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Abstract: An improved synthesis of (£)-dodec-3-en-1-yl (E)-2-butenoate (1), the female sex
pheromone of sweet potato weevil, Cylas Formicarius, was reported. The synthesis bypassed the
utilization of carcinogenic ethylene oxide, highly toxic HMPA, highly hydroscopic and
unrecyclable DMPU, ethylene diamine, and liquid ammonia, for the alkylation of terminal
alkyne. Instead, Nal was used to serve as a good nucleophile for alkyl bromide and a good
leaving group for 1-lithiated alkyne. A safer and stereoselective palladium-catalyzed transfer
semihydrogenation, using KOH/DMF as the hydrogen source, was employed for alkyne
cis-hydrogenation, without using molecular hydrogen. The total yield was 62% over 5 steps, and
the sex pheromone 1 obtained was verified spectroscopically. Field test results showed that the
synthetic sex pheromone 1 was as effective as the commercial source or the sample provided by
other research group.

Keywords: Cylas formicarius; sweet potato weevil; sex pheromone; semihydrogenation.
1. Introduction

Sweet potato, as one of the seven most important food crops in the world, possesses
remarkable importance in economic value production, energy production, and the utilization as
food, feed, and industrial products [1]. It is recognized as an important health food due to rich
nutrient content and good source of vitamins and minerals. Base on the released documentation
from FAOSTAT in 2006 [2], sweet potatoes are grown in more than 100 countries, mainly in
tropical and subtropical regions, and on about 9 million hectares (ha), producing ca. 124 million
tons with an average yield of 13.7 ton/ha. In Taiwan, sweet potatoes were grown on about 9
thousand hectares, yielding 205.9 thousand tons with an average yield of 22.7 ton/ha in 2011 [3].

However, the worldwide production of sweet potatoes is severely constrained by insect
feeding losses during the production and storage processes, especially by the sweet potato
weevils, Cylas formicarius formicarius (Fabricius) and C. formicarius elegantulus (Summers).

After insect feeding by sweet potato weevils, an extremely bitter taste thus induced render the
sweet potatoes unsuitable for further consumption, and the yield losses caused by sweet potato
weevil damage range from 5% to 80% [4-6]. In addition, sweet potato weevils are difficult to
control with conventional pesticides due to their cryptic nature and increasingly pesticide
resistance. Nevertheless, in order to reduce the pest populations without utilizing toxic pesticides,
the biological control using insect sex pheromone Is now being a highly effective method.

The sex pheromone, (Z)-dodec-3-en-1-yl (E)-2-butenoate (1), of female C. formicarius
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elegantulus was first identified and synthesized by Heath et al. in 1986 [7], and the same
compound was also proved to be an active attractant for male C. formicarius formicarius by
Talekar et al. in 1989 [8]. The syntheses of the sex pheromone 1 were reported by several groups
[5, 7, 9-12], and their synthetic methodologies were summarized in Scheme 1. Among these
synthetic strategies, the key step is the implantation of alkene moiety either by the successive
alkylation of the appropriate terminal alkyne and the cis-hydrogenation with molecular hydrogen
in the presence of Lindlar’s catalyst [5, 7, 9-12], or by the cis-selective Wittig olefination [13].
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Scheme 1. Literature reported synthetic methodologies of (Z)-dodec-3-en-1-yl (E)-2-butenoate (1)

The synthetic strategy of alkylation Method A and C, as illustrated in Scheme 1, required the
utilization of hexamethylphosphoramide (HMPA) [7, 12] or N, N’-dimethylpropylene urea
(DMPU) [5, 9], serving as a cation solvating agent, and ethylene oxide as a ethoxyethyl chain
equivalent for Method A. However, both ethylene oxide and HMPA were considered to be
carcinogenic chemicals, and should be replaced with safer substitutes in large-scale synthesis.
Although DMPU seemed to be a good substitute for HMPA, the reactions were usually
employed stoichiometric or excess amount of DMPU (or HMPA), and the cost for the synthesis
will be considerable. Moreover, HMPA and DMPU are highly hydroscopic aprotic solvents, and
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required a prior freshly distilled treatment or moisture free storage. Instead of the utilization of
unrecyclable HMPA or DMPU, sodium amide in liquid ammonia [11] or ethylene diamine [10]
can be used as alternatives, however, the cost for practical synthesis remained as an issue. On the
other hand, regarding to the Wittig olefination route, reported by Subbaraman [13], comprised
the coupling components of nonanal (10) and the Wittig salt 11, which were derived from oleic
acid and acrolein, respectively. The reaction yield of the key Wittig olefination step was about
only 48.5%, which may be somehow limited to be a suitable practical reaction.

Since we are in need of large amount of sex pheromone 1, (Z)-dodec-3-en-1-yl
(E)-2-butenoate, for the field control application of sweet potato weevil population in integrated
pest management (IPM), and the commercial available source is extremely expensive, we have
developed an improved synthetic strategy as Method B shown in Scheme 1. Herewith, we wish
to report an improved practical synthesis of sex pheromone 1, as illustrated in Scheme 2. The
crucial modifications for this synthesis consist of two key steps. First, the alkylation of 1-decyne
(5) without using carcinogenic ethylene oxide or HMPA, DMPU, ethylene diamine, or
high-pressure ammonia cylinder. Instead, by employing the method reported by Chong et al. [14],
the alkylation of 1-lithiated alkyne was carried out in the presence of Nal, serving as a good
nucleophile and labile leaving group simultaneously, in refluxing THF. Second, the
hydrogenation of the internal alkyne to furnish cis-alkene by the stereoselective
palladium-catalyzed transfer semihydrogenation, reported by Hua et al. [15], with the use of
KOH/DMF as the hydrogen source system.
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Scheme 2. Improved synthesis of (Z)-dodec-3-en-1-yl (E)-2-butenoate (1)
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2. Materials and methods (experimental section)
2.1. General

The 'H and "C nuclear magnetic resonance (NMR) spectra were recorded using a Varian
Gemini 200 MHz NMR spectrometer at ambient temperature, and obtained at 200 MHz and 50
MHz, respectively. Chemical shifts (8) and coupling constants (J) were reported in ppm and
hertz (Hz), respectively. Samples for NMR measurements were dissolved in CDCl;. The
deuterated solvent residue CHCl; was used as the internal standard and calibrated at 6 7.26 ppm
in "H NMR spectra and 8 77.0 ppm in °C NMR spectra, respectively. Multiplicities of splitting
patterns were abbreviated as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br
(broad). The '"H NMR spectral data were expressed in the following manner: chemical shift
(multiplicity, coupling constant, number of hydrogen).

Thin-layer chromatography (TLC) was performed on Merck 25 TLC aluminum sheets (silica
gel 60 Fys4). The developed TLC sheets were examined under UV light or by using appropriate
TLC stains, e.g. aqueous permanganate (KMnQOy), or ethanolic phosphomolybdic acid solutions.
Column chromatography was performed on Merck silica gel 60 (70-230 mesh), and Merck silica
gel 60 (230-400 mesh) was used for flash column chromatography. Eluent was prepared from
two solvents in a stated volume ratio. All solvents used were either reagent grade or were
distilled prior to use.

2.2. 2-(2-Bromoethoxy)tetrahydro-2H-pyran (6)

To a mixture of 2-bromoethanol (12) (90.06 g, 720.7 mmol) and catalytic amount of
p-toluenesulfonic acid monohydrate (PTSA-H,O, 1.37 g, 7.20 mmol) in CH,Cl, (700 mL) was
added dropwise 3,4-dihydro-2H-pyran (DHP, 63.65 g, 756.7 mmol) at 0 °C. After the addition
was complete, the reaction mixture was stirred at 0 °C for 30 min, and then at rt for 6 h. The
reaction mixture was washed successively with saturated NaHCOs solution (150 mL x 3), and
brine (300 mL). The organic layer was dried over Na SOy, filtered, and concentrated in vacuo.
The dark brown residue was distilled under reduced pressure (bath temp 100-110 °C, 10 torr) to
afford bromo-compound 6 as a colorless oil (144.66 g, 96%). '"H NMR (200 MHz, CDCls;, ppm):
8 = 4.72-4.62 (m, 1H), 4.10-3.65 (m, 3H), 3.60-3.42 (m, 3H), 1.95-1.40 (m, 6H); °C NMR (50
MHz, CDCls, ppm): 6 = 98.9, 67.5, 62.3, 30.8, 30.4, 25.3, 19.2.

2.3. 2-(Dodec-3-yn-1-yloxy)tetrahydro-2H-pyran (13)

A solution of 2.5 M n-BuLi in hexane (161.0 mL, 402.5 mmol) was introduced dropwise to a
solution of 1-decyne (5) (45.00 g, 325.5 mmol) in THF (150 mL), stirred under N, atmosphere,
at -78 °C. The reaction mixture was warmed to rt and stirred for 1 h. To this reaction mixture was
added solid Nal (6.04 g, 40.3 mmol) and compound 6 (64.80 g, 309.9 mmol) at rt. The resulting
mixture was refluxed for 16 h. After cooling to rt, the reaction was quenched with saturated
NaHCOs solution (300 mL), and the organic layer was separated. The aqueous layer was
extracted with n-hexane (300 mL X 2). The combined organic layer was washed with brine (300
mL), dried over MgSQOy, filtered, and concentrated in vacuo to afford alkyne 13 as a light yellow
oil (70.18 g, 85%). The crude product was used directly for next reaction without further
purification. '"H NMR (200 MHz, CDCl;, ppm): & = 4.70-4.58 (m, 1H), 3.97-3.70 (m, 2H),
3.60-3.42 (m, 2H), 2.53-2.38 (m, 2H), 2.20-2.05 (m, 2H), 1.95-1.10 (m, 18H), 0.87 (t, /= 6.3Hz,
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3H); '>C NMR (50 MHz, CDCl;, ppm): & = 98.7, 81.4, 76.7, 66.2, 62.1, 31.8, 30.6, 29.2, 29.1,
29.0, 28.8, 25.4, 22.6, 20.2, 19.4, 18.7, 14.1.

2.4. (Z2)-2-(Dodec-3-en-1-yloxy)tetrahydro-2H-pyran (14)

To a mixture of alkyne 13 (12.01 g, 45.1 mmol), ground KOH powder (3.79 g, 67.7 mmol),
and Pd(OAc), (202.5 mg, 0.9 mmol) in a thick-walled Pyrex seal tube was added degassed DMF
(30 mL). The tube was sealed, and the reaction mixture was stirred vigorously at 145 °C for 6 h.
After cooling to rt, the cap was opened carefully, and the resulting suspension was passed
through a silica gel bed (3 cm) and washed with n-hexane (150 mL). The combined filtrate was
washed with water (100 mL x 5) to remove DMF. The organic layer was dried over MgSOs,
filtered, and concentrated in vacuo to afford alkene 14 as dark brown oil (10.90 g, 90%). The
crude product was used directly for next reaction without further purification. 'H NMR (200
MHz, CDCls, ppm): & = 5.58-5.25 (m, 2H), 4.65-4.50 (m, 1H), 3.95-3.65 (m, 2H), 3.55-3.30 (m,
2H), 2.35 (q, J/=6.7Hz, 2H), 2.15-1.90 (m, 2H), 1.90-1.42 (m, 6H), 1.40-1.10 (m, 12H), 0.87 (t, J
= 6.5Hz, 3H); °C NMR (50MHz, CDCL, ppm): & = 132.0, 125.4, 98.7, 67.1, 62.3, 31.9, 30.7,
29.6,29.5 (2C), 29.3, 27.9, 27.3, 25.5, 22.7, 19.6, 14.1.

2.5. (£)-Dodec-3-en-1-0l (2)

A mixture of alkene 14 (21.37 g, 79.6 mmol) and PTSA-H,O (0.76 g, 4.0 mmol) in MeOH
(150 mL) was stirred at rt for 16 h. After the evaporation of MeOH, the residue was treated with
1 M HCI solution (200 mL) and extracted with n-hexane (150 mL % 3). The combined organic
layer was washed with brine (300 mL), dried over MgSQsy, filtered, and concentrated in vacuo to
afford enol 2 as a brown oil (13.50 g, 92%). The crude product was used directly for next
reaction without further purification. '"H NMR (200 MHz, CDCl;, ppm): 8 = 5.70-5.25 (m, 2H),
3.64 (t, J= 6.2Hz, 2H), 2.32 (q, J = 6.6Hz, 2H), 2.15-1.90 (m, 2H), 1.75-1.05 (m, 13H), 0.87 (t, J
= 6.3Hz, 3H); °C NMR (50 MHz, CDCl;, ppm): & = 133.6, 124.9, 62.3, 31.9, 30.8, 29.7, 29.5,
29.3,29.2,27.4,22.6, 14.1.

2.6. (Z)-Dodec-3-en-1-yl (E)-2-butenoate (1)

A mixture of enol 2 (15.34 g, 83.2 mmol), crotonic acid (15) (9.56 g, 116.5 mmol), and
PTSA-H,0 (0.32 g, 1.7 mmol) in PhMe (100 mL) was reflux for 16 h. During the reaction time,
water was collected by azeotropic distillation using Dean-Stark apparatus. After cooling to rt, the
reaction was quenched with saturated NaHCOs solution (150 mL), and the organic layer was
separated. The aqueous layer was extracted with n-hexane (150 mL x 3). The combined organic
layer was washed successively with saturated NaHCOs solution (150 mL) and brine (150 mL),
dried over MgSOy, filtered, and concentrated in vacuo to afford the desired ester 1 as a brown
residue. The crude residue was subjected to column chromatography (silica gel, 2%
EtOAc/hexane) to afford a light yellow oil. Further distillation under reduced pressure (140-145
°C, 10 torr) gave ester 1 as a colorless oil (17.64 g, 84%). '"H NMR (200 MHz, CDCl;, ppm): & =
6.96 (dq, J=15.6, 6.9 Hz, 1 H), 5.83 (dq, J = 15.6, 1.2 Hz, 1H), 5.60-5.25 (m, 2H), 4.11 (t, J =
6.9 Hz, 2H), 2.39 (q, J = 6.8 Hz, 2H), 2.15-1.92 (m, 2H), 1.87 (dd, J = 1.2, 6.9 Hz, 3H),
1.45-1.15 (br s, 12H), 0.87 (t, J = 6.4Hz, 3H); °C NMR (50 MHz, CDCls;, ppm): & = 166.6,
144.5, 132.9, 124.3, 122.7, 63.7, 31.9, 29.6, 29.5, 29.3 (2C), 27.3, 26.9, 22.6, 17.9, 14.1.
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2.7. Field Tests

Fielding testing were carried out in Siluo township, Yunlin county, during September
6-September 13, 2011. Other samples for field test comparison were provided by Zhangzhou
Enjoy Agriculture Technology Co., Ltd., China, and by Professor Yao-Pin Yen, Department of
Applied Chemistry, Providence University, Taiwan. Each sample, including blank control, was
applied to 4 replicated traps. All traps were set 15 m apart randomly from each other, and were
rotated regularly every 2 days.

3. Results and Discussion

As illustrated in Scheme 2, the synthesis began with the conventional hydroxyl group
protection of 2-bromoethanol (12) with DHP in the presence of catalytic amount of PTSA. The
corresponding tetrahydropyranyl ether 6 was afforded in excellent yield. The lithiation of
I-decyne (5) was achieved by the treatment of #n-BuLi to form the lithium acetylide.

To this acetylide intermediate was added solid Nal [14] and bromo compound 6 in one portion,
and the reaction mixture was reflux for 16 h to afford the corresponding alkyne 13 in 85% yield.
It was gratifying to discover that the reaction is allowed to carry out in more concentrated
conditions, ca. 2 M. However, a more condensed concentration is not recommended since the
composition of nonpolar n-hexane is increased, which may decrease the rate of alkylation.

Although the hydrogenation, using molecular hydrogen in the presence of Lindlar’s catalyst,
of internal alkyne to form cis-alkene is a well-accepted method for this transformation, the
operation required a well-trained technician with good laboratory skills. In addition, the
hydrogenation with molecular hydrogen catalyzed by Lindlar’s catalyst sometimes accompanied
with over-reduction problem.

We prefer to utilize the safe hydrogenation process with competitive stereoselectivity. The
palladium-catalyzed transfer semihydrogenation of alkyne 13 was performed in the presence of 2
mol% of Pd(OAc); and 1.5 equiv of KOH in DMF, ca. 1.5 M. The reaction mixture was sealed in
a thick-walled seal tube and heated to 145 °C for 6 h with vigorously stirring [15], and the
desired cis-alkene 14 was isolated as a sole isomer in 90% yield.

It was found that both fresh distilled DMF and undried DMF gave excellent yields, and the
purging with nitrogen was not necessary. In addition, when the reaction was performed at 120 °C
for 16 h under ambient pressure, the crude NMR spectrum showed only trace amount of starting
material, however, with lower product purity.

Deprotection of alkene 14 in the presence of catalytic amount of PTSA in MeOH at rt
furnished enol 2 in 92% yield. Treatment of enol 2 with crotonic acid (15) underwent Fischer
esterification in the presence of PTSA in refluxing toluene [16], and water was removed by
azeotropic distillation using Dean-Stark apparatus. After the isolation of crude ester 1, further
purification using column chromatography and vacuum distillation afforded pure sex pheromone
1 as a colorless oil in 92% yield.

The sex pheromone 1 synthesized was then subjected to lure preparation and field tests, and
was compared with the samples provided by Zhangzhou Enjoy Co. and Yen group. The results of
field tests, as shown in Table 1, indicated that all three synthetic sex pheromone samples were
equally effective for field trapping. Moreover, based on the result of field tests, the sex
pheromone 1 synthesized according to our methodology consists of no repellent chemical to
sweet potato weevil.
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Table 1. Field tests on the attraction of male sweet potato weevil using different sources of sex pheromone 1

Sex Pheromone Source
Attractant
Entry Blank This Work Yen Zhangzhou Enjoy Co., Ltd.

1 4 186 171 185

5 164 162 171

3 4 178 177 167
Total Male

Attracted 13 528 510 523

4. Conclusion

In summary, we have developed an improved synthesis of (Z)-dodec-3-en-1-yl
(E)-2-butenoate (1), the female sex pheromone of sweet potato weevil. The modified procedures
consist of 5 steps with a total yield of 62%. The green reaction conditions were applied to the
alkylation of terminal alkyne 5 with alkyl bromide by using Nal in refluxing THF. A highly
stereoselective palladium-catalyzed transfer semihydrogenation, using KOH/DMF as the
hydrogen source, was utilized to convert internal alkyne 13 into cis-alkene 14 in excellent yield.
The sex pheromone 1, synthesized by our methodology, showed competitive effectiveness in
field testing experiments.
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