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Abstract

A mechanistic study of the reactions between 2-trimethylsilyloxyfutamnd (S5)-2-(arylsulfinyl)-1,4-
benzoquinonefa and 2b, giving rise to the diastereoselective formation of $®BbS SS-3a,8b-dihydro-7-
hydroxy-8-(arylsulfinyl)furo[3,2s]benzofuran-2(Bl)-ones3a and 3b, is reported. The detection arith NMR
characterization of several precursors3afand 3b accounts for a Michael-type initial reaction which dictates
the final diastereoselection of the process. A significant improvement of the stereoselectivity (up to 96% de) in
the formation of theert-butylsulfinyl substituted derivativ8c was achieved by using 2eft-butylsulfinyl)-1,4-
benzoquinon@cas the starting quinone. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The 2,3-dihydrobenzofuran moiety is found in a number of natural protudich show significant
biological properties. Two general synthetic approaches are available to date to construct this fragment.
One of them, mainly exploited by Engléis based on a Lewis acid promoted reaction between a methoxy
substitutedo-benzoquinone and a styrene or stilbene derivative. The other relies on the reaction between
a benzoquinone bearing an electron-withdrawing substituent and an electron-rich diene and has been
studied by different research groupsVith 2-trimethylsilyloxyfurani, this reaction gives rise to @s-
3a,8b-dihydrofuro[3,B]benzofuran-2(Bl)-one' (Scheme 1). An asymmetric version of this process has
been studied by Brimble using quinones bearing differently substituted esters as chiral auxitiaries
in the presence of chiral cataly$tslthough optically active derivatives were obtained in all cases, the
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diastereoselectivities achieved were not good enough for preparative purposes. When the reaction was
carried out between and enantiopure §-2-(p-tolylsulfinyl)-1,4-benzoquinon@a’ in acetonitrile, a

77:23 mixture of diastereomeBsiand4awas obtained (Scheme 1). To date, such diastereoselectivity has
not been improved due to the unknown mechanistic and stereochemical course of the process, since either
an initial Diels—Alder reactiot?%f or a Michael-type addition process is consistent with the observed
results>®
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In the course of our studies devoted to asymmetric Diels—Alder reactions with enantiomerically pure
(S9)-2-(p-tolylsulfinyl)-1,4-quinones$, we had observed excellent levels nffacial diastereoselection
for cycloadditions with a wide range of dienes. Based on our results, the stereoselectivity reported for
the reaction oRa with 2-trimethylsilyloxyfuran1l was suggesting a non concerted reaction course in
the initial step. To clarify the mechanism, we undertook a detailed study of the reaction be&taween
and 2-substituted furan derivatives with the aim of gaining an improvement of the diastereoselectivity
obtained previously. We report herein evidence of a Michael-type initial reaction which dictates the
stereoselectivity of the process as well as the way to improve the final diastereoselection.

2. Results and discussion

We first carried out the reaction @&° with 2-methoxyfurarb (Scheme 2). Working under very mild
conditions (CHCIy, rt, 30 min), ($)-3-(5-methoxy-2-furanyl)-2g-tolylsulfinyl)-1,4-dihydroxybenzene
6 could be isolated in 63% vyield, after flash chromatography. The formation of com@gomogdt be the
consequence of a Michael-type attack of the furan from its nucleophilic C-5 position to the more deficient
C-3 of the quinone, followed by aromatization of the initial intermediate.
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Scheme 2.

We then repeated the reaction reported by Brirhbleetween (S)-2-(p-tolylsulfinyl)-1,4-
benzoquinone2a and 2-trimethylsilyloxyfuranl in CH.Cl, at rt and obtained a complex reaction
mixture which, after flash chromatography, evolved into a 80:20 rati@aéft and 4a'® in 59% yield
(Scheme 1, Table 1, entry 1). The course of the reaction was then monitorédl MyIR (CD3CN at
rt), recording a spectrum every 10 min until the disappearan@a signals (1 h 40 min). The evolution
showed the progressive formation of epimeric compoufadand8ain a 75:25 ratio (Scheme 3), which
were stable enough to be characterized. The mixtuiaeind8a could be transformed into desilylated
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Table 1
Reactions of 2-trimethylsilyloxyfurath and sulfinylbenzoquinonea—c

Entry  Quinone Solvent T (°C) Time (h) 3:4 Yield (%)
1 2a CH,Cl, 25 0.25 80: 20 59°
2 2a CH,CI, 78 0.5 83:17 82"
3 2a CH,Cl,/Eu(fod) -20 0.4 59 :41° -4
4 2a CH,Cl,/ZnBr, 25 0.05 71:29° -
5 2b CH,Cl, 0 1.25 85:15 59°
6 2b EtOH 0 1 69 : 31 62°
7 2b CHCl; 20 3 90:10 90°
8 2¢ CHCl; -20 0.3 98: 2 52f

*Mixture of 3 and 4 after flash chromatography. °69% for 3a and 13% for 4a isolated yields.
‘Diastereoisomeric ratio determined by 'H-NMR of the crude reaction mixture containing 9a and 10a.
“Not determined. “82% for 3b and 8% for 4a isolated yields. Yield of pure 3c.

derivatives9a and 10a (75:25) by treatment with 10% HCI. When the sahie NMR monitoring was
effected in CDC4, a mixture of compoundSa and 10a (80:20) was detected. This evolution could be

a consequence of the acid traces always present in £B@er flash chromatography, both mixtures

of 7a-8a and9a-10a evolved into3a and4a as a consequence of an intramolecular conjugate addition
to the ,B-unsaturated butyrolactone moiety, which also occurs stereoselectively, giving rise to the
correspondingis-fused compounds (Scheme 3).

In accordance with these observations, the diastereoselectivity achieved must be initially defined in the
Michael-type starting reaction. The stereochemical course of the process could be explained taking into
account a sterically favored approach of 2-trimethylsilyloxyfulaio sulfinylquinone2a from the less
hindered face which supports the lone electron pair at sulfur. Three conformers A, B and C (Scheme 4)
could participate in the conformational equilibrium 2& Nevertheless, only A and C show a steric
differentiation between both diastereotopic faces2af Thus, the attack of 2-trimethylsilyloxyfuran
1 would preferentially occur from the upper face of conformation A and from the bottom one of
conformation C. Although rotamer B could also be considétesteric and stereoelectronic grounds
suggest a lower participation. The conjugate addition through transition states TSI and TSII, with an
antiperiplanar relationship between the nucleophilic and electrophilic double bonds, must be favored over
the approach shown as TSIII with an antiperiplanar arrangement of the furan oxygen and the quinonic
double bond. The latter must be strongly destabilized by electronic repulsions between proximal oxygens.
The expected higher reactivity sfcisconformation A2 as well as its higher stability due to minimum
electrostatic repulsions allowed us to assume its preferred evolution. Moreover, a higher stability of TSI
can be predicted since steric interactions between the approaching furan and the sulfinylic oxygen must
be lower than those existing in TSII, where furan is interacting with the bulky tolyl ring. Thus, reaction
through TSI accounts for the major formation of diastereoisoraga precursor of compourh bearing
the §S) absolute configuration in the new stereogenic centers.

According with this mechanism, all factors increasing the population of conformer A in the confor-
mational equilibrium of sulfinylquinon@a or steric interactions in the corresponding transition states
would improve the diastereoselectivity of the process. As shown in Table 1, a decrease in the reaction
temperature (CbLCl,, —78°C) slightly improved the diastereoselectivity in favor3af(83:17, entry 2),
as could be expected assuming an increased participation of A in the conformational equilibrium shown
in Scheme 4. The use of chelating Lewis acids such as Ey(fot) ZnBp (Table 1, entries 3 and 4)
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decreased the diastereoselection as a consequence of the higher participatissirahanonformation
such as C.

In order to evaluate the role of steric effects in the relative stability of the different transition states,
we reasoned that the use of quinones bearing a sulfinyl substituent bulkier than the tolyl group could
be appropriate. With this aim, §62-(2 -methoxynaphthylsulfinyl)-1,4-benzoquino2® and 2-tert-
butylsulfinyl)-1,4-benzoquinon2c were prepared (Scheme 5). The synthesis of2@3-Wwas carried out
following the two-step general methodology described previously Byfarsthe synthesis of (+2a,
based on Andersen’s synthe&isThus, the direct metallation of 1,4-dimethoxybenzene wiBuLi at
rt, followed by reaction with (-)-(S)-menthyl-2-methoxy-1-naphthylsulfindfeas sulfinylating agent,
afforded derivative (+)t1 in 60% yield (Scheme 5). Ammonium cerium (IV) nitrate (CAN) cleanly
oxidized compound.1at rt into enantiopure sulfinylquinone (2 in 90% vyield.

The tert-butylsulfinyl derivative2c was prepared in racemic form as outlined in Scheme 5 from
the corresponding thioethek2. Thus, 2-{ert-butylthio)-1,4-benzoquinond2 was prepared in 50%
isolated yield according to an old reported procedfutgased on the reaction between 2 equiv. of 1,4-
benzoquinone aneért-butylthiol. Direct controlled oxidation of compouri® with 1 equiv. ofm-CPBA
in CHCl3 at 0°C yielded a 75% yield of 2€rt-butylsulfinyl)-1,4-benzoquinon2c. The results obtained
in the reactions of sulfinylbenzoquinones @-and2c and 2-trimethylsilyloxyfuranl are collected in
Table 1.

As expected, reaction of quinone (2-in CHxCl, at rt gave, after flash chromatography, a better
diastereoselection (85:15) of the corresponding derivative8i{gnd (+)4b (Scheme 1, Table 1, entry
5) if compared with the same reaction with quin@agentry 1). The use of a polar solvent such as EtOH
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Scheme 5. (a) (ip-BuLi, THF, rt, 1 h; (ii) (-)-(S5-menthyl-2-methoxy-1-naphthalenesulfinate, THF, =78°C, 2 h, 60%; (b)
CAN, CHzCN, H,O, rt, 1 h, 90%; (c) EtOH, rt, 4 h, 50%,; (d)}CPBA, CHCl,, 0°C, 1 h, 93%

decreased the diastereoselectivity (69:31, Table 1, entry 6). This result is in agreement with a diminished
presence of conformation A (Scheme 4) due to minimization of dipolar repulsion between-Gau@l

S=0 groups induced by polar solvents. The best result, 90:10 raBb ahd4b, was obtained working

in CHCI3 at —20°C (Table 1, entry 7). The mechanistic pathway proposed for the format®enasfd

4a could be corroborated fab and4b in a similar'H NMR monitoring of the reaction betweetb

and1 (Scheme 3). In this case, compourttsand 8b (80:20 ratio) were initially detected in GCN

and 9b and 10b (90:10) in CDC4. Derivatives7b and 8b can be transformed intéb and 10b after
hydrolysis with 10% HCIl and compoun@b and4b were obtained diastereoisomerically pure after flash
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3b R = 2-Methoxynaphthyl 4b
8H3, =4.94 8H;, =5.19
8Hgy, = 5.06 SHgy, = 5.49

Figure 1.'H NMR parameters and NOE experiment used for configurational assignment

chromatography of the mixtures @b—8b or 9b—10b. The assignment of the correct stereochemistry at
the bridgehead positions 8b and4b was effected taking into account the fixedransconformation of

the sulfinyl group in both derivatives due to the hydrogen bonding formed between the phenolic proton
and the sulfinyl oxygen (Fig. £ In this conformation, the bulky 2-methoxynaphthyl substituent of the
sulfoxide is directed to the upper face of the dimethoxy substituted aromatic ring and the lone electron
pair to the lower one. In this situation, protonggtdnd Hsp, in diastereocisomeBb are shielded by the
naphthalene ring appearing further upfield in tleNMR spectrum relative to the equivalent protons in

the other diastereoisomdb (0.25 ppm shielding for g, and 0.43 for Hy, see Fig. 1).

Finally, reaction of 24ert-butylsulfinyl)-1,4-benzoquinongc with 1 was effected in CHGlat —20°C
(Scheme 1, Table 1, entry 8). Under these conditions and after flash chromatography, a 98:2 mixture
of derivatives3c and4c was formed, allowing us to isolate compouBcddiastereoisomerically pure in
52% vyield. This excellent result demonstrates that steric effects are essential in controltmdattial
diastereoselectivity of the initial conjugate addition. Configurational assignm@&atvedis mainly based
on an NOE experimenrit. Thus, selective irradiation on bridgehead hydroggnstiowed a relevant 4.6%

NOE enhancement between this proton andténebutyl substituent of the sulfinyl moiety, indicating
the spatial closeness of both groups in the figgthnsconformation of theert-butyl sulfinyl substituent
depicted for3cin Fig. 1.

3. Conclusion

We have proposed a mechanistic and stereochemical rationale for the diastereoselective formation
of [3aS,8hS,SY-3a,8b-dihydro-7-hydroxy-8-(aryl- antert-butylsulfinyl)furo[3,2b]benzofuran-2(Bl)-
ones3a— based on a sterically controlled diastereoselective conjugate addition of 2-trimethylsilyloxy-
furan on sulfinylquinones as the key step. A significant improvement of the stereoselectivity (up to 96%
de) was achieved by using thert-butylsulfinyl group on the starting quinone. We are now proceeding
to apply these good results to the asymmetric synthesis of natural products.

4. Experimental
4.1. General methods
Melting points were obtained in open capillary tubes and are uncorrected. IR spectra were obtained

as CHC} solutions and are given in ¢th *H NMR and3C NMR spectra were recorded in CRGit
300 and 75 MHz, respectively. Diastereoisomeric adducts ratios were established by integration of well-



M. C. Carrefio et al./ TetrahedrorAsymmetry10 (1999) 4357-4367 4363

separated signals in the crude reaction mixtures and are listed in Table 1. All reactions were monitored
by thin layer chromatography that was performed on precoated sheets of silica gel 60, and flash column
chromatography was done with silica gel 60 (230—400 mesh) of Macherey—Nagel. Eluting solvents are
indicated in the text. Apparatuses for inert atmosphere experiments were dried by flaming in a stream of
dry argon. Dry THF was distilled from sodium/benzophenone ketyb@kand CHC} were dried over

P>Os. For routine workup, hydrolysis was carried out with water, extractions with@H and solvent
dryness with NgSOy.

4.2. ()-2-(5-Methoxy-2-furanyl)-3g-tolylsulfinyl)-1,4-dihydroxybenzerge

To a solution of (§)-2-(p-tolylsulfinyl)-1,4-benzoquinon@a (500 mg, 2.0 mmol) in dry CBCl, (10
ml), 2-methoxyfuran (20Qul, 2.2 mmol) was added. After stirring at rt for 30 min, the solvent was
evaporated and the residue purified by flash chromatography (eluent hexane:EtOAc 3:1) to obtain pure
6 as a solid in 60% yield: mp 126-127°Gx]2°=-403 ¢ 0.5, acetone)*H NMR & 10.54 (s, 1H), 7.55
and 7.26 (AABB’ system, 4H), 6.98 and 6.82 (AB system, 248.6 Hz), 6.41 (d, 1HJ)=3.1 Hz), 5.75
(s, 1H), 5.29 (d, 1H)=3.1 Hz), 3.82 (s, 3H), 2.37 (s, 3H)*C NMR 6 162.3, 153.8, 147.1, 142.1, 140.6,
134.9, 130.2, 130.0, 126.0, 120.9 (2C), 120.8 (2C), 114.8, 81.6, 57.7, 21n3;,8500, 3040, 2960,
2290, 1490, 1460, 1355, 1315, 1150, 790; EI-mM& (%) 344 (M, 21), 328 (9), 285 (100), 269 (37),
193 (18), 165 (18), 139 (13), 123 (14), 91 (28). Anal. calcd fesHG0sS: C, 62.78; H, 4.69; S, 9.29.
Found: C, 62.47; H, 4.55; S, 8.94.

4.3. (R,S9)- and (55,S9)-5-[3-Hydroxy-6-trimethylsilyloxy-2gtolylsulfinylphenyl)]furan-2(Bl)-one
7aand8a

These compounds were detected iy NMR monitoring after mixing (S)-2-(p-tolylsulfinyl)-1,4-
benzoquinoneZa) (10.8 mg, 0.04 mmol) and 2-trimethylsilyloxyfurdn(8.1 ul, 0.05 mmol) in CRCN
at rt as a 75:25 mixture of epimers ag.Compound7a: *H NMR (CDsCN) § 10.34 (s, 1H), 7.66 and
7.38 (AA'BB’ system, 4H), 7.62 (dd, 1H=1.8 and 5.9 Hz), 7.04 and 6.81 (AB system, 2H9.4 Hz),
6.64 (dd, 1HJ=1.8 and 2.4 Hz), 6.31 (dd, 1H72.4 and 5.3 Hz), 2.41 (s, 3H), 0.09 (s, 9H). Compound
8a 'H NMR (CDsCN) & 10.26 (s, 1H), 7.72 (dd, 1H=1.8 and 5.9 Hz), 7.57 and 7.40 (ABB’ system,
4H), 6.95 and 6.80 (AB system, 2H79.4 Hz), 6.58 (dd, 1HJ=1.8 and 2.4 Hz), 6.18 (dd, 1H=2.4
and 5.3 Hz), 2.38 (s, 3H), 0.29 (s, 9H); EI-MS (from the mixtur&atind8a) m/z(%) 402 (M, 2), 346
(6), 330 (100), 314 (14), 185 (21), 267 (40), 248 (42), 194 (24), 139 (31), 123 (29), 108 (43), 91 (87), 77
(34).

4.4. (R,SS)- and (55,59)-5-[3,6-Dihydroxy-2-p-tolylsulfinylphenyl)Jfuran-2(Bl)-one 9a and 10a

To a solution of (§)-2-(p-tolylsulfinyl)-1,4-benzoquinon2a (25 mg, 0.1 mmol) in dry ChLCl, (5 ml),
2-trimethylsilyloxyfuranl (20 pl, 0.12 mmol) was added. The mixture was stirred at rt for 15 min and 5
ml of 10% HCI were added. After workup, compouriisand10awere obtained as an 80:20 mixture of
epimers at . These compounds were also detected yNMR after mixing (5)-2-(p-tolylsulfinyl)-
1,4-benzoquinonga (10.8 mg, 0.04 mmol) and 2-trimethylsilyloxyfurdn(8.1 ul, 0.05 mmol) in CDC}
at rt as a 85:15 mixture. Compoufd: 'H NMR & 10.43 (s, 1H), 7.72 and 7.31 (ABB’ system, 4H),
7.52 (dd, 1HJ=1.8 and 5.9 Hz), 6.92 and 6.79 (AB system, 2H8.8 Hz), 6.64 (dd, 1H)=1.6 and 2.3
Hz), 6.31 (dd, 1H,J=2.3 and 5.7 Hz), 2.39 (s, 3H). Compouh@a 'H NMR § 10.14 (s, 1H), 7.65 (dd,
1H,J=1.6 and 5.7 Hz), 7.56 and 7.31 (ABB’ system, 4H), 6.92 and 6.79 (AB system, 249.4 Hz),
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6.59 (dd, 1HJ=1.6 and 2.3 Hz), 6.17 (dd, 1Kd72.3 and 5.7 Hz), 2.39 (s, 3H); EI-MS (from the mixture
of 9aand10a) m/z(%) 330 (M, 100), 314 (14), 285 (21), 267 (37), 194 (20), 139 (16), 123 (18).

4.5. (3&5,8bS,S9)-3a,8b-Dihydro-7-hydroxy-8-(2methoxy-1-naphthylsulfinyl)furo[3 jdbenzofuran-
2(3H)-one3a

To a solution of (§)-2-(p-tolylsulfinyl)-1,4-benzoquinon&a (50 mg, 0.20 mmol) in dry CbCl,
(5 ml) cooled to —78°C, 2-trimethylsilyloxyfurad (38 ul, 0.22 mmol) was added under argon. The
mixture was stirred at —78°C for 30 min and the solvent evaporated under reduced pressure. After flash
chromatography (eluent Gigl,:acetone 40:1), compound (3g was isolated diastereoisomerically
pure in 69% yield{ ®]13°=-268 € 0.41, CHCl,) [(lit. 7 [x]3"=—240 € 0.34, CHCl,)].

4.6. (3R,8bR,S5)-3a,8b-Dihydro-7-hydroxy-8pttolylsulfinyl)furo[3,2b]benzofuran-2(81)-one4a

Compound (+}4awas obtained diastereoisomerically pure as above in 13% Yielg’=+4.8 € 0.30,
CHoClp) [(lit. 7 [x]3=+4.2 € 0.24, CHCl,)].

4.7. ()-1,4-Dimethoxy-2-(2methoxynaphthylsulfinyl)benzebi

To a solution of 2.4 Mh-BuLi (4.2 ml, 10 mmol) in dry THF (20 ml), 1,4-dimethoxybenzene (1.37 g,
9.9 mmol) in dry THF (20 ml) was added dropwise at rt under argon. The mixture was stirred for 1 h,
cooled to —78°C and then added via cannula to a precooled (-78°C) and vigorously stirred solution of (-)-
(SS)-menthyl-2-methoxy-1-naphthalenesulfinaté3.0 g, 10.2 mmol) in dry THF (50 ml). The mixture
was stirred at —78°C for 2 h and quenched with water (200 ml). After workup and crystallizatiori, Jpure
was obtained as a white solid in 60% yield: mp 165-167W03’=+327 € 1, CHCk); 'H NMR & 8.67
(dd, 1H,J=1.1 and 8.6 Hz), 7.92 (d, 1H=9.1 Hz), 7.79 (dd, 1HJ=1.1 and 8.1 Hz), 7.75 (d, 1H=3.2
Hz), 7.54 (dt, 1HJ=1.1 and 8.1 Hz), 7.37 (dt, 1H=1.1 and 8.1 Hz), 7.21 (d, 1H79.1 Hz), 6.87 (dd,
1H, J=3.2 and 8.6 Hz), 6.66 (d, 1H=9.1 Hz), 3.90, 3.87 and 3.32 (3s, 9HJC NMR § 157.6, 153.9,
149.2, 134.3, 132.3, 128.7, 128.3, 127.50, 124.1, 123.2, 117.0, 113.7, 112.3, 111.7, 56.5, 56.0, 55.8; IR
Vmax 1620, 1590, 1510, 1480, 1460, 1435, 1380, 1350, 1275, 1150, 1140, 1090, 910, 810, 710. Anal.
calcd for GgH1804S: C, 65.65; H, 5.30; S, 9.35. Found: C, 65.67; H, 5.01; S, 9.15.

4.8. ()-2-(2 -Methoxynaphthylsulfinyl)-1,4-benzoquindte

To a solution of (+)11 (752 mg, 2.2 mmol) in CECN (50 ml), ammonium cerium (IV) nitrate (5.5 g,
10 mmol) in BO (150 ml) was added at rt. After stirring for 1 h, workup and crystallization (ethyl ether),
pure2b was obtained as an orange solid in 90% yield: mp 102—10B&{g’=+960 € 0.1, CHC}); H
NMR 6 8.52 (d, 1H,J=8.1 Hz), 8.00 (d, 1HJ=8.9 Hz), 7.81 (d, 1HJ=8.1 Hz), 7.64 (dt, 1HJ=1.2 and
8.1 Hz), 7.59 (d, 1HJ=2.8 Hz), 7.44 (dt, 1HJ=1.2 and 8.1 Hz), 7.27 (d, 1H=8.9 Hz), 6.79 (dd, 1H,
J=2.8 and 10.1 Hz), 6.63 (d, 1H=10.1 Hz), 4.00 (s, 3H, OC¥); 13C NMR § 185.0, 183.30, 158.3,
153.0, 136.9, 136.3, 134.0, 132.2, 128.8, 128.6, 128.50, 124.5, 122.5, 113.4, 5646 F655, 1585,
1500, 1465, 1315, 1270, 1215, 1130, 1070, 980, 810, 720, 670. Anal. calcg/fd104S: C, 65.37; H,
3.87; S, 10.26. Found: C, 65.02; H, 4.14; S, 9.99.
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4.9. (R,S9)- and (55,SS)-5-[3-Hydroxy-6-trimethylsilyloxy-2-(2methoxynaphthylsulfinyl)phenyl]-
furan-2(8H)-one7band8b

These compounds were detected byH NMR monitoring after mixing (S)-2-(2-
methoxynaphthylsulfinyl)-1,4-benzoquino2® (11.0 mg, 0.03 mmol) and 2-trimethylsilyloxyfurah
(6.5 ul, 0.04 mmol) in CRCN at rt as a 80:20 mixture of epimers ag.ompound7b: *H NMR
(CDsCN) 6 11.13 (s, 1H), 8.6—7.4 (m, 6H), 6.9-6.7 (m, 2H), 5.93 (dd, J#,.8 and 2.3 Hz), 5.78 (dd,
1H, J=2.3 and 5.9 Hz), 5.63 (dd, 1H=1.8 and 5.9 Hz), 3.90 (s, 3H), 0.08 (s, 9H). Compo8bd'H
NMR (CDsCN) & 11.27 (s, 1H), 8.7-7.4 (m, 6H), 6.9-6.7 (m, 2H), 6.12 (dd, 3#{.8 and 5.9 Hz),
5.97 (dd, 1HJ=2.3 and 5.9 Hz), 5.86 (dd, 1H=1.8 and 2.3 Hz), 3.95 (s, 3H), 0.29 (s, 9H).

4.10. (R,S)- and (55,89)-5-[3,6-Dihydroxy-2-(2-methoxynaphthylsulfinyl)phenyl]furan-2{kone
9band10b

To a solution of (§)-2-(2 -methoxynaphthylsulfinyl)-1,4-benzoquino@é (30.8 mg, 0.10 mmol) in
dry CHxCl; (5 ml), 2-trimethylsilyloxyfuranl (16.25ul, 0.11 mmol) was added. The mixture was stirred
at rt for 1 h and 5 ml of 10% HCI were added. After workup, compouidsnd 10b were obtained
as a 85:15 mixture of epimers at.CThese compounds were also detected'HyNMR monitoring
after mixing ($)-2-(2 -methoxynaphthylsulfinyl)-1,4-benzoquino2® (11.0 mg, 0.03 mmol) and 2-
trimethylsilyloxyfuranl (6.5 pl, 0.04 mmol) in CDC} at rt as a 90:10 mixture. Compou@t: 'H NMR
011.10 (s, 1H), 8.6—-7.2 (m, 6H), 6.72 and 6.66 (AB system, 49,2 Hz), 5.92 (dd, 1HJ=1.6 and 2.1
Hz), 5.73 (dd, 1HJ=2.1 and 5.4 Hz), 5.34 (dd, 1Hd71.6 and 5.4 Hz), 3.90 (s, 3H). Compouhob: 1H
NMR & 11.18 (s, 1H), 8.6-7.2 (m, 6H), 6.79 and 6.73 (AB system, 2#9,.2 Hz), 6.15 (dd, 1HJ=1.8
and 5.4 Hz), 5.98 (dd, 1H=2.1 and 5.4 Hz), 5.84 (dd, 1Kd=1.8 and 2.1 Hz), 3.85 (s, 3H).

4.11. (38,8bS,SS5)-3a,8b-Dihydro-7-hydroxy-8-(2methoxy-1-naphthylsulfinyl)furo[3 f@benzofuran-
2(3H)-one 3b

To a solution of (§)-2-(2 -methoxynaphthylsulfinyl)-1,4-benzoquinogk (154 mg, 0.5 mmol) in dry
CHCI3 (10 ml) cooled to —20°C, 2-trimethylsilyloxyfurah (80 ul, 0.55 mmol) was added under argon.
The mixture was stirred at —20°C for 4 h and the solvent evaporated under reduced pressure. After flash
chromatography (eluent Gi&l,:acetone 20:1), compound (8 was isolated diastereoisomerically
pure as an oil in 82% yielo[:a]zD°=+62 € 1.5, CHCh); 'H NMR § 10.70 (s, 1H), 8.66. (d, 1HI=8.2
Hz), 8.09 (d, 1HJ=8.8 Hz), 7.86 (d, 1HJ=8.2 Hz), 7.69 (dt, 1HJ=8.2 and 1.2 Hz), 7.47 (dt, 1H=8.2
and 1.2 Hz), 7.34 (d, 1HI=8.8 Hz), 6.91 and 6.78 (AB system, 28+8.8 Hz), 5.06 (d, 1HJ=6.4 Hz),
4.95 (m, 1H), 4.00 (s, 3H), 2.84 (m, 2H)C NMR § 174.1, 158.6, 156.3, 153.5, 136.2, 132.8, 132.6,
129.7,128.8, 128.3,124.8,122.7,121.5,117.7, 117.2,113.9, 113.5, 81.7, 81.0, 56.3, 34,3650,
3000, 2910, 1780, 1595, 1460, 1300, 1160, 1140, 1105. Anal. calcc{bh §06S: C, 63.63; H, 4.07;
S, 8.09. Found: C, 63.50; H, 4.08; S, 7.95.

4.12. (3R,8bR,SS)-3a,8b-Dihydro-7-hydroxy-8-(2methoxy-1-naphthylsulfinyl)furo[3 f@benzo-
furan-2(3H)-one4b

Compound (+)4b was obtained diastereoisomerically pure as above in 8% yialtf’=+267 € 0.6,
CHCls); *H NMR & 10.82 (s, 1H), 8.57 (d, 1HI=8.2 Hz), 8.12 (d, 1H)=9.4 Hz), 7.87 (d, 1HJ=8.2
Hz), 7.60 (dt, 1H,J=8.2 and 1.2 Hz), 7.40 (dt, 1H=8.2 and 1.2 Hz), 7.31 (d, 1H79.4 Hz), 6.92 and
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6.80 (AB system, 2HJ=8.8 Hz), 5.49 (d, 1HJ)=5.9 Hz), 5.14 (m, 1H), 3.97 (s, 3H), 2.67 (m, 2HJC

NMR 6 173.1, 158.9, 155.9, 154.1, 136.9, 132.4, 129.3, 128.9, 128.8, 124.3, 122.7, 121.7, 121.2, 118.2,
117.5, 113.9, 113.1, 81.7, 81.1, 56.3, 34.9. Anal. calcd fgHg06S: C, 63.63; H, 4.07; S, 8.09. Found:
C,63.78; H, 4.15; S, 8.23.

4.13. 2-tert-Butylthio)-1,4-benzoquinont2

To a suspension of 1,4-benzoquinone (2.36 g, 21.8 mmol) in EtOH (35 ml), 1,1-dimethylethanethiol
(1.23 ml, 10.9 mmol) was added at rt. After stirring for 4 h and evaporation of the solvent, the residue
was purified by flash chromatography (eluent hexane:EtOAc 85:15) to affordl@uas a red solid in
50% yield: mp 64—65°C (ethyl ether/hexanély NMR & 6.8-6.6 (m, 3H), 1.53 (s, 9H}3C NMR §

184.4, 184.2, 150.9, 136.9, 136.6, 128.2, 46.5, 30.0 (3C); EIRM&%) 196 (M', 11), 174 (10), 142
(25), 57 (100); HRMS (EI) calcd for £gH1202S 196.05580, found 196.05568.

4.14. ($¥)-2-(tert-Butylsulfinyl)-1,4-benzoquinorie

To a solution of thioethet2 (100 mg, 0.5 mmol) in CKCl, (5 ml) cooled at 0°Cm-CPBA (150 mg,
0.5 mmol) in CHCI; (5 ml) was added. The mixture was stirred at 0°C for 1 h and treated with saturated
aqueous solution of NaHCGOAfter workup and crystallization (C#Clz:hexane), pur@c was obtained
as an orange solid in 93% yield: mp 139-14028;NMR § 7.28 (d, 1HJ=1.7 Hz), 6.87 (dd, 1HJ=1.7
and 9.5 Hz), 6.84 (d, 1HI=9.5 Hz), 1.26 (s, 9H)*3C NMR § 184.6, 184.4, 152.9, 137.5, 136.9, 136.7,
52.1, 23.6 (3C); EI-MSn/z(%) 212 (M, 1), 158 (21), 140 (15), 112 (24), 57 (100); HRMS (EI) calcd
for C10H1203S 212.05072, found 212.05058.

4.15. (3&*,8bS*,SS*)-3a,8b-Dihydro-7-hydroxy-8tért-butylsulfinyl)furo[3,2b]benzofuran-
2(3H)-one3c

To a solution of 2-ert-butylsulfinyl)-1,4-benzoquinon2c (28 mg, 0.13 mmol) in dry CHGI(5 ml)
cooled to —20°C, 2-trimethylsilyloxyfuran (1) (24l, 0.14 mmol) was added under argon. The mixture
was stirred at —20°C for 1 h and the solvent evaporated under reduced pressure. The residue was purified
by flash chromatography (eluent hexane:EtOAc 50:50) to obtain diastereoisomericalBcpsra white
solid in 52% yield: mp 168-169°CGH NMR & 10.50 (s, 1H), 6.90 and 6.89 (AB system, 2149.0 Hz),
5.94 (d, 1H,J=5.9 Hz), 5.32 (dt, 1HJ=5.9 and 3.2 Hz), 4.00 (s, 3H), 2.98 (m, 2H), 1.38 (s, 9K
NMR & 174.1, 157.6,154.1, 124.3,121.1, 116.1, 114.6, 83.2, 81.7, 61.0, 34.5, 23.6 (3C);&lziA5)
296 (M*, 2), 240 (42), 224 (31), 194 (100), 179 (32), 149 (32), 84 (16), 69 (10), 57 (81); HRMS (EI)
calcd for G4H1605S 296.07185, found 296.07120.
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