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Biocatalysis Applied to the Synthesis of Pheromones
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Abstract: The application of biologically derived catalysts to the synthesis of agrochemicals has become increasingly
popular in recent years. In most cases, the aim of using a biotransformation is either to introduce chirality into the mole-
cule, to achieve a regioselective functionalization, or to selectively convert a functional group among other groups with
similar reactivity. Pheromones, which have recently been commercialized as agrochemicals, are generally used in enan-
tiopure forms with their intentional mixtures. Since they are usually highly effective, only very small quantities are needed
to achieve the desired activity. This review, with approximately 200 references covering the period previous to December
2004, describes various efficient means of preparing optically pure pheromones and their precursors with the aid of iso-

lated enzymes and microorganisms serving as catalysts.

1. INTRODUCTION

The technique of incorporating biotransformation steps,
with microorganisms and/or isolated enzymes, is becoming
increasingly common in both industrial and academic syn-
thesis laboratories. The primary consideration for the incor-
poration of a biotransformation in a synthetic sequence is the
regio- and stereo-control that can be achieved with an en-
zyme-catalyzed reaction. Biotransformations are thus be-
coming accepted as a method for generating optically pure
compounds as well as for developing efficient routes to tar-
get compounds.

Most enzymes operate at room temperature, under neutral
aqueous conditions, and in the absence of substrate func-
tional-group protection. In organic synthesis, these biocata-
lysts can be used as the sole catalyst in a reaction, in combi-
nation with other enzymes, or with non-biological reagents.
In addition, many enzymes accept unnatural substrates, and
genetic engineering can further alter their stability, broaden
their substrate specificity, and increase their specific activity.
Thus, while molecules with several functional groups pose
particular challenges to non-biological synthetic methods,
they are natural targets for biological techniques. Through
the use of biocatalysts, then, otherwise impractical synthetic
manipulations of complex molecules can be performed in an
environmentally benign manner.

Enzyme-catalyzed chemical transformations are now
widely recognized as practical alternatives to traditional
(non-biological) organic synthesis, and as convenient solu-
tions to certain intractable synthetic problems. Their applica-
tion in synthesis thus represents a remarkable opportunity for
the development of industrial chemical and pharmaceutical
processes [1].

Pheromones and insect hormones have recently been
Commercialized as agrochemicals, with most of them being
used in their enantiopure forms with their intentional mix-
tures. Different enantiomers can exhibit different, stereo-
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specific biological activities, including positive pheromone
activity, inhibitory activity, synergistic activity and so on.
Since pheromones and hormones are usually highly effec-
tive, only very small quantities are needed to achieve the
desired activity. Their preparation as commercial products is
thus of great interest, even if it involves a sophisticated,
multistep synthetic route on a smaller scale than those of
other categories of agrochemicals [2].

Insect sex pheromones that work either by disrupting
mating or by leading to mass trapping, for example, are ex-
pected to become the next generation of pesticides [3]. These
target pheromones are all optically active molecules, with
their chiral centers being critical to their activities. In some
cases, unnatural enantiomers that correspond to their natural
counterparts can strongly inhibit a pheromone’s male re-
sponse. Extremely high optical purity is therefore essential
for practical use of a pheromone. Because the utility of
pheromones is obvious, many research groups have devoted
themselves to developing efficient chemoenzymatic routes
for large scale preparation of.these compounds [4,5]. This
review will highlight the main applications of biocatalysts,
isolated enzymes, and whole microorganisms to the synthe-
sis of pheromones and their precursors.

2. SYNTHESIS OF SPIROKETAL PHEROMONES

A spiroketal structure is a feature of an expanding variety
of naturally occurring compounds, many of which exhibit
important physiological activities as pheromones [6].

The sex pheromones with a spiroketal structure for Bac-
trocera nigrotibialis, (2S, 6R, 85)-2-ethyl-8-methyl-1,7-
dioxaspiro[5.5Jundecane (1) [7], Andrena wilkella, (2S, 4R,
6R, 8S5)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecan-4-0l (2)
(8], and Andrena haemorrhoa F, (2S, 6R)-2-methyl-1,7-
dioxaspiro[5.6]dodecane (3) [9], have already been synthe-
sized. The synthetic methods, however, have not always
been satisfactory due to their long synthetic pathways and
the low optical purities of the target compounds. Still, Kita-
yama [10] reported the asymmetric synthesis of these
pheromones at almost complete enantiomeric purity (>99%)
from a chiral nitro alcohol, (S)-1-nitropropan-2-ol, prepared
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by means of a lipase-catalyzed stereoselective transesterifi-
cation of the corresponding racemic compound.

Compound 3 and the other spiroketal pheromones (28,
6R)-2-methyl-1,7-dioxaspiro[5.5]undecane (4) and (5S, 7S)-
7-methyl-1,6-dioxaspiro[4.5]decane (5) had been synthe-
sized previously by Cohen et al [11] from (S)-5-phenyl-
thiopentan-2-ol, which had been obtained efficiently in high
enantiomeric excess by means of a bakers’ yeast-mediated
reduction of the corresponding ketone. These authors used
the same method for the synthesis of the bee pheromone (2,
6R, 85)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (6) [12].

Moreover, lzquierdo et al. [13] reported the lipase-
mediated resolution of several precursors of the pheromones
of the common wasp Vespula vulgaris (F.), (5S, 75)-7-
methyl-1,6-dioxaspiro[4.5]decane (5), and of Paravespula
vulgaris (L.), (2R, SR)-2-methyl-1,6-dioxaspiro[4.5]decane
(.

In 1996, Mori et al. [14] achieved a chemoenzymatic
synthesis of (4R, 6R)-4-hydroxy-1,7-dioxaspiro[5.5]unde-
cane (8), the minor component of the pheromone of the olive
fruit fly (Bactrocera oleae) and a precursor of 1,7-
dioxaspiro[5.5]undecane (9) (olean). The key step was an
asymmetric hydrolysis with pig liver esterase (PLE). Bioas-
says on the synthetic enantiomers of 9 revealed that (R)-9 is
active on male insects while (5)-9 is active on females. The
natural olean was racemic [15].

3. SYNTHESIS OF BICYCLIC KETAL PHERO-
MONES

(+)-Exo- and (-)-endo-brevicomin ((+)-exo-10 and (-)-
endo-10, respectively) are components of the attracting
pheromone system of several bark-beetle species belonging
to the genera Dendroctonus and Dryocoetes [16]. In several
species, endo-10 is a minor component accompanying (+)-
exo-10. The (—)-endo isomer has been reported to be an anti-
aggregation pheromone for the southern pine beetle Den-
droctonus frontalis. In contrast, (+)-endo-10 increases ag-
gregation [17]. Dentroctonus ponderosae (Mountain Pine
beetle) is known to produce (+)-exo-brevicomin with >98%
ee, whereas the optical purities of the accompanying stereoi-
somer endo-10 were reported as being in the range of 65—
70% ee [18]. Only the (1R, 5S, 7R)-isomer of exo-
brevicomin (10) is bio-active, but its opposite enantiomer
does not inhibit the action of the pheromone [19].

A short total asymmetric synthesis of (+)-exo- and (-)-
endo-brevicomin (10) was accomplished with a chemoen-
zymatic protocol [20]. The key step consisted of biocatalytic
hydrolysis by bacterial epoxide hydrolases of cis-configured

2,3-disubstituted oxiranes bearing olefinic side chains. This
reaction proceeded in an enantioconvergent fashion, afford-
ing a single enantiomeric vic-diol from the rac-epoxide in up
to 92% ee and 83% isolated yield.

Myles et al. [21] also reported a strategy combining
chemical and enzymatic steps for the synthesis of (+)-exo-
brevicomin ((+)-exo-10). The commercially available en-
zyme transketolase (EC 2.2.1.1) catalyzed the condensation
of B-hydroxypyruvic acid and 2-hydroxybutyraldehyde to
furnish the central intermediate in the sequence, an optically
active hydroxyketone.

Moreover, the microbial reduction of 3,4-diketones and
a-ketothioacetals [22], along with lipase-catalyzed kinetic
resolution [23,24] have also been applied to a chemoenzy-
matic synthesis of the exo- and endo-brevicomin enanti-
omers.

In this vein, Mori et al. [25] reported an efficient and
highly enantioselective chemoenzymatic synthesis of both
the exo- and endo-isomers of isobrevicomin (11), which had
been isolated by Francke er al. [26] in 1996 as components
of the volatiles obtained from male mountain pine beetles
(Dendroctonus ponderosae). The enzymatic step was a li-
pase-catalyzed asymmetric acetylation with vinyl acetate and
immobilized lipase PS (Amano).

(-)-a-Multistriatin (12) is an essential component of the
aggregation pheromone of the European elm bark bectle Sco-
lytus multistriatus (Marsham), which is the principal vector
of Dutch elm disease [27]. Sinha ef a/. [28] carried out the
first total synthesis of this compound via antibody catalysis.
The key step in the synthesis is an antibody-catalyzed, enan-
tioselective protonolysis of an enol ether to produce a
branched ketone. The latter is obtained with an (S)-
configuration in >99% ee.

Another bicyclic ketal pheromone is frontalin (1,5-
dimethyl-6,8-dioxabicyclof3,2,1]octane) (13), the aggrega-
tion pheromone of pine beetles of the Dendroctonus family
{29]. Frontalin (13) from the pine beetle Dendroctonus fron-
talis is an 85:15 mixture of (1S, SR)- and (IR, 5S)
enantiomers. Bioassays have shown that the (1S, 5R)-(-)
enantiomer of frontalin is much more active than the (IR,
55)-(+)-enantiomer [30]. Indeed, the latter isomer was pre-
pared in a practical and highly enantioselective fashion with

the help of the commercially available aldolase antibody

38C2 [31].

The more active enantiomer (1S, 5R)-(-)-13, on the other

hand, has been synthesized by various authors via 8

chemoenzymatic route in which whole cells [32-34] or li- §
pases [23,35-39] are utilized in the key step. In the synthesis
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developed by Nishimura et al. [33], the enzymatic step was
an asymmetric bakers’ yeast-mediated reduction of ethyl 2-
oxocyclopentane-1-carboxylate, to afford the target com-
pound with an enantiomeric purity of 89% ee.

Ohta et al. [34] carried out the kinetic resolution of race-
mic 1-cyano-1-methylalkyl and alkenyl acetates by incubat-
ing them with Pichia miso 1AM 4682, which selectively hy-
drolyzed the (R)-enantiomer, leaving the (S)-enantiomer in-
tact. The chiral l-cyano-1-methyl-5-hexenyl acetate thus
obtained was converted to (1S, SR)-(-)-frontalin (13). These
authors later reported [36] using Candida cylindracea lipase
for the enzymatic preparation of enantiomerically enriched
tertiary oa-benzyloxy acid esters as synthetic intermediates
for (1S, 5R)-(-)-13.

In addition, Chénevert et al. [35] reported the synthesis
of (1S5, 5R)-(-)-frontalin (13) by means of the stereoselective
acylation (desymmetrization) of 2-(4,5-dihydroxy-4-hydroxy-
methy lpentyl)-2-methyl-1,3-dioxolane with vinyl acetate in
organic media in the presence of Pseudomonas sp. lipase
with 90% ee.

Finally, Veschambre er al [40] prepared the four stereoi-
somers of 1,3-dimethyl-2,9-dioxabicyclo[3.3.1]nonane, the
pheromone of the bectle Trypodendron lineatum, by means
of selective microbiological reduction and subsequent cycli-
zation.

4. SYNTHESIS OF HYDROXYLATED PHERO-
MONES AND RELATED COMPOUNDS
6-Methylhept-5-en-2-0l (14), sulcatol, is the male-pro-
duced aggregation pheromone of the ambrosia beetle Gna-
thotrichus sulcatus, an economically important pest in the
coniferous forests of the Pacific Coast of North America.
Neither (R)-14 nor (5)-14 was bioactive. But when combined
to give a racemic mixture, synthetic 14 was more active than

Alcohol-NAD” oxidoreductase

the natural pheromone, which appeared as a mixture of (R)-
14 and (S)-14 in a ratio of 35:65 [41].

Both enantiomers of sulcatol (14) can be prepared by
means of biocatalytic asymmetric reduction of prochiral 6-
methylhept-5-en-2-one [42]; for this purpose, bacteria [43],
yeasts [44-46], fungi [47,48] and commercial enzymes
[49,50] that give high optical purities can all be used.

In addition, (S)-(+)-sulcatol (14) has been obtained
through yeast reduction of various substrates including ethyl
(S8)-3-hydroxybutanoate [51], a nitroalkane synthon [52], and
a B-ketosulfone [53], with excellent enantiomeric excesses.

Moreover, lipase-catalyzed transesterification [54,55] and
hydrolysis [56,57] have both been employed extensively in
the synthesis of sulcatol (14). Thus, Kita ef al. [58] reported
a convenient lipase-mediated resolution of sulcatol (14) to
obtain both enantiomers with excellent chemical and optical
yields using 1-ethoxyviny!l esters as highly reactive acy! do-
nors.

An enantioconvergent synthesis of (R)- and (S)-sulcatol
(14) was described by Steinreiber et al. [59]. The key steps
in the deracemization strategy were sequential combinations
of enzymatic resolutions and Mitsunobu inversions. Racemi-
zation-free Mitsunobu transformations were carried out with
high-speed microwave irradiation to afford the desired sul-
catyl acetates with a clean inversion of chirality.

In the commercial sector, Forschungszentrum IJiilich
GmbH (Germany) has produced (S)-sulcatol (14) using alco-
hol-NAD+ oxidoreductase obtained from Rhodococcus
erythropolis. The cofactor regeneration is carried out with a
formate dehydrogenase from Candida boidinii and makes
use of formate which is oxidized to CO, [60] (Fig. 1).

In this general context, Steinreiber er al. [61] described a
short chemoenzymatic synthesis of the (2R, 55)- and (2R,
5R)-stereoisomers of the bark beetle pheromone pityol (15)

PN

OH
PP

N .

NADH + H'

NAD'

o, \ / HCOOH

Formate dehydrogenase

Fig. (1). Production of (S)-sulcatol (14) by Forschungszentrum Jilich GmbH.
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Fig. (2). Chemoenzymatic synthesis of (2R, 55)- and (2R, SR)-pityol (15) from ()-sulcatol (14).

from (%)-sulcatol (14). The key steps included a lipase-
catalyzed deracemization by means of kinetic resolution
coupled to an in situ inversion, along with the use of an ep-
oxide-hydrolase for diastereo-convergent hydrolysis and
subsequent spontaneous ring closure to form pityol (15) (Fig.
2). Archelas et al [62] also reported the synthesis of (2R,
58)-pityol (15) using a chemoenzymatic route with highly
stereoselective, microbiologically mediated reactions.

Other pheromones structurally related to sulcatol (14)
have been synthesized by means of enzymatic lipase-
mediated resolution. For example, (-)-lasiol, (2S, 35)-2,3,6-
trimethylhept-S-en-1-ol, the major component of the man-
dibular gland secretion produced by male Lasius meridion-
alis ants, was prepared by means of enzymatic desymmetri-
zation of meso-2,3-dimethylbutane-1,4-diol and its acetate
[63]. (R)-Lavandulol, 5-methyl-2R-(2-methylet-1-enil)hex-4-
en-1-ol, a component of the aggregation pheromone of the
strawberry blossom weevil Anthonomus rubi Herbst, and (S)-
lavandulol, recently identified as the sex pheromone of the
vine mealybug Planococcus ficus, have both been synthe-
sized with a two-cycle enzymatic transesterification of race-

OAc Lipase PS

A

Fig. (3). Chemoenzymatic synthesis of (R)-octan-3-ol.

OAc

WCN

H,O-acetone
thiacrown ether

mic lavandulol with the aid of lipase [64]. Both enantiomers
of rhynchophorol, (£)-6-methylhept-2-en-4-0l, the male-
produced aggregation pheromone of the American palm
weevil Rhynchophorus palmarum, were also prepared in a
synthesis that included lipase-mediated asymmetric hydroly-
sis as the key step [65].

Nagaki ef al. [66,67] carried out one-pot syntheses of the
sex pheromone homologue of the codling moth Laspeyresia
promonella L., (2Z, 6Z)-7-methyl-3-propyldeca-2,6-dien-1-
ol, by using first a thermophilic enzyme, the thermostable
farnesyl diphosphate synthase, and then an alkaline phospha-
tase.

The stereoisomers of 4-methylheptan-3-ol are major
components of both the aggregation pheromones of bark
beetles and the trail pheromones of ants. Zada et al. [68]
studied the synthesis and the biological activity of these
compounds; the key step in their synthesis was a stereo-
specific transesterification with lipase AK catalysis. Mori et
al. had previously prepared optically active forms of threo-4-
methylheptan-3-ol [69] using a microbial acylase obtained
from Aspergillus while Dominguez et al. [70] prepared opti-
cally active (E)-y-hydroxy-a,fB-unsaturated phenyl sulfones

OH
+ —_—
PP
R —

using lipase-mediated acylations. They then successfully
applied this process to the synthesis of the aggregation
pheromone (38, 45)-4-methylheptan-3-ol.

The two enantiomers of octan-3-ol, the pheromone of a
number of species of ants, were synthesized by Kamezawa et
al [71] with an enantiomeric purity of almost 100% through
an enzymatic two-step hydrolysis of 3-octyl acetate cata-
lyzed by Pseudomonas cepacia lipase. Kang et al. [72] used
the same lipase-mediated resolution to obtain (S)-octan-3-of,
the alarm pheromone of the ant species Crematogaster cas-
tanea and liengmei, from 1-(2-thienyl)propyl acetate. In ad-
dition, both enantiomers of octan-3-ol were synthesized in
>99% ee from optically active 3-hydroxyalkanenitriles pre-
pared by means of a lipase-mediated enzymatic resolution
with catalytic amounts of thiacrown ether (Fig. 3) [73].
Cammaerts et al. [74] studied the stereochemistry-bioactivity
relationships of these pheromones of the ant Myrmica
scabrinodis and showed that the naturally occurring mixture
of (R)- and (S)-octan-3-0l (R:S = 9:1) was more attractive
than either pure (R)- or (%)-octan-3-ol. The (S)-enantiomer
was found to be inactive.

OH

\)R\/\/\

Cruentol, (4S, 5S)-5-methyloctan-4-ol, the male-pro-
duced aggregation pheromone of the palmetto weevil Rhyn-
chophorus cruentatus, was synthesized by means of lipase-
catalyzed asymmetric hydrolysis with excellent optical
yields [75].

(28, 35)-Octane-2,3-diol has been reported to be a major
component of the pheromones of the grape borer Xylotrechus
pyrrhoderus. Ichikawa [76] prepared this compound through
the enantiomeric resolution of asymmetric glycol by means
of a lipase-catalyzed transesterification reaction, while Taka-
hata et al. [77] synthesized it from 3-hydroxy-4-methyl-y-
butyrolactone prepared with chemoenzymatic methods.

Sharma er al. applied the lipase-catalyzed acetylation of
2-alkanols to the synthesis of dodecan-2-ol and 2-tridecyl
acetate, the pheromones of Crematogaster ants and Droso-
phila mulleri flies [78], as well as to the preparation of the
key synthon of the oviposition-deterring pheromone of the
European cherry fruit fly Rhagoletis cerasi L., ethyl (8RS,
15R)-8-acetoxy-15-hydroxyhexadecanoate [79]. In addition,
kinetic resolution of secondary alcohols with Mucor michei
lipase was employed in the synthesis of 8-methyldecan-2-
ols, precursors of the sex pheromone of the Diabrotica spe-
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Fig. (4). Chemoenzymatic synthesis of the four isomers of 8-methyldec-2-yl propanoate.

cies, with high enantioselectivity [80,81]. The four isomers
of 8-methyldec-2-yl propanoate, the sex pheromone emitted
by the female western corn rootworm Diabrotica virgifera,
were obtained by means of a Thermoanaerobium brockii
alcohol dehydrogenase-catalyzed reduction (Fig. 4) [82].

Pine sawflies of the Diprionidae family are severe pests
of conifers, particularly pine trees. Until recently, it was
thought that all pine sawfly species used the acetates and/or
propionates of the two stereoisomers of diprionol — either
(28, 3S, 7S)- or (28, 3R, TR)-3,7-dimethylpentadecan-2-ol —
as their sex pheromone [83]. However, in the past few years,
researchers have found several pine sawfly species that use
sex pheromones with structural types different from that of
the dipriony! esters, including various stereoisomers of
3,7,11-trimethyltridecan-2-ol, 3,7-dimethyltridecan-2-ol, or
3,7-dimethylundecan-2-ol derivatives [84]. Indeed, several
syntheses of both the actual sex pheromones of pine sawfly
species [84-86] and their precursors [87-90] through lipase-
catalyzed stereoselective acylation have been described.

Another related compound, (2R, 6S, 105)-6,10,14-
trimethylpentadecan-2-ol, one of the sex pheromones of
Corcyra cephalonica Stainton, was synthesized by means of
stereoselective hydrolysis with Pseudomonas jfluorescens
lipase [91].

Other pheromone acetoxy derivatives that are structurally
related to those mentioned above have also been synthesized
with biological methods [92,93,94]. For example, both enan-
tiomers of quadrilure, (E)-3-methyl-7-acetoxynon-3-ene (16),
the pheromone of the squarenecked grain beetle, have been
prepared in high enantiomeric excess via a stereoselective,
lipase-catalyzed route. In this protocol, easily accessible 3-
methylpent-1-en-3-ol underwent a Claisen orthoester rear-
rangement to afford the corresponding ester with exclusive
(E)-geometry. The key step included a lipase-catalyzed es-
terification to yield (R)-16 directly while its enantiomer was
obtained from the resolved alcohol! through chemical acetyla-
tion (Fig. 5) [95].

Optically active (R)-(+)-2-methylbutan-1-ol was prepared
in a chemoenzymatic synthesis in which the key step in-
volved a reduction catalyzed by bakers’ yeast. This synthon
was then used in the synthesis of (R)-10-methyldodecan-1-yl
acetate, the chiral methyl-branched pheromone of Adoxo-
phyes sp. {96].

/\![O: e )\/\/
N COOEt

Fig. (5). Chemoenzymatic synthesis of the (R)- and (S)-quadrilure (16).

Using enantioselective hydrolysis with Pseudomonas ce-
pacia lipase, Kamezawa ef al. carried out the biocatalytic
synthesis of (S, E)-1-methyldodec-9-enyl acetate [97], the
sex pheromone of the Hessian fly Mayetiola destructor, and
(S)-2-tridecany| acetate and (S)-2-pentadecanyl acetate, ag-
gregation pheromone components of Drosophila mulleri and
Drosophila busckii [98]. (S)-2-Tridecanyl acetate was also
synthesized from B-ketoester through enzymatic reduction
by bakers’ yeast [99].

Gamalevich ef al. studied the chemoenzymatic approach
to the synthesis of all the stereoisomers of 1,6-dimethyloct-1-
yl formate [100] and 2,6-dimethyloct-1-yl formate [101],
pheromones of the smaller flour beetle. The key step in-
volved enantioselective hydrolysis with porcine pancreatic
lipase. Vogel et al. [102] reported two synthetic routes to
optically pure lardolure precursors. Lardolure, (1R, 3R, SR,

7R)-tetramethyldecy! formate, is the aggregation pheromone..

of the acarid mite Lardoglyphus konoi. The first procedure
involved the Baeyer-Villiger oxidation of cis-2,4,6-tri-
methylcyclohexanone with cyclohexanone monooxygenase
while the alternative procedure entailed a kinetic resolution
by means of enzymatic hydrolysis with guinea pig liver es-
terase.

The aggregation pheromone of the lesser grain borer
Rhyzopertha dominica has been identified as a mixture of
(S)-(+)-2’-pentyl (£)-2-methylpent-2-enoate (dominicalur-I,
17) and (S)-(+)-2’-pentyl (£E)-2,4-dimethylpent-2-enoate
(dominicalur-11, 18). These compounds were obtained in a
stereocontrolled synthesis by means of enzymatic reduction
with soil yeast [103] and PPL-catalyzed kinetic resolution of
secondary alcohols [104].

Another alcohol, in this case the cycloalcoho! seudenol,
which is the Douglas Fir Beetle pheromone 3-methylcyclo-
hex-2-en-1-ol, was prepared by means of a Candida antarc-
tica lipase B-catalyzed kinetic resolution in non-aqueous
media of controlled water activity [105].

5. SYNTHESIS OF EPOXY PHEROMONES
(H)-Disparlure, cis-(7R, 8S5)-7,8-epoxy-2-methyloctade-
cane (19), was identified as the sex pheromone for the gypsy
moth Lymantria dispar L., which is a harmful forest pest
[106]. Under field conditions, researchers found that only
this particular enantiomer is bioactive while the opposite

OAc
\ <

OAc
N (516

(R)-16

[y
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enantiomer actually inhibits the action of the pheromone
[41]. An enzymatic approach to the optically active form of
19 by means of an enantioselective transesterification of its
racemate with ethyl acetate as both the acyl donor and the
reaction medium was reported [107]. In addition, Otto ef al.
[108] reported a bioorganic synthesis of (+)-disparlure (19)
starting from cis-15-methythexadec-9-enoic acid through
epoxydation of 19 to a racemic mixture, enzymatic stereose-
lective hydrolysis and physical separation of the required
compound (9S, 10R)-9,10-epoxy-15-methylhexadec-9-enoic
acid, followed by Kolbe reaction with butyric acid. The
chemical purity of 19 was 95%.

Another synthesis of (+)-disparlure (19) based on an en-
zymatic asymmetric process was reported by Brevet and
Mori [109]: Treatment of meso-epoxydiacetate A with PPL
yielded optically active monoacetate B (90% ee), which
could then be purified to give crystalline C of approximately
100% ee. (+)-Disparlure (19) was synthesized from C, as
shown in Fig. (6).

. OAc  PPL, (i-Pr),0 . OAc .
oy, —> 0, —»= O,
’ OAc buffer ' OH >

A B
Fig. (6). Chemoenzymatic synthesis of (+)-disparlure (19).

Fukusaki et al. [110,111] carried out a large-scale prepa-
ration of (+)-disparlure (19) using a practical chemoenzy-
matic procedure based on the lipase-catalyzed kinetic resolu-
tion of 2,3-epoxy-8-methylnonan-1-ol and achieving excel-
lent chemical and optical purity. Pancreatin F, a porcine pan-
creatic lipase, was found to catalyze the enantioselective
acylation to yield the corresponding epoxy esters in a highly
enantioselective fashion. Several anhydrides, including ace-
tic, propionic, n-butyric, n-caproic, and i-butyric anhydride,
were used as the acylating agent.

Using a lipase-catalyzed transesterification, Tsuboi ef al.
[112] developed a total synthesis of the enantiomer of 19,
(-)-disparlure, from ethyl (2S5, 3S)-3-chloro-2-hydroxy-
tridecanoate.

In addition, Muto et al. [113] studied the synthesis of all
four sterecisomers of leucomalure, {(3Z)-cis-6,7-cis-9,10-
diepoxy-3-henicosene] (20), the major component of the
female sex pheromone of the satin moth Leucoma salicis.
Lipase PS-C-catalyzed asymmetric acetylation of (+)-4-(¢-

o) 0]
EI/W(CHZ)|OMG
20
R

. CODNB
) OTBDPS
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butyldiphenylsilyloxy)-cis-2,3-epoxybutan-1-ol afforded the
(2R, 35)-epoxy alcohol and the (25, 3R)-epoxyacetate, which
were then converted into all the stereoisomers of leuco-
malure (20).

6. SYNTHESIS OF LACTONIC PHEROMONES AND
RELATED COMPOUNDS

The Japanese beetle Popillia japonica Newman is a dev-
astating pest of a variety of trees and crops in the United
States. Japonilure (R)-21, its female-produced sex phero-
mone, was identified as (R, Z)-(-)-5-(dec-l-enyl)oxacyclo-
pentan-2-one. While the bicactive enantiomer is (R)-(+)-21,
(8)-(-)-21 strongly inhibits the action of the pheromone
[114]. The application of this pheromone thus requires ex-
tremely high optical purity.

In this context, several authors [115-118] have reported a
synthesis of (R)-(+)-21 involving a lipase-catalyzed enanti-
oselective lactonization as the key reaction (Fig. 7).

Lactonic pheromones related to japonilure (R)-21 were
synthesized with several biocatalytic methods including li-
pase-catalyzed resolution [119-125], biotransformations of
y—hydroxyamides with an enzyme expressed in £. coli from
a cloned amidase gene [126], and from diethyl 3-
oxoglutarate with an enzymatic reduction as the key step
[127,128].

The cupreous chafer beetle Aromala cuprea Hope is a
devastating pest to a variety of crops in Japan. Leal has iso-

C

lated its pheromone from female beetles captured in nature
and identified it as (R, Z)-(-)-5-(oct-1-enyl)oxacyclopentan-
2-one [129]. Its structure closely resembles that of the sex
pheromone of the Japanese beetle, (R)-21, and its synthesis
involved a lipase-catalyzed enantioselective reaction as the
key step [130,131].

Hexan-4-olide (y-caprolactone) (22) was isolated and
identified as a component of the sex pheromone from the
female dermestid beetle Trogoderma glabrum [132], a
stored-product pest. Subsequently, Ravid et al. [133] re-
ported the synthesis and bioassay of both enantiomers, thus
determining the absolute configuration of the natural phero-
mone as R. Early syntheses of optically active hexan-4-olide
(22) from chiral building blocks as well as by means of
chemical or biochemical asymmetric reactions have all been
reported. Mori ef al. [134] achieved the synthesis of highly
enantiomerically pure enantiomers of hexan-4-olide (22) in
51% overall yield from enantiopure methyl 3-hydroxy-
pentanoate which had been prepared in four steps through
microbial asymmetric reduction of octyl 3-oxopentanoate.
The pheromone antipode has also been obtained from methyl
3-oxohept-6-enoate by means of a bakers’ yeast-mediated
reduction in 11% yield [135]. Lipase resolution of the corre-
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Fig. (7). Lipase-catalyzed enantioselective lactonization in the synthesis of japonilure (R)-21.

sponding hydroxysulfone afforded (R)-hexan-4-olide (R-22)
in 15% yield [136].

Using lipase-catalyzed acetylation, Henkel ef al. carried
out the chemoenzymatic synthesis of (5R, 65)-6-acetoxy-
hexadecan-5-olide (23), the major component of the mos-
quito oviposition attractant pheromone [137], and its homo-
logues [138]. Moreover, Japanese beetle and mosquito ovi-
position attractant pheromones have also been synthesized
from a common chiral precursor derived from bakers’ yeast
reduction [139]. Mori et al reported the synthesis of the
enantiomers of hexadecane-5-olide, the pheromone of the
queen of the oriental hornet Vespa orientalis, with the enzy-
matic resolution of (&)-2-aminotridecanoic acid as the key
step [140]. Other 6-membered lactone pheromones, includ-
ing (35, 5R, 65)-3,5-dimethyl-6-isopropyl-3,4,5,6-tetrahidro-
pyran-2-one, the sex pheromone of the larval parasitoid
Macrocentrus grandii [141], and (2R, 4R)-5-(2,4-dimethyl)-
3-methyl-2 H-pyran-2-one (supellapyrone), the female sex
pheromone of the brownbanded cockroach Supella longi-
palpa [142], were synthesized with a lipase-catalyzed resolu-
tion as the key reaction.

(+)-Eldanolide (24) is a sex pheromone of the male Afri-
can sugarcane borer Eldana saccharina. In the past few
years, this compound has been synthesized with biocatalytic
methods and in excellent optical and chemical yields
[143,144]. Thus, Sarmah et al. [145,146] carried out an effi-
cient stereoselective synthesis of (+)-eldanolide (24) from
nitroalkane synthons using a bakers’ yeast reduction as the
key step.

In 2001, Cossé et al. [147] isolated and identified (Z)-
octadec-9-en-4-olide (25) as a female-specific, antennally
active compound from the currant stem girdler Janus integer
Norton (Hymenoptera: Cephidae), which is an occasional
pest of red currants in North America. These same research-
ers then synthesized (£)-25, demonstrated its sex pheromone
properties in field experiments, and showed that natural 25
contains only a single enantiomer, (4R, 9Z)-25. Later, Shi-
bata et al. [148] reported the synthesis of (R)- and (S)-25 and
showed that the (S)-enantiomer inhibited the pheromone
activity. The key optical step of this synthesis was an asym-
metric lipase-catalyzed acetylation.

Syntheses of several macrolide pheromones were carried
out by means of enzymatic macrolactonization [149,150].
Asymmetric bioreduction with either immobilized bakers’
yeast [151] or Thermoanaerobium brockii alcohol dehydro-
genase [152,153] as catalysts was carried out to synthesize
(8)-(+)-Z-tetradec-5-en-13-olide (26) and ferrulactone I1, (S)-
(+)-Z-dodec-3-en-11-olide (27), synergistic aggregation
pheromones of flat grain beetles of the genus Cryptolestes.

The lactol pheromone of the spined citrus bug Biprorulus
bibax, (3S, 4R, 1'E)-3,4-bis(1'-butenyl)tetrahydrofuran-2-ol,
was synthesized from buta-1,3-diene and maleic anhydride
with the key step being an HLADH-catalyzed enzymatic
oxidation {154].

7. SYNTHESIS OF ALDEHYDIC PHEROMONES

Tribolure, (4R, 8R)-dimethyldecanal (28), constitutes the
aggregation pheromone of the red flour beetle, Tribolium

(R)-22 23

Me(H,C)r” N\

(R)-25

(CHy)gMe
I\ <olo OLO]H\:/ 2)9

OAc

(CHy, O O

= \“"}l
6] (6]
24

‘,

26 27

castaneum, and is used to effectively control this economi-
cally important pest [155]. Interestingly, the racemic phero-
mone shows very low activity compared to the natural
pheromone; hence, its enantiomeric synthesis is extremely
important [156,157]. With this in mind, Sankaranarayanan et
al. [158] reported a convenient synthesis of the 1,5-
dimethylic chiron enantiomers, 3,7,1 1 -trimethyldodec-10-en-
1-0l, starting from (*)-citronellol and employing a sequential
acetylation protocol with two lipases to obtain the pure enan-
tiomer (4R, 8R)-dimethyldecanal (28).
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Furthermore, Chénevert et al. [159] studied the enzy-
matic desymmetrization of meso-2,6-dimethylheptane-1,7-
diol with PS lipase in organic medium to obtain the chiral
monoester used in the formal synthesis of tribolure (28).

(3S, 4R)-Faranal (29) is the bioactive enantiomer of the
trail pheromone of the pharaoh’s ant Monomorium pharaonis
[41]. Kobayashi et al. [160,161,162] synthesized all four
stereoisomers of faranal (29) using the farnesyl pyrophos-
phate synthetase from pig liver to obtain stereospecifically
the S or R enantiomer of 4-methylfarnesyl pyrophosphate
with (£)- or (Z)-3-methylpent-3-enyl pyrophosphate as sub-
strate. The absolute configuration of the pheromone was
determined to be (3S, 4R, 6E, 102)-faranal (29).

Moreover, Poppe ef al. [163] synthesized (+)-faranal (29)
and its congener, (+)-13-norfaranal, from a chiral building
block. They employed diastereoselective carbon-carbon
bond formation, applying a crude pig liver esterase enzyme.

Vesperal, (S)-10-oxoisopiperitenone (30), is the female
sex pheromone of the longhorn beetle Vesperus xatarti, a
major pest of vineyards in Catalonia, Spain. Fuganti et al.
[164] carried out the lipase-mediated preparation of enanti-
omerically pure p-menthan-3,9-diols for the synthesis of
both enantiomers of 30, with 97% chemical purity.

8. SYNTHESIS OF KETONIC PHEROMONES

Serricornin, the sex pheromone of the females of the
cigarette beetle Lasioderma serricorne, a pest for stored
plant products including tobacco goods, has been identified
as (48, 65, 75)-7-hydroxy-4,6-dimethylnonan-3-one (31). In
the course of developing practical pheromone traps, Mori ef
al. [165] studied the bioactivity of the stereoisomers of 31
and found that only (45, 6S, 75)-31 was bioactive while its
(45, 65, TR)-isomer was inhibitory against the action of (45,
68, 75)-31. Accordingly, the commercial pheromone must be
manufactured without contamination from the (4S, 6S, 7R)-
isomer.

4,6-dimethylnonan-3-one (32) and (3R, 5S, 6R)-6-hydroxy-
3,5-dimethyloctan-2-one (33), stereoisomers of serricornin
(31) and nor-serricornin, respectively, using a lipase AK-
catalyzed asymmetric acetylation of meso-2,4-dimethyl-
pentane-1,5-diol. Compounds 32 and 33 were found to be the
pheromone components of the bostrychid beetle Dinoderus
bifoveolatus.

Using a lipase-mediated hydrolysis as the key step, Na-
kazono et al. [171] reported the synthesis of (-)-periplanone-
B, a sex pheromone component of the American cockroach
Periplaneta Americana.

The asymmetric synthesis of (+)-sitophilure (34), the ag-
gregation pheromone of Sitophilus oryzae L. and Sitophilus
zeamais M., was carried out by means of the enzymatic re-
duction of methyl 3-oxopentanoate with bakers’ yeast [172].

Stegobinone, (25, 3R, 1’R)-35, is one of the two compo-
nents of the female-produced sex pheromone of the drug-
store beetle Stegobium paniceum L., a serious pest of a wide
variety of commodities and stored products. Mori e al. [173]
synthesized this compound using a lipase-catalyzed kinetic
resolution as the key step.

OH O ot

0 .
\)\rU\/ 0 Ty,

34 35

Pine scales of the genus Marsucoccus devastate forest-
lands worldwide. Lanier er al. [174] isolated and identified a
cross-attractive female sex pheromone component, (2F, 4F,
6R, 10R)-4,6,10,12-tetramethyltrideca-2,4-dien-7-one (ma-

31

Biological methods have also been used to synthesize the
pure enantiomer (4S, 6S, 75)-31 with either a bakers’ yeast
reduction [166, 167] or a lipase-catalyzed asymmetric reso-
lution [168,169] as the key step. Recently, Masuda ef al.
[170] carried out the synthesis of (4R, 6S, 7R)-7-hydroxy-

tsuone, 36), from M. resinosae (USA), M. matsumurae
(China), and M. thunbergianae (South Korea). Lin er al.
[175] subsequently synthesized matsuone (36) using a lipase-
catalyzed transesterification of meso-2,4-dimethylpropane-
1,5-diol as the key reaction. Later, another sex pheromone of
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37 38

this family was isolated from the maritime pine scale M.
feytaudi (Africa and Europe) by Einhorn er al. [176] and
characterized as a mixture of (3S, 7R, 8E, 10E)-3,7.9-
trimethyldodeca-8,10-dien-6-one (37) (major) and its (82,
10E)-isomer (minor). Two closely related compounds, (2E,
5R, 6E, 8E)-5,7-dimethyldeca-2,6,8-trien-4-one (38) (major)
and its (2E, 6Z, 8E)-isomer (minor) have also been reported
as sex pheromone components of M. josephi (Israel). Syn-
thesis of compounds 37 and 38 was reported by Mori ef al.
[177,178], who employed an enzyme-catalyzed asymmetric
hydrolysis as the key step.

9. SYNTHESIS OF ACIDIC PHEROMONES AND
RELATED COMPOUNDS

(S)-(1)-9-Hydroxydec-2E-enoic acid (39), a component
of the queen pheromone of the honeybee Apis mellifera, has
been synthesized in two different ways, first by means of the
enzymatic reduction of 9-oxodec-2E-enoic acid with the aid
of bakers' yeast [179], and also through PPL-catalyzed trans-
esterification in an organic medium of straight-chain and
branched alkan-2-ols [180].

In addition, Vasilev ef al. [181] reported the chemoen-
zymatic synthesis of several acidic insect pheromones. For
sxample, (Z)-dec-3-enoic acid (40), the aggregation phero-
mone of the furniture carpet beetle Anthrenus flavipes
(Dermestidae), otherwise known as the 'museum beetle’, was
obtained with 99% ee; the key step in the synthesis was the
PPL-catalyzed hydrolysis of the corresponding ester.

Sankaranarayanan ef al. [185] reported the preparation of
a versatile chiron, (R)- and (S)-12-(tetrahydropyranyloxy)-3-
methyldodecanol, and studied its application through lipase-
catalyzed acetylation to the syntheses of the methyl branched
insect pheromones (R)-10-methyldodecyl acetate (lesser tea
tortrix moth), (R)-10-methyltridecanone (southern corn
rootworm), and (S)-14-methyloctadecene (peach leafminer
moth).

Formal synthesis of chiral grandisol (42), the cotton boll-
weevil pheromone, and the oleander scale pheromone 43
have been achieved through a convenient lipase-catalyzed
enantiodifferentiation process of the common cyclobutane
intermediate  (+)-2-(1-hydroxyethy!)-1-(methoxymethyloxy
ethyl)cyclobutane-1-carbonitrile. The resolution afforded
both enantiomers in almost enantiomerically pure form
[186].

42 43

In this context, the use of enzymatic or microbiologically
mediated transformations is a promising new strategy for the
synthesis of several algae pheromones [187,188]. In many

39
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The granary weevil Sitophilus granarius is a pest which
causes commercially important damage to stored cereal
grains. Its male-produced aggregation pheromone sitophilate
(41) was isolated and identified as I'-ethylpropyl (25)-
methyl-(3R)-hydroxypentanoate [182]. Sugai efr al [183]
synthesized 41 through the reduction of the corresponding
enol ester by growing cells of the yeast Pichia farinosa I1AM
4682.

10. SYNTHESIS OF OTHER PHEROMONES

A convenient bakers’ yeast mediated synthesis of (SRS,
95)-5,9-dimethylheptadecane and (5RS, 9S)-5,9-dimethyl-
pentadecane, the main sex-components of Leucoptera
scitella and Perileucoptera coffeella, was carried out by
Poppe et al. [184].

species of marine brown algae, for example, female gametes
secrete a complex bouquet of olefinic Cl1 hydrocarbons as
chemical signals to stimulate and attract male gametes and
thereby initiate the sexual fusion [189]. Thus, (+)-(£)-(3S,
4S)-multifidene (44) has been identified as the major and
most active pheromone of the algae Curleria multifida and
Chorda tomentosa, (+)-(3R, 4S)-viridiene (45) is the major
component in the algae Desmarestia aculeata and D. viridis,
and (+)-(2R, 3R, IS, 5°S)-caudoxirene (46) is the major
pheromone found in Perithalia caudate. These pheromones
have all been synthesized through a novel microbiological
Baeyer-Villiger oxidation carried out with the aid of the fun-
gus Cunninghamella echinulata [190,191}].

The dictyopterenes are a class of C11 hydrocarbons iso-
lated from the essential oil of algae of the genus Dictyopteris
and other brown algae. Dictyopterene B, [(—)-hormosirene]
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(IR, 2R)-1-((1E, 3Z7)-hexa-1,3-dienyl)-2-vinylcyclopropane
(47), is the specific sex attractant of several brown algae
found along the Australian shelf such as Scytosiphon lomen-
taria and Colpomenia bullosa, while dictyopterene A, (IR,
2R)-1-((1E)-hexenyl)-2-vinylcyclopropane (48), dictyop-
terene C' [(-)-(R)-6-butylcyclohepta-1,4-diene] (49), and dic-
tyopterene D'[(+)-(S5)-6-(cis-but-I'-enyl)cyclohepta-1,4-diene]
(50) were found in sexually mature thalli of Scytosiphon
lomentaria. It has also been shown that 50 is the sex attrac-
tant produced by the female gametes of the brown alga Ecto-
carfius siliculosus. Cyclopropanes and cycloheptadienes
derived from brown algae are secreted as mixtures of enanti-
omers, often with well defined compositions that depend on
species and habitat.

Chemoenzymatic syntheses of these compounds have
been carried out through optical resolution of racemic syn-
thons [192,193,194]. For example, enantiomerically pure
dictyopterenes A (48) and C’ (49) were synthesized through
enzymatic hydrolysis of cis-1,2-bis(butyryloxymethyl) cy-
clopropane to give optically pure cis-(1S, 2R)-1-hydroxy-
methyl-2-butyryloxymethylcyclopropane, a versatile cyclo-
propane synthon [195].

11. CONCLUSION

Progress in the field of organic chemistry in the past few
years is most evident in the fact that we can now synthesize
pure enantiomers, often with even higher enantiomeric purity
than that of the naturally occurring material. This has been
made possible by the development of various methods in
both asymmetric synthesis and stereochemical analysis. Bio-
catalysis has thus proven to be a valuable tool in the produc-
tion of fine chemicals, particularly of enantiomerically pure
compounds.

Modern insect chemistry owes a great deal to this devel-
opment in fundamental chemistry. We can now determine
the absolute configuration of a pheromone or a hormone and
investigate the stereochemistry-bioactivity relationship on
the basis of a compound’s enantioselective synthesis.

As the biodiversity in pheromone perception is evident,
chemists and biologists should work toward clarifying these
diverse structure-activity relationships. The next task is thus
for biochemists and molecular biologists to discover the bio-
chemical mechanisms that make this diversity possible.
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