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ABSTRACT
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1:{62,92,48,5S)-4,5-epoxynonadeca-6,9-diene

A general method for the synthesis of chiral nonracemic
alkynyl-, and phenyl-substituted  trans -epoxides from aldehydes. This methodo
of both trans-epoxide containing insect sex pheromones.

[o]p =-11.6 (lit. [w]p = -12.5)

trans -epoxides has been developed that provides rapid access to alkyl-, alkenyl-,

logy has also been applied in concise and high-yielding syntheses

Over the last half century the structure elucidation of insect

epoxy pheromones with high levels of optical pufitfhe

sex pheromones has provided a growing arsenal of chemicalsasymmetric synthesis of vinyl epoxide-containing phero-
for crop protection. Whereas many methods for insect control mones, however, remains a significant challenge. Thus, while
often involve the indiscriminate eradication of pestiferous the asymmetric epoxidation of dienones,s,y,0-unsaturated
and beneficial insects alike, small quantities of insect sex amides® esters, and carbinol¥ have been reported, the

pheromones can selectively disrupt the reproduction of harm-
ful insects or lure these pests to traps, providing opportunities
for ecologically sensible crop managemé&htowever, insect
chemoreception can be highly enantiodiscrimafoand
oftentimes the development of an economically feasible

epoxidation of unfunctionalized dierfesften suffer from

(5) (@) Hentges, S. G.; Sharpless, K. B.Am. Chem. S0d.980,102,
4263. (b) Jacobsen, E. N.; Marké, I.; Mungall, W. S.; Schroder, G.;
Sharpless, K. BJ. Am. Chem. Sod. 988,110, 1968. (c) Morikawa, K.;
Park, J.; Andersson, P. G.; Hashiyama, T.; Sharpless, K. Bm. Chem.
S0c.1993,115, 8463.

asymmetric pheromone synthesis represents a significant (6) For examples see: (a) Keinan, E.; Sinha, S. C.; Sinha-Bagchi, A.;

challenge. In this regard, a number of developments in asym-
metric catalysis have had a profound impatt.particular,
robust procedures for the asymmetric epoxiddtamd dihy-
droxylatior? of olefins has provided access to a variety of
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poor regio- and enantiocontr8l. Alternative routes to
optically active vinyl epoxides include dihydroxylation of

istry of both of these compounds, the total number of
synthetic transformations required (9 and-1(@, respec-

dienes and subsequent transformation of the vicinol diol to tively) may well limit their practical application. In order to

a cis- or trans-epoxidé? chloroallylboration of aldehydes
to afford vinyl chlorohydrins followed by base-induced
cyclization}® and reaction of chiral sulfur ylides with,3-

unsaturated aldehydé&As a complement to these proce-

support the field-testing of compountl, we sought to
develop a concise and general method for the synthesis of
trans-vinyl epoxides that would also afford access to
posticlure ). With this in mind, it was anticipated that both

dures, we report here a general method for the asymmetricl and 2 could be constructed following a straightforward

synthesis ofrans-vinyl epoxides and the application of this
methodology to the synthesis of bdtins-epoxide-contain-
ing insect sex pheromones.

Recently, the first examples dfans-epoxide-containing

insect sex pheromones were reported from the pine loope

moth Bupalus piniariu$® and the tussock moti®Orgyia
posticat® Throughout Europe, the pine looper moth has

become a serious threat to the Scots pine (Pinus sylvestris),
while in Japan the tussock moth is a major concern for litchi

and mango producet§.Interestingly, the females of these
moths rely on unusudtans-epoxide containing sex phero-

mones to attract males. As detailed in Figure 1, the sex
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1: (62,9Z,48,58)-4,5-epoxynonadeca-6,9-diene

2:(62,927,118,12S)-11,12-epoxyhenicosa-6,9-diene
(posticlure)
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Figure 1. Insect sex pheromones isolated from femBlgalus
piniarius (1) and Orgyia postica(2) moths and their common
(32,62,1S,2S)-1,2-epoxyhepta-3,6-diene suliinit

pheromones isolated froB. piniariusandO. posticashare
remarkable structural similarities in that bdtland2 contain
the (Z,62,1529-1,2-epoxyhepta-3,6-diene subudiBased

sequence of events that involves the diastereoselective
addition of a diynyl anion (e.g4) to ano-chloro aldehyde
(e.g.,5) followed by Lindlar reduction and epoxide formation
(Scheme 1). Surprisingly, while the enantioselective synthesis

I

Scheme 1. General Synthetic Strategy for Construction of the
Dienyl Epoxide Subunit Found in Bothand2
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of a-chloro aldehydes was reported independently by Jar-
genseff and MacMillart® close to 3 years ago, to the best
of our knowledge, the results presented here represent the
first application of this straightforward and seemingly general
strategy to the enantioselective synthesisrains-epoxides.
The asymmetriet-chlorination of pentanal and undecanal
is summarized in Table 1. In our hands, tirehlorination
of pentanal with the perchlorinated quinoh® and imida-
zolidinone catalysfi4?° afforded thea-chloro aldehydelO
in good yield but only moderate enantiomeric excess. In fact,
entry 2 represents our most favorable result following this
protocol, and typically the enantiomeric exces4 0#aried
from 10 to 40%, indicating that racemization occurred during
the reaction or subsequent purification. Fortunately, by
employingN-chlorosuccinimide (NCS) and the diphenylpyr-
rolidine catalyst172! 10 was obtained in good yield and

on the potential importance of these pheromones for crop OPtical purity (entry 3). The enantioselectivity of this process

protection, syntheses df® and 262" have been reported.

was further improved through the use of commercially

While these efforts have confirmed the absolute stereochem-available ()-prolinamide (16), affording (2R)-2-chloropen-
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tanal in 85% enantiomeric excess (entry 4). Following this
procedure, the asymmetrio-chlorination of undecanal
provided12 in good yield and enantiomeric excess (entry
5).

(18) Halland, N.; Braunton, A.; Bachmann, S.; Marigo, M.; Jgrgensen,
K. A. J. Am. Chem. So@004,126, 4790.

(19) Brochu, M. P.; Brown, S. P.; Macmillan, D. W. @. Am. Chem.
Soc.2004,126, 4108.

(20) The imidazolidinone catalyst4 ([a]p = —63.0 (c2.0, CHC}))
was prepared as described in: Jen, W. S.; Wiener, J. J. M.; MacMillan, D.
W. C.J. Am. Chem. So2000,122, 9874. The observed specific rotation
of our synthetic material was consistent with the reported valeh (F
—63.2 (c2.0, CHC})).

(21) The (B5S)Diphenylpyrrolidine catalyst7 ([a]p = —103.8 € 1.0,
CHCI3)) was prepared as described in: Chong, J. M.; Clarke, I. S.; Koch,
I.; Olbach, P. C.; Taylor, N. Jetrahedron: Asymmetrd995,6, 409. The
observed specific rotation of our synthetic material is consistent with that
reported forent-17([a]p = 104.5 (c1.0, CHC})).
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Table 1. Asymmetrica-Chlorination of Pentanal and
Undecanal

O (0]
conditions
HJk/Hn\ oo HJW
(see Table) Cl
9(n=2) 10(n=2)
11 (n=8) 12 (n=8)
Cl 0 CHs
c N F&; &
cl o .
N PR "N "Ph
cl cl Phjﬂ/\ X H
cl STFA 45 x=OH
13 14 16: X = NH, 17
cat. chlorinating product %
entry aldehyde (mol %) reagent conditions® (% yield) ee
1 9 15 (10) NCS A 10 (>97) 2°
2 9 14 (5) 13 B 10 (80) 58
3 9 17 (10) NCS A 10 (>97) 77°
4 9 16 (10) NCS A 10 (>97) 85°
5 11 16 (10) NCS A 12 (91) 89¢

aA: CHyClp, 0 °C (1 h) to rt (3 h); B: acetone;30 °C, (6 h).Pee
determined by chiral GC analysis (see Sl) of the corresponding chloro-
hydrin generated by NaBHreduction.c ee determined by conversion to
posticlure (2) and comparison of the specific rotatiorRafith literature
values.

With the optically activeo-chloro aldehydelO in hand,

we next turned our attention to the diastereoselective addition

of organometallic reagents to this substaffé&Not supris-
ingly,?? the addition of Grignard reagents derived from
1-heptyne tol0 in Et,O afforded the chlorohydrii8ain
good yield but moderate diastereomeric excess<dr.1).
While a brief survey of solvents (THF, hexane) failed to
significantly improve upon this result, we were pleased to
find that the alkynyl lithium* reagent, derived from the
addition of n-BuLi to 1-heptyne in ED, reacted with
compoundLOto afford the chlorohydrii8aas a 9:1 mixture

of anti:syndiastereomers. This ratio was further improved

stereochemical outcome of the 1,2-addition reactiih—
18a—f) could be confirmed by application of Murata’'s
method forJ-based analysi&,thetrans-configuration of the
epoxides19a—ewas confidently assigned by analysis of
NOE spectra and/or scalar coupling constéhts.

Table 2. Synthesis otrans-Epoxides

o RLi. THF OH KOH
-78°C, 10 min : EOH.t o o
H)KI/\/ B —— R/\l/\/ —_— HA/\
Cl Cl
10 (85% ee) 18a-f 19a-f
entry organolithium chlorohydrin epoxide
reagent (1,2-anti:1 2-syn)" (% yield)’
Li
1 /\/\/ 18a (20:1)  19a  (86)
2 L 18b (17:1) 19b (75)°
/\(\/)/7\/
3 . Li 18¢ (13:1)  19¢ (87)
/\M;\/
4 Li 18d (14:1) 19d 77
\W/
Li R d
5 ©/ 18e (13:1)  19e  (84)
\/\/\/Li °
6 18f 8:1) 19f  (79)

aRatio of diastereomers determined by analysistéfNMR spectra
obtained on the crude chlorohydriri8a—f.? Isolated yield from10.
¢Isolated as a 17:1 mixture dfans:cisepoxide isomers? Isolated as a
14:1 mixture oftrans:cis epoxide isomers? Isolated as a 8:1 mixture of
trans:cisepoxide isomers.

The application of this methodology to the synthesis of
the twotrans-epoxide-containing insect sex pheromones is
detailed in Scheme 2. The diyn@8 and 24 are readily
available from 1-undecyn&l) and 1-heptyne2?2), respec-
tively, following deprotonation and alkylation with propargyl

to 20:1 when the reaction was carried out in THF. Conversion mesylate?® As both compound£3 and 24 proved to be

of the crude chlorohydrid8ainto the correspondinggans-
epoxidel9a(KOH, EtOH) proceeded in good overall yield.

unstable even when stored in solution in the freeze2
°C), both were prepared fresh and/or purified immediately

Following this general procedure, it was demonstrated that prior to their subsequent use. Unfortunately, following our

a variety oftrans-epoxides could be synthesized from (2R)-

standard procedure (see Table 2), addition of the lithium

2-chloropentanal. Thus, this route provides rapid access toanion derived from23 to a THF solution of thex-chloro

alkynyl-, trans-alkenyl-,cis-alkenyl-2> phenyl-, and alkyl-
substitutedrans-epoxided® While in certain instances the

(22) For examples of the diastereoselective addition of organometallic
reagents t@-chloro aldehydes see: (a) Cornforth, J. W.; Cornforth, R. H.;
Mathew, K. K.J. Chem. Socl1959, 112. (b) Bernard, D.; Doutheau, A,;
Gore, J.; Moulinoux, J.; Quemener, V.; Chantepie, J.; Quashettahedron
1989,45, 1429. (c) Brinkmann, H.; Hoffmann, R. V@hem. Ber.1990,
123 2395. (d) Frenking, G.; Kéhler, K. F.; Reetz, M. Tetrahedrorl 991,

47, 9005. (e) Mengel, A.; Reiser, @hem. Rev».1999, 99, 1191. (f)
Concellon, J. M.; Rodriguez-Solla, H.; Simal, C.; GomezS¢nlett2007,
75.

(23) For a theoretical investigation of nucleophilic addition taxachloro
aldehyde see: Cee, V. J.; Cramer, C. J.; Evans, DI. Am. Chem. Soc.
2006,128, 2920 and references therein.

(24) For the diastereoselective addition of optically pure lithio-vinyl
sulfoxides to a racemia-chloro aldehyde see: Marino, J. P.; Anna, L. J,;
Fernandez de la Pradilla, R.; Martinez, M. V.; Montero, C.; Viso,JA.
Org. Chem.2000, 65, 6462.

(25) As a prelude to the synthesisbit was also demonstrated that the
alkynyl epoxidel9a could be converted to theis-alkenyl epoxidel9d
(Lindlar’'s catalyst, quinoline, K EtOH) in excellent yield (94%).
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aldehydelO provided a complex mixture of products, from
which the desired chlorohydrig5 was isolated by flash
chromatography in very low yield<{10%). However, after
considerable experimentation it was found that treatment of

(26) The ee of the epoxidd9aand19c—ewas determined to be 85%
by chiral GC analysis and/or conversion to known compounds and
comparison of [o§ values with those in the literature (see Supporting
Information), indicating that there is no erosion of optical purity during the
1,2-addition reactions (16~ 18a—f).

(27) Matsumori, N.; Kaneno, D.; Murata, M.; Nakamura, H.; Tachibana,
K. J. Org. Chem1999,64, 866.

(28) The overlapping H4/H5 resonances)a.66 ppm in theH NMR
spectrum of19f precluded nOe analysis; however, their chemical shift is
consistent with those reported for the H4/H5 resonancémirs-(4S,5S)-
4,5-epoxynonane (2.61—2.70 ppm) and differ significantly from those
reported forcis-(4S,5R)-4,5-epoxynonane 2087—2.96 ppm) in: Besse,
P.; Sokoltchik, T.; Veschambre, Hietrahedron: Asymmet998 9, 4441.

(29) Gries, G.; Slessor, K. N.; Gries, G.; Khaskin, G.; Wimalaratne, P.
D. C.; Gray, T. G.; Grant, G. G.; Tracey, A. S.; Hulme, 81.Chem. Ecol.
1997,23, 19.
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Scheme 2. Total Synthesis ofrans-Epoxide-Containing Insect
Sex Pheromones (—)-dnd (—)-2

1. EtMgBr, THF 1. n-BuLi, -78 °C

\M/\ reflux THF, 60 sec.
S s N
2. /\OMS .
21 (m=7) 23 (m=7) (92%) H S
22 (m=3) 24 (m =3) (91%) cl
10(n=1)
12(n=7)
OH 1. Hy, EtOH, 0 °C
H quinoline (1 equiv)
AN / n Lindlar's cat.
cl 2. KOH
25(m=7,n=1)
26(m=3,n=7)
_ ., o] H synthetic 1: [o]p = -11.6 (CHCl3)
W/_\M/\ lit: [odp = -12.5 (CHClg)'®
n .
synthetic 2: [o]p = -9.6 (CHClIy)
1(m=7,n=1)(82% from 23 .
2 Em =3n= 7; §84% from 24; it [o]p = -10.8 (CHCly) '™

the diyne23 with n-BuLi at —78 °C in THF followedafter

60 sby the addition ofLO and,after a further 5 min at-78

°C, aqueous workup afforded the desired chlorohy@sn

in reproducibly excellent yieldX80%). The optimization

of this reaction was critical, as all synthetic intermediates
involved in the syntheses dfor 2 decompose on storage in

pheromone displayed identical chromatographic properties
(chiral GC) to an authentic sample of this substatice.

In summary, exploiting recent advances in the asymmetric
a-chlorination of aldehyde®;'® we have developed an
efficient and general method for the construction of alkynyl,
phenyl, alkyl, and alkenytrans-epoxides that complements
existing methodologies for their syntheses. In addition, we
have applied this methodology to the synthesis ofttans-
epoxide-containing insect sex pheromongs)-1 and
(—)-2. Notably, the overall yields for-)-1 (80%) and
(—)-2 (76%) from pentanal and undecanal, respectively,
and the total number of synthetic steps required compare
well with the existing literature syntheses of these sub-
stance$>%217Moreover, the entire sequence of reactions
required to access compounds){1 or (—)-2 is often carried
out in less than 1 day, further highlighting the efficiency of
this process, which has now provided sufficient amounts of
(—)-1 to initiate a population monitoring study dB.
piniarius.3? We are currently exploring the utility of variously
substituted chlorohydrins as chiral builiding blocks for
complex molecule synthesis, and the results of these efforts
will be reported in due course.
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