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Abstract: The first examples of Diels-Alder reactions of chiral, C;-symmetric (E E)-1.4-dialkoxy-1,3-
butadienes are described. The cycloadditions with maleic anhydride lead in all instances to the exclusive
formation of the endo adducts. C,,-Symmetric dienophiles such as fumaronitrile and diethyl fumarate
react with variable diastereoselectivities; best results are obtained with the camphor-derived diene 1d,
whose reaction with diethyl fumarate takes place with complete facial selectivity. A theoretical analysis,

using the SCF-MO procedure AMI, of the conformations of the dialkoxydienes has been used 1o
rationalize the steric course of the cycloadditions. © 1999 Elsevier Science Ltd. All rights reserved.
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Introduction

In accordance with the central role piayed by the Diels-Alder reaction in the field of carbocycle synthesis,
the development of enantioselective versions of the Diels-Alder and related [4+2] cycloadditions is one of the
most thoroughly studied topics in asymmetric synthesis." While several efficient enantioselective Diels-Alder
type processes based either on chiral auxiliary-containing dienophiles” or chiral catalysts™ are known, the use of
chirally-substituted 1,3-dienes for this purpose is less well-established,’ and the search for enantiopure
butadienes displaying high =-facial sclectivity upon Diels-Alder cycloadditions is currently being actively

ntlv. we have disclosed a practical entry to a pr@vivusly unknown class of enanti pure dienes

bearing chiral groups both at C-1 and at C-4: chiral (E,E)-1,4-dialkoxy-1,3-butadienes 1 belonging to the C,

son Alanmac Ao .} ~ALleoco 1 £

symmetry pOlm group.' As shown in Scheme 1, ihese dienes can be t:d.suy optainca 1rom & Viix"“i&ty v

'D

secondary alcohols by means of a two-step sequence involving in the first place conversion of the alcohol into an
alkoxyethyne® followed by one-pot hydrozirconation,”® Zr(IV) to Cu(l) transmetallation'’ of the resulting
alkoxyvinylzirconocene complexes and thermally-induced decomposition of the organocopper intermediate,
leading to the regio- and stereoselective dimerization of the alkoxyvinyl moicty.

0040-4020/99/% - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
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We report in the presen
butadienes, a theoretical analysis of the conformational properties of 1a and 1d and a study of the cycloadditions
of the dienes 1a-e with representative C,-symmetric and C,,-symmetric dienophiles. As a resuit of these
studies, we have found that the Diels-Alder reactions of chiral (E,E)-1,4-dialkoxy-1,3-butadienes can take place
with very high diastereoselectivities.

Results and discussion

Contrary to other heterosubsiiiuied dienes, the Diels-Alder reactivity of (E,E)-1,4-dialkoxy-1,3-
butadienes has been scarcely investigated, probably due both to the lack of general, stereoselective synthetic
methods to access this type of compound and to their instability (sensitivity to moisture and oxygen and ease of
polymerization). In 1980, Sauer, Sustmann and co-workers'? reported that (E, E)-1,4-dimethoxy-1,3-butadiene
exhibited at 30°C a reactivity towards maleic anhydride similar to that of 2,3-dimethyl-1,3-butadiene or 2-phenyl-

1,3-butadiene, and observed the formation of a blue-colored charge transfer complex with tetracyanoethylene in
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meihylene chionde ai room iemperaiure, which disappeared afier some minuies at room iemperature, to afford
the expected Diels-Aider adduct in 82% yield. The reactivity of (E,E)-1,4-dimethoxy-1,3-butadiene with
tetracyanoethylene ranked fifth on a series of 26 electron-rich, diversely substituted butadienes, in good
accordance to the predictions of frontier molecular orbital theory. Shortly thereafter, Hiranuma and Miller
reported additional examples of the cycloaddition of 1,4-dimethoxy-'*> and 1,4-di-zert-butoxy-1,3-butadiene'
with a series of typical dienophiles; however, since these dialkoxybutadienes were obtained in the form of
diastereomeric mixtures in which the (E,E)-isomer was a minor component (8-10%), it is difficult to draw sound

conclusions from these studies."”” We set out therefore to explore the general Diels-Alder reactivity of (E,E)-1,4-

bis(/-menthyloxy)-1,3-butadiene 1a (Scheme 2) as a step prior to the study of the diasterecselectivity of the
[4+2]-cycloadditions of the chiral dialkoxybutadienes la-e (prepared as previously described;® sce the

experimental section for details) with symmetrical dienophiles. The most relevant resuits are collected in Table 1.

Scheme 2

Table 1: Reactivity of (E, E)-1,4-bis(/-menthyloxy)-1,3-butadiene (1a) with representative dienophiles.

Entry Dienophile® (equivs.) Solvent, time, temperature % Yield of cycloadduct

1 PTAD (1) THF, 2 min, r.t. 100
2 MA (D) toluene, 3 h, r. t. trace
3 MA (1) toluene, 45 min, 60°C 60
4 MA(1) ioluene, 3 h, 95°C 87
5 DEF (1) toluene, 4 h, r.t. 0
6 DEF (1) toluene, 14 h, 75°C 7
7 DEF (1) m-xylene, 18 h, 140°C 52
8 CAN (2) toluene, 3 h, r.t. 0
9 CAN (3) toluene, 3 h, 70°C 0
10 EA(1) m-xylene, 10 h, 100°C 0
11 EA (40) -, 10 h, 140°C 74
12 EC (1) m-xylene, 6 h, 140°C 0

a) PTAD = 4-phenyl-3H-1,2 4-triazoline-3,5-dione; MA = maleic anhydride; DEF = diethyl fumarate; CAN = 2-
chloroacrylonitrile; EA = ethyl acrylate, EC = ethyl rrans-cinnamate.



The Dieis-Alder reactivity of 1,4-dialkoxybutadiene ia proved to be very sensitive to the nature of the
dienophile. With the highly reactive 4-phenyl-3H-1,2,4-triazoline-3,5-dione (PTAD), the reaction took place
almost instantaneously (as evidenced by the immediate decoloration of the red dienophile solution added to the
diene) in tetrahydrofuran at ambient temperature, affording the enantiopure triazolopyridazine 2a in quantitative

yield. A similar behaviour was observed for the other dialkoxydienes 1b-e (Scheme 3).
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With the remaining dienophiles examined, 1a reacted at a negligible rate at room temperature (see entries
. .
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refluxing m-xylene) were required for the total reaction of 1a with 1 molar equivalent of diethyl fumarate (entry
7). An orange-coloured solution was initially formed upon the addition of maleic anhydride to a solution of 1a,
strongly suggesting the formation of a charge-transfer complex.”” No adduct could be detected from the
attempted reactions of 1a with hydrocarbon solutions of 2-chloroacrylonitrile (entry 9), ethyl acrylate (entry 10),
or ethyl (E)-cinnamate (entry 12). Only after heating 1a at 140°C in a sealed tube with an excess of neat ethyl
acrylate during 10 hours a 74% yield of a non-separable mixture of the four possible cycloadducts could be
isolated (entry 11 and Scheme 4).
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In summary, (E,E)-1,4-bis(/-menthyloxy)-1,3-butadiene 1a exhibits a good thermal [4+2] reactivity
toward activated dienophiles such as maleic anhydride or diethyl fumarate, provided that adequate experimental
conditions (exclusion of atmospheric oxygen and use of p-hydroquinone as oxidation inhibitor) are employed.

(I-menthyloxy)-1 utadiene (la) and of (E,E)-

is
ropoxy)-1,7,7-t rim thylbicyclo[2.2.1]1heptan-2.-

2. Conformational study of (E,E)-14-
1,4-bis-[(1R,25,3R,4S5)-3-(2,2-dimethy]

= 2 $ 7

bi
D
~ F o
»J-butadiene (1d)

Although a complete rationalization of the stereochemical outcome of the Dicls-Alder cycloadditions of
the dialkoxydienes ia-e would require an analysis not only of the conformational preferences of the starting
materials, but also an evaluation of the activation energies in the reaction of each individual conformer with the
corresponding dienophile,'® the size and complexity of the systems involved renders this approach impractical
from the point of view of the necessary computational time and resources. We decided therefore, as a
preliminary step for a more detailed investigation, to analyse thoroughly the conformational space of two
representative  1,4-dialkoxybutadienes:  the  bis(/-menthol) derivative 1a and the bis(3-exo-
neopcnlyloxymobomeol) derivative 1d. The employed theoretical procedure was the RHF version of the

h d

The number of stable conformations accessible for a symmetric (E,E)-1,4-dialkoxy-1,3-butadiene having
alkoxy groups derived from chiral, secondary alcohols is very large. Barring the conformations of the alcohol
skeleton, there are three dihedral angles with two limiting conformations and two dihedral angles with three
possible limiting conformations (see Figure 1); taking into account the homochirality of the two alkoxy groups,
this gives a total maximum number of 42 limiting conformer types. A systematic conformational search around
the five rclevant dihedral angles (corresponding to rotations around the five single bonds) of the central C-O-
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designated by a five Hier code dﬁSC'—lb"ig the approximate values of the (4,5,5',4"), (2,3.4,5), (2'.3'.4",5"),
(1,2,3,4), and (1',2',3',4") dihedral angies, respectively (Figure 1)
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DIHEDRAL ANGLE NOTATION

R\2 \\ // \( (4,5,5'.4"): C (ca. 0°), T (ca. 180°)

g
O w
> w

H, 0 (2,3,4)35),(2,3,4,5): c(ca. 0%),1(ca 180°)
(1,2,3,4), (1,2',3'4"): g+ (ca. 60°), a (ca 180°), g- (ca. 240°)
Figure 1

The stable conformations of 1a are listed, by order of increasing energy, in Table 2. As it can be seen,
the energy difference between the most stable transoid (T) conformer and the most stable cisoid (C) conformer is

1 - .
only 355 kI mol”, so that the system can readily atain a reactive ¢ rmati uita for [4+2]
cycloadditions. The most stable cisoid conformers are shown in Figure 2. The fact that the most stable cisoid

conformer belongs to the Cccg+g+ type is in full agreement with our previous calculations on the related system

(E)-1-[(1R,25)-2-phenyicyciohexyloxy]-1,3-butadiene, which also predict that a Ccg+ conformer as the most
stable among the cisoid ones.”

Table 2. Conformers of (E, E)-1,4-bis(/-menthyloxy)-1,3-butadiene (1a)

Conformer type" Symmetry Energy® Conformer type”® Symmeiry Energy
Tceg+g+ C, -597.87 Tug+g- C, -587.92
Tctg+a C, -594.90 Tetg-g- C, -587.21
Cccg+g+ C, -594.31 Cttag+ C, -586.91
Tctg+g+ C, -593.73 Tctaa C, -586.25
Tttaa C, -592.35 Tug-g- G, -585.95
Tetg+g- C, -591.68 Cccg-g- G, -585.79
Cetg+a C -591.55 Cecag+ C, -585.58
Tttag+ C, -591.14 Tctag+ C, -585.07
Tcig-a C, -550.38 Cutag- C, -584.82
Cetg+g+ C, -590.38 Cug+g- C, -583.86
Ceceg+g- C, -589.97 Tctag- C, -583.03
Tug+g+ C, -589.92 Cctaa C, -582.86
Tccag+ C, -589.21 Cctag+ C, -581.52
Tetg-g+ C, -589.21 Cccag- C, -580.89
Tttag- C, -589.13 Tccaa C, -580.56
Tecg-g- G, -588.88 Cctag- C, -579.56
Cctg+g- C, -588.29 Cccaa C, -576.59
Cttaa C, -588.21 Ctig+g+ C, -574.54

* See text and Figure 1. ® Enthalpies of formation, in kJ mol .



Figure 2. The four more stable cisoid conformers of (E,E)-1,4-bis(l-menthyloxy)-1,3-butadiene (1a)

As a result of the exploration of the conformational energy hypersurface of 1d, 27 conformers could be
located (Table 3). The smaller number of stable conformations relative to that of 1a can be ascribed to the fact
that in this case the conformations of the “ca” type —i.e., those having simultaneously a (2,3,4,5) dihedral angle
of 0°C and a (1,2,3,4) dihedral angle of around 180°C- are not stable, due to steric reasons. Although there are
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should be even slightly more reactive towards Diels-Alder dienophiles than 1a. It is wo
to what is observed in the case of 1a, 1d presents two cisoid conformers (Cttg+g+ and Ceccg+g+) with very
similar energies; once again, this fact is in accordance with our calculations on the (E,E)-1-alkoxy-1,3-
pentadiene derived from 3-exo-neopentyloxyisoborneol, which also predict very similar energies for conformers
of the Ctg+ and Ccg+ type.'” The four more stable cisoid conformations of 1d are shown in Figure 3.
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AHO ¢ (E ) = -742.41 (3.47) kJ mol™!

AHC ¢ (E,)) = -740.78 (5.10) kJ mol !

Figure 3. The four more stable cisoid conformers of (E,E)-1,4-bis[(1R,25,3R,4S5)-3-(2,2-dimethylpropoxy)-
1,7,7-trimethyl bicyclo[2.2.1]heptyl-2-oxy]-1,3-butadiene (1d)

966 M. Virgili et al. / Tetrahedron 55 (1999) 39593986
Table 3. Confﬁm‘r" of  (EE)-1,4-bis[(1R,2S,3R,45)-3-(2,2-dimethylpropoxy)-1,7,7-trimethyl
bicyclof2. 2 1lheptyl-2-oxyl-1,3-butadiene (1d)

Conformer type* Symmetry Energy’ Conformer type* Symmetry Energy’
Tecg+g+ C, -749.01 Tetg-g- C, -739.23
Tetg+g+ C, -746.51 Cetg+g- C, -739.07
Tccg+g- C, -746.05 Cttg+g- C, -736.81
Cug+g+ C, -745.88 Cetg-g- C, -736.35
Cccg+g+ G, -745.42 Tug-g- C, -736.18

Tug+g+ G, -744.63 Cug-g- G, -731.75
Tctg-g+ C -744.42 Tetg+a C, -727.36
Tecg-g- G, -743.12 Tctg-a C, -724.19
Ceeg+g- C, -742.41 Cetg+a C, -717.37
Teig+g- C -742.03 Cctg-a C, -715.24
Cetg+g+ C, -740.78 Cttag+ C, -715.07
Cetg-g+ C, -740.53 Cttag- C, -710.39
Ttg+g- C, -740.32 Cttaa C, -695.64
Cccg-g- C, -739.94
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The cycloadditions of the dialkoxydienes Tb-e with maleic anhydride (Scheme 5 and Table 4) were run
under the experimental conditions described above for 1a, except for the fact that no p-hydroquinone was added
to the reaction mixture. We did not observe big differences in reactivity between the dialkoxydicnes derived from
cyclohexyl alcohols (1a-c) and those derived from bornyl alcohols (1d,e). The least reactive diene was the
bis(8-phenylmenthyloxy)derivative 1¢, which required 10 hours in toluene at 95°C for complete reaction. The
yield of the reaction was generally very high, although substantial losses of product were observed upon
chromatographic purification of the adducts. In the case of 1d and le, some hydrolysis of the dienes took place

during the reaction, which resulted in the formation of the alcohols.

OR* 0 R*O o
H
% H( Toluene, argon (I\?’(
~ + [ 0 - | 0
N ~ A X
OR* 0 rR*0 O
ia-e Sa-e
Scheme 5

Table 4. Diels- Alder cycloadditions of chiral (E,E)-1,4-dialkoxy-1,3-butadienes (1a-e) with maleic anhydride

Diene Solvent, temperature, time Adduct Yield{(%)
ia toluene, 95°C, 3 h 5a 87
1b toluene, 80°C, 3 h 5b 94*
1c toluene, 95°C, 10 h 5c >95°, 42°
id toluene, 80°C, 5 h 5d 80"
le toluene, 80°C, 6 h Se 707

* Yield of adduct in the reaction mixture, estimated by 'H NMR spectroscopy.
® After chromatographic purification.

With regard to the stereochemical course of the reaction, only one diastereoisomer could be detected (by
'H and C NMR spectroscopy) in all instances. In order to ascertain whether the configuration of the adducts
was endo or exo, we performed some selective proton-proton decoupling experiments on the adduct Sa, which
allowed us to establish that the vicinal H-H coupling constant between each pair of allylic and ring-junction
protons had a value of ca. 6.5 Hz. In the AM1" optimized geometry of Sa (assuming an endo configuration),
the corresponding dihedral angle measured 46.5-47.0°, a value which is in reasonable agreement, according to
the empirical Karplus relationship, with the observed coupling constant. A similar calculation, performed on the

exo isomer of Sa, gave a value of ca. 149° for the corresponding dihedral angle (see Figure 4). Since this value
chanld carreannnd ta Tvaliec in the ranoe nf R-1 7 we conclude that onr diense react with maleirs anhvudride
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Sa (endo) AH®: =-1081.78k

SiRay asa

kJ mol™! 5a (exo) AH% =-1101.14 kJ mol”!

Figure 4. Lowest energy conformers (AM1) of the endo and exo stereoisomers of adduct Sa.

4. Diels-Alder cycloadditions of chiral (E,E)-1,4-dialkoxy-1,3-butadienes (la-e) with
dienophiles of C,, symmetry

The results obtained in the cycloaddition of chiral (E E)-1,4-dialkoxy-1,3-butadiencs la-e with
fumaronitrile (Scheme 6) are summarized in Table 5. The adducts 6a-e could be isolated in good yields, except

for 1e; in this case, partial decomposition of the starting material took place, leading to recovery of the starting

25 vvv‘v AU A

R* R* R*
/j) NG m-Xylene, argon i };{ CN i I-'f CN
) YN
N \CN A NN T~ CN
OR* R*Cl) H R*Cl) H
la-e major 6a-e minor
Scheme 6

able 5. Diels-Alder cycioaddiiions of chiral (E,£)-1,4-dialkoxy-1,3-butadienes (1a-e) with fumaronitril
Diene Solvent, temperature, time Adduct Yield(%),* d.r.>*
1a m-xylene, 140°C, 55 h 6a 85, 1.3:1
1b m-xylene, 140°C,4 h 6b 78, 1.45:1
lc m-xylene, 140°C, 22 h 6¢ 594, 1.3:1
m-xylene, 85°C, 7 h 6d 74°,2.2:1
le m-xylene, 80°C, 12 h Ge 34, 1:1.5
s Yield of isolated adducts, after chromatographic puriﬁcation
® By '*C NMR spectroacopy.  The absoluie configurations are tentatively assigned (sce text) ¢ 17% of starting

diene was recovered. © 9% of starting diene was recovered.

- mmm A 2L : sl

The effect of the structure of the alkoxy group on the reactivity was much more pronounced than in

E

case of the cycloadditions with maleic anhydride, the dienes with camphor-derived alkoxy groups (1d and 1e)



being more reactive (reaction iemperature 80-85°C) than those (1a-¢) having cyclohexyl-type alkoxy groups
(reaction temperature 140°C). This fact is in accordance with the energy differences between the cisoid and the
transoid sets of conformers described in section 2. In all cases, adducts 6 were obtained in the form of
diastereomeric mixtures, not separable by column chromatography (except for 6d and 6e). The diastereomeric
ratios, determined by '’C NMR spectroscopy, were only moderate, and the best result (2.2:1 d.r.) was observed
with diene 1d. We decided therefore to investigate the use of diethyl fumarate, in order to see if an increase in

the steric requirements of the dienophile would lead to higher diastercoselectivities (See Scheme 7 and Table 6).

OR* R*Q H R*O H
’/J E102R‘ m-Xylene, argon i-C0,Et * .«CO,Et
R - (Tom- |
CO,Et A b COaE i O
OR* R*é H R*C.) b
iae major Ta-e minor
Scheme 7

Diene Solvent, temperature, time Adduct Yield(%)," d.r.>*

1a m-xylene, 140°C, 18 h 7a 524 1.2:1

1b m-xylene, 140°C, 20 h 7b 56, 1.7:1

1c m-xylene, 140°C, 75 h 7c 529, 5.5:1

1d m-xylene, 85°C, 48 h 7d 63°, >20:1'

1 roxvlana 8N T4k ~a 208 1.1N &£
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® By "*C NMR spectroscopy and HPLC. © The absolute configurations are tentatively assigned (see text). * 23%
of starting diene was recovered. © 10% of starting diene was recovered. * Only one stereoisomer was detected.
£31% of starting diene and 6% of chiral alcohol were recovered.

The reactions with diethyl fumarate were slower than with fumaronitrile, requiring longer reaction times
" .

) in order to attain conversions higher than 70%. The recovered dienes were almost completely

icamarizad ta tha (72 diactaranmer Ac hafare tha camnhar deri ac 1d and 1a wers mnre moactive than
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ia-c. The most significant result was the mgn degree of bwr'cus:uxuvuy observed in some instances,
particularly in the case of 1d, where only one diastereomer could be detected. The diastercomeric purity of the
adduct 7d was checked by 'H NMR spectroscopy, by *C NMR spectroscopy and by HPLC. The adduct 7e
was also obtained in high diastereomeric excess (10.6:1 d.r.). As shown in the Table (see also the last entry of
Table 5), we assume that the pseudoenantiomeric dienes 1d and le present opposite facial diastereoselectivities
in their reactions with C,,-symmetric dienophiles. A moderate stereoselectivity (5.5:1 d.r.) was observed for 7¢.
The diastereomers of both 7¢ and 7e could be partially separated by column chromatography.

Due to the lack of crystallinity of the isolated diastereomers, it has not been possible to determine

unambiguously the absolute configurations of the adducts 6a-e and 7a-e. However, the analysxs of the

conformational oreferences of dienes 1a and 14, oeether with the results
CONioImatioinal pirciCiences oL JiCncs 1a and 1da, IGECLIcr will Uic resuids 01 O
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=
4
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cycloadditions of chiral 1-alkoxy-1,3-butadienes,' that reveal a significant preference for a Ccg-type
conformation of the 1-alkoxy-1,3-diene moiety in the transition states for Diels-Alder reactions,” has led us to
propose the stereochemical assignments depicted in Schemes 6 and 7.

In the case of the bis(/-menthyloxy)derivative 1a, the most stable cisoid conformer, that is of the
Cccg+g+ type and that belongs to the C, symmetry point group, has been assumed to lead to the lowest energy
transition states in the Diels-Alder reaction with C,,-symmetric dienophiles. If we extend this assumption to the

possible approaches of the dienophile to the diene moiety, at least in the fumaronitrile case. Only for the bulkier
dienophile diethyl fumarate (Z = CO,Et) the (Si,Re) <> (Si,Re) approach becomes relatively hindered (especially
in the case of the bis(8-phenylmenthyl) derivative 1c¢), so that moderate diastereoselectivities (up to 5.5:1
diastereomeric ratio) are observed.

(Si Re) & (Re Q't) apnmach

e, e A, X juLy

(preferred for Z=CO, Et)

0
TENTEAS LA

S

(Si,Re) <> (&,Re) approach
(disfavoured for Z=CO, Et)

Figure 5. Predicted facial selectivity in the cycloadditions of (E,E)-1,4-dialkoxy-1,3-dienes la-c¢ with
fumaronitrile (Z = CN) and with diethyl fumarate (Z = CO,Et).

The small energy difference (0.46 kJ mol™) calculated between the Cttg+g+ and the Cccg+g+ conformers
Af tha hic/2ava-nennentulavvienhnrmenl) derivative 1d anneare at firet ciocht tn he in contradiction with the fact
Ul LN UIO\J CALS ll\l\l}l\tllljlUA]m\IUUAIl\'UL} MwAiVAWI VW AW W PWVAMLD @B 1110 OAEIAI W U AL WVIAM BVAVLIVIL Vil i vy

that the highest diastereoselectivities have been obtained with this system. However, if we take into account that
in the corresponding transition states one should reasonably expect a switch favouring the Cccg+g+ conformer
by at least 8 kJ mol," the significant stereofacial selectivity shown by this diene can also be readily explained.
When one examines the arrangement of the camphor-derived alkoxy substituents around the central diene core in
conformer Cccg+g+, it is easily seen that, especially in the case of diethyl fumarate, the approach of the
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dienophile is severely hindered, except if it takes place in a (Si,Re) > (Re,Si) fashion. Interestingly

this approach could account for the complete diastereoselectivity observed for this reaction (Figure 6). Finaily,
since the diene 1e has a pseudoenantiomeric relationship with 1d, the present analysis would predict a reactive
conformation of the Cccg-g- type for this system, which would lead to the opposite (Si,Re) > (Si,Re) preferred

facial selectivity for this system.

(8i,Re) > (Re,S) approach Me
(preferred )
Me

4
ey
"

Figure 6. Predicted facial selectivity i
(Z = CN) and with diethyl fumarate (

Conclusions

mary, we have described for the first time the Diels-Alder reactions of (E.E)-1,4-dialkoxy-1,3-
dienes 1a-e, that ong to a new class of C,-symmetric chiral dienes. A preliminary study, effected with the

has shown that these compounds react instantaneously with PTAD, and that
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moderate thermal activation is necessary in order 0 ©
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dienophiles such as maleic anhydride or diethyl fumarate. Due to the sensitivi
acids is precluded, and the reactions have to be run under strict argon atmosphere in degassed solvents. The
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cycloadditions of the dienes with maleic anhydride lead exclusively to the formation of the endo cycloadducts.
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While the use of fumaronitriie resuits in low diastereoselectivities, the Dieis-Alder reaction with diethyi
fumarate takes place with much higher facial selectivities, particularly in the case of the camphor-derived diene
1d, where only one of the two possible cycloadducts is obtained. The stereochemical course of the reactions has
been predicted on the basis of a thorough theoretical analysis, by the AMI1 procedure, of the conformational
preferences of the dienes, which has allowed an identification of the reactive conformers.

General Methods

g YL, R <z DU Y PO ¢ Or+ A

upucal rotauons were mcasurea at room ICMpCTature \" L) ona Perkin-Elmer 241 MC pOldl'lH]CIﬂl'
(Concentration in g/100 ml). Melting points were determined on a Gallenkamp apparatus and have not been
corrected. Infrared spectra were recorded on a Perkin-Elmer 681 instrument. 'H-NMR spectra were recorded on
Varian Gemini 200, Varian-Unity-300 and Varian-Unity-Plus-300 spectrometers aperating at 200 or 300 MHz
respectively (s=singlet, d=doublet, t=triplet, qg=quartet, m=multiplet). BC.NMR spectra were obtained on the
same instruments operating at 50 or 75 MHz respectively. Chemical shifts in CDCl; are quoted relative to TMS
for 'H-NMR and relative to the solvent for 13C-NMR (77.0 ppm for BC of CDCl3). Coupling constants (J) are

given in Hz. Carbon multipliciies were assigned by DEPT experiments. Mass spectra were recorded on a
Hewlett-Packard 5890 instrument at 70 eV .v..‘sing potential; ammonia or methane were used for chemical
ionization (CI). High-resolution mass spectra were performed by the "Servicio de Espectrometria de Mas

3% A Falol 7o

Universidad de Cérdoba”. Elemental analyses were performed by the “Servei d’ Analisis Eiementals del CSIC c‘le
Barcelona”. Column chromatographic separations were carried out using Et3N pre-treated (2.5% v/v) SiO; (70-
230 mesh) and chromatographic analyses were performed on a Helwett-Packard 1050 HPLC instrument
equipped with a Nucleosil 120 C18 (25 cm) column. THF was distilled under N, from sodium benzophenone
ketyl prior to use.
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of [-menthyloxyethyne® (1.00 g, 5.55 mmol) in THF (10 mL) was added dropwise; the resulting mixture was

"l

stirred at room temperature for a few min, until the zirconocene hydrochloride dissolved completely; this solution
was then transferred via cannula to a stirred suspension of previously purified cuprous chloride (0.60 g, 6.0
mmol) in anhydrous, degassed THF (9 mL). The resulting dark brown mixture was heated at 70°C during 2 h,
after which time a bright copper mirror had deposited at the walls of the reaction vessel, together with some
black precipitate. After cooling to room temperature, and diluting with hexane (25 mL), the clear supernatant
liquid was filtered through a short pad of NEt,-pretreated (2.5% v/v) silicagel, and the solvents were distilled off

crude nroduct was 1mm9dmn=lv pur ified hv column chr
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the dialkoxydiene, the reaction glassware was washed with aqueous NaOH and oven-dried prior to

m. p. 59-60°C. [a]p23 = -18.0 (c=4.5, hexane). IR (NaCl film) vmax: 3030, 2960, 2920, 2870, 1625,
1460, 1380, 1350, 1250, 1185, 1165, 1120, 1060, 1055, 1020, 995, 940, 850 cm-1. 1H NMR (200 MHz,
CDCI3) &: 0.76 (d, J=6.9 Hz, 6H), 0.89 (d, J=7.0 Hz, 6H), 0.91 (d, J=6.5 Hz, 6H), 0.75-1.80 (m, 14H),
1.97-2.20 (m, 4H), 3.40 (td, J=11 Hz, I'=4 Hz, 2H), 5.48 (m, 2H), 6.23 (m, 2H) ppm. 13C NMR (50 MHz,

C,Dy) 8: 16.3 (q), 20.9 (q), 22.3 (@), 23.9 (1), 26.2 (d), 31.6 (d), 34.6 (1), 41.6 (1), 48.1 (d), 80.9 (d), 104.9
(d), 145.7 (d) ppm. MS (CI-NH3) m/e: 363 (M+1, 78%), 380 (M+18, 14%), 224 (100%). Anal. Found: C,

H4209: C, 79.50: H, 11.68)
QLT L oy T TSy 25,

- a.00

@) '
L)

(E,E)-1,4-bis[(1R,25)-(2-phenylcyclohexyloxy)]-1,3-butadiene, 1b: The procedure described above for
1a was followed starting from 0.67 g (3.34 mmol) of (1R,2S)-(2-phenylcyclohexyloxy)ethyne® in 6 mL of
THF, 0.86 g (3.34 mmol) of zirconocene hydrochloride in 3 mL of THF, and 0.36 g (3.67 mmol) of CuCl in 4
mL of THF. The reaction required heating at 65°C for 1.5 h and gave, after chromatographic purification (4%
diethyl ether/hexane), 0.34 g (50% vield) of 1b as a colourless solid.

uic CUICLIIICAdIIG ) U, pANZAS

m. p. 95-96°C. [gIn23 = 426 .4 (c=3.5, hexane). IR (NaCl film) vy,

1. P. “. %D A8 AN il vinax. ]

2900, 2870, 1630, 1500, 1455, 1380, 1365, 1260, 1230, 1185, 1145, 1

AN _-I ]TJ’ ATAAD 7NN RALT TV MAY R0 198 1O £ 1 ALIN 12 farn ALIYN D &N (sA T—11 LI~ TI_A LY.
JARJ CHL *. *01 INIVIIN \LUU WVIDE, VI 4) O L.40-1.74 \UlL, 1911), 4.10 \lll, 4I1), 4.07 \lU, J=11 114, J =9 I1L,
ATTL -~ . P | b 4 1 Y e -~ TN - ~ -~ TN = rs ~T TN — NY T IQA RXTR FTY s =
2H), 3.65 (id, J=11 Hz, I'=4 Hz, 2H), 5.15 (m, 2H), 5.9 (m, 2H), 7.1-7.3 (m, 10H) ppm. :°C R (50

MHz, C,Dy) &: 25.0 (1), 26.1 (1), 32.9 (1), 34.3 (1), 50.6 (d), 82.8 (d), 104.9 (d), 126.5 (d), 128.0 (d), 128.7
(d), 145.5 (d) ppm. MS (CI-NH3) m/e: 403 M+1, 20%), 420 (M+18, 100%), 437 (M+35, 1%). Anal. Found:
C, 83.49; H, 8.59. (Calc. for C2gH34072: C, 83.54; H, 8.51).

(E E)-1 4-bisi¢{1R.2S 5R)-{8-phenylmenthyloxy)]-1 3-butadiene. 1c: The procedure described above
(L e J=d, U LI, LD, 4\ 7O TLCIL YLITIC T LUJ\)’[_[ L,J uuuuucuc AL 1V PIAAULLY ULOVLLIUCU auuyy
for 1a was followed starting from 1.0 g (3.9 mmol) of (1R,2S,55)-(8-phenylmenthyloxy)ethyne® in 7 mL of

e Fulle ol 8

1HF, i.01 g (.5 9 mmol) of zirconocene nyarocmonae in 4 mL of 1HEP, and 0.43 g (4 25 mmou of LULL in 6
mL of THF. The reaction required heating at 65°C for 2 h and gave, after chromatographic purification (1%
diethyl ether/hexane), 0.62 g (62% yield) of 1c¢ as a yellowish semisolid.

[0]D23 = +3.15 (c=3.2, hexane). IR (NaCl film) vimax: 3090, 3065, 3040, 2960, 2930, 2875, 1620,
1495, 1455, 1370, 1245, 1160, 1105, 1050, 1030, 995, 935, 765, 700 cm-1. IH NMR (200 MHz, CDCI3) §:
0.86 (d, J=6.3 Hz, 6H), 1.33 (s, 6H), 1.40 (s, 6H), 0.70-1.55 (m, 12H), 1.78 (td, J=10 Hz, J'=4 Hz, 2H),
1.98 (m, 2H), 3.46 (td, J=10 Hz, J'=4 Hz, 2H), 5.38 (m, 2H), 6.1 (m, 2H), 7.1-7.3 (m, 10H) ppm. 13C

NMR (50 MHz, C,D,) 8: 22.0 (g), 24.8 (), 27.4 (), 30.3 (q), 31.5 (d), 34.8 (1), 40.8 (s), 42.4 (1), 51.8 (d),
‘‘‘‘‘‘ \VV ivaaa 66/ Vo Lo\, &0 (), L7050, V2 Y P 2D (B Ty FULO S/ L/ (LY Y
Q27 7Y INK 2 (AY 125 85 7d) 126 A () 1282 (A 144 R (d) 1507 nom (&) MS (CI.NH2) m/e: 516 (Mual
OLca \UJy LUJ.T )y 14&LJ.J \(UJy 1&UT \(UJy 140.4 \UJ, 177.0 \Uy, 1JU.T PPIIL \OJ. 1VAT \MATiNR1Y) TTWT. JAU \1V27T 1,

26%), 533 (M+18, 100%).

(E,E)-1,4-bis{(1R,28,3R,45)-3-(2,2-dimethylpropoxy)-1,7,7-trimethylbicyclo[2.2. ] [heptan-2-oxy]-
1,3-butadiene, 1d: The procedure described above for 1a was followed starting from 0.78 g (2.94 mmol) of

1R,2S,3R,48)-(3-(2,2-dimethylpropoxy)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-oxy)ethyne®* in 5 mL of
y y

THF, 0.76 g (2.94 mmol) of zirconocene hyd[ ochloride in 3 mL of THF, and 0.32 g (3.23 mmol) of CuCl in 4

T AF TLIE Tha canqtinn raqanired haanting at 000 fAe 178 h and aava aftar chramatnoranhis marificatinn

11, U1 1 nr. i1 feaction r UiICa ilqaullg dat v e iUl 1.7J 1 alll gave, diwl LiinUilldiugiapiul puaiiivauui

(hexane), 0.33 g (42% yield) of 1d as a yellowish solid
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1460, 1390 1360, 1530 1260, 1140, 1110, 1080, 940, 800 cm-1. 1H NMR (200 MHz, CDClg) &: 0.77 (s,
6H), 0.86 (s, 18H + 6H), 1.12 (s, 6H), 0.90-1.70 (m, 8H), 1.79 (d, J=5 Hz, 2H), 2.98 (part A of AB system,
J=8.0 Hz, 2H), 3.06 (part B of AB system, J=8.0 Hz, 2H), 3.40 (part A of AB system, J=6.7 Hz, 2H), 3.56
(part B of AB system, J=6.7 Hz, 2H), 5.37 (m, 2H), 6.24 (m, 2H) ppm. 13C NMR (50 MHz, CDg) 8: 11.7
(Q), 21.2 (q), 21.4 (q), 24.4 (1), 27.2 (q), 32.4 (s), 33.7 (1), 47.0 (s), 49.0 (d), 49.4 (s), 81.4 (1), 85.3 (d),
89.4 (d), 103.5 (d), 148.1 (d) ppm. MS (CI-NH3) m/e: 258 (100%), 532 (M+1, 29%), 549 (M+18, 42%), 565
(M+35, 19%).

(E,E)-1,4-bis[(IR,28,3R,45)-2-(2,2-dimethylpropoxy)-1,7,7-trimethylbicyclo[2.2.1 Jheptan-3-oxy]-
1,3-butadiene, 1e: The procedure described above for 1a was followed starting from 1.0 g (3.79 mmol) of
(1R,2S5,3R,48)-(2-(2,2-dimethylpropoxy)-1,7,7-trimethylbicyclo[2.2.1]heptan-3-oxy)ethyne®? in 7 mL of
THF, 0.98 g (3.79 mmol) of zirconocene hydrochloride in 4 mL of THF, and 0.41 g (4.16 mmol) of CuCl in 6
mL of THF, The reaction required heating at 65°C for 3.5 h and gave, after chromatographic purification
(hexane), 0.47 g (47% yield) of 1e as a yellowish semisolid.

[a]p?23 = -20.9 (c=2.6, hexane). IR (NaCl film) vmax: 3035, 2950, 2880, 1615, 1475, 1460, 1390,
1370, 1360, 1190, 1155, 1115, 940, 850, 800, 770 cm-1. |H NMR (200 MHz, CDCI3) &: 0.76 (s, 6H), 0.89
fa 10!1 1 LLIY 19 o ALIY N QN 1 ON v QLIN 1 Q@1 /A T—_&K II=> MIY D Q0O fovnnst A AFf AD cuyotam 170 LI~
S, 100 + U11), 1 12 (3, UK1), U.7U~-1.0VU \ili, O11), 1.01 \U, J=0 I1Z, 211}, £.07 \pdit A U1l AD dydwinl, J=/.7 N1Z,
2H), 3.21 (part A of AB system, J=6.5 Hz, 2H), 3.25 (part B of AB system, J=7.9 Hz, 2H), 3.77 (pari B of

AB system, J=6.5 Hz, 2H), 5.39 (m, 2H), 6.3 (m, 2H) ppm. 13C NMR (50 MHz, C,D,) &: 11.8 (g), 21.0 (q),
21.2 (q), 24.1 (v), 27.1 (g), 32.7 (s), 33.9 (1), 46.9 (s), 49.6 (d), 49.7 (s), 82.9 (1), 85.7 (d), 88.3 (d), 104.5
(d), 146.4 (d) ppm. MS (CI-NH3) m/e: 258 (100%), 532 (M+1, 5%), 549 (M+18, 9%), 565 (M+35, 15%).

General procedure for the Diels-Alder cycloadditions of 1a-e with 4-phenyl-3H-1,2,4-triazoline-3,5-dione

Evaporation of the solvent at reduced pressure gave the pure adducts 2a-e in quantitative yield.

(5R,8S)-2-phenyl-5,8-bis-(I-menthyloxy)-5,8-dihydro-[1,2,4]triazolo[ 1,2-a]pyridazine-1,3-dione, 2a:
The general procedure was followed starting from 50 mg (0.14 mmol) of 1a in 0.2 mL of THF and 24 mg (0.14

mmol) of PTAD in 0.4 mL of THF.
m. p. 57-58°C. [a]p?23 =-70.3 (c=0.9, CH,CL)).

1 . V.5 15

—

715, 1605, 1505, 1455, 1420, 1295, 1259

1

NMR (200 MHz, CDCI3) &: 0.7-2.4 (m, 36H), 3.78 (id, J=10 Hz, J'=5 Hz, 1H), 3.89 (td, J=10 Hz, J'=5 Hz,
1H), 5.84 (dd, J=15 Hz, J'=5 Hz, 2H), 6.25 (m 7 3¢ ]
5:15.4 (), 16.0 (g), 21.0 (q), 21.2 (q), 22.2 (q), 2.4 (q), 22.8 (1), 24.6 (d), 25.4 (d), 3
34.1 (1), 34.2 (1), 40.3 (1), 42.9 (1), 47.5 (d), 48.7 (d), 73.2 (d), 77.6 (d), 78.0 (d), 80.8 (d), 125.4 (d), 125.5
(d), 128.2 (d), 129.1 (d), 131.4 (s), 149.1 (s), 149.4 (s) ppm. MS (CI-NH3) m/e: 382 (100%), 538 (M+1,
2%), 555 (M+18, 4%). Anal. Found: C, 71.34; H, 8.89; N, 7.87. (Calc. for C3p0H47N304: C, 71.48; H,
8.81; N, 7.82).
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2-phenyl-5,8-bis-((1R,25)-2-phe

1. 4,...

(5R, yclohexyloxy)-
-1,3-dione, Zb: The general procedure was followed starting from 25 mg (0.062 mmol) of ib in 0.2 mL of
THF and 11 mg (0.062 mmol) of PTAD in 0.4 mL of THF.

IR (NaCl film) vmax: 3070, 3040, 2940, 2865, 1780, 1715, 1610, 1510, 1425, 1300, 1255, 1130,
1060, 985, 955, 915, 885, 760, 735, 705, 645 cm-1. 1H NMR (200 MHz, CDCI3) &: 0.8-2.2 (m, 16H), 2.40-
2.62 (m, 2H), 3.95-4.18 (m, 2H), 4.77 (d, J=5 Hz, 1H), 5.05 (dd, J=10 Hz, J'=5 Hz, 1H), 5.44 (dd, J=10
Hz, J'=5 Hz, 1H), 5.58 (d, J=5 Hz, 1H), 7.1-7.5 (m, 15H) ppm. 13C NMR (50 MHz, CDCI3) &: 24.9 (t),
25.3 (1), 25.8 (1), 33.3 (1), 34.3 (1), 50.2 (d), 52.0 (d), 74.4 (d), 78.6 (d), 80.7 (d), 84.3 (d), 124.3 (d), 125.2
(d), 125.4 (d), 125.9 (d), 126.5 (d), 127.9 (d), 128.3 (d), 129.1 (d), 144.1 (s), 144.2 (s), 149.0 (s), 149.8 (s)

140, 1427 (88)y, &V (VL) 2&7.7 88/, 24500 AL/, 2472 A/

ppm. MS (CI-NH3) m/e: 579 (M+1, 1%), 596 (M+18, 100%). HRMS: Calc. for C36H39N304: 577.2940.

177 NaNN

Found: 577.2892.

(5R,88)-2-phenyl-5,8-bis-((1R,2S,5R)-8-phenylmenthyloxy)-5,8-dihydro-[1,2,4]triazolo[ 1,2-a]
pyridazine-1,3-dione, 2¢: The general procedure was followed starting from 40 mg (0.078 mmol) of 1¢ in 0.2
mL of THF and 14 mg (0.078 mmol) of PTAD in 0.4 mL of THF.

[@]p23 = -34.4 (c=2.0, CHCL). IR (NaCl film) vmax: 3090, 3060, 3025, 2960,

2920, 2875, ;

1715, 1605, 1500, 1420, 1300, 1245, 1165, 1050, 910, 880, 770, 735, 705, 650 cm-1. |H NMR (200 MHz,
1
1

MR (50 MHz, CDCl3) &: 21.6 (q), 22.1 (g), 22.2 (q) 27.4 (q), 279
(@), 31.3 (d), 31.6 (d), 32.8 (q), 34.5 (1), 34.7 (1), 40.2 (s), 40.8 (1), 41.1 (s), 44.1 (v), 51.7 (d), 51.8 (d),
74.0 (d), 76.7 (d), 79.2 (d), 81.7 (d), 124.9 (d), 125.1 (d), 125.3 (d), 125.6 (d), 1259 (d), 127.9 (d), 128.0
(d), 128.3 (d), 129.2 (d), 131.2 (s), 149.5 (s), 151.0 (s), 151.6 (s) ppm. MS (CI-NH3) m/e: 250 (100%), 708
(M+18, 3%). HRMS: Calc. for C44H55N304: 689.4193. Found: 689.4153.

&N o0y £ o 1 s \

(5R,85)-5,8-bis-[(IR,25,3R,45)-3-(2,2-dimethylpropoxy}-1,7,7-trimethyibicyclo{ 2.2.1 jhepian-2-oxy|-
2-phenyl-5,8-dihydro-[1,2,4]triazolo[ 1,2-a[pyridazine-1,3-dione, 2d: The general procedure was followed
starting from 30 mg (0.057 mmol) of 1d in 0.2 mL of THF and 10 mg (0.057 mmol) of PTAD in 0.4 mL of
THF.

m. p. 158-159°C. [a]p23 = -92.4 (c=1.96, CHCL,). IR (NaCl film) vmax: 3060, 3020, 2950, 2875,
1780, 1720, 1605, 1500, 1475, 1415, 1360, 1285, 1135, 1100, 1055, 1020, 925, 880, 765, 735 cm-1. 1H
NMR (200 MHz, CDCI13) 8: 0.77 (s, 6H) 0.88 (s, 3H), 0.92 (s, 3H), 0.95 (s, 18H), 1.12 (s, 3H), 1.14 (s,
ystem, J=9.0 Hz, 1H), 3.13 (part B of AB system, J=9.0 Hz,

7
iH), 4.13 (part B of AB system, J=7.5 Hz, 1H), 5.89 (m, 2H)
J=11 Hz, I'=4.5 Hz, 1H), 7.30-7.60 (m, 5H) ppm. 13C NMR (50 MHz, CDCl3) &: 11.7 (q), 11.8 (q), 2

(q), 21.0 (g), 21.1 (q), 21.2 (g), 23.9 (1), 27.1 (q). 32.0 (s), 32.2 (s), 33.7 (1), 46.9 (s), 47.0 (s), 47.1 (d),
47.6 (d), 48.9 (5), 49.2 (s), 76.4 (d), 80.0 (d), 80.3 (1), 80.6 (1), 84.6 (d), 84.8 (d), 85.6 (d), 86.1 (d), 125.4
(d), 125.6 (d), 128.0 (d), 129.1 (d), 131.4 (s), 150.5 (s), 151.3 (s) ppm. MS (CI-NH3) m/e: 707 (M+1, 1%),

724 (M+18, 100%). HRMS: Calc. for C34H5804 (M-CgH5N302): 530.4335. Found: 530.4347.
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-dimethylpropoxy)-1,

{5R,85)-5,8-bis-{(IR,25,3R,45)-
2-phenyi-3,8-dihydro-[ 1,2,4 Jtriazolo[ I,2-a]pyridazine-1,3-dione, 2e: The general procedure was foliowed
starting from 32 mg (0.060 mmol) of 1e in 0.2 mL of THF and 11 mg (0.060 mmol) of PTAD in 0.4 mL of
THF.

£
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"
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(
9H), 1.11 (s, 3H), 1.17 (s, 3H), 1.0-2.02 (m, 10H), 2.86 (pan A of AB system, j=7.
of AB system, J=6.9 Hz, 1H), 3.25 (part A of AB system, J=8.4 Hz, 1H), 3.31 (part B of AB system, J=8.4
Hz, 1H), 3.40 (part A of AB system, J=6.6 Hz, 1H), 3.43 (part B of AB system, J=7.8 Hz, 1H), 4.05 (part B
of AB system, J=6.9 Hz, 1H), 4.15 (part B of AB system, J=6.6 Hz, 1H), 5.80 (dd, J=5.6 Hz, I'=5.6 Hz,
2H), 6.00 (dd, J=10.4 Hz, J'=4.2 Hz, 1H), 6.18 (dd, J=10.5 Hz, J'=4.5 Hz, 1H), 7.33-7.59 (m, SH) ppm.
13C NMR (75 MHz, CDCI3) &: 11.7 (q), 11.8 (q), 20.8 (q), 20.9 (q), 21.2 (q), 24.1 (1), 24.5 (1), 27.0 (q),

27.1 (q), 32.4 (s), 32.6 (s), 33.3 (1), 33.6 (1), 46.5 (s), 47.0 (s), 48.0 (d), 49.8 (s), 50.2 (s), 50.5 (d), 75.6

C

A degassed toluene solution containing 1 eq of the dialkoxydiene 1a-e and 1 eq of maleic anhydride
(freshly recrystallized from benzene) was heated, under strict Ar athmosphere, at 80-95°C for 3-10 h. The
progress of the reaction was monitored by TLC. Removal of the solvent at reduced pressure gave the
cycloadducts 5a-e, that could be further purified, albeit with significant product loss, by chromatography.

(I1R,28,3R,65)-3,6-bis-(I-menthyloxy)cyclohex-4-en-1,2-dicarboxylic acid anhydride, 5a: The general
procedure was followed starting from 30 mg (0.083 mmol) of 1a, 8 mg (0.083 mmol) of maleic anhydride, and
0.6 mL of anhydrous, degassed toluene. The reaction required heating at 95°C for 3 h and gave 33 mg (87%
yield) of 5a as a pure, colourless solid.

m. p. 160.5-161.0°C. [a]p?3 = -119.7 (c=1.43, CHCL,). IR (KBr) vipax: 3045, 2940, 2910, 2860,
1860, 1790, 1620 (w), 1450, 1370, 1300, 1255, 1210, 1180, 1110, 1055, 1015, 950, 940, 920, 850, 755,
745, 655 cm-1, 1H NMR (200 MHz, CDC13) 8: 0.74 (d, J=6.5 Hz, 3H), 0.77 (d, J=6.5 Hz, 3H), 0.8-1.7 (m,

LI AT AVALZL, LASLLS V.t L1L SJLL)

26H), 1.95-2.15 (m, 2H), 2.31 (m, 1H), 2.46 (m, 1H), 3.22 (td, J=10 Hz, J'=4 Hz, 1H), 3.27 (id, J=10 Hz,

PT} N /SN NMLT., MATY1AY K. 1807~ 180
-

& g OSSN} & AY A "\I\ I._ ﬁ‘l’ A
VEIN \JV IVII1L, LIJUL4) V. 10.0 ), 1J.7
a

J'=4 Hz, 1H), 3.48 (m, 2H), 4.20 (m, 2H), 05 (m, 2H) ppii.

~em -~

(@), 21.2 (q), 22.3 (q), 22.8 (1), 22.9 (1), 24.6 (d), 24.7 (d), 31.6 (d), 34.2 (1), 34.3 (1), 40.2 (1), 41.3 (1), 44.3
(d), 44.9 (d), 47.9 (d), 48.0 (d), 68.1 (d), 69.5 (d), 79.2 (d), 80.7 (d), 130.6 (d), 133.4 (d), 168.4 (s), 168.7
(s) ppm. MS (CI-NH3) m/e: 461 (M+1, 20%), 478 (M+18, 100%). Anal. Found: C, 72.92; H, 9.72. (Calc. for

C28H4405: C, 73.01; H, 9.63).
clohex-4-en-1,2-dicarboxylic acid

anhydride, 5b: The general procedure was followed starting from 26 mg (0.065 mmol) of 1b, 7 mg (0.065
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ol) of maleic anhydride, and 0.6 mL of anhydrous, degassed toluene. The reaction required heating ai 80°C
for 3 h and gave 31 mg (94% yield) of 5b as a colourless solid.
m. p. 134-135°C. [a]p23 = -22.9 (c=0.90, CHCL,). IR (NaCl film) vmax: 3065, 3035, 2930, 2860,
1865, 1790, 1610, 1495, 1450, 1365, 1300, 1255, 1190, 1105, 1055, 930, 905, 755, 700 cm-1. 1H NMR
(200 MHz, CDC13) &: 1.25-2.7 (m, 19H), 2.90-3.33 (m, 5H), 4.96 (m, 1H), 5.57 (m, 1H), 7.15-7.3 (m,
10H) ppm. 13C NMR (50 MHz, CDCI3) &: 25.1 (1), 25.6 (1), 25.7 (1), 32.7 (©), 32.8 (1), 32.9 (1), 33.9 (1),
43.7 (d), 44.2 (d), 51.0 (d), 51.1 (d), 70.3 (d), 71.8 (d), 84.1 (d), 85.5 (d), 126.3 (d), 128.0 (d), 128.1 (d),
130.7 (d), 131.7 (d), 144.1 (s), 144.4 (s), 168.2 (s) ppm. MS (CI-NH3) m/e: 518 (M+18, 100%). HRMS:
Calc. for C32H3 705 M+H): 501.2641. Found: 501.2649

yA S \4va AV Sy AVl

(I1R,28,3R,65)-3,6-bis-({1R,25,5R)-8-phenylmenthyloxy)cyclohex-4-en-1,2-dicarboxylic acid
anhydride, S5c: The general procedure was followed starting from 64 mg (0.124 mmol) of 1¢, 12 mg (0.124
mmol) of maleic anhydride, and 0.2 mL of anhydrous, degassed toluene. The reaction required heating at 95°C
for 10 h and gave, after chromatographic purification (preparative TLC, hexane/ethyl acetate 5/1), 32 mg (42%
yield) of Sc as a colourless oil.

IR (NaCl film) vax: 3090, 3060, 3020, 2975, 2920, 2880, 1885, 1790, 1605, 1495, 1455, 1375,
1195, 1105, 1060, 955, 855, 770, 705 cm-1. 1H NMR (300 MHz, CDCI3) 8: 0.90 (d, J=6.3 Hz, 3H), 0.91
(d, J=6.3 Hz, 3H), 1.26 (s, 3H), 1.34 (s, 3H), 1.39 (s, 3H), 1.40 (s, 3H), 0.80-2.26 (m, 16H), 3.17 (dd,
J=9.1 Hz, J iz, 1H), 3.28 (dd, J iz, J' iz, 1H), 3.38 (m‘, J=9.9 Hz, I'=3.6 Hz, 1H), 3.42

(id, J=9.9 Hz, J'=3.6 Hz, H), 5.66 (dt, J=9.9 Hz, J'=2.4 Hz, 1H), 5.82 (m,
1H), 7.10-7.41 (m, 10H) ppm. UC NMR (75 MHz, CDCI3) 8:22.1 (), 22.2 (q), 24.8 (g), 25.7 (g), 27.3 (1),
29.1 (@), 29.7 (1), 30.2 (q), 31.4 (d), 31.5 (d), 34.3 (1), 34.6 (1), 40.4 (s), 40.5 (s), 40.6 (1), 41.7 (1), 44.8 (d),
44.9 (d), 51.5 (d), 52.0 (d), 68.8 (d), 70.2 (d), 80.9 (d), 81.8 (d), 125.0 (d), 125.1 (d), 125.9 (d), 126.0 (d),
127.7 (d), 127.9 (d), 129.5 (d), 133.7 (d), 151.3 (s), 151.5 (s), 167.9 (s), 168.7 (s) ppm. MS (CI-NH3) m/e:
250 (100%), 630 (M+18, 8%).

(1R,28,3R,65)-3,6-bis-[(IR,28,3R,4S5)-3-(2,2-dimethylpropoxy)-1,7,7-trimethylbicyclo[2.2.1 Jheptan-
2-oxy]cyclohex-4-en-1,2-dicarboxylic acid anhydride, 5d: The general procedure was followed starting from 37
mg (0.070 mmol) of 1d, 7 mg (0.070 mmol) of maleic anhydride, and 0.3 mL of anhydrous, degassed toluene.
The reaction required heating at 80°C for 5 h and gave a mixture of the cycloadduct 5@ (80% yield) and
(1R,25,3R,45)-3-(2,2-dimethylpropoxy)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-0l (20% yield, estimated by
NMR). (NOTE: Due to the high sensitivity of the dialkoxydiene, the reaction glassware was washed with
aqueous NaOH and oven-dried prior to use).

SR ] 1 1 1 N 1 1 11
N\ (Ivas ity VIM3xX. Juou, &zJu, & s A y 1 N y 190U, 1 U, 1 y Li%tU, 11 N
1060, 950, 940, 740 cm-1. 1H NMR (200 MHz, CDCl3) &: 0.79 (s, 6H), 0.85 (s, 9H), 0.92 (s, SH), 0.94 (s,
3H), 0.99 (s, 3H), 1.15 (s, 3H), 1.21 (s, 3H), 0.80-1.90 (m, 10H), 2.80-3.65 (m, 10H), 4.19 (m, iH), 4.38

(m, 1H), 5.95-6.10 (m, 2H) ppm. 13C NMR (50 MHz, CDCI3) : 11.4 (), 11.7 (), 20.5 (g), 20.6 (g), 21.2
(@), 21.3 (g), 24.0 (1), 24.1 (1), 26.7 (q), 27.0 (q), 27.1 (q), 32.0 (s), 32.1 (s), 33.6 (1), 34.0 (1), 40.8 (d),
45.0 (d), 46.7 (d), 46.9 (d), 49.0 (s), 49.2 (s), 70.8 (d), 71.6 (d), 80.5 (1), 80.6 (1), 84.6 (d), 85.4 (d), 85.7
(d), 85.9 (d), 129.9 (d), 132.6 (d), 168.3 (s), 168.6 (s) ppm. MS (CI-NH3) m/e: 629 (M+1, 44%), 646
(M+18, 100%).
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(IR,28,3R,65)-3,6-bis-[(I1R,25,3R,45)-2-(2,2-dimethylpropoxy)-1,7,7-trimethyibicycio[2.2.1 Jheptan-
3-oxyjcyclohex-4-en-1,2-dicarboxylic acid anhydride, 5e: The general procedure was followed starting from 52
mg (0.098 mmol) of 1e, 10 mg (0.098 mmol) of maleic anhydride, and 0.4 mL of anhydrous, degassed
toluene. The reaction required heating at 80°C for 6 h and gave a mixture of the cycloadduct Se (70% yield) and
(1R,28,3R,45)-2-(2,2-dimethylpropoxy)-1,7,7-trimethylbicyclo[2.2.1]heptan-3-0l (30% yield, estimated by
NMR). (NOTE: Due to the high sensitivity of the dialkoxydiene, the reaction glassware was washed with
aqueous NaOH and oven-dried prior to use).

~ —e - P . Sy

IR (NaCi fiilm) vmax: 3“ 0, 2950, 2870, 1850, 1785, 1475, 1455, 1390, 1360, 1180, 1150, 1110,
1070, 1010, 950, 795, 750 cm-1. 1H NMR (200 MHz, CDCI3) &: 0.78 (s, 6H), 0.89 (s, 9H), 0.90 (s, 9H),
0.87 (s, 3H), 0.93 (s, 3H), 1.16 (s, 3H), 1.18 (s, 3H), 1.0-1.90 (m, 10H), 2.93 (d, J=7.5 Hz, 1H), 3.05 (d,
J=1.5 Hz, 1H), 3.2-3.3 (m, 3H), 3.49 (d, J=7.5 Hz, 1H), 3.65 (m, 2H), 3.81 (d, J=6.8 Hz, 1H), 3.85 (d,
J=6.5 Hz, 1H), 4.18 (m, 2H), 5.95 (m, 2H) ppm. 13C NMR (50 MHz, CDCI3) &: 11.6 (q), 11.8 (q), 20.5
(@), 20.7 (q), 21.0 (q), 21.2 (q), 24.2 (1), 24.4 (1), 26.9 (q), 32.3 (s), 32.4 (s), 33.5 (¥), 33.6 (1), 42.1 (d),
42.9 (d), 46.6 (d), 49.3 (d), 49.5 (s), 49.9 (s), 69.2 (d), 71.4 (d), 82.3 (d), 82.5 (1), 83.2 (1), 83.7 (d), 88.0

(d), 88.8 (d), 130.9 (d), 131.5 (d), 168.1 (s), 168.3 (s) ppm. MS (CI-NH3) mv/e: 258 (100%), 629 (M+1,
s ; ), , 3() pp S (CI-NH3) m/e: 100%), (M+1
6%), 646 (M+18, 40%). HRMS: Calc. for C3gHg07: 628.4339. Found: 628.4288

loadditions of 1a-e with fumaronitrile

A degassed m-xylene solution containing 1 eq of the dialkoxydiene 1a-e, 1 eg of fumaronitrile and
hydroquinone (ca. 20% molar amount) was heated, under strict argon atmosphere, at 80-140°C for 2-22 h. The
progress of the reaction was monitored by TLC. Removal of the solvent at reduced pressure and
chromatographic purification (triethylamine-pretreated silica gel [2.5% v/v], eluting with hexane/diethyl cther

mixtures of increasing polarity) gave the cycloadducts 6a-e.

(IR,2R,3R,6S5)- and (15,25,3S,6R)- 3,6-bis-(I-menthyloxy)cyclohex-4-en-1,2-dicarbonitrile, 6a. The
general procedure was followed starting from 30 mg (0.083 mmol) of 1a, 7 mg (0.083 mmol) of fumaronitrile,
2 mg of hydroquinone and ().8 mL of anhydrous, degassed m-xylene. The reaction required heating at 140°C for
5.5 h and gave, after chromatographic purification (4/1 hexane/diethyl ether), 31 mg (85% yield) of 6a (1.3:1
diastereomer mixture) as a colourless solid.

IR (KBr) vmax: 2960, 2920, 2855, 2260, 1455, 1390, 1370, 1315, 1180, 1100, 1065, 950, 920, 760
cm-1. 1H NMR (200 MHz, CDCl3) §: 0.70-2.45 (m, 36H), 3.01-3.67 (m, 4H), 4.10-4.20 (m, 2H), 5.78-5.95

it VR VAl LAETST —iiJy e Tes
(m, 2H) ppm. 13C NMR (50 MHz, CDCI3) Major diastereomer. 8: 16.0 (q), 16.1 (q), 21.1 (q), 21.4 (q), 22.3
(@), 22.4 (g), 22.8 W, 22.9 (v, 2‘ 8 (d), 25.1 (d), 31.4 (d), 31.5 (d), 32.3 (d), 34.2 (1), 34.6 (d), 40.2 (1),
42.0 (1), 48.1 (d), 48.7 (d), 66.7 (d), 71.5 (d), 77.6 (d), 80.2 (d), 116.3 (s), 116.4 (s), 127.9 (d), 126.1 {d)
ppm. Minor diastereomer. 8: 15.9 (q), 16.2 (q), 21.0 (q), 21.3 (), 22.3 (q), 22.4 (q), 22.8 (1), 22.9 (v), 24.7

(d), 24.8 (d), 31.3 (d), 31.4 (d), 31.9 (d), 32.3 (d) 34.2 (1), 35.7 (d), 40.0 (1), 41.6 (1), 48.0 (d), 48.5 (d),
64.7 (d), 72.5 (d), 78.3 (d), 80.6 (d), 118.2 (s), 118.6 (s), 125.7 (d), 132.2 (d) ppm. MS (CI-NH3) m/e: 458
M+18, 100%), 475 (M+35, 2%). Anal. Found: C, 76.18; H, 10.14; N, 6.24. (Calc. for C2gH44N202: C,
76.32; H, 10.06, N, 6.36).
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dicarbonitrile, 6b: The general procedure was followced starting from 30 mg (0.075 mmol) of ib, 6 mg (0.075
mmoi) of fumaronitrile, 2 mg of hydroquinone and 0.4 mL of anhydrous, degassed m-xylene. The reaction
required heating at 140°C for 4 h and gave, after chromatographic purification (6/1 hexane/diethyl ether), 28 mg
(78% yield) of 6b (1.45:1 diastereomer mixture) as a colourless solid.

IR (NaCl film) vimax: 3095, 3075, 3045, 2940, 2870, 2265, 1610, 1495, 1455, 1310, 1270, 1180

ASN (iYGN nuuu lld.:“ Tl Iy TU LTy &MU IV, &&Udy LULVY, 17Uy, 1TJJ, LJEU, Ll&iv, 110U,

760, 740, 705 cm-1, 1H NMR (300 MHz, CDC13) 8: 1.20-2.72 (m, 20H), 3.42-3.65 (m, 4H), 4.69 (dd,
T £ Tr_ i 4} b TY__ 1YY amal. 4,,‘_.44,\ A ~ £ 111 T 1M & TTY b 8} A O ry h g LN ¢} rrY ATy »
J= D nz, J = 14 nz, i, mmo TCOMCT), 4. I‘i- (aaa, J=1v.0 nz, J=4.8 Hz, J =1.38 zZ, 1H, major
diastereomer), 5.23 (ddd, J=10.5 Hz, J'=2.4 Hz, J"=1.5 Hz, 1H, minor diastereomer), 5.40 (ddd, J=10.5 Hz,

,J
J'=4.5 Hz, J"=1.5 Hz, 1H, major diastereomer), 7.14-7.35 (m, 10H) ppm. 13¢ NMR (75 MHz, CDCI3)
Major diastereomer. 3: 24.8 (1), 25.1 (t), 25.6 (1), 25.7 (v), 31.7 (d), 32.6 (1), 33.2 (1), 33.4 (d), 33.4 (1), 33.5
1), 51.2 (d), 51.8 (d), 66.0 (d), 75.0 (d), 81.8 (d), 85.4 (d), 84.1 (d), 116.0 (s), 118.3 (s), 126.1 (d), 126.2
(d), 126.6 (d), 128.0 (d), 128.1 (d), 129.7 (d), 143.5 (s), 144.1 (s) ppm. Minor diastereomer. &: 24.8 (t), 25.1

(1), 25.6 (1), 25.7 (v), 31.0 (d), 33.2 (1), 33.4 (1), 33.5 (1), 33.9 (1), 34.4 (d), 50.9 (d), 51.9 (d), 68.9 (d), 72.3
(d), 82.5 (d), 84.6 (d), 116.5 (s), 118.0 (s), 126.4 (d), 126.5 (d), 126.6 (d), 128.1 (d), 128.3 (d), 129.8 (d),
1436 (5), 143 .8 (5) nom MS (CI-NH?) m/z; 498 (M+18. 100%). Anal. Found: C, 80.07: H. 7.59: N S 76
ATO.U Ty 4TS0Sy ppaas VRS \(WATANAR)) e . AU \4vaTTall, 2 vy Razle A NIUETINE, ey UNFIT g Ay S Sy ANy e T VUs
(ol far CAATANAMNA- T TQQ7- T 7 85 N £ 22)
\ail, 10T U3Z030:18 20 vy 1557, 18y .33, 1N, .00,

(IR,2R,3R,65)- and (1§,25,35,6R)-3,6-bis-((1R,25,5R)-8-phenylmenthyloxy)cyclohex-4-en-1,2-
dicarbonitrile, 6¢: The general procedure was followed starting from 60 mg (0.117 mmol) of 1¢, 9 mg (0.117
mmol) of fumaronitrile, 2 mg of hydroquinone, and 0.6 mL of anhydrous, degassed m-xylene. The reaction
required heating at 140°C for 22 h and gave, after chromatographic purification (4/1 hexane/dlethyl ether), 41 mg

(59% vield) of 6¢ (1.3:1 diastereomer mixture) as a colourless dense oil. 10 mg ('I '7('7 eld) of the startine diene
W70 Jivau) Ul U8 (1.001 GIASWALULLLL THIALUIL ) &5 & LRRLULIUSS acnse o1t /0 LAl Ui wil Swai iy il
i1 alon ha sanmesarmard
CUUIU didU UC ITAVUYLLILU
T /AT _11 l'l ANON ANILN ANLN ANAN ~SO0™N ~AsN 1 LNN 1 AN 1 AN 17N 1NN 110N
K (Ivaei ) Vmax IUFY, JUOU, LYOU, LYLU, LO/U, LLJOU, 10U, 14YU, 1400, 137U, 1344, 11060,

1090, 1050, 905, 760, 700 cm-1. 1H NMR (300 MHz, CDCI3) &: 0.88-0.98 (m, 6H), 1.22 (s, 3H, minor
diastereomer), 1.32 (s, 3H, minor diastereomer), 1.36 (s, 3H, major diastereomer), 1.41 (s, 3H, major
diastereomer), 1.42 (s, 3H, minor diastereomer), 1.48 (s, 6H, major diasterecomer), 1.51 (s, 3H, minor
diastercomer), 0.70-2.20 (m, 16H), 2.73-3.03 (m, 2H), 3.39 (id, J=10.3 Hz, J'=3.3 Hz, 1H, minor
diastereomer), 3.45 (td, J=10.2 Hz, J'=3.6 Hz, 1H, major diastereomer), 3.65 (td, J=10.3 Hz, J'=3.3 Hz, 1H,
minor diastereomer), 3.81 (td, J=10.2 Hz, J'=3.6 Hz, 1H, major diastereomer), 3.96-4.20 (m, 2H), 5.58 (dd,
I=10.4 Hz, I'=1.5 Hz, 1H, minor diastereomer), 5.64 (dd, J=10.4 Hz, J'=3.0 Hz, 1H, minor diastereomer),

5.76 (dd J=10.5 Hz, J'=1.8 Hz, 1H, major diastercomer), 5.86 (ddd, J=10.4 Hz, J'=4 Hz, J"=1.5 Hz, 1H,

7.10-7 22.1 (
) 39.
1.7 (v), 51. .3 (d), 62.9 (d), 71.6 (d), 78.0 (d), 81.8 (d), 116.1 (s), 119.1 (s),
1249 (d) 1251 (d) 125.3 (d), 125.5 (d) 125.8 (d), 127.9 (d), 128.0 (d), 132.7 (d), 151.5 (s), 151.9 (s)
ppm. Minor diastereomer. 8: 22.0 (q), 22.2 (q), 24.0 (), 24.5 (), 26.5 (1), 27.4 (1), 29.1 (q), 30.3 (q), 31.3
(d), 31.7 (d), 34.5 (d), 34.6 (1), 35.6 (d), 39.9 (1), 40.3 (s), 40.6 (s), 42.4 (1), S1.7 (d), 52.0 (d), 66.3 (d),
69.4 (d), 77.7 (d), 80.9 (d), 117.1 (s), 118.2 (s), 124.6 (d), 125.5 (d), 125.8 (d), 127.8 (d), 127.9 (d), 128.0
(d), 151.1 (s), 152.4 (s) MS (CI-NH3) m/e: 250 (100%), 610 (M+18, 26%).

\O



3980 M. Virgili et al. / Tetrahedron 55 (1999) 3959-3986

o Jie JP 0NN o | By Ay PO SRR N
&4 u:memytprupuxy/ 1,7,/ trzmemyl

el
L
A
~-

)f.u

3

from 53 mg (0.10 mmol) of 1d, 8 mg (0.10 mmol) of fumaromtnle, 2 mg of hydroquinone and 0.4 mL of
anhydrous, degassed m-xylene. The reaction required heating at 85°C for 7 h and gave, after chromatographic
purification (15/1 hexane/diethyl ether) 24 mg of the major diastereomer of 6d as a colorless oil; 14 mg of a 1:1
mixture of the two diastereomers of 6d; 7 mg of the minor diastereomer of 6d as a colorless solid; and 5 mg
(9% recovery) of the starting diene 1d. The overall yield for 6d was 74%, and the diastereoselectivity 2.2:1.
(NOTE: Due to the high sensitivity of the dialkoxydiene, the reaction glassware was washed with aqueous
NaOH and oven-dried prior to use).

Major diastereomer: [a]p23 = -70.0 (c=1.3, CHCL,). IR (NaCl film) vax: 3050, 3020, 2950, 2860,

9({\ Q9N ] 1is AR 7200 ALY ALY K. f\ L

11 60, 920, 730 cm~*. *H NMR (300 MHz, CLALIF) 01 U./0
(s, 9H), 0.91 (s, 3H), 0.95 (s, 9H), 0.98 (s, 3H), 1.i1 (s, 6H), 0.80-1.70 (m,
H), 1.90 (d, J=5 Hz, 1H), 2.98 (part A of AB system, J=8.7 Hz, 1H), 3.11 (part A of
AB system, J=8.4 Hz, lH), 3.17 (dd, J=8.7 Hz, J'=3.9 Hz, 1H), 3.21 (part B of AB system, J=8.4 Hz, 1H),
3.24 (part B of AB system, J=8.7 Hz, 1H), 3.44 (part A of AB system, J=6.9 Hz, 1H), 3.47 (part A of AB
system, J=6.6 Hz, 1H), 3.51 (dd, J=8.7 Hz, J'=6.3 Hz, 1H), 3.54 (part B of AB system, J=6.9 Hz, 1H), 3.79
(part B of AB system, J=6.6 Hz, 1H), 4.09 (m, 1H), 4.31 (m, 1H), 5.90 (ddd, J=10.5 Hz, I'=2.7 Hz, J"=1.5

Hz, 1H), 6.08 (ddd, J=10.5 Hz, J'=3.3 Hz, J]"=1.8 Hz, 1H) ppm. 13C NMR (50 MHz, CDCI3) &: 11.7 (q),
2

11.8 (g), 20.6 (q), 20.8 (q), 21.2 (g), 21.3 (g), 24.0 (1), 24.1 (1), 27.0 (q), 27.1 (q), 31.1 (d), 32.0 (s), 32.1
(s), 32.7 (d), 33.6 (1), 33.7 (1), 46.7 (5), 46.8 (s), 47.0 (d), 47.1 (d), 49.2 (s), 49.3 (5), 69.4 (d), 74.6 (d),
80.5 (1), 80.9 (t), 85.6 (d), 85.9 (d), 87.4 (d), 89.4 (d), 116.5 (s), 118.2 (s), 127.1 (d), 129.3 (d) ppm. MS
(CI-NH3) m/e: 609 (M+1, 3%), 626 (M+18, 100%). HRMS: Caic. for C3gHgON204: 608.4553. Found
608.4543.

Minor diastereomer: m.p. 192-194°C. [a]p23 = -100.0 (c=0.47, CHCL,). IR (NaCl film) Vmax: 3050,
2950, 2860, 2250, 1480, 1460, 1395, 1365, 1140, 1110, 1075, 1055, 920 cm-l. IH NMR (300 MHz,
CDCl3) 8: 0.77 (s, 6H), 0.88 (s, 3H), 0.89 (s, 9H), 0.94 (s, 9H), 0.95 (s, 3H), 1.10 (s, 3H), 1.16 (s, 3H),
0.80-1.66 (m, 8H), 1.86 (d, J=5 Hz, 1H), 1.89 (d, J=5 Hz, 1H), 3.06 (dd, J=10.3 Hz, J'=3.3 Hz, 1H), 2.97
(part A of AB system, J=8.4 Hz, 1H), 3.08 (part A of AB system, J=8.4 Hz, 1H), 3.20 (part B of AB system,

T—Q A Hv lu\ Q 7% (nart R of AR cvetem =R 4 H7z 1THY 3135 (dd 1=10F Hz T'=80 Hz 1H)Y 44 (nart
1y J.&0 \pdiv D Ul £ Sysaiin, v—08.5 114, 143/, 2.20 (L, v=iv.o 84, ¢ =0V 24, 111, LS PR

A ~F AD et T—£ QLT 1LIN 2 AR fmart A ~nf AD ovgtarm T—AQ Es T 2 &Q (fnart R Af AT ocuctarm T_4£0
A UL AD \y&u, i1, J=V.7 14, 111}y J.5%2 \p LUl 1D Dyhl. iy J—=U.7 114,y 111}y J.J0O \lJa.ll D JvlL 1Yy Oybw‘ll, J=-.7
YI. 4TI A QA ¢ N e AT o Yo £ QO YY. 1YIN A 1L 7o 1LIN AL 7o T2 £ TT- 1LIN E QA 7431
z, 1H), 3.82 (pari B of AB system, J=0.9 Hz, iH), 4.16 {m, 1H), 4.36 (i, 7=3.6 Hz, iH), 5.94 {ddd,
J=10.5 Hz, J'=4.2 Hz, J"=1.8 Hz, 1H), 6.10 (dd, J=10.5 Hz, J'=2.1 Hz, 1H) ppm. 13¢ NMR (75 MHz,

CDCI3) &: 11.6 (q), 11.7 (@), 20.6 (q), 20.8 (q), 21.2 (@), 21.3 (q), 24.0 (1), 24.1 (1), 27.0 (q), 27.1 (g), 30.3
(s), 31.2 (s), 32.0 (d), 33.7 (1), 33.8 (1), 34.2 (d), 46.7 (s), 46.8 (s), 47.0 (s), 47.1 (s), 49.2 (d), 49.3 (d),
68.7 (d), 74.8 (d), 80.7 (1), 80.8 (1), 85.7 (d), 85.9 (d), 86.7 (d), 88.4 (d), 116.2 (s), 119.1 (s), 125.3 (d),
132.1 (d) ppm. MS (CI-NH3) m/e: 626 (M+18, 100%). HRMS: Calc. for C3gHgON204: 608.4553. Found:
608.4528.

(IR,2R,3R,65)- and (18,25,35,6R)-3,6-bis-[(IR,28,3R,48)-2-(2,2-dimethyipropoxy)-i,7,7-trimethyl
bicyclo[2.2.1 Jheptan-3-oxy]cyclohex-4-en-1,2-dicarbonitrile, 6e: The general procedure was followed starting
from 61 mg (0.115 mmol) of 1e, 9 mg (0.115 mmol) of fumaronitrile, 2 mg of hydroquinone and 0.4 mL of
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1:1.5 mixwre of the two diastereomers of 6e and 5 mg of the major diastereomer of 6e as a colorless solid. The
overall yield for 6e was 34%, and the diastercoselectivity 1.5:1. (NOTE: Due to the high sensitivity of the
dialkoxydiene, the reaction glassware was washed with aqueous NaOH and oven-dried prior to use).

Major diastercomer: m.p. 158-159°C. [a]p23 = -8.4 (¢=0.31, CHCL,). IR (NaCl film) vpax: 3040,
2960, 2880, 2260, 1510, 1480, 1465, 1395, 1365, 1220, 1150, 1120, 1100, 1020, 800, 745 cm-1. 1H NMR
(300 MHz, CDCl3) 8: 0.77 (s, 3H), 0.79 (s, 3H), 0.85 (s, 9H), 0.88 (s, 3H), 0.89 (s, 3H), 0.92 (s, 9H), 1.08
(s, 3H), 1.18 (s, 3H), 0.80-1.92 (m, 10H), 2.85 (part A of AB system, J=7.8 Hez, 1H), 3.00 (part A of AB
system, J=8.1 Hz, 1H), 3.01 (dd, J=12.1 Hz, J'=3.0 Hz, 1H), 3.19 (part A of AB system, J=6.9 Hz, 1H),

vete 7. 1H). 3.28 (part A
ysiem, J=7.0 1iZ, iri}, 3.26 {pait A

8 of

I'=9.3 2(prtumAusysme81Hz,1H‘ J(panbOIAbsyStE:mjé
(part B of AB system, J=6.6 Hz, 1H), 4.07 (d, J=9.3 Hz, 1H), 4.15 (t, J=3.0 Hz, 1H), 591 (m, 2H) ppm.
13C NMR (75 MHz, CDCI3) &: 11.5 (g), 11.6 (q), 20.7 (g), 21.0 (q), 21.1 (q), 21.2 (q), 23.9 (1), 24.0 (v),
26.9 (q), 27.0 (q), 31.7 (d), 32.4 (s), 32.5 (s), 33.4 (1), 33.7 (1), 35.0 (d), 46.6 (s), 46.8 (s), 48.7 (d), 49.5
(s), 49.6 (s), 49.8 (d), 68.8 (d), 73.6 (d), 77.0 (d), 82.8 (v), 83.5 (1), 84.4 (d), 87.5 (d), 88.3 (d), 116.5 (s),
118.2 (s), 126.8 (d), 129.1 (d) ppm. HRMS: Calc. for C3gHgON204: 608.4553. Found: 608.4535.

Minor diastereomer: [o]p23 = -80.8 (c=0.20, CHCl,). IR (NaCl film) vmax: 3060, 2960, 2880, 2260,
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1475, 1465, 1390, 1365, 126 5, 1120, 1015, 795, 740 cm-l. 1H NMR (300 MHz, CDCI3) §
077 (s, 3H), 0.78 (s, 3H), 0.89 (s, 6H), 0.90 (s, 18H), 1.13 (5, 3H), 1.19 (5, 3H), 0.80-1.96 {(m, 10H), 2.88
(part A of AB system, J=8.1 Hz, 1H), 2.98 (part A of AB system, J=8.1 Hz, 1H), 3.12 (dd, J=11.1 Hz,
J'=3.3 He, 1H), 3.19 (part A of AB sysiem, j=6.6 Hz, 1H), 3.25 (dd, J=11.4 Hz, J'=8.7 Hz, 1H), 3.26 (part
B of AB system, J=8.1 Hz, 1H), 3.29 (part A of AB system, J=6.6 Hz, 1H), 3.44 (part B of AB system, J=8.1

Hz, 1H), 3.67 (part B of AB system, J=6.6 Hz, 1H), 3.85 (part B of AB system, J=6.6 Hz, 1H), 4.18 (d,
J=9.3 Hz, 1H), 4.20 (m, 1H), 5.95 (m, 2H) ppm. 13C NMR (50 MHz, CDCI3) &: 11.6 (q), 11.7 (q), 20.8
(@), 21.0 (g), 21.1 (q), 21.2 (q), 24.0 (1), 24.2 (1), 26.9 (q), 27.0 (q), 31.9 (d), 32.5 (s), 32.6 (s), 33.5 (1),
33.6 (1), 34.6 (d), 46.7 (s), 46.8 (s), 48.7 (d), 49.2 (d), 49.5 (s), 49.8 (s), 68.0 (d), 75.0 (d), 82.9 (1), 83.3

(1), 84.8 (d), 87.5 (d), 88.5 (d), 88.9 (d), 116.4 (s), 118.2 (s), 1259 (d), 131.6 (d) ppm. MS (CI-NH3) m/e:
522 (100%), 610 (M+1, 33%). HRMS: Calc. for C3gHggN204: 608.4553. Found: 608.4530

General procedure for the Diels-Alder cycloadditions of 1a-e with diethyl fumarate

A degassed m-xylene solution containing 1 eq of the dialkoxydiene 1a-e, 1 eq of diethyl fumarate and
hydroquinone (ca. 20% molar amount) was heated, under strict argon atmosphere, at 80-140°C for 18-76 h. The
progress of the reaction was monitored by TLC. Removal of the solvent at reduced pressure and
chromatographic purification (tricthylamine-pretreated silica gel [2.5% v/v], eluting with hexane/diethyl ether
mixtures of increasing polarity) gave the cycloadducts 7a-e.

(1R,2R,3R,6S)- and (18,285,35,6R)-3,6-bis-(I-menthyloxy)cyclohex-4-en-1,2-dicarboxylic acid diethyl

ester, 7a: The general procedure was followed starting from 30 mg (0.083 mmol) of 1a, 14 mg (0.083 mmol)
of diethyl fumarate, 2 mg of hydroquinone and 0.8 mL of anhydrous, degassed m-xylene. The reaction required
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Yi€ig} O1 /a (1.£:1 qiastiereomer mlxture) as a Coiouriess oil.

IR (NaCl film) vmax: 3030, 2940, 2920, 2860, 1720, 1445, 1365, 1305, 1290, 1260, 1175, 1055,

1030, 910 cm-i. IH NMR (300 MHz, CDCI3) &: 0.65 (d, J=6.9 Hz, 3H, major diastereomer), 0.68 (d, J=7
Hz, 3H, minor diastereomer), 0.75 (d, J=7 Hz, 3H, minor diastereomer), 0.80 (d, J=6.9 Hz, 3H, major
diastereomer), 1.21 (t, J=6.5 Hz, 3H, minor diastereomer), 1.23 (t, J=6.3 Hz, 3H, major diastereomer), 1.28
(t, J=6.5 Hz, 3H, minor diastereomer), 1.29 (t, J=6.3 Hz, 3H, major diastereomer), 0.80-1.64 (m, 26H), 1.80-
2.32 (m, 4H), 2.84-3.20 (m, 4H), 3.94-4.27 (m, 6H), 5.72-5.90 (m, 2H) ppm. 13C NMR (75 MHz, CDCI3)
Major diastereomer. 6: 13.9 (q), 14.2 (q), 15.9 (q), 16.1 (q), 21.2 (q), 21.4 (q), 22.3 (q), 22.4 (q), 22.8 (1),

AN AQ "I (AN AA T (AN LN KL (D ANTT (& KO /AN TAQ (A 7T A AN TQ K (AN 1'\'! 0 AN 1AN0Q /71N 1IN O
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(8), 175.2 (8) ppm. VINoOr aiastereomer. o: 13.9 (q), 14.U ((), 15.9 (q), 16.1 (q), 21.1 {q), 21. 5 (C]), 22.5 (q),
22.4 (q), 22.9 (1), 23.0 (1), 24.5 (d), 24.6 (d), 31.5 (d), 31.6 (d), 34.3 (1), 34.4 (), 40.0 (1), 43.0 (1), 44.1 (d),

48.0 (d), 48.3 (d), 48.8 (d), 60.7 (1), 66.5 (d), 75.6 (d), 77.4 (d), 79.6 (d), 125.4 (d), 133.5 (d), 170.7 (s),
175.4 (s) ppm. MS (CI-NH3) m/e: 535 (M+1, 19%), 552 (M+18, 100%). HRMS: Calc. for C32H550¢
(M+H): 535.3999. Found: 535.3969.

(IR,2R,3R,65)- and (15,28,35,6R)-3,6-bis-((1R,2§)-2-phenylcyclohexyloxy)cyclohex-4-en-1,2-
dicarboxylic acid diethyl ester, Tb: The general procedure was followed starting from 30 mg (0.075 mmol) of
ib, 13 mg (0.075 mmol) of diethyl fumarate, 2 mg of hydroquinone and 0.4 mL of anhydrous, degassed m-
xylene. The reaction required heating at 140°C for 20 h and gave, after chromatographic purification (11.5/1

hexane/diethyl ether), 24 mg (56% yield) of 7b (1.7:1 diastereomer mixture) as a colourless oil.
IR (NaCl film) vmax: 3090, 3075, 3040, 2990, 2940, 2870, 1750, 1735, 1610, 1495, 1455, 1400,

A% Ravat .l U max.- 4V LTINS, £ ! vy

1380, 1305, 1275, 1190, 1075, 970, 865, 760, 705 cm-1. IH NMR (300 MHz, CDCI3) &: 1.00 (1, J=7.2 Hz,

TR Jav Y 1 10 7+ T77 LI~ 2L smanine Alnotnen s ne) 1712 I T_"7 7 LY. 21Y [
Jﬂ, llllllUl uldbLClCU L), .17 \L, J=/.4 Il14 J[ llldJUl UldblGlCUlllUl}, 1.20 \{, J=/.2 I11Zz, oI1, lud.JUl
diastereomer), 1.31 (t, J=7.2 Hz, 3H, minor masxereomer), 1.20-2.14 (m, 16H), 2.34-2.80 (m, 4H), 3.16-

422 (m, 6H), 4.69 (dd, J=10.2 Hz, J'=2.0 Hz, 1H, minor diastereomer), 4.80-4.88 (m, 2H, major
diastereomer), 5.40 (ddd, J=10.2 Hz, J'=4.8 Hz, J"=2.0 Hz, 1H, minor diastereomer), 7.10-7.32 (m, 10H)
ppm. 13C NMR (75 MHz, CDCl3) Major diastereomer. 8: 14.0 (q), 14.1 (q), 25.0 (v), 25.1 (1), 25.7 (1), 25.8
(1), 32.8 (1), 33.4 (1), 33.8 (1), 34.6 (1), 43.2 (d), 47.9 (d), 51.0 (d), 51.3 (d), 60.4 (1), 60.5 (t), 69.9 (d), 75.9
(d), 78.4 (d), 82.0 (d), 125.6 (d), 125.9 (d), 126.2 (d), 127.7 (d), 127.9 (d), 128.0 (d), 128.2 (d), 130.7 (d),
144.5 (s), 144.6 (s), 171.0 (s), 174.3 (s) ppm. Minor diastercomer. 8: 13.9 (q), 14.3 (q), 25.0 (1), 25.1 (v),
47.6 (d), 50.6 (d), 51.3 (d), 60.2 (1), 60.5 (1)

25.7 (1), 25.8 (1), 33.0 (1), 33.2 (1), 33.7 (1), 34 , 44.2 (d), 47.6 (d), 50.6 ), 51. 60.2 60.5 (t
68.6 (d), 77.5 (d), 79.4 (d), 82.0 (d), 125.8 (d), 126.0 (d), 126.2 (d), 127.9 (d), 128.0 (d), 128.2 {d}, 131.7
(d), 144.6 (s), 144.7 (s), 170.0 (s), 175.5 (s) ppm. MS (CI-NH3) m/e: 575 (M+1, 2%), 592 (M+18, 100%).
HRMS: Calc. for C36H470¢ (M+H): 575.3373. Found: 575.3367

(IR,2R,3R,65)- and (15,2S,35,6R)-3,6-bis-((IR S,5R)-8—phenylmenthyloxy)cyclohex-4-en-1,2-

dicarboxylic acid diethyl ester, Tc: The general procedure was followed starting from 85 mg (0.165 mmol) of
1c, 28 mg (0.165 mmol) of diethyl fumarate, 2 mg of h_yqu inone, and 0.4 mL of anhydrous, degassed m-
vvlana Tha reactinn ramuirad heatine at 140°C for 75 h and oave. after chromatasranhic nurification (24/1
l\.ylbll\/ PR ap QW LU R LW (SERRWLY S Al\}ﬂwle QL LA7TTU N AU < i1 Qi e“'\', SIA UL AMALAG U& LI-.J.IILV yu.lu;vw Ak \h‘l’l&
| R 142 sttt maliny AT e ~EL tlan sanninee Ainatnmanmans ~F Ta no n Aanlasrealaco 0nlid nemAd 10 saae AF A 1ol smitwtrama ~F
nEXanc/aicinyli Cuicr), 41 mHig OI Ul idjor UiasiCiCUIct Ul /L d COLOULICSS SUNU iU 10 Mg Ul a4 1.1 1 wic u1
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Major diastereomer: m.p. 43-45°C, [0jp23 = -62.4 (c=1.39, CHCI,). IR (NaCl film) vmax: 3090,
3060, 2960, 2920, 2880, 1750, 1730, 1605, 1495, 1450, 1375, 1275, 1235, 1190, 1140, 1100, 1060, 980,
940, 910, 860, 770, 740, 705 cm-1. 1H NMR (200 MHz, CDCl3) &: 0.86 (d, J=6.2 Hz, 6H), 1.29 (s, 6H),
1.29 (t, J=7.0 Hz, 3H), 1.34 (t, J=7.0 Hz, 3H), 1.45 (s, 3H), 1.46 (s, 3H), 0.60-2.30 (m, 16H), 2.95 (dd,
J=12.5 Hz, J'=3.5 Hz, 1H), 3.15 (dd, J=12.5 Hz, J'=9.0 Hz, 1H), 3.40 (td, J=10.0 Hz, J'=3.5 Hz, 1H),
3.65 (td, J=10.0 Hz, I'=3.5 Hz, 1H), 4.00-4.45 (m, 6H), 5.82 (d, J=10.0 Hz, 1H), 6.00 (dd, J=10.0 Hz,
3'=3.5 Hz, 1H), 7.05-7.35 (m, 10H) ppm. 13C NMR (75 MHz, CDCl3) &: 13.9 (g), 14.1 (q), 21.1 (g), 22.1
(), 22.2 (g), 22.3 (), 27.5 (1), 27.6 (1), 31.4 (d), 31.9 (q), 34.6 (1), 34.8 (1), 40.1 (1), 40.8 (s), 4
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(1), 44.2 (d), 48.3 (d), 52.1 (d), 52.7 (d), 60.6 (1), 60.9 (1), 65.1 (d), 73.2 (d), 76.5 (d), 79.8 (d), 121.7 (s),
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ppm. MS (Ci-NH3) m/e: 351 (i00%), 704 (M+18, 2%). HRMS: Calc. for
514.3811. Found: 514.3801.

Minor diastereomer: 1H NMR (300 MHz, CDCI3) 8: 0.60-2.24 (m, 40H), 2.89 (dd, J=12.3 Hz, J'=3.4
Hz, 1H), 3.02 (dd, J=12.3 Hz, J'=9.3 Hz, 1H), 3.39 (td, J=10.0 Hz, I'=3.3 Hz, 1H), 3.47 (1d, J=10.0 He,
1'=3.3 Hz, 1H), 4.04-4.48 (m, 6H), 5.82-5.94 (m, 2H), 7.07-7.30 (m, 10H) ppm. 13C NMR (75 MHz,
CDCl3) &: 13.9 (q) 14.4 (g), 22.0 (g), 22.1 (q), 22.2 (), 23.1 (g), 27.5 (v), 27.6 (1), 31.1 (q), 31.3 (d), 31.5
(1), 34.9 (1), 39.8 (1), 40.6 (s), 40.8 (s), 42.8 (1), 44.3 (d), 47.9 (d), 52.3 (d), 52.7 (d),

1 - el W) JL]
604 (Y 608 (1Y 678 (D ’7]0(d 76.2 (d). 793 (d), 1244 (d) 12 AQ(rﬂ 17§ﬂ(rﬂ 125.6 (rl\ 126.0 (d)
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17 Q7N 1277074 170 & /AN 181 A () 181 Q1Y 171 N Y 1780 (g nnm
127.0\G), 1&4/.7\Q), 1£7.9 Gy, 151.%4(8), 1J51.7 (§), 1/1.U§), 17/5.U \§) ppiil.

(IR,2R,3R,6S)-3,6-bis-[(1R,2S,3R,45)-3-(2,2-dimethylpropoxy)-1,7,7-trimethylbicyclof2.2.1 Jheptan-
2-oxy]cyclohex-4-en-1,2-dicarboxylic acid diethyl ester, 7d: The general procedure was followed starting from
30 mg (0.057 mmol) of 1d, 10 mg (0.057 mmol) of diethyl fumarate, 2 mg of hydroquinone and 0.2 mL of

anhydrous, degassed m-xylene. The reaction required heating at 85°C for 48 h and gave, after chromatographlc

/2 hexane/diethyl ether) 25 mg (63% yield) of 7
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[@ID23 =-35.0 (c=0.85, CHCI,). IR (NaCl film) vmax: 3040, 2950, 2870, 1730, 1475, 1460, 1375,
1260, 1220, 1180, 1140, 1100, 1055, 855, 795, 750 cm-1. 1H NMR (300 MHz, CDCI3) &: 0.73 (s, 3H), 0.74
(s, 3H), 0.84 (s, 3H), 0.90 (s, 9H), 0.91 (s, 3H), 0.93 (s, 9H), 1.05 (s, 3H), 1.08 (s, 3H), 1.25 (1, J=7.5 Hz,
3H), 1.30 (t, J=7.5 Hz, 3H), 0.80-1.60 (m, 8H), 1.79 (d, J=5 Hz, 1H), 1.81 (d, J=5 Hz, 1H), 2.86 (dd,
J=11.8 Hz, J'=3.5 Hz, 1H), 3.06 (part A of AB system, J=8.7 Hz, 1H), 3.07 (part A of AB system, J=8.1 Hz,
1H), 3.12 (part B of AB system, J=8.1 Hz, 1H), 3.15 (dd, J=11.5 Hz, J'=8.7 Hz, 1H), 3.16 (part B of AB
system, J=8.7 Hz, 1H), 3.23 (part A of AB system, J=6.6 Hz, 1H), 3.32 (part A of AB system, J=6.9 Hz,

1H), 3.35 (part B of AB system, J=6.9 Hz, 1H), 3.48 (part B of AB system, J=6.6 Hz, 1H), 4.06-4.20 (m,

AINY ANQ (e 1Y AAA (e 1IN £§0K8 (Ad T—-10 A Hor T'—=20 Ho 1HY A 11 (Addd T-10 A > T'=8 0 7
411), 4.47 (11, 101), 499 \111, 111), J.70 \U4, J=1U.> 114, J —4&.V 114, 1l1j, U.11 (UUU, J=I1VU.TT 114, J =J.U kiZ,
- A -r r 12 AT s 7778 ALY, AN S 1 £ 7% 1A 1 £\ - nao
J =41 z, 1) ppm 10 NIVIK (/7D vinlz, L.Uk,lj) (0] 1.0 (), 1<4.1 1), . .7

Q), 21.1 (g), 21.2 (g), 24.0 (1), 24.1 (1), 2
47.0 (d), 47.4 (d), 47.8 (d), 49.2 (s), 494

/‘\\I
.
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(d), 86.1 (d), 87.5 (d), 128.7 (d), 129.1 (d), 171.6 (s), 175.4 (s) ppm. MS (CI-NH3) m/e: 703 (M+1, 5%),
720 (M+18, 100%). HRMS: Calc. for C42H710g8 (M+H): 703.5149. Found: 703.5096.

(IR,2R,3R,6S5)- and (1S§,25,35,6R)-3,6-bis-[(IR,2S,3R,45)-2-(2,2-dimethylpropoxy)-1,7,7-trimethyl
bicyclo[2.2.1 Jheptan-3-oxy]cyclohex-4-en-1,2-dicarboxylic acid diethyl ester, Te: The general procedure was
followed starting from 57 mg (0.107 mmol) of le, 18 mg (0.107 mmol) of diethyl fumarate, 2 mg of
hydroquinone and 0.6 mL of anhydrous, degassed m-xylene. The reaction required heating at 80°C for 76 h and
gave, after chromatographic purification (24/1 hexane/diethyl ether) 25 mg of the major diastereomer of 7e as a
colourless oil, 3 mg of a 1:1 mixture of the two diastercomers of 7e and 1 mg of the minor diastereomer of 7e.
18 mg (31% recovery) of the starting diene could also be isolated. The overall yield for 7e was 39%, and the

dla.stereoselecuwty 10.6:1. (NOTE: Due to the hxg sensitivity of the dialkoxydiene, the reaction glassware was

chod with aqnanie NaNT and A
nca wu.u aquedus Naun ané o

~1-.23

e T

Major diastereomer: [0 1
1480, 1460, 1370, 1300, 1270, 1230, 1185, 1150, 11
1 1H NMR (300 MHz, CDCI3) 8: 0.74 (s, 3H), 0.76 (s, 3H), 0.85 (s, 3H), 0.86 (s, 3H), 0. 88 (s, 9H) 0.89
(s, 9H), 1.01 (s, 3H), 1.16 (s, 3H), 1.22 (t, J=7.2 Hz, 3H), 1.31 (t, J=7.2 Hz, 3H), 0.9-1.82 (m, 10H), 2.71
(part A of AB system, J=8.1 Hz, 1H), 2.82 (part A of AB system, J=8.1 Hz, 1H), 2.93 (dd, J=12.1 Hg,
J'=3.9 Hz, 1H), 3.04 (dd, J=12.0 Hz, J'=9.6 Hz, 1H), 3.08 (part A of AB system, J=6.6 Hz, 1H), 3.09 (part
A of AB system, J=6.6 Hz, 1H), 3.44 (part B of AB system, J=8.1 Hz, 1H), 3.45 (part B of AB system, J=6.6
), 3.56 (part B of AB system, J=8.1 Hz, 1H), 3.56 (part B of AB system, J=6.6 Hz, 1H), 3.96-4.30

11) 2 Yolb

. 1‘n), 4.36 (m, 1H), 591 (m, 2H) ppm. 13C NMR (75 MHz, CDCI3) &: 11.7 (q),

WU (181, 121y T 1 32 1) Prras. ANavasN 4 AVAL AL

8
.2(q), 20.5 (@), 21.2 (q), 21.3 (g), 21.4 (q) 3 (1), 24.4 (1), 27.0 (). 32.5 (s), 32.6 (s), 33.5

(v, 33.7 (1), 44.0 (d), 46.3 (s), 46.4 (s), 46.9 (d), 47. 9 ( d), 48.5 (d), 49.4 (s), 49.5 (s), 60.6 u), 68.3 (d),
77.3 (d), 82.4 (d), 82.5 (), 82.9 (1), 86.2 (d), 88.4 (d), 89.0 (d), 125.2 (d), 134.7 (d), 170.3 (s), 7 (s)
ppm. HRMS: Calc. for C42H7108 (M+H): 703.5149. Found: 703.5108.

Minor diastereomer: IR (NaCl film) vmax: 3040, 2960, 2870, 1735, 1480, 1455, 1380, 1275, 1235,
1190, 1155, 1125, 1100, 1085, 805, 705 cm-1. 1H NMR (300 MHz, CDCI3) 8: 0.73 (s, 3H), 0.76 (s, 3H),
0.86 (s, 9H), 0.91 (s, OH), 1.06 (s, 3H), 1.08 (s, 3H), 0.80-1.80 (m, 22H), 2.69 (part A of AB system, J=8.2

=8.2 Hz, 1H), 3.05 (part A of AB system, J=6.8 Hz, 1H), 3.12 (part A

:..
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