Synthesis of vinyl sulfides using glycerol as a recyclable solvent
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Abstract

A new, clean, and efficient protocol is described for the hydrothiolation of terminal alkynes
promoted by KF/AI>O3, using glycerol as recyclable solvent. This improved method furnishes
selectively the corresponding anti-Markovnikov vinyl sulfides in good to excellent yields
starting from terminal alkynes and aliphatic or aromatic thiols. The irradiation with microwaves
facilitated the procedure and accelerates the reaction. The catalytic system and the glycerol can
be re-used up to four times without previous treatment, and with comparable activity.
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Introduction

Vinyl sulfides are present in natural occurring compounds such as griseoviridin and
benzylthiocredillidone, with important biological activities.}? The first compound is a type A
streptogramin  antibiotic, firstly isolated from Streptomyces graminofaciens,! while
benzylthiocredillidone is a yellow pigment isolated from the brightly red colored sponge Crella
spinulata.? Besides, vinyl sulfides are a very useful tool in organic reactions, acting as key
intermediate in organic synthesis.®> Various methods are described for the preparation of vinyl
sulfides and the most common protocols involve the addition of thiol, or the respective anions, to
terminal or internal alkynes.*'° Most of the described methods make use of toxic organic
solvents and are catalyzed by transition-metals* or promoted by base.> More recently, some
improvements on selective preparation of vinyl sulfides have been described.®* These comprise
the use of catalytic phenylselenenyl bromide,® nickel,” gold® or native silica nanoparticle® under
solvent-free conditions, B-cyclodextrin in the presence of water and acetone®® or under catalyst-
free conditions.!! In recent years, the use of potassium fluoride supported on alumina (KF/Al,O3)
as a green catalytic system for a number of transformations has been increased.'?> By using
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KF/AI>O3, the products can be easily isolated by filtration and the generation of large amounts of
salts at the end of the synthesis, as well as the use of stoichiometric strong bases, can be avoided.
On the other hand, the development of green solvents from renewable resources has gained much
interest recently, because of the extensive use of solvents in almost all of the chemical industry,
and of the predicted disappearance of fossil 0il.!3 The wanted characteristics for a green solvent
include no flammability, high availability, obtaining from renewable sources and
biodegradability.!* Thus, the use of glycerol as a promising medium for organic reactions was
recently demonstrated by us’®!® and others.}?! These include Pd-catalyzed Heck!’*® and
Suzuki®’ cross-couplings, base!® and acid'® promoted condensations, catalytic hydrogenation®%°
and asymmetrical reduction.®

More recently, we have described several efficient approaches using KF/Al,03.22% As a
continuation of our studies we report herein the full results of the hydrothiolation of alkynes 1
using KF/AI,O3 without any solvent (Method A),?? as well as the use of glycerol as recyclable
solvent for this reaction (Scheme 1).

SR!
Method A, — —
R—=——H +R'—SH R~ Ssr! T
BorC R
la-e 2a-b (2)-3a-i (E)-3a-i

Scheme 1

Results and Discussion

In a recent communication, we described the optimum conditions to perform the solvent-free
hydrothiolation of several alkynes using KF/AI,O3 as solid catalyst.?? It was found that the best
conditions for the hydrothiolation consists in stirring a mixture of 1a (2 mmol) and 2a (1 mmol)
in presence of 0.08g (51 mol%) of KF/AI,O3 (40%) at gently heating (60 °C) and under N>
atmosphere, (Table 1, entry 1).

Despite the good yields and generality of the solvent-free protocol described above, the
method is restricted to thiols and/or alkynes that are liquid at room temperature or with low
melting points. To circumvent this limitation, but maintaining our focal point, i.e., a cleaner
procedure for the hydrothiolation, we decide to expand the studies using of a recyclable solvent.
Thus, glycerol, a renewable feed-stock which is easily available as a co-product in biodiesel
production, was studied as a solvent in this reaction (Method B, Table 1). The best yields were
obtained when a mixture of the alkyne 1 (1.0 mmol) and the thiol 2 (1.0 mmol) and KF/AI;O3
(40%, 0.08 g) in glycerol (3 mL), was vigorously stirred at 90 °C for 2-6 hours (Method B, Table
1). Thus, by using glycerol as solvent, benzenethiol 2a reacted with propargyl alcohol la to
afford the respective adduct 3b in 80% yield after stirring at 90 °C for 2 hours, a 25% increasing
in yield, compared with the solvent-free protocol (Table 1, entries 1 and 2). This augmentation in
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yield was observed for all the tested examples, indicating that glycerol is a very good solvent for
this reaction. Aiming to reduce the reaction time, the mixture in glycerol was irradiated with
focused microwaves at the same temperature (90 °C, Method C). It was observed complete
consume of thiol 1a after irradiation for 10 min and 3a was obtained in 95% vyield (Table 1, entry
3).

Table 1. Hydrothiolation of alkynes using KF/Al.Oz and glycerol

Alkyne Product Time Ratio® Yield,®
Entr Method? '
y 1 3 Z:E %
CGH5SROH
_ (2)-3a 6
- \ 22 .
1 1a OH CGHSSl\ A 35h 86 : 14 (64:36)°
(E)-3a OH
80
2 la 3a B 2h 62 :38
(87:13)¢
3 la 3a C 10 min 65:35 95 (91:9)
p <:|C6H4s/:¥0H
(2)-3b 57
4 la p-CICsH,S * A? 1lh 75:25
—=_ (51:49)
(E)-3b OH
94
5 la 3b B 25h 66 : 34
(95:5)¢
. 97
6 la 3b C 10 min 67: 33
(96 :4)
CeHsS™
(2)-3c OH
7 = + A% 4h 31:69 %0
1b OH CoMsS — ' (93 :7)¢
(E)-3c OH
87
8 1b 3 B 3h 33:67
¢ (98 :2)¢
. 91
9 1b 3c C 15 min 45:55
(95 :5)¢
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3h

3h

30 min

5h

4h

30 min

2h

3h

25 min

2h

2h

25 min

13:

37

44

20:

30:

30:

53:

52:

54

50:

52:

56
87
(94 :6)¢
63 75
(84:16)¢
81
56
(82:18)¢
80 63
(93 :7)¢
70 8
(98 :2)¢
82
70
(99 : 1)
62
47 (92 : 8)
48 84
(85:15)¢
46 72
(91:9)
50 55
(54 : 46)
48 80
(92 : 8)
46 79
(87:13)¢
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CeHsS CsHip

(2)-3h
=—CsHyy 52
22 + A% 55h 48 : 52
1e CeHsS, (100:0)¢
CsHyp
(E)-3h
.
23 le 3h B 45h 44 : 56 8
(100:0)°
88
24 le 3h C 30 min 46 : 54
(100:0)¢
p-CICgH,S”  CgHyy
@)-3i
53
+ 2 )
25 le —— A 7h 5155 00
CsHya
(E)-3i
26 le 3i B 6h 64 : 36 89
(100: 0)?
82
27 le 3i C 30 min 56 : 44
(100: 0)d

aMethod A.?? The experiments were performed at 60 °C. Method B: The experiments were
performed at 90 °C using glycerol (3 mL/mmol) as solvent. Method C: The experiments were
performed using glycerol and MW at 90 °C. "Determined by *H NMR of the crude reaction
mixture and confirmed after isolation of the mixture of formed isomers. “Yields of the mixture of
isomers obtained by column chromatography eluting with hexanes 3h-3i or with hexane/ethyl
acetate 3a-3g (98:2). “The regioselectivity of the hydrothiolation (the ratio of anti-Markovnikov
to Markovnikov adducts).

Concerning the stereochemistry of products, for all the studied examples, the anti-
Markovnikov adduct 3 were obtained in higher amount than the Markovnikov one. The results
depicted in Table shown that glycerol was an excellent solvent, affording the vinyl sulfides in
better yields and with a very good selectivity for the anti-Markovnikov adducts, compared to the
solvent-free protocol. This higher selectivity is evident for the alkynes la and 1d (Table 1,
entries 1, 3, 4, 6, 19 and 21).

To check the efficacy of this method, a reuse study of the glycerol/KF/Al>Oz medium was
carried out for the model reaction involving propargyl alcohol 1la and benzenethiol 2a. After
completion of the hydrothiolation of 1a, the product was extracted simply by washing the
reaction mixture with three portions of hexanes. The remained lower phase containing
glycerol/KF/Al>O3 was then recovered, dried under vacuum and reused for further reactions.
Fortunately, the catalytic system maintained a good level of efficiency after being reused by five
times (95%, 94%, 90%, 89% and 80% yield of 3a). However, after the fifth reuse, the catalytic
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system loose drastically its activity, affording 3a in only 53% and 42% yields after successive
cycles.

A tentative mechanism for explaining the regiochemistry of the hydrothiolation is depicted
in Scheme 2. The formation of the Markovnikov adduct starting from propargyl alcohols
suggests that the transition state 5 can be involved, while the formation of the anti-Markovnikov
adduct involves the intermediate 4. This proposition is corroborated by the increasing in the ratio
anti-Markovnikov: Markovnikov adduct when glycerol is used as solvent, via a transition state
like 4b.

B y OH OH]
o ) -
R O(H 6,0 8,0 .
KF/ALLO3 iy .
R'—SH R=") — O H or o4 —
== - RIS R
2 1 “s-R! 5. R 5. R 3
RS RS
4a 4b
- 8" gRl! -
§*H. )
8*0
5
Scheme 2
Conclusions

In summary, an efficient and clean protocol was developed for the selective synthesis of vinyl
sulfides using KF/Al>O3z and glycerol as recyclable solvent. The reaction proceeds easily and the
products were obtained in good to excellent yields. Glycerol was successfully used as a
renewable, non-toxic, and recyclable solvent, opening new possibilities for future applications of
glycerol in green and sustainable chemistry. The procedure is very simple and the
solvent/catalyst system can be directly re-used. The use of microwaves accelerates the reaction
with comparable yields in most of examples. Applications of glycerol in other organic reactions
are ongoing in our laboratory.
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Experimental Section

General. The H- and *C- NMR spectra of CDCls solutions were recorded with a 200 MHz or a
400 MHz spectrometer (Bruker DPX), as noted. Spectra were recorded in CDCIs solutions.
Chemical shifts are reported in ppm, referenced to the solvent peak of CDCI3 (for *C spectra) or
tetramethylsilane (TMS, for H) as the internal reference. Data are reported as follows: chemical
shift (o), multiplicity, coupling constant (J) in Hertz and peak intensity. Low Resolution Mass
Spectra (LRMS, EI) were obtained at 70 eV with a Hewlett Packard EM/CG HP-5988A
spectrometer. High-Resolution Mass Spectra: HR-ESI-MS were performed in the positive mode
(UItrOTOF-Q system, version 1.10, Bruker Daltonics, MA, USA). Merck’s silica gel (230-400
mesh) was used for flash chromatography. All microwave tests were conducted using a CEM
Discover, mode operating systems working at 2.45 GHz, with a power programmable from 1 to
300 W.

General preparation of alumina- supported potassium fluoride.???* To a 100 mL beaker was
added alumina (6.0 g of Al,O3 90, 0.063-0.200 mm, Merck), KF.2H,O (5.2 g) and water (10
mL). The suspension was stirred for 1 h at 65 °C, dried at 80 °C for 1 h and for an additional 4 h
at 300 °C in an oven and then cooled in a desiccator. The content of KF is about 40% (m/m).

General procedure for the synthesis of vinyl sulfides 3

Method A.??> To a mixture of appropriate alkyne 1 (2 mmol) and thiol 2 (1 mmol) under N>
atmosphere, KF/Al,Oz (0.08g, obtained as described above) was added at room temperature.
Then, the temperature was slowly raised to 60 °C. The reaction progress was followed by TLC.
After consuming the starting materials (see Table 1), the crude product was filtered off the solid
supported catalyst by washing with ethyl acetate (10 mL). The solvent was evaporated under
reduced pressure and the residue was purified by column chromatography over silica gel eluting
with hexanes 3h-3i or with hexane/ethyl acetate 3a-3g (98:2), yielding the products, according
Table 1.

Method B. To a mixture of appropriate alkyne 1 (1 mmol) and thiol 2 (1 mmol) in glycerol (3
mL) under stirring and N2 atmosphere, was added KF/AI.Oz (0.08 g) at room temperature. Then,
the temperature was slowly raised to 90 °C. The reaction progress was followed by TLC. After
consuming the starting materials (see Table 1), the product was extracted from the glycerol by
washing the mixture with hexanes (3 x 5 mL). The hexanes were evaporated under reduced
pressure and the residue was purified according to that described in Method A.

Method C. To a mixture of appropriate alkyne 1 (1 mmol) and thiol 2 (1 mmol) in glycerol (3
mL) under stirring and N2 atmosphere, was added KF/AIl>O3 (0.08 g) at room temperature in a 10
mL glass tube. The vessel was then sealed with a septum, placed into the microwave cavity and
irradiated with stirring at 90 °C for the time given in Table 1. After allowing the mixture to cool
to room temperature, the reaction vessel was opened and the product was purified according to
described in Method A. The remaining mixture of glycerol and KF/Al,Oz was re-used up to 7
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times by the simple addition of more thiol and alkyne to the remaining mixture in the reaction
vessel. Spectral data of vinyl sulfides prepared are listed below.

3-(Phenylthio)prop-2-en-1-ol (3a).? 'H NMR (400 MHz, CDCls) § Z isomer: 7.21-7.42 (m,
5H); 6.35 (dt, J 9.2 and 1.2, 1H); 5.96 (dt, J 9.2 and 6.6, 1H); 4.37 (dd, J 6.6 and 1.2, 2H); 1.92
(broad s, 1H); E isomer: 7.21-7.42 (m, 5H); 6.46 (dt, J 15.6 and 1.2, 1H); 5.95 (dt, J 15.6 and
6.8, 1H); 4.20 (dd, J 6.8 and 1.2, 2H); 1.92 (broad s, 1H); Markovnikov adduct: 7.21-7.42 (m,
5H); 5.57 (s, 1H); 5.24 (s, 1H); 4.16 (s, 2H); 1.92 (broad s, 1H).
3-(4-Chlorophenylthio)prop-2-en-1-ol (3b). *H NMR (400 MHz, CDCls) 6 Z isomer: 7.26-7.37
(m, 4H); 6.29 (dt, J 9.2 and 1.2, 1H); 5.99 (dt, J 9.2 and 6.4, 1H); 4.36 (dd, J 6.4 and 1.2, 2H);
1.63 (broad s, 1H); *C NMR (50 MHz, CDCls) 6 63.9, 125.5, 127.8, 129.1, 132.8, 133.5, 170.3;
E isomer: 7.26-7.37 (m, 4H); 6.41 (dt, J 15.2 and 1.2, 1H); 5.97 (dt, J 15.2 and 5.6, 1H); 4.21
(dd, J 5.6 and 1.2, 2H); 1.88 (broad s, 1H); 3C NMR (50 MHz, CDCIs) ¢ 65.1, 118.0, 128.4,
129.2, 132.4, 134.0, 169.9; Markovnikov adduct: 7.26-7.37 (m, 4H); 5.60 (s, 1H); 5.25 (s, 1H);
4.15 (s, 2H); 1.64 (broad s, 1H); 13*C NMR (50 MHz, CDCls) ¢ 60.8, 125.9, 129.0, 130.5, 131.4,
133.3, 170.4; MS m/z (rel. int., %) Z isomer: MS m/z (rel. int., %) 200 (M*, 13.8), 182 (28.0),
144 (72.8); 99 (82.4), 43 (100.0); E isomer: 201 (M* +1, 7.6), 181 (30.3), 144 (96.1); 99 (42.6),
43 (100.0); Markovnikov adduct: 201 (M* + 1, 6.7), 183 (23.9), 144 (88.7), 43 (100.0). HRMS
(ESI): m/z Calcd for CgHgCIOS [M + H]": 222.9960. Found: 223.0980.
2-Methyl-4-(phenylthio)but-3-en-2-ol (3c). *H NMR (400 MHz, CDCls3) 6 Z isomer: 7.22-7.45
(m, 5H); 6.19 (d, J 10.6 1H); 5.80 (d, J 10.6, 1H); 1.85 (broad s, 1H); 1.45 (s, 6H); *C NMR
(100 MHz, CDCls) ¢ 18.4, 29.6, 54.3, 123.0, 126.7, 128.9, 129.5, 133.2, 135.1; E isomer: 7.22-
7.45 (m, 5H); 6.41 (d, J 15.0 1H); 5.99 (d, J 15.0, 1H); 1.78 (broad s, 1H); 1.35 (s, 6H); *°C
NMR (100 MHz, CDCls) ¢ 18.4, 29.8, 72.0, 116.0, 123.2, 126.8, 129.0, 129.7, 134.5;
Markovnikov adduct:"% 7.26-7.37 (m, 4H); 5.45 (s, 1H); 4.72 (s, 1H); 2.21 (broad s, 1H); 1.51
(s, 6H); MS m/z (rel. int., %) Z isomer: 194 (M*, 11.9), 135 (100.0), 77 (16.4); E isomer: 193
(M* - 1, 2.3), 110 (24.3), 82 (100.0); Markovnikov adduct: 194 (5.8), 110 (100.0), 77 (4.3).
HRMS (ESI): m/z Calcd for C11H140S [M + Na]*, 217.0663. Found: 217.0661.
1-(1-Phenylsulfanylvinyl)cyclohexanol (3d). *H NMR (400 MHz, CDCls) 6 Z isomer: 7.16-
7.37 (m, 5H); 6.22 (d, J 10.0, 1H); 5.77 (d, J 10.0, 1H); 2.09 (broad s, 1H), 1.20-1.80 (m, 10H);
13C NMR (50 MHz, CDCls) 6 23.0, 25.0, 39.7, 72.2, 123.6, 126.7, 128.9, 129.2, 135.4, 136.2; E
isomer: 7.16-7.37 (m, 5H); 6.44 (d, J 15.2, 1H); 6.00 (d, J 15.2, 1H); 2.47 (broad s, 1H); 1.20-
1.80 (m, 10H); 3C NMR (50 MHz, CDCls) § 21.9, 25.3, 37.8, 72.0, 121.2, 126.5, 128.9, 129.2,
129.5, 140.6. Markovnikov adduct:?%?” 7.16-7.37 (m, 5H); 5.48 (s, 1H); 4.76 (s, 1H); 2.47 (broad
s, 1H); 1.20-1.80 (m, 10H); MS m/z (rel. int., %) Z isomer: 234 (M*, 34.1), 216 (50.4), 139
(79.6), 79 (100.0); E isomer: 234 (M*, 43.3), 216 (71.9), 139 (93.2), 79 (100.0); Markovnikov
adduct: 234 (M* 34.6), 135 (100.0), 91 (55.5). HRMS (ESI): m/z Calcd for C14H1s0S [M + Na]*:
257.0976; Found: 257.0973.

1-[1-(4-Chlorophenyl)sulfanylvinyl]cyclohexanol (3e). 'H NMR (400 MHz, CDCls) ¢ Z
isomer: 7.25-7.26 (m, 4H); 6.15 (d, J 10.2, 1H); 5.79 (d, J 10.2, 1H); 2.16 (broad s, 1H); 1.25-
2.16 (m, 10H); C NMR (100 MHz, CDCls) ¢ 22.2, 24.3, 25.2, 73.0, 116.6, 128.9, 129.3, 130.2,
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135.2, 136.5; E isomer: 7.25-7.26 (m, 4H); 6.40 (d, J 15.2, 1H); 6.02 (d, J 15.2, 1H); 2.13 (broad
s, 1H); 1.25-2.16 (m, 10H); *C NMR (100 MHz, CDCls) § 21.9, 23.0, 25.0, 72.0, 123.1, 129.0,
129.8, 130.7, 134.4, 138.4; Markovnikov adduct: 7.25-7.26 (m, 4H); 5.52 (s, 1H); 4.78 (s, 1H);
1.90 (broad s, 1H); 1.25-2.16 (m, 10H). MS m/z (rel. int., %) Z isomer: 270 (M* + 2, 9.3), 268
(M*, 23.0), 139 (64.0), 79 (100.0); E isomer: 270 (M* + 2, 8.2), 268 (M*, 21.6), 139 (3.7), 79
(100.0); Markovnikov adduct: 270 (M* + 2, 10.5), 268 (M*, 27.8), 170 (42.7), 135 (100.0), 81
(91.2). HRMS (ESI): m/z Calcd for C14H17CIOS [M + Na]*: 291.0586; Found: 291.0572.
4-(Phenylthio)but-3-en-1-ol (3f).2'H NMR (400 MHz, CDCls) § Z isomer: 7.15-7.43 (m, 5H);
6.31 (dt, J 9.6 and 1.6, 1H); 5.83 (dt, J 9.6 and 6.4, 1H); 3.65 (t, J 6.4, 2H); 2.56 (broad s, 1H);
2.47-2.53 (m, 2H); E isomer: 7.15-7.43 (m, 5H); 6.24 (dt, J 15.2 and 1.6, 1H); 5.90 (dt, J 15.2
and 6.8, 1H); 3.69 (t, J 6.8, 2H); 2.56 (broad s, 1H); 2.35-2.41 (m, 2H); Markovnikov adduct:’
7.15-7.43 (m, 5H); 5.23 (s, 1H); 4.99 (s, 1H); 3.76 (t, J 6.4, 2H): 2.56 (broad s, 1H); 2.47-2.53
(m, 2H). MS m/z (rel. int., %) Z isomer: 180 (M*, 49.1), 149 (100.0), 116 (83.0); E isomer: 180
(M*, 49.1), 149 (100.0), 116 (83.0); Markovnikov adduct: 180 (M*, 12.9), 135 (84.7), 110
(100.0).

4-(4-Chlorophenylthio)but-3-en-1-ol (3g). *H NMR (200 MHz, CDCls) ¢ Z isomer: 7.24-7.26
(m, 4H); 6.28 (dt, J 9.6 and 1.0, 1H); 5.88 (dt, J 9.6 and 6.6, 1H); 3.71 (t, J 6.6, 2H); 2.36-2.57
(m, 2H); 1.96 (broad s, 1H); E isomer: 7.24-7.26 (m, 4H); 6.22 (dt, J 15.2 and 1.2, 1H); 5.93 (dt,
J 15.2 and 6.6, 1H); 3.71 (t, J 6.6, 2H); 2.36-2.57 (m, 2H); 1.96 (broad s, 1H); Markovnikov
adduct: 7.32-7.34 (m, 4H); 5.27 (s, 1H); 5.02 (s, 1H); 3.76 (t, J 6.6, 2H); 2.36-2.57 (m, 2H); 2.03
(broad s, 1H). *3C NMR (50 MHz, CDCls) ¢ Z + E + Markovnikov adduct: 28.6, 32.3, 39.1, 59.1,
62.9, 63.1, 124.0, 125.3, 125.4, 128.7, 129.1, 129.2, 129.3, 129.4, 130.1, 130.2, 131.1, 131.6,
132.4, 134.2, 134.3, 134.4. MS m/z (rel. int., %) Z isomer: 216 (M* + 2, 26.1), 214 (M*, 69.4),
183 (100.0), 148 (99.1); E isomer: 216 (M* + 2, 26.1), 214 (M*, 69.4), 183 (100.0), 148 (99.1);
Markovnikov adduct: 214 (M*, 33.5), 144 (100.0), 109 (60.2). HRMS (ESI): m/z Calcd for
C10H11CIOS [M + Na]*: 237.0117; Found: 237.0117.

Hept-1-enyl(phenyl)sulfide (3h). *H NMR (200 MHz, CDCls) § Z isomer: 7.13-7.50 (m, 5H);
6.18 (d, J 9.2, 1H); 5.82 (dt, J 9.2 and 6.4, 1H); 2.10-2.30 (m, 2H); 1.30-1.47 (m, 6H); 0.90 (t, J
6.4, 3H); °C NMR (50 MHz, CDCls) § 14.0, 22.5, 29.1, 31.4, 33.0, 126.0, 127.1, 128.7, 128.9,
129.1, 137.8; E isomer: 7.13-7.50 (m, 5H); 6.13 (d, J 15.0, 1H); 5.99 (dt, J 15.0 and 6.2, 1H);
2.10-2.30 (m, 2H); 1.30-1.47 (m, 6H); 0.90 (t, J 6.2, 3H); 3C NMR (50 MHz, CDCl3) 6 14.0,
22.4,28.7, 31.3, 33.0, 126.0, 127.5, 128.4, 128.9, 129.0, 132.7. MS m/z (rel. int., %) Z isomer:
206 (M*, 63.0), 149 (96.6), 110 (100.0), 55 (81.3); E isomer: 206 (M*, 66.2), 149 (100.0), 110
(93.7), 55 (77.6). HRMS (ESI): m/z Calcd for C13H19S [M + H]*: 207.1207; Found: 207.1202.
(4-Chlorophenyl)(hept-1-enyl)sulfide (3i). *H NMR (400 MHz, CDCls) ¢ Z isomer: 7.20-7.26
(m, 4H); 6.10 (dt, J 10.4 and 1.2, 1H); 5.84 (dt, J 10.4 and 7.2, 1H); 2.25 (g, J 7.2, 2H); 1.31-
1.43 (m, 6H); 0.92 (t, J 7.2, 3H); E isomer: 7.20-7.26 (m, 4H); 6.07 (d, J 15.2, 1H); 6.0 (dt, J
15.2 and 7.2, 1H); 2.17 (g, J 7.2, 2H); 1.31-1.43 (m, 6H); 0.91 (t, J 7.2, 3H); *C NMR (100
MHz, CDCl3) 6 Z + E: 14.0, 22.4, 22.43, 28.5, 28.6, 29.0, 31.2, 31.3, 33.0, 120.0, 121.8, 128.9,
129.0, 129.1, 129.2, 129.4, 129.7, 133.5, 134.0, 134.6, 135.0, 138.8. MS m/z (rel. int., %) Z
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isomer: 240 (M*, 43.5), 183 (49.7), 55 (100.0); E isomer: 242 (M* + 2, 16.0), 240 (M*, 42.3),
183 (46.5), 148 (75.9), 55 (100.0). HRMS (ESI): m/z Calcd for C1sH17CIS [M + H]*: 263.0637;
Found: 262.9876.
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