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Abstract: This account corresponds to the presentation given by the main author on the occasion of the 2nd Swiss
Industrial Symposium in Basel (October 19th, 2018). After a short historical introduction to methyl-jasmonate
and methyl-epijasmonate, it essentially focuses on the reported more promising industrial approaches devoted
to the synthesis of these naturally occurring odorants isolated from jasmine flowers. Some attempts to simplify
these approaches, as well as independent unreported strategies are also presented. Several asymmetric me-
thodologies are also discussed such as Xie hydrogenation, Corey-CBS reduction, enzymatic resolution, and
1,4-addition.
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1. Introduction
Jasminum grandiflorum L, growing all around the

Mediterranean sea, is a variety of Jasminum officinale L. ubiq-
uitous in the lower valleys of the Himalayas. One ton of flowers,
cultivated on ca. 2000 m2, affords after extraction with ethanol
and evaporation, ca. 2.3 kg of jasmine concrete. This natural ex-
tract, more expensive than gold, was used in practically every per-
fume at the beginning of the 20th century. The annual production,
limited to ca. 6 tons per year at that time, encouraged Ruzicka, the
head of research at Firmenich, to analyze in depth the composition
of this floral extract, as early as 1925.[1] Although he succeeded
in determining more than 87% of its composition, the structure of
the active principle, responsible for the wonderful radiance and

deep floral character, remained a mystery. It was only in 1957,
that Demole, who was sent to Paris by Roger Firmenich for his
PhD thesis, discovered the hidden active principle, representing
less than 0.8% of the absolute mixture, and could attribute its
structure on the basis of IR, UV and MS analyses. Its identity and
(Z)-stereochemistry was soon confirmed by a non-regio selective
synthesis, as well as by chemical degradation and perhydroge-
nation, which led to the serendipitous discovery of the saturated
analogue Hedione® (Scheme 1).

These discoveries were patented in 1960,[2] and published in
1962,[3] and allowed the famous perfumer Roudnitska to incorpo-
rate this simpler Hedione® ingredient in ‘Eau Sauvage’ (C. Dior,
1966), a perfume that still exists on the market today. Methyl
jasmonate occurs in Tunisian Rosmarinus officinalis L.,[4] and
has been also found in several citrus fruits,[5] flowers,[6] or tea
flavors.[7] This unsaturated molecule possesses a range of biologi-
cal activities,[8] such as plant defense, or growth regulation,[9] as
well as signal transmission between either plants,[10] and/or in-
sects.[11] Its natural biosynthesis, starting from α-linolenic fatty
acid, was described by Vick and Zimmerman (Scheme 2)[12] and

Scheme. 1. The first non-regioselective synthesis of Me-jasmonate and
Hedione® by Demole and Stoll.[3c]
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tion of dimethyl malonate (DMM), followed by decarbomethox-
ylation and semi-hydrogenation,[3c,15] or vice versa. Alternatively
the sequence may be inverted by first performing the semi-hy-
drogenation,[15] followed by Michael addition, and the final de-
carbomethoxylation, resulting in production of methyl jasmo-
nate.[16a,b]A less efficient alternative consisted of performing the
semi-hydrogenation directly after the initial alkylation, prior to
the halogenation and CO extrusion. Partial hydrogenation of the
chlorinated intermediate has not been reported to date.

The second approach by Johnson and Paul, at Dow Chemical,
was patented in 1977 (Scheme 4).[17] It started from a symmetri-
cal bis-keto-ester, readily accessible from either methyl acetoace-
tate,[18] or succinoyl chloride,[19] or 6-methoxy-4,6-dioxohexanoic
acid.[20a] An intramolecular Knoevenagel condensation under ba-
sic conditions, prior to simple hydrogenation and alkylation with
1-bromo-2-pentyne, followed by full saponification gave, after
concomitant thermal decarboxylation, a keto acid. This strategy
necessitates a re-esterification, prior to semi-hydrogenation. This
sequence may eventually be shortened by either a single trans-
formation,[21] or a one-pot acidic hydrolysis/decarboxylation/
re-esterification in methanol,[22] or more simply via a Krapcho
decarbomethoxylation.[23] Based on the chiral pool, an asymmet-
ric synthesis was then devised by Weinges et al.[21] Starting from
(–)-catalpol, the optically pure intermediate saturated ketodiester
was used to similarly generate (–)-methyl jasmonate in sixteen
steps and 7% overall yield. Alternatively this central key interme-
diate could also be obtained either from (S)-(–)-malic acid[20c–e]
or via a camphanate resolution,[22] or by involving an inductive
camphor derived auxiliary,[20f] or more simply by asymmetric
hydrogenation of its prochiral precursor, using the commercially
available (R)-Ir-spiroPAP catalyst.[20a,b] Here again, after identical
alkylations, the two last steps may also eventually be inverted by
culminating with the Krapcho decarbomethoxylation as reported
by Torii et al.[23]

One year later, the linear approach of Dubs and Stüssi at
Givaudan makes use of (3Z)-hexenyl Grignard reagent, generated
from the corresponding bromide (Scheme 5).[16b] Its addition to
acrolein afforded an allylic alcohol, which was re-oxidized prior
to the Michael addition of nitromethane anion. The subsequent
Nef reaction generates a keto-aldehyde ready for intramolecular
aldol condensation.[24] In order to work at the correct level of oxi-
dation, we attempted the (3Z)-hexenyl Grignard addition of the

the cis-stereoisomer was claimed to be the biologically active spe-
cies.[13] The trans-form, resulting from a thermodynamic epimer-
ization during the methyl jasmonate extraction/purification, cor-
responds to an isolation artefact.

It is also the (+)-(Z)-cis-stereoisomer, named methyl epijas-
monate, which is olfactively responsible for the desired powerful
and radiant scent (Fig. 1).[13] In a non-stabilized pH perfume com-
position the epijasmonate thus epimerizes, and only 3–5% of the
diastereoisomeric mixture is responsible for the scent.

2. Industrial Approaches
Numerous academic syntheses were reported and have been

reviewed throughout the last sixty years.[14] We present and dis-
cuss here only the most promising industrial approaches, as well
as some of our attempts towards their modification or simplifi-
cation.

The first synthesis, published in 1971, by both our former con-
sultant Büchi and colleague Egger,[15] started from 1,3-cyclohexa-
dione (Scheme 3). After sequential alkylation and halogenation
of the activated position, treatment under basic conditions and
subsequent heating allowed the liberation of carbon monoxide,
to afford the strategic 2-(pent-2-yn-1-yl)cyclopent-2-en-1-one.At
this stage, several options were possible, including the 1,4-addi-

Scheme. 2. Biosynthesis according to Vick and Zimmerman.[12]

Fig. 1. Olfactive properties of individual stereoisomers.[13]

Scheme. 3. The Büchi and Egger synthesis starting from 1,3-cyclohexa-
dione.[15]
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The same year, Naef and Decorzant at Firmenich proposed
an elegant approach based on the bromination of piperylene, fol-
lowed by double alkylation of the readily available cyclopenta-
none (Scheme 6).[30] Alternatively, we also similarly performed
this alkylation, using the crude bis-mesylate, obtained from pent-
2-ene-1,4-diol, readily available from either but-2-yn-1,4-diol,[31]
or piperylene,[32] or cyclopenta-1,3-diene, as reported by Schulte-
Elte et al.[33] The resulting spirocyclopropyl intermediate was
submitted to thermolysis, thus both equilibrating the diastereo-
isomeric mixture, and stereoselectively generating the rearrange-
ment giving the (Z)-double bond. The last steps were as previously
reported. In order to avoid this alkylation, we also envisaged an
aldol condensation between cyclopentanone and crotonaldehyde,
with in situ subsequent Corey-Chaykovsky regioselective cyclo-
propanation, if both base and solvent were carefully chosen to

corresponding chloride under Negishi transmetallation conditions
to acryloyl chloride,[25] and could isolate directly the intermedi-
ate enone, albeit in only 34% yield. We were no more successful
when this addition was performed on 3-chloro propanoyl chlo-
ride in the presence ofMnCl

4
Li[26]with subsequent β-elimination.

Alternatively, in 2012 this Grignard addition was performed on
the commercially available 4-chlorobutyronitrile in 52% yield,
but the envisaged Kornblum oxidation allowed the isolation of the
intermediate keto-alcohol,[27] already reported for a PCC oxida-
tion towards the expected keto-aldehyde.[28] Furthermore, the di-
rect S

N
2 displacement of the primary chloride by DMAP-N-oxide,

followed by subsequent in situ DBU elimination of DMAP,[29]
afforded directly the desired product of oxidation, albeit in only
22% yield, as the main isolated product was the (3Z)-hexenyl-
cyclopropyl ketone, exhibiting a green, freshly cut grass scent.

Scheme 4. The Johnson and Paul
synthesis, suitable for an industrial
asymmetric version.[17,20,21,23]

Scheme 5. The Dubs and Stüssi
synthesis based on Grignard ad-
dition to acrolein,[16b] as well as our
attempted shorter modifications.
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[14d]). Alternatively, a racemic mixture of the latter may also be
enzymatically resolved to generate the desired enantiomer, while
the undesired one may be recycled by acidic racemization.[36,37]
The appropriate enantiomer is esterified to afford either the cor-
responding acetate, or the monomethyl malonate. In the first
case, in analogy to Helmchen’s methodology, displacement of the
π-allyl Pd complex with the anion of dimethyl malonate affords
an intermediate cyclopentene derivative. Alternatively, either a

simple Carroll, or a TMS Claisen-Ireland rearrangement from
the monomethyl malonate, generates a similar intermediate.[37] In
both cases, respective decarboxylation allows the generation of
the methylacetate side chain, useful in stereoselectively directing
the subsequent epoxidation. The ultimate suprafacial migration of
the H-atom, during the epoxide rearrangement, installs the desired
cis-configuration of both side chains of (+)-methyl epijasmonate.

In 2005, we reported a particularly efficient cascade Baylis-
Hillman/Claisen-Johnson rearrangement, between the commercial-
ly available cyclopent-2-enone, readily oxidized from cyclopenta-
none,[38] and glyoxaldimethylacetal, with subsequent acidic thermal
treatment with trimethylorthoacetate (Scheme 9).[39] The resulting
exo-cyclic unsaturation could be hydrogenated to produce mainly
the cis-stereoisomer. Unfortunately the side chain later epimerized
into the trans-disposition during the acidic acetal deprotection.

allow this one-pot cascade transformation.[34] The regioselectiv-
ity results from the fact that the α,β-unsaturation is fully planar
and conjugated with the carbonyl, in contrast to the γ,δ-double
bond, which is slightly skew to the π-system, due to the steric
interaction between the side-chain C(γ)-H and the cyclic CH

2
(β).

Furthermore, for the same reason, the (E)-disubstituted double
bond is less strained and reactive than the trisubstituted one, pos-
sessing a (Z)-disposition for two of its substituents.

In 1987 Tsuji et al., in collaboration with Nippon Zeon,
published the intramolecular Dieckmann condensation of dial-
lyl adipate with concomitant alkylation of the activated posi-
tion (Scheme 7).[35] The key step is based on an intramolecular
decarboxylative dehydrogenation of an allyl ester, catalyzed by
Pd(OAc)

2
, which efficiently generates the known 2-pent-2-ynyl-

cyclopent-2-enone, ready for partial hydrogenation. It is notewor-
thy that the analogous sequence using (2Z)-1-chloro-pent-2-ene is
less performant during the dehydrogenation step.

At the start of themillennium,Fehr et al. at Firmenichproposed
the unique stereo and enantio-selective industrial approach, based
on the prochiral (Z)-2-(pent-2-en-1-yl)cyclopent-2-en-1-one,
which was reduced according to Corey’s CBS methodology to
the corresponding allylic alcohol (Scheme 8, for more tedious
approaches towards (+)-methyl epijasmonate, see references in

Scheme 6. The Naef and
Decorzant synthesis, based on
a double alkylation followed by
a stereoselective thermal sigma-
tropic rearrangement,[30] as well
as our aldol and regio-selective
Corey-Chaykovsky modified ver-
sion.[34]

Scheme 7. The Tsuji et al. industrial synthesis, based on a Pd-catalyzed
decarboxylative dehydrogenation.[35]

Scheme 8. Fehr et al. industrial stereo- and enantio-selective synthesis
of the active (+)-(Z)-Me-epijasmonate.[36,37]
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Finally a (Z)-selective Wittig reaction finalizes the synthesis.[40]
Alternatively, the exo-cyclic double bond could be isomerized into
the endo-cyclic tetrasubstituted thermodynamicallymore stable po-
sition, and this prochiral acetal was either hydrogenated to the pure
cis-acetal, or deprotected, prior to another (Z)-selectiveWittig reac-
tion. We unfortunately found, at that time, that 1,4-hydride reduc-
tion using NaBH

3
CNwas inefficient to generate the desired methyl

jasmonate, even under refluxing MeOH conditions.[41]
One year later, we published the shortest approach ever de-

vised (Scheme 10).[42] Again starting from the commercially
available cyclopent-2-enone, we performed an efficient Diels-
Alder reaction with chloroprene (75% yield), a readily available
reactant used in the plastic industry. Indeed this diene is more
stable than the non-commercial and unstable oxygenated butadi-
ene analogues, as earlier reported in such similar cycloadditions
(5–27% isolated yield).[43] Furthermore our cycloadduct is not
prone to unsaturation isomerization under either cycloaddition
or isolation conditions, although some epimerization is observed.

This cycloadduct was then submitted to an ozonolysis with basic
methanolysis during the work-up, thus directly generating both
the required methyl-acetate and aldehyde side chains. The last
step was performed as previously. The initial cis/trans ratio erodes
all along the sequence from 55:45 to 20:80, and finally may be
thermodynamically equilibrated to 7:93 under basic conditions.

In 2007, our colleagues Lem et al. modified this approach via
the use of the final steps of the Hedione® synthesis, by performing
the aldol condensation of glyoxaldimethylacetal with the cheaper
cyclopentanone (Scheme 11).[44] Here again, the exo-cyclic dou-
ble bond was isomerized into the more stable endo-cyclic posi-
tion. A 1,4-addition of dimethyl malonate, followed by Krapcho
decarbomethoxylation gave, after deprotection, the knownWittig
precursor.[39,40,42,44]

Indeed, Hedione® is similarly obtained by the dimethyl malo-
nate 1,4-addition to 2-pentyl-cyclopent-2-enone, followed by de-
carbomethoxylation (Scheme 12).[14] Its optically active version,
named Paradisone®, is the result of an asymmetric hydrogenation
of what is known as DHH (diDeHydroHedione),[45] spectacularly
developed ‘in house’ by Rautenstrauch et al., with external col-
laborations.[46] DHH may be obtained directly from Hedione® by

chlorination/thermo-dehydrochlorination, but this process, aban-
doned twenty years ago by us and amazingly very recently pat-
ented by IFF[47a] (this patent is jeopardized by footnote 15 in ref.
[14d], already disclosing the analyses of the key intermediate),
has been replaced by a more industrial thermodynamic enolac-
etate formation, followed by peracetic epoxidation, with subse-
quent rearrangement under acidic work-up.[48] We performed a
consequent short-cut of this three-step sequence, by direct treat-
ment of the malonate intermediate under Kochi’s halogenation
conditions, to afford, via a cascade single pot conversion, the se-
quential regio-selective α-bromination of the ketone, followed by
elimination and decarbomethoxylation, mediated by the resulting
cuprous bromide in refluxingMeOH.[49] It is noteworthy that both
Hedione®,[49] and even more indirectly its enol acetate,[47b] may
also be subjected to these conditions. Similarly, endo-dehydro
methyl jasmonate may be generated under the same conditions
frommethyl jasmonate (55% yield, 67% yield based on recovered
starting material, Scheme 9).
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Scheme 9. The Chapuis et al.
synthesis based on a cascade
Baylis-Hillman/Claisen-Johnson
rearrangement.[39]

Scheme 10. The Chapuis et al. most consise synthesis based on an ef-
ficient Diels-Alder reaction with chloroprene.[42]
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asymmetric 1,4-additions of dimethyl malonate for a synthesis of
optically active trans-Hedione®, were used as a starting point.[51a,b]
Lem et al., but working at 0 °C in order to increase the reaction
kinetic, obtained 58% ee in 78% yield from their prochiral acetal
after 18 h (Scheme 14).[44] Under the same conditions, but applied
to cyclopent-2-enone bearing the (2Z)-side chain, we reached 75%
ee in 97% yield. The enantioselectivity strongly depends on the
α-side chain, as the more linear pent-2-ynyl analogue dropped to
only 48% ee and 84% yield under identical conditions.[34] More
recently, another example of quinine-catalyzed Michael addition
to methyl 5-oxocyclopent-1-en-1-carboxylate prompted us to test
this substrate.[51c] Unfortunately, under conditions developed by
Plaquevent et al., the 1,4-additionwas inefficient due to the instabil-
ity of the starting material. The opposite sense of induction may be

In 2016 we reported that these conditions, when applied to
the usual ketoester with either a 2-pentynyl, or a (2Z)-pentenyl
α-side chain, afforded cleanly the α'-bromo intermediates,
which now necessitate a stronger base, such as DBU, to promote
their respective eliminations (Scheme 13).[34] Similarly, the es-
ter group, unable to generate the enol form with the ketone,
needs to be hydrolyzed with LiOH in THF/H

2
O, prior to decar-

boxylation. Both the intermediate enones may be isomerized,
via their enolates, into their respective thermodynamically more
stable regioisomers,[14d,16b,c,50] while the semi-hydrogenation of
the triple bond is similarly efficient on all three possible inter-
mediates.

The conditions reported by French chemists, using 10 mol%
of N-(antracen-9-ylmethyl)quinidinium chloride, for the catalytic

Scheme 11. The Lem et al. ap-
proach based on the Hedione®

strategy, using cheap starting
materials.[44]

Scheme 12. The industrial synthe-
ses of both DHH and Paradisone®

according to Rautenstrauch
et al.,[45,46,48] as well as our one-
pot cascade halogenation/
elimination/decarbomethoxylation
approach.[49]

Scheme 13. The Chapuis et al.
approach via sequential halogena-
tion, elimination, saponification,
decarboxylation and isomerization
towards a Me-jasmonate key pre-
cursor.[34]
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ence of K
2
CO

3
. A hydrogenation concludes the preparation of

the desired Weinreb substrate. After the Grignard addition (70%
yield), a further acidic hydrolysis is necessary to deprotect the
acetal, in order to perform the intramolecular aldol condensation
in 86% yield.[52] We simplified this particularly lengthy approach
by performing the same Grignard addition on the commercially
available 4,4-dimethoxybutanenitrile, readily obtained by hydro-
formylation of acrylonitrile in MeOH, according to an old Du
Pont de Nemours patent.[53] This single-pot reaction, culminating
with an acidic work-up, enabling the concomitant hydrolysis of
both the intermediate imine and the acetal, affords the desired
keto-aldehyde in 48% yield, thus more efficiently than the 40%
overall yield resulting from the corresponding six-step sequence.

In order to avoid a relatively expensive Grignard reaction, we
also studied two additional approaches. The first one was in anal-
ogy to the methodology developed by Kulinkovich et al.,[54] and
involved a Friedel-Craft reaction between (3Z)-hexenoyl chlo-
ride and allyl chloride, mediated by AlCl

3
, to afford after basic

treatment with an excess of MeONa, directly the previous keto-

obtained by using N-(anthracen-9-ylmethyl)quininium chloride as
pseudoenantiomeric catalyst. In the case of 2-pentylcyclopent-2-en-
1-one, the catalyst may eventually be supported,[51b] or replaced by
20 mol% of a Li salt of a (R)-β-amino acid (DMSO, CH

2
Cl

2
, 10

mol.-equiv. DMM, 20 °C, 48 h, two chromatographies to isolate
the cis-dimethyl 2-((1S,2S)-3-oxo-2-pentylcyclopentyl)malonate
in 24%yield.[51d] Interestingly, according to Zhang andYang, a final
Krapcho decarbomethoxylation (DMSO, H

2
O, 190 °C, 10 h, 60%

yield after chromatography) afforded the (+)-cis-dihydrojasmonate
(Paradisone®, [α]

D
20 = +75, c = 1.2, CH

2
Cl

2
) with ca. 85–90% ee

based on chiroptical properties ([α]
D
20 = +83.5 c = 1.19, CHCl

3
,

94% ee;[45] [α]
D
20= –88.4, c = 1.24, CHCl

3
for the enantiomer, 96%

ee;[45] [α]
D
20 = +83.4, c = 0.58, CHCl

3
).[51e]

In 2017 Mahaim et al. at Mane reported another (3Z)-
hexenylMgCl Grignard addition, but now to aWeinreb amide, ob-
tained in four steps from 2-chloro acetyl chloride (Scheme 15).[52]
The sequence comprised of the addition of methoxymethylamine,
then preparation of a Wittig reagent via an Arbusov reaction with
triethylphosphite, and addition to glyoxaldimethylacetal in pres-
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Scheme 14. The Plaquevent et al.
asymmetric Michael addition of
DMM,[51a] applied to (–)-(Z)-
Me-jasmonate precursors.[34,44]

Scheme 15. The Mahaim et al.
strategy, based on a Grignard
reaction to a Weinreb amide,[52] as
well as our one-pot similar addi-
tion/hydrolysis, using a commer-
cially available industrial starting
material.
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This Stetter reaction with either ethyl acrylate or acrylonitrile
could also be performed in refluxing EtOH, then quenching with
triethylorthoformate to afford the corresponding ketals (Scheme
18).[57] This strategy allowed the final reduction with DIBAL with
an acidic work-up, so that the intermediate ketal is deprotected in
situ. Reduction via the nitrile pathway is nevertheless preferred,
in terms of both yield and a more industrial reaction temperature.
The moderate chemical yields resulting from these Stetter reac-
tions originated from the chromatographic purification, necessary
to separate the desired adducts from the acyloin side-product.

Considering alternative C4 synthons, we eventually alkylated
furan with either (3Z)-hexenyl bromide (BuLi/THF at –20 °C,
92% yield,[58a] for an alternative Wittig approach on furfural, see
ref. [59]), orwith the less efficient hex-3-ynyl bromide (25%yield,
as a consequence of an easier halide elimination side reaction).[58b]
In the former case, subsequent oxidation of the furan moiety is
more limited due to the reactivity of the double bond towards
either mCPBA or NBS for example.[60,61] We were not interested
in using either Br

2
,[62] or anodic oxidation,[63] or photolysis,[64] or

acetal intermediate in 36% yield (Scheme 16). According to the
mechanism suggested by the Russian authors, the first adduct is
deprotonated by one equivalent of base to form a chlorocyclo-
propyl ketone. Either a direct S

N
2, or a β-elimination with a sec-

ond equivalent of base, followed in the latter case by a Michael
addition, affords the methoxycyclopropylketone, which is then
attacked by a supplementary equivalent of MeONa, thus regener-
ating the linear enolate.

Our second ‘Umpolung’ approach was based on a Stetter reac-
tion (Scheme 17).[55] The commercially available hept-(4Z)-enal
is treated in refluxing 1,4-dioxane with isobutyl acrylate in the
presence of Et

3
N and 20 mol% of catalyst to afford the desired

keto-ester in 54% yield. The same reaction performed with only
5 mol% of catalyst in a recyclable ionic solvent with either ethyl
acrylate or acrylonitrile, is less satisfactory, but the latter reaction
could also be conducted under neat conditions.[56] In that case the
keto-nitrile was subjected to an acidic ethanolysis to afford the
same keto-ester.[16b] A complete LiAlH

4
reduction, followed by a

Swern re-oxidation afforded the desired keto-aldehyde.

Scheme 16. Our one-pot synthe-
sis, based on the Kulinkovich et al.
Friedel-Craft/methylate cascade
strategy.

Scheme 17. Our approach based
on Umpolung Stetter reaction, fol-
lowed by full reduction/oxidation.

Scheme 18. Our modified one-
pot Stetter reaction/acetalization,
followed by a one-pot reduction/
hydrolysis.
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chain analogue,[69] affording in 53% yield a 67:33 mixture of
diastereoisomers.

3. Conclusion.
We have drastically simplified and improved several previ-

ously described syntheses by reducing the original sequences
from one to five steps, thus rendering, for example, Mane’s syn-
thesis significantly more concise. We also performed several in-
dependent or optically active approaches, for this route scouting
study. More than five thousand methyl jasmonate derivatives are
actually known in the literature, including a large panel of vola-
tile analogues. This molecule is thus ideal for Structure–Odor
Relationships studies, and we shall soon report on some simpler
effective new ingredients, as actually none of them is superior to
the natural product, in terms of strength and radiance.
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