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Abstract—Compared to the analogous bornane-10,2-sultam derived dienophile (—)-1b, the reversed topology observed during the
[4+2] cycloaddition of cyclopentadiene or cyclohexadiene to the (—)-1a-TiCl, chelate can be rationalised on the basis of IR studies
of their complexes with different Lewis acids. According to X-ray analyses, the origin of this differentiation resides in the loss of
masked C, symmetry, due to the pseudoequatorial ‘down’ orientation of the S=O(1) bond in (—)-1a,c as compared to the pseudo-
equatorial ‘up’ direction adopted by the S=0O(2) bond in (—)-1b,d, associated with the steric influence of the apical Ti—Cl atoms.
Dependent on the strength of the Lewis acid, the much higher constraint of the SO,/C=0 syn-s-cis conformer diminishes the
chelating properties of this type of fenchane-8,2-sultam derived dienophiles (—)-1a and lc.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, we reported the preparation of dienophile (—)-
1a as well as its cycloaddition to cyclopentadiene 2a.!
The fenchane derived dienophile (—)-la proved to be
slightly less reactive than its camphor sultam analogue
(—)-1b.? Nevertheless, the uncatalysed reaction in
CH,Cl, at —78 °C occurs smoothly to afford the major
cycloadduct (2R,3R)-3a in 92% conversion and 82%
de.! Both diastereoisomers of 3a were obtained pure
by CC on SiO, and the absolute configuration of the
main diastereoisomer ascertained by chiroptical analysis
of the known corresponding diol (2R,3R)-4a.> In con-
trast to (—)-1b, we were surprised to observe a reverse
sense of induction when the reaction was mediated at
—78 °C by 1.0 mol equiv of TiCl, in CH,Cl, (>99% con-
version, 20% de). Herein, we report in more detail the
influence of the Lewis acid on this cycloaddition
(Scheme 1).

* Corresponding authors. E-mail addresses: Christian.chapuis@
firmenich.com; jjurczak@chem.uw.edu.pl

"Present address: Firmenich SA, Corporate R&D Division, PO Box
239, CH-1211 Geneva 8, Switzerland.

0957-4166/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.tetasy.2006.01.031

2. Results and discussion

The screening began by varying quantities of TiCly, as
reported in Table 1 (entries 1-5). Both conversion and
ratio of the main diastereoisomer (25,3S5)-3a were
determined by 'H NMR analysis of the cycloadduct.!
The selectivity rose from 9% to 27% de by increasing
the amount of TiCly from 0.25 to 1.5 mol equiv, while
the conversion decreased from 98% to 34% when an
excess of TiCly, was used. This suggests that double
chelation either sterically diminishes access to the dieno-
phile or favours a less reactive conformation. At this
point we also wondered about the stability of the
cycloadduct and consequently treated pure (2R,3R)-3a
with 1.00 mol equiv of TiCly for 24h at —78 °C in
CH,Cl,, but noticed no modification or alteration. This
experiment was then repeated in the presence of an
excess amount of diene 2a, without diminution of the
purity. We can thus exclude any problem of chemical
stability or thermodynamic equilibration either via
selective polymerisation or retro Diels—Alder reaction,
as proposed earlier for another heterodienophile of
this type.*> The preferred formation of the (2S,3S)-
stereoisomer 3a seems specific to TiCly, since with other
Lewis acids, the more selective reverse topology was
preferred.
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Scheme 1.

Table 1. Cycloaddition of (—)-1a to cyclopenta-1,3-diene 2a in CH,Cl,
at —78 °C for 24 h in the presence of a Lewis acid

Entry Lewis acid Amount Conversion (%) de (%)
1 TiCly 0.25 98 -9
2 TiCly 0.50 98 —11
3 TiCly 1.00 99 =20
4 TiCly 1.50 73 =27
5 TiCly 2.5 34 =25
6 TiCl3(Oi-Pr)  1.00 97 87
7 TiCly(Oi-Pr), 1.00 99 89
8 TiCl(Oi-Pr);  1.00 61 82
9 Ti(Oi-Pr), 1.00 58 80
10 ZrCly 1.00 98 87
11 SnCly 1.00 57 99
12 SnCly 1.00 99* 99
13 AlCl; 1.00 98 89
14 AlCLL,Me 1.00 93 83
15 AICLEt 1.00 90 88
16 AlCIMe, 1.00 99 99
17 AICIEt, 1.00 27 88
18 AlMe; 1.00 99 35
19 AlEt; 1.00 31 80
20 ZnBr,” 1.00 19 83
21 BF;-OEt, 1.00 7 (2R,3R)-3a°
48 h.

®No conversion was observed with ZnCl,.
¢ Quantitative determination outside the precision range (£2%).

Indeed, when one or two isopropoxide units replaced the
Cl atoms in TiCly, practically full conversion and 87—
89% de were attained in favour of diastereoisomer
(2R,3R)-3a, while replacement with three or four iso-
propoxide ligands resulted in both poorer conversions
(58-61%) and diastereoselectivities (80-82%). These lat-
ter results are close to those reported recently under
uncatalysed conditions.! The analogous Lewis acid
ZrCl, behaves,® in contrast to TiCly, similarly to
TiCl;(0i-Pr), with 98% conversion and 87% de. We were
pleased to reach full selectivity with SnCly, albeit with
only 57% conversion. This drawback was overcome by

R*

(2R,3R)-3a R* = R,, n=1
(2R,3R)-3b R* = R,, n=1
(2R3R)-3c R* = R
(2R,3R)-3d R* = R,, n=2

(2R,3R)-4a n=1
(2R,3R)-4b n=2

11

waiting 48 h to reach full conversion (entry 12). Several
Lewis acids derived from alkyl aluminiums’ were also
tested and compared to AICl; (entry 13, 98% conver-
sion, 89% de). Me,AICl was by far the most efficient
in this series (entry 16), although we generally observed
both better stereoselectivities and lower conversions
with the sterically more demanding Et, as compared to
Me substituents, in contrast to the analogous dienophile
(=)-1b.® Finally, both ZnBr, and the nonchelating
BF;-OEt, gave a very poor conversion for the (2R,3R)
cycloadduct 3a. In order to gain some more insight on
the unique and specific role of TiCly, we performed com-
parative IR analyses® of the free, as well as 1:1 TiCl,’
and SnCly complexes of (—)-1a,b, as well as the more
simple N-crotonoyl sultams (—)-lc,d, whose free'” or
chelated'® conformations in the solid state, based on
their X-ray structure analyses, were earlier reported.
These results are summarised in Table 2.

The significant modifications as indicated in bold con-
cern both the magnitude of the bathochromic/hypo-
chromic shifts of the vC=O from 1674-1683 to 1532—
1654 cm ™' for this chelated/coordinated functionality,
as well as the hypsochromic shift of the asymmetric
SO, stretching from 1332-1347 to 1392-1412cm™',
while the symmetric vSO, around 1135-1149 cm™' is
less affected. If we focus on the conformationally and
functionally more simple N-crotonoyl sultams (—)-1c
and 1d, we can see that coordination with TiCl, leads
to a red shift from 1682-1683 to 1532-1528 cm™ !,
respectively. Furthermore, in the presence of TiCly, the
C=0 stretching at 1683 cm™' totally disappears for
the camphor sultam derivative (—)-1d, while a weak
residual signal at 1682 cm ™' remains visible for the coor-
dinated fenchane analogue (—)-l¢, thus displaying
weaker chelating properties for this latter skeleton, due
to a higher conformational constraint.! This propensity
is even more accentuated with the weaker SnCl; com-
plex, since in the case of the fenchane derived sultam
(—)-1c, the red shift is less pronounced at 1559 cm™!
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Table 2. IR analyses of (—)-1a-d and their 1:1 TiCly or SnCl, complexes in CH,Cl, (cm‘])

(—)-1d-SnCl,

2966s
1683s
1642s
1528s

—)1d  (-)-1d-TiCls
2964s 2969m

1683s
1642s

(

(—)-1e-SnCl,

2976m

(—)-1¢-TiCl,

2973m

(=)-1e

(—=)-1b-SnCl,

(=)-1b-TiCl,
2967m

(—)-1b

2965m
1676s

(—)-1a-SnCl,

2976m

(—)-1a-TiCl,

2971m

(—)-1a

vC-H

2977m
1682s
1641s

2965m
1676s

2976m
1674s

vC=0
vC

1682m

1682w
1640s
1532s

1679m

1674m

1681w

=C

1638s
1528s

1642m

1640w

1639w
1560s

1627m 1639w

1637w
1563s

1634w

vC=0""

1559w

1654m

1443m CH,

1440m

1444m 1444m

1440m
1396s

1457w 1445w

1459w
1413s

1452w 1457w

1453w
1404s

1452w

1412m

1410m

1411w

Vasoz...
MeZC

1374m

1368m

1366w

1375m

1375m

1370m

1370m

1349s
1338s

VaSOZ

1336s

1332s

1337s

1338s

1336s

1340s
1321s
1210s

1346s

1340s
1321s
1210s

1336s

1347s

1341s
1324s
1214s
1169s
1149s

1305w
1216s

1305w

1300m
1216s

1296m

1317m
1232m

1296m

1316m
1214m
1167m
1138m

1317m
1220m

1224w

1218m
1172m
1147m

1227m

1215m
1170m
1149m

C-N

1168m
1135m

1166m
1135m

1175m
1145m

1171m

1167m
1137s

1166m
1137s

1175m
1144m

Vssoz'"
CH,

VSSOQ
C-C

1135w
1115m
1100w

1107m

1146m

1112w
1066m

1105w

1125w

1122m
1084w

1124w

1118w
1069m

1117m
1068w

1118w
1069m

1109w

1106m
1085w

1109w

1066m

1083m

1083m

1086m

1086m

1048w

1047w

1044m 1048m

1044w

1044m

1046w

1043w 1046w

1032w

1045m
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while the residual signal at 1682 cm™' is more intense.
The asymmetric SO, stretch of the fenchane sultam
derived dienophile (—)-1c¢ is much more affected by TiCly,
with the apparition of an intense signal at 1396 cm ™', in
contrast to the weak band at 1411 cm ™' observed for its
SnCl, complex. Similar properties were noticed for the
N,N'-fumaroyl sultams (—)-1a and 1b. Indeed, the red
vC=0 shift is much more pronounced with TiCly
(1563 cm™") than with SnCl, (1654 cm™'), while the
intensity of the residual signal at 1637 cm™' is much
weaker for TiCly. Additionally, the asymmetric SO,
stretching is also much more affected, as shown by the
apparition of a strong signal at 1404 cm ™' in the case
of the (—)-1a-TiCly chelate, as compared to either the
(=)-1a-SnCl; or (—)-1b-SnCly; complex, which even
seems unaffected in this latter case. The symmetric
vSO; is slightly modified, but only in the case of TiCly
chelation with (—)-1¢ and 1d, with the apparition of a
signal at 1107 and 1115 cm ™", respectively. These facts
suggest that the TiCly/SnCly chelation of (—)-1¢ is less
favoured than (—)-1d due to the presence of the
C(3)Me, substitution, and that TiCl, chelates well with
(—)-1a and 1b, while weaker Lewis acids, such as SnCly,
seem only to coordinate with their C=0 moiety(ies),
eventually by intermolecular bis-complexation.

Based on both these comparative IR analyses and the
X-ray structure analyses of (—)-1c and 1d, we suggest
the following hypothesis to rationalise the observed
stereochemical course of this cycloaddition. The X-ray
analyses of (—)-1c and 1d!7 exhibit, in both cases, a
thermodynamically more stable anti SO,/C(O) s-cis
C=0/C=C conformation. In both cases, the N atom
is pyramidalised in the same direction, but the absence
of the C(7) gem-dimethyl substitution in (—)-1c allows
its S=0O(2) bond to adopt a pseudoaxial orientation, in
contrast to (—)-1d, which projects its S=O(1) substituent
in the opposite pseudoaxial direction. This fact has two
consequences on the directing effect of these chiral aux-
iliaries. Firstly, (—)-1d possesses a masked C, symmetry,
as suggested by Curran et al.,'! invariably directing the
attack on the Co-re face, whichever SO,/C(O) syn- or
anti-s-cis conformation is adopted, opposite either to
the C(2)-C(3) or the axial S=O(1) substituents, respec-
tively. The second point is that the ‘up’ pseudoequato-
rial orientation of the S=O(2) bond in the chelated
(—)-1d-TiCl, complex'® directs one of the apical Ti—Cl
substituents towards the C(7) atom, thus sterically rein-
forcing the n-facial shielding of both the Me(8) and C(3)
atoms and favouring an attack on the Ca-re face. In
contrast, in view of the fact that complexation with
the pseudoaxial S=O(2) substituent is energetically
unfavourable,' the (—)-1c-TiCly chelate, with its ‘down’
pseudoequatorial S=O(1) bond, orientates both the bot-
tom apical Ti—Cl atom and the Me(9) on the opposite
face to the C(3)-Me(8) moiety. As a consequence, both
n-faces are sterically hindered and could possibly
explain the poor and reverse selectivity, as well as the
lower reactivity of (—)-la as a bis-chelated entity in
the presence of an excess of TiCly. In the case of a
weaker or mnonchelating Lewis acid, coordination
to the more basic anti C=0 lone pair, anti-periplanar
to the (O)C—Ca bond, is sterically excluded by the
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Scheme 2. Reactive chelated or coordinated conformations with, for clarity, arbitrary numbering of the fenchane skeleton.

C(3)-Me, substituents of (—)-1a and 1c¢. In such a case,
as for the uncatalysed conditions, the syn-s-cis O=S=0
bisecting conformation, with a larger S-N-C=O0 dihe-
dral angle than the chelate itself,' could eventually be
more reactive than the thermodynamically more stable
anti-s-cis conformer, thus explaining the beneficial sta-
tistical effect of a higher temperature (Scheme 2).!

With these tentative rationalisations in mind, we then
extended the scope of the cycloaddition of (—)-1a to
cyclohexadiene 2b. Due to the lower reactivities of both
partners, it was necessary to adjust the reaction temper-
ature to 0 °C, in order to observe appreciable conver-
sions in CH,Cl,. Under these conditions, 1.0 mol equiv
of ZrCl, afforded the main cycloadduct (—)-(2R,3R)-3¢
with 56% conversion after 24 h or 74% conversion after
72 h and 82% de. Absolute configuration was based on
an X-ray structure analysis of the CC purified and then
crystallised material, rather than on the chiroptical
properties of the diol (2R,3R)-4b,'? while the diastereo-
selectivity and conversion were measured directly on the
cycloadduct by integration in the "H NMR spectrum of
the olefinic protons at 6.09 and 6.52 ppm, by analogy
with (—)-(2R,3R)-3d.® The minor (2S5,3S) stereoisomer
3¢ exhibits the corresponding signals at 6.20 and
6.52 ppm. This latter isomer was also obtained as the
main diastereoisomer (98% conversion, 17% de) when
the cycloaddition at 0 °C in CH,Cl, was performed in
the presence of 1.0 mol equiv of TiCly for 72 h.

The structural analysis of cycloadduct (—)-(2R,3R)-3c is
noteworthy. Although pyramidalised in the same man-
ner, the N atoms are even more planar than in the case
of (—)-1¢ (0.155(2) [A]") due to the strong steric require-
ment of the bicyclic [2.2.2] system, as expressed by either
their AAN values (see Table 3) or the sum of their substi-
tuent angles'? (357.55° and 358.55° as compared to

356.86°"). Both sultam units show typical SO,/C=0
anti-conformations,'* resulting from dipole/dipole
repulsions,'® while the S=O(2) substituents are even
more pseudoaxial than in the case of (—)-lc
(—101.73(12)° and —95.27(12)° as compared to
—105.50(16)°! for the C(2)-N-S=0(2) torsional angle).
This is also shown by the smaller five-membered ring
puckering parameters ¢, of 132.1° and 139.7°, as
opposed to 299.0° for the camphor derived N-crotonoyl
sultam (—)-1d,' which directs its S=O(2) substituent in
the pseudoequatorial direction.

3. Conclusion

Displacement of the gem-dimethyl moiety from the C(7)
to the C(3) position in (—)-1d and 1c results in at least
two main differences. Firstly, with respect to the thermo-
dynamically more stable anti-s-cis conformation, the
S0,/C=0 syn-s-cis conformer is four times higher in
energy for (—)-lc as compared to (—)-1d.! Secondly,
the S=O(1) substituent is orientated in the pseudoequa-
torial direction for (—)-1¢, while this position is occupied
by the S=0(2) moiety in the case of (—)-1d. Besides the
loss of masked C, symmetry, these features imply that
chelation of (—)-1c is effective only with a strong chelat-
ing Lewis acid, such as TiCly, while simple coordination
to the carbonyl group occurs in the presence of weaker
Lewis acids. As a result, the bottom apical CI atom of
the chelated (—)-1¢-TiCly complex is responsible for
the consequential Ca-re m-face shielding, while the top
apical Cl atom participates in the Ca-si n-face shielding
for the (—)-1d-TiCl, chelate.

The synthesis, as well as comparative structural, confor-
mational and inductive properties of sultam analogues
lacking geminal Me groups at both C(3) and C(7) are
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Table 3. Selected bond lengths [A] and angles [°] for (—)-(2R,3R)-3¢c

S=0(1) 1.4296(13)
S=0(2) 1.4333(12)
S-N 1.6907(13)
S-C(10) 1.7725(18)
N-C(2) 1.487(2)
N-C(11) 1.406(2)
0(3)=C(11) 1.2113(19)
C(11)-C(12) 1.513(2)
C(12)-C(12) 1.538(2)
C(14)-C(14") 1.384(3)
0O(1)=S=0(2) 117.67(8)
C(2)-N-S 112.69(10)
C(2)-N-C(11) 119.44(13)
S-N-C(11) 125.42(11)
0(3)=C(11)-N 118.39(15)
N-C(11)-C(12) 117.10(14)
0(3)=C(11)-C(12) 124.22(15)
C(2)-N-S=0(1) 127.27(12)
C(2)-N-S=0(2) —101.73(12)
C(3)-C(2)-N-S 126.05(13)
C(11)-N-S=0(1) —34.72(15)
0O(3)-C(11)-C(12)-C(12") 168.26(13)
S-N-C(11)=0(3) 161.10(12)
ARN 0.138(2)
Puckering parameters ¢, 0.381
S-N-C(2)-C(1)-C(10) ¢ 132.1

S'=0(1") 1.4273(13)
S'=0(2") 1.4354(12)
S'-N’ 1.6890(13)
S'-C(10") 1.7682(17)
N'-C(2) 1.4865(19)
N-C(11") 1.4133(19)
0(3")=C(11") 1.2118(19)
C(11")-C(12) 1.500(2)
C(15)-C(15") 1.479(3)
C(12")-C(13") 1.569(2)
0O(1)=S'=0(2) 117.19(8)
C(2')-N"-S’ 112.58(10)
C(2')-N'-C(11") 119.15(13)
S'-N'-C(11") 126.82(11)
0(3')=C(11")-N’ 117.88(14)
N'-C(11')-C(12) 117.37(14)
0(3")=C(11")-C(12) 124.70(14)
C(2')-N'-S'=0(1") 133.95(12)
C(2")-N'-S'=0(2') -95.27(12)
C(3)-C(2')-N'-S’ 120.76(13)
C(11")-N'-S'=0(1") —32.02(16)
O(3')-C(11")-C(12")-C(12) 169.31(14)
S'-N'-C(11'y=0(3") 169.68(12)
ARN’ 0.106(2)
Puckering parameters ¢, 0.402
S'-N'-C(2")-C(1")-C(10") ¢ 139.7

currently being studied in our laboratories. These results
should help us to determine if the pseudoaxial orienta-
tion of the S=0(2) in (—)-1c is due either to the absence
of the C(7)-Me(8) substituent or to the steric influence
of the Cao—H moiety, and whether or not an identical tilt-
ing of the N atom is maintained.'>

4. Experimental

General, see Ref. 16. All measurements of crystals were
performed on a KM4CCD k-axis diffractometer with
graphite-monochromated Mo K, radiation. The crystal
was positioned at 62 mm from the CCD camera. One
thousand and six hundred frames were measured at
0.75° intervals with a counting time of 18s. The data
were corrected for Lorentz and polarisation effects.
Empirical correction for absorption was applied.!” Data
reduction and analysis were carried out with the Oxford
Diffraction programs.'® The structure was solved by
direct methods'” and refined using sHELXL.?® The refine-
ment was based on F> for all reflections except those
with very negative F*. Weighted R factors wR and all
goodness-of-fit S values are based on F*. Conventional
R factors are based on F with F set to zero for negative
F?. The F? > 2¢(F?) criterion was used only for calcu-
lating R factors and is not relevant to the choice of
reflections for the refinement. The R factors based on
F? are about twice as large as those based on F. All
hydrogen atoms were located geometrically and posi-
tions and temperature factors of most of them were
refined. Scattering factors were taken from Tables
6.1.1.4 and 4.2.4.2 of Ref. 21. The known configurations
of the asymmetric centres were confirmed by the
Flack-parameter refinement.>> The Cremer and Pople
puckering parameters>> were calculated according to

the literature (Table 4).2* Crystallographic data (exclud-
ing structural factors) for structure (—)-(2R,3R)-3c
(Fig. 1) has been deposited as supplementary material

Table 4. Crystal data and structure refinement of compounds (—)-

Unit-gell dim.

(2R,3R)-3¢c
Empirical formula C30H4oN>06S,
Molecular weight 590.78
Temperature (K) 100(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2

alA] 6.7060(5), o = 90.0°
b[A] 17.3160(11), p = 104.376(6)°
c[A] 12.7582(9), 7 = 90.0°
Volume [A%] 1435.11(17)
Z 2
Density [Mg/m°] 1.367
Absorpt. coeff. [mm™!] 0.233
F(000) Electrons 632
Crystal size [mm] 0.30x0.17x0.12
0 Range for data [°] 2.87-28.80
Index ranges -9<h<8
-23< k<23
-17<1<17
Reflections collected 27514/6984
R(int) 0.0319
Refinement method Full-matrix least-squares on F>
Data/restraints/parameters 6984/1/518
Goodness-of-fit on F? 0.872
R(F) [I > 20(])] 0.0295
WR(F?) (all data) 0.0513
Abs. struct. parameter —0.04(4)
Extinction coefficient 0.0045(4)
Largest peak and holes [eA’3] 0.271, —0.266
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Figure 1. ORTEP representation of (—)-(2R,3R)-3c with arbitrary atom numbering. Ellipsoids are represented at the 50% probability level.

with the Cambridge Crystallographic Data Centre and
allocated the deposition number CCDC 294630. Copies
of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EW, UK
(fax: int. code + (1223)336-033; e-mail: deposit@ccdc.
cam.ac.uk).

4.1. (2R,3R)-Bicyclo]2.2.1]hept-5-ene-2,3-diyl]bis[(3a.S,
6S,7aR)-1,4,5,6,7,7a-hexahydro-7,7-dimethyl-2,2-diox-
ido-3H-3a,6-methano-2,1-benzothiazol-1-yljmethanone]
(-)-(2R,3R)-3a

The appropriate Lewis acid (1 M in CH,Cl,, 100 pl,
0.1 mmol) was added to a soln of (—)-la (51 mg,
0.1 mmol) in CH,Cl, (2ml), then the mixture was
cooled to —78 °C and cyclopentadiene (83 pl, 1.0 mmol)
was added slowly along the wall of the flask. After 24 h
at —78 °C, the reaction mixture was quenched with
NH F and warmed to 20 °C. After the addition of
H,O, the mixture was extracted with CH,Cl,. The
organic phase was dried over MgSO, and concentrated.
Both conversion and de were measured by integration of
the olefinic protons by means of '"H NMR analysis. A
pure oily material was obtained after purification by
CC (SiO,, from toluene to toluene/AcOEt 95:5). For full
analyses see Ref. 1.

4.2. (2R,3R)-Bicyclo|2.2.2]oct-5-ene-2,3-diyl]bis[(3aS5,
6S,7aR)-1,4,5,6,7,7a-hexahydro-7,7-dimethyl-2,2-diox-
ido-3H-3a,6-methano-2,1-benzothiazol-1-yljmethanone]
(-)-2R,3R)-3¢c

A soln of (—)-1a (51 mg, 0.1 mmol) in CH,Cl, (2 ml)
was added to ZrCly (23.3 mg, 0.1 mmol) at 0 °C, after
which cyclohexadiene (95 pul, 1.0 mmol) was added drop-
wise. After 72h at 0°C, the reaction mixture was
quenched with NH4F and equilibrated to 20 °C. After
the addition of H,O, the mixture was extracted with
CH,Cl,. The organic phase was dried over MgSO,
and concentrated. Both conversion (74%) and de

(82%) were measured by integration of the olefinic pro-
tons by means of "H NMR analysis. Pure crystalline
material was obtained after purification by CC (SiO,,
with hexane/AcOEt 9:1-7:3) in 60% yield. Ry = 0.4 hex-
ane/AcOEt 6:4. Mp: 280-290 °C (decomposition).
[oc]g):—88.7 (¢ 0.5, CHCl3). IR: 2951, 2875, 1692,
1633, 1330, 1221, 1166, 1146, 1123, 1085, 1044, 1026,
545. "H NMR: 0.89 (s, 3H), 0.92 (s, 3H), 1.20 (s, 3H),
1.26 (s, 3H), 1.3-1.9 (m, 16H), 2.43 (d, J =10, 2H),
3.10 (br s, 1H), 3.18 (br s, 1H), 3.35 (d, J =13, 2H),
3.44 (dd, J=13, 5, 2H), 3.54 (s, 1H), 3.62 (s, 1H),
4.13 (br s, 1H), 4.22 (d, J=5, 1H), 6.09 (t, J= 75
1H), 6.53 (t, J=7.5, 1H). 13C NMR: 19.25 (1), 22.6
(q), 22.9 (q), 23.7 (2t), 25.0 (q), 25.1 (g), 25.9 (t), 32.2
(1), 32.45 (t), 33.55 (d), 34.8 (d), 39.4 (2t), 45.0 (s), 45.1
(s), 45.25 (d), 45.8 (s), 45.9 (s), 46.3 (d), 49.05 (d), 49.1
(d), 54.4 (1), 54.5 (1), 74.1 (d), 74.4 (d), 131.5 (d), 134.9
(d), 173.2 (S), 174.2 (S) THR-MS calcd for C30H42N206-
NaS, 613.2383, found 613.2364.

4.3. (2S5,35)-Bicyclo|2.2.2]oct-5-ene-2,3-diyl]bis[(3a.S,
6S,7aR)-1,4,5,6,7,7a-hexahydro-7,7-dimethyl-2,2-diox-
ido-3 H-3a,6-methano-2,1-benzothiazol-1-yljmethanone]
(—)-(25,35)-3¢

TiCly (1 M in CH»Cl,, 100 pl, 0.1 mmol) was added to a
soln of (—)-1a (51 mg, 0.1 mmol) in CH,Cl, (2 ml) after
which the mixture was cooled to —78 °C and cyclohexa-
diene (100 pl, 1.0 mmol) added slowly along the wall
of the flask. After 72 h at —78 °C, the reaction mixture
was quenched with NH4F and equilibrated to 20 °C.
After addition of H,O, the mixture was extracted with
CH,Cl,. The organic phase was dried over MgSO,
and concentrated. Both conversion and de were mea-
sured by integration of the olefinic protons by means
of '"H NMR analysis. Pure crystalline material was
obtained after purification by CC (SiO,, hexane/AcOEt
9:1-7:3). Ry=0.59 hexane/AcOEt 6:4. [o]}y = —4.5 (c

0.6, CHCIl;). IR: 2951, 2875, 1692, 1633, 1330, 1221,
1166, 1146, 1123, 1085, 1044, 1026, 545. '"H NMR:
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0.85 (s, 3H), 0.92 (s, 3H), 1.24 (s, 3H), 1.31 (s, 3H), 1.2-
2.0 (m, 16H), 2.30 (t, J = 10, 2H), 3.0 (br s, 1 H), 3.07 (br
d,J =5, 1H),3.23 (d, J = 5.5, [H), 3.41 (m, 3H), 3.49 (s,
2H), 3.54 (m, 2H), 6.20 (t, J=7, 1H), 6.54 (t, J=1,
1H). 3C NMR: 17.8 (1), 22.8 (2q), 23.6 (1), 23.7 (1),
25.0 (q), 25.0 (1), 25.1 (q), 32.3 (1), 32.4 (d), 32.45 (1),
33.3 (d), 39.3 (21), 45.0 (s), 45.1 (5), 45.9 (s), 45.95 (s),
48.0 (d), 49.1 (d), 49.15 (d), 50.9 (d), 54.55 (), 54.7 (1),
74.6 (d), 74.7 (d), 131.55 (d), 134.8 (d), 172.7 (s), 174.4
(S). IHR-MS: calcd for C30H42N206N3S2 6132383,
found 613.2389.
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