee), the unreacted diol (4P2in good enantiomer
step. purity (94% ee). The oxidation of diols (+)- and)-102was
The saturated dial02 reacted slowly, and after 4 days, accomplished by means of KMR@CuSQ-5H,0 in CH,Cl»
ca. 50% of the starting diol was acetylated. The enantiose-solution, to afford natural ethers-§- and (+)106, respec-
lectivity of this step was dependent on the kind of the type tively.
of lipase. Lipase PS showed the highest selectivity with a  The enantiomeric forms df03and105were prepared by
preference for the conversion of the (+)-isomer. PPL showed a more direct pathway. Treatment af)}t103with lipase PS
the lowest selectivity, and CRL, though with poor selectivity, in the presence of vinyl acetate attlutyl methyl ether as
converted the {)-isomer. The monoacetylated compounds solvent gave diacetate-§-112in very high enantiomer pu-
obtained were not further acetylated by the above-mentionedrity (99% ee) and the monoacetylated ()3 also in good
enzymes, even after long reaction time. enantiomer purity (92% eeS¢heme 3R Thus, KOH hy-
As for the acetylation of the secondary-alcohol group, di- drolysis of the acetate moieties provided){ and (+)103
0ls103-105show a different behaviour. Compourid¥3 and respectively. The conversion of the latter diols ittansp-
105were slowly converted into the enantiomerically pure di- menthene lactones07 was performed according to a two-
acetates (99% ee) and into the enantiomerically enriched (92step procedure reported in the literat®8]. The reaction
and 94% ee, respectively) monoacetylated derivatives only of (+) and )-107 with [RhH(PhsP)] in refluxing toluene
when lipase PS was used as a catalyst. Derivativewhich afforded enantiopure~()- and (+)-mintlactond.08
differed from105o0nly in thecisrelative configuration at C(3) Treatment of £)-105with lipase PS in presence of vinyl
and C(4) was not converted by any of the enzymes used.  acetate and-butyl methyl ether as solvent gave the diac-
We devised a large-scale method for the preparation of all etate ()-114in very high enantiomer purity (99% ee) and
the enantiomeric forms of diols02, 103 and105and then the monoacetylated (¥)15also in good enantiomer purity
converted them into the following products: (+)- and){ (94% ee) Scheme 3B The subsequent KOH hydrolysis of
106, (+)- and ()-107, (+)- and ()-108 (+)- and ()-109 the acetate moieties provided)- and (+)-4105, respectively.
and (+)- and £)-110. We first treated 02 with lipase PS in The reaction of the latter diols with a catalytic amount of 5%
the presence of vinyl acetate aroutyl methyl etherasasol-  aqueous HCI solution in ED as solvent smoothly provided
vent allowing the reaction to proceed over 50% conversion the ethers (+)- and{)-109, respectively, in very good yields.
(Scheme 3] Thus, the unreacted diol)-102was isolated By means of [RhH(P$P),4] catalyst they were converted into
in satisfactory enantiomer purity (92% ee), whereas acety- (+)- and )- lactonesl 10,
lated (+)111showed lower purity (64% ee). To obtain enan-
tiomerically pure (+)102 we exploited the reverse selectivity 1.6. Asymmetrisation of meso-diols and meso-diesters
of CRL toward acetylation af02 Accordingly, (+)111was
hydrolysed and the crude diol obtained submitted to CRL-  An interesting enzyme-mediated approach to enantiop-
mediated acetylation forcing again the reaction to >50% of ure muscone took advantage of asymmetrisatiome$e
conversion. The isolation procedure provided, besides (+)- diacetatel 16(Scheme 3%[64,65] This latter was submitted
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Scheme 34. (iPseudomonas fluoresceimase, pH 7, 1.5 h, 25C.

to hydrolysis withPseudomonas fluoresceims0.5N phos-
phate buffer at pH 7. After 1.5 h at 2&, monoacetate (R)-
117was obtained with ee >99% in 33% yield, with the recov-
ery of 66% of starting material. Compound (R)2was con-
verted into bromo derivative§[-118 which was employed
to alkylate derivativel19 (prepared by reaction of commer-
cially available120 with ethyl cyanoformate), in order to

obtain121 This latter was transformed according to a three
step reaction route intd3j}-muscone %8).

Ogasawara and co-workers employed enantiopure
monoacetatel22 as a precursor of«)-mintlactone and
(—)-isomintlactone [66,67] (Scheme 3p Treatment of
mesodiol 123 with two equivalents of vinyl acetate in
acetonitrile in the presence of lipase PS (Amano) gave



50

i

EHQ
/ =

HO™
123

[ Acq
/ ]

HO*
122

0
g il
(+)-124

A. Abate et al. / Journal of Molecular Catalysis B: Enzymatic 32 (2004) 33-51

O, =

// ()-125

~Q

(-)-126

]

\

o}

(-)}-127
—_— \ O
COH
(0]

()-108

Scheme 35. (i) Lipase PS, vinyl acetate,4CH\, 28°C, 16 days.

monoacetatd 22 in 79% and ee >99%. Monoacetat@2
was converted into the (+)-enantiomer of bicyclic ketone
124, which was employed to prepare both){125 and
(—)-126. These two diastereoisomers were used as starting
materials for the preparation of-§-isomintlactone 127)

and )-mintlactone 108).

2. Conclusions

Some interesting qualitative conclusions may be drawn
from this survey of recent literature. The lipase-mediated
acetylation of primary alcohols and hydrolysis of primary
alcohol acetates are highly chemoselective reactions: the pri-
mary function is preferentially converted in the presence
of a secondary function (see hydrolysis afti-10, syn
10, (3S4R)-12, and acetylation of triol9). These reac-

tions are very fast, and generally characterised by modest

pounds are usually scarcely functionalised molecules belong-
ing to the functional groups of aldehydes, ketones, ethers,
cyclic ketals and acetals, and esters. Thus, it is seldom pos-
sible to apply the methods of classical resolution. The op-
timisation of chiral metal catalysts for the synthesis of all
the single stereoisomers of chiral fragrances is very expen-
sive and time-consuming, especially when the final aim is
the screening of the odour properties of each isomer. The use
of the compounds of the pool of chirality can be exploited
only in some specific cases. The chemo and stereoselectiv-
ity shown by lipases make their use flexible and well suited
for the synthesis of fragrant molecule. The only structural
requirement is the presence of an alcohol as an intermediate
in the synthetic pathway.
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Lipase-mediated acetylation of secondary alcohols usu-
ally shows high enantioselectivity, even when a carbonyl
group is present i position (see for instance substraBss
and45) or when the alcoholic function is in allylic position.
The presence of the carbonyl and of the double bond can
be exploited for further derivatisation of the substrate. Be-

sides the examples herein reported, we employed the lipase-

mediated kinetic resolution of various 3-hydroxyketones to
obtain starting materials for the synthesis of dioxane odor-
ants analogous to Florop§8]. In the case of allylic al-

cohols, electrocyclic rearrangements have been successfully

employed to convert allylic alcohols after lipase resolution
(see for example substrateR){71, (R)-72, (R)-74, (9-77
and R)-78)).

References

[1] A.M. Rouhi, Chem. Eng. News 5 (2003) 45.

[2] B. List, Tetrahedron 58 (2002) 5573.

[3] K.A. Ahrendt, C.J. Borths, D.W.C. MacMillan, J. Am. Chem. Soc.
122 (2000) 4243.

[4] N.A. Paras, D.W.C. MacMillan, J. Am. Chem. Soc. 124 (2002) 7894.

[5] A. Liese, K. Seelbach, C. Wandrey, Industrial Biotransformations,
Wiley-VCH, Weinheim, 2001.

[6] A. Liese, M. Villela Filho, Curr. Opin. Biotechnol. 10 (1999) 595.

[7] S. Hari Krishna, N.G. Karanth, Catal. Rev. 44 (2002) 499.

[8] H.E. Schoemaker, D. Mink, M.G. Wubbolts, Science 299 (2003)
1694.

[9] A.M. Rouhi, Chem. Eng. News 14 (2003) 37.

[10] K.-E. Jaeger, T. Eggert, Curr. Opin. Biotechnol. 13 (2002) 390.

[11] U.T. Bornscheuer, R.J. Kazlauskas, Hydrolases in Organic Synthesis,
first ed., Wiley-VCH, Weinheim, 1999.

The stereochemical course of lipase-mediated acetylation[12] r.p. schmid, R. Verger, Angew. Chem. Int. Ed. 37 (1998) 1609.

of 1,3-diols and of-menthan-3-ol derivatives was found to

[13] A. Zaks, A.M. Klibanov, Science 224 (1984) 1249.

be dependent on the relative configuration of the substratel14] S. Park, R.J. Kazlauskas, J. Org. Chem. 66 (2001) 8395.

and on the enzyme employed
The examples herein described clearly demonstrate the

[15] R. Sheldon, Chem. Commun. (2001) 2399.
[16] B. Al-Duri, R. Goddard, J. Bosley, J. Mol. Catal. B: Enzym. 11

(2001) 825.

usefulness of lipase-mediated reactions in the synthesis 0f17] s. Matsumura, H. Ebata, R. Kondo, K. Toshima, Macromol. Rapid

the single stereoisomers of chiral fragrances. Odorous com-

Commun. 22 (2001) 1325.



A. Abate et al. / Journal of Molecular Catalysis B: Enzymatic 32 (2004) 33-51

[18] O. Pamier, J.-E. Bckvall, Chem. Rev. 103 (2003) 3247.

[19] A. Abate, E. Brenna, C. Dei Negri, C. Fuganti, S. Serra, Tetrahedron:
Asymmetry 13 (2002) 899.

[20] P. Kraft, J.A. Bajgrowicz, C. Denis, G. Frater, Angew. Chem. Int.
Ed. 39 (2000) 2980.

[21] E. Brenna, C. Fuganti, S. Ronzani, S. Serra, Can. J. Chem. 80 (2002)

714.

[22] E. Brenna, C. Dei Negri, C. Fuganti, S. Serra, Tetrahedron: Asym-
metry 12 (2001) 1871.

[23] R. Kaiser, The Scent of Orchids, Olfactory and Chemical Investiga-
tions, Editions Roche, F. Hoffmann La Roche, AG Basel, 1993.

[24] S. Horiuchi, H. Takikawa, K. Mori, Biorg. Med. Chem. 7 (1999)
723.

[25] H. Tanimoto, T. Oritani, Tetrahedron: Asymmetry 7 (1996) 1695.

[26] H. Tanimoto, T. Oritani, Tetrahedron 53 (1997) 3527.

[27] H. Akita, M. Nozawa, H. Shimizu, Tetrahedron: Asymmetry 9 (1998)
1789.

[28] H. Akita, M. Nozawa, Y. Futagami, M. Miyamoto, C. Saotome,
Chem. Pharm. Bull. 45 (1997) 824.

[29] H. Akita, M. Nozawa, A. Mitsuda, H. Ohsawa, Tetrahedron: Asym-
metry 11 (2000) 1375.

[30] T. Inoue, H. Kiyota, T. Oritani, Tetrahedron: Asymmetry 11 (2000)
3807.

[31] A. Abate, E. Brenna, G. Fronza, C. Fuganti, S. Ronzani, S. Serra,
Helv. Chim. Acta 86 (2003) 592.

[32] A. Abate, E. Brenna, G. Fronza, F. Fuganti, F. Gatti, S. Serra, E.
Zardoni, Helv. Chim. Acta 81 (2004) 765.

[33] C.-H. Kappey, B. Holsher, W. Pickenhagen to Dragoco, US Patent
6,114,301, 2000.

[34] G. Ohloff, W. Giersch, W. Pickenhagen, A. Furrer, B. Frei, Helv.
Chim. Acta 68 (1985) 2022.

[35] L.A. Paquette, R.E. Maleczka, J. Org. Chem. 56 (1991) 912.

[36] E.P. Demole, The fragrance of jasmine, in: E.T. Theimer (Ed.), Fra-
grance Chemistry, Academic, New York, 1982, p. 349.

[37] E. Demole, E. Lederer, D. Mercier, Helv. Chim. Acta 45 (1962)
675.

[38] E. Demole, M. Stoll, Helv. Chim. Acta 45 (1962) 692.

[39] H. Kiyota, E. Higashi, T. Koike, T. Oritani, Tetrahedron: Asymmetry
12 (2001) 1035.

[40] H. Walbaum, J. Prakt. Chem. 73 (1906) 488.

[41] L. Ruzicka, M. Stoll, H. Schinz, Helv. Chim. Acta 9 (1926) 1008.

[42] W. Pickenhagen, Enantioselectivity in odor perception, in: R. Teran-
ishi, R.G. Buttery, F. Shahidi (Eds.), Proceedings of the ACS Sym-
posium Series 388 on Flavor Chemistry—Trends and Developments,
American Chemical Society, 1989, pp. 151-157.

[43] Y. Matsumura, H. Fukawa, Y. Terao, Chem. Pharm. Bull. 46 (1998)
1484.

[44] K. Takabe, T. Aoyama, Y. Kawanishi, T. Yamada, H. Tada, in: Pro-
ceedings of the 39th Symposium on the Chemistry of Terpenes Es-
sential Oils and Aromatics, Utsuunomiya, Japan, October, 1995, pp.
177-178, Abstracts.

[45] E. Klein, W. Rojahn, W. to Dragoco, DE 2807584, 1981.

51

[46] K.H. Schulte-Elte, W. Giersch, B. Winter, H. Pamingle, G. Ohloff,
Helv. Chim. Acta 68 (1985) 1961.

[47] K.H. Schulte-Elte, C. Margot, C. Chapuis, D.P. Simmons, D. Reich-
lin, to Firmenich, EP 457022, 1991.

[48] T. Ohmoto, A. Shimada, T. Yamamoto, to Takasago EP 456932,
1991.

[49] E. Brenna, G. Fronza, C. Fuganti, A. Righetti, S. Serra, Helv. Chim.
Acta 82 (1999) 1762.

[50] R. el Gharbi, M. Delmas, A. Gaset, Tetrahedron 39 (1983) 2953.

[51] A. Abate, E. Brenna, G. Fronza, C. Fuganti, S. Ronzani, S. Serra,
Helv. Chim. Acta 86 (2003) 592.

[52] J. Thiele, K.G. Falk, Justus Liebigs Ann. Chem. 347 (1906) 116.

[53] E. Brenna, C. Fuganti, S. Serra, P. Kraft, Eur. J. Org. Chem. (2002)
967.

[54] E. Brenna, C. Fuganti, S. Serra, Comptes Rendus Chimie, 6 (2003)
529.

[55] G. Frater, J.A. Bajgrowicz, P. Kraft, Tetrahedron 54 (1998) 7633.

[56] K. Mori, M. Amaike, M. Itou, Tetrahedron 49 (1993) 1871.

[57] K. Mori, P. Puapoomchareon, Liebigs Ann. Chem. (1991) 1053.

[58] (a) H. Stamatis, A. Xenakis, F.N. Kolisis, Biotechnol. Lett. 15 (1993)
471,

(b) W. Lokotsch, K. Fritsche, C. Syldatk, Appl. Microbiol. Biotech-
nol. 31 (1989) 467,

(c) G. Langrand, J. Baratti, G. Buono, C. Triantaphylides, Tetrahe-
dron Lett. 27 (1986) 29;

(d) N. Kamiya, M. Goto, Biotechnol. Prog. 13 (1997) 488;

(e) B. Babali, H.A. Aksoy, M. Tuter, G. Ustun, J. Am. Oil Chem.
Soc. 78 (2001) 173;

(f) N. Kamiya, M. Goto, F. Nakashio, Biotechnol. Prog. 11 (1995)
270;

(9) Y. Shimada, Y. Hirota, T. Baba, S. Kato, A. Sugihara, S.
Moriyama, Y. Tominaga, T. Terai, J. Am. Oil Chem. Soc. 76 (1999)
1139.

[59] J. Chaplin, M. Dickson, S. Marais, R. Mitra, S. Reddy, D. Brady,
M. Portwig, N. Gardiner, A.B. Mboniswa, C. Parkinson, to AECI,
WO 02/36795 A2 (2002).

[60] U. Bornscheuer, |. Gatfield, E. Hilmer, S. Vorlova, R. Schmidt, to
Haarmann & Reimer Gmbh, EP1223223 (2002).

[61] S. Vorlova, U.T. Bornscheuer, |. Gatfield, J.M. Hilmer, H.J. Bertram,
R.D., Adv. Synth. Catal. 344 (2002) 1152.

[62] S. Serra, E. Brenna, C. Fuganti, F. Maggioni, Tetrahedron: Asym-
metry 14 (2003) 3313.

[63] S. Serra, C. Fuganti, Helv. Chim. Acta 85 (2002) 2489.

[64] Z.-F. Xie, H. Suemune, S. Sakai, J. Chem. Soc., Chem. Commun.
(1988) 1638.

[65] Z.-F. Xie, H. Suemune, K. Sakai, Tetrahedron: Asymmetry 4 (1993)
973.

[66] S. Takano, Y. Higashi, T. Kamikubo, M. Moriya, K. Ogasawara,
Synthesis (1993) 948.

[67] M. Shimizu, T. Kamikubo, K. Ogasawara, Synlett (1998) 655.

[68] A. Abate, E. Brenna, C. Fuganti, S. Serra, Flavour Fragrance J. 19
(2004) 382.



	Lipase-catalysed preparation of enantiomerically enriched odorants
	Introduction
	Lipase-mediated acetylation of primary alcohols and hydrolysis of primary alcohol esters
	Lipase-mediated Acetylation of Secondary Alcohols
	Lipase-mediated acetylation of 1,3 diols
	Lipase-mediated acetylation of allylic alcohols
	Lipase-mediated acetylation of p-menthan-3-ol derivatives
	Asymmetrisation of meso-diols and meso-diesters

	Conclusions
	Acknowledgement
	References


