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Summary: A study on the epoxidation of methyl farnesoate using the title reagent has been
carried out In addition, dimethyldioxirane has shown to be a convenient reagent for the
synthesis of putative metabolites of juvenile hormone lll, such as diepoxide 4, triepoxide 5
and epoxy diol 7. This reagent has also shown to be an excellent tool for performing the
preparation of tntium labelled denivatives 4 and 7  Finally, molecular mechanics and
NMR studies for the characterisation of cis and trans tetrahydrofuran derivatives 8a and
8b, corgpounds resulting from the acid or enzymatic hydrolysis of epoxy diol 7, are also
reported.

Although initially considered as a catabolic intermediate of insect juvenile hormone Il|
(JH Iil, 2) (see Scheme 1), recent investigations carned out by Richard et al 1 have
shown that diepoxide 4 is produced by larval ring gland tissues of Drosophila melanogaster
incubated with radiolabelled precursors It also appears that compound 4 is predominant n
adults of this insect species and it exhibits low juvenile hormone activity These resulls
prompted some of us to undertake a comparative study of the metabolism of JH Ill and its
diepoxide in different biological matrices, such as D. melanogaster cell fractions and
mammalian cytosolic epoxy hydrolase, to ascertain the role of epoxide metabolzing
enzymes on these insect growth regulators 2. With that aim, availabilty of putative
metabolites, such as epoxides 3, 4 and 7, and related derivatives (1 e. the tetrahydrofurans
8 and the tetrol 9), was required. In the course of the above study, preparation of tritiated
compounds 4 and 7 was also needed

In this context, we anticipated that dioxiranes could constitute convenient reagents for
the above purpose. It has been shown that dimethyidioxirane in acetone solution 3 is an
efficient oxygen transfer agent which reacts with a variety of organic moiettes under mild
neutral conditions 4 In particular, this reagent has found important applications for the
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preparation of unstable epoxides such as those derived from aflatoxin B4, silyl enol
and precocenes 5-7. Likewise, the successful epoxidation of deactivated double bond
as those of a,B-unsaturated ketones has also been reported 8,

In the present paper, a study on the epoxidation of methyl farnesoat¢
dimethyldioxirane and use of this reagent for efficient preparations of epoxides 4, 5
is described. In addition, synthesis of compounds 8 and 9, which constitute the
metabolites of diepoxide 4 2 is also reported. Finally, results on molecular mechans
NMR studies to assign the structures of tetrahydrofuran isomers 8a and 8b are prese
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RESULTS AND DISCUSSION

Epoxidation of methyl farnesoate. Availability of an efficient procedure |
regioselective epoxidation of ester 1 at the terminal double bond is still a pending qt
Thus, conventional epoxidation procedures using peroxyacids or a two step r¢
involving halohydrin intermediates give mixtures of the monoepoxides 2 and 3 w
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concomitant formation of diepoxide 4 depending upon the reagent excess utilized (Scheme 1)
9. In general, mixtures of compounds 2:3 from 2:1 to 6:1 isomeric ratios, respectively,
are formed when equimolecular amounts of peroxyacid are used within the 40 to -20 OC
temperature range, being the reaction at the terminal double bond favoured at low
temperatures. In all cases, however, higher amounts of diepoxide 4 in comparison with
monoepoxide 3 were detected in the crude reaction mixture 10 In any case, neither the
peroxyacid oxidation nor the halohydrnn procedure can be efficiently carried out below -20
oC due to solubility problems. In this context, dimethyldioxirane appeared as an interesting
option since reactions can be carried out within a wider temperature range under
homogeneous conditions

However, when acetonitrile solutions of ester 1 were treated with a shght equimolecular
excess of dimethyldioxirane at different temperatures within 20 and -50 0C, HPLC
monitoring of the crude reaction mixtures showed similar ratios of compounds 2.3 4 to
those obtained using the peroxyacid procedure. Thus, a 1:2:3:4 / 16:52°13 22 mixture of
products was obtained at 20 O0C, whereas at -50 OC the relative ratios only shifted to
5-55 9-28, respectively. Therefore, relative ratios between monoepoxides 2:3 were
comprised within 4:1 and 6 1:1, respectively, and in both cases formation of diepoxide 4
was considerably high even in the presence of important amounts of unreacted methyl
farnesoate This fact was more evident in an experiment carried out at -15 OC and using a
slight equimolecular defect of dimethyldioxirane. In this case, relative ratios obtained for
compounds 1:2 3'4 were 37°42:13.7, respectively, which suggests that the diepoxide is
preferentially formed from the epoxidation of compound 3 11.

Synthesis of JH Il related compounds. Dimethyldioxirane showed to be an
excellent reagent for the preparation of epoxides 4, 5 and 7 (Schemes | and I} Thus, when
a slight excess of the corresponding molecular equivalents of the title reagent was added to
ester 1 or to JH Il (2), a rapid reaction took place (5 min at 0 °C) with a quantitative
conversion of starting material into the diepoxide 4 Compound 4, which had been
previously prepared by both the bromohydnn 12 and the peroxyacid procedures 1, was
isolated as a diastereomeric mixture and identified by comparison of its NMR spectrum with
those of monoepoxides 2 and 3 Working under the above conditions, epoxidation of the
conjugated double bond was not observed. Actually, as it has been recently shown by Adam et
al 8 for the case of a,B-unsaturated ketones, epoxidation of the double bond of a,B-
unsaturated esters with dimethyldioxirane required longer reaction times In our case,
formation of tniepoxide 5 was achieved after prolonging the ireatment of 4 with
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dimethyldioxirane for 3 days at 0 °C, with daily addition of fresh oxidation reagent. Undel
these conditions, conversion of starting compound was complete and triepoxide 5 was
isolated as a mixture of diastereomers and identified by spectral means (i.e a shift of the
carbonyl absorplion in the IR to 1756 cm-1, presence of a singlet at & 3.29 in the 1H NMF
spectrum, absence of C=C absorptions in the 13C NMR spectrum together with the
increment of peaks in the region of 60 ppm, and presence of the expected molecular peak
the MS spectrum).

In the same context, use of dimethyldioxirane was particularly valuable for the
preparation of epoxy diol 7. This compound, which had been postulated as lhe primary
metabolite formed by the action of epoxy hydrolases on diepoxide 4, was found to be highly
reactive since it undergoes a rapid cyclisation to give the mixture of tetrahydrofurans €
(Scheme 1I). The reaction is catalyzed by acids, but it can also occur in a buffered neutra
incubation medium 2. For that reason, aitempted preparations of 7 by peroxyack
epoxidation of JH 1ll diol 6 led to the concomitant formation of compounds 8a and 8b a
major components of the crude reaction mixture. Conversely, use of dry dimethyldioxirane
solution resulted in a rapid and quantilative conversion of diol 6 into the expected epox|
diol 7, which was isolated as a mixture of diastereomers and identified by its spectra
features. In particular, the tniplets at & 2.70 and 2.73 (J = 6 Hz) corresponding to the
oxyranic proton of both diastereomeric pairs and the concomitant shift of a methy
absorplion to the 1.1-1.2 ppm region in the TH NMR spectrum, together with the peaks a
61.4 and 63.1 ppm (61.5 and 63.6 for the other diastereomerc pair, respectively) in thi
13C NMR spectrum, confirmed the presence of the epoxide motety On the other hand, the
GC/MS analysis of the TMS derivative using chemical ionization with CH 4 9ave the (M+
15) peak and a fragmentation pattern in agreement with the presence of two TMS groups.

It is worth noting that the simplicity of experimental conditions involved witl
epoxidations using dimethyldioxirane makes their application to radiochemical synthese
very attractive. Since tritium labelled JH lIl (2) is commercially available, we undertoo!
the preparation of tritiated diepoxide 4, the required substrate for the metabolic studies
and of epoxy diol 7, which was also needed for studying the biotransformation pathway c
bispoxide 4 to give the tetrahydrofurans 8 2. In both cases, a one pot-reaction with an eas
manipulation procedure led to the complete conversion of starting materials (labelled JH i
or JH Il diol derivative 6) into the corresponding final products, 4 or 7, respectively. I
the latter case however, reactivity of the epoxy diol caused its partial conversion into th
mixture of tetrahydrofurans 8, so that a final TLC purification step was required to isolat
7 with high chemical and radiochemical purity
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Finally, preparation of the standard metabolites 8 and 9 was accomphished by
conventional procedures In the first case, treatment of diepoxide 4 in acid medium led to
the conversion of the compound into a 2 3 mixture of tetrahydrofurans 8a and 8b as
predominate products 13. These compounds could be separated by preparative TLC and
characterised by spectral means (see below). Likewise, a bis dihydroxylation of ester 1
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with OsO 4 following the general procedure reported by VanRheenen et al. 14 afforded the
tetrol 9 (Scheme lI) as a mixture of diastereomers in moderate yield (Scheme Il) The

compound was identified by comparison of its chromatographic and spectral features with
those of epoxy diol 7 and tetrahydrofurans 8.

MMP2 and NMR studies on tetrahydrofurans 8a and 8b During the incubations
carried out with substrates 4 and 7 two tetrahydrofuran isomers 8 were obtained in
different ratios, depending upon the biological matrix and the conditions used 2 Therefore a
more detailed study to assign the their configuration was contemplated. The sole
bibliographic precedent related to this problem was the work of one of us, in which a cis
and trans configuration was assigned to the high and low R¢ (TLC) stereoisomers,
respectively, arising from the cyclisation of the diepoxide of p-ethylphenyl geranyl ether,
a juvenile hormone mimic, in acid conditions 15 The assignation was essentially made by
chromatograptuc critena In our case, the polarity difference between compounds 8a and
8b was high enough to permit their neat separation by TLC procedures, thus suggesting a
similar stereochemical assignation to that indicated above. However, these assignments
must be regarded as tentative Unforlunately, all atlempts to obtain good crystais from one
of the isomers for X-ray analysis were unsuccessful.

Therefore, we decided to carry out a molecular mechanics study using the MMP2 method
developed by N L Allinger 16,17 and Figure 1 shows the preferred conformations obtamed
for both stereoisomers. In fact, two conformations were possible for the cis i1somer 8a, but
a 10 KJ/mol difference in relative energy values indicated that the one shown in the figure
should be the preferred Conversely, in the case of the frans isomer 8b the depicted
conformation was a mimumum with an energy value far below from those of all other
possible conformations.

As shown, the preferred conformations for tetrahydrofurans 8a and 8b mainly differ in
the orientation of the (1-hydroxy-1-methyl)ethyl substituent Thus, while in the cis
isomer this substituent is oriented in a direction near to the plane defhined by the
tetrahydrofuran ring, in the trans isomer it is situated almost perpendicular to this ring
As consequence, the relative onentations of the CH and the two CH2 groups of the furan ring
are also different in both isomers, which would allow the prediction of the respective 1H
NMR coupling pattern

A detailed analysis of the respective models shows that in 8a the CH forms diedral angles
of approximately 20° and 160° with the C-H bonds of its contiguous CH2 group, which
would result in similar 3J values in the TH NMR Likewise, in 8b the diedral angles are
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both of approximate 60°, which would also give rise close 3J values. Conversely, relative
orientations of the two CH2 groups are more meaningful. Thus, in 8a they are in an almost

eclipsed conformation, which would lead 1o similar J values for all couplings. However, in
8b there are C-H bonds of the contiguous CH2 groups with diedral angles of approximately

90°, which would give rise to a more complex spectrum pattern than that expected for 8a
due fo the diversity in J values.

8b

Figure 1. Preferred conformations adopted by the cis and trans tetrahydrofuran
derivatives Ba (above) and 8b (below), respectively, according to the MMP2
calculations.

The above predictions on the relative orientations of the tetrahydrofuran
substituents in the c1s and trans isomers were consisient with the data obtained from the
complementary NMR study carned out. Thus, use of appropriate 2D techniques permitted
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the unequivocal assignation of the chemical shifts for all atoms of both isomers in both
1H and the 13C NMR spectra, although the patterns obtained were not simple enougl
measuring all the coupling constants between the hydrogen atoms of the tetrahydrof
ring. In any case, as expected, the coupling pattern ohserved for the CH2 region in the
NMR of isomer 8a was much simpler than that of the isomer 8b; therefore, the
stereochemistry was assigned to 8a, in agreement with the theoretical prediction. Fin
this assignation was also in concordance with the differences observed between the cher
shifts of the respeclive ring carbon atoms direclly linked to the furan oxygen

EXPERIMENTAL SECTION

Dimethyldioxirane solutions in acetone (within the 70-90 mM range) were prepared
utrated as reported by Murray and Jeyaraman 34, In some cases, a GC titration with m
citronellate and its epoxide in the presence of tetradecane as internal standard was also 1
(unpublished results from this laboratory). Methyl farnesoate (1) and juvenile horn
Il (2) were prepared by previously reported methods ©. All other compounds and reag
were commercially available Tritiated juvenile hormone 1ll [10-3H H(N)J-JH 1 (
Ci/mmol specific activity) was from New England Nuclear.

The IR spectra were recorded with a Perkin Elmer 399 B spectrometer The 1H and

NMR spectra were recorded with a Varian Unity 300 spectrometer. Unless other
stated, all NMR spectra were performed in carefully neutralized CDClg solutions

rhamiral chifte ara Aalven in nnm AdAawnfiald from tatramoathviecilane Whan diacioroann
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Epoxidation of methyl (2E,6E)-3,7,11-trimethyl-2,6-dodecadienocate (1)
Assays were carried out by adding 160 pulL of a 70 mM solution of dimethyldioxirane to a
solution of ester 1 (10 umol) in CH3CN (0.5 mL) at the desired temperature The HPLC
analyses for monitoring the epoxidation course were carried out with a Waters modular
syslem provided with two model 510 pumps, an automated gradient controller and a 481 UV
detector set at 235 nm. The injector used was a 480 Model (Applied Biosystems). Analyses
were carried out with a 10 x 0.4 cm column packed with ODS-2 (5u) Elution conditions
were set as follows: 656:35 CH3CN.H20 (1 mU/min) for 4 min. From min 4 to 5 a gradient
from 65:35 to 75:25 (1 mL/min) was programmed and these conditions were maintained
up to min 12. Then the system was set at the initial eluent mixture Under these conditions,
retention times for compounds 1,2,3 and 4 were 133, 4.7, 51 and 22 min,
respectively.

Methyl (2E)-6,7,10,11-diepoxy-3,7,11-trimethyldodec-2-enoate (4). An
approximate 200% molecular excess of dimethyldioxirane solution in acetone was added to a
solution of ester 1 (0025 g, 0.1 mmol) in dry CHoClo (1 mL). The mixture was allowed
to stand at room temperature until reaction was completed (TLC, GC monitoring, 5
minutes). Then, reagent excess and solvents were carefully removed under No and the
residue was redissolved in pentane and dried (NapSOy4). Evaporation of solvent afforded the
expected diepoxide as a pure compound in near quantitative yield. This compound was
obtained as a diastereomeric mixture and it was identified by comparison of the spectral
data with those reported by Ichinose et al. 12 (see also ref 1). 13C NMR 16.4 (16.7),
18.6 (18.6), 18.7, 245 (247), 24.8, 26.7, 35.1 (355), 37.6, 50.8, 58.3 (58 4),
604 (60.5), 623 (628), 637 (639), 115.7 (1158), 158.7 (158 8), 167.0 MS
(C.I., isobutane). m/z, 283 (M++1), 266, 251, 233.

Synthesis of tritiated diepoxide 4 A solution of JH Ill (2 mg) and [10-3H H(N)]-JH
i (70 nCi) in CHaClo (1 mL) was treated with the dimethyldioxirane solution (03 ml).
The crude reaction mixture was allowed to stand at room temperature for 5 minutes and
concentrated under Np The residue was redissolved in pentane and dried (NaoSOy).
Decantation of supernatant and evaporation of solvent under No yielded the expected
tritiated diepoxide 4 in over 96% chemical (TLC) and radiochemical purities
(radioscanner analysis).
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Methyl 2,3,6,7,10,11-triepoxy-3,7,11-trimethyldodecanoate (5) This
compound was obtained from JH Il (0.026 g, 0.1 mmol) as described above, aithough total
conversion took place in 3 days with daily addition of fresh solution of dimethyldioxirane to
the reaction crude. Triepoxide 5 was isolated from preparative TLC as a mixture of four
diastereomers in near quantitative yield. IR (neat): v, 2960, 2930, 1756, 1457,
1440,1386, 1205, cm-1 TH NMR: 3, 123, (s, 3H), 128 (s, 6H), 1.32 (s, 3H), 1.4-
18 (8H), 2.71 (t, 1H, J = 6 Hz), 2.76 (t, 1H, J = 6 Hz), 338 (s, 1H), 3.79 (s, 3H).
13C NMR: 161 (163), 16.4 (16.7), 18.6 (18.7), 24.1 (24.4), 24.5 (24 7), 248,
344 (34.6), 35.1 (35.5), 52.3, 58.2 (582, 58.6, 586), 58.4, 604 (605, 6086,
60.6), 62.1 (62.2), 62.1 (62.3, 62.7, 62.8), 63.8 (63.9), 1688. MS (C1|,
isobutane): m/z, 299 (M++1), 281, 263, 213.

Methy! (2E)-6,7-epoxy-10,11-dlhydroxy-3,7,11-trimethylidodec-2-
enoate (7) This compound was obtained as a diastereomeric mixture from diol 6 (0.27
g, 0.1 mmol) following the procedure described for diepoxide 4, although in thus case the
dimethyldioxirane solution was thoroughly dried over molecular sieves In addition, the
instabilty of the compound led to low recovery yields after chromatography; therefore, the
residue obtained after solvent evaporation (>95% purity, NMR) was used for the
biochemical assays without further purification. TH NMR: 2, 1.10 (s, 3H), 116 (s, 3H),
1.23 (s, 3H), 1.3-2.3 (6H), 2.1 (br, 1H), 212 (s, 3H), 2.15-23 (m, 2H), 26 (br,
1H), 270 (t, 1H, J = 6 Hz, one diastereomer), 2.73 (t, 1H , J = 6 Hz, one diastereomer),
3.28 (dd, 1H, J4 = 30 Hz, Jo = 10 Hz), 362 (s, 3H), 5.66 (s, 1H) 13C NMR:- 3,16 4,
16.9, 190, 235 (236), 26.6 (268), 26.7, 35.3 (357), 37.8,51 2, 614 (615),
63.1 (63.6), 732 (733), 780 (78.8), 116, 159.4 (1596), 1678 MS (CI.,
methane, bistrimethylsilyl ethers) m/z, 429 (M+-15), 356 (M*-OTMS), 265, 131

Synthesis of tritiated epoxy diol 7 A solution of JH Il (03 mg) and [10-3H
H(N))-JH HIl (10 pCi,) in dimethoxyethane (01 ml) was stirred with 5% solulion of
HCIO4 (0 1 mL) at room temperature. When the reaction was completed (TLC monitoring,
30 min), solvents were partially removed under No and the residue extracted with EtOAc
(3 x 1 mL), centnfuged and joined organic fractions were dried (NapSO4) The residue
obtained after solvent removal under No, which contained the trithated dihydroxy derivative
6, was redissolved in dry CHoCls (1 mL) and allowed to react with dimethyldioxirane
solution (0 2 mL) in the presence of NaHoPOy4 for 3 minutes at room temperature Then

the crude reaction mixture was worked up as described above for tritiated compound 4 to
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give a final residue which contained epoxy diol 7 in approx. 80% radioactive purity
(overall yield from starting JH Il was 40%). A mixture of tetrahydrofurans 8a:8b in a
1:1 isomer ratio accounted for most of the remaining radioactivity. Pure labeled compound
7 could be isolated, although with moderate recovery due to its instability, by TLC over
silicagel eluting with a 1: 1 hexane.ethyl acetate mixture.

Methyl 6-hydroxy-3-methyl-6[tetrahydro-5(1-hydroxy-1-methyl
ethyl)-2-methyl-2-furanyllhex-2-encate (8a, cis isomer) (8b, trans
Isomer). A solution of diepoxide 4 (0.054 g, 0 2 mmol) in THF (2 mL) was treated with a
25 % HCIO4 and the mixture was stirred at room temperature until reaction was
completed (1 h, TLC momitoring). The crude reaction mixture was extracted with EtoO and
the organic extracts were washed with 5% NaHCOg solution, brine and diied (NaSO4). The
residue obtained after solvent removal was purnfied by preparative TLC (hexane ethyl
acetate, from 3 1) to give the cyclic derivatives 8a and 8b as major components in a 23
isomer ratio. 8a (higher Rf in TLC): TH NMR: 3, 115 (s, 3H),1.16 (s, 3H), 127 (s,
3H), 1.4-1.7 (4H), 1.8-20 (m, 2H), 2.0-23 (m, 2H), 2.16 (s, 3H), 23-2.5 (2H,
OH), 3.54 (dd, 1H, J4 = 10 Hz, Jo = 3 Hz), 3.68 (s, 3H), 382 (1, tH, J = 7 Hz), 571
(s, 1H); 13C NMR: 3, 19.1, 239, 25.8, 27.2, 27.7, 30 1, 31.4, 38.0, 515, 725, 76.4,
84.7, 86.8, 116, 161, 168; MS (E 1) for bistrimethylsilyl ethers: m/z, 429 (M+-15),
215 8b (lower Rf in TLC): 1H NMR: 3, 1.17 (s, 6H), 121 (s, 3H), 1 35-1 65 (4H),
1.8-1.9 (m, 2H), 2.0-2.3 (in, 2H), 2.18 (s, 3H), 24-2.55 (2H, OH), 350 (dd, Jq =
10 Hz, Jp = 3 Hz), 3.68 (s, 3H), 3.77 (dd, 1H, J4 =9 Hz, Jo = 7 Hz), 572 (s, 1H),
13C NMR: 9, 190, 239, 240, 26.4, 269, 295, 307, 37.8, 51.1, 710, 76 2, 86 2,
88.1, 116, 161, 168. MS (E |) for bistrimethylsilyl ethers: m/z, 429 (M+-15), 215

Methyl (2E)-6,7,10,11-tetrahydroxy-3,7,11-trimethyldodec-2-enoate
(9) Following the general oxidation procedure reported by VanRheenen et al 14, methyl
farnesoate (1, 0025 g, 0.1 mmol) was added to a mixture of N-methylmorpholine-N -
oxide (36 mg, 0.2 mmol), HoO (0 1 mL), acetone (0.04 mL) and OsO4 (0 16 mg) in t-
BuOH (0 02 mL) After being stirred for 20 hours at room temperalture, the crude reaction
mixture was treated for 15 minutes with a slurry of NasS504 (5 mg) and Celite (25 mg)
in HpO (1.5 mL), and hitered off. The filtrate was acidified to pH 2 with 1N HoSOy,
saturated with NaCl and extracted with EtOAc (3 x 5 mL) The agqueous layer was
concentrated under mitrogen and reextracted with EtOAc (2 x 5 mbL). The joined organic
fractions were dried (NaxSO4) and evaporated, yielding the expected tetrol as a mixture of
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two diastereomers (0.012 g, 38 % yield, one spot in TLC). TH NMR (CDClg + D20)’ 9,
1.11 (s, 3H), 1.16 (s, 3H), 1.20 (s, 3H), 1.3-1.9 (6H), 2.16 (s, 3H), 223 (m, 1H,
allylic), 2.44 (m, 1H, allylic), 3.3-3.5 (2H), 3.68 (s, 3H), 5.71 (s, 1H) ; 13C NMR: 3,
18.9 (18.9), 20.7 (21.3), 232, 250 (25.1), 26.6, 288 (29.1), 358 (36.1), 37.8,
50.8, 73.2 (73.2), 74.4 (74.6), 75.5 (77.2), 78.9 (79.1), 1155, 1599 (159 9),
167.2; MS (C.I, methane, tetraquistrimethylsilyl ethers): m/z, 591 (M*-15), 517
(M*+-OTMS), 427, 337, 247, 131.
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