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Abstract: The enantioselective synthesis of 2-isopropenyl-2,3-dihydrobenzofurans, 4-(2,3-dihydrobenzofuran-2-yl)-2-methylbut-3-en-2-
ols, 2-hydroxymethylchromans, and 4-chroman-2-yl-2-methyl-but-3-en-2-ols has been achieved using Sharpless asymmetric epoxida-
tion-derived enantiomerically enriched epoxy alcohols as chiral building blocks. A phenolate ion-mediated intramolecular epoxide ring
opening reaction was the key step for every cyclization reaction.
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2,3-D1h?/dr0benzofuran and 1-benzopyran derivatives are common in numerous natural products and unnatural
molecules. * The wide ranging biological properties of these heterocycles have attracted the considerable attention of
organic and medicinal chemlsts 34 The 2-isopropenyl-2,3-dihydrobenzofuran framework is an integral part of numer-
ous bioactive natural products® such as tremetone 1, 4-hydroxytremetone 2, fomannoxin 3, and xyloallenolide B 4
(Figure 1). In addition to these structurally simple molecules, more complex compounds such as rotenone 5, 3',4'-
deoxypsorospermin 6, and xyloketal J 7 also contain the same structural unit.

Figure 1. Representative examples of natural products containing the 2-substituted 2,3-dihydrobenzofuran moiety.

The history of the synthesis of this class of compounds dates back to 1963 when the first asymmetric synthesis of
1 was achieved from the corresponding chiral 2 ,3-dihydrobenzofuran-2-carboxylic acid, both enantiomers of which
were obtained by a chiral resolution procedure.”® Recently, Yamaguchi and co-workers achieved kinetic resolution of
the enantiomers of several racemic 2-isopropenyl-2,3-dihydrobenzofurans utilizing Sharpless asymmetric dihydrox-
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ylation.® However, the above two methods of synthesizing chiral 2-isopropenyl-2,3-dihydrobenzofurans suffered
from various drawbacks such as very low yield of the resolution step and low enantiomeric excess (ee) of the desired
isomer. Very recently, Koning and co-workers achieved an efficient enantioselective synthesis of the 2-isopropenyl-
2,3-dihydrobenzofuran skeleton of tremetone and hydroxytremetone from (£)-4-(2-hydroxyphenyl)-2-methyl-2-
butenyl methyl carbonate and (E)-4-(2,6- dihydroxyphenyl)-2-methyl-2-butenyl methyl carbonate, respectively.” The
key step was a catalytic palladium-mediated reaction in the presence of the chiral Trost ligand.
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Among various 2-substituted 1-benzopyran derivatives, enantiomerically pure 2-hydroxymethyl chromans are
1mportant intermediates for the synthesis of numerous medicinally important 2-substituted chroman derivatives (Fig-
ure 2).* "It is worth mentioning that biological activities of 2-substituted chromans are dependent on the absolute
configuration of the stereogenic centre as illustrated in the development of repinotan 11 and sarizotan 12 as single
enantiomer.

Figure 2. Medicinally important 2-substituted chroman derivatives.
A literature survey shows that enantiomerically pure 2-hydroxymethyl chromans can be synthesized from optical-
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ly pure chroman-2-carboxylic acids,'* which, in turn can be obtained via chemical'® as well as enzymaticlé resolution
of the racemate for which facile syntheses17 have been reported. However, we could find only two reported enantiose-
lective routes to 9. The first one involved the synthesis of 2-hydroxymethyl chromans from enantiomerically enriched
2-vinylchroman (ee up to 53%), which was synthes1zed from palladium-catalyzed cyclization of hydroxy allylic car-
bonate in the presence of various chiral ligands.'"® The second one described in an US patent involved Sharpless
asymmetric dihydroxylation reaction of 4-aryl-1-butene derivatives furnishing 2-hydroxymethyl chromans of very
low ee.

Taking into account of all these facts and our interest in the asymmetric synthesis of heterocycles,” we herein
describe our results that illustrate efficient enantioselective synthetic routes to 2-isopropenyl-2,3-dihydrobenzofurans,
4-(2,3-dihydrobenzofuran-2-yl)-2-methylbut-3-en-2-ols, 2-hydroxymethyl chromans, and 4-chroman-2-yl-2-methyl-
but-3-en-2-o0ls through phenolate ion-mediated intramolecular ring opening of Sharpless asymmetric epoxidation-
derived enantiomerically enriched epoxy alcohols.

Our envisioned retrosynthetic analysis for a general enantioselective synthetic strategy to 2-isopropenyl-2,3-
dihydrobenzofuran 13 is depicted in Scheme 1. The double bond of the target molecule 13 was anticipated to be fa-
shioned by a Wittig reaction of 2-acetyl-2,3-dihydrobenzofuran obtained from the oxidation of alcohol 14. Com-
pound 14 was expected to be accessible from dihydroxy compound 15. Epoxide 16 was thought to be the key inter-
mediate to provide diol 15 via a phenolate ion-mediated intramolecular 5-exo-tet epoxide ring opening reaction.”
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Scheme 1. Retrosynthetic analysis of 2-isopropenyl-2,3-dihydrobenzofurans.

Our model synthesis to obtain enantiopure 2-isopropenyl-2,3-dihydrobenzofurans commenced with the benzylation
of commercially available 2-hydroxy-3-methoxybenzaldehyde 18a and 2-hydroxybenzaldehyde 18b with (bromome-
thyl)benzene and anhydrous K,CO; in dry acetone under reflux condition furnishing 2-benzyloxybenzaldehydes
19a,b in good yields ( Scheme 2). Next, Wittig olefination of 19a,b with methoxymethyl-triphenylphosphonium
chloride and LHMDS in dry THF at 0°C followed by hydrolysis of the resulting olefines with 1.5 (N) HCl in THF
under reflux condition furnished corresponding one-carbon homologated aldehydes 20a,b. Another Wittig olefination
of aldehydes 20a,b with [(ethoxycarbonyl)methylene]-triphenylphosphorane in dry CH,Cl, at room temparature
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furnished the corresponding trans-unsaturated esters 21a,b exclusively. Next, DIBAL-H reduction of 21a,b in dry
toluene at 0 C gave trans-allylic alcohols 22a,b, which were used for the subsequent Sharpless asymmetric epoxida-
tion reaction.”! Thus, 22a,b were treated with titanium tetraisopropoxide and zert-butyl hydroperoxide in the presence
of L-(+)-DIPT under asymmetric epoxidation conditions to get chiral epoxides 23a,b in hlgh yields (Scheme 2). The
enantiomeric excess (ee) values of 23a,b were determined to be 96% and 97%, respectively.”
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Scheme 2. Reagents and conditions: (a) BnBr, anhyd. K,CO;, dry acetone, reflux, 4 h, 19a (85%), 19b (85%). (b) (i) CH;OCH,Ph;P"CI,
LHDMS, dry THF, 0 °C-rt, 3 h. (ii) 1.5 (N) HCI, THF, reflux, 3 h, 20a (70%), 20b (71%); based on two steps. (c) PhP=CHCO,Et, dry CH,Cl,,
rt, overnight, 21a (81%), 21b (75%). (d) DIBAL-H, dry toluene, 0 °C-rt, 2 h, 22a (95%), 22b (94%). (¢) L-(+)-DIPT, Ti(O'Pr)s, TBHP, CH,Cl,,
—25°C, 18 h, 23a (85%), 23b (88%).

With 23a,b in our hand, attention was then turned to their elaboration into the corresponding 2-isopropenyl-
2,3-dihydrobenzofuran derivatives. Thus debenzylation of 23a,b by means of 10% Pd-C catalyzed hydrogenolysis
followed by treatment of the resulting phenolic derivatives with 10% NaOH solution saturated with NaCl furnished
the corresponding dihydroxy compound 24a,b via 5-exo-tet intramolecular epoxide r1ng opening. Next, selective
tosylation of the primary hydroxyl group of 24a,b gave monotosyloxy products 25a, b.>* LiAlH,; mediated reductive
removal of the tosyloxy functionality of 25a,b followed by PDC oxidation of the resulting alcohols yielded 2-acetyl-
2,3-dihydrobenzofuran derivatives 26a,b. Finally, Wittig olefination of 26a,b with methyl-triphenylphosphonium
iodide and potassium tert-butanolate in dry THF gave 2-isopropenyl-2,3-dihydrobenzofuran derivatives 27a b
(Scheme 3). The enantiomeric excess (e¢) values of 27a and 27b were determined to be 94% and 96%, respectively.**

Scheme 3. Reagents and conditions: (a) (i) 10% Pd-C, ethyl acetate, H,, 2 h. (ii) 10% NaOH solution saturated with NaCl, 0°C, 3 h, 24a (80%),
24b (78%); based on two steps. (b) TsCl, anhyd. Et;N, dry CH,Cl,, 0 °C,overnight, 25a (75 %), 25b (77%). (c) (i) LiAlH4, dry THF, 0 °C-1t, 3 h.
(ii) PDC, dry CH,Cl,, 0 °C-rt, 24 h, 26a (68%), 26b (66%); based on the last two steps. (¢) CH;Ph;P'T, +-BuOK, dry THF, 0 °C-t, 12 h, 27a

(78%), 27b (75%).
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After the enantioselective synthesis of 2-isopropenyl-2,3-dihydrobenzofurans, our next attention was to synthesize
4-(2,3-dihydrobenzofuran-2-yl)-2-methylbut-3-en-2-ols. This type of structural motif is the core structure of the re-
vised structure of helliannuol G 8a and helliannuol H 8b (Figure 1).25 Towards that objective, diols 24a,b were
cleaved with NalO4 in MeOH-H,O furnishing the corresponding 2-formyl 2,3-dihydrobenzofurans which on treat-
ment with [(ethoxycarbonyl)methylene]-triphenylphosphorane in dry CH,Cl, at room temparature furnished the cor-
responding frans-unasaturated esters 28a,b (Scheme 4). Next, treatment of the esters 28a,b with an excess of me-
thylmagnesium iodide furnished the tertiary alcohols 29a,b in very high yields.

Scheme 4. Reagents and conditions: (a) (i) NalOs, MeOH-H,0, 0 °C, 2 h. (ii) PhsP=CHCO,Et, dry CH,Cl,, 1t, overnight, 28a (85%), 28b (87%);
based on two steps. (¢) MeMgl, dry ether, 0 °C-reflux, 4 h, 29a (94%), 29b (93%); based on two steps.

Next, we became interested to synthesize enantiomerically pure 2-hydroxymethyl chromans applying a similar
strategy. Towards that objective, known 5—methoxy-Z—allylphenol26 30a and commercially available 2-allylphenol
30b were treated with (bromomethyl)benzene and anhydrous K,CO; in dry acetone under reflux condition to get the
corresponding benzylated products 31a,b in excellent yields (Scheme 5). Next, hydroboration of 31a,b with 9-BBN
followed by oxidation with NaOH/H,O, furnished the primary alcohols 32a,b in high yields. PCC oxidation of 32a,b
followed by Wittig olefination of the resulting aldehydes 33a,b furnished the corresponding trans-unasaturated esters
34a,b. DIBAL-H reduction of 34a,b gave frans-allyl alcohols 35a,b . Next, 35a,b were treated with titanium tetraiso-
propoxide and tert-butyl hydroperoxide in the presence of D-(-)-DIPT under asymmetric epoxidation conditions to
get chiral epoxides 36a,b in good yields. The enantiomeric excess (ee) values of 36a,b were determined to be 98%
and 97%, respectively.”> Epoxides 36a,b were then converted into diols 37a,b as solid cr;/stalline compounds by es-
sentially following the same route as that described for the synthesis of 24a,b from 23a,b.”” NalO, mediated cleavage
reaction of 37a,b furnished the corresponding 2-formyl benzopyrans which were then reduced to their respective 2-
hydroxymethyl chromans 38a,b. The enantiomeric excess (ee) values of 38a,b were determined to be >99%.*

Scheme 5. Reagents and conditions: (a) BnBr, anhyd. K,CO3, dry acetone, reflux, 4 h, 31a (95%), 31b (96%). (b) (i) 9-BBN, dry THF, rt, 4 h.
(ii) 30% H,0,, NaOH, reflux, 2 h, 32a (94%), 32b (96%). (c) PCC, dry CH,Cl,, 0 °C—t, 5 h, 33a (76%), 33b (72%). (d) PhsP=CHCO,Et, dry
CH,Cl,, rt, overnight, 34a (80%), 34b (77%). (¢) DIBAL-H, dry toluene, 0 °C—t, 4 h, 35a (96%), 35b (95%) (f) D(-)-DIPT, Ti(O'Pr),, TBHP,
CHxCl,, —25 °C, 18 h, 36a (88%), 36b (90%). (g) (i) 10% Pd-C, ethyl acetate, H,, 2 h. (ii) 10% NaOH solution saturated with NaCl, 0 °C, 3 h,
37a (83%), 37b (84%); based on two steps. (h) (i) NalOs, MeOH-H,0, 0 °C, 2 h. (ii) NaBH4, MeOH, 0 °C to rt, 0.5 h, 38a (87%), 38b (89%),
based on two steps.

Next, we were interested to utilize diols 37a,b for the synthesis of 1-benzopyran analogues of 2-(2,3-
dihydrobenzofuran-2-yl)-2-methylbut-3-en-2-ols. Towards that direction, 37a,b were converted into 40a,b using the
same reaction sequence as that described for the synthesis of 29a,b from 24a,b (Scheme 6).

Scheme 6. Reagents and conditions: (a) (i) NalO4, MeOH-H,0, 0 °C, 2 h. (ii) PhsP=CHCO,Et, dry CH,Cl,, 1t, overnight, 39a (88%), 39b (90%),
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based on two steps. (c) MeMgl, dry ether, 0 °C-reflux, 4 h, 40a (93%), 40b (95%).

In conclusion, an efficient asymmetric synthesis of 2-isopropenyl-2,3-dihydrobenzofurans, 4-(2,3-
dihydrobenzofuran-2-yl)-2-methylbut-3-en-2-ols, 2-hydroxymethyl chromans, and 4-chroman-2-yl-2-methyl-but-3-
en-2-ols has been developed. Key steps include Sharpless asymmetric epoxidation reaction on suitable allyl alcohols
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and construction of the 2,3-dihydrobenzofuran and 1-benzopyran nuclei by phenolate ion-mediated intramolecular



Synthesis, 2009, 11, 1886-1896

epoxide ring opening reactions. Further applications of these and related intermediates for the construction of biolog-
ically important molecules will be disclosed in due course.

All dry reactions were carried out under nitrogen in oven-dried glassware using standard gas-light syringes, cannu-
las, and septa. All reagents and solvents were dried prior to use according to the standard methods. Commercial rea-
gents were used without further purification unless otherwise stated. Reactions were monitored on silica gel TLC
plates (coated with TLC grade silica gel, obtained from Merck). Detecting agents used (for TLC) were iodine vapors
and/or spraying with an aqueous solution of vanillin in 10% sulfuric acid followed by heating at 150 °C. Column
chromatography was performed over silica gel (100-200 mesh) procured from Qualigens (India) using freshly distill-
ed solvents. Mass spectra were recorded using electron spray ionization (ESI-MS) or Fast atom bombardment spectra
(FAB-MS) on a JEOL SX 102 spectrometer using argon/xenon as the FAB gas. Elemental analyses were done on
Varian EL-I1I C H N analyzer. Melting points were determined on COMPLAB melting point a%paratus and are uncor-
rected. IR spectra were recorded on a Perkin-Elmer FT-IR RXI spectrometer. 'H NMR and "C NMR spectra were
recorded on Brucker DPX-200 (30perating at 200 MHz for 'H and 50 MHz for "*C) or DPX-300 (operating at 300
MHz for 'H and 75 MHz for C) spectrometer using CDCl; or CDCl; plus CCl,. Tetramethylsilane (0.00 ppm)
served as an internal standard in '"H NMR and CDCl; (77.0 ppm) in °C NMR. All spectra were recorded at 25°C.
Coupling constants (J values) are given in Hertz (Hz). Chemical shifts were expressed in parts per million. Optical
rotations were measured at the sodium D-line at ambient temperature, with a Perkin Elmer 141 polarimeter.

2-Benzyloxy-3-methoxybenzaldehyde (19a). To a solution of commercially available 2-hydroxy-3- methoxybenzal-
dehyde 18a (6.00 g, 39.43 mmol) in dry acetone (100 mL) was added anhydrous K,CO; (8.17 g, 59.14 mmol) and
(bromomethyl)benzene (5.63 mL, 47.31 mmol) and the resulting mixture was then refluxed for 4 h. The mixture was
then filtered through celite and the filter cake was washed with acetone (100 mL). The filtrate was concentrated and
the resulting residue was redissolved in ethyl acetate (100 mL), washed with water (2x100 mL) and brine (100 mL).
The organic layer was dried over anhydrous Na,SQy, filtered, and then concentrated under reduced pressure. Purifica-
tion of the crude product by silica gel column chromatography (6% ethyl acetate in n-hexane) afforded 15a (8.12 g,
85%) as a colorless solid. M.p. 59-60°C.

IR (KBr): 2929, 2363, 1687, 1586, 1479, 1371, 1257, 1070, 755 cm”.

'H NMR (200 MHz, CDCl;): 610.22 (s, 1H), 7.40-7.32 (m, 6H), 7.16-7.12 (m, 2H), 5.17 (s, 2H), 3.93 (s, 3H).

3C NMR (50 MHz, CDCl;): §190.5, 153.3, 151.3, 136.6, 130.6, 129.0, 128.9, 128.8, 124.5, 119.3, 118.3, 76.6, 56.3.
MS (ESI): m/z 242 [M]", 91 [C¢HsCH,] "

Anal. Calcd for CsH405: C, 74.36; H, 5.82. Found: C, 74.43; H, 5.95.

The above physical and spectroscopic data were as consistent with as literature data.”’ Using the above procedure
compound 19b was prepared from 18b in 85% yield and its physical and spectroscopic data were in full agreement
with our previously reported data of the same compound.**

2-[2-(benzyloxy)-3-methoxyphenyl]acetaldehyde (20a). To a stirring suspension of methoxymethyl-
triphenylphosphonium chloride (16.97 g, 49.52 mmol) in dry THF (60 mL) was added a solution of LIHMDS (1 M in
THF, 50 mL, 50 mmol) dropwise under nitrogen atmosphere at 0 °C. The resulting red solution was stirred at this
temperature for 45 min, at which point compound 19a (6.00 g, 24.76 mmol) in THF (30 mL) was added dropwise
over 15 min. The reaction mixture was allowed to stirr at room temperature for 2 h, at which point saturated agq.
NH,4CI (50 mL) was added. The resulting mixture was extracted with diethyl ether (3x50 mL) and the combined or-
ganic extracts were dried over MgSQy, filtered, and evaporated to give a yellow oil. The resulting oil was loaded on a
small pad of silica gel and eluted with diethyl ether to remove the baseline impurities. The crude product thus ob-
tained was used for the next step without further purification.

A solution of the above crude product in THF (60 mL) and 1.5 N HCI (25 mL) was refluxed for 3 h. The reaction
mixture was then diluted with water (50 mL) and extracted with ether (2x100 mL). The combined organic layer was
washed with aqueous NaHCOj; solution and brine, and dried over MgSQO,. Evaporation of the solvent and purification
of the residue over a silica gel column using 6% ethyl acetate in n-hexane as eluent furnished aldehyde 20a as a co-
lorless oil (4.76 g, 70%).

IR (Neat): 3019, 2360, 1722, 1588, 1476, 1270, 1215, 1082, 759 cm’.

'"H NMR (200 MHz, CDCLy): 6 9.51 (t, 1H, J = 2.0), 7.40-7.27 (m, SH), 7.06-6.98 (m, 1H), 6.87 (dd, 1H, J; = 1.6, J>
= 8.2), 6.69 (dd, 1H, J, = 1.4, J, = 8.2), 5.00 (s, 2H), 3.85 (s, 3H), 3.52 (d, 2H, J = 2.0).

C NMR (50 MHz, CDCls): 5199.4, 152.7, 145.9, 137.2, 128.2, 128.1, 127.8, 126.6, 124.1, 122.6, 111.8, 74.3, 55.5,
45.0.

MS (ESI): m/z 256 [M]".
Anal. Calcd for CigH1605: C, 74.98; H, 6.29. Found: C, 74.85; H, 6.42.
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Using the above procedure compound 20b was also prepared from compound 19b in 71% yield and its physical and
spectroscopic data were in full agreement with our previously reported data of the same compound.™

(E)-ethyl 4-[2-(benzyloxy)-3-methoxyphenyl]but-2-enoate (21a). To a solution of 20a (4.00 g, 15.6 mmol) in dry
CH,Cl, (40 mL) was added [(ethoxycarbonyl)methylene]-triphenylphosphorane (7.06 g, 20.28 mmol) at room tempera-
ture. The reaction mixture was stirred at room temperature for overnight. Solvent was removed under reduced pres-
sure and the residue was purified by silica gel column chromatography (4% ethyl acetate in n-hexane) to afford 21a
(4.10 g, 81%) as a colorless oil.

IR (KBr): 3019, 2361, 1709, 1475, 1271, 1216, 1082, 756, 669 cm’".

'"H NMR (300 MHz, CDCls): §7.43-7.27 (m, 5H), 7.04-6.95 (m, 2H), 6.83 (dd, 1H, J; = 1.2, J, = 8.1), 6.71 (dd, 1H,
Ji1=12,J,=17.6),5.70 (td, 1H, J; = 1.5, /,=15.6), 4.99 (s, 2H), 4.13 (q, 2H, J=7.1), 3.91 (s, 3H), 3.43 (dd, 2H, J, =
1.4,J,=6.6),1.23 (t,2H, J=17.1).

C NMR (75 MHz, CDCLy): & 166.4, 152.8, 147.2, 145.7, 137.6, 131.8, 128.3, 128.0, 127.8, 124.0, 122.0, 111.0,
74.6, 60.0, 55.6, 32.5, 14.1.

MS (FAB): m/z 327 [M+1]", 281 [M-OEt]".
Anal. Calcd for C,0H,,04: C, 73.60; H, 6.79. Found: C, 73.67; H, 6.92.

Using the above procedure compound 21b was also prepared from 20b in 75% yield and its physical and spectros-
copic data were in full agreement with our previously reported data of the same compund.**

(E)-4-[2-(benzyloxy)-3-methoxyphenyl]but-2-en-1-ol (22a). To an ice-cooled stirred solution of 21a (3.50 g, 10.72
mmol) in dry toluene (30 mL) was added DIBAL-H (1 M in toluene, 27 mL, 27 mmol)) dropwise under nitrogen
atmosphere. The reaction mixture was stirred at room temperature for 2 h, cooled to 0 °C, carefully quenched with
methanol (5 mL) and a saturated aq. sodium potassium tartarate solution (25 mL). The resulting mixture was vigo-
rously stirred for 45 min. at rt and then extracted with ethyl acetate (2x50 mL), washed with water (50 mL) and brine
(100 mL). The combined organic extracts were dried over anhydrous Na,SOy, filtered, and then concentrated under
reduced pressure. Purification of the crude product by silica gel column chromatography (20% ethyl acetate in n-
hexane) afforded 22a (2.90 g, 95%) as a colorless gum.

IR (KBr): 3421, 3017, 2361, 1638, 1474, 1272, 1216, 1081, 759 cm".

'"H NMR (300 MHz, CDCly): 7.42-7.28 (m, 5H), 7.01-6.93 (m, 1H), 6.81-6.68 (m, 2H), 5.74-5.65 (m, 1H), 5.59-5.50
(m, 1H), 4.97 (s, 2H), 3.99 (d, 2H, J = 5.6), 3.86 (s, 3H), 3.29 (d, 2H, J = 6.3).

C NMR (75 MHz, CDCL+CCly): & 152.9, 145.9, 138.1, 134.2, 131.2, 130.2, 128.5, 128.3, 128.0, 127.8, 123.9,
121.2,110.8, 74.6, 63.5, 55.8, 32.8.

MS (ESI): m/z 302 [M+NH,4]", 267 [M-OH]".
Anal. Calcd for C3sH,¢05: C, 76.03; H, 7.09. Found: C, 76.15; H, 7.21.

(E)-4-[2-(benzyloxy)phenyl]but-2-en-1-ol (22b). Using 3.50 g (11.8 mmol) of 21b, the title compound was prepared
in the same manner as that described for 22a. Purification of the crude product by silica gel column chromatography
(18% ethyl acetate in n-hexane) afforded 22b (2.82 g, 94%) as a colorless gum.

IR (Neat): 3385, 3032, 2921, 2863, 1597, 1493, 1452, 1240, 1010, 974, 750, 697 cm’.

'"H NMR (200 MHz, CDCls): 6 7.44-7.33 (m, SH), 7.17-7.13 (m, 2H), 6.94-6.87 (m, 2H), 5.84-5.80 (m, 1H), 5.72-
5.67 (m, 1H) ,5.07 (s, 2H), 4.07 (d, 2H, J = 5.6), 3.43 (d, 2H, J = 6.6).

C NMR (75 MHz, CDCls): §156.3, 137.2, 131.1, 129.94, 129.91, 128.8, 128.4, 127.7, 127.4, 127.1, 120.8, 111.7,
69.8, 63.6, 33.0.

MS (ESI): m/z 237 [M-OH]", 272 [M+NH,]".
Anal. Calcd for C7H30,: C, 80.28; H, 7.13. Found: C, 80.21; H, 7.26.

[(2S,3S)-3-(2-(benzyloxy)-3-methoxybenzyl]oxiran-2-yl)methanol (23a). To a cooled (—25 °C) suspension of acti-
vated and powdered 4 A MS (2.00 g) in dry CH,Cl, (30 mL) were added L-(+)-DIPT (1.80 mL, 10.55 mmol) and
Ti(O'Pr)4 (2.87 mL, 9.67 mmol). The resulting mixture was then stirred for 20 min at the same temperature and then
TBHP (5.6 M in n-decane, 4.7 mL, 26.37 mmol) was added dropwise. After 20 min, a solution of 22a (2.50 g, 8.79
mmol) in dry CH,Cl, (20 mL) was added dropwise over 15 min. The resulting mixture was kept at -25 °C freeze for
18 h. The reaction mixture was allowed to warm to 0 °C and poured into a freshly prepared and cooled (0 °C) solu-
tion of ferrous sulfate and tartaric acid (2.50 g and 1.00 g, respectively) in deionised water (20 mL). The two-phase
mixture was stirred for 30 min, aqueous phase separated and extracted with CH,Cl,. The combined organic phases
were treated with a pre-cooled (0 °C) solution of 30% NaOH (20 mL) in saturated brine. The two-phase mixture was
then stirred for 1 h at room temperature and the aqueous layer separated. It was extracted with CH,Cl, (2x30 mL),
washed with brine (30 mL), and the combined organic extracts were dried over Na,SO4 and concentrated under re-
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duced pressure. Purification of the crude product by silica gel column chromatography (30% ethyl acetate in n-
hexane) afforded 23a (2.24 g, 85%) as a colorless oil. [a]ZSD: -12.37 (¢ 2.6, CHCIy).

IR (Neat): 3020, 2360, 1730, 1474, 1216, 760, 670 cm’.

'H NMR (300 MHz, CDCly): 6 7.46-7.32 (m, 5H), 7.04-6.99 (m, 1H), 6.87-6.82 (m, 2H), 5.10-4.9 (m, 2H), 3.90 (s,
3H), 3.77 (d,1H, J=12.5), 3.50 (d, 1H, J=11.4), 3.07- 3.03 (m, 1H), 2.92-2.76 (m, 3H), 2.17 (s, 1H).

C NMR (75 MHz, CDCl3+CCly): §152.7, 146.0, 137.8, 131.2, 128.3, 127.9, 124.0, 122.4, 111.2, 74.6, 61.6, 58.5,
55.7,55.5,32.2.

MS (ESI): m/z 301 [M+1]", 318 [M+NH,4]".

Anal. Calcd for CigH»004: C, 71.98; H, 6.71. Found: C, 72.17; H, 6.68.
[(2S,3S)-3-(2-(benzyloxy)benzyl)oxiran-2-yllmethanol (23b). Using 2.50 g (9.83 mmol) of 22b, the title compound
was prepared in the same manner as that described for 23a. Purification of the crude product by silica gel column

chromatography (30% ethyl acetate in n-hexane) afforded 23b (2.34 g, 88%) as a colorless oil. [a]*p: -1.7 (¢ 2.2,
CHCly).

IR (Neat): 3434, 3019, 2926, 1495, 1216, 1020, 760, 669 cm’.

"H NMR (200 MHz, CDCly): ¢ 7.43-7.30 (m, 5H), 7.24-7.17 (m, 2H), 6.94-6.87 (m, 2H), 5.05 (s, 2H), 3.85-3.74 (m,
1H), 3.59-3.48 (m, 1H), 3.22-3.17 (m, 1H), 2.99-2.89 (m, 3 H), 2.15 (s, 1H).

BC NMR (75 MHz, CDCl): 6156.7, 137.1, 130.7, 128.67, 128.62, 128.1, 128.0, 127.4, 127.3, 125.7, 120.9, 111.7,
70.0, 61.6, 58.7, 55.2, 32.6.

MS (ESI): m/z 271 [M+1]", 288 [M+NH,] .

Anal. Caled for C7H;305: C, 75.53; H, 6.71. Found: C, 75.47; H, 6.88.

(R)-1-[(S)-7-methoxy-2,3-dihydrobenzofuran-2-yl]ethane-1,2-diol (24a). To a stirred solution of 23a (2.00 g, 6.65
mmol) in ethyl acetate (30 mL) was added 10% Pd-C (250 mg). After stirring for 2 h at room temperature under pres-
sure of a hydrogen balloon, the reaction mixture was filtered through a pad of Celite® and the filtrate was concen-
trated under reduced pressure to get the corresponding debenzylated product as a colorless solid which was used for
the next step without further purification.

To an ice-cooled stirred solution of the above debenzylated product in CH,Cl, (20 mL), was added a pre-cooled (0
°C) solution of 30% NaOH (20 mL) in saturated brine. The two-phase mixture was then stirred for 3 h at room tem-
perature and the aqueous layer separated. It was extracted with CH,Cl, (2x30 mL), washed with brine (30 mL), and
the combined organic extracts were dried over Na,SO,4 and concentrated under reduced pressure. Purification of the
crude product by silica gel column chromatograph;/ (35% ethyl acetate in n-hexane) afforded 24a (1.12 g, 80%) as a
colorless crystalline solid. M.p.: 102-103 0°C. [a]*'p: -7.4 (¢ 1.07, MeOH).

IR (KBr): 3408, 3020, 2360, 1710,1215, 761, 670 cm™.

'H NMR (300 MHz, CDCLy): 6 6.84-6.80 (m, 2H), 6.75-6.70 (m, 1H), 4.84-4.76 (m, 1H), 4.04-3.99 (m, 1H), 3.84 (s,
3H), 3.79-3.68 (m, 2H), 3.33-3.12 (m, 2H), 3.00 (s, 1H), 2.63 (s, 1H).

C NMR (75 MHz, CDCly): § 147.2, 144.2, 127.8, 121.3, 117.2, 110.8, 83.6, 72.7, 63.1, 55.8, 31.2.
MS (ESI): m/z 211 [M+1]", 228 [M+NH,]".
Anal. Calcd for C1H404: C, 62.85; H, 6.71. Found: C, 62.95; H, 6.55.

(R)-1-[(S)-2,3-dihydrobenzofuran-2-yl]ethane-1,2-diol (24b). Using 2.00 g (7.39 mmol) of 23b, the title compound
was prepared in the same manner as that described for 24a. Purification of the crude product by silica gel column
chromatograsphy (35% ethyl acetate in n-hexane) afforded 24b (1.04 g, 78%) as a colorless crystalline solid. M.p.: 55-
56 0°C. [a]”p -6.68 (¢ 0.49, MeOH).

IR (KBr): 3430, 3021, 2924, 1216, 1020, 760, 669 cm™.

'H NMR (200 MHz, CDCLy): & 7.26-7.07 (m, 2H), 6.89-6.75 (m, 2H), 4.83-4.72 (m, 1H ), 3.99-3.92 (m, 1H), 3.88-
3.79 (m, 2H), 3.25 (d, 2H, J = 8.6), 2.38 (s, br, 1H), 2.04 (s, br, 1H).

BC NMR (75 MHz, CDCI5+CCly): 6159.1, 128.0, 126.4, 125.1, 120.8, 109.3, 82.7, 73.0, 63.3, 31.3.

MS (ESI): m/z 181 [M+1]", 198 [M+NH,4]".

Anal. Calcd for C,gH,03: C, 66.65; H, 6.71. Found: C, 66.79; H, 6.51.

(R)-2-hydroxy-2-[(S)-7-methoxy-2,3-dihydrobenzofuran-2-yl]ethyl 4-methylbenzenesulfonate (25a). To a solu-
tion of diol 24a (1.00 g, 4.75 mmol) in dry CH,Cl, (15mL) at 0 °C was added dry triethyl amine ( 1.16 mL,
8.31 mmol) followed by tosyl chloride (0.91 g, 4.75 mmol) and kept in the refrigerator for overnight. The reaction
mixture was diluted with H,O, and extracted with CH,Cl, (2x30 mL). The combined organic layers were washed
with water (25 mL), brine (25 mL) and dried over anhydrous Na,SO,. The solvent was removed under reduced pres-
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sure and purification of the crude product by silica gel column chromatography (20% ethyl acetate in n-hexane) af-
forded 25a (1.30 g, 75%) as a colorless solid. M.p.: 108-110 °C. [a]*p: -1.9 (¢ 2.58, MeOH).

IR (KBr): 3493, 2363, 1593, 1490, 1192, 1088, 809 cm’.

'H NMR (300 MHz, CDCls): 6 7.79 (d, 2H, J = 8.4), 7.34 (d, 2H, J = 8.1), 6.84-6.70 (m, 3H ), 4.86-4.69 (m, 1H),
4.30-3.95 (m, 3H), 3.81 (s, 3H), 3.30-3.14 (m, 2H), 2.71-2.65 (m, 1H), 2.44 (s, 3H).

MS (ESI): m/z 382 [M+NH,]", 387 [M+Na]".

Anal. Calcd for CigH»0O6S: C, 59.33; H, 5.53. Found: C, 59.42; H, 5.71.
(R)-2-[(S)-2,3-dihydrobenzofuran-2-yl]-2-hydroxyethyl 4-methylbenzenesulfonate (25b). Using 1.00 g (5.55
mmol) of 24b, the title compound was prepared in the same manner as that described for 25a. Purification of the

crude product by silica %el column chromatography (20% ethyl acetate in n-hexane) afforded 25b (1.43 g, 77%) as a
colorless semi-solid. [a] i -7.66 (c 0.95, EtOH).

IR (KBr): 3429, 2921, 1635, 1474, 1357, 1175, 757 cm’".

'H NMR (200 MHz, CDCl3): ¢ 7.81 (d, 2H, J = 8.3), 7.35 (d, 2H, J = 8.1), 7.17-7.05 (m, 2H), 6.88-6.80 (m, 1H),
6.70 (d, 2H, J=17.9), 4.70-4.62 (m, 1H), 4.33-4.26 (m, 1H), 4.19-4.11 (m, 1H), 3.97-3.95 (m, 1H), 3.22 (d, 2H, J =
8.2), 2.45 (s, 3H).

MS (ESI): m/z 352 [M+NH,]", 357 [M+Na]".
Anal. Calcd for C7H305S: C, 61.06; H, 5.43. Found: C, 61.23; H, 5.28.

(R)-1-(7-methoxy-2,3-dihydrobenzofuran-2-yl)ethanone (26a). To an ice-cooled suspension of LiAlH, (0.26 g,
6.85 mmol) in dry THF (10 mL) was added a solution of 25a (1.00 g, 2.74 mmol) in dry THF (15 mL) dropwise and
the resulting mixture was stirred for 3h at rt. It was quenched by dropwise addition of ethyl acetate (5 mL) at 0°C and
water (20 mL). The mixture was extracted with ethyl acetate (2x30 mL), washed with brine (25 mL), The combined
organic extracts were dried over anhydrous Na,SOy, filtered, and then concentrated under reduced pressure to obtain
a colorless gum which was used for the next step without further purification.

To an ice-cooled stirring solution of the above crude product in dry CH,Cl, (30 mL), was added PDC (2.78 g,
7.38 mmol). The mixture was then stirred for 24 h at room temperature. After evaporating dichloromethane the reac-
tion mixture was diluted with diethyl ether (50 mL) and filtered through a small pad of silica gel. Concentration of the
filtrate and purification of the residue by silica 2gel column chromatography (10% ethyl acetate in n-hexane) afforded
26a (0.37 g, 68%) as a colorless semi-solid. [a] i +4.7 (c 1.0, CHCI,).

IR (KBr): 3021, 2360, 1719, 1493, 1289, 1215, 1086, 760, 670 cm™".

'H NMR (200 MHz, CDCls): 6 6.91-6.75 (m, 3H), 5.13-5.04 (m, 1H), 3.90 (s, 3H ), 3.57-3.26 (m, 2H), 2.33 (s, 3H).
C NMR (75 MHz, CDCl3+CCly): d 208.5, 147.1, 144.5, 126.3, 121.9, 116.9, 111.5, 86.1, 56.0, 33.1, 26.0.

MS (ESI): m/z 210 [M+NH,]".

Anal. Calcd for C11H1,0;5: C, 68.74; H, 6.29. Found: C, 68.85; H, 6.37.

(5)-1-(2,3-dihydrobenzofuran-2-yl)ethanone (26b). Using 1.00 g (2.99 mmol) of 25b, the title compound was pre-
pared in the same manner as that described for 26a. Purification of the crude product by silica gel column chromato-
graphy (10% ethyl acetate in n-hexane) afforded 26b (0.35 g, 66%) as a light yellow gum. [o]”p: +3.7 (¢ 3.2,
CHCly).

IR (KBr): 3021, 2927, 2361, 1729, 1217, 1045, 761, 670 cm™.

'"H NMR (200 MHz, CDCls): 6 7.20-7.12 (m, 2H), 6.93-6.86 (m, 2H), 5.08-4.99 (m, 1H), 3.48-3.31 (m, 2H), 2.29 (s,
3H).

MS (ESI): m/z 180 [M+NH,]".
Anal. Calcd for CigH;00,: C, 74.06; H, 6.21. Found: C, 74.22; H, 6.31.

(R)-7-methoxy-2-(prop-1-en-2-yl)-2,3-dihydrobenzofuran (27a). To a suspension of methyltriphenylphosphonium
iodide (1.88 g, 4.65 mmol) in dry THF (15 mL) under a nitrogen atmosphere at 0 °C was added -BuOK (0.52 g, 4.65
mmol). The reaction mixture was stirred for 15 min at 0 °C and was then warmed to rt while stirring was continued
for 45 min. The solution was then recooled to 0 °C, and a solution of ketone 22a (0.30 g, 1.55 mmol) in dry THF
(10 mL) was added dropwise. The reaction mixture was then warmed to rt and stirred for an additional 12 h. The
reaction was quenched with saturated aq. NH4Cl solution (10 mL) and extracted with Et,0 (3%x10 mL). The combined
organic extracts were washed with brine (10 mL), dried (Na,SO,), and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography (4% ethyl acetate in n-hexane) to give alkene 27a (0.23 g,
78%) as a colorless oil. [oc]st: +12.9 (¢ 0.79, EtOH).

IR (Neat): 3020, 2928, 2361, 1490, 1287, 1216, 1087, 761, 669 cm.
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'"H NMR (300 MHz, CDCLy): § 6.83-6.72 (m, 3H), 5.29-5.19 (m, 1H), 5.10 (s, 1H ), 4.91 (s, 1H), 3.87 (s, 3H), 3.37-
3.29 (m, 1H), 3.12-3.03 (m, 1H), 1.78 (s, 3H).

C NMR (75 MHz, CDCLy): 6 148.1, 144.3, 143.6, 127.8, 120.8, 117.0, 112.4, 111.3, 86.5, 56.0, 35.1, 17.1.

MS (ESI): m/z 190 [M]", 208 [M+NH,]".

Anal. Calcd for C,H40,: C, 75.76; H, 7.42. Found: C, 75.83; H, 7.31.
(R)-2-(prop-1-en-2-yl)-2,3-dihydrobenzofuran (27b). Using 0.30 g (1.85 mmol) of 26b, the title compound was
prepared in the same manner as that described for 27a. Purification of the crude product by silica gel column chroma-

tography g4% ethyl acetate in n-hexane) afforded 27b (0.22 g, 75%) as a colorless 0il.*® [0]*’p: +10.6 (¢ 1.0, EtOH),
(literature™ [a]*p: +10.9, EtOH).

IR (KBr): 3020, 2927, 2360, 1216, 1045, 761, 670 cm’".

'H NMR (300 MHz, CDCl3): 6 7.16-7.08 (m, 2H), 6.85-6.78 (m, 2H), 5.16 (1H, t, J = 8.9), 5.09 (1H, s), 4.91 (1H, s),
3.37-3.29 (m, 2H), 3.08-3.00 (m, 2H), 1.77 (s, 3H).

PC NMR (75 MHz, CDCLy): 6 159.7, 144.0, 128.0, 126.5, 124.7, 120.3, 111.9, 109.2, 85.6, 34.7, 17.2.

MS (ESI): m/z 160 [M]", 178 [M+NH,]".

Anal. Calcd for CigH;00,: C, 74.06; H, 6.21. Found: C, 74.22; H, 6.31.

The above physical and spectroscopic data were as consistent with as literature data.”

(R,E)-ethyl 3-(7-methoxy-2,3-dihydrobenzofuran-2-yl)acrylate (28a). To a stirred solution of diol 24a (100 mg,
0.47 mmol) in methanol (5 mL) at 0°C was added a solution of NalO4 (152 mg, 0.71 mmol) in water (2 mL). After
stirring the reaction mixture at 0°C for 2 h, methanol was evaporated in vacuo at low temperature. The aqueous solu-
tion was extracted with CH,Cl, (2x10 mL). The combined organic layers were washed with water (10 mL), brine (10
mL), dried over anhydrous Na,SO,and concentrated under reduced pressure to yield the crude aldehyde as a colorless
gum which was used for the next step without further purification.

To a solution of the above crude aldehyde in dry CH,Cl, (SmL) was added [(ethoxycarbonyl)methylene]-
triphenylphosphorane (235 mg, 0.67 mmol) at room temperature. The reaction mixture was stirred at room tempera-
ture for overnight. Solvent was removed under reduced pressure and the residue was purified by silica gel column
chromatography (4% ethyl acetate in n-hexane) to afford 28a (99 mg, 85%) as a colorless gum. [oc]ZSD: +18.08 (c
0.62, MeOH).

IR (Neat): 3020, 2935, 2361, 1715, 1492, 1273, 1216, 1087, 759 cm’".

'H NMR (300 MHz, CDCl3): ¢ 6.94 (dd, 1H, J, = 5.2, J, = 15.6), 6.75-6.66 (m, 3H), 6.06 (dd, 1H, J, =14, J,=
15.6), 5.36-5.28 (m, 1H), 4.12 (q, J="7.1), 3.81 (s, 3H), 3.44-3.36 (m, 1H), 3.03-2.95 (m, 1H), 1.22 (t,J=7.1).

BC NMR (75 MHz, CDCLy): 6 165.7, 147.3, 145.3, 144.5, 126.5, 121.5, 121.4, 117.0, 111.7, 81.0, 60.3, 55.8, 35.9,
14.1.

MS (ESI): m/z 266 [M+NH,]".

Anal. Calcd for C4H;604: C, 67.73; H, 6.50. Found: C, 67.85; H, 6.63.

(R,E)-ethyl 3-(2,3-dihydrobenzofuran-2-yl)acrylate (28b). Using 100 mg (0.55 mmol) of 24b, the title compound
was prepared in the same manner as that described for 28a. Purification of the crude product by silica gel column
chromatography (4% ethyl acetate in n-hexane) afforded 28b (104 mg, 87%) as a colorless gum. [OL]ZSDZ +18.08 (¢
1.46, MeOH).

IR (Neat): 3021, 2929, 2361, 1726, 1475, 1216, 1087, 761 cm’.

'"H NMR (300 MHz, CDCLy): 6 7.15-7.10 (m, 2H), 7.01 (dd, 1H, J, = 5.0, J> = 15.6), 6.88-6.80 (m, 2H), 6.12 (dd, 1H,
J1=0.8, J>=15.6), 5.38-5.31 (m, 1H), 4.20 (q, J = 7.1), 3.51-3.43 (m, 1H), 3.08-3.00 (m, 1H), 1.31 (t, J=7.1).

C NMR (75 MHz, CDCLy): 6 165.7, 159.1, 145.7, 128.3, 125.2, 124.8, 121.4, 120.8, 109.6, 80.4, 60.4, 35.6, 14.2.
MS (ESI): m/z 236 [M+NH,]".
Anal. Caled for C3H405: C, 71.54; H, 6.47. Found: C, 71.68; H, 6.37.

(R,E)-4-(7-methoxy-2,3-dihydrobenzofuran-2-yl)-2-methylbut-3-en-2-ol (29a). To a freshly prepared, magnetical-
ly stirred, ice-cold suspension of methylmagnesium iodide [prepared from iodomethane (0.28 mL, 3.5 mmol) and
magnesium (0.085 g, 3.5 mmol) in 10 mL of dry diethyl ether] was added a solution of ester 15a (75 mg, 0.30 mmol)
in dry THF (5 mL). The reaction mixture was refluxed for 4 h, cooled, and quenched with aqueous NH,4Cl solution
(10 mL). The mixture was extracted with ethyl acetate (2x25 mL), washed with water (25 mL) and brine (25 mL).
The combined organic layer was dried over Na,SQOy, filtered and concentrated under reduced pressure. Purification of
the crude product by silica gel column chromatography (12% ethyl acetate in n-hexane) afforded 29a (0.07 mg, 94%)
as a colorless gum. [oc]ZSD: -2.08 (¢ 0.75, MeOH).
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IR (Neat): 3021, 2361, 1593, 1216, 763 cm™.

'H NMR (300 MHz, CDCls): §6.77-6.66 (m, 3H), 5.93-5.75 (m, 2H), 5.21-5.13 (m, 1H), 3.79 (s, 3H), 3.33-3.25 (m,
1H), 2.99-2.9 (m, 1H), 1.26 (s, 6H).

PC NMR (75 MHz, CDCls): 5147.6, 144.4, 141.2, 127.8, 125.8, 121.0, 117.0, 111.0, 83.9, 70.5, 55.8, 36.6, 29.6. MS
(ESI): m/z 217 [M-OH]", 233 [M-1]".

Anal. Calcd for C4H;305: C, 71.77; H, 7.74. Found C, 71.90; H, 7.67.
(R,E)-4-(2,3-dihydrobenzofuran-2-yl)-2-methylbut-3-en-2-ol (29b). Using 75 mg (0.34 mmol) of 28b, the title
compound was prepared in the same manner as that described for 29a. Purification of the crude product by silica gel

column chromatography (12% ethyl acetate in n-hexane) afforded 28b (65 mg, 93%) as a light yellow gum. [a]”
7.72 (¢ 0.6, MeOH).

IR (Neat): 3430, 3019, 2361, 1729, 1478, 1219, 761 cm’.

'H NMR (200 MHz, CDCl3): § 7.15-7.08 (m, 2H), 6.86-6.76 (m, 2H), 6.01-5.83 (m, 2H), 5.23-5.15 (m, 1H), 3.41-
3.33 (m, 1H), 3.04-2.96 (m, 1H).

C NMR (75 MHz, CDCl3+CCly): §159.3, 140.9, 128.1, 126.4, 126.2, 124.8, 120.5, 109.4, 82.9, 70.5, 36.3, 29.8.
MS (ESI): m/z 287 [M-OH]", 203 [M-1]".

Anal. Calcd for C3H605: C, 76.44; H, 7.90. Found: C, 76.63; H, 7.99.

3-Allyl-4-benzyloxyanisole (31a). To a solution of 30a (4.00 g, 24.36 mmol) in dry acetone (50 mL) was added an-
hydrous K,CO3 (5.0 g, 36.17 mmol) and (bromomethyl)benzene (2.9 mL, 24.36 mmol) and refluxed for 4 h. The
mixture was then filtered through celite and the filter cake was well washed with acetone (100 mL). The filtrate was
concentrated and the resulting residue was redissolved in ethyl acetate (100 mL), washed with water (2x50 mL) and
brine (50 mL). The organic layer was dried over anhydrous Na,SO,, filtered, and then concentrated under vacuo.

Purification of the crude product by silica gel column chromatography (2% ethyl acetate in n-hexane) afforded 31a
(5.88 g, 95%) as a colorless oil.

IR (Neat): 2924, 2362, 1639, 1495, 1558, 1216, 1043, 731, 693 cm™.

"H NMR (200 MHz, CDCl3): 67.40-7.29 (m, 5H), 6.84-6.66 (m, 3H), 6.01-5.92 (m, 1H), 5.09 (m, 2H), 5.00 (s, 2H),
3.73 (s, 3H), 3.42 (d, 2H, J=6.5).

BC NMR (75 MHz, CDCly): 6 154.2, 151.0, 138,0, 137.2, 130.8, 128.9, 128.1, 127.6, 116.5, 116.2, 113.5, 111.7,
78.1,71.2,56.0, 35.0.

MS (ESI): m/z 254 [M]", 91 [C¢HsCH,]"

Anal. Calcd for C7H;30,: C, 80.28; H, 7.13. Found: C, 80.35; H, 7.32.

Using the above procedure compound 31b was prepared from 30b in 96% yield and its physical and spectroscopic
data were in full agreement with our previously reported data of the same compound.™

3-[2-(benzyloxy)-5-methoxyphenyl]propan-1-ol (32a). To a stirred solution of 31a (4.00 g, 15.72 mmol) in anhydr-
ous THF (30 mL) was added a 0.5 M THF solution of 9-BBN (47 mL) dropwise under a nitrogen atmosphere at 0 °C
and the mixture was stirred at room temperature for 4 h. H,O (5 mL) was added followed by 3 N NaOH solution
(40 mL) and 30% aqueous hydrogen peroxide solution (30 mL). The reaction mixture was stirred for 2 h at 60 °C.
The mixture was extracted with ethyl acetate (2x50 mL), washed with water (150 mL) and brine (150 mL). The com-
bined organic layer was dried over Na,SOy, filtered, and concentrated under reduced pressure.

D: -

Purification of the crude product by silica gel column chromatography (8% ethyl acetate in n-hexane) afforded alco-
hol 32a (4.02 g, 94%) as a colorless gum. Ry 0.32 (20% ethyl acetate in n-hexane).

IR (Neat): 3431, 2929, 2361, 1497, 1214, 1042, 756, 698 cm’".

'H NMR (200 MHz, CDCls): § 7.44-7.34 (m, 5H), 7.85 (d, 1H, J = 8.7), 6.76-6.66 (m, 2H), 5.02 (s, 2H), 3.75 (s,
3H), 3.57 (t, 2H, J= 6.3), 2.74 (t, 2H, J=7.2), 1.88-1.70 (m, 2H), 1.77 (s, br, 1H).

C NMR (75 MHz, CDCly): §154.3, 151.3, 137.7, 132.3, 129.0, 128.3, 127.7, 116.8, 113.5, 111.6, 71.5, 62.1, 56.0,
33.4,26.7.

MS (ESI): m/z 272 [M]", 255 [M-OH]", 91 [C¢HsCH,]".

Anal. Calcd for Ci7H,005: C, 74.97; H, 7.40. Found: C, C, 74.88; H, 7.58.

Using the above procedure compound 32b was prepared from 31b in 96% yield and its physical and spectroscopic
data were in full agreement with our previously reported data of the same compound.™
3-[2-(benzyloxy)-5-methoxyphenyl]propanal (33a). To a stirred solution of 32a (3.00 g, 11.01 mmol) in dry
CH,Cl, (50 mL) was added 4 A molecular sieve (3.85 g) and PCC (3.20 g, 14.84 mmol) at 0 °C and the mixture was
stirred at room temperature for 5 h. After evaporating CH,Cl, the reaction mixture was diluted with ether (50 mL)
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and filtered through a small pad of silica gel. Concentration of the filtrate and purification of the residue by silica gel
column chromatography (4% ethyl acetate in n-hexane) afforded 36a (2.26 g, 76%) as a colorless gum.

'"H NMR (200 MHz, CDCLy): § 9.69 (t, 1H, J = 1.5), 7.36-7.29 (m, SH), 6.81-6.64 (m, 3H), 4.96 (s, 2H), 3.68 (s, 3H),
2.93 (t, 2H, J = 7.3), 2.70-2.63 (m, 2H).

C NMR (50 MHz, CDCLy): § 202.5, 154.2, 151.1, 137.8, 130.8, 129.0, 128.3, 127.6, 117.4, 113.3, 112.3, 71.0, 56.0,
44.3, 24.0.

MS (FAB): m/z 270 [M] ™.
Anal. Calcd for C7H305: C, 75.53; H, 6.71. Found: C, 75.63; H, 6.88.

Using the above procedure compound 33b was prepared from 32b in 72% yield and its physical and spectroscopic
data were in full agreement with our previously reported data of the same compound.™

(E)-ethyl 5-[2-(benzyloxy)-5-methoxyphenyl]pent-2-enoate (34a). To a solution of 33a (2.00 g, 7.39 mmol) in dry
CH,CI, (30 mL) was added [(ethoxycarbonyl]methylene)triphenylphosphorane (3.21 g, 9.21 mmol) at room tempera-
ture. The reaction mixture was stirred at room temperature for overnight. Solvent was removed under reduced pres-
sure and the residue was purified by silica gel column chromatography (4% ethyl acetate in n-hexane) to afford 34a
(2.01 g, 80%) as a colorless gum.

IR (KBr): 2926, 2359, 1708, 1649, 1496, 1211, 1035, 736 cm™".

'"H NMR (300 MHz, CDCLy): 57.37-7.22 (m, 5H), 7.04-6.94 (m, 1H), 6.77-6.60 (m, 3H), 5.79 (d, 1H, J = 15.6), 4.93
(s, 2H), 4.14-4.07 (m, 2H), 3.65 (s, 3H), 2.77-2.72 (m, 2H), 2.48-2.41 (m, 2H), 1.20 (t, 3H, J = 7.1).

C NMR (75 MHz, CDCl): 6 166.1, 153.4, 150.3, 148.1, 137.2, 130.5, 128.1, 127.3, 126.7, 121.2, 115.9, 112.4,
110.9, 70.1, 59.6, 55.0, 32.1, 28.8, 13.9.

MS (FAB): m/z 340 [M]".
Anal. Calcd for C,1H»404: C, 74.09; H, 7.11. Found: C, 74.21; H, 7.03.

Using the above procedure compound 34b was prepared from 33b in 77% yield and its physical and spectroscopic
data were in full agreement with our previously reported data of the same compound.”*

(E)-5[2-(benzyloxy)-5-methoxyphenyl]pent-2-en-1-ol (35a). Starting from 2.00 g (5.87 mmol) of 34a, the title
compound was prepared in the same manner as that described for 22a. Purification of the crude product by silica gel
column chromatography (20% ethyl acetate in n-hexane) afforded 35a (1.68 g, 96%) as a colorless semi-solid.

IR (Neat): 3417, 2930, 2361, 1499, 1217, 1043, 754 cm™.

'H NMR (300 MHz, CDCly): 86 7.42-7.27 (m, 5H), 6.81 (d, 1H, J = 8.8), 6.73 (d, 1H, J = 3.0), 6.66 (dd, 1H, J, =
3.1, /,=8.7),5.78-5.55 (m, 2H), 5.01 (s, 2H), 4.04 (d, 2H, J=5.5), 3.74 (s, 3H), 2.75-2.70 (m, 2H), 2.35 (m, 2H).

C NMR (75 MHz, CDCly): & 153.6, 150.8, 137.6, 132.6, 131.8, 129.3, 128.4, 127.6, 127.0, 116.3, 112.8, 110.9,
70.6, 63.6, 55.5, 32.4, 30.2.

MS (ESI): m/z 316.1 [M+NH,]".
Anal. Calcd for C9H»,05: C, 76.48; H, 7.43. Found: C, 76.35; H, 7.68.

(E)-5-[2-(benzyloxy)phenyl]pent-2-en-1-ol (35b). Starting from 2.00 g (6.44 mmol) of 34b, the title compound was
prepared in the same manner as that described for 22a. Purification of the crude product by silica gel column chroma-
tography (20% ethyl acetate in n-hexane) afforded 35b (1.64 g, 95%) as a colorless gum.

IR (Neat): 3417, 2930, 2361, 1499, 1217, 1043, 754, 697 cm".

'"H NMR (200 MHz, CDCLy): §7.42-7.35 (m, 5H), 7.29-7.13 (m, 2H), 6.91(d, 2H, J = 6.0), 5.75-5.58 (m, 2H), 5.08
(s, 2H), 4.05 (d, 2H, J = 5.0), 2.77 (t, 2H, J =7.2), 2.43-2.42 (m, 2H).

C NMR (50 MHz, CDCly): §157.0, 137.9, 133.3, 130.9, 129.7, 128.9, 128.2, 127.5, 127.4, 121.1, 112.0, 70.2, 64.1,
32.8, 30.6.

MS (ESI): m/z 268 [M]".
Anal. Calcd for CigH»00,: C, 80.56; H, 7.51. Found: C, 80.59; H, 7.45.

{(2R,3R)-3-[2-(benzyloxy)-5-methoxyphenethyl]oxiran-2-yl}methanol (36a). Starting from 1.50 g (5.02 mmol) of
354, the title compound was prepared in the same manner as that described for 23a. Purification of the crude product
by silica gel column chromatography (30% ethyl acetate in n-hexane) afforded 36a (1.39 g, 88%) as a colorless gum.
[a]®p: +15.2 (¢ 1.9, CHCL3).

IR (Neat): 3425, 2926, 1621, 1500, 1219, 1042, 745, 700 cm".
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'"H NMR (300 MHz, CDCls): §7.43-7.28 (m, 5H), 6.83 (d, 1H, J = 8.8), 6.75 (d, 1H, J = 3.0), 6.68 (dd, 1H, J;= 3.1,
J>=8.8), 5.01 (s, 2H), 3.79-3.78 (m, 1H), 3.75 (s, 3H), 3.55-3.48 (m, 1H), 2.98-2.94 (m, 1H), 2.87-2.70 (m, 3H),
1.99-1.72 (m, 3H).

C NMR (75 MHz, CDCls): 6 153.0, 148.4, 139.7, 126.2, 121.9, 117.2, 113.8, 113.2, 75.3, 70.3, 55.3, 29.6, 29.5,
27.8,24.5.

MS (ESI): m/z 315 [M+1]", 332 [M+NH,4]".
Anal. Calcd for C9H,,04: C, 72.59; H, 7.05. Found: C, 72.71; H, 7.11.

{(2R,3R)-3-[2-(benzyloxy)phenethyl]oxiran-2-yl}methanol (36b). Starting from 1.50 g (5.59 mmol) of 35b, the
title compound was prepared in the same manner as that described for 23a. Purification of the crude product by silica
gel column chromatography (30% ethyl acetate in n-hexane) afforded 36b (1.43 g, 90%) as a colorless gum. [a]”
+24.7 (¢ 1.54, CHCL,).

IR (Neat): 3434, 2927, 1598, 1495, 1240, 1023, 752 cm’.

'H NMR (300 MHz, CDCLy): & 7.44-7.29 (m, 5H), 7.20-7.15 (m, 2H), 6.92-6.87 (m, 2H), 5.07 (s, 2H), 3.79-3.75 (m,
1H), 3.55-3.47 (m, 1H), 2.98-2.74 (m, 4H), 2.00-1.78 (m, 2H).

BC NMR (75 MHz, CDCls): 6156.5, 137.2, 130.0, 129.8, 128.5, 127.8, 127.4, 127.1, 120.8, 111.7, 69.9, 61.7, 58.6,
55.7,31.7,26.9.

MS (ESI): m/z 285 [M+1]", 302 [M+NH,] .

Anal. Calcd for CigH»0O5: C, 76.03; H, 7.09. Found: C, 76.19; H, 7.16.

(R)-1-[(S)-6-methoxychroman-2-yl]ethane-1,2-diol (37a). Starting from 1.25 g (3.97 mmol) of 36a, the title com-
pound was prepared in the same manner as that described for 24a. Purification of the crude product by silica gel col-
umn chromatography (40% ethyl acetate in n-hexane) afforded 37a (0.74 g, 83%) as a colorless solid. M.p.: 87-88 °C.
[a]”p: +16.56 (¢ 0.56, MeOH).

IR (KBr): 3397, 2924, 2360, 1496, 1219, 1041, 761 cm’.

'H NMR (300 MHz, CDCly): §6.72 (d, 1H, J = 8.8), 6.65 (dd, 1H, J;=2.7, J,= 8.8), 6.59 (d, 1H, J = 2.5), 4.01-3.96
(m, 1H), 3.88-3.84 (m, 3H), 3.74 (s, 3H), 2.90-2.71 (m, 3H), 2.34-2.29 (m, 1H), 2.14-2.07 (m, 1H), 1.91-1.77 (m,
2H).

MS (ESI): m/z 285 [M+1]", 302 [M+NH,] .

Anal. Calcd for Cp,H604: C, 64.27; H, 7.19. Found: C, 64.19; H, 7.32.

(R)-1-[(S)-chroman-2-yl]ethane-1,2-diol (37b). Starting from 1.25 g (4.39 mmol) of 36b, the title compound was
prepared in the same manner as that described for 24a. Purification of the crude product by silica gel column chroma-
tography (40% ethyl acetate in n-hexane) afforded 37b (0.71 g, 84%) as a colorless solid. M.p.: 63-64 °C. [a]*p:
+26.28 (¢ 0.76, MeOH).

IR (KBr): 3385, 3020, 2361, 1586, 1216, 761 cm’.

'H NMR (300 MHz, CDCls): & 7.12-7.05 (m, 2H), 6.89-6.79 (m, 2H), 4.08-4.03 (m, 1H), 3.92-3.84 (m, 3H), 2.88-
2.81 (m, 3H), 2.55 ( s, br, 2H), 2.18-2.12 (m, 1H), 1.92-1.85 (m, 1H).

C NMR (75 MHz, CDCls): §152.9, 128.3, 126.0, 120.8, 119.2, 115.3, 75.1, 72.0, 62.1, 23.0, 22.0.

MS (ESI): m/z 285 [M+1]", 302 [M+NH,]".

Anal. Calcd for C;H;405: C, 68.02; H, 7.27. Found: C, 68.16; H, 7.29.

(S)-(6-methoxychroman-2-yl)methanol (38a). To a stirred solution of diol 37a (250 mg, 1.11 mmol) in methanol (8
mL) at 0°C was added a solution of NalO, (380 mg, 1.77 mmol) in water (4 mL). After stirring the reaction mixture at
0°C for 2 h, methanol was evaporated in vacuo at low temperature. The aqueous solution was extracted with CH,Cl,
(2x10 mL). The combined organic layers were washed with water (10 mL), brine (10 mL), dried over anhydrous

Na,S0y, and concentrated under reduced pressure to yield the crude aldehyde as a colorless gum which was used for
the next step without further purification.

D-

To an ice-cooled solution of the above crude aldehyde in methanol (6 mL) was added NaBH,4 (50 mg, 1.31 mmol)
and the reaction mixture was stirred for 30 min at rt. Methanol was removed under reduced pressure and the residue
was dissolved in ethyl acetate (15 mL) and water (15 mL). The organic layer was separated and washed with brine
(10 mL), dried over anhydrous Na,SOy, and concentrated under reduced pressure. Purification of the crude product by
silica gel column chromatography (20% ethyl acetate in n-hexane) afforded 38a (18 mg, 87%) as a colorless gum.
[a]p™: +104.8 (¢ 1.5, CHCL).

IR (Neat): 3397, 2924, 2360, 1496, 1219, 1041, 761 cm’.
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'"H NMR(CDCls, 300 MHz) & 6.76 (d, 1H, J = 8.8), 6.65 (dd, 1H, J;= 2.9, J,= 8.8), 6.60 (d, 1H, J = 2.8), 4.10-4.02
(m, 1H), 3.87-3.66 (m, SH), 2.94-2.70 (m, 2H), 2.10 (br, s, 1H), 1.97-1.76 (m, 2H).

C NMR (75 MHz): §153.4, 148.4, 122.4, 117.2, 114.0, 113.3, 76.2, 65.6, 55.7, 24.7, 23.7.
MS (ESI): m/z 194 [M]".
Anal. Calcd for C;H;405: C, 68.02; H, 7.27. Found: C, 68.11; H, 7.35.

(S)-chroman-2-ylmethanol (38b). Starting from 250 mg (1.28 mmol) of 37b, the title compound was prepared in the
same manner as that described for 38a. Purification of the crude product by silica (gel column chromatography (20%
ethyl acetate in n-hexane) afforded 38b (188 mg, 89%) as a colorless gum. [a]p™": +110.6 (¢ 1.55, MeOH), (litera-
ture’’ [a]p: +113.4, ¢ 1.1, MeOH).

IR (Neat): 3422, 2933, 1651, 1430, 1054, 706 cm™.

'"H NMR (CDCls, 300 MHz): § 7.14-7.07 (m, 2H), 6.90-6.84 (m, 2H), 4.18-4.11 (m, 1H), 3.89-3.76 (m, 2H), 2.92-
2.81 (m, 2H), 2.02 (br, s, 1H), 1.98-1.86 (m, 2H).

BC NMR (75 MHz): §153.2, 128.3, 126.0, 120.6, 119.2, 115.4, 75.1, 64.3, 23.2, 22.4.
MS (ESI): m/z 164 [M]".

Anal. calcd for C1oH,0,: C, 73.15; H, 7.37. Found: C, 73.27; H, 7.48.

The above spectral data agreed with literature data.’’

(S,E)-ethyl 3-(6-methoxychroman-2-yl)acrylate (39a). Starting from 0.10 g (0.44 mmol) of 374, the title compound
was prepared in the same manner as that described for 28a. Purification of the crude product by silica gel column
chromatography (4% ethyl acetate in n-hexane) afforded 39a (0.10 g, 88%) as a colorless gum. [0(]250: +5.4 (c 1.21,
MeOH).

IR (Neat): 3020, 2400, 1708, 1496, 1426, 1216, 761, 699 cm.

'"H NMR (300 MHz, CDCLy): 56.98 (dd, 1H, J,= 4.1, J,= 15.7), 6.78 (d, 1H, J = 8.9), 6.67 (dd, 1H, J,= 2.8, J,=8.9),
6.56 (d, 1H, J=2.7), 6.14 (dd, 1H, Ji= 1.7, J, = 15.7), 4.69-4.64 (m, 1H), 4.21 (q, 2H, J = 7.1), 3.74 (s, 3H), 2.91-
2.69 (m, 2H), 2.16-2.07 (m, 1H), 1.91-1.78 (m, 1H), 1.31 (q, 3H, J=7.1).

C NMR (75 MHz, CDCl;+CCly): §166.0, 153.5, 147.9, 146.1, 121.7, 121.4, 117.3, 113.8, 113.5, 73.7, 60.3, 55.4,
27.0,24.3, 14.2.

MS (ESI): m/z 280 [M+NH,]".
Anal. Calcd for CsH;304: C, 68.68; H, 6.92. Found: C, 68.83; H, 6.88.

(S,E)-ethyl 3-(chroman-2-yl)acrylate (39b). Starting from 0.10 g (0.51 mmol) of 41b, the title compound was pre-
pared in the same manner as that described for 28a. Purification of the crude product by silica gel column chromato-
graphy (4% ethyl acetate in n-hexane) afforded 39b (0.11 g, 90%) as a colorless gum. [a]*p: -17.8 (¢ 1.46, MeOH).

IR (Neat): 3020, 2361, 1713, 1480, 1217, 763, 699 cm’.

'"H NMR (300 MHz, CDCls): §7.12-6.96 (m, 3H), 6.86-6.82 (m, 2H), 6.15 (dd, 1H, J;= 1.8, J,= 15.7), 4.75-4.69 (m,
1H), 4.20 (q, 2H, J = 7.2), 2.90-2.70 (m, 2H), 2.17-2.08 (m, 1H), 1.90-1.78 (m, 1H), 1.29 (q, 3H, J = 7.1).

BC NMR (75 MHz, CDCl3): 6166.2, 153.8, 146.0, 129.4, 127.4, 121.4, 120.5, 116.7, 73.8, 60.4, 26.9, 23.9, 14.1.
MS (ESI): m/z 250 [M+NH,]".
Anal. Calcd for C4H605: C, 72.39; H, 6.94. Found: C, 72.53; H, 6.85.

(S,E)-4-(6-methoxychroman-2-yl)-2-methylbut-3-en-2-ol (40a). Starting from 75 mg (0.28 mmol) of 39a, the title
compound was prepared in the same manner as that described for 29a. Purification of the crude product by silica %el
column chromatography (18% ethyl acetate in n-hexane) afforded 40a (66 mg, 93%) as a colorless gum. [a]”p:
+13.91 (¢ 1.75, MeOH).

IR (Neat): 3413, 3019, 2361, 1713, 1496, 1216, 758, 699 cm".

'H NMR (300 MHz, CDCL3): §6.75 (d, 1H, J = 8.9), 6.64 (dd, 1H, J,= 2.8, J,= 8.9), 6.55 (d, 1H, J=2.8), 5.94 (dd,
1H, J1= 0.9, J,=15.7), 5.77 (dd, 1H, J,= 5.8, J,= 15.7), 4.46-4.41 (m, 1H), 3.72 (s, 3H), 2.88-2.64 (m, 2H), 2.29 (s,
br, 1H), 2.04-1.95 (m, 1H), 1.85-1.72 (m, 1H), 1.34 (s, 6H).

BC NMR (75 MHz, CDCL+CCly): & 153.0, 148.4, 139.7, 126.2, 121.9, 117.2, 113.8, 113.2, 75.3, 70.3, 55.3, 29.6,
295,278, 24.5.

MS (ESI): m/z 231 [M-OH]", 247 [M-1]".
Anal. Calcd for CsH,(O5: C, 72.55; H, 8.12. Found: C, 72.43; H, 8.18.
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(S,E)-4-(chroman-2-yl)-2-methylbut-3-en-2-ol (40b). Starting from 75 mg (0.32 mmol) of 39b, the title compound
was prepared in the same manner as that described for 29a. Purification of the crude product by silica gel column
chromatography (18% ethyl acetate in n-hexane) afforded 40b (67 mg, 95%) as a colorless gum. [oc]25D: +7.5 (c 0.4,
CHCly).

IR (Neat): 3410, 3019, 2361, 1713, 1586, 1216, 760 cm’.

'"H NMR (300 MHz, CDCLy): 57.10-7.01 (m, 2H), 6.84-6.82 (m, 2H), 5.97 (d, 1H, J = 15.8), 5.81 (dd, 1H, J;=5.8, J
=15.7), 4.55-4.49 (m, 1H), 2.91-2.70 (m, 2H), 2.08-1.99 (m, 1H), 1.89-1.76 (m, 1H), 1.67 (s, br, 1H), 1.34 (s, 6H).

C NMR (75 MHz, CDCLy): 5 154.4, 139.9, 129.4, 127.2, 126.2, 121.7, 120.1, 116.7, 75.6, 70.55, 29.3, 29.6, 27.9,
24.3.

MS (ESI): m/z 201 [M-OH]", 217 [M-1]".
Anal. Calcd for C4H;30,: C, 77.03; H, 8.31. Found: C, 77.19; H, 8.47.
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