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Abstract

A short chemoenzymatic route to both enantiomers of the key intermediate in the preparation of a marine natural
furanoterpene was developed by employing a prochiral malonate derivative as a starting material. © 1998 Elsevier
Science Ltd. All rights reserved.

1. Introduction

Many biologically active compounds containing a furan subunit with a benzylic quaternary carbon
center have been discovered as natural products. For example, hippospohdiantl furanoterpenes
22 and 32 contain 7-methyl-7-substituted 4,5,6,7-tetrahydrobenzofuran units as part of their structures
(Fig. 1). In searching the general synthetic route for these furanoterpenes, we concentrated our attention
on the construction of a potential key intermedidt@ an optically active form, since this unit seems to
function as a common starting material. Recently we repbré@dasymmetric synthetic procedure for
the alcohol5, the key intermediate for the synthesis of a marine natural produtaghanorphines,
by a chemoenzymatic process using PLE as shown in Scheme 1. We thought that this procedure would
be applicable to the synthesis of the target moledulbecause of the structural similarity betweén
and5. Our synthesis began with the preparation of dimethyl 4,5,6,7-tetrahydrofuran-7,7-dicarboxylate
11 having a prochiral center at the benzylic position as follows.

2. Results and discussion

Treatment of methyl 2-oxocyclohexanecarboxylztewith methyl chloroformate in the presence of
magnesium perchlorétend sodium hydride in refluxing tetrahydrofuran afforded the dicarboxglate
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72% yield. Alkylation of the keton& with allyl bromide in the presence of lithium hexamethyldisilazide
in N,N-dimethylformamide at-30°C gave the allylated compouri which on oxidative cleavage
with osmium tetroxide and sodium periodatetart-butyl alcohol-water afforded the aldehyd® in
92% vyield from8. Treatment of the aldehyd&0 with p-toluenesulfonic acid in refluxing toluene in
a Dean—Stark apparatus brought about furan formation to provide the desired starting rhaterial
83% vyield. Incubation with PLE of the malonate derivati/& in a 0.2 M phosphate buffer solution
with 5% acetone between 15 and 20°C resulted in the desired acidde&siar quantitative yield
(Scheme 2). Although the absolute configuration at the newly created stereogenic cetfteroafd
not be determined at this stage, it was assumed ®Hmesed on the proposed models for PLE hydrolysis
of malonate derivativésand also on our earlier workBecause of the relative instability 4P at room
temperature, the enantiomeric excess from the enzymatic hydrolysis was determined after the reduction
to the corresponding alcohol-esti. The selective reduction of both acid and ester groups enabled the
synthesis divergence for the preparation of both enantiomers of the product alcohol. Thus, reduction of
the acid was carried out using sodium borohydwr@ethe mixed anhydride, prepared from the acid with
methyl chloroformate, to give thé&)-alcohol-estefl3, mp: 56.5-56.8°C,dq]p +17.9 (c=1.0, CHG), in
71% yield.

The enantiomeric excess b8 was determined to be 94% using Chiralcel OD. Whereas the reduction
of the ester group of2 was achieved by employing lithium borohydride to afford tRg-#&lcohol—acid
16, in 82% yield, which on esterification with methyl iodide and potassium carbonate furnishe®)the (
alcohol-estedl 7, mp: 55-56°C; ]p —17.2 (¢=0.8, CHG)), in 84% yield with 89% e.e. Both alcohols
13 and17 were successfully converted into the corresponding primary alcdsasd19, by two steps
involving tosylation withp-toluenesulfonyl chloride, followed by lithium aluminum hydride reduction of
the tosylated4 and18in 85% and 84% vyields, respectively (Scheme 3). By comparison of the sign of
rotations for the synthetic product$, [«]p —13.5 (¢=0.5, CHG)), and19, [&]p +12.7 (c=0.1, CHG),
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with that of the known compound [lif.[&]p +15.6 (c=0.87, CHG)], their absolute stereochemistries
can now be unambiguously assigned. The compdigiths already been transformed to the antipode of
3,9 this synthesis thus constitutes its formal synthesis.
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In summary, we have disclosed a short procedure for the preparation of both enantiomers of the key
intermediate, in very high enantiomeric excess and chemical yield, for the synthesis of the furanoterpene
3 via asymmetric enzymatic hydrolysis and selective reduction. The synthesis of other furanoterpenes
using the alcohol5 or 19is under investigation.

3. Experimental
3.1. General procedures

Melting points were measured with a Yanagimoto MP apparatus and are uncorrected. IR spectra were
recorded for thin films on a JASCO FT/IR-200 Fourier transform infrared spectrophotortétand
13C NMR spectra were obtained for solutions in CRGh a JEOL PMX 270 instrument (270 MHz), and
chemical shifts are reported in ppm on thacale from internal MgSi. Mass spectra were measured with
a JEOL JMS D-300 spectrometer. Optical rotations were taken with a JASCO DIP-360 polarimeter. All
new compounds described in the Experimental section were homogeneous on TLC. E.e. determinations
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were carried out using a 5% iso-propanohihexane mobile phase with a Chiralcel OD (Daicel Chemical
Industries Limited) on a Senshu HPLC.

3.2. Dimethyl 2-oxocyclohexane-1,1-dicarboxylate

Compound8® was prepared from methyl 2-oxocyclohexanecarboxylated methyl chloroformate
according to a previous report using NaH and magnesium perchlorate as the base in THF.

3.3. Dimethyl 2-oxo0-3-(2propenyl)cyclohexane-1,1-dicarboxyld@ie

To a stirred solution of the ketor@ (3 g, 14 mmol) in dry DMF (30 ml) was added 1 M solution
of lithium hexamethyldisilazide in THF (15.5 ml, 15.5 mmol)-a80°C and the mixture was stirred at
the same temperature for a further 1 h. To this solution was added allyl bromide (1.3 ml, 15.4 mmol)
and the resulting mixture was stirred for 30 min-a80°C. The solution was poured into a saturated
KHSO;, solution and extracted with ethyl acetate. The organic layer was washed with brine and dried
over NaSOy. Evaporation of the solvent gave a residue, which was subjected to column chromatography
on silica gel. Elution with hexane:ethyl acetate (5:1, by volume) afforded the allylated compg¢art
g, 94%) as a colorless oil; IRmax 2955, 1736, 1435, 1257 crk; 'H-NMR (CDCl): § 1.35-1.44 (1H,
m, 4-H), 1.51-1.61 (1H, m, 5-H), 1.86-1.90 (1H, m, 5-H), 1.98-2.01 (1H, rh{)12.09-2.15 (1H, m,
4-H), 2.28 (1H, ddd, J=4.0, 13.7, and 14.0 Hz, 6-H), 2.55-2.61 (1H, #H)12.62-2.67 (1H, m, 6-H),
2.67-2.73 (1H, m, 3-H), 3.79 (3H, s, OMe), 3.83 (3H, s, OMe), 5.01-5.09 (2H, 4H),35.70-5.85
(1H, m, Z-H); MS m/z(M*) 254.1154. G3H180s5 (M*) requires 254.1155. Anal. calcd fof4H180s: C,
61.40; H, 7.14. Found: C, 61.24; H, 7.13.

3.4. Dimethyl 2-ox0-3-(2formylmethyl)cyclohexane-1,1-dicarboxyldi@

To a stirred solution 0B (2.0 g, 7.9 mmol) intert-butyl alcohol (10 ml) were successively added
pyridine (2 ml, 23.7 mmol), osmium tetroxide [200 mgtart-butyl alcohol (40 ml)], and 0.5 M Nal®
solution in water (47 ml, 23.7 mmol) at ambient temperature and the resulting mixture was stirred for 10
h at the same temperature. The mixture was treated with saturated K$tB@ion and extracted with
chloroform. The organic layer was washed with brine and dried oveB®a Evaporation of the solvent
gave a residue, which was subjected to column chromatography on silica gel. Elution with hex@ne:Et
(1:1, by volume) afforded the aldehyd® (2.0 g, 98%) as a colorless oil; IRnax 2955, 2928, 2866,
2340, 1732, 1435, 1262 crk; *H-NMR (CDCl): § 1.46-1.54 (1H, m, 4-H), 1.60-1.69 (1H, m, 5-
H), 1.86-1.91 (1H, m, 5-H), 2.10-2.15 (1H, m, 4-H), 2.26-2.36 (2H, myK-P166-2.70 (1H, m,t
H), 2.98-3.01 (1H, m, "tH), 3.26-3.33 (1H, m, 3-H), 3.75 (3H, s, OMe), 3.77 (3H, s, OMe), 9.79
(1H, s, CHO); MSm/z(M*—H,0) 238.0845. GH1405 (M*—H>0) requires 238.0842. Anal. calcd for
C12H1606: C, 56.24; H, 6.29. Found: C, 56.04; H, 6.29.

3.5. Dimethyl 4,5,6,7-tetrahydrobenzofuran-7,7-dicarboxyldte

A solution of the aldehydelO (184 mg, 0.7 mmol) in benzene (46 ml) in the presencep-of
toluenesulfonic acid (137 mg, 0.7 mmol) was heated at reflux for 1 h. The mixture was treated with
saturated NaHC@solution and extracted with ethyl acetate. The organic layer was washed with brine
and dried over NgSOy. Evaporation of the solvent gave a residue, which was subjected to column
chromatography on silica gel. Elution with hexane@®ft(4:1, by volume) afforded 1 (142 mg, 83%)
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as a colorless oil; IRmax 2958, 1733, 1502, 1435, 1259 ¢y 'H-NMR (CDCh): 6 1.75-1.85 (2H, m,
5-Hy), 2.47-2.51 (2H, m, 6-}), 2.49 (2H, t, J=6.2 Hz, 4-}), 3.78 (6H, s, XOMe), 6.25 (1H, d, J=2.0
Hz, 3-H), 7.38 (1H, d, J=2.0 Hz, 2-H); M®/z(M*) 238.0840. G>H1405 (M*) requires 238.0840. Anal.
calcd for G,H140s5: C, 60.50; H, 5.92. Found: C, 60.66; H, 6.06.

3.6. (IR)-7-Methoxycarbonyl-4,5,6,7-tetrahydrobenzofuran-7-carboxylic &2id

The diesterl1 (100 mg, 0.42 mmol) was incubated with PLE (Amano, 29 mg) in a solution of 5%
acetone in 0.2 M phosphate buffer (pH 7.2, 10 ml) at 15-20°C. After the stirring had been continued for
3 days, the reaction mixture was acidified by addition of 1 M KH3@h ethyl acetate. The precipitated
enzyme was removed by filtration and the filtrate was extracted with ethyl acetate. The organic layer was
washed with 1 M NaHC®@solution to remove the acidic components and the aqueous layer was again
acidified as before and re-extracted with ethyl acetate. The organic layer was washed with brine and
dried over NaSQy. Evaporation of the solvent gave a residue, which was used in the next step without
further purification; R)-12 (94 mg, 100%); IRvmax. 3700-2220, 1732, 1503, 1437, 1260 ¢m'H-

NMR (CDCl3): 8 1.80-1.88 (2H, m, 5-b), 2.35-2.43 (2H, m, 6-}), 2.50 (2H, t, J=6.3 Hz, 4-}), 3.80
(3H, s, OMe), 6.26 (1H, d, J=1.5 Hz, 3-H), 7.39 (1H, d, J=1.5 Hz, 2-H); mI8(M*—-44) 180.0782.
C10H1203 (M*—44) requires 180.0786.

3.7. (75)-Methyl 7-hydroxymethyl-4,5,6,7-tetrahydrobenzofuran-7-carboxytlate

To a stirred solution of the acit2 (660 mg, 2.9 mmol) in dry THF (10 ml) were added triethylamine
(0.45 ml, 3.2 mmol) and methyl chloroformate (0.25 ml, 3.2 mmol) dropwise at 0°C and the mixture
was stirred for a further 1 h. After removal of the precipitated triethylamine hydrochloride by filtration,
the filtrate was concentrated to give a residue, which was dissolved in MeOH (10 ml). ,NaB6i
mg, 3.2 mmol) was added portionwise to this solution at 0°C and the mixture was stirred for a further
1 h at the same temperature. After quenching the reaction by addition of saturated,sdB@on,
the mixture was extracted with ethyl acetate. The organic layer was washed with brine and dried over
NaxSO4. Evaporation of the solvent gave a residue, which was purified by column chromatography on
silica gel using hexane:ethyl acetate (10:1, by volume) as eluent to give the alcohok3&&8 mg,

71%) as needles; mp: 56.5-56.8°@]f +17.9 (c=1.0, CHG); IR vmax: 3475, 2950, 1734, 1505, 1435,
1233, 1055, 893 cmt; 1H-NMR (CDClk): § 1.74-1.97 (3H, m, 5-kland 6-H), 2.17-2.25 (1H, m, 6-
H), 2.46—-2.56 (3H, m, 4-Kland OH), 3.73 (3H, s, OMe), 3.82 (1H, dd, J=9.5 and 10.2 HZHOH),

4.03 (1H, dd, J=4.7 and 10.2 HzHEHOH), 6.26 (1H, d, J=1.6 Hz, 3-H), 7.32 (1H, d, J=1.6 Hz, 2-H);
13C-NMR (CDCk); 20.0, 21.7, 29.6, 49.7, 52.1, 66.4, 110.0, 119.6, 141.6, 147.7, 174.20M®1*)
210.0893. @1H1404 (M™) requires 210.0885. Anal. calcd forn{H1404: C, 62.84; H, 6.71. Found: C,
62.72; H, 6.68. The enantiomeric excesd8fwas determined to be 94% by using a 5% iso-propanol in
n-hexane mobile phase with a Chiralcel OD (Daicel Chemical Industries Limited) on a Senshu HPLC.

3.8. (75)-Methyl 7p-tosyloxymethyl-4,5,6,7-tetrahydrobenzofuran-7-carboxyldte

A solution of the alcohol13 (100 mg, 0.48 mmol), triethylamine (0.2 ml, 1.44 mmot);
toluenesulfonyl chloride (272 mg, 1.44 mmol), and a catalytic amount of DMAP inGEH(3 ml)
was stirred for 2 h at room temperature. The mixture was diluted withGTHand washed with brine,
and dried over NgSOy. Evaporation of the solvent gave a residue, which was purified by column
chromatography on silica gel using hexane:ethyl acetate (10:1, by volume) as eluent to give the tosylate
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14 (618 mg, 71%) as an oil; IRmax 2950, 1740, 1598, 1503, 1475, 1364, 1236, 1178, 1097, 992;:cm
IH-NMR (CDCh): & 1.75-1.90 (2H, m, 5-b), 2.25-2.43 (4H, m, 6-pland 4-h), 2.46 (3H, s, Me),

3.64 (3H, s, OMe), 4.17 (1H, d, J=10.2 HzHEIOTSs), 4.52 (1H, d, J=10.2 Hz,HIHOTS), 6.19 (1H,

d, J=1.6 Hz, 3-H), 7.22 (1H, d, J=1.6 Hz, 2-H), 7.34 (2H, d, J=8.1 Hz, PhH), 7.74 (2H, d, J=8.1 Hz,
PhH);13C-NMR (CDCh); 19.8, 21.4, 21.5, 29.5, 47.4, 52.4, 71.6, 110.3, 121.0, 127.8, 129.6, 132.4,
142.1, 144.7, 144.8, 171.1; M8/z(M™) 364.0978. GgH2006S (M*) requires 364.0980. Anal. calcd for
ClgHzooGSZ C, 59.33; H, 5.53. Found: C, 59.27; H, 5.74.

3.9. (79)-4,5,6,7-Tetrahydro-7-methylbenzofuran-7-methatl

To a stirred suspension of lithium aluminum hydride (100 mg, 2.76 mmol) in refluxing THF (5 ml)
was slowly added a solution of the tosyldté (156 mg, 0.43 mmol) in THF (2 ml) and the mixture
was stirred for a further 6 h. The mixture was treated with ethyl acetate and then with water, and the
precipitate formed was removed by filtration through a pad of Celite. The filtrate was concentrated to
leave a residue, which was subjected to column chromatography on silica gel. Elution with hexane:ethyl
acetate (10:1, by volume) gave the alcohbl(61 mg, 85%) as an oilof]p —13.5 (c=0.5, CHQ); lit.,2
[x]p +15.6 (c=0.87, CHQ) for its antipode; IRvmax 3380, 2933, 1504, 1456, 1152, 1101, 1036, 891,
733 cnt; 'H-NMR (CDCl): 6 1.24 (3H, s, Me), 1.48-1.60 (2H, m, 5,}41.68-1.89 (3H, m, 6-pland
OH), 2.41 (2H, t, J=7.6 Hz, 4-4), 3.57 (1H, d, J=10.7 Hz,l@HOH), 3.68 (1H, d, J=10.7 Hz,IEHOH),
6.18 (1H, d, J=1.6 Hz, 3-H), 7.25 (1H, d, J=1.6 Hz, 2-FAC-NMR (CDCk); 20.0, 22.4, 22.5, 33.6,
37.9,70.1, 110.3, 117.9, 140.9, 154.4; Mi&(M™) 166.0995. GgH200s (M*) requires 166.0994.

3.10. (R)-Hydroxymethyl-4,5,6,7-tetrahydrobenzofuran-7-carboxylic 4éd

To a stirred solution of the estdr2 (416 mg, 1.8 mmol) in dry RO (5 ml) was added lithium
borohydride (400 mg, 18 mmol) portionwise at 0°C and the resulting mixture was stirred for a further
5 h at the same temperature. After addition of 1 M KHSMe mixture was extracted with £ and
the extract was washed with brine, and dried oves 2. Evaporation of the solvent gave a residue,
which was purified by column chromatography on silica gel using chloroform:MeOH (10:1, by volume)
as eluent to give the acith (299 mg, 82%) as an oil. This compound was used in the next step without
further purification because of its instability.

3.11. (R)-Methyl 7-hydroxymethyl-4,5,6,7-tetrahydrobenzofuran-7-carboxyléte

To a stirred solution of potassium carbonate (11 mg, 0.088 mmol) in HMPA (1 ml) was added a solution
of iodomethane (0.02 ml, 0.32 mmol) and the at&l(15.6 mg, 0.08 mmol) in HMPA (1 ml) at room
temperature and the resulting mixture was stirred for a further 2 h at ambient temperature. After treatment
with water, the mixture was extracted withoBt and the extract was washed with brine, and dried over
NaSO4. Evaporation of the solvent gave a residue, which was purified by column chromatography on
silica gel using hexane:ethyl acetate (3:1, by volume) as eluent to give thelggtet.1 mg, 84%) as
needles; mp: 55-56°Cq]p —17.2 (c=0.8, CHGJ). The spectroscopic data except for the specific optical
rotation were identical to those @B. The enantiomeric excess bf was determined to be 89% by using
a 5% iso-propanol im-hexane mobile phase with a Chiralcel OD (Daicel Chemical Industries Limited)
on a Senshu HPLC.
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3.12. (R)-Methyl 7p-tosyloxymethyl-4,5,6,7-tetrahydrobenzofuran-7-carboxyl&te

Tosylation of17 was carried out by using the same procedure as for the preparatldria§ive 18in
70% vyield, whose spectroscopic data except for the specific optical rotation were identical with those of
14.

3.13. (R)-4,5,6,7-Tetrahydro-7-methylbenzofuran-7-methdtl

Reduction of18 was carried out by using the same procedure as for the preparatibf tofgive
19, [«]p +12.7 (c=0.1, CHQ), lit..® [&]p +15.6 (c=0.87, CHG), as an oil, in 84% yield, whose
spectroscopic data except for the specific optical rotation were identical with th@Se of
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