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During the past years biocatalytic production of fine

chemicals has been expanding rapidly. Flavours and

fragrances belong to many different structural classes

and therefore represent a challenging target for aca-

demic and industrial research. Here, we present a

condensed overview of the potential offered by bio-

catalysis for the synthesis of natural and natural-identical

odorants, highlighting relevant biotransformations

using microorganisms and isolated enzymes. The

industrial processes based on biocatalytic methods are

discussed in terms of their advantages over classical

chemical synthesis and extraction from natural sources.

Recent applications of the biocatalytic approach to the

preparation of the most important fine odorants are

comprehensively covered.

Introduction

The preparation of flavours and fragrances by isolating
them from natural resources began in ancient times.
Concurrently, the production of fermented foods (beer,
wine and others) allowed the generation of new aromas
and formed the roots of modern biotechnology. For many
centuries these were the only methods for obtaining this
type of compound, albeit in complex mixtures. Rapid
progress began with the development of synthetic organic
chemistry. More than a century ago the preparation of
coumarin (1868) and vanillin (1874) provided the first
fragrance and flavour compounds available by synthesis
[1]. From the very beginnings of chemistry the improve-
ment of analytical and synthetic knowledge allowed the
isolation and preparation of an impressive number of
aromas at the industrial scale [2]. Moreover, the non-
natural fragrances were created both by emulation of
natural structures – by systematic studies on the
relationship between odour and chemical structure –
and by serendipity [3]. Until recently all these compounds
found widespread application in food, beverages, cos-
metics, detergents and pharmaceutical products with a
world-wide industrial size estimated at US$ 16 billion in
2003 (http://www.leffingwell.com/top_10.htm). Although
the majority of these products were prepared by chemical
synthesis or by extraction from plants, the employment of
new biotechnological processes has increased considerably
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in the past decades [4–8]. Chiral flavours often occur in
nature as single enantiomers. Because different enanti-
omers or regioisomers could show different sensorial
properties, their specific synthesis is beneficial [9]. Bio-
catalysis represents a useful tool in this field catalysing
a large number of stereo- and regioselective chemical
manipulations that are not easily achieved by the less
selective classical synthetic procedures. Furthermore, the
increasing sensitivity of the ecological systems supports
the choice of environmentally friendly processes and
consumers have developed a preference for ‘natural’ or
‘organic’ products, thus developing amarket for flavours of
biotechnological origin [10].
‘Natural’ flavours

Recent US [11] and European [12] legislations have meant
that ‘natural’ flavour substances can only be prepared
either by physical processes (extraction from natural
sources) or by enzymatic or microbial processes, which
involve precursors isolated from nature. This classifi-
cation created a dichotomy in the market because
compounds labelled ‘natural’ become profitable products
whereas other flavours that occur in nature but are
produced by chemical methods must be called ‘nature-
identical’ and are less appreciated by consumers. These
differences have stimulated much research aimed at
developing new biotechnological processes for these valu-
able compounds. The ‘natural’ routes for flavour pro-
duction are the bioconversions of natural precursors using
biocatalysis, de novo synthesis (fermentation) and iso-
lation from plants and animals. Although from the
chemist’s point of view there is no difference between a
compound synthesized in nature and the identical mol-
ecule produced in the laboratory, the price of a flavour sold
as natural is often significantly higher than a similar one
prepared by chemical synthesis. For example, vanillin (1)
[13] is the most important flavour in terms of consumption
levels (Figure 1). This compound occurs in the pods of
tropical Vanilla orchids (mostly Vanilla planifolia) at
levels of 2% by weight, but less than 1% of the global
market is covered by the extracted compound. The value of
vanillin extracted from pods is variously calculated as
being between US$1200/kg and US$4000/kg, whereas the
price of synthetic vanillin, that is vanillin preparedmainly
from guaiacol, is less than US$15/kg. Therefore, several
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biotechnological processes for natural vanillin production
have recently been developed [14] including the bioconver-
sion of lignin, phenylpropanoids (ferulic acid, eugenol,
isoeugenol) and phenolic stilbenes (isorhapontin) in addi-
tion to the de novo biosynthesis.

Similarly, raspberry ketone (Figure 1) (2) and 2-phenyl-
ethanol (3) are phenylpropanoids used in industries as
flavours and/or fragrance ingredients. Compound 2 is the
key flavour molecule of raspberries in which it occurs in
trace amounts (!4 mg of ketone from 1 kg of berries).
Compound 3 has a rose-like odour and occurs in fermented
foodstuffs and in many essential oils. For both compounds
extraction is unsuitable [5] and their main mode of
production is the bioconversion of some natural pre-
cursors. 4-(4-hydroxyphenyl)butan-2-ol (betuligenol), its
O-glucoside (betuloside) and 4-hydroxybenzalacetone are
possible precursors for biotechnological production of
raspberry ketone performed by oxidation of the secondary
alcohol of the first two compounds and by double bond
saturation of the third, using different microbial systems
[15,16]. In the context of biogeneration of raspberry
ketone in the fungus Beauveria bassiana, it emerged
that odour inactivation of compound 2 occurs through
Baeyer-Villiger oxidation to tyrosol [17].Moreover, 2-phenyl-
ethanol (3) and its acetate are currently produced by yeast
degradation of natural L-phenylalanine [18].

Lactones (4, 5) and cis-3-hexenol (6) are also natural
flavours produced at the industrial scale. 4, 5 and
analogues with up to twelve carbon atoms are widespread
in fermented food, milk products and in a variety of fruits
in minute amounts. Some of these materials are manu-
factured by degradation, via b-oxidation, of natural
hydroxy-fatty acids [19,20]. Specifically, the g-decalactone
(4) is obtained by chain shortening of C-18 ricinoleic acid
(from castor oil) by different microorganisms. Improve-
ment of the processes caused the selling price of compound
4 to decrease from US$ 12000/kg in 1986 to US$ 500/kg in
1998 [19]. Similarly, some precious g-lactones containing
an odd number of carbon atoms are accessible by
degradation of natural hydroxy acids [21]. Interestingly,
d-decalactone (5) can be obtained by natural modification
www.sciencedirect.com
either by oxidation of hydroxy-fatty acids or by enzymic
reduction of the a,b-unsaturated compound (massoia
lactone) the main component of massoi bark oil. [22].
Linolenic acid is the natural precursor of cis-3-hexen-1-ol
(leaf alcohol) (6). This compound has an odour of freshly
cut grass and is essential for obtaining the ‘green’
organoleptic note in many formulations. The ‘green
notes’ obtainable by distilling plant oil are expensive and
different biotransformations were developed. The lipoxy-
genase- and hydroperoxide lyase-mediated oxidation of
linolenic and linoleic acid produce cis-3-hexen-1-al and
hexen-1-al, which can be reduced by yeast to the
corresponding alcohols [23]. Additionally, n-hexanol is
easily accessible by microbial reduction of the carboxylic
group of extractive C-6 caproic acid [24].

Many biocatalytic processes for other attractive flavours
have recently been described. In spite of this the number
of industrial applications is limited and the cases illu-
strated above are the more promising ones. Moreover, an
additional problem in this area is the occurrence of
adulterations with readily available ‘nature-identical’
products. The achievement of new analytical methods for
discriminating between natural and nature-identical
flavours has become essential [25]. Different studies
based on stable isotope characterisation of aromas have
showed promising results and are now applied by
specialized laboratories to prove authenticity [26–30].

Nature-identical flavours

The method of production of the nature-identical flavours
and fragrances is determined by stringent economic
considerations. Although the biocatalytic approaches to
these compounds are often expensive, different appli-
cations have been described. Environmentally friendly
conditions and high chemical selectivity make biocatalytic
approaches attractive. Two separate fields should be
examined: (i) industrial production and (ii) academic
synthesis (synthesis not used for industrial production
but mainly for scientific interest) of fine flavours. Few
applications are related to the first case in which isolated
enzymes were mainly used. Lipases were the favourite
catalyst because they show remarkable chemoselectivity,
regioselectivity and enantioselectivity. Moreover, they are
easily available on a large scale and remain active in
organic solvents [31,32].

Menthol: an outstanding industrial case

Menthol is one of the most important flavour compounds
and it is used extensively as a food additive, in pharma-
ceuticals, cosmetics, toothpastes and chewing gum. The
desired organoleptic properties of this monoterpene are
related to its absolute configuration and from the eight
possible isomers, only the natural (K)-(1R,3R,4S) isomer
is suitable as a flavourant. In 1998, the estimated world
production of menthol was 11 800 tons [33].

The majority of (K)-menthol is still obtained by
freezing the oil of Mentha arvensis to crystallise the
menthol present (Figure 2). Although many efforts have
been devoted to the production of (K)-menthol from other
readily available raw materials, only the Haarmann and
Reimer (H&R) and the Takasago processes are commercial
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synthetic sources of this flavour [34]. The first is based on
a classical resolution procedure and starts from inexpen-
sive m-cresol and propylene to produce thymol (7). This
compound is hydrogenated to give the mixture of the eight
isomers of menthol. Fractional distillation gives racemic
menthol (8) (two isomers) which is converted to the
corresponding benzoate (9) and resolved by fractional
crystallization. Saponification produces (K)-menthol
whereas the mother liquour gives (C)-menthol. The
(C)-menthol and the other six isomers are recycled in a
separate racemization step. Takasago uses asymmetric
synthesis [35] in the key step of its process. Myrcene (10) is
converted in diethygeranylamine, which is isomerised to
(C)-citronellal (11) in the presence of a chiral rhodiun
phosphine catalyst (RhI-(S)-BINAP). The transformation
of citronellal into (K)-menthol is performed through
cyclisation to (K)-isopulegol (12) followed by hydrogena-
tion. Two new processes similar to the first described
route based on lipase resolution have been proposed
recently. Haarmann and Reimer (H&R) accomplished
the resolution of racemic menthol benzoate (9) by lipase-
mediated (e.g. Candida rugosa lipase) enantioselective
hydrolysis to provide (K)-menthol with essentially com-
plete enantioselectivity [36,37]. Furthermore, the AECI
Ltd (http://www.aeci.co.za/) process starts directly from
the mixture of the eight isomers of menthol [38]. The
enantio- and diastereoselective acylation of this mixture
using lipases yields menthyl acetate (13) in at least 96%
enantiomeric excess. The ester is separated from the
unreacted isomers by distillation and then hydrolysed to
yield (K)-menthol. In both processes the undesired
isomers are recycled by isomerisation. Although neither
the H and R or AECI process have yet been commercial-
ised, these means are based on the well-established route
of racemic menthol preparation and will certainly be
developed further.
www.sciencedirect.com
p-Menthane monoterpenes: academic studies of

industrial interest

The monoterpenes of the p-menthane family are wide-
spread in nature and are well-known as flavouring
ingredients and as valuable synthetic intermediates.
Many industrial processes depend on this class of
compounds because of the high commercial requirement
for (K)-menthol. In addition, some new findings on the
peculiar organoleptic properties of different p-menthane
alcohols, lactones and ethers have prompted studies on
their synthesis. For example, the mixture of the eight
isomers of isopulegol (12) is conventionally used as a
perfume ingredient whereas recent investigations have
shown that its main component (K)-isopulegol is odour-
less and can be used as a cooling agent [39] (Figure 3).
Furthermore, the lactone (18) [40], (K)-mint lactone (19)
and (C)-isomint lactone (20) [41] were found to be minor
components in the essential oil of peppermint and are
used in commercial flavours for their much-appreciated
coumarin-like and mint-like olfactive properties. The
(K)-wine lactone (21) was recognized as a key flavour
compound of different white wines and synthetic studies
revealed [42] that natural 21 is the most powerful isomer
with an odour threshold !0.04pg/L, whereas the weakest
isomer shows a thresholdO106 pg/L. A similar case is that
of (C)-dill ether (22), which is the most important
constituent of dill essential oil. The evaluation of its
isomeric forms established that 22 shows a high odour-
activity value and is the character-impact compound of dill
flavour (the compound responsible for the features of the
odour) [43]. These studies show that both the quality and
intensity of these odorants are related to relative and
absolute configurations. Taking advantage of the known
selectivity of biocatalysis many specific preparations of
these monoterpenes have been developed. (K)-Isopulegol
(12) was prepared in optically pure form by lipase
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PS-mediated (lipase from Pseudomonas sp.) enantio- and
diastereoselective acetylation of the commercial mixture
of its eight isomers [44]. Trans and cis piperitol and
isopiperitenol (14-17) (Figure 3) are valuable intermedi-
ates in the synthesis of menthol, whereas diols (23-25) are
useful precursors of the p-menthane lactones. The diols
were prepared in a single diastereoisomeric form and were
resolved by lipase-mediated acetylation of the correspond-
ing racemic materials [44,45]. The enantiopure diols
obtained (23 and 24) were converted by chemical manipu-
lation to lactone 18 and mint lactone 19, respectively [45].
Diol 25 is more versatile and was transformed into either
the wine lactone 21 or the dill ether 22 [46]. Lipase PS was
also used for the resolution of themeso tricyclic diol 26 [47]
whereas the alcohol 27 was obtained by stereoselective
baker’s yeast-mediated reduction of the corresponding
ketone [48]. These two enantiopure materials were
converted into the mint and isomint lactone, respectively.

Baker’s yeast: another useful tool in biocatalysis

Many species of yeast have been used in biocatalysis,
particularly for flavour preparation. Baker’s yeast is the
most commonly used microorganism in organic syntheses
because it is easy available, inexpensive and versatile.
Although it has been used for producing small chiral
building blocks of general interest [49], several recent
applications to flavour chemistry should be noted. For
example, the baker’s yeast-mediated reduction of the
prochiral double bond of the alcohol 28 produced (S)-(C)-
3-(p-tolyl)-butanol (29) in high enantiomeric purity [50]
(Figure 4). This was used in the preparation of the natural
bisabolane sesquiterpenes (C)-curcumene (30), (C)-tur-
merone (31), (C)-dehydrocurcumene (32) and (C)-nuci-
feral (33), which are flavour components of many essential
www.sciencedirect.com
oils. Moreover, baker’s yeast allowed the diastereo- and
enantioselective reduction of the g-keto-acids of type 34.
The enantiopure materials obtained were used as starting
material for the preparation of (K)-cis 35 and (C)-trans 36
whisky lactones, (-)-cis 37 and (C)-trans 38 cognac
lactones [51] and cis-aerangis lactone 39 [52]. The first
four compounds are the key flavours of aged alcoholic
beverages, such as whisky, brandy and cognac whereas
lactone 39 is the main odour component of the flowers of
orchid Aerangis confusa.
Valuable fragrances: violet, amber and jasmine

Iris essential oil, ambergris and jasmine absolute are
considered the historically most important flavour and
fragrance compounds. Although these natural products
are expensive, they are still used in fine formulations
because they give better results compared with the
corresponding synthetic materials. This superiority is
due to the complexity of the natural isomeric mixture in
which each component might show different olfactory
features. For example, until the end of the 19th century the
only source of violet fragrance was violet flower oil and iris
essential oil. The odorous principles components of these
raw materials are the norterpenoid ionones and irones
(Figure 5). Ionones have been found in several plants,
whereas irones were formed during ageing and manufac-
turing of the iris rhizomes. These compounds occur in
nature as a mixture of regioisomers (a, b and g) and
enantiomers. Overall, five ionone and ten irone stereo-
isomers are possible. Thanks to the use of chemical
synthesis and enzyme-mediated reactions, all these iso-
mers were prepared [53,54] and submitted to olfactory
evaluation. The key steps in these syntheses were the
enatioselective lipase-mediated acetylation of suitable
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alcohols. Racemic ionols and irols 40 (Figure 5; RZH and
Me) their corresponding a-epoxy-derivatives 41 and the
diols 42 and 43, were resolved by lipase PS [53–55].
Moreover enantiopure alcohol 44 was used in irone
synthesis and was prepared from the racemic alcohol by
sequential porcine pancreatic lipase (PPL)-mediated
acetylation and hydrolysis [56].

Similar biotechnological approaches have been studied
for amber and jasmine fragrances. The first class of
compounds derives its name from the compound amber-
gris [57], which is a secretion found in the intestinal tract
of the sperm whale. This secretion contains the odourless
triterpene ambreine (45) that on exposure to sunlight, air
and seawater, undergoes a degradative process deriving
compounds that are responsible for the complex odour of
ambergris. The most appreciated one is the tricyclic ether
(K)-ambrox (46), which is currently produced by semi-
synthesis from sclareol, a diterpene present in clary sage.
Recently, 46 was obtained in several chemical transform-
ations from enantiopure (C)-albicanol 47 and diol (C)-48.
These compounds were prepared by kinetic resolution
of the corresponding racemic materials mediated by
lipase PL-266 (lipase from Alcaligenes sp.) [58] and
lipase PS [59].
www.sciencedirect.com
Other flavour components of ambergris are (C)-g-
Dihydroionone (49) and (C)-g-coronal (50). The first was
prepared in optically pure form by regioselective reduction
of (C)-g-ionone that was obtained by lipase PS-mediated
resolution of the racemic g-ionol [60]. Kinetic acetylation
of racemic g-cyclohomogeraniol (51) was catalysed by
lipase AK (lipase from Pseudomonas AK) [61]. The (S)
enantiomer obtained was used as a building block in the
(C)-g-coronal synthesis.

When in enantiopure form and in diastereoisomeric
ratio of 93:3 (K)-trans-jasmonate (52) and (C)-cis-jasmon-
ate (53) are the key components of jasmine oil fragrance.
The synthetic trans 52 is commercially available in
racemic form and its resolution has recently been
reported. The key steps were the reduction of ketone
functionality, the separation of the alcohol 54 as a single
diastereoisomer and its resolution by lipase PS-mediated
acetylation [62].

Concluding remarks

The examples presented here exemplify the power of
biocatalysis in the production of flavours and fragrances
although there is considerable variability in the different
methods used. Well-established processes have been
described both to point out their actual relevance and to
outline their future perspectives. The new outstanding
possibilities offered by biocatalysis have been illustrated
by description of some methods of industrial and academic
interest with particular attention to the legal differen-
tiation of flavours. Natural and nature-identical com-
pounds show different future prospects. New strategies for
natural flavour biogeneration will take advantage of the
current studies on biotechnology, biochemical pathways
and microbiology and the preference of consumers for
natural compounds will support their production. The
preparation of nature-identical flavours using biocatalysis
will enhance the possibilities offered by chemical synth-
eses rather that compete with them. In this field, the most
promising biocatalysts are certainly lipases because of
their versatility and selectivity.
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