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Abstract: A comparative study on chemoselectivity of dimethyldioxirane (DMD) and methyl(trifluoromethyI)dioxirane 
(TFMD) in the epoxidation of trisubstitukd C=C bonds presenting different activation in fluorinated monoterpene and 
sesquiterpene derivatives has been carried out. With respect to DMD, epoxidations performed with TFMD were faster under 
milder conditions, although high conversion yields were obtained with both reagents. In ease of epoxidation of unsaturated 
moieties the trend observed was: (CH$(R1)C=CH(R2) P (CH3)(R1)C=CH(CH20R) 3 (CH3)(R1)C=CF(R2) >> 

(CH3)(R1)C=CH(COOR) > (CF3)(R1)C=CH(R2). Results mported herein present the first example of direct epoxidalion of 
a double bond bearing a CF3 substituent by non-biochemical means. 
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Considerable research on biorational strategies for insect pest control has been focused on juvenile 

hormones (JH) 1, since these compounds play a key role in the regulation of insect growth and development at 

both larval and adult stages. Besides the attempts carried out for suppressing JH production by inhibition of its 

biosynthesis 2, approaches involving the preparation of JH analogs that could interfere with the metabolic 

deactivation of these hormones have been also contemplated 3. In this context, we deemed that introduction of 

fluorine atoms in selected segments of JH III (5, Scheme 1) could give rise to potential JH modulators 4. 

However, the stimulatory JH activity elicited by one of the fluorinated analogs synthesized, i.e., trifluoromethyl 

derivative 20, remained difficult to interpret due to the reluctance of this compound to undergo chemical or 

enzymatic oxidation at the terminal double bond 5. A literature survey revealed that the only report of procedure 

of direct epoxidation of a carbon-carbon double bond bearing a trifluoromethyl substituent was the microbial 

oxidation of 3,3,3-trifluoropropene, a monosubstituted olefin 6. 

In recent years, the ability shown by dioxiranes to act as powerful epoxidation reagents under mild 

conditions have led to a variety of synthetic applications 7. In the field of insect chemistry, we have used 

dimethyldioxirane @MD) in the first direct epoxidation of precocenes 8 and for the preparation of several JH III 

epoxy derivatives 9. We now report on our results concerning the regio- and chemoselectivity exhibited by 

DMD and methyl(trifluoromethyl)dioxirane (TFMD) 10 in the epoxidation of tisubstituted C=C bonds having 
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different electronic activation. The substrates investigated were the monotepne and sfquitcrpcne derivatives 

containing fluorinated and/or conjugated double bonds shown in Scheme 1. 
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Results and Discussion 

Previously we had shown that using DMD instead of organic peroxyacids does not improve the 

regioselectivity in the epoxidation at the terminal double bond of methyl farnesate (4). which occurs 

preferentially at the 10,ll double bond 9. Employing the more reactive TFMD allowed to carry out the 

epoxidation at temperature as low as -90 “C, however, the composition of the reaction mixture, consisting of 

unreacted ester, mono an diepoxy derivatives (4:5:6:7 in 51:9:2:28 molar ratio, respectively) confiied the 

poor regioselectivity obtained with DMD. 

Table 1. Epoxidation of monoterpene and sesquiterpene derivatives with DMD and TFMD 

Reaction conditions 

Substrate Product Dioxirane a Temp. (“C) Reaction time Isolated yield (8) 

1 

1 

2 

2 

8 

8 

8 

11 

11 

13 

13 

15 

15 

15 

15 

18 

18 

20 

20 

21 

21 

22 

22 

2 DMD 

2 

3 

3 

9 

9 DMD 

10 DMD 

12 DMD 

12 

14 

14 

16 DMD 

16 

17 

17 

19 DMD 

19 TFMm 

21 DMD 

21 

22 DMD 

22 

23 DMD 

23 

20 1omin 96 

-40 3min 97 

0 48 h 90 

-70 2h 90 

20 15min 95 

-40 3min 95 

0 8 days 90 

20 15min 98 

-15 3min 98 

20 15min 98 

-40 3min 99 

0 8 days 42 

0 3min 85c 

0 12 days 85d 

0 lh 93 

0 16 days 93cf 

0 30 mitt 93 

20 15 mitt 1ooC 

-20 3min 85c 

20 3 days 56c 

-70 lh 85c 

20 8 days 93c 

-20 lh 94 

a Unless noted otherwise, each substrate was reacted with one molar equivalent of dioxirane solution 
(see Experimental). b 1.4 molar equivalents. ’ Determined by GC. d Conversion yield was estimated 
as 95% (GC). e 2.3 molar equivalents.f Conversion yield was estimated as 93% (GC).g 2 molar 
equivalents. 
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Results obtained in the epoxidation of substrates 1,2.8,11,13,15,18,20,21 and 22 with DMD and 

TFMD are shown in Table 1. The epoxidation of dienoate 1 with DMD to give monoepoxide 2 was highly 

chemoselective; this is expected in view of the poor reactivity of a&unsaturated carbonyls towards 

electrophilic epoxidation. However, employing TFMD allows one to reduce considerably the reaction time for 

the further oxidation of 2 to the diepoxy derivative 3 1 l. Actually, the remarkable reactivity displayed by TFMD 

for the epoxidation of even poorly a,gunsaturated ester moieties requires careful control of reaction conditions 

if one wishes to obtain just monoepoxide 2. The same precautions need to be applied in the monoepoxidation of 

fluorinated trienoate 20 to yield 21 (see below). 

The reactivity exhibited by monofluoro dienoate 8 was comparable to that observed for its non-fluorinated 

analog. In fact, a rapid epoxidation of non-conjugated double bond took place by using either DMD or TFMD; 

this is akin to what observed employing peroxyacids 4h. However, use of dioxiranes has the advantage of ease 

of product isolation under conditions close to neutrality; this is valuable, given the high tendency of these 

fluoroepoxy derivatives to rearrange into the corresponding ketones in the presence traces of acid. 

Epoxidation of trifluoromethyl dienoates 11 and 13 with either DMD or TFMD afforded the 

corresponding monoepoxides in near quantitative yields. It is worth of note that in these substrates the reaction 

occurred chemoselectively at the allylic double bond bearing a hydroxy group or a tetrahydropyranyl 

substituent. This is remarkable since it has been reported that dioxiranes efficiently afford conversion of 

alcohols into carbonyls 12 or cleavage of acetals through u-CH oxygen insertions 13. 

Trifluoromethyl enoate 18 was chosen as model in order to assay epoxidation of an isolated double bond 

bearing a CF3 substituent 14. As mentioned above, these moieties are strongly resistant to electrophilic 

oxidations and remain unaffected after reaction with peroxyacids. However, treatment of ester 18 with DMD 

afforded the corresponding epoxide 19 in high yields. The reaction was slow, requiring 16 days for 

completion, and further addition of equimolecular amounts of dioxirane every 24 h l5. By contrast, 2 molar 

equivalents of oxidant at 0 “C were sufficient for a complete consumption of 18 when TFMD was used as 

epoxidation agent. To our knowledge, this constitutes the fist example of direct epoxidation of a C=C bond 

bearing a CF3 group by non-biochemical means. It should be mentioned that compounds resulting from 

hydroxylation reactions were not detected; this is relevant since TFMD is capable of attacking unactivated C-H 

bonds lo. 

When two double bonds bearing deactivating sub&tents such as CF3 and CC2Me are present in the same 

substrate, i.e. ester 15, the results (Table 1) witness a higher reactivity of the a&unsaturated carbonyl double 

bond with respect to with the double bond bearing a CF3 group. In this case, however, regioselectivity 

exhibited by DMD was poor. In fact attempts to obtain monoepoxide 16 using DMD resulted in a mixture of 

compound 16 and diepoxy derivative 17, in 42 and 38% yields, respectively 16. Conversely, employing TFMD 

resulted in higher regioselectivity affording monoepoxide 16 in 85% yield (accompanied by diepoxide 17). 

When 2.3 molar equivalents of TFMD were used, ester I5 gave the diepoxy derivative 17 in high yield (Table 

1). 
With this background, we turned to the epoxidation of the JH III fluorinated analog 20. As already 

mentioned, good yields of monoepoxide 21 could be obtained using both dioxiranes; however, overepoxidation 

to the diepoxide is easily avoided employing DMD. On the other hand, TFMD appears to be the reagent of 

choice for the synthesis of either diepoxide 22 or triepoxide 23. Thus, these compounds could be obtained in 

excellent yields under very mild conditions (Table 1). 
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As for the ease of epoxidation by dioxiranes displayed by the various unsaturated moieties, data in Table 1 

allow one to discern the following trend: 

(CH3)(Rl)C=CH(R2) P (CH3)(Rl)C=CH(CH2OR) 5 (CH3)(Rl)C=CF(R2) >> 

(CH3)(Rl)C=CH(CGGR) > (CF3)(Rl)C=CH(R2) 

Thus, the less powerful DMD (a relatively cheap reagent) is quite appropriate for the epoxidation of 

ordinary or moderately deactivated C=C moieties. In addition, DMD offers the additional advantage that it could 

be thoroughly dried without significant decomposition 17. On the other hand, the outstanding reactivity of 

TFMD makes this reagent the eminently suited for the epoxidation of deactivated double bonds. Moreover, this 
dioxirane is chemoselective in epoxidizing (CH3)(Rl)C=CH(COOR) moieties in the presence of 

(CF3)(Rl)C=CH(R2) groups; it also shows preference for the epoxidation of trisubstituted C=C bonds in front 

of the hydroxylation of hydroxylation of C-H bonds of hydrocarbons or acetals. Finally, TFMD also allows 

epoxidation of isolated C=C bonds carrying CF3. as demonstrated by transformations of 18 into 19 and 22 

into 23 (Table 1). The availability of these epoxides will make possible the study of such compounds as 

epoxyhydrase effecters. Research along this line is now in progress. 

Experimental Section 

The NMR spectra (lH, 1% and l% NMR) were recorded on a Varian Gemini 200 or a Varian Unity 300 
spectrometer. All NMR spectra were performed in neutralized CDC13 solutions; chemical shifts are given in 
ppm using tetramethylsilane as internal reference. The GC-MS-E1 spectra (70 eV) were obtained using a 
Hewlett Packard 5995 C system equipped with a 25 m OV-101 capillary column. The GC-MS-C1 spectra were 
obtained using a Hewlett Packard 5988 system, methane as ionization gas and 30 m HP-5 bonded phase 
capillary column (0.25 mm i.d.). The MS with direct probe and high resolution MS were obtained using a AEI 
MS 902 S apparatus. Elemental analyses were performed on a Carlo Erba 1108 instrument (Microanalysis 
Service, CID). 

Methyl (2E,62)-8,8,8-trifluoro-3,7-dimethyl-2,6-octadienoate (15). 

Following the general procedure described by Corey et al. 18, NaCN (3.4 g, 69 mmol), activated MnO2 
(22.8 g, 262 mmol) and glacial acetic acid (1.3 mL, 23 mmol) were added to a soln. of (28,6Z)-8,8,8- 
trifluorogeranial4b (2.56 g, 12.4 mmol, prepared from ether 13 19) in MeOH (100 mL), maintained at 0 ‘C and 
the mixture was stirred for 20 h at 25 ‘C. The crude reaction mixture was filtered, concentrated, poured into 
NaHC03 satd. soln. (500 mL) and extracted with pentane (6 x 50 mI-). The combined organic extracts were 
washed with water (3 x 50 mL) and dried over MgS04. After evaporation of solvent, the residue was purified 
by column chromatography (silica gel, hexane:t-BuOMe 99:l) yielding 1.09 g of unreacted aldehyde, 0.45 g of 
ester with 22 configuration and 0.55 g (36%) of the expected ester 15. IR (film) 1725,1650,1225,1150 cm-l; 
‘H NMR 6 6.05 (t, 1 H, J = 7.5 Hz, H-6, E isomer), 5.67 (q, 1 H, J = 1.5 Hz, H-2), 5.63 (t, 1 H, J = 7 Hz, 
H-6, Z isomer), 3.68 (s, 3 H), 2.48-2.36 (2 H, H-5), 2.28-2.16 (2 H, H-4), 2.15 (q, 3 H, J = 1.5 Hz, CH3 at 

C-3). 1.84 (q, 3 H, J = 1.5 Hz, CH3 at C-7); 13C NMR 6 167.0 (C-l), 158.4 (C-3), 135.0 (d, J = 3 Hz, C-6), 
126.2 (q, J = 29 Hz, C-7), 124.2 (q, J = 274 Hz, C-8), 115.9 (C-2), 50.9 (OCH3), 40.2 (C-4), 25.8 (d, J = 

1.5 Hz, C-5), 18.5 (CH3 at C-3). 18.4 (q, J = 2.5 Hz, CH3 at C-7); 19F NMR S 15.6 (s, integral 9, Z isomer), 
7.8 (s, integral 1, E isomer), ; MS (EI), m/z 236 (M+), 216,205, 196, 185, 177, 157, 137 (base peak). Anal. 
Calcd. for CllHl~F3 02: C, 55.93; H, 6.40. Found: C, 55.86; H, 6.37. 

Methyl (62)-8,8,8-trifluoro-3,7-dimethyl-2,6-octenoate (18). 

Following the general procedure reported by Semmelhack et al. 20, Red-Al@ (1.1 mL, 3.7 mmol) was 
added to a suspension of CuBr (0.50 g, 3.5 mmol) in THF (12 mL), maintained at 0 “C. The suspension was 
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stirred for 30 min. then the temperatue was lowered to -70 “C. and 2-butanol(O.034 g, 0.46 mmol) and a soln. 
of the ester 15 (0.1 lg, 0.45 mmol) in THF (3 mL) were subsequently added to the reaction flask. The reaction 
mixture was stirred for 1 h at -20 OC (GC monitoring). The crude reaction mixture was quenched with water (5 
mL), poured into NH&l satd. sol. (60 mL) and extracted with pentane (2 x 50 mL). The combined organic 
extracts were washed with OSN HCl(2 x 100 mL). NaHCO3 satd. SOL (2 x 100 mL), water (2 x 100 mL) and 
brine (2 x 100 mL) and dried with MgS04. Evaporation of solvent afforded the expected ester 18 (0.083 g, 

77% yield, over 95% pure by JH NMR). JR (film) 1740. 1160, 1120 cm-l; JH NMR 6 6.05 (t, 1 H, J = 7.5 
Hz. H-6, E isomer), 5.67 (t, 1 H. J = 7 Hx, H-6, Z isomer), 3.67 (s. 3 H). 2.35-2.15 (2 H. H-5). 2.31 (dd, 1 
H, J1 = 6.5 Hz, J2 = 15 Hz. H-2a), 2.15 (dd, 1 H, J1 = 8 Hz, J2 = 15 Hz, H-2b), 2.04-1.91 (m, 1 H, H-3), 
1.84 (q, 3 H. J = 1.5 Hz, CH3 at C-7), 1.50-1.36 (1 H, H-4a), 1.35-1.21 (1 H, H-4b), 0.95 (d. 3 H, J = 6.5 

Hz, CH3 at C-3) ; t3C NMR 6 173.4 (C-l), 136.7 (q. J = 3.5 Hz, C-6), 127.1 (q, J = 275 Hz, C-8), 125.8 (q. 
J = 29 Hz, C-7), 51.4 (GCH3). 41.4 (C-2). 36.1 (C-4), 29.9 (C-3), 25.6 (C-5). 19.4 (CH, at C-3). 18.4 (d, J 

= 2.5 Hz, CH3 at C-7); 19F NMR 6 14.2 (s, integral 9, Z isomer), 6.3 (s, integral 1, E isomer); MS (CI), m/z 
267 (M+ + 29), 239 (M++l). 219 (base peak), 187. Anal. Calcd. for CllHJ7F3 02: C, 55.45; H, 7.19. Found: 
C, 55.23; H, 7.09. 

Epoxidations. General procedure: An aliquot of standarized soln. of DMD (0.08 M in acetone) 21 
or of TFMD (0.7 M in l,l.l-trifluoroacetone)fo was added quickly to a soln. of the substrate in the 
corresponding solvent kept at the given temperature. Eventually, careful concentration of the crude reaction 
mixture and addition of further dioxirane aliquots were required to reach a suitable conversion of deactivated 
substrates. After reaction was completed (GC and TLC monitoring), products isolation was achieved by 
removal of the solvents in vacua or, when necessary, by column chromatography as indicated 

Epoxidation of ester 4 with TFMD. 

A soln. of methyl farnesate ($0.029 g, 0.12 mmol) in dichloromethane (1 mL) was treated with an 
equimolecular amount of TFMD at -90 ‘C and the formation of the reaction products (epoxides 5 and 6, and 
diepoxide 7)9 was followed by GC (see Results and Discussion). 

Methyl (2E)-6,7-Epoxy-3,7-dimethyl-2-octenoate (2). 

This compound was obtained from ester 122 (0.041 g, 0.23 mmol, prepared from geranial as described 
above for ester 15) and DMD (3 mL, 10 min at 20 “C, 96% yield) or TFMD (0.34 n& 3 min at -40 “C, 97% 
yield). 223: JR (film) 1725, 1655. 1225, 1155 cm- l; lH NMR 6 5.70 (q, 1 H, J = 1.5 Hz, H-2). 3.67 (s, 3 H), 
2.70 (t, 1 H, J = 6.0 Hz, H-6). 2.4-2.1 (br, 2 H, H-4), 2.17 (d, 3 H, J = 1.5 Hz, CH3 at C-3). 1.8-1.6 (br, 2 
H, H-5), 1.25 and 1.29 (s, 6 H, C-8, CH3 at C-7) ppm. 

Methyl (2R*,3S*)-2,3,6,7-Diepoxy-3,7-dimethyloctanoate (3). 

This compound was obtained as a diastereomeric mixture by reaction of ester 2 (0.080 g. 0.40 mmol) 
with DMD (two 5 mL portions added in a 24 h interval, 90% yield), or with TFMD (0.65 mL, 2 h at -70 “C, 
90% yield). 3 (diastereomeric mixture): JR (film) 1755. 1205 cm-l; lH NMR 6 3.79 (s, 3 I-I), 3.38 and 3.36 (s, 
1 H, H-2, two diast.). 2.72 (m, 1 H, H-6), 1.92-1.56 (br, 4 H, H-4, H-5), 1.38 and 1.37 (s, 3 H, CH3 at C-3 

for the two diast.), 1.32 (s. 3 H. CH3), 1.28 i 1.27 (s, 3 H, CH3, two diast.); 13C NMR 6 168.8 and 168.7 
(C-l, two diast), 63.5 and 63.4 (C-6, two diast.), 62.3 and 62.1 (C-3, two diast.), 58.6 and 58.2 (C-2, two 
diast.), 58.5 (C-7), 52.3 (OMe), 34.7 and 34.4 (C-4, two diast.), 24.8 (CH3). 24.5 and 24.3 (C-5, two 
diast.), 18.7 and 18.6 (CH3, two diast.), 16.3 and 16.1 (CH3 at C-3, two d&t.); MS (CD, m/z 215 (M++ H), 
197 (M+-H20). 155 (M+- CO2CH3), 127 (12), 71 (base peak).Anal. Calcd. for CllH1804: C, 61.66; H, 
8.47. Found: C, 61.70; H, 8.41. 

Methyl (2E)-6,7-Epoxy-6-fluoro-3,7-dimethyl-2-octenoate (9). 

This compound was obtained by reaction of ester 84b (0.096 g, 0.48 mmol) with DMD (6 mL, 15 min, 
95% yield), or with TFMD (0.7 mL, 3 min at -40 ‘C, 95% yield). 4 : IR (film) 1725 , 1645. 1225. 1150 cm-l; 

1H NMR 6 5.71 (q. 1 H, J = 1 Hz, H-2). 3.68 (s, 3 H), 2.43 (t, 2 H, J = 8 Hz, H-4). 2.18 (d, 3 H, J = 1 Hz, 
CH3 at C-3), 2.16-1.90 (2 H, H-5), 1.43 (d, 3 H, J = 1 Hz, CH3 tram to fluorine), 1.28 (d, 3H, J = 2.5 Hz, 



Epoxidation of fluorinated monoterpenes 6305 

CH3 cis to fluorine); t3C NMR 6 166.9 (C-l), 158.0 (C-3), 116.0 (C-2). 100.9 (d, J = 263.0 Hz, C-6), 64.3 
(d. J = 20.0 Hz, C-7). 50.8 (OMe). 34.5 (C-4). 28.5 (d, J = 31.0 Hz-, C-5). 20.0 (d, J = 2.0 Hz, C-8). 19.0 

(CH3 at C-3). 18.8 (d, J = 4.0 Hz. CH3); 19F NMR 6 -60.9 (br.t, J = 18.0 Hz); MS @I, direct probe), m/z: 
216 &I+), 1% (M+- HF), 185 @I+- OMe), 155. 137.127.95 (base peak). Anal. C&d. for CttHt7F03: C, 
61.10; H. 7.92. Found C, 61.24; H, 8.01. 

Methyl (2R*,3S*)-2,3,6,7-Diepoxy-6-fluoro-3,7-dimethyloctanoate (10). 

This compound was obtained as a diastereomeric mixture by reaction of ester 8 (0.018 g. 0.09 mmol) 
with DMD (1 mL portion added in a 24 h interval during 8 days, 0 T, 90% yield). 10 (diastereomeric mixture): 
IR (film) 1755. 1160 and 1095 cm-t; tH NMR 6 3.73 (s, 3 I-I), 3.34 and 3.32 (s. 1 H, H-2, two diast.), 2.01- 
1.83 (4 H, H-4, H-5), 1.39 (3 H. CH3), 1.33 and 1.325 (s, 3 H, CH3 at C-3, two diast.), 1.26 (t, 3 H, J = 

2.5 Hz, 3 H, CH3); t3C NMR 6 168.6 (C-l), 101.0 (d, J = 261.0 Hz, C-6), 64.5 (d, J = 30.0 Hz, C-7), 61.9 
and 61.8 (C-3, two diast.), 58.5 and 58.3 (C-2, two diast.), 52.25 (OMe). 31.7 and 31.5 (C-4, two diast.), 
25.7 and 25.6 (d, J = 32.0 Hz, C-5 two diast.). 19.9 (d, J = 3.0 Hz, CH3). 19.0 (CH3), 16.3 and 16.1 (CH3 

at C-3, two diast.) ppm; 19F NMR 6 -60.3 (m, one diast.) and -60.63 (br.t, J = 17.5 Hz, one diast.); MS @I, 

direct probe), m/z 232 @I+), 173 (M+-C02CH3). 154,126,58 (base peak). Anal. Calcd. for CtIH17FO.t: C, 
56.89; H, 7.38. Found: C, 57.03; H, 7.47. 

(2R*,3S*)-(6Z)-2,3-Epoxy-8,8,8-trifluoro-3,7-dimethyl-6-octenol (12). 

This compound was obtained as a diastereomeric mixture by reaction of alcohol ll‘k (0.021 g. 0.10 
mmol) with DMD (1.5 mL, 15 mitt, 98% yield), or with TFMD (0.02 mL, 3 min at -15 ‘C, 98% yield). 12: IR 

(fiim) 3609-3200. 1675, 1160 and 1120 cm- 1; 1H NMR 6 6.05 (br. t, 1 H, J = 7.0 Hz, 1 H. H-6 E isomer), 
5.69 (br. t., 1 H, J = 7.0 Hz, H-6 Z isomer), 3.84 (dd, 1 H, Jl = 12.0 Hz, J2 = 4.0 Hz, 1 H, C&OH), 3.69 
(dd, 1 H, Jl = 12.0 Hz, J2 = 6.5 Hz, C&OH), 2.97 (dd, 1 H, Jl = 4.0 Hz, J2 = 6.5 Hz, H-2). 2.35 (q, 2 H, 
J = 8.0 Hz, H-5), 1.85 (q, 3 H, J = 1.5 Hz, CH3 at C-7), 1.80-1.52 (2 H, H-4), 1.31 (s, 3 H, CH3 at C-3); 

13C NMR 6 135.7 (q, J = 3.5 Hz, C-6), 125.9 (q. J = 29.0 Hz, C-7), 124.3 (q, J = 274.0 Hz, C-8), 62.7 (C- 
2). 61.3 (C-l), 60.7 (C-3), 38.0 (d, J = 1.0 Hz, C-4). 24.0 (d, J = 2.0 Hz, C-5), 18.4 (q, J = 2.5 Hz, CH3 at 

C-7), 16.6 (CH3 at C-3); 19F NMR 6 14.09 (s, integral 9, 62 isomer), 6.15 (s, integral 1, 6E isomer); MS 

(EI), m/z 193 (M+-CH30), 123, 117, 58,43 (base peak). Anal. Calcd. for CloHl5F302: C, 53.57; H, 6.74. 
Found: C, 53.52; H, 6.77. 

(2R*,3S*,2’R*)-(6Z)-2,3-Epoxy-2-tetrahydropyranyloxy-8,8,8-trifluoro-3,7- 
dimethyloct-6-ene (14). 

This compound was obtained as a diastemomeric mixture by reaction of ether lL@ (0.029 g, 0.10 mmol) 
with DMD (1.3 mL, 15 min. 98% yield), or with TFMD (0.15 mL, 3 min at -40 Y!, 99% yield). 14 

(diastereomeric mixture): IR (film) 1675,1160,1120,1075,1060 and 1030 cm-t; tH NMR 6 6.05 (brt., 1 H, 
J = 7.0 Hz,H-6 E isomer), 5.70 (br. t., 1 H, J = 7.5 Hz, H-6 Z isomer), 4.65 (m, 1 H, H-2’), 3.88 (dd, 1 H, 
Jl = 11.5 Hz, 32 = 4.5 Hz, H-la one diast.) and 3.80 (dd, 1 H, Jl = 11.5 Hz, J2 = 6.0 Hz, H-la one diast.), 
3.66 (dd, 1 H, Jl = 11.5 Hz, Jq = 5.0 Hz, H-lb one diast.) and 3.54 (dd, 1 H, Jl = 11.5 Hz, 52 = 6.5 Hz, H- 
lb one diast.), 3.93-3.48 (2 H, H-6’), 3.00 (dd, 1 H. Jl = 5.0 Hz, J2 = 6.0 Hz, H-2), 2.35 (2 H, H-5), 1.84 

(q, 3 H, J = 1.5 Hz, CH3 at C-7). 1.90-1.48 (8 H, H-3, H-4, H-4, H-5’). 1.29 (s, 3 H, CH3 at C-3); I3C 

NMR 6 135.9 (q, J = 3.5 Hz, C-6), 125.8 (q, J = 29.0 Hz, C-7). 124.4 (q, J = 274.0 Hz, C-8). 99.3 and 98.6 
(C-2’. two diast.), 66.3 and 65.7 (C-6’, two diast.), 62.4 and 61.9 (C-l, two diast.), 61.3 and 60.9 (C-2, two 
diast.), 59.9 and 59.7 (C-3, two diast.), 37.9 (C-4), 30.6 and 30.5 (C-3’, two diast.), 25.4 and 25.35 (C-5’, 
two diast.), 23.9 (t, J = 1.5 Hz, C-5), 19.4 and 19.1 (C-4, two diast.), 18.5 (q, J = 2.5 Hz, CHj at C-7), 

16.7 and 16.6 (CH3 at C-3, two diast.); 19F NMR 6 14.08 (s, integral 9. 62 isomer), 6.18 (s, integral 1, 6E 

isomer); MS (El), m/z 223 @I+- THP), 207 (M+- OTHP), 101 (OTHP), 85 (RIP, base peak). Anal. Calcd. 
for CtsH23F303: C, 58.43; H, 7.52. Found: C, 58.57; H. 7.54. 
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Methyl (2R*,3S*)-(62)-2,3-Epoxy-8,8,8-trifluoro-3,7-dimethyl-6-~tenoate (16). 

This compound was obtained by reaction of ester 15 (0.106 g, 0.45 mmol) with: a) DMD (6.7 mL 
portions added at 24 h intervals during 8 days, at 0 “C) to give a mixture of the starting substrate, the 
corresponding monoepoxide and the diepoxide in a 2:55:42 equimolecular ratio (GC monitoring). The crude 
reaction mixture was purified by chromatograph on silica gel (hexane:tBuOMe 99:l) to afford 47 mg of the 
monoepoxide 16 with a 1: 1 Z:E isomeric ratio ( lLMR monitoring) in 42% yield and 45 mg of the diepoxide 
17 (see below, 38% yield). h) TFMD (1.4:1 TFMD:substrate molecular ratio, 3 min at 0 “C!) to give a mixture 
of compounds 16:17 in 85:15 molecular ratio (GC monitoring, 9:l Z:E isomeric ratio, 19F NMR). 16: IR 
(film) 1760.1730,1200,1180, 1160, 1125 cm- 1; 1H NMR 6 6.05 @KS, 1 H, H-6 E isomer), 5.67 (br.t., 1 H, 
J = 8.0 Hz, H-6 Z isomer), 3.80 (s, 3 H, E isomer), 3.78 (s. 3 H. Z isomer), 3.36 (s. 1 H, H-2 E isomer), 
3.33 (s, 1 H, H-2 Z isomer), 2.37 (m, 2 H, H-5 Z isomer), 2.25 (m, 2 H, H-5 E isomer), 1.84 (q, 3 H, J = 
1.5 Hz, CH3 at C-7), 1.79-1.60 (2 H, H-4). 1.38 (s, 3 H, CH3 at C-3, E isomer), 1.36 (s, 3 H, CH3 at C-3, Z 

isomer); 13C NMR 6 168.7 (C-l, E isomer), 168.6 (C-l, Z isomer), 135.0 (q, J = 3.5 Hz, C-6 Z isomer), 
131.3 (q, J = 6.0 Hz, C-6 E isomer), 126.3 (q, J = 29.0 Hz, C-7), 124.2 (q, J = 274.0 Hz, C-8), 62.1 (C-3, E 
isomer), 62.0 (C-3, Z isomer), 58.4 (C-2, E isomer), 58.3 (C-2, Z isomer), 52.3 (OMe. E isomer), 52.2 
(OMe, Z isomer), 37.3 (q, J = 1.0 Hz, C-4, Z isomer), 36.4 (q, J = 1.0 Hz, C-4, E isomer), 23.8 (q, J = 2.0 
Hz, C-5, E isomer), 23.8 (q, J = 2.0 Hz, C-5, Z isomer), 18.4 (q. J = 2.5 Hz, CH3 at C-7, E isomer), 18.4 (q, 

J = 3.0 Hz, CH3 at C-7, Z isomer), 16.2 (CH3 at C-3, E isomer), 16.0 (CH3 at C-3, Z isomer); l9F NMR 6 
13.98 (s, integral 1, Z isomer), 6.02 (s, integral 1, E isomer); MS (CI), m/z 253 (M++ H), 235 (16), 193 
(M+- CO2CH3). 165, 117 (base peak). Anal. Calcd. for CttHt~F303: C, 52.38; H, 5.99. Found: C, 52.19; 
H, 6.02. 

Methyl (2R*,3S*,6R*,7RS)-Diepoxy-8,8,8-trifluoro-3,7-dimethyloctanoate (17). 

This compound was obtained by reaction of ester 15 (0.080 g, 0.34 mmol) with: a) DMD (4.3 mL 
portions added at 24 h intervals during 12 days, at 0 “C) to give a mixture of compounds 16:17 in 5:95 
molecular ratio (GC mointoring). The crude reaction mixture was purified by chromatography on silica gel 
(hexane:tBuOMe 99:l) to afford 5 mg of the monoepoxide 16 (6E isomer, 6% yield) and 77 mg of the 
diepoxide 17 (diastereomeric mixture, 85% yield). h) TFMD (2.3:1 TFMD:substrate molecular ratio, 1 h at 0 
“C) to give the diepoxide 17 (diastereomeric mixture, 93% yield, 9: 1 cktrans isomeric ratio). 17: IR (film) 
1760, 1735, 1185, 1150 and 1135 cm- l; lH NMR 6 3 .80 (s, 3 H), 3.38 and 3.37 (s, 1 H, H-2, two diast.), 
2.93 (m, 1 H, H-6), 1.94-1.78 (4 H, H-4, H-5). 1.49 (br. s, 3 H, CH3 at C-7), 1.39 and 1.38 (s, 3 H, CH3 at 

C-3, two diast.); l3C NMR 6 168.6 and 168.5 (C-l, two diast.), 124.3 (q, J = 279.0 Hz, C-8), 62.9 (C-6), 
62.0 and 61.7 (C-3, two diast.), 58.7 and 58.6 (q, J = 36 Hz, C-7, two diast.), 58.5 and 58.2 (C-2, two 
diast.), 52.3 (OMe), 34.7 and 34.4 (C-4, two diast.), 22.9 and 22.8 (q, J-= 2.5 Hz, C-5, two diast.), 16.7 (q, 
J = 1.5 Hz, CH3 at C-7), 16.1 and 16.0 (CH3 at C-3, two diast.); 19F NMR 6 5.16 (s, integral 9, cis epoxide), 
-2.46 (s, integral 1, tram epoxide); MS (CI), m/z 269 (M++ H), 268 (M+), 251, 237, 209 @I+- CO2CH3, 
base peak), 191, 181. Anal. Calcd. for CllH15F304: C, 49.24; H, 5.64. Found: C, 48.97; H, 5.63. 

Methyl (3R*,6R*,7SS)-Epoxy-8,8,8-trifluoro-3,7-dimethyloctanoate (19). 

This compound was obtained by reaction of ester 18 (0.019 g, 0.08 mmol) with: & DMD (1.1 mL 
portions added at 24 h intervals during 16 days, at 0 “C) to give a mixture of compounds 18:19(cis):19(trans) 
in a 6:80: 13 molecular ratio ( 19F NMR). h) TFMD (two 0.1 mL portions, 30 min at 0 Y!, 2.3: 1 TFMD:substrate 
molecular ratio, 1 h at 0 “C, 93% yield, 9: 1 cis:trans isomeric ratio). 19: IR (film) 1740, 1185 and 1150 cm-l; 

1H NMR 6 3.68 (s, 3 H), 2.88 (m, 1 H, H-6), 2.37-2.14 (2 H, H-2), 2.06-1.98 (br., 1 H. H-3), 1.48 (br.s, 3 
H, CH3 at C-7), 1.82-1.24 (4 H, H-4, H-5), 0.99 and 0.97 (d, 3 H, J = 1.0 Hz, 3 H, CH3 at C-3, two diast. 

tram ), 0.98 and 0.96 (d, 3 H, J = 1.0 Hz, CH3 at C-3 two diast. cis); l3C NMR 6 173.2 (C-l), 124.4 (q, J = 
277 Hz, C-8), 63.8 and 63.8 (C-6, two diast.), 58.5 and 58.4 (q, J = 36 Hz, C-7, two diast.) 51.4 (OMe), 
41.4 and 41.1 (C-2, two diast.), 33.4 (C-4), 30.0 and 29.9 (C-3, two diast.), 24.7 and 24.7 (q, J = 2.5 Hz, C- 
5, two diast.), 19.6 and 19.3 (CH3 at C-3, two diast.), 16.8 (q, J = 1.5 Hz, CH3 at C-7, two diast.); l9F 

NMR 6 5.06 (s, integral 9, cis), -2.47 (s, integral 1.5, tram) ppm; MS (CI), m/z 283 (M++ CH2CH3), 255 
(M++ H), 237,235 (M+- F), 223 (M+- OMe, base peak), 217,203. 
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Methyl (6R*,7R*)-(2E,10Z)-6,7-Epoxy-12,12,12-trifluoro-3,7,ll-trimethyldodec~- 
2,10-dienoate (21). 

This compound was obtained by reaction of ester 2@ (0.081 g, 0.27 mmol) with: a) DMD (3.4 mL, 15 
min, 100% conversion yield) tc give epoxide 21. h) TFMD (0.46 mL. 3 min at -20 “C) to give a mixture of 
compounds 21:22 in a 8515 ratio (GC and tH NMR) in 92 96 yield. 21: JR (film) 1720, 1650, 1226, 1153 
and 1118 cm-t; 1H NMR 6 6 .03 (t, 1 H, J = 7.0 Hz, H-10, E isomer), 5.70 (q, 1 H, J = 1.0 Hz, H-2), 5.66 
(t, 1 H, J = 7.5 Hz, 1 H, H-10, Z isomer), 3.68 (s. 3 H), 2.68 (t, 1 H, J = 6.0 Hz , H-6), 2.40-2.20 (4 H, H- 
4, H-9). 2.17 (d, 3 H, J = 1.0 Hz, CH3 at C-3), 1.83 (q. 3 H, J = 1.5 Hz, 3 H, CH3 at C-10). 1.78-1.6 (4 H, 
H-5, H-8), 1.25 (s, 3 H, CH3 at C-7); l3C NMR 6 167.0 (C-l), 158.7 (C-3). 135.9 (d, J = 4 Hz, C-IO), 
125.7 (q, J = 29 Hz, C-11), 124.3 (q, J = 274 HZ, C-12), 115.7 (C-2), 62.4 (C-6), 60.4 (C-7), 50.9 (OMe), 
38.1 (C-8), 37.5 (C-4). 26.6 (C-5). 24.0 (C-9), 18.7 (CH3 at C-3), 18.4 (q, J = 3 Hz, CH3 at C-11), 16.3 

(CH3 at C-7); l9F NMR 6 14.1 (s, integral 12, 6E isomer), 6.2 (s, integral 1, 62 isomer); MS Q, m/z 289 
(M+-OCH$, 263 (M+-COZCH~), 207, 69, 59,43 (base peak). Anal. Calcd. for C$23F$$ C, 59.99; H, 
7.24. Found: C, 60.03; H, 7.25. 

Methyl (2R*,3S*,6R*,7R*)-(10Z)-2,3,6,7-Diepoxy-12,12,12-trif1uoro-3,7,11- 
trimethyldodeca-lo-enoste (22). 

This compound was obtained by reaction of epoxide 21 (0.075 g, 0.23 mmol) with: 3 DMD (2.9 mJ, 
portions added in a 24 h interval during 3 days at 20 “C) to give a mixture of compounds 22 and 23 in a 5644 
molecular ratio (GC monitoring, 100% conversion yield). b) TFMD (0.33 mL, 1 h at -70 “C) to give a mixture 
of compounds 22 and 23 in a 90:10 molecular ratio (GC, NMR monitoring) in 93% yield. A portion of this 
crude reaction mixture was purified by chromatography on silica gel to yield pure diepoxide 22.22 

(diastereomeric mixture): IR (film) 1755, 1674,1205, 1157 and 1116 cm-l; lH NMR 6 6.03 (br. t, 1 H, J = 
7.0 Hz, H-10, E isomer), 5.66 (br. t, 1 H, J = 8.0 Hz, 1 H, H-10, Z isomer), 3.79 (s, 3 H), 3.38 and 3.36 (s, 
1 H, H-2 two diast.), 2.75-2.65 (H-6, two diast.), 2.38-2.26 (2 H, H-9), 1.83 (q, 3 H, J = 1.5 Hz, 3 H, CH3 
at C-10) 1.78-1.60 (6 H, H-4, H-5, H-8), 1.38 and 1.37 (s, 3 H, CH3 at C-10, two d&t.), 1.26 and 1.25 (s, 

3 H, CH3 at C-7, two diast.); 13C NMR 6 168.7 and 168.7 (C-l, two diast.), 135.9 (d, J =3 Hz, C-lo), 125.7 
(q, J = 29 Hz, C-11), 124.3 (q, J = 274 Hz, C-12). 62.4 and 62.3 (C-6 two diast.), 62.2 and 62.0 (C-3 two 
diast.), 60.5 and 60.4 (C-7 two diast.), 58.5 and 58.2 (C-2 two diast.), 52.3 (OMe), 38.1 (C-8), 34.5 and 
34.3 (C-4 two diast.), 24.3 and 24.1 (C-5 two diast.), 24.0 (C-9) 18.4 (q, J = 3 Hz, CH3 at C-l 1), 16.3 

(CH3 at C-7), 16.3 and 16.1 (CH3 at C-3, two diast.); lgF NMR 6 14.1 (s, integral 9, E isomer), 6.2 (s, 
integral 1, Z isomer); MS (RI), m/z 259 @P-77), 247,69,59,43 (base peak). Anal, Calcd. for C&23~3Gii 
C, 57.14; H, 6.89. Found: C, 57.20; H, 6.99. 

Methyl (2R*,3S*,6R*,7R*,lORC,llR*)-2,3,6,7,lO,~l-Triepoxy-l2,l2,l2-trif~uoro- 
3,7,11-trimethyldodecanoate (23). 

This compound was obtained by reaction of diepoxide 22 (0.051 g, 0.15 mmol) with: g) DMD (1.9 mL 
portions added in a 24 h interval during 8 days at 20 “C) to give a mixture of compounds 22 and 23 in a 5:95 
molecular ratio (GC monitoring, 93% yield). h> TFMD (0.25 mL, 1 h at -20 “C) to give triepoxide 23 in 94 % 

yield. 23: 1755, 1205, 1180. 1147 and 1137 cm- l; IH NMR 6 3.77 (s, 3 H), 3.37. 3.37, 3.36 and 3.35 (s, 1 
H, H-2 four diast.), 2.88 (br., 1 H, H-10) 2.73 (br., 1 H, H-6), 1.90-1.52 (8 H, H-4, H-5, H-8, H-9), 1.45 
(s, 3 H, CH, at C-11), 1.36 and 1.35 (s, 3 H, CH3 at C-3), 1.29, 1.28 and 1.26 (s, 3 H, CH3 at C-7, diast.); 

l3C NMR 6 168.7, 168.7, 168.6 (C-l diast.), 124.3 and 124.3 (q, J = 277 Hz, C-12). 63.4 and 63.3 (C-lo), 
62.7, 62.5, 62.2 and 62.1 (C-6 diast.), 62.2, 62.1, 62.0 and 62.0 (C-3 diast.), 60.3, 60.3, 60.2 and 60.1 (C-7 
diast.), 58.5 and 58.4 (q, J = 36 Hz, C-11 diast.), 58.5, 58.5, 58.3 and 58.2 (C-2 diast), 52.2 (OMe), 35.6 
and 35.1 (C-8 diast.), 34.5, 34.5, 34.3 and 34.2 (C-4 diast.), 24.3, 24.2, 24.1 and 24.0 (C-5 diast.), 23.0 and 
22.9 (q, J = 2.5 Hz, C-9 d&t.), 16.7 (q, J = 1 Hz, CH3 at C-11), 16.4 and 16.2 (CH3 at C-3, diast.), 16.3, 

16.2, 16.0 and 16.0 (CH3 at C-7, diast.); lgF NMR 6 5.1 (s, integral 88, cis), -4.3 (s, integral 7, rruns); MS 
(RI), m/z 352 (M+), 293,209, 197 69,59,43 (base peak). 
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