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Optically Active Ionones and Derivatives: Preparation and Olfactory Properties
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The isomeric ionones 1-3 are of both academic and commer-
cial interest. Since their first preparation at the end of the
19th century they have been widely used as fragrances and
as starting materials or building blocks in the synthesis of
many relevant products. The regioselective and/or enanti-
oselective preparation of ionones has therefore been invest-

igated with growing interest over the last decades. In this
Microreview, we summarize the syntheses of optically active
a- and y-ionones (1, 3) and the epoxy and dihydro ionones
4-7. In addition, the olfactory properties of most of them are
reported comprehensively.

Introduction

In the search for the odorous principle of violets, a mix-
ture of isomeric ionones (1—3) was first synthesized in 1893
by Tiemann and Kriiger;!'! indeed, even though Tiemann
and Kriiger did not anticipate it,””! a- and B-ionone (1, 2)
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make up almost 57% of the headspace of violets in
bloom.[2®]

The initial synthetic route!'® was based on the condensa-
tion of citral and acetone, which provided a mixture of re-
gioisomeric aliphatic precursors known as pseudoionones
(Scheme 1).  Acid-catalyzed  cyclization  of  these
pseudoionones then afforded a mixture of the isomeric -,
B-, and y-ionones (1—3).

After this fundamental discovery, many efforts to develop
specific syntheses of the different double-bond isomers were
undertaken. It was found that the acid catalyst clearly con-
trols the stereochemical course of the cyclization.’! a-
Tonone (1), for instance, becomes the main product when
phosphoric acid is used, but B-ionone (2) predominates
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when sulfuric acid is employed. Use of a Lewis acid such
as BF;-Et,O and a dipolar aprotic solvent, on the other
hand, mainly affords y-ionone (3).[4

Starting in the second half of the 20th century, new pro-
cesses for the preparation of pseudoionones were de-
veloped. In particular, the Carroll rearrangementsl® of the
acetoacetyl esters of dehydrolinalool and dehydro-a-lina-
lool became the most important synthetic routes to
pseudoionones. The dehydrolinalool isomers are available
on industrial scales through the addition of acetylene to
6-methylhept-5-en-2-one or 6-methylhept-6-en-2-one, which
are in turn obtained from simple industrial building blocks
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Scheme 1
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such as isobutene, isoprene, and acetone.l®! These improve-
ments allowed ionones to be synthesized from inexpensive
petrochemical resources, at low cost, and in bulk quantities.

In spite of the availability of all double-bond isomers,
only B-ionone (2) is widely used nowadays in industrial ap-
plications, as a starting material for the synthesis of vitamin
A, for example (Scheme 2). This predominance of 2 in the
chemical industry is compensated for by a great number
of scientific chemical transformations that require ionone
isomers 1 and 3 as starting materials. Several syntheses of
natural products (such as carotenoids, edulan derivatives,
and theaspiranes) as well as various odoriferous substances
(such as Ambrox", or a powerful minor constituent of Iso
E Super™) made use of ionones 1 and 3 or their epoxy and
dihydro derivatives 4—7 as starting materials. The synthesis
of these compounds in enantiomerically pure forms re-
quires optically active starting materials; and so the enanti-
oselective preparation of these chiral building blocks (1,
3—7) has become an important research topic, especially in
the last decades. Moreover, compounds 1—7 are themselves
precious fragrant substances, and their olfactory properties
are also reviewed.

carotenoids
vitamine A

H bulk industrial production

k a-ionone (1) B-ionone (2) y-ionone (3) j

scientifi

Products with ionone skeletons: dihydroionones, tetrahydro-
ionones, dehydroionones, epoxyionones, ionols, oxoionones.
Related substance classes: edulanes, carotenoids, damascones,
cyclogeranic acid derivatives, terpenoids, synthetic odorants.

Scheme 2

a-lonone

(+)-a-Ionone (1) occurs quite abundantly, and was first
found in the essence concrete of Boronia megastima Nees,!”)
in costus root oil (Aplotaxis lappa Decaisne),[! in the con-
crete of Acacia farnesiana Willd.,>'° and in raspberries
(Rubus idaeus L.),!') before finally being discovered in Viola
odorata Linneus by Uhde and Ohloff.['?] Its absolute config-
uration was determined by correlation with manool.['3] Two
different approaches for the preparation of (+)- and (—)-1
have been reported in the literature, the resolution of the
racematel'4 2% and enantioselective syntheses.?!-2?]

Eur. J. Org. Chem. 2002, 967—978



Optically Active Ionones and Derivatives

MICROREVIEW

a) Resolution of the Racemate

Classical Optical Resolution

(*£)-a-Ionone was first resolved in 1943 by Sobotka et
al,l'Y by fractional crystallization of suitable diastereo-
isomeric derivatives. Compound (*)-1 was converted into a
mixture of D- and L-a-ionone L-menthylhydrazones, which
crystallized readily. Still, these were difficult to separate, be-
cause of only slight differences in their solubilities. How-
ever, the less soluble hydrazone was finally obtained in pure
form after ten recrystallizations. The other diastereoisomer
was obtained in modest yield and with lower optical purity
after “twice as many recrystallizations”. The procedure per-
mitted the recovery of (—)-1 from the less soluble hy-
drazone, and of (+)-1 from the more soluble diastereo-
isomer, with [a]® values of —406 and +347, respectively.

A few years later, in 1947, Naves!!" investigated the op-
tical resolution of a-ionone by derivatization with menthyl
aminocarbamate. This work was prompted by the fact that
Naves had found (+)-o-ionone in the essence concrete of
Boronia megastigma Nees.l”! He noticed that during the hy-
drolysis of the crystalline diasterecoisomers in the presence
of phthalic acid, oxalic acid, or sulfuric acid, isomerization
to B-ionone took place rather than racemization. The phe-
nomenon was verified by UV spectroscopy, and occurred to
a greater extent in the recovery of D-a-ionone. He therefore
considered purifying the obtained ionones by conversion
into the corresponding semicarbazones, which should be
hydrolyzable under milder conditions. The samples of (+)-
and (—)-1 he obtained in this way had [a]¥ values of +401
and —408, respectively (¢ = 4, PhH). Naves also hydrogen-
ated (—)-a-ionone [(—)-1] to dihydro- and tetrahy-
droionones, and characterized them by their semicarbazone
and 2,4-dinitrophenylhydrazone derivatives.

The same procedure was employed by Eugster et al.l'f]
in the preparation of (+)- and (—)-o-ionones, required as
precursors in the synthesis of the corresponding g-carotene
enantiomers. Recrystallizations of the L-menthyl hy-
drazones afforded (+)-1 with [0]®) = +415 and (—)-1 with
[a] = —403 (EtOH). A higher optical rotation {[a]& =
+421, EtOH} was assigned to (+)-1 by Eugster!!” in a later
work. To avoid losses in optical activity, he performed the
hydrolysis of the (+)-hydrazone in acetic acid in the pres-
ence of pyruvic acid. Unlike Naves, he attributed this de-
crease in the optical rotation to racemization under more
strongly acidic conditions. Once optimized, this optical res-
olution process was exploited for the preparation of (+)-
and (—)-o-ionone (1), starting materials in the synthesis of
various carotenoid derivatives.['7-23]

In work['>18] to assign the absolute configurations of the
a-ionone enantiomers, (S)- and (R)-1 were prepared from
(S)- and (R)-a-cyclogeranic acid (8), and correlated to (+)-
and (—)-manool, respectively (Scheme 3), through the key
intermediate 9, which was prepared both from a-ionone
and from manool. The compounds (+)- and (—)-8 were
obtained by classical resolution of the racemate by frac-
tional crystallization of their cinchonine salts.?* All these
reactions were performed with the express intention of cor-
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relating the absolute configurations, and thus had no pre-
parative pretences. In the first publication,!'8! (+)-8 was re-
duced with LiAlH4 to provide the corresponding alcohol,
which was then submitted to a modified Oppenauer oxida-
tion to give (+)-(R)-a-cyclocitral (10). This was then con-
densed with acetone to afford a mixture of B-ionone and
(+)-a-ionone. The latter was recovered by preparative GC
and had an [0]® value of +33 (EtOH). In a later work by
Eugster et al.,['3] an optimized procedure for the conversion
of (—)-a-cyclocitral into (—)-a-ionone was described. This
consisted of treatment of (—)-10 with ethyl diethylphos-
phonoacetate, to afford the corresponding unsaturated ester
11. This was then treated with methyllithium to furnish (—)-
a-ionone, with an [0] value of —249.5 (EtOH). In both
publications, '3>8 an isomerization of (—)-y-ionone [(—)-3]
into a-ionone was also described. Treatment of (—)-3 with
85% phosphoric acid at room temperature yielded a mix-
ture of 35% B-ionone and ca. 60% (—)-o-ionone. The latter
was separated by preparative GC and had an [0]# value of
—17 (EtOH).

é(COOH échO
— — RMH 42

R)-(1)-8 (R)-(+)-10
é:COOH éicHO é:\/coom
(S»-(-)8 (S-(-)-10 S)r-)-11
0
é\\)\ 00
P
(S--)1 9

(+)-manool

Scheme 3

Kinetic Resolution

A few years ago we started a research project directed
towards the synthesis of enantiomerically pure fragrant
substances from commercially available racemates by en-
zymatic methods. Our first objective was the preparation of
(+)- and (—)-a-iononel'! by kinetic enzymatic resolution
of the easily accessible a-ionol (12), followed by MnO, ox-
idation. Commercial (*)-a-ionone was reduced with
NaBH, to afford a 1:1 mixture of the two racemic diaster-
eoisomeric  a-ionols (RS,RS)-12a and (RS,SR)-12b
(Scheme 4). In a first approach, (£)-12a and (*)-12b were
converted into the crystalline 4-nitrobenzoates (*)-13a and
(*)-13b, which were separated by fractional crystallization.
Five crystallizations from hexane provided the racemic dia-
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stereoisomer (RS,RS)-13a in 15—18% yield. The other ra-
cemic diastereoisomer (RS,SR)-13b could not be recovered
from the mother liquors. It was thus synthesized from
(RS,RS)-13a by saponification with methanolic potassium
hydroxide and subsequent Mitsunobu esterification.

saiis ealiivqe

R = COCgH,pNO,
(6RS 9RS)-12a (6RS 9SR)-12b (6RS,9RS)-13a
R=COCHpNO;, R =COCHpNO,
(6RS,9RS)-13a (6RS,9SR)-13b

OH OCOMe OH
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e +

(6RS,9RS)-12a (65.95)«(-)-12a

OH OCOMe OH
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B +

(6RS,9SR)-12b (6S,9R)-(—)-14b (6R,95)-(+)-12b

(6R9R)-(+)-14a

Scheme 4

The two diastereoisomeric o-ionols recovered from
(RS,RS)-13a and (RS,SR)-13b were then separately submit-
ted to enzyme-mediated acetylation (Scheme 4). Lipase PS
mediated esterification of (RS,RS)-12a provided enantiom-
erically pure (R,R)-14a, and the remaining unmodified al-
cohol (S,5)-12a also showed high enantiomeric purity.
Acetate (S,R)-14b and the corresponding alcohol (R,S)-12b
were obtained upon lipase PS mediated esterification of the
racemic diastereoisomer 12b. Alkaline hydrolysis of the
acetates (R,R)-14a and (S,R)-14b provided enantiomerically
pure (R,R)-12a and (S,R)-12b, which were oxidized with
MnO, to afford (R)-(+)- and (S)-(—)-a-ionone (1) with ee
values of 98% and 97% (GC), respectively, in ca. 35% yield
from the single racemic diastereoisomer. The enantiomeric
a-ionones possessed [o] values of +420 and —418 (¢ = 1,
CHCl), respectively. Oxidation of the recovered alcohols
(S5,5)-12a and (R,S)-12b provided (S)-(—)- and (R)-(+)-1 in
87—93% ee values.

We also developed an alternative procedure consisting of
the enzymatic hydrolysis of the two racemic acetate diaster-
eoisomers (RS,RS)-14a and (RS,SR)-14b with porcine pan-
creatic lipase (PPL) in water at pH = 7.5. The stereoisomer
(S,R)-14b was preferentially hydrolyzed to furnish (S,R)-12b
with 98% ee and 55% de. The mixture of the unchanged
acetates (R,R)-14a, (S,S)-14a, and (R,S)-14b was saponified
with KOH in MeOH, and the recovered alcohols were sub-
mitted to lipase PS mediated acetylation. Acetate (R,R)-14a
was thus obtained in 99% ee and 66% de [(R,R)-14al(R,S)-
14b = 88:22]. Two subsequent enzyme-catalyzed reactions
afforded an enantiomerically pure acetate (R,R)-14a, which
was obtained in diastereomerically pure form by two crys-
tallizations of the corresponding 4-nitrobenzoates from
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hexane. Saponification and oxidation of the corresponding
alcohol (6R,9R)-12a with MnO, provided enantiomerically
pure (R)-(+)-a-ionone [(R)-(+)-1].1'°]

An alternative kinetic resolution of racemic a-ionone was
attempted by Sugai et. al. in their synthetic studies on (—)-
dihydroedulan II (15).2%7 They accomplished the biochem-
ical reduction of (*)-1 with Pichia miso IAM 4682, which
provided (R)-1 and a-ionol [(S,R)-12b]. After MnO, oxida-
tion, their sample of (S)-o-ionone had an [a]® value of
—220 (¢ = 1.06, EtOH), which corresponds to 55% ee. The
unchanged (R)-(+)-a-ionone had an optical purity of just

5% {[a] = 20 (¢ = 1.06, EtOH)}, even when yeast reduc-
tion was carried out with a longer incubation period.

15

b) Enantioselective Syntheses

In order to prepare the pure a-ionone enantiomers for
olfactory evaluation and for use as intermediates in the syn-
thesis of other odorants, Fehr and Guntern?! devised a
method for the conversion of (R)- and (S)-a-damascone
(16) into (R)- and (S)-a-ionone (1). Both enantiomers of 16
are accessible from ketene 17 by enantioselective pro-
tonation of an intermediate enolate (Scheme 5).1251 Addition
of allylmagnesium chloride to ketene 17 was performed in
the presence of the lithium salt of (+)- or (—)-N-isopropyle-
phedrine. Once the enolate had been formed, additional
chiral auxiliary was added prior to quenching of the reac-
tion with HCI, affording (R)-(+)- and (S)-(—)-16, respect-
ively. Michael addition of benzyl alcohol in the presence of
1,1,3,3-tetramethylguanidine then permitted (R)-(+)-dama-
scone [(R)-(+)-16] to be transformed into a 7:3 mixture of
18 and the starting material. Compound 18 was then re-
duced and esterified by treatment with LDA and tBuCOCI
to afford pivalate 19. This was subjected to debenzylation,
Jones oxidation, and base-catalyzed thermal elimination
[N(C,H40OH)s, 140 °C] to provide (R)-(+)-a-ionone in 99%
ee {[0]¥) = 407 (¢ = 0.04, CHCl;)}. By the same procedure,
(S)-(—)-damascone was transformed into (S)-(—)-o-ionone

[(S)-(—)-1], also in 99% ee {[o]f) = —431 (¢ = 0.035,
CHCly)}.
OMgClLlO J\/\
- AN
(5)-16

(R)-16 (R)-1
Scheme 5
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Pfander and Semadeni employed (S)-(—)-phorenol (20,
99% ee) as starting material in their synthesis of optically
active (R)-(+)-a-ionone.[*2 Compound (S)-20 was prepared
by a synthetic path involving Baker’s yeast reduction of
oxoisophoronel?®?7! to produce an optically active starting
material. This was then converted into (3R,6R)-3-hydroxy-
a-ionone (21) according to a procedure by Mayer and
Riittimann (Scheme 6),1>”) with the difference that the con-
figuration at C-4 of 20 was inverted by Mitsunobu reaction
rather than by acetate displacement. The hydroxy group
was protected and the carbonyl function was converted into
an oxirane ring with dimethylsulfonium methylide. The re-
sulting epoxide 22 was then stereoselectively opened with
catalytic amounts of Me,EtCOMgBr, to afford the unstable
aldehyde 23. A Wittig—Horner—Emmons reaction between
compound 23 and diethylphosphonoacetonitrile afforded
24. Alkylation with MeLi and subsequent hydrolysis/depro-
tection furnished hydroxyionone 21. Reductive deoxygena-
tion of the O-pentafluorophenyl thiocarbonate derivative 25
with Bu;SnH and AIBN according to a procedure reported
by Barton!?®! afforded (R)-(+)-o-ionone in 26% yield from
21, after protection/deprotection of the carbonyl group.
Despite the use of enantiomerically pure (R)-20, the pre-
pared sample of (+)-1 had an [a]® value of only +345 (¢ =
0.52, EtOH), which corresponds to 85% ee. By the same
route, (S)-(—)-a-ionone was prepared from (5)-20, but with
a mere 45% ee {[0]¥ = —124 (¢ = 0.32, EtOH)}.

6) HO HO™

oxo-isophorone (S)-20 (R)-20
L ““"rf
S ,
- é:\/u\ FYF
F
(R)-1

R =CMe,OMe
Scheme 6

v-lIonone

In terms of its natural occurrence, y-ionone (3) is by far
more exotic than a-ionone. It had been reported as a con-
stituent of Qi Li Xiang rose oil (Rosa bankisa normalis),*"]
but was only found quite recently as a constituent of the
headspace of a living flower, by Kaiser.’®) The headspace
of a previously undescribed Gongora orchid (Gongora 220/
74, Dr. Gerlach) was comprised of 7(11)-epoxymegastigma-
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5(6)-en-9-one (26) (78%), which could be regarded as a bio-
chemical precursor of y-ionone.

O

o3

26
(78% in Gongora 220/74, Dr. Gerlach)

Indeed, this headspace sample contained 0.02% of y-
ionone, but its optical activity was not investigated. Enanti-
opure samples of (+)- and (—)-y-ionone have so far been
prepared only by resolution techniques, classical resolution
by fractional crystallization of menthyl derivatives'3!8:31]
and kinetic resolution by enzymes.??!

The first characterization of the y-ionone enantiomers (3)
dates back to 1969;!'8! these initial data were completed by
another publication by Ohloff et al.['3] A sample of (—)-y-
ionone [(—)-3] with an [a]® value of —4 (CHCl;) {[o]® =
—0.9 (neat)} was prepared by Sobotka’s procedure for the
resolution of a-ionone (vide supra). Compound (—)-3 was
isomerized in phosphoric acid to provide a mixture of B-
ionone and (S)-(—)-a-ionone, and was also reduced to the
(—)-dihydro-y-ionone [(—)-7] {[a]® = —1.5, CHCl;}, which
was converted into (—)-hydroxydecalone 27, the absolute
configuration of which was known (Scheme 7).533 The (S)
configuration was accordingly attributed to (—)-3 and (—)-
7. Ohloff himself corrected the absolute configuration of
dihydro-y-ionone in 1977134 establishing that (+)-7 had the
(S) configuration (vide infra).

0] (0]
et
NS0

OH

(53 87 (=)-27

Scheme 7

In 1983, Oritani and Yamashital®'l prepared y-ionone
from optically active cyclogeranic acid (Scheme 8), and
found that (S)-y-ionone had a positive [o] value. Optical
resolution of racemic a-cyclogeranic acid with (—)- and
(+)-a-methylbenzylamine provided (+)-(R)- and (—)-(S)-0-
cyclogeranic acid 8. The absolute configuration of 8 had
been established by Ohloffl!3!18] by transformation of (—)-
a-cyclogeranic acid into (—)-o-ionone, the configuration of
which was known to be (S) from chemical correlation with
(+)-manool. Compound (S)-8 was esterified with diazo-
methane, and epoxidized with 3-chloroperbenzoic acid to
provide a mixture of trans- and cis-epoxy esters 28a and
28b, the latter being the prevailing diastereoisomer. The
28a/b mixture was reduced with LAH and oxidized with
PCC to give the hydroxy aldehydes 29a/b. A Wittig reaction
then afforded a mixture of the two diastereoisomeric hy-
droxy ketones 30a/b, which was acetylated and subsequently
pyrolyzed at 480 °C to furnish a mixture of (S)-y-ionone
(from 30a) and (S)-a-ionone (from 30b). These two ionones
were separated by column chromatography on silica gel
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(1.5% AgNO3). The (S)-y-ionone thus prepared possessed
an [o]® value of +19.5 (EtOH), and so the (S) configura-
tion was established for (+)-y-ionone.

(-)-(5)-8

é_vk fi% é\&

(=)8)1 (H-($)-3

Scheme 8

We recently reported on the enzyme-mediated kinetic res-
olution of racemic y-ionone.[*”l The key step was a Wittig
reaction between vy-cyclocitral (31) and (acetylmethyl-
ene)triphenylphosphorane (Scheme 9), which provided ra-
cemic 3 and a small amount of isomerized B-cyclocitral.
Notably, y-ionone was the only adduct produced, even
though B-cyclocitral was formed under the same reaction
conditions. We then applied the strategy employed in the
resolution of a-ionone.l') NaBH, reduction of racemic 3
afforded a 1:1 mixture of the two racemic diastereoisomers
(RS,RS)-32a and (RS,SR)-32b, which was converted into
the corresponding 4-nitrobenzoates 33a and 33b to allow
separation by fractional crystallization. Three crystalliza-
tions from hexane afforded (RS,RS)-33a (27% overall yield,
98% de), which was hydrolyzed with methanolic KOH to
provide diastereomerically pure 32a. The latter was treated
with vinyl acetate in /BuOMe in the presence of lipase PS
(Amano) to afford acetate (R,R)-34a and unchanged alco-
hol (S,S)-32a. The acetate (R,R)-34a was then hydrolyzed
with methanolic KOH, and the resulting alcohol was oxid-
ized with MnQO, in refluxing CHCI; to furnish enantiomer-
ically pure (—)-y-ionone [(—)-3] {99% ee, [0]F) = —37.4 (c =
1, CHCLy), [a]® = —30.9 (¢ = 0.5, EtOH)}. Oxidation of
(S,S)-32 provided enantiomerically pure (+)-y-ionone [(+)-
3] {98% ee, [a]) = +36.2 (¢ = 1, CHCLy), [a]® = +30.2
(¢ = 0.5, EtOH)}.

4,5-Epoxy-4,5-dihydro-o-ionone

4,5-Epoxy-4,5-dihydro-a-ionone (4) is the main product
of the treatment of o-ionone with 3-chloroperbenzoic
acid,®! and it was employed as a starting material in the
synthesis of racemic y-ionone by Ohloff and Mignat in
1962.3%1 An optically active isomer, (—)-4, was first de-
scribed by Eugster et al.l*7! in 1980, in the context of the
synthesis of (R)-(—)-4-hydroxy-B-ionone (35) and (5R,6S5)-
(—)-5-hydroxy-4,5-dihydro-o-ionone (36) from (S)-(—)-a-
ionone [(S)-(—)-1] (Scheme 10). The latter compound was

972

0O O
)J\/U\OEt — OEt —
31

ii“éﬁ*é@~

R = COC4H,pNO,
(6RS 9RS)-32a (6RS 9SR)-32b (6RS,9RS)-33a

R = COCgHpNO, R = COCHpNO,

(6RS,9RS)-33a (6RS,95R)-33b

OH QCOMe OH
SeaiNgeaiNean
. +

(6RS,9RS)-32a (H)-(6R,9R)-34a (+)-(65,95)-32a
— ()-(R)-3 — (+)<(5)-3

Scheme 9

prepared by fractional crystallization of its menthylhydra-
zone from EtOH, and hydrolysis with pyruvic acid in
AcOH. On treatment with monoperphthalic acid, (S)-(—)-
a-ionone yielded (4R,5S,65)-(—)-4 with an [a]® value of
—208 (¢ = 0.60, EtOH) {[a]® = —210 (¢ = 0.59, CHCl5)}.
Treatment of (—)-4 with sodium methoxide furnished (—)-
35, while reduction with DIBAH afforded the tertiary alco-
hol (—)-36. Both (—)-4 and (—)-35 were used as key inter-
mediates in the enantioselective synthesis and stereochem-
ical assignment of carotenoid derivatives (see, for instance,

refs.138:39),
o}
ﬁi’k saale e
) 4 V.

oH
(5R,68)(-)-36

Scheme 10

In 1999 we reported on the lipase-mediated kinetic res-
olution of epoxy-a-ionols 37a and 37b (Scheme 11) to give
(+)- and (—)-4, from which (R)-(+)- and (S)-(—)-0-ionone
can be prepared.[*”] Treatment of a-ionone (1) with 3-chlor-
operbenzoic acid at 0 °C gave a 5:1 mixture of racemic cis-
epoxy-a-ionone and racemic trans-epoxy-a-ionone, which
was reduced with NaBH,. The racemic diastercoisomers of
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cis-epoxy-a-ionol 37a and 37b were separated by column

chromatography.
[0}
éi\)k
[0}
OH /\ OH

(4RS,55R,65R,9SR)-37a (4RS,5SR,6SR.9RS)-37b

l |

OH OAc QAc OH
i e A A \%\/\ X
“0 0 “% )
(4R,55,659S)-  (4S,5R,6R,9R)- (4R,58,6S9R)-  (4S,5R,6R9S)-
(-)-37a (+)-38a (-)-38b (+)-37b
o .
% A
0 “0
(48,5R,6R,9R)-(+)-37a (4R,55,65,9R)-(-)-37b
0 0
0 Ko
(4S,5R,6R)-(+)-4 (4R,55,68)-(~)-4
Scheme 11

The more rapidly eluting rac-37a contained 6% of trans-
epoxy-a-ionol (84% det!l), and was submitted to lipase PS
mediated acetylation to provide the enantiopure acetate
(+)-38a (84% de) and unchanged alcohol (—)-37a in 47%
ee and 84% de. Saponification of (+)-38a with methanolic
KOH afforded enantiopure (+)-37a (84% de), which was
oxidized with MnO, to provide (+)-4,5-epoxy-o-ionone
[(+)-4] {> 99% ee, 64% de, [a]®) = 141 (c = 1.3, EtOH)}.
(+)-4,5-Epoxy-a-ionone [(+)-4] was then obtained in dia-
stereoisomerically pure form by silica gel column chromato-
graphy {[0]® = +207 (¢ = 1.2, EtOH)}. A further exten-
sion of this work was the conversion of the dextrorotatory
cis-epoxy-o-ionone {[a]¥ = +141} into (R)-(+)-a-ionone
by treatment with Me;SiCl and Nal in MeCN.[?I The re-
sulting (R)-(+)-1 was found to be enantiomerically pure by
chiral GC analysis, which established that the trans-epoxide
by-product that had lowered the diastereomeric excess of
(+)-4 had the same configuration at C-6.

The subsequently eluting diastereoisomer 37b was con-
taminated with the corresponding trans-epoxide stereoiso-
mer (66% de). Lipase PS mediated acetylation of 37b al-
lowed us to obtain the enantiopure acetate (—)-38b in 67%
de, together with enantiomerically enriched alcohol (+)-37b
(91% ee, 65% de). Saponification of (—)-38b then afforded
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cis-epoxy-a-ionol (—)-37b (> 99% ee, 88% de), which was
converted into enantiopure (—)-4 (89% de) {[a]d = —199
(c = 0.61, CHCIy)} analogously to the synthesis of its en-
antiomer. An enantiopure sample of (S)-(—)-ionone (1) was
also prepared from levorotatory 4 {[a]¥ = —199}, which
also makes this route attractive for the synthesis of the a-
ionone (1) enantiomers.

5,6-Epoxy-5,6-dihydro-p-ionone

Epoxy-B-ionone 5 has been found in nature in toma-
toes,™31 carrots,*¥ raspberries,*! black tea,[*d! and to-
bacco,*”l and has been prepared in enantiomerically en-
riched forms both by resolution*484l and by enantioselec-
tive synthesis.>%

a) Resolution of the Racemate

Optically active 5,6-epoxy-5,6-dihydro-p-ionones were
prepared for the first time in 1981, by Eugster et al.,*8! and
their absolute configurations were determined from the
starting materials, the optically active a-ionones (1). The
(—)- and (+)-4-hydroxy-B-ionones 35 were prepared?”]
from the corresponding cis-epoxy-o-ionones, and submitted
to Sharpless oxidation to provide cis-hydroxyoxirane 39
(Scheme 12). Compounds (—)- and (+)-39 were then con-
verted into the iodides (—)- and (+)-40 by treatment with
TsCl in pyridine, and nucleophilic substitution with Nal in
DME. Enantiomer (—)-40 was reduced to (—)-5 {[a]® =
—85 (¢ = 0.638, EtOH)} by treatment with NaBH;CN in
HMPT at 60 °C, while (+)-40 was converted into (+)-41
by dehydrohalogenation with DBN in DME. (—)-Epoxy-B-
ionone [(—)-5] was employed by Eugster et al. in the syn-

thesis of epoxy carotenoids.>!!
O
é:\/“\

OH
(R)-(-)-35 (8)-(+)-35
| |
o} 0
P N
K 0
OH OH /
(-)-39 (+)-39
| |
o} o
PN eI
Ke) 0
1 b
(-)-40 (+)-40
{ |
0 0
N N
X >0
(-5 (+)-41

Scheme 12
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In 1990, a solid-state kinetic resolution of epoxy-B-
ionone was reported by Toda et al.*} A 1:1 inclusion com-
plex between racemic B-ionone and the optically active host
(—)-trans-2,3-bis(hydroxydiphenylmethyl)-1,4-
dioxaspiro[5.4]decane (42) was treated with 3-chloroperben-
zoic acid. When equimolar amounts of peracid were em-
ployed, only racemic 5 was obtained, but in the presence of
2—3 equiv. of peracid, (+)-5 was recovered together with
(—)-43. However, only racemic 43 was obtained with 4
equiv. of 3-chloroperbenzoic acid.

Ph py
<:><O:K40H ég\yom/
o "w,<1*;}1: ° o
HO
(-)-42 43

These results were interpreted in terms of an enantiose-
lective inclusion complex of (+)-5 and the host (—)-42, with
the remaining uncomplexed (—)-5 being further oxidized to
(—)-43. As the oxidation of (—)-5 proceeded, the optical
purity of (+)-5 increased; however, only rac-(*)-43 was re-
covered when the oxidation was complete.

In 1999, we reported®®! the enzyme-mediated kinetic res-
olution of racemic epoxy-f-ionone. A 1:1 mixture of the
two racemic 5,6-epoxy-5,6-dihydro-f-ionol diastereoiso-
mers 44a and 44b was prepared by treatment of racemic
epoxy-B-ionone (5) with NaBH,; (Scheme 13). However,
these two diastereoisomers could not be separated by col-
umn chromatography, as had been possible for the epoxy-
a-ionols 37a and 37b. PPL-mediated acetylation of 44alb
was therefore carried out, and this furnished a 4:1 mixture
of the enantiopure acetates 45b and 45a. These were hy-
drolyzed in methanolic KOH and transformed into the cor-
responding 4-nitrobenzoates (46b/46a = 4:1). Crystalliza-
tion from MeOH afforded diastereoisomerically pure 46b,
which was converted into the corresponding alcohol 44b
by saponification. Oxidation with MnO, then afforded the
enantiopure dextrorotatory epoxy-B-ionone 5 {[a]¥ = +99
(¢ = 0.66, CHCl,)}.

b) Enantioselective Synthesis

A completely different approach for the preparation of
these ionone derivatives was reported by Oritani and Yama-
shita in 1983 (Scheme 14).5% Katsuki—Sharpless epoxid-
ation of B-cyclogeraniol 47 with terz-butyl hydroperoxide,
titanium tetraisopropoxide, and (+)-diethyl tartrate pro-
vided (—)-(1S,295)-(1,2-epoxy-2,6,6-trimethyl-1-cyclohexyl)-
methanol [(—)-48] in 95% ee. Similarly, the asymmetric
epoxidation of 47 in the presence of (—)-diethyl tartrate af-
forded (+)-48 with the same enantiomeric excess. Swern ox-
idation of (+)- and (—)-48, followed by a Wittig reaction
with MeCOCH=PPh;, afforded both epoxy-p- ionone en-
antiomers, (+)-5 with an [a]® value of 104.7 (¢ =
CHCl;) and (—)-5 with an [0]¥ value of —103 (¢ = 0.7,
CHCIl3). These were employed in the synthesis of the two
enantiomers of (2Z,4E)-5-(1',2"-epoxy-2’,6',6'-trimethylcy-
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clohexyl)-3-methyl-2,4-pentadienoic acid (49), the plant
growth inhibitory activities of which were to be evaluated.

W
e — e —

47 (-)-48
(0]
_.\0\)]\ _.\\‘\/]\
20 — (X9 Coon

(+)-5

Scheme 14

Dihydro-o-ionone

The dextrorotatory enantiomer of dihydro-a-ionone [(R)-
(+)-6] was isolated from costus root oil (Aplotaxis lappa
Decaisne, Sassaurea lappa Clarke);®>2 it had an [a]® value
of +167. It was also found in violet flower oil, with a re-
ported [0] value of +160.[12

An (S)-configured enantiomer of 6 was an intermediate
in the assignment!'3-!8] of the absolute configuration of (S)-
(—)-a-ionone by correlation with manool (vide supra). This
sample of 6 had a negative [a]& value of —125 (EtOH),[!3-18]
and so the (S) configuration was deduced for (—)-6. A
sample of (R)-(+)-6 with only 17% ee {[o]® = +24.9 (c =
0.555, EtOH)} was obtained by Francke et al.>3! by select-
ive hydrogenation of a (R)-o-ionone sample of 18.7% ee
with Pd/C in alkaline solution. It was used as an interme-
diate in the synthesis of epoxytetrahydroedulan (50), a ter-
penoid from the hairpencils of Euploea (Lep: Danainae)
butterflies.
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In 1991, Mori et al.’¥ described the conversion of the
chiral building block (S)-51 into enantiomerically pure (R)-
(+)-dihydro-a-ionone [(R)-(+)-6] (Scheme 15). 2,4,4-Trime-
thyl-2-cyclohexenone was reduced with either LAH or
NaBH,/CeCl; to provide (*)-51, which was acetylated to
give (+)-52 and submitted to enzymatic hydrolysis. PLE
treatment in 0.1 M phosphate buffer with 20% MeOH at
pH = 7.5 afforded (+)-(R)-51 (100% ee) and (—)-(S)-52
(41% ee) after 65.5h at —10 °C. The enantiomeric excess
of acetate (—)-52 was increased to 100% by means of a fur-
ther PLE hydrolysis, followed by crystallization of the cor-
responding 3,5-dinitrobenzoate derivative. An ortho-ester
Claisen rearrangement of (—)-51 provided (+)-53, which
was reduced with LAH to (+)-54. This last compound was
elongated by one carbon atom by cyanide substitution of
the tosylate. A Grignard reaction between the resulting ni-
trile (R)-(+)-55 and MeMgI provided, after acidic workup,
(R)-(+)-6 with an [0] value of +138.4 (¢ = 0.615, EtOH).

@?‘%Q*

QAc QAc
(SH-)-52

(552 (B)-(+)-51

OH

(S-(-)-51 (R)(+)-53

O
W = &0

X=0H (R)-(+)-54 R)-(+)-6
X=CN (R)-(+)-55

Scheme 15

Dihydro-y-ionone

(+)-Dihydro-y-ionone (7) {[a]®) = +12.8 (neat)} was first
isolated by Ruzickal®®! from ambergris, one of the most pre-
cious raw materials of perfumery. The olfactory active com-
ponents of ambergris make up less than 0.3% of the mat-
erial, and are formed by the autoxidative degradation of the
tricyclic triterpene ambrein. Although (+)-dihydro-y-

Eur. J. Org. Chem. 2002, 967—978

ionone [(+)-7] does not contribute very much to the charac-
teristic odor of ambergris, it has been the object of several
studies.[>® In addition, it has also been found in the hexane
extracts of Bellardia trixago L.I>7]

Ohloff first assigned the (S) configuration to levorotatory
dihydro-y-ionone [(—)-(7)], prepared by Raney-Ni reduc-
tion of y-ionone (3) in MeOH at room temperature,!!3-18]
but corrected his assignment a few years later.>1 On treat-
ment of natural (+)-ambrein with potassium permangan-
ate, he obtained (S)-dihydro-y-ionone [(+)-7], which pos-
sessed an [o] value of +17.75 (¢ = 0.69, CHCly) {[a]®) =
+15.0 (neat)}. Oritani and Yamashital®!l were able to con-
firm this later assignment by reduction of (S)-(+)-y-ionone
[(+)-3] to (S)-(+)-dihydro-y-ionone [(+)-7] {[o]¥ = +14.6
(¢ = 2, CHCl;)} with Pd/C in EtOAc.

IEI (+)-ambrein

In our own work[®*?l on the enzymatic syntheses of (+)-
and (—)-y-ionone (3), we reported the reduction of chemic-
ally and enantiomerically pure (+)- and (—)-3 to the corres-
ponding dihydroionones (7). A preliminary hydrogenation
experiment with Raney-Ni was unsatisfactory, because par-
tial isomerization of the double bond occurred, and a small
amount (< 10%) of the dihydro-a-ionone was formed.
However, a reduction procedure®® employing Bu;SnH and
catalytic amounts of (PPh;),PdCl, smoothly converted (R)-
(—)-y-ionone [(—)-3] into enantiopure (—)-7 {99% ee,
[0]® = —19.8 (¢ = 1.3, CHCI3)} and (S)-(+)-3 into (+)-7
{98% ee, [a]) = +19.4 (¢ = 1.2, CHCl;)} without isomeriz-
ation of the double bond. We were thus able to confirm the
assignments of the absolute configurations.

In 2000, Barrero et al.>® reported a synthesis of dihydro-
y-ionone [(+)-7] from (—)-sclareol. The latter compound
was converted into 56,1°! which was then subjected to a
Grob fragmentation to provide the seco-sesquiterpene
57.161 Thermal rearrangement of the ozonide of 57 fur-
nished a mixture of formate 58 and dihydro-y-ionone (+)-
7, but no data on the optical purity were provided. This
dihydro-y-ionone (+)-7 was then employed in the synthesis
of the marine metabolite luffarin W (Scheme 16).

Olfactory Evaluation

When Sobotkal'! first prepared (+)- and (—)-a-ionone
(1) he noticed “a distinct difference in odor between the D-
and L-form”. In 1947, Naves!!'>! submitted his samples of
(+)- and (—)-1 to olfactory evaluation by skilled perfumers.
Both antipodes of a-ionone were found to possess the same
odor tonalities as the racemic ionone [(*)-1]. However,
their odors were reported to be less intense than that of the
racemic material. Both enantiomers possessed the same
odor quality and threshold (2—8 ng/l of air), but a lower
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threshold value was found for (*)-1 (0.25—0.5 ng/l of air).
Although we also found the odor characteristics of the race-
mate and the two optical isomers to be quite similar, we
could not confirm these threshold differences. While (S)-
(—)-a-ionone was slightly more powerful (2.7 ng/l of air),
the racemate had (within experimental error) the average
threshold of the two isomers (3.0 ng/l of air).

In 1989, Polakl®?l measured the human odor response to
the a-ionone enantiomers. Surprisingly, he found that relat-
ive sensitivities to (+)-and (—)-1 diverged widely, with some
subjects being more sensitive to one or the other of the
optical antipodes. He suggested that odor discrimination of
a-ionone enantiomers therefore involves more than one re-
ceptor, with different chiral selectivities, and that their dis-
tribution could vary independently in the human popula-
tion.

B-Tonone is among the substances with the highest rates
of anosmia, and about 34% of the European population
cannot smell it. This B-ionone anosmia does influence the
threshold determination of ionones severely, and so we ex-
cluded anosmic persons from the test panels in our studies.
Having done this, we did not find strong deviations in the
thresholds of the a-ionone enantiomers. Another source of
error is, of course, the purity of the samples, and because
of this our odor thresholds were measured by GC/olfacto-
metry and confirmed by using chiral phases.

Haarmann & Reimer researchers!®’] reported in 1991 a
violet-like, fruity, raspberry-type, floral odor with a thresh-
old of 0.5—5 ppb for (R)-(+)-a-ionone, and a woody, ce-
darwood-type odor with a threshold of 20—40 ppb for its
enantiomer. These olfactory differences were validated by
Firmenich perfumers in 1992,2!1 but we were not able to

Table 1. Odor descriptions and GC detection thresholds of the ionone isomers investigated

Substrate Olfactory description Odor threshold
[ng/l of air]

(R)-(+)-a-Ionone Floral-woody note, with an additional honey aspect. 32
[(R)-(+)-1] Slightly weaker than the (S)-(—) isomer.
(S)-(—)-a-Ionone Floral-woody note, with an additional honey aspect. 2.7
[(S)-(—)-1] Slightly more powerful than the (R)-(+) isomer.
rac-(*)-o-lIonone [(*)-1] Floral-woody note, with an additional honey aspect. 3.0
B-Ionone (2) Typical floral-woody note. 0.12
(R)-(—)-y-lIonone Weak green, fruity, pineapple-like odor with metallic aspects, 11
[(R)-(—)-3] quite different from the typical ionone odor;

however, slightly woody, ionone-type nuances are also present.
(S)-(+)-y-Ionone Linear, very pleasant, floral, green, woody odor with a very natural violet tonality; 0.07
[(S)-(+)-3] the most powerful and pleasant isomer.
(R)-(+)-Dihydro-a-ionone Floral, violet-type odor with slightly fruity aspects. Also possesses a woody side, 31
[(R)-(+)-6] but less pronounced than in dihydro-B-ionone.
(S)-(—)-Dihydro-a-ionone Exhibits a floral orris-type odor, with woody aspects and a distinct honey note. 100
[(5)-(—)-6]
(R)-(—)-Dihydro-y-ionone Emanates a fatty, earthy odor with floral, orris-type nuances. 6.2
[(R)-(—)-7]
(S)-(+)-Dihydro-y-ionone Fatty-floral odor, less orris-type than the other compounds of the dihydro series. 39
[(R)-(—)-T] An animalic undertone is also present.
Dihydro-B-ionone Possesses a B-ionone-type odor of floral-woody, orris-type tonality, 1.7
(59) with green, earthy undertones.
976 Eur. J. Org. Chem. 2002, 967—978
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Scheme 17

confirm such strong deviations in the odor profiles or
thresholds of the a-ionone enantiomers.

Our research in the field of ionones allowed us to have
in hand the enantiomers of a-ionone (1), y-ionone (3), dihy-
dro-a-ionone (6),1°4 and dihydro-y-ionone (7), with high
optical and chemical purities. Careful olfactory evaluation
of all these derivatives was performed by an expert per-
fumer on blotter over a period of 24 h, and detection odor
thresholds were measured by GC/olfactometry. The results
are collected in Table 1, together with the data for rac-a-
ionone (1), B-ionone (2), and dihydro-B-iononel®! (59). Ex-
cept for a-ionone, there is a difference of at least one order
of magnitude between the threshold values of the enantiom-
eric pairs, and even of three orders of magnitude in the
case of y-ionone. (+)-(S)-y-Ionone is the most powerful and
most pleasant odorant of the investigated ionones.

Conclusions

This microreview summarizes the different synthetic ap-
proaches to the optically active ionones and derivatives 1
and 3—7, which are of interest for their olfactory properties
and their use as chiral building blocks in the synthesis of
natural — but not only natural — products. Some interest-
ing examples (Scheme 17) of the synthetic value of ionones
and derivatives from the literature include -caroten-
0ids,[16-17:23.38.48.51] drimane terpenoids (e.g., forskolin),®]
and degradation products of carotenoids,[®”! such as theas-
piranes(®® and edulan derivatives,?>->3 as well as odorants
such as Ambrox" 0791 and analogues,’!! or a powerful
minor constituent of the commercial fragrance material Iso
E Super™.[72]
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Ambrox
{ typical ambergris note

(¢]
edulan I and II
rose-like aroma,
l ~ key flavor of passion fruit

theaspirane A and B

&)\‘
g
O fruity, blackcurrant odor

(—)-theaspirone A and B
orris-like, sweet powdery,
floral, with tea-like nuances

The easy availability of enantiopure ionones and derivat-
ives facilitates synthetic access to these substances and new
related compounds. We have been working on this topic
for the last four years,['%32401 and have shown that, by a
combination of selective enzymic reactions (lipase-mediated
acetylation and hydrolysis) and classical methods of diaster-
eoisomer separation (chromatography or fractional crystal-
lization), enantiopure compounds can be derived from the
corresponding racemic materials with ease.
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