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Abstract—Preparation of some novel spiro-oxazolidines related to 3, which is known to posses anorectic and antidepressant activity, via 1,3-
APT–1,3-DC cascades of the oxime of benzobicyclo[3.3.1]non-5-en-9-one 1 is described. Substrate 1 allows the influence of the two bridges
on the cascade to be assessed with respect to the configuration of the nitrone that is generated and the facial selectivity of the subsequent
cycloaddition.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

We have recently reported a range of electrophile induced
oxime!nitrone!cycloaddition cascades reactions furnish-
ing nitrones and their cycloadducts in good to excellent
yields1 – 4 and have previously shown that oximes react with
electron deficient alkenes to generate nitrones via a
concerted process designated a 1,3-azaprotio cyclotransfer
reaction (1,3-APT)5 (Scheme 1). The resultant nitrones can
be trapped in 1,3-DC reactions with either activated or non-
activated dipolarophiles. The cascade has four broad
synthetic variants (Table 1) and examples of all four
variants have been developed.6,7

We now report a study of the Class 1 and Class 2 1,3-APT–
1,3-DC cascades of the oxime 2 of benzobicyclo[3.3.1]non-
5-en-9-one 1. This substrate allows the influence of the two

bridges on the cascade to be assessed with respect to the
configuration of the nitrone that is generated and the facial
selectivity of the subsequent cycloaddition. Benzobicyclo-
nonenone 18 has been utilized as a precursor to amines of
type 3 which show anorectic and antidepressant activity.9,10

A series of bifunctional 4, 5 and monofunctional 6, 7
compounds have been evaluated as azaprotiophile and
dipolarophile components in reactions with 2 (Fig. 1).
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Table 1.

Class Nitrone formation Cycloaddition

1 Intermolecular Intermolecular
2 Intermolecular Intermolecular
3 Intermolecular Intermolecular
4 Intermolecular Intermolecular

Scheme 1.

* Corresponding author. Tel.: þ44-1-133-436501; fax: þ44-1-133-436530; e-mail: r.grigg@chemistry.leeds.ac.uk

Keywords: oxime; nitrone; 1,3-dipolar cycloaddition; 1,3-azaprotio cyclotransfer; spiro-oxazolidines; benzobicyclo; anorectic and antidepressant.



2. Results and discussion

2.1. Class I processes: intermolecular nitrone
formation—intermolecular cycloaddition

2.1.1. Phenyl vinyl sulphone as azaprotiophile/dipolaro-
phile. Oxime 2 was prepared by conventional methods (see
Section 4) and found to comprise a 1:1 mixture of E/Z-
isomers. Reaction (toluene, 1108C, 26 h) of oxime 2 with
phenyl vinyl sulphone (2 equiv.) furnished cycloadducts 10
and 11 as a 1:1 mixture in 83% yield (Scheme 2). Careful
column chromatography on silica allowed the separation of
the two isomers. The stereochemistry of 10 and 11 was
assigned on the basis of n.O.e data (for data sets see Section
4), 2D-COSY studies and molecular modelling. Thus, in the
case of 10, irradiation of H-10 effected enhancement of the

signal for H-3 (12%) and irradiation of H-3 effected
enhancement of the signal for H-10 (8%). Irradiation of
the H-4 methylene protons effected enhancement of the
signal for H-7 (6%) and (CHvCH) (4%). In the case of 11,
irradiation of H-3 effected enhancement of the signals for
H-6 (6%), irradiation of H-6 effected enhancement of the
signal for H-3 (8%) and irradiation of H-7 effected
enhancement of the signal for the Ha methylene protons
(7%). This latter n.O.e is diagnostic for cycloaddition anti to
the propenyl bridge. AM1 calculations show that the two
possible nitrones 8 (R¼(CH2)2SO2Ph, Hf¼23.24
kcal mol21) and 9 (R¼(CH2)2SO2Ph, Hf¼23.51
kcal mol21) have almost identical energies. These results
suggest that cycloadducts 10 and 11 arise from two different
nitrones. Product 10 arises from E-nitrone 8 via endo-
cycloaddition syn to the propenyl bridge whilst 11 arises

Figure 1.

Scheme 2.
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from Z-nitrone 9 via endo-cycloaddition anti to the propenyl
bridge. The assignments of H-6 and H-10 are based on 2D-
COSY and n.O.e data (see Section 4).

2.1.2. Chemoselective 1:1:1 adducts. Our attention next
turned to examination of the possibilities for chemoselective
formation of 1:1:1 adducts of oxime 2. The key to success in
this field lies in identifying two substrates, one of which will
function as a good azaprotiophile and a relatively poor
dipolarophile, and a second, which will be a reactive
dipolarophile and a relatively poor azaprotiophile. In this
instance we selected phenyl vinyl sulphone as the
azaprotiophile and N-methylmaleimide (NMM) as the
dipolarophile. When oxime 2 was reacted (toluene, 1108C,
22 h) with phenyl vinyl sulphone (1 mol equiv.) and NMM
(1 mol equiv.) it afforded a 1:1 mixture of cycloadducts 12c
and 12d (R¼(CH2)2SO2Ph) (Fig. 2). The stereochemical
assignments of 12c and 12d (R¼(CH2)2SO2Ph) followed
from inspection of their 1H NMR spectra, 2D-COSY
studies, n.O.e. data (for data sets see Section 4), molecular
modelling and an X-ray crystal structure of 12c (R¼(CH2)2-
SO2Ph) (Fig. 3). Thus in the case of 12d, irradiation of Hb-
effected enhancement of the signal for H-10 (6%),
irradiation of H-10 effected enhancement of the signals
for Hb (6%) and Ha (7%) and irradiation of H-7 effected
enhancement of the signal for Hb (6%). If, as we believe two

nitrones are involved, several mechanistic scenarios can be
postulated, and semi-empirical energy calculations have
been used to probe these possibilities. Cycloaddition to each
nitrone could occur syn or anti to the propenyl bridge via
endo or exo transition states giving a total of four
stereoisomeric cycloadducts 12a–d (Fig. 2) (Table 2)
each of which could arise solely from nitrone 8 or nitrone 9.

2.2. Mechanism and semi-empirical calculations for
Class I processes

The calculated heats of formation of 8 (R¼(CH2)2SO2Ph,
Hf¼23.24 kcal mol21) and 9 (R¼(CH2)2SO2Ph, Hf¼23.51
kcal mol21) together with their corresponding APT tran-
sition states and subsequent activation energies (2!8,
DH¼35.21 kcal mol21, 2!9, DH¼35.11 kcal mol21) indi-
cate that there are no significant energy differences in the
1,3-APT transition states leading to E-8 and Z-9. Addition-
ally, an estimate of the ease of dipole interconversion via
rotation about the CvN bond indicates this to be a relatively
high energy process (8!9, R¼(CH2)2SO2Ph, DH¼49.05
kcal mol21, 9!8, R¼(CH2)2SO2Ph, DH¼48.78
kcal mol21).

The cycloaddition preferences for dipoles 8 and 9 with
N-methylmaleimide were also probed using semi-empirical
calculations. To simplify the calculations, and in particular
to reduce the conformational flexibility associated with the
N-ethyl sulphone moiety, these calculations were performed

Figure 2.

Figure 3. X-Ray crystal structure of 12c.

Table 2. Cycloadducts resulting from the various modes of cycloaddition

Dipole Attack
syn- to

propenyl
bridge

endo-t.s.

Attack
syn- to

propenyl
bridge
exo-t.s.

Attack
anti- to

propenyl
bridge

endo-t.s.

Attack
anti- to

propenyl
bridge
exo-t.s.

8 12d 12b 12a 12c
9 12b 12d 12c 12a
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on the N-methyl analogues (8 and 9, R¼Me). The heats of
formation of these together with those of all possible
transition states TS1–TS8 leading to the corresponding
cycloadducts (12a–d, R¼Me) are summarised above
(Scheme 3 and Table 3). Additionally, the corresponding
activation energies for the various cycloadditions are
summarised in Table 4.

These data indicate that, as in the case for the N-
(phenylsulphonyl)ethyl dipoles, the N-methyl systems 8
and 9 (R¼Me) also have essentially identical heats of

formation (Table 3). Inspection of the data in Table 4
reveals that, in keeping with our experimental observations,
out of the four possible stereoisomeric cycloadducts, 12c
and 12d are clearly favoured by up to 8 kcal mol21

compared to the other possible cycloadducts. It would also
appear that each of these preferred cycloadducts is derived
from a particular dipole, 12c being produced exclusively via
cycloaddition of dipole 9 (R¼Me), whilst 12d results from
dipole 8 (R¼Me). Detailed inspection of the geometries
corresponding to each of the transition states TS1–TS8
reveals the origins of these stereochemical preferences. All
cases involving an exo approach of the dipolarophile are
particularly disfavoured (TS2, TS3, TS5 and TS8).
Inspection of the bond lengths for the partially formed
single bonds (C5–C4, and O1–C3, Table 3) for each of these
transition structures reveals them to be particularly long. For
the cases of TS5 and TS8, the forming bond between C5 and
C4 appears to be particularly weak as underlined by the very
low imaginary vibrational frequencies within these tran-
sition states (Table 3). All of these exo transition structures
involve unfavourable steric interactions between either H10

or H11 on the dipole and the imide carbonyl and nitrogen
atoms from the dipolarophile as the reaction enters into the
transition state. Transition state TS1, appears disfavoured
due to a severe steric clash involving Hb and one of the H11

hydrogens which are at a distance of 2.0 Å. Similarly, TS6
is also disfavoured largely due to the close proximity of Hb

and one of the H7 hydrogens (2.0 Å).

Table 3. Calculated heats of formation for hypothetical N-methyl 1,3-
dipoles and their cycloaddition transition states

Structure (R¼Me) Hf
a ni

b C5–C4
c O1–C3

c

8 55.41 – – –
9 55.46 – – –
TS1 50.37 2563.89 2.30 1.92
TS2 55.55 2569.00 2.41 1.89
TS3 53.52 2565.38 2.41 1.87
TS4 49.54 2556.71 2.31 1.91
TS5 54.40 2120.91 2.77 1.54
TS6 46.81 2555.48 2.33 1.90
TS7 46.34 2554.46 2.33 1.90
TS8 53.53 2117.36 2.78 1.54

a Heats of formation in kcal mol21, obtained using AM1 Hamiltonian after
full geometry optimisation.

b All transition structures were characterized by observing them to have a
single negative vibrational frequency corresponding to the reaction
coordinate following a normal mode analysis (expressed in cm21).

c Bond length in angstroms.

Table 4. Calculated cycloaddition activation energies for hypothetical N-
methyl 1,3-dipoles

Conversion of 8 and 9 (R¼Me) Transition state DHa

8!12a TS1 23.84
9!12a TS2 28.97
8!12b TS3 26.99
9!12b TS4 22.96
8!12c TS5 27.87
9!12c TS6 20.23
8!12d TS7 19.81
9!12d TS8 26.95

a Energies in kcal mol21. This energy is the difference between the sum of
the heats of formation of dipoleþNMM (Hf¼228.88 kcal mol21) and the
heat of formation of the corresponding transition state.

Scheme 3.

Figure 4. X-Ray crystal structure of 15a.
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2.3. Class II processes: intermolecular nitrone
formation—intramolecular cycloaddition

2.3.1. Divinyl sulphone as a bifunctional azaprotiophile/
dipolarophile. The 1,3-APT reaction (toluene, 1108C, 24 h)
of the benzobicyclononenone oxime 2 with divinyl
sulphone as a bifunctional azaprotiophile/dipolarophile
furnishes a 1:3 mixture of cycloadducts 15a and 15b in
87% combined yield. The structures of both 15a and 15b
were unequivocally determined by X-ray crystallography
(Figs. 4 and 5). Clearly, as in the case for dipole formation in
the Class I processes discussed above, in principle two types

of dipoles, 13 and 14 possessing either E- or Z-geometry,
can be involved. However, cycloadducts 15a and 15b
result exclusively from syn- and anti-cycloadditions
within the E-dipole (structures 13a and 13b) only. We
have used semi-empirical calculations to probe the stereo-
and regiochemical preferences of this cascade and discuss
the mechanistic implications of these studies below
(Scheme 4).

2.3.2. Divinyl ketone as a bifunctional azaprotiophile/
dipolarophile.11 An analogous reaction (toluene, 1108C,
28 h) between 2 and divinyl ketone gave a 1:1 mixture
(78%) of 18 and 19. Stereochemical assignments for 18 and
19 are based on by 1H n.O.e and 2D-COSY spectral analysis
and by correlation with the products from the corresponding
reaction between oxime 2 and divinyl sulphone in which
stereochemistry was unequivocally assigned by X-ray
crystallography. Irradiation of the H-8 in 18 resulted in
enhancement in both H-5 and the peri-aromatic hydrogen (8
and 10%, respectively) The X-ray crystal structure of 19
was also determined (Fig. 6, Scheme 5).

2.4. Mechanism and semi-empirical calculations for
Class II processes

In order to explore the mechanistic details of the
intramolecular cycloadditions, we have applied semi-
empirical calculations to both the divinyl sulphone and
divinyl ketone based reactions, respectively (Scheme 6). For

Figure 5. X-Ray crystal structure of 15b.

Scheme 4.
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the divinyl sulphone-derived systems, as found for the
intermolecular cycloadditions described above, the heats of
formation for the E- and Z-dipoles and their corresponding
APT transition states were found to be essentially the same
and the APT process is predicted to generate both types of
dipole geometry. In principle, each dipole can undergo
cycloaddition involving four distinct geometries depending
on the regiochemistry—here denoted as either distal (where
the a-carbon within the dipolarophile containing the
intramolecular link, bonds to the oxygen of the nitrone),
or proximal (where the b-carbon of the dipolarophile bonds
to the oxygen of the nitrone) (Scheme 6), and stereo-
chemistry of the cycloaddition (with cycloaddition occur-
ring either syn or anti to the bridging olefin). The structures
of all eight possible transition states TS9–TS16 together
with their corresponding activation energies (Ea) have been
calculated and are summarised in Scheme 3. These data
reveal that the activation energies leading to the four
transition states involving the proximal regiochemistry,
TS11, TS12, TS15 and TS16 are markedly lower in energy
than the four displaying the alternative distal arrangement
TS9, TS10, TS13 and TS14. This would appear to reflect
the better alignment of electronic dipoles originating from

the carbonyl and nitrone moieties in the proximal arrange-
ment. Moreover, the distal regiochemistry places one of the
H-2 hydrogens and the H-8 hydrogen in very close
proximity (less than 1.9 Å) in all four distal transition
structures TS9, TS10, TS13 and TS14 (TS9 shown in
Figure 7). Additionally, within the four favoured proximal
arrangements, the calculations reveal a clear preference for
transition structure TS12 (Ea¼16.58 kcal mol21) corre-
sponding to a syn-cycloaddition in the E-nitrone. This
prediction is in keeping with our experimental observations
where the major product 15b results exclusively from TS12.
However, reaction involving TS16 is predicted to be only
slightly less favourable (Ea¼17.90 kcal mol21), with the
activation energies of the remaining proximal transition
states (TS11 and TS15) less favourable still but similar to
each other (21.39 and 20.88 kcal mol21, respectively).
These data would, therefore, predict the formation of lesser
amounts of the adduct from cycloaddition involving TS16
and perhaps also from TS11 and TS15. Although only
adduct 15a, resulting from reaction involving TS11, was
isolated as the minor product (via crystallisation) from the
divinyl sulphone cascade, it is plausible that small amounts
of proximal adducts resulting from TS15 and TS16 were
present in the reaction mixture. Calculations on the
analogous transition states (TS17–TS24) from the divinyl
ketone-based reactions reveal a very similar trend with the
activation energies for reactions involving proximal regio-
chemistry (TS19, TS20, TS23 and TS24) being substan-
tially lower than those for the distal arrangement (TS17,
TS18, TS21 and TS22). Additionally, reactions involving
TS20 (Ea¼26.99 kcal mol21, leading to adduct 18) and
TS24 (Ea¼27.35 kcal mol21, leading to adduct 19) have the
lowest calculated activation energies, in keeping with our
experimental results. However, those of the remaining
proximal transition structures TS19 (Ea¼29.43 kcal mol21)
and TS23 (Ea¼28.62 kcal mol21) are only marginally
higher and might be expected to give rise to small amounts
of the corresponding cycloadducts. Although we cannot rule
out the presence of these products in the reaction mixture, it
is also possible that these data serve to underline the caution
needed when comparing energetically similar calculated
activation energies derived from semi-empirical methods
with observed product distributions.

2.4.1. Bioactivity. Compounds 12a, 12b, 15a and 15b, have
been assayed in CNS screens for antipsychotic activity
against Spiperone binding inhibition of D2 and D3
dopamine receptors. The compounds were inactive com-
pared to the standards Clozapine and Org5222 (70 and 86%,
1 mM and 10 nM, respectively). They showed antifungal
activity at 62.5 mg/mL when tested against Aspergillus
fumigatus. Compounds 15a 15b, 10, 11, 12a, were inactive
when tested against the following: fungi: ERYSGT (wheat
powdery mildew), PUCCRT (wheat brown rust), weeds:
POAAN (annual meadow grass), insects: DROSME (fruit
fly), HELVI (tobacco budworm).

3. Conclusions

We have shown that a series of novel spiro-oxazolidines
is readily available via a 1,3-APT–1,3-DC cascade of
the oxime of benzobicyclo[3.3.1]non-5-en-9-one. Both

Figure 6. X-Ray crystal structure of (19) showing the chair conformation of
the N(1)–C(7)–C(8)–C(5)–C(4)–C(8) ring.

Scheme 5.
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inter- and intramolecular cycloadditions have been utilised
as part of this cascade and the stereoselectivities have been
rationalised using semi-empirical calculations. The stereo-
chemical outcome of these reactions originates from a
combination of steric and electronic effects in the
cycloaddition transition states. Class I cascades involving
intermolecular nitrone formation followed by intermolecu-
lar cycloaddition, exhibit no selectivity between formation
of the E- and Z-nitrones. The two nitrones react with high
endo stereoselectivity via either an anti (in the case of the
E-nitrone)- or syn (in the case of the Z-nitrone) approach of
the dipolarophile with respect to the propenyl bridge within
the bicyclic framework. The observed stereoselectivities for
the Class I processes appear to be the result of a number of

Scheme 6.

Figure 7.
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distinct steric clashes within the calculated transition
structures. In Class II cascades involving intermolecular
nitrone formation followed by intramolecular cycloaddition
the nature of the tether exerts a powerful effect on the
cycloaddition process favouring the proximal regio-
chemistry. This appears to result from the favourable
alignment of electronic dipoles from dipole and dipolaro-
phile, respectively, and also from unfavourable steric
interactions in the distal regioisomeric arrangement. In the
case of divinyl sulphone the ‘tether effect’ results in the
products arising only from the E dipole.

4. Experimental

4.1. General

Nuclear magnetic resonance spectra and decoupling experi-
ments were determined at 300 MHz on a QE 300 instrument
and at 400 MHz on a Bruker AM 400 spectrometer as
specified. Chemical shifts are given in parts per million (d)
downfield from tetramethylsilane as internal standard.
Spectra were determined in deuteriochloroform except
where otherwise stated. The following abbreviations are
used; s¼singlet, d¼doublet, t¼triplet, q¼quartet, m¼
multiplet, br¼broad and brs¼broad singlet. Flash column
chromatography was performed using silica gel 60 (230–
400 mesh). Column chromatography employed silica gel
GF254 (Merck 7730). Petroleum ether refers the fraction
with bp 40–608C unless otherwise specified. Melting points
were determined on a Kofler hot stage apparatus and are
uncorrected. Microanalyses were obtained using a Carlo-
Erba Model 1106 instrument. Mass spectra were recorded at
70 eV on a VG Autospec mass spectrometer.

4.1.1. Benzobicyclonenone oxime 2. A solution of ketone 1
(1.5 g, 8.15 mmol) in acetonitrile (25 mL) and water
(15 mL) was treated with hydroxylamine hydrochloride
(0.62 g, 8.96 mmol), and sodium acetate (0.8 g, 9.78 mmol)
at room temperature overnight. The mixture was then
extracted with chloroform (2£50 mL), the combined
organic extracts dried (MgSO4) filtered and the solvent
removed in vacuo to afford a pale yellow solid. Column
chromatography, eluting with 4:1 v/v diethyl ether–
petroleum ether afforded the product (1.33 g, 83%) as a
1:1 mixture of E/Z-isomers as colourless prisms, mp 132–
1348C. Found: C, 78.25; H, 6.60; N, 6.95. C13H13NO
requires: C, 78.35; H, 6.60; N, 7.05%; d(300 MHz): 10.22–
9.98 (br, 1H, OH), 7.40–7.00 (m, 4H, ArH), 5.64 (m, 2H,

CHvCH), 4.62 and 4.21 (2£brs, 1H, CH–CvN) and 3.51–
2.02 (m, 4H); m/z(%): 199 (Mþ, 100), 182 (73), 167 (58),
141 (26),128 (85) and 77 (22).

4.1.2. Cycloadducts 10 and 11. A solution of oxime 2
(0.5 g, 2.5 mmol) and phenyl vinyl sulphone (0.84 g,
5.2 mmol) in toluene (40 mL) was stirred under N2, and
held at reflux for 26 h. After cooling the solvent was
removed in vacuo and the residue subjected to column
chromatography eluting with 3:1 v/v ether–petroleum ether
to afford the product (1.12 g, 83%) as a colourless solid
comprising a 1:1 mixture of stereoisomers that were
separated by column chromatography eluting with 4:1 v/v
EtOAc–hexane.

Compound 10. Crystallised from hexane–DCM as colour-
less plates, mp 190–1928C. Found: C, 64.30; H, 5.15; N,
2.60; S, 11.75. C29H29NO5S2·0.25H2O requires: C, 64.45;
H, 5.35; N, 2.60; S, 11.85%; d(400 MHz.): 7.83–6.96 (m,
14H, ArH), 5.65–5.61 (2m, 2H, CHvCH), 5.00 (t, 1H,
J¼8.5 Hz, H-3), 3.51 (m, 1H, NCH2S), 3.35 (m, 1H,
NCH2S), 3.12 (dd, 1H, J¼16.50, 5.8 Hz, H-11), 2.95 (d, 1H,
J¼6.00 Hz, H-6), 2.93 (m, 1H, NCH2S), 2.75 (m, 2H, H-4
and H-40), 2.58 (d, 1H, J¼16.5 Hz, H-7), 2.48 (d, 1H,
J¼16.5 Hz, H-110), 2.35 (m, 1H, H-10) and 2.2 (dd, 1H,
J¼18.1, 4.4 Hz, H-70). m/z(%) (FAB): 536 (Mþ1, 92), 394
(92), 352 (13), 238 (9), 181 (15), 167 (100) and 141 (30).

n.O.e. Data. Table 5.

Compound 11. Crystallised from hexane–DCM as colour-
less plates, mp 179–1818C. Found: C, 63.1; H, 5.4; N, 2.4
C29H29NO5S2·H2O requires: C, 62.9H, 5.45; N, 2.5%; d
(400 MHz.): 7.00–7.96 (m, 14H, ArH), 5.55 (2£m, 2H,
CHvCH), 4.95 (t, 1H, J¼8.0 Hz, H-3), 3.55 (m, 3H,
NCH2S), 3.25 (m, 1H, NCH2S), 3.00 (dd, 1H, J¼17.0,
5.5 Hz, H-11), 2.89 (d, 1H, J¼17.2 Hz, H-110), 2.80 (d, 1H,
J¼5.5 Hz, H-6), 2.7–2.6 (m, 2H, H-4 and H-7), 2.55 (m,
1H, H-10), 2.4 (dd, 1H, J¼13.5, 7.5 Hz, H-40) and 1.85 (dd,
1H, J¼18.0, 4.3 Hz, H-70); m/z(%) (FAB): 536 (Mþ1, 84),
394 (69), 167 (60), 149 (37), 109 (26), 95 (45), 81 (62) and
69 (100).

Table 5.

Enhancement (%)

H-3 H-4þH-40 H-6 H-70 CHvCH H-10 ArH NCH0 H-110

Signal irradiated H-3 5.8 7.9 6.9
H-4þH-40 15.8 2.4 6.3 3.9 3.3 6.2
H-6 3.0 4.4 12.1 5.2
H-7 3.3 5.5 26.0 7.3
CHvCH 2.5 7.4
H-10 11.8 2.0 6.0 11.2
NCH 3.9 25.1
H-11 8.8 10.2 27.7
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n.O.e. Data. Table 6.

4.1.3. Cycloadducts 12c and 12d. A solution of oxime 2
(0.5 g, 2.5 mmol), phenyl vinyl sulphone (0.42 g,
2.51 mmol) and N-methylmaleimide (0.28 g, 2.51 mmol)
in toluene (40 mL) was stirred under N2, and held at reflux
for 24 h. After cooling the solvent was removed in vacuo
and the residue subjected to column chromatography eluting
with 3:1 v/v ether–petroleum ether. The product (1.01 g,
84%) was obtained as a colourless solid that comprised a 1:1
mixture of stereoisomers. The mixture was separated by
further careful column chromatography eluting with 4:1 v/v
EtOAc–hexane.

Compound 12c. Crystallised from hexane–DCM as colour-
less plates, mp 209–2118C. Found: C, 64.35; H, 5.45; N,
5.60 C26H26N2O5S·0.5H2O requires: C, 64.05; H, 5.55; N,
5.75%; d(400 MHz.): 7.9–7.00 (m, 9H, ArH), 5.62–5.53
(br, d, 2H, CHvCH), 4.70 (d, 1H, J¼7.50 Hz, Ha), 4.11–
4.06 (dd, 1H, J¼5.0, 17.5 Hz, H-110), 3.50 (m, 1H, NCH2S),
3.35 (m, 1H, NCH2S), 3.30 (d, 1H, J¼7.4 Hz, Hb), 3.27 (m,
1H, NCH2S), 2.90 (m, 1H, H-11), 2.78 (s, 3H, NMe), 2.8–
2.6 (m, 4H, NCH2S, H-10, H-70, H-6) and 1.85 (br, d, 1H, H-
7); m/z(%): 478 (Mþ, 3), 394 (4), 351 (3), 182 (39), 167
(46), 125 (91), 77 (100) and 51 (55).

Compound 12d. Crystallised from hexane–DCM as colour-
less plates, mp 215–2178C. Found: C, 65.20; H, 5.40; N,
5.85; S, 6.70. C26H26N2O5S requires: C, 65.25; H, 5.5; N,
5.85; S, 6.7%; d(400 MHz.): 7.88–6.98 (m, 9H, ArH), 5.7
(br, 2H, CHvCH), 4.20 (d, 1H, J¼7.50 Hz, Ha), 3.68 (d,
1H, J¼7.5 Hz, Hb), 3.58 (dd, 1H, J¼5.5, 18.5 Hz, H-7),
3.3–3.2 (m, 2H, H-6, H-110), 3.24 (m, 1H, NCH2S), 3.00–
2.90 (m, 2H, NCH2S), 2.88 (s, 3H, NMe), 2.75 (m, 1H,
NCH2S), 2.45 (m, 1H, H-10), 2.50 (m, 2H, H-11, Hc) and
2.20 (d, 1H, J¼18.5 Hz, H-70); m/z(%) (FAB): 479 (Mþ1,
100), 368 (8), 337 (12), 309 (24), 182 (5) and 77 (9).

n.O.e. Data. Table 7.

4.1.4. Cycloadducts 15a and 15b. A solution of oxime 2
(0.5 g, 2.5 mmol), and divinyl sulphone (0.3 g, 2.5 mmol) in
toluene (40 mL) was stirred under N2, and held at reflux for
24 h. After cooling the solvent was removed in vacuo. The

Table 6.

Enhancement (%)

H-3 H-4 H-40 H-6 H-70 H-70 CHvCH H-10 H-110 SCH SCH0 ArH

H-3 6.8 6.1
H-4 2.8 6.1
H-40 14.7 20.0
H-6 8.3 10.2
H-7 9.8 9.7
H-70 24.0 8.4 6.3
CHvCH 3.9
H-11 4.4 11.5
SCH 8.3
SCH0 23.13

Table 7.

Enhancement (%)

Ha Hb H-10 H-60 H-70 H-110 ArH CHvCH

Signal irradiated Ha 9.8 6.4
Hb 13.6 5.8 10.5
H-10 7.2 5.6 15.9 9.9
H-6 8.5 12.9
H-7 5.5 11.8 37.0 4.6
H-11 30.0 7.3
CHvCH 25.7 31.5
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1H NMR spectrum of the residue showed it to comprise a
1:3 mixture of 15a and 15b. The residue was subjected to
column chromatography eluting with 4:1 v/v ether
petroleum ether to afford 15a and 15b as colourless solids
in 87% combined yield.

Cycloadduct 15b. The product (65%) crystallised from
petroleum ether–DCM as colourless prisms, mp 226–
2288C. Found: C, 64.00; H, 5.90; N, 4.25; S, 9.95.
C17H19NO3S requires: C, 64.30; H, 6.00; N, 4.40; S,
10.10%; d(400 MHz): 7.25–7.10 (m, 4H, ArH), 5.7 (br, 2H,
CHvCH), 4.62 (d, 1H, J¼10.1 Hz, H-6), 4.37 (dd, 1H,
J¼6.1, 10.1 Hz, H-60), 3.83 (t, 1H, J¼2.8 Hz, H-12), 3.78
(dd, 1H, J¼6.0, 2.1 Hz, H-5), 3.35 (m, 4H, H-2, H-20, H-3,
H-30), 3.1 (m, 2H, H-11 and H-130), 2.60 (m, 2H, H-8 and
H-13) and 2.28 (m, 1H, H-110); m/z(%): 318 (Mþ1, 100),
300 (35), 252 (5), 222 (11), 208 (10), 167 (14) and 115 (8).

Cycloadduct 15a. The product (22%) crystallised from
petroleum ether–dichloromethane as colourless prisms, mp
213–2158C. Found: C, 64.45; H, 5.75; N, 4.40; S, 9.90.
C17H19NO3S requires: C, 64.30; H, 6.00; N, 4.40; S, 10.1%;
d(400 MHz): 7.35–7.15 (m, 4H, ArH), 5.71 (brs, 2H,
CHvCH), 4.61 (d, 1H, J¼10.1 Hz, H-6), 4.4 (dd, 1H,
J¼6.0, 10.0 Hz, H-60), 4.21 (d, 1H, J¼3.0 Hz, H-5), 3.78
(m, 2H, H-12H-130), 3.4 (m, 2H, H-2, H-3), 3.1–2. 8 (m,
3H, H-13, H-20, H-30), 2.7 (brs, 1H, H-8), 2.61 (dd, 1H,
J¼5.5, 17.5 Hz, H-11) and 2.15 (d, 1H, J¼17.6 Hz, H-110);
m/z(%): 317 (Mþ, 13), 222 (13), 179 (18), 168 (100), 153
(21), 128 (19) and 115 (20).

4.1.5. Cycloadducts 18 and 19. A solution of oxime 2 (0.
2 g, 1 mmol) and divinyl ketone (0.09 g, 1.1 mmol) in
degassed toluene (25 mL) was stirred under N2, and held at
reflux for 26 h. After cooling the solvent was removed in
vacuo. The residue was subjected to column chromato-
graphy eluting with 3:1 v/v diethyl ether–petroleum ether to
afford a mixture of 18 and 19 (0.219 g, 78%) as a colourless
amorphous solid. The isomers were separated by further
chromatography on silica eluting with 1:4 v/v EtOAc–
hexane.

Compound 18. Crystallised from hexane–DCM as colour-
less plates, mp 187–1898C. Found: C, 75.85; H, 6.95; N,
4.75 C18H19NO2·0.25H2O requires: C, 75.55; H, 6.85; N,
4.9%; d(400 MHz): 7.26–7.01 (m, 4H, ArH), 5.7 and 5.61

(2£m, 2H, CHvCH), 4.44 (d, 1H, J¼7.6 Hz, H-5), 3.5 (m,
2H, H-2 ad H-20), 3.2 (m, 1H, H-3), 3.05 (d, 1H, J¼5.6 Hz,
H-8), 2.8–2.6 (m, 4H, H-12, H-6, H-3 and H-13), 2.57 (d,
1H, J¼8.7 Hz, H-6b), 2.32 (m, 2H, H-130 and H-90), 2.07
(dd, 1H, J¼13.4, 2.0 Hz, H-9); m/z(%): 281 (Mþ, 71), 181
(36), 167 (100), 152 (26), 141 (22), 115 (29) and 42 (6).

Compound 19. Crystallised from hexane–DCM as a
colourless prisms, mp 181–1838C. Found: C, 76.45; H,
6.95; N, 4.95 C18H19NO2 requires: C, 76.85; H, 6.80, N,
5.00%; d(400 MHz.): 7.2–7.1 (m, 4H, ArH), 5.66 and 5.60
(2£m, 2H, CHvCH), 4.1 (m, 2H, OCH2), 3.72 (dd, 1H,
J¼15.0, 10.1 Hz, NCHb), 3.36 (m, 1H, NCHa), 3.2 (m, 2H,
H-13 and H-8), 3.0 (dd, 1H, J¼17.9, 5.4 Hz, H-90), 2.83 (d,
1H, J¼5.2 Hz, H-5), 2.7 (m, 2H, H-3 and H-30), 2.35 (m,
2H, H-12 and H-13) and 2.06 (dd, 1H, J¼16.5, 2.6 Hz, H-9);
m/z(%): 281 (Mþ, 87), 264 (30), 180 (64), 167 (100), 152
(56), 128 (50) and 115 (55).

4.2. Single crystal X-ray analysis of 12c, 15a, 15b and
1912

All crystallographic measurements were carried out on a
Stoe STADI 4 diffractometer at ambient temperature using
graphite monochromated Cu Ka X-radiation (l¼
1.54184 Å). Data for all samples were collected in the
ranges 4.0,u,658 using v/u scans. No significant variation
was observed in the intensity of three standard reflections.
Lorentz and polarization corrections were applied to the
data sets together with a semi-empirical absorption correc-
tion based on azimuthal c-scans. The structures were solved
by direct methods using SHELXS-8613 and were refined by
full-matrix least squares (based on F 2) using SHELXL-
93,14 which uses all data for refinement.

4.2.1. Crystal data for 12c.12 C26H26N2O5S, 0.38£0.32£
0.28 mm3, M¼478.55, monoclinic, space group P21/n
a¼17.084(16) Å, b¼13.2325(8) Å, c¼20.0329(14) Å,
a¼908, b¼90.086(5)8, g¼908, U¼4228.8(6) Å3, Z¼8,
Dx¼1.404 g cm23, m¼1.623 mm21, F(000)¼2016.

4.2.2. Crystal data for 15a.12 C17H19NO3S, 0.38£0.28£
0.19 mm3, M¼317.39, monoclinic, space group P21/n
a¼9.8356(2) Å, b¼7.7131(3) Å, c¼19.8906(4) Å, a¼908,
b¼99.2980(14)8, g¼908, U¼1489.13(7) Å3, Z¼4,
Dx¼1.416 g cm23, m¼2.040 mm21, F(000)¼672.
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4.2.3. Crystal data for 15b.12 C17H19NO3S, 0.55£0.38£
0.21 mm3, M¼317.39, monoclinic, space group Pc
a¼7.9844(6) Å, b¼10.9843(7) Å, c¼8.7276(6) Å, a¼908,
b¼103.321(6)8, g¼908, U¼744.84(9) Å3, Z¼2, Dx¼
1.415 g cm23, m¼2.040 mm21, F(000)¼336.

4.2.4. Crystal data for 19.12 C18H19NO2, 0.42£0.37£
0.30 mm3, M¼281.34, triclinic, space group P-1
a¼7.9484(2) Å, b¼13.0733(3) Å, c¼14.7801(3) Å, a¼
908, b¼103.321(6)8, g¼908, U¼1391.27(6) Å3, Z¼4,
Dx¼1.342 g cm23, m¼0.693 mm21, F(000)¼600.
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