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Abstract

Uncatalyzed cycloadditions oR§,E)-1 and Rs,2)-3-[(1S)-isoborneol-10-sulfinyl]-1-methoxybuta-1,3-dieke
with maleimide and N-phenylmaleimide occurred with compkxtdoand very high facial diastereoselectivities.
The effects of Lewis acid catalysis on these Diels—Alder reactions have been evaluated, tafdlyzed
cycloaddition ofl with dimethyl maleate gave cyclohexeh®as the unique product with complete controkofio
andTr-facial diastereoselectivities exerted by the sulfinyl group. A significant improvement in diastereoselectivity
was also observed in the LiClGatalyzed cycloaddition of with dimethyl fumarate. © 1998 Elsevier Science
Ltd. All rights reserved.

1. Introduction

Since the first publication reporting the involvement of enantiomerically pure sulfinyldienes in
Diels—Alder reactions, stimulating results have been achieved in this ffelthe experimental data
obtained have emphasized the sulfinyl group efficiency in controttirfgcial diastereoselectivity and
the synthetic potential of conjugate sulfinyldienes in the field of natural product chemistry. Electron-
deficient cyclic dienophiles, such as maleimides and maleic anhydride, have been widely used in
cycloadditions with enantiomerically pure 1- and 2-sulfinyldienes, and compteteand very high
facial diastereoselectivities were obser¢@d-’ The results concerningr-facial selectivity have been
explained on the basis of strong electrostatic repulsions between the sulfinyl oxygen atom of the diene
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and the carbonyl oxygen atoms of the dienophile in the transition state. Nevertheless, 1-sulfinyldienes
have shown low reactivity by comparison with 2-sulfinyldienes, since cycloadditions of the former com-
pounds with cyclic electron-deficient dienophiles need high pressures and/or longer reaction times to be
completed® Recently, Diels—Alder reactions of 1-sulfinyldienes with either acyclic electron-deficient or
cyclic electron-rich dienophiles have been described, and the low reactivity of 1-sulfinyldienes with both
types of partners has been attributed to simultaneous electron-donating (+M) and electron-withdrawing
(—1) effects of the sulfinyl group which mutually compensate and have minimal influence on both
LUMO’s and HOMO's energies of these dierfeBollowing analogous arguments, 2-sulfinyl dienes such
asl and2 (Scheme 1 and Scheme 2), which possess a strongly electron-donating methoxy substituent
and the sulfinyl group suitably positioned to support the electronic characteristics of the OMe substituent,
should be significantly more electron rich than 1-sulfinyldienes and therefore more reactive with electron-
deficient dienophiles. However, less attention has been directed towards the Diels—Alder behaviour of
these 2-sulfinyldienes, even if they should act as more effective partners in such cycloadditions.
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In this paper we report the results obtained in Diels—Alder reactions of enantiopure ti@ng? with
maleimide3 and N-phenylmaleimide (NPML) (Scheme 1) which corroborate the expected remarkable
reactivity of these diene sulfoxides. Acyclic electron-deficient dienophiles, such as dimethyl ntaleate
and fumarates, have also been reacted with dieh€Scheme 2) in order to open the way towards the
synthesis of enantiopure cyclohexenes, with at least three stereogenic centres, useful intermediates in the
total synthesis of natural products. The role of different Lewis acids in affecting the stereoselectivity of
these Diels—Alder reactions has been investigated and a rationalization of the obtained results is proposed.

2. Results and discussion

Enantiomerically pure Rs,E)-diene 1 reacted under mild conditions with maleimicg NPM 4
(Scheme 1), dimethyl maleakeand dimethyl fumaraté (Scheme 2), giving in each case cycloadducts
in high yields.

The results obtained are summarized in Table 1 and deserve some comments. The reactivity of the
systems under study, as deduced from the reaction times, corresponded to expeaathua cyclic
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electron-deficient dienophiles reacted faster than the acyclic ones. Moreover, a comparison with literature
data on cycloadditions of different 1- and 2-sulfinyl dienes with maleintfiéslearly showed the higher
reactivity of 1 and encouraged us to test the cycloadditionRgfZ)-diene2 to NPM 4. Diene2 strongly
prefers the antiperiplanar conformation and, as a consequence, a reduced reactivity of such a diene in
concerted cycloadditions is well statéc®. However this reaction would open up access to cyclohexenes
showing configurations at the new-formed asymmetric centres not easily accessible in other ways. In
fact the cycloaddition betweeh and4 (Scheme 1) occurred in a reasonable length of time and mild
conditions (entry 10), in line with the high reactivity of the diene systems under study.

An inspection of Table 1 underlines the complet&loselectivity in the cycloadditions under investiga-
tion, apart from the special case of dimethyl fumarate. The maleimide planarity can be responsible for its
strongendoorientating charactérand results shown in entries 1, 3, 4 and 10 confirm the expectations.
Moreover, literature data on cycloadditions of dimethyl maléateith (E)-1-methoxybuta-1,3-diene
report the formation oéndoexo products in an approximately 70:30 rati@®@ur observation (entry 11)
of completeendodiastereoselectivity in the reaction betwekand5 illustrates the remarkable control
exerted by the sulfinyl group on tlemdoselectivity when the dienophile is suitably substitutéed.

High tt-facial diastereoselectivity was observed when maleimlasd4 were used as dienophiles
in uncatalyzed cycloadditions (entries 1, 3, 4 and 10). The nearly exclusive formatigrdohnd 11
evidenced the great control exerted by the sulfinyl group omtffigcial selectivity: the cyclic dienophiles
approach dienesand2 on theirRefaces, which are the more electron rich sides, opposite to the sulfinyl
oxygen, the dienes adopting the less sterically hindered conformation along the C—3 hi®id 4
catalyzed cycloadditions of dierfewith 3 and4 showed a decrease in facial diastereoselectivity, more
evident when NPM was the dienophile (entries 2 and 8). On this basis we undertook an investigation of
cycloadditions of diené& with dienophile4 in the presence of different Lewis acids (Table 1): all of them
led to a diminished facial selectivity which turned over in favour of diastereoisdrievhen Eu(fod}
was the catalyst (entry 9). The stereochemical outcome of these catalyzed reactions can be interpreted
by considering thendoapproach of the dienophile once again onfReface of the diene, which adopts
the conformationd) where the catalyst is able to co-ordinate both a carbonyl oxygen of the dienophile
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Table 1
Asymmetric [4+2] cycloadditions of diendsand2 to carbodienophiles, in CiLI, as a solvent
Entry Diene Dien- Temp., Time, Catalyst Total Adducts
ophile °C h yield, endo exo (ratio)
%

1 1 3 25 0.8 none 90 7:8 97:3)
2 1 3 25 0.8 LiClO4 80 7:8 (88:12)
3 1 4 25 0.5 none 80 9:10 (85:15)
4 1 4 -20 1.5 none 80 9:10 (87:13)
5 1 4 0 2 MgBr; 83 9:10 (80 :20)
6 1 4 25 12 BF3.E,O 63 9:10 (75 : 25)
7 1 4 0 5 ZnCly 90 9:10 (73:27)
8 1 4 -20 1.5 LiClO4 86 9:10 (60 : 40)
9 1 4 -20 25 Eu(fod); 90 9:10 (36 : 64)
10 2 4 25 120 none 58 11:12 (88:12)
11 1 5 25 43 none 76 13:14 (74 : 26)
12 1 5 25 21 LiClO4 80 13 (100)
13 1 6 25 43 none 80 15:16 : 17:182 (51:13:20:16)
14 1 6 25 24 LiClO4 87 15:16 : 17:18 (78:6:10:6)

2 Endo/exo selectivity refers to substituents at C-3 and C-4.

and the sulfinyl oxygen of the dieReHowever the dienophile approach to tBeface of the diene in
conformation ) also becomes effective owing to the catalyst participation and steric requirements of a
conformationally biased dienophile such as NPM: conformatijrappears electronically less favoured

than @), but this adverse characteristic is counterbalanced in part by reduced steric congestion in the
transition state. If it is true, the size of the Lewis &idhould influence the relative stabilities of the
transition states originated from the NRMdoapproach to conformationg)(or (b): in fact the approach

to theSiface of the diend. in its conformation If) becomes the favourite one when the bulky Eu($od)
catalyzes the cycloaddition (entry 9).

(Rs,E)-Diene 1 was reacted with dimethyl maleate at room temperature to avoid possible E/Z
isomerizatior® When the cycloaddition was catalyzed by a suspension of LiCt6facial diastereo-
selectivity was complete (entry 12), giviri as the unique cycloadduct. The interpretation of these
stereochemical results is similar to the one previously suggested for the asymmetric cycloaddition of
dienel and ethyl glyoxalaté" For synthetic purposes it is useful to emphasize that cycloadducan
be obtained as the unique compound of the LiCtatalyzed cycloaddition of dimethyl maleate with
(Ss,E)-3-[(19)-isoborneol-10-sulfinyl]-1-methoxybuta-1,3-diefiayhich is the epimer of dieng at the

sulfur atom.
Siface

MeO R* MeO < (o)
_ \\_\g)r_ .
(a)\ O (b) R = OoH

Re face



M. C. Aversa et al. / Tetrahedroisymmetry9 (1998) 1577-1587 1581

Fig. 1. X-Ray structure od

Cycloaddition ofl with dimethyl fumarate yielded a mixture of four cycloadducts wiiimsarrange-
ment of the methoxycarbonyl groups at C-4 and C-5. The mixture of the four cycloadducts was column
chromatographed on silica gel, and cycloaddligt the major product of the reaction which is also
the chromatographically more mobile, and cycloaddigtwhich is the less mobile, were obtained in
enantiomerically pure form and fully characterized. LiGl€atalysis shortened the reaction time and
improved facial diastereoselectivity for addud (entry 14).

The absolute configuration of cycloadd@ivas firmly established by X-ray crystallographic analysis
(Fig. 1) while the absolute configurations were assigned to the remaining cycloadducts by analogy with
9, on the basis of NMR data and unambiguous demonstration that the sulfur configuration controls the
configurations of the newly-formed asymmetric cenffeSignificant spin—spin coupling constants from
1H NMR spectra of cycloadducts under study are collected in Table 2, together with the corresponding
data measured for the epimeric addut®sand20.2' The reported values support the relative configura-
tions assigned to the stereogenic centres in the cyclohexene ring of the atigjudsand17 (and their
facial diastereomers) owing to the conformational preferences observed i €@@l@ion. For instance,
the 3-methoxycarbonyl substituent prefers the equatorial positiéd and17 (adducts from fumarate)
and19and20 (from acrylate) while it appears axially situated in the addiB;tobtained from dimethyl
maleate. Moreover, the C-3 chemical shift appears strictly related to 3-OMe conformational preference:
C-3 resonates at 76—77 ppm in compouhdsl4, 17 and20 (equatorial 3-OMe) and 72 ppm b and
19, where 3-OMe is axial.

The high degree of stereocontrol found in cycloadditions of electron-deficient cyclic and acyclic
dienophiles with sulfinyldienes points out that these enantiopure diene sulfoxides may fulfil a useful
role in enantioselective synthesis. In particular, the presence and mutual placement of methoxy and
sulfinyl substituents in our enantiopure 3-hydroxyalkylsulfinyl-1-methoxybuta-1,3-dférsesh asl
and 2, seem to have notable effects on their reactivitysasperiplanar conjugate systems, allowing
the use of mild conditions in Diels—Alder reactions and obtainment of sterically resolved cycloadducts
in high yields. We are now working to transfer all the potential of these enantiopure products in the
synthesis of naturally occurring compounds.
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Table 2
Selected coupling constants in theé NMR spectra of compounds3, 15, 17, 19 and20
Compou J2.3 J3,4 (cis) J3ax.4ax Ja,5 (cis) Jaax,5ax
nd (trans) (trans)
13 22 6.5 2.6
(2,3ax) (3ax,4eq) (4eq,5ax)
15 4.4 44 11.3
(2,3eq) (3eq,4ax)
17 24 83 10.8
(2,3ax)
19 44 44 3.3 11.9
(2,3eq) (3eq,4ax) (4ax,5eq)
20 1.9 8.1 33 114
(2,3ax) (4ax,5eq)
OMe OMe
- wWCOoMe X COzMe Me_Me
oy L o LT " ?BOH
R* R* .
19 20

3. Experimental

(Rs,E)- and Rs,2)-3-[(19)-Isoborneol-10-sulfinyl]-1-methoxybuta-1,3-dienkand 2 were prepared
following our previous methodologd. Solvents were purified according to standard procedures, com-
mercial dimethyl maleate was column chromatographed eluting with light petroleum:ethyl acetate 95:5
just before its use, the remaining commercial dienophiles and the Lewis acids were used without further
purification. All reactions were monitored by TLC on commercially available precoated plates (Aldrich
silica gel 60 F 254) and the products were visualized with vanillin [vanillin (1 g) dissolved in MeOH (60
ml) and SO, conc. (0.6 ml)]. Silica gel used for column chromatography was Aldrich 60. Reaction
temperatures, times, and yields are shown in Table 1. Mps were measured on a microscopic apparatus and
are uncorrected. Optical rotationa]p2° were measured in CHgbolutions and are given in 1 deg
cn? g~ 1; concentrations c are expressed in g/ml. Elemental analyses were performed by REDOX, Milano
(Italy). IR spectra were taken with a Perkin—Elmer 1600 FT spectrophotometer insGblGlions. Mass
spectra were measured by Fast Atom Bombardment (FABitrobenzyl alcohol as the matrix) with
a Finnigan MAT 90 instrument. X-Ray diffraction analysis was performed on a Siemens automated
four-circle single-crystal diffractometer R&V. 1H and 13C NMR spectra were recorded on a Varian
Gemini 300 spectrometer at 300 and 75 MHz respectively in GB@lUtions with SiMg as the internal
standard; J values are given in Hz; the attributions are supported by Attached Proton Test (APT) and
decoupling experiments. Diastereomeric adduct ratios were established by integration of well-separated
proton signals of the diastereomers in the crude adduct mixtures and are listed in Table 1.
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3.1. General procedure for Diels—Alder reactions in thermal conditions

A solution of the dienel (or 2) (100 mg, 0.35 mmol) in 2 ml of anhydrous dichloromethane was
added to 2.1 mmol of neat dienophile. The reaction mixture was stirred under argon until the diene
totally disappeared, as verified by TLC monitoring (light petroleum:ethyl acetate=1:1). The solvent
was removed under vacuum and the crude mixture was column chromatographed eluting with light
petroleum:ethyl acetate (8:2).

3.2. General procedure for Diels—Alder reactions in the presence of Lewis acids

Lewis acid (0.42 mmol) was added to a solution of diér{@50 mg, 0.53 mmol) and dienophile (3.18
mmol) in anhydrous dichloromethane (3 ml) under argon. The reaction mixture was stirred until the diene
had totally disappeared, as verified by TLC monitoring. Isolation and purification of cycloadducts were
performed as previously described.

3.3. Cycloadducts from dierfeand maleimides, reported in order of increasing retention times

3.3.1. (15,2S,6S,Rg)-4-[(1S)-Isoborneol-10-sulfinyl]-2-methoxy-8-azabicyclo[4.3.0Jnon-3-ene-7,9-
dione8

Low melting solid;én 6.90 (dd, 435.5, %54 2.6, H-3), 4.52 (dd, )2 4.5, H-2), 4.12 (dd, 3 7.9 and
3.3, H-2), 3.32 (s, OMe), 3.26 (m, H-6), 3.10 (dd, ¢10.0, H-1), 3.01 and 2.55 (AB systemg4 108
13.0, H-10'), 2.70 (AB ddd, dasg 15.9, 3a6 7.2, Ha-5), 2.53 (AB ddd, g 6 9.0, Hs-5), 1.9-1.1 (m,
H,-3',5',6', H-4'), 1.08 (s, H-8'), 0.86 (s, H-9).

3.3.2. (R,2R,6R,Rg)-4-[(1S)-Isoborneol-10-sulfinyl]-2-methoxy-8-azabicyclo[4.3.0]non-3-ene-7,9-
dione7

Mp 72-73°C; X]p2° +125.0 (c 0.0137)§n 6.82 (dd, 33 5.0, 358 2.1, H-3), 4.44 (dd, 1} 4.9, H-2),
4.09 (dd, § 3 8.1and 4.0, H-2, 3.32 (s, OMe), 3.29 and 2.28 (AB systenyd 105 12.9, H-10), 3.26
(m, H-6), 3.17 (dd, J¢ 9.8, H-1), 2.87 (AB dd, sh sg 16.3, $a6 8.3, Ha-5), 2.78 (AB ddd, gs 6 7.0,
Hg-5), 1.9-1.1 (m, H-3',5',6', H-4'), 1.09 (s, H-8), 0.83 (s, B-9); 6c 178.45 and 175.28 (C-7,9),
147.49 (C-4), 130.98 (C-3), 76.90 (C}271.84 (C-2), 57.56 (OMe), 53.52 (C-3051.40 (C-1), 48.37
(C-7), 46.08 and 45.03 (C-1'% 38.45 (C-3), 38.28 (C-6), 30.84 and 27.12 (C;8), 20.51 (C-8),
19.85 (C-9), 18.96 (C-5); m/z (%) 382 (M+1, 47), 149 (100), 135 (75).

3.4. Cycloadducts from dierfeand NPM4, reported in order of increasing retention times

3.4.1. (15,2S5,6S,Rs)-4-[(1S)-Isoborneol-10-sulfinyl]-2-methoxy-8-phenyl-8-azabicyclo[4.3.0]non-
3-ene-7,9-diond 0

Mp 204-205°C; &]p?° —110 (c 0.0001)$y 7.5-7.3 (m, Ph), 6.95 (dd2d 5.2, } 54 2.6, H-3), 4.62
(dd, 3, 4.6, H-2), 4.12 (dd, 4 3 7.6 and 3.6, H-2, 3.35 (s, OMe), 3.34 (m, H-6), 3.20 (dd, 9.9,
H-1), 3.01 and 2.58 (AB system;gla 10 13.0, H-10), 2.79 (AB ddd, dasg 16.1, 3a6 7.0, Ha-5),
2.64 (AB dd, 36 9.3, Hs-5), 1.9-1.1 (m, K-3',5',6', H-4'), 1.06 (s, H-8'), 0.84 (s, B-9'); 8¢ 177.92
and 174.75 (C-7,9), 148.13 (C-4), 131.78 (€}1129.22 (C-3), 128.81 (C-24",6""), 126.55 (C-35"),
76.70 (C-2), 71.89 (C-2), 57.45 (OMe), 54.68 (C-9051.51 (C-1), 48.36 (C-7), 45.50 and 45.14 (C-
1,4), 38.46 (C-3), 37.22 (C-6), 30.99 and 27.13 (C;8), 21.67 (C-5), 20.48 (C-8, 19.79 (C-9); m/z
(%) 458 (M+1, 47), 149 (60), 135 (100).
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3.4.2. (R,2R,6R,Rs)-4-[(19)-Isoborneol-10-sulfinyl]-2-methoxy-8-phenyl-8-azabicyclo[4.3.0]non-
3-ene-7,9-dion®

Mp 213-214°C; &]p2° +210 (c 0.0001) (found: C, 65.49; H, 6.79>4Ei3:NOsS requires C, 65.62;
H, 6.83%);8 7.5-7.3 (M, Ph), 6.87 (dd2d5.1, k55 2.5, H-3), 4.54 (dd, 1), 4.7, H-2), 4.10 (m, H-2,
3.38 (m, H-6), 3.34 (s, OMe), 3.33 and 2.30 (AB systefgados 12.8, H-10), 3.24 (dd, 469.8, H-1),
3.01 (AB dd, dass 16.5, 3a6 9.0, Ha-5), 2.88 (AB ddd, g5 6 6.9, Hs-5), 1.9-1.1 (m, H-3',5",6", H-4),
1.09 (s, H-8'), 0.81 (s, H-9'); 8¢ 177.72 and 174.65 (C-7,9), 148.17 (C-4), 131.77 (¢-130.56 (C-
3), 129.17 (C-2,6"), 128.75 (C-4), 126.49 (C-35"), 76.92 (C-2), 71.98 (C-2), 57.61 (OMe), 53.59
(C-10),51.43 (C-1), 48.35 (C-7), 45.13 and 45.04 (C-1'4 38.43 (C-3), 36.99 (C-6), 30.85 and 27.11
(C-5,6'), 20.46 (C-8), 19.85 (C-9), 18.90 (C-5);vmax 3500 (OH), 3007, 2954, 1716 (CO), 1388, 1096,
1078 cnt; m/z (%) 458 (M+1, 65), 137 (99), 135 (100).

3.5. Cycloadducts from dierfzand NPM4, reported in order of increasing retention times

3.5.1. (R,2S,6R,Rg)-4-[(1S)-Isoborneol-10-sulfinyl]-2-methoxy-8-phenyl-8-azabicyclo[4.3.0]non-
3-ene-7,9-diond 2

Mp 205-207°Cdy 7.5-7.2 (m, Ph), 6.94 (dd2d 5.7, % 5a 3.0, H-3), 4.60 (dd, 4> 2.3, H-2), 4.08
(dd, ¥ 3 7.7 and 3.5, H-2, 3.67 (dd, 46 8.8, H-1), 3.45 (m, H-6), 3.42 (s, OMe), 2.95 (AB ddga ds
15.8, $a,6 7.4, Ha-5), 2.74 and 2.65 (AB systemygla 108 13.1, B-10), 2.68 (AB dd, dg 6 2.3, Hs-5),
1.9-1.1 (m, H-3',5,6, H-4"), 0.88 (s, H-8'), 0.71 (s, H-9'); 6c 177.88 and 175.26 (C-7,9), 149.15
(C-4), 131.33 (C-1), 129.31 (C-2,6"), 129.00 (C-3), 128.19 (C*), 126.20 (C-3,5"), 76.86 (C-2),
72.22 (C-2), 57.17 (OMe), 54.12 (C-2051.43 (C-1), 48.36 (C-7), 45.93 and 45.12 (C-1'4 38.50
(C-3), 37.77 (C-6), 30.90 and 27.10 (C;8), 22.70 (C-5), 20.18 (C-8, 19.54 (C-9); m/z (%) 458
(M+1, 18), 138 (58), 137 (100).

3.5.2. (15,2R,6S,Rg)-4-[(19)-Isoborneol-10-sulfinyl]-2-methoxy-8-phenyl-8-azabicyclo[4.3.0]non-
3-ene-7,9-diond 1

Mp 152-153°C; §&]p?° +50 (c 0.0001)$y 7.5-7.2 (m, Ph), 6.84 (dd2 45.7, 3 5a 2.4, H-3), 4.58 (dd,
Ji22.4,H-2),4.08 (dd,J 3 8.2 and 4.0, H-2, 3.65 (dd, ¢ 8.8, H-1), 3.47 (m, H-6), 3.45 (s, OMe),
3.15 and 2.36 (AB systemyga 10s 13.0, H-107), 2.87 (AB ddd, dasg 15.6, 3a6 7.3, Ha-5), 2.78
(AB dd, }g 2.6, Hs-5), 1.9-1.1 (m, K-3',5,6', H-4'), 1.07 (s, H-8'), 0.79 (s, H-9); 8¢ 177.43 and
175.17 (C-7,9), 148.13 (C-4), 131.34 (C)1 129.23 (C-2,6"), 129.06 (C-3), 128.93 (C*), 126.18
(C-3",5"),76.96 (C-2), 72.25 (C-2), 57.17 (OMe), 54.11 (C-3051.46 (C-1), 48.36 (C-7), 45.53 and
45.08 (C-1,4), 38.45 (C-3), 37.89 (C-6), 30.96 and 27.13 (C;8), 22.38 (C-5), 20.40 (C-8, 19.80
(C-9); Vmax 3500 (OH), 3009, 2954, 1713 (CO), 1387, 1088, 1078 §m/z (%) 458 (M+1, 48), 137
(41), 135 (100).

3.6. Cycloadducts from dierfeand dimethyl maleat8, reported in order of increasing retention times

3.6.1. (H,4S,55Rs)-4,5-Dimethoxycarbonyl-1-[@)-isoborneol-10-sulfinyl]-3-methoxycyclohexeite
Mp 170-172°C; &]p2° +8.2 (c 0.0062)py 6.50 (ddd, 932.1, 64 2.8, 3 ea 1.4, H-2), 4.24 (ddd,3)
6.2, 36n 2.8, ks 1.4, H-3), 4.11 (dd,J 3 8.2 and 4.2, H-, 3.74 and 3.72 (two s,2CO;Me), 3.63
(dd, %5 3.6, H-4), 3.53 (s, 3-OMe), 3.20 and 2.58 (AB systemg,ahops 13.4, H-10'), 3.03 (ddd, dea
10.3, & 68 6.0, H-5), 2.85 (AB ddt, gheg 16.7, Ha-6), 2.42 (AB ddt, H-6), 1.9-1.0 (m, K-3',5 .6,
H-4'), 1.09 (s, H-8'), 0.86 (s, H-9); 8¢ 172.02 and 170.40 (2C0), 143.21 (C-1), 126.28 (C-2), 77.07
(C-2), 76.11 (C-3), 57.67 (3-OMe), 54.31 (C-)052.47 and 51.83 (2CO,Me), 51.52 (C-1), 48.35
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(C-7), 45.15 (C-4), 43.31 (C-4), 40.39 (C-5), 38.43 (C)330.95 and 27.19 (C'%H), 23.58 (C-6),
20.57 (C-8), 19.88 (C-9); m/z (%) 429 (M+1, 38), 135 (100), 107 (36).

3.6.2. (R,4R,5R,Rs)-4,5-Dimethoxycarbonyl-1-[@)-isoborneol-10-sulfinyl]-3-methoxycyclohexene
13

Mp 135-137°C; §]p?° +43.4 (c 0.0268) (found: C, 58.68; H, 7.5131El3,07S requires C, 58.86; H,
7.53%);0H 6.34 (brd, d32.2, H-2), 4.22 (brd,3)4 6.5, 364 2.1, H-3), 4.07 (dd,d 3 8.3 and 4.2, H-2,
3.76 and 3.71 (two s,522CO;Me), 3.66 (dd, 45 2.6, H-4), 3.52 (s, 3-OMe), 3.50 and 2.40 (AB system,
Joa1os 13.2, B-107), 3.0-2.8 (m, H-5, 46), 1.9-0.9 (m, K-3',5',6', H-4"), 1.11 (s, K-8'), 0.83 (s,
H3-9); 8¢ 172.12 and 170.39 (2CO), 143.76 (C-1), 129.92 (C-2), 76.97 (C:276.36 (C-3), 57.75
(3-OMe), 52.69 (C-10, 52.46 and 51.80 (2CO,Me), 51.34 (C-1), 48.26 (C-7), 45.07 (C-4), 42.55
(C-4),39.82 (C-5), 38.42 (C*R 30.75 and 27.11 (C*%'), 20.48 (C-8), 19.88 (C-9), 19.85 (C-6);Vmax
3400 (OH), 3002, 2854, 1737 (CO), 1438, 1072, 1004 £nm/z (%) 429 (M+1, 100), 149 (44), 135
(61), 57 (43).

3.7. Isolated cycloadducts from dierfeand dimethyl fumarates’ reported in order of increasing
retention times

3.7.1. (R,4R,55Rs)-4,5-Dimethoxycarbonyl-1-[@)-isoborneol-10-sulfinyl]-3-methoxycyclohexene
15

Low melting solid; [x]p2° +120.8 (c 0.0078)dn 6.75 (br dd, 334.4, 364 0.8, 368 2.5, H-2), 4.27 (t,
B44.4,H-3),4.10 (dd,d4 y 7.5and 3.7, H-2, 3.76 (s, ZXCO,Me), 3.40 (s, 3-OMe), 3.18 (dt4d=J 68
11.3, $6a 5.0, H-5), 3.11 and 2.41 (AB systemg} 105 12.9, H-10), 3.07 (dd, H-4), 2.56 (AB ddd,
Jaes 17.0, Ha-6), 2.20 (AB ddd, H-6), 1.9-1.1 (m, K-3',5,6', H-4"), 1.08 (s, H-8'), 0.84 (s, H-9);
dc 174.85 and 171.19 (2CO), 144.54 (C-1), 125.70 (C-2), 77.20 (Cr272.10 (C-3), 57.83 (3-OMe),
53.81 (C-10), 52.33 and 52.06 (2CO,Me), 51.49 (C-1), 48.40 (C-7), 47.32 (C-4), 45.10 (C-4), 38.44
(C-3), 37.00 (C-5), 30.84 and 27.14 (C;8), 26.89 (C-6), 20.53 (C-8, 19.86 (C-9); Vmax 3400 (OH),
2367, 1734 (CO), 1540 cm; m/z (%) 429 (M+1, 100), 149 (88), 135 (77).

3.7.2. (R,4S,5R,Rg)-4,5-Dimethoxycarbonyl-1-[@)-isoborneol-10-sulfinyl]-3-methoxycyclohexene
17

Low melting solid; Ex]DZO +23.9 (c 0.0116)dH 6.52 (brdt, 332.4, 364 1.0, 365 2.4, H-2), 4.30 (dt,
J48.3, kon 1.7, ke 2.9, H-3), 4.08 (m, H-2, 3.77 and 3.73 (two s,22CO;Me), 3.42 (s, 3-OMe),
3.10 (m, J5 10.8, $6a 5.4, b 6p 9.8, H-5), 3.34 and 2.34 (AB systemyoh 105 13.0, H-10), 2.95
(dd, H-4), 2.78 (AB ddt, gh 65 17.5, Hy-6), 2.50 (AB ddt, H-6), 1.9-1.1 (m, 1-3',5',6', H-4'), 1.10 (s,
H3-8), 0.84 (s, H-9'); 8¢ 173.13 and 172.25 (2C0O), 143.22 (C-1), 129.19 (C-2), 77.19 (C®), 57.21
(3-OMe), 53.41 (C-10), 52.46 and 52.44 (2CO,Me), 51.45 (C-1), 48.37 (C-7), 47.36 (C-4), 45.09
(C-4), 40.88 (C-5), 38.45 (C*3 30.80 and 27.13 (C*%'), 22.86 (C-6), 20.54 (C-§, 19.90 (C-9); m/z
(%) 429 (M+1, 37), 149 (100), 135 (56), 69 (38), 57 (39), 55 (46).

3.8. X-Ray structure determination of RPR,6R,Rg)-4-[(1S)-isoborneol-10-sulfinyl]-2-methoxy-
8-phenyl-8-azabicyclo[4.3.0]non-3-ene-7,9-didhe

Suitable crystals of compourtilhave been obtained by slow evaporation of an ethyl acetate solution.
A summary of crystallographic data, collected at room temperature, and structure refinement is given
in Table 3. Reflection intensities were evaluated by profile fitting of a 96-step peak scan afhong 2
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Table 3

Crystal data and measurements conditions for the adiluct
Formula Cas5H31NOsS
Crystal System Orthorombic
Space Group P2,2,2,
a/A 9.778(7)
b/A 10.868(4)
c/A 21.942(9)
Volume/A> 2332(2)
Z 4
M 479.66
Dy/mg/m’ 1366
wmm'! 0.178
F(000) 1040
Radiation MoKa. (1=0.71073 A)
Temperature 293 K
Omin> Omax /° 3.5,55
Index ranges 0/12, -4/14,-7/28
Collected reflections 3053
Independent reflections 2038
Number of refined parameters 289
R(F)[I>20(D)] 0.0468
R’ (all data) 0.01188

shells procedufeand then corrected for Lorentz polarization effects. Standard deviati¢ihsvere
estimated from counting statistics. The structure was solved by direct methods subsequently completed
by a combination of least squares technique and Fourier syntheses (SHELXTLYPattSrefined

by the full-matrix least squares technique (SHELXLX97ased on & H atoms were constrained to
idealized geometries: assigned isotropic displacement parameters were 1.5 timggs th&ub of their

C atoms for methyl hydrogens and 1.24for all the other H atoms. Data reduction, structure solution

and drawings were performed with SHELXTL-PLUS pack&d@and the geometrical calculations were
obtained from PARST programnié respectively. All calculations were performed oma/AX 3400

and an AXP DecStation 3000/400.
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