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Abstract—Selenocyclisations of the homoallylic sulfonamides [e.g., 26, 28 and 30] using phenylselanyl halides lead exclusively to b-selanyl-
pyrrolidines [e.g., 27, 29 and 31] by an overall 5-endo-trig pathway, but with considerable variations in the stereochemical outcome, depending
upon the substituents and the precise conditions used. Subsequent oxidative eliminations lead smoothly to the corresponding 3-pyrrolines and
thence to poly-hydroxylated pyrrolidines.
� 2006 Published by Elsevier Ltd.
1. Introduction

The introduction of a phenylselanyl group into a molecule
can serve a number of synthetic purposes, although, most
often, subsequent oxidation to the corresponding selenoxide
and thermal [2,3]-elimination involving a proton b-to the het-
eroatom leading to alkene formation is its immediate fate.1,2

Less often, a phenylselanyl group can serve as a radical pre-
cursor or assist in the stabilisation of a carbanion. There are
a number of methods available for the introduction of selanyl
groups, many of which have been applied to the synthesis of
selanyl-pyrrolidines 1, perhaps the simplest being the direct
addition of a selanyl halide to a 2,5-dihydropyrrole, the
resulting b-halo selanides 2 being useful as synthetic inter-
mediates for subsequent ring formation, amongst other appli-
cations (Fig. 1).3

Similar additions to 2,3-dihydropyrroles in the presence
of amines or inorganic azides result in synthetically useful
a-amino-4 and a-azido-selanides 3, respectively, as a result
of interception of the presumed cyclic phenylselanonium
ion by the nitrogen nucleophile, probably directed by the
ring nitrogen (Fig. 1).5

A much more common strategy for the introduction of a
phenylselanyl group into such N-heterocycles is the trapping
of an enolate derived from a five-membered lactam [cf. 4]
or pyrrolidine carboxylate, with a phenylselanyl halide.6

Such an addition is most commonly followed by oxidative
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elimination,7 a reaction which can sometimes pose
unexpected problems8 but which thereby leads to an a,b-
unsaturated carbonyl system primed, amongst other transfor-
mations, for Michael additions. Rather than elimination, such
phenylselanyl groups [cf. 5] can also serve as precursors to
carbon-centred radicals 6.9 Another very common strategy
for the introduction of a phenylselanyl group into a pyrroli-
dine is by SN2 attack of a selenium nucleophile on an acti-
vated b-hydroxy-pyrrolidine 7 leading to derivatives 8
(Fig. 1).10 A somewhat less common but elegant procedure
for the formation of b-selanyl-pyrroles involves [1,3]-dipolar
cycloadditions between azomethine ylides and phenylsela-
nylethene [phenyl(vinyl)selane].11

Inevitably perhaps, selenocyclisations have been applied to
the elaboration of selanyl-pyrrolidines. In early examples,12

an electrophilic selenium species generated from diphenyl
diselenide using ammonium persulfate (peroxydisulfate)
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Figure 1. Various types of b-selanyl-pyrrolidines.
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was used to induce a 5-endo-trig cyclisation leading to the
pyrrolizidinone 9 from the corresponding g-allyl lactam.
Prior to this, Clive had shown that 5-exo selanyl-cyclisations
of N-alkenyl carbamates were viable and gave good yields of
the pyrrolidines 10 (Fig. 2).13

Using more conventional conditions (phenylselanyl halides
and a mild base, Na2CO3), it was subsequently found that ho-
moallylic benzylamines 11 underwent both 4-exo and 5-endo
cyclisation modes to give high yields but of mixtures of
azetidines 12 and pyrrolidines 13. The ratio of products de-
pended strongly upon the substituents (alkyl or aryl), solvents
(acetonitrile or dichloromethane) and the selanyl halide em-
ployed for the cyclisation (Cl or Br) (Fig. 3).14 Pyrrolidines
13 were especially favoured by a combination of phenylse-
lanyl bromide in dichloromethane, but other patterns were
more difficult to discern. Related cyclisations can also be car-
ried out asymmetrically: the 5-endo mode seems effective
only in examples having a distal phenyl group [14 and 16]
but with such precursors, diastereoisomer ratios in excess of
9:1 can be obtained in the products [15 and 17, respectively]
using an enantiopure arylselanyl triflate [Ar*SeOTf].15

Imine analogues corresponding to the benzylamines 11 also
undergo similar selenocyclisations to give exclusively b-
selanyl-pyrrolidines, following borohydride reduction of the
resulting iminium species, but with little stereoselectivity.16

Related cyclisations are also known, which give five-mem-
bered ring products from selenocyclisations of O-allylic
hydroxamic acids, hydroxylamines and hydrazines.17

A final and rather spectacular example involves 5-endo-trig
cyclisation of tryptophan derivatives 18 to give the benzo-
pyrrolizidines 19, serving both to block the usual chemistry
of the indole residue as well as providing other opportunities
for further functionalisation (Scheme 1).18

N

CO2Me

NHR
H

R1
N
R1

NR

CO2Me

H

PhSe
H

18 19

Scheme 1. Benzopyrrolizidines from 5-endo selenocyclisations of trypto-
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Figure 3. Pyrrolidines from 5-endo selenocyclisations.
It was against this background that we wondered if related 5-
endo-trig selenocyclisations of N-tosylsulfonyl homoallylic
amines 20 might provide a useful approach to b-selanyl-pyr-
rolidines and especially if it would be possible to control both
the regiochemistry and the stereoselectivity of such projected
cyclisations. This was far from certain, in view of the forego-
ing observations of the lack of regiocontrol in selenium-
induced cyclisations of the allylic benzylamines 1114 and of
the very limited success of related cyclisations when applied
to homoallylic carbamates (Fig. 3). Further, our own studies
on related iodocyclisations of the sulfonamides 20 had re-
vealed sensitivity to isomerisation under acidic conditions.
Thus, while exposure of sulfonamides 20 to iodine in the
presence of potassium carbonate led very largely to the 2,5-
trans isomers 21, in the absence of base, the corresponding
2,5-cis isomers 22 were obtained, usually exclusively
(Scheme 2).19 Additional experiments pointed to an acid-
catalysed ring opening and re-closure towards the more ther-
modynamically stable cis isomers 22 as being responsible.
It was therefore quite uncertain at the outset how such
substrates would respond to selenocyclisation.
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Scheme 2. 5-endo Iodocyclisations of homoallylic sulfonamides.

A further motivation of our investigations of such a sele-
nium-mediated process was the finding that elimination of
the elements of hydrogen iodide from the iodo-pyrrolidines
21 or 22 failed to give acceptable yields of the anticipated
pyrrolines; we expected that the corresponding selanyl-pyr-
rolidines would be much more amenable to such elimina-
tions, given that their formation could be controlled. The
general principle of overall 5-endo-trig electrophile-driven
cyclisation is now well established as a useful and often
highly stereoselective method for the synthesis of five-mem-
bered saturated heterocycles.20 An additional attraction of
this type of heterocyclic synthesis is that ring formation is
accompanied by the incorporation of a potentially useful
functional group. Herein, we report in full on our initial
studies of such cyclisations.21

2. Results and discussion

We first chose to examine the prospects for 5-endo-trig sele-
nocyclisations of both alkyl and aryl substituted homoallylic
sulfonamides 20. These were all synthesised19 by the addi-
tion of an acetylide 24 to a monosubstituted epoxide 23 in
the presence of boron trifluoride etherate22 or, better, the cor-
responding tetrahydrofuran complex,23 followed by reduc-
tion using either lithium aluminium hydride or Dibal-H in
hot tetrahydrofuran (Scheme 3). The necessary sulfonamide
group was then introduced into the resulting homoallylic
alcohols 25 by Mitsunobu reaction with N-Boc tosylamide
[BocNHTs], a procedure introduced by the Weinreb group.24

Deprotection using trifluoroacetic acid completed the
sequence.

Guided by the early results of Clive,13 we were delighted to
find that the simplest substrate 26 was converted smoothly



9249A. D. Jones et al. / Tetrahedron 62 (2006) 9247–9257
into a single pyrrolidine, assumed to be the 2,3-trans dia-
stereoisomer 27 (see below), in excellent yield by brief
exposure to phenylselanyl chloride in dichloromethane at
low temperature (�78 �C) (Scheme 4). Similarly, the more
highly substituted precursor 28 gave essentially a single
product 29 under the same conditions, contaminated with
what appeared to be traces of other pyrrolidine diastereo-
isomers, according to 1H NMR spectroscopy.
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Scheme 4. Reagents and conditions: PhSeCl (1.1 equiv), CH2Cl2, �78 �C,
<1 h.

Unfortunately, under the same relatively straightforward
conditions, the related styryl derivative 30 gave a mixture
of the trisubstituted pyrrolidines 31 and 32, but still in
good yield. In contrast to similar cyclisations of the homo-
allylic benzylamines 11 (Fig. 3), we did not detect any azet-
idine formation.

The stereochemistries of the present [27, 29, 31 and 32]
and subsequent b-selenopyrrolidines were determined prin-
cipally by comparisons between their proton coupling
constants and those displayed by the corresponding b-iodo-
pyrrolidines. Structural assignments in the latter cases have
been firmly established by both NOE experiments and
X-ray crystallographic analysis.19 An exception was the
very first example (27), in which overlapping resonances
prevented such comparisons, although these data did allow
a definite assignment of a pyrrolidine rather than an azetidine
structure to this product. Hence, the trans-stereochemistry is
based largely on the assumption of trans addition of the amine
and selenium groups across the alkene, for which there seems
to be few if any exceptions and certainly none in the present
reactions. The other comparative J values are set out in
Figure 4.

Similar comparisons between the 2-phenyl-3-seleno and 2-
phenyl-3-iodo-pyrrolidines [31, 32 and 35, 36, respectively]
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Scheme 3. Precursor synthesis.
gave much the same support for the stereochemical assign-
ments (Fig. 5).

These data are also consistent with those shown in Figure 4,
and hence it appeared that such stereochemical assignments
were on a sound basis. Further, these were also in accord
with a likely initial chair-like transition state conformation
37 controlled by an equatorial positioning of the substituents
‘R’ attached to the sp3 carbon (Fig. 6).

Consonant with these assignments and with the conformation
37 were the outcomes of similar selenocyclisations of the
more substituted homoallylic sulfonamides 38 and 40.19

Each proceeded smoothly under the same conditions to
give only the diastereoisomers 39 and 41, respectively
(Scheme 5).

N
Ts

nC5H11

33

H5

H4α
H4β

H2

H3
I

N
Ts

nC5H11

29

H5

H4α
H4β

H2

H3
SePh

N
Ts

H2

34

H5

H4α
H4β

nC5H11

I
H3

J2,3 1.4 1.7 3.4

J3,4α 7.5 6.6 5.7

J3,4β 1.9 2.2 3.5

J4α,5 8.7 8.8 7.5

J4β,5 3.3 3.2 6.8

J2,1'-CH2
10.1, 2.9 10.3, 3.3 9.1, 3.6

J5,1'-CH2
11.3, 3.3 11.3, 3.1 8.0, 4.2

Figure 4. Comparative coupling constants in hertz for b-seleno- and b-iodo-
pyrrolidines.

N
Ts

R

31; 35

Et Ph N
Ts

R

32; 36

Et Ph

J2,3

J3,4α

J3,4β

J4α,5

J4β,5

31

R = SePh

32

R = SePh

35

R = I

36

R = I

2.1 2.3

7.6 8.7

2.5 2.4

6.4 6.7

2.5 3.0

5.9 4.9

7.6 6.2

5.6 6.2

4.8 6.2

5.2 6.2

Figure 5. Comparative coupling constants in hertz for 2-phenyl-pyrrol-
idines.

N

H

R2
R1

H
H H

Se

Ts

Ph

37

Figure 6. Possible chair-like conformation leading to the initial 2,5-trans-
pyrrolidines.



9250 A. D. Jones et al. / Tetrahedron 62 (2006) 9247–9257
NHTs

a

N
Ts

SePh

38 39

NHTs

a

N
Ts

SePh

40 41

84%

79%

Prn

Prn
Prn

Prn

Scheme 5. Reagents and conditions: PhSeCl (1.1 equiv), CH2Cl2, �78 �C,
<1 h.

Once again, initial structural assignments were made on the
basis of comparisons between these products and the corre-
sponding iodo-pyrrolidines 42 and 43, respectively (Fig. 7).19

The close correspondence between the two pairs of coupling
constants strongly supports these assignments, as do the
likely transition state conformations, which are extrapola-
tions of the simpler proposal 37 (Fig. 6). In the first example
where the product 39 has the selanyl group positioned trans to
the other three substituents, one of the methyl substituents
must be positioned axially, given the intermediacy of such
a chair-like conformation. The preference is therefore clearly
in favour of that conformation 44 in which the methyl group
adjacent to the selenonium ion is placed in an equatorial
position (Fig. 8). By contrast, the conformation 45 leading
to the ‘all-trans’ product 41 has all substituents positioned
equatorially, thereby removing any realistic element of
choice regarding other possible conformations. These two
assignments were also supported by subsequent elimination
reactions described in Figure 8.

We then returned to the problem of the non-stereoselective
cyclisation of the phenyl derivative 30 (Scheme 4). On the
assumption that this might be due to acid-catalysed isomer-
isation of some kind, most probably by ring opening and
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re-closure as in the case of the related iodo-pyrrolidines
(Scheme 2),19 we felt that the generation of free hydrogen
chloride during the cyclisation might be responsible. The
cyclisation was therefore repeated but in the presence of
an equivalent of anhydrous potassium carbonate (Scheme 6).
This resulted in a distinct increase in the proportion of the
2,5-trans isomer 31 formed, lending weight to our supposi-
tion that acid-catalysed isomerisation was taking place.
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(1 equiv), water (trace), CH2Cl2,�78 �C,< 1 h; (b) 30 (0.14 mmol), PhSeCl
(1.1 equiv), CH2Cl2, �78 �C then add 10 M HCl (one drop), 0.5 h.

The best result was obtained when a small amount of water
was also added, presumably to facilitate reaction between
the base and the acid generated as the cyclisation proceeded.
This 15:1 ratio in favour of the 2,5-trans isomer 31 then sug-
gested that if additional acid were to be added, then isomer-
isation ought to be encouraged. This turned out to be the
case: when a drop of concentrated hydrochloric acid was
added at the outset, only the 2,5-cis isomer 32 was isolated,
confirming our supposition that this is the thermodynamic
isomer, formed via the initial kinetic product 31.

To both show one synthetic utility of these selanyl-pyrrol-
idines and also to provide further evidence for the assigned
stereochemistries, we next examined the viability of oxida-
tive elimination reactions. As shown in Scheme 7, these all
proceeded smoothly under very simple conditions.7,25
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In the cases of 4,5-dimethylpyrrolidines 39 and 41, each pos-
sesses a 3,4-trans substitution pattern and hence the derived
selenoxides 50 are perfectly set up to undergo syn elimina-
tions to give the observed products 46 and 47, respectively
(Fig. 9). By contrast, the corresponding iodo-pyrrolidines
42 and 4319 failed to give more than traces of the 3-pyrrolines
46 and 47 under conditions (DBU, hot toluene19,26), which
delivered good yields of this product type from iodo-pyrroli-
dines having no substituents in the 4-position. While the
presence of the b-methyl group might contribute to this,
presumably the major reason for this failure is the syn-dispo-
sition of the 4-proton and the 3-iodo atoms.
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As expected, both 2-phenyl-pyrrolidines 31 and 32 under-
went smooth elimination to give excellent yields of the cor-
responding pyrrolines 48 and 49 (Scheme 7). In both cases,
no isomerisation was observed and both displayed spectro-
scopic and analytical data, which correlated exactly with
the same products derived from the corresponding iodo-
pyrrolidines 35 and 36 (Fig. 5).19

With the aim of demonstrating further the utility of this chem-
istry, we felt that examples with more reactive functional
groups, which would subsequently be available for further
manipulation, ought to be tested. In view of the foregoing re-
sults, we also chose to restrict this investigation to the seem-
ingly more awkward aryl substituted alkenes. Hence, the
cinnamyl glycinate 51 was chosen as the first test substrate;
this was readily prepared from cinnamyl bromide and the
enolate of N-benzylidene glycinate using the excellent Stork
procedure,27 followed by exchange of the protecting group.19

When subjected to ‘thermodynamic’ conditions (Scheme 4),
once again mixtures of the 2,5-cis and trans selanyl-pyrrol-
idines were obtained. Even at ambient temperature, when
using phenylselanyl chloride in the absence of base, gross
mixtures of diastereoisomers were obtained; for example,
prolonged reaction in dichloromethane led to a 3:1 mixture
but to a more useful 9:1 mixture in favour of the 2,5-cis iso-
mer in acetonitrile. It was only when we used phenylselanyl
bromide in dichloromethane for an extended period at ambi-
ent temperature that only the 2,5-cis isomer 52 was isolated
(Scheme 8). Much of the same result could also be obtained
using acetonitrile as solvent.
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Scheme 8. (a) PhSeBr, CH2Cl2, 20 �C, 72 h; (b) PhSeCl, K2CO3, �78 to
20 �C.

Many attempts to obtain the 2,5-trans isomer 53 as essen-
tially the sole product failed or were not repeatable with cer-
tainty. Two of the better results are detailed in Section 3; this
particular cyclisation turned out to be the most capricious of
all those studied and results, in terms of stereochemistry,
were very often completely irreproducible. The relative
stereochemistries of the two products 52 and 53 were again
assigned on the basis of comparisons of coupling constants,
both with the foregoing selanyl-pyrrolidines and with related
iodo-pyrrolidines.28 In the case of the 2,5-cis isomer 52,
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Figure 9. Eliminations from b-selanyl- and b-iodo-pyrrolidines.
subsequent oxidative elimination of the selenium group
proceeded uneventfully to give an excellent yield of the
3-pyrroline 54 (Scheme 9).
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Scheme 9. (a) H2O2 (30%), THF, 20 �C, 1 h.

We then turned to cyclisations of the related 2-furyl deriva-
tive 55. In this case, we identified three additional features.
Firstly, the furan residue would very likely be sensitive to
the acidic conditions generated during cyclisations con-
ducted in the absence of base. Secondly, if conditions could
be found that gave single diastereoisomers, then the furan
ring could subsequently be oxidatively cleaved to give the
corresponding carboxylate group, thereby enabling further
homologation of the initial product(s). Finally, an additional
beneficial feature of the furan should be as a facilitating
group for the cyclisations; our previous studies on iodocycli-
sations of similar substrates having 2-furyl substituents had
suggested that the furyl oxygen actively participates in the
cyclisations.29 In view of the first concern, we first examined
cyclisations under basic conditions and were pleased to find
that exposure of the substrate 55 to phenylselanyl chloride at
low temperature in tetrahydrofuran containing 1.5 equiv of
potassium carbonate gave an excellent yield of the hoped-
for 2,5-trans diastereoisomer 56, as essentially a single prod-
uct (Scheme 10). Rather surprisingly, however, when the
same reaction was carried out at ambient temperature, but
in acetonitrile, only the corresponding 2,5-cis isomer 57
was obtained, again in excellent yield. Once again, the stereo-
chemistries were assigned on the basis of comparisons with
the foregoing data.
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Scheme 10. (a) PhSeCl, THF, K2CO3 (1.5 equiv),�78 �C, 2 h; (b) PhSeCl,
MeCN, K2CO3 (1.5 equiv), 20 �C, 2 h.

This somewhat surprising result probably reflects the antici-
pated participation by the furyl oxygen. Even with this
effect,29 the stereochemical outcome of the low temperature
cyclisation leading to the 2,5-trans isomer 56 is again consis-
tent with the intermediacy of a chair-like transition state
conformation (Figs. 6 and 8). An explanation for the forma-
tion of the 2,5-cis isomer 57 is not so obvious, beyond it being
the thermodynamically more stable isomer, which is formed
at higher temperature.

We have briefly exemplified some of the synthetic potential
of these selanyl-pyrrolidines using the 2,5-cis-2-furyl isomer
57 (Scheme 11). Oxidative elimination once again occurred
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uneventfully to provide an excellent return of the expected
3-pyrroline 58, which was subsequently smoothly reduced
to the corresponding 3-pyrroline methanol 59 using Dibal-H.
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Scheme 11. (a) H2O2 (30%), THF, 20 �C, 2 h; (b) Dibal-H, toluene, 0 �C,
3 h; (c) OsO4 in t-BuOH, aqueous acetone, 20 �C, 16 h then evaporate sol-
vents and add Ac2O and dry pyridine, 20 �C, 20 h.

Osmylation of both pyrrolines in aqueous acetone followed
by per-acetylation (to facilitate isolation) was essentially
completely stereoselective and gave reasonable yields of
the two fully functionalised pyrrolidines 60 and 61, which
should serve as useful precursors to a wide range of poly-
hydroxylated pyrrolidines and derived bicyclic systems.

In conclusion, this type of overall 5-endo-trig selenocyclisa-
tion has clear potential for the rapid assembly of pyrroli-
dines, pyrrolines and derived structures in a controlled and
stereoselective manner. However, exceptions to this may
occur in a few substrates having aryl substituents at the
distal end of the alkene group, when stereochemistry can
be more difficult to control.

3. Experimental

3.1. General

NMR spectra were recorded using a Bruker WM or DPX
spectrometers, operating at 250 or 400 MHz for 1H NMR
spectra and at 67.5 or 100.6 MHz for 13C NMR spectra, re-
spectively. Unless stated otherwise, NMR spectra were mea-
sured using dilute solutions in deuteriochloroform. All NMR
measurements were carried out at 30 �C and chemical shifts
are reported as parts per million on the delta scale downfield
from tetramethylsilane (TMS: d¼0.00) or relative to the
resonances of CDCl3 (d¼7.27 ppm in proton spectra and
d¼77.0 ppm for the central line of the triplet in carbon spec-
tra). Coupling constants (J) are reported in hertz. Infrared
spectra were recorded as thin films for liquids and as Nujol
mulls for solids, using a Perkin–Elmer 1600 series FTIR
spectrophotometer and sodium chloride plates. Low-resolu-
tion mass spectra were obtained using a VG Platform II
Quadrupole spectrometer operating in the electron impact
(EI; 70 eV) or atmospheric pressure chemical ionisation
(ApcI) modes, as stated. High-resolution mass spectrometric
data were obtained from the EPSRC Mass Spectrometry Ser-
vice, University College, Swansea, using the ionisation
modes specified. All mass spectroscopic data involving sela-
nides were compared against selenium-80. Melting points
were determined using a Kofler hot stage apparatus and are
uncorrected. Elemental analyses were obtained using a
Perkin–Elmer 240C Elemental Microanalyser.

All reactions were conducted in oven-dried apparatus under
an atmosphere of dry nitrogen unless otherwise stated. All or-
ganic solutions from aqueous work-ups were dried by brief
exposure to dried magnesium sulfate, followed by gravity fil-
tration. The resulting dried solutions were evaporated using
a B€uchi rotary evaporator under water aspirator pressure
and at ambient temperature unless otherwise stated. Column
chromatography was carried out using Merck Silica Gel 60
(230–400 mesh). TLC analyses were carried out using Merck
silica gel 60 F254 pre-coated, aluminium-backed plates,
which were visualised using ultraviolet light or potassium
permanganate or ammonium molybdenate sprays.

Ether refers to diethyl ether and petrol to the fraction boiling
at 60–80 �C unless stated otherwise.

All starting materials were synthesised as described in full in
Ref. 19.

3.2. Selenocyclisations: general procedure A

A stirred solution of the cyclisation precursor (1 mmol) in
dry dichloromethane (5 ml) was cooled to �78 �C and solid
phenylselanyl chloride (1.1 mmol) added portionwise. Stir-
ring was continued at this temperature until cyclisation
was complete, typically after 0.5–1 h, according to TLC
analysis. The solvent was evaporated and the residue puri-
fied by column chromatography.

3.2.1. (2RS,3SR)-2-Ethyl-3-(phenylselanyl)-1-tosylpyrrol-
idine 27. (E)-Homoallylic tosylamide 26 (20 mg, 0.08
mmol) was cyclised according to general procedure A to
leave an orange oil, which was purified by column chromato-
graphy (dichloromethane) to give the title compound 27
(30 mg, 83%) as a clear, colourless oil, Rf 0.78 (dichloro-
methane); nmax(film)/cm�1 2950, 2930, 2867, 1586, 1452;
dH (400 MHz, CDCl3) 0.86 (3H, t, J¼7.5 Hz, 20-Me), 1.61
(1H, ddq, J¼13.9, 8.8, 7.5 Hz, 10-Ha), 1.73 (1H, dddd, J¼
13.4, 6.5, 3.1, 2.9 Hz, 4-Ha), 1.89 (1H, dqd, J¼13.9, 7.5,
3.6 Hz, 10-Hb), 2.24 (1H, dddd, J¼13.4, 9.6, 7.6, 6.2 Hz,
4-Hb), 2.47 (3H, s, Ar-Me), 3.37 (1H, ddd, J¼9.6, 9.6,
6.5 Hz, 5-Ha), 3.46–3.58 (3H, m, 2-H, 3-H, 5-Hb), 7.24–
7.36 (7H, m), 7.73 (2H, d, J¼8.3 Hz, 2�ArH); dC

(100 MHz, CDCl3) 10.0 (20-Me), 21.6 (Ar-Me), 29.5 (10-
CH2), 30.6 (4-CH2), 44.1 (3-CH), 47.8 (5-CH2), 67.8 (2-
CH), 127.9 (ArCH), 128.0 (ArCH), 129.1 (ArCH), 129.6
(ArCH), 131.5 (ArC), 133.6 (ArC), 134.7 (ArCH), 143.2
(ArC); m/z (FAB) 410 (M++1, 66%), 380 (48), 252 (97),
184 (100), 155 (76), 91 (79), 69 (54). Found: M++1,
410.0697. C19H24NO2SSe requires: M, 410.0693.

3.2.2. (2RS,3SR,5RS)-5-Ethyl-2-pentyl-3-phenylselanyl-
1-tosylpyrrolidine 29. (E)-Homoallylic tosylamide 28
(100 mg, 0.4 mmol) in dichloromethane (2 ml) was subjected
to the general cyclisation conditions A to give an orange oil,
which was purified by column chromatography (dichloro-
methane) to give the title compound 29 (102 mg, 80%) as
a pale yellow oil, Rf 0.53 (dichloromethane); nmax(film)/
cm�1 3050, 2940, 2870, 1590, 1465; dH (250 MHz, CDCl3)
0.92 (3H, t, J¼6.9 Hz, 50-Me), 0.98 (3H, t, J¼7.2 Hz,
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200-Me), 1.01–1.49 (10H, m), 2.00 (1H, ddd, J¼14.2, 3.3,
1.9 Hz, 4-Ha), 2.45 (3H, s, Ar-Me), 2.59 (1H, ddd, J¼14.2,
8.7, 7.5 Hz, 4-Hb), 3.59 (1H, ddd, J¼7.5, 1.9, 1.4 Hz, 3-H),
3.78 (1H, dddd, J¼11.3, 8.7, 3.3, 3.3 Hz, 5-H), 3.93 (1H,
ddd, J¼10.1, 2.9, 1.4 Hz, 2-H), 7.28–7.50 (7H, m), 7.80
(2H, d, J¼8.3 Hz, 2�ArH); dC (67.8 MHz, CDCl3) 10.0
(Me), 14.1 (Me), 21.6 (Ar-Me), 22.5 (CH2), 25.7 (CH2),
27.3 (CH2), 31.1 (CH2), 31.3 (CH2), 34.6 (4-CH2), 43.7 (3-
CH), 61.6 (5-CH), 69.5 (2-CH), 126.9 (ArCH), 127.9
(ArCH), 128.0 (ArC), 129.2 (ArCH), 129.7 (ArCH), 134.7
(Ar-CH), 142.9 (ArC), 143.5 (ArC); m/z (FAB) 478 (M++1,
16%), 322 (30), 212 (100), 155 (35), 91 (43). Found:
M++1, 480.1480. C24H34NO2SSe requires: M, 480.1475.

3.2.3. (2RS,3SR,4RS,5SR)-4,5-Dimethyl-3-phenylselanyl-
2-propyl-1-tosylpyrrolidine 39. Using general procedure
A, (2SR, 3SR)-(E)-homoallylic tosylamide 38 (20 mg,
0.07 mmol) was cyclised to afford the title compound 39
(30 mg, 84%), following column chromatography (dichloro-
methane), as a pale yellow oil, Rf 0.56 (dichloromethane);
nmax(film)/cm�1 2966, 2931, 2868, 1475, 1342; dH

(250 MHz, CDCl3) 0.96 (3H, t, J¼7.2 Hz, 30-Me), 1.01
(3H, d, J¼6.9 Hz, 4-Me), 1.14 (3H, d, J¼6.9 Hz, 5-Me),
1.29–1.42 (1H, m, 4-H), 1.49–1.65 (2H, m, 20-CH2), 1.88–
2.01 (2H, m, 10-CH2), 2.42 (3H, s, Ar-Me), 2.81 (1H, dd,
J¼11.4, 8.3 Hz, 3-H), 3.46 (1H, ddd, J¼8.3, 5.1, 4.6 Hz, 2-
H), 3.72 (1H, dq, J¼7.2, 6.9 Hz, 5-H), 7.11–7.62 (9H, m);
dC (67.8 MHz, CDCl3) 12.8 (30-Me), 14.2 (4-Me), 17.2 (20-
CH2), 17.6 (5-Me), 21.5 (Ar-Me), 35.2 (10-CH2), 40.8 (4-
CH), 49.6 (3-CH), 56.1 (5-CH), 65.7 (2-CH), 127.7 (ArC),
129.0 (ArCH), 129.2 (ArCH), 129.6 (ArCH), 131.5
(ArCH), 134.4 (ArC), 136.7 (ArCH), 142.8 (ArC); m/z
(FAB) 451 (M+, 69%), 408 (45), 198 (100), 155 (58), 91
(84), 77 (18), 68 (23). Found: M+, 451.1086. C22H29NO2SSe
requires: M, 451.1084.

3.2.4. (2RS,3SR,4RS,5RS)-4,5-Dimethyl-3-phenylselanyl-
2-propyl-1-tosylpyrrolidine 41. Using general procedure
A, (2RS, 3SR)-(E)-homoallylic tosylamide 40 (20 mg,
0.07 mmol) was cyclised to afford the title compound 41
(28 mg, 84%), following column chromatography (dichloro-
methane), as a pale yellow oil, Rf 0.58 (dichloromethane);
nmax(film)/cm�1 2966, 2931, 2868, 1590, 1475, 1342; dH

(250 MHz, CDCl3) 0.88 (3H, t, J¼7.2 Hz, 30-Me), 1.04
(3H, d, J¼6.5 Hz, 4-Me), 1.11 (3H, d, J¼6.6 Hz, 5-Me),
1.17–1.98 (5H, m), 2.43 (3H, s, Ar-Me), 2.88 (1H, dd,
J¼8.7, 5.3 Hz, 3-H), 3.28 (1H, dq, J¼8.3, 6.6 Hz, 5-H),
4.11 (1H, ddd, J¼7.6, 5.3, 4.2 Hz, 2-H), 7.13–7.62 (9H,
m); dC (67.8 MHz, CDCl3) 14.0 (30-Me), 16.6 (4-Me), 17.1
(5-Me), 18.1 (20-CH2), 21.5 (Ar-Me), 37.2 (10-CH2), 48.1
(4-CH), 50.9 (3-CH), 62.3 (5-CH), 68.0 (2-CH), 126.8
(ArCH), 128.5 (ArCH), 129.2 (ArCH), 129.3 (ArC), 131.5
(ArCH), 136.3 (ArCH), 140.5 (ArC), 142.5 (ArC); m/z
(FAB) 451 (M+, 35%), 408 (45), 198 (100), 155 (59), 91
(84), 77 (18), 68 (24). Found: M+, 451.1110. C22H29NO2SSe
requires: M, 451.1084.

3.2.5. (2SR,3RS,5SR)-5-Ethyl-2-phenyl-3-phenylselanyl-
1-tosylpyrrolidine 31. A stirred mixture of (E)-homoallylic
tosylamide 30 (0.28 g, 0.86 mmol), anhydrous potassium
carbonate (0.12 g, 0.86 mmol) and water (10 ml) in dichloro-
methane (5 ml) was maintained at�78 �C for 20 min before
the portionwise addition of phenylselanyl chloride (0.18 g,
0.94 mmol). After a further 0.5 h, the cooling bath was re-
moved and the mixture allowed to warm to ambient temper-
ature, then the solvents were largely evaporated. The residue
was separated by column chromatography (dichloro-
methane) to give the 2,5-trans isomer 31 (0.32 g, 83%) as a
yellow oil, Rf 0.28 (hexane–EtOAc, 10:1); nmax(film)/cm�1

3030, 2960, 2930, 2880, 1590, 1455, 1340; dH (250 MHz,
CDCl3) 0.87 (3H, t, J¼7.6 Hz, 20-Me), 1.66–1.83 (2H, m,
10-CH2), 2.04 (1H, ddd, J¼12.8, 2.5, 2.5 Hz, 4-Hb), 2.36
(3H, s, Ar-Me), 2.63 (1H, ddd, J¼12.8, 7.6, 6.4 Hz, 4-Ha),
3.61 (1H, ddd, J¼7.6, 2.5, 2.1 Hz, 3-H), 4.07–4.11 (1H, m,
5-H), 5.03 (1H, d, J¼2.1 Hz, 2-H), 7.14–7.34 (12H, m),
7.59 (2H, d, J¼8.2 Hz, 2�ArH); dC (67.8 MHz, CDCl3)
11.3 (20-Me), 21.1 (Ar-Me), 28.0 (10-CH2), 33.8 (4-CH2),
48.1 (3-CH), 63.4 (5-CH), 72.4 (2-CH), 126.4 (ArCH),
126.9 (ArCH), 127.5 (ArCH), 128.4 (ArCH), 129.0
(ArCH), 129.9 (ArCH), 134.6 (ArCH), 134.8 (ArC), 135.3
(ArCH), 139.5 (ArC), 141.7 (ArC), 142.6 (ArC). Found
(EI): M+, 485.0927. C25H27NO2SSe requires: M, 485.0928.

The sample was contaminated with ca. 6% of the corre-
sponding 2,5-cis isomer 32 (following compound).

3.2.6. (2RS,3SR,5SR)-5-Ethyl-2-phenyl-3-phenylselanyl-
1-tosylpyrrolidine 32. To a stirred solution of (E)-homo-
allylic tosylamide 30 (50 mg, 0.14 mmol) in dichloromethane
(1 ml) maintained at �78 �C was added phenylselanyl chlo-
ride (30 mg, 0.15 mmol). After 5 min at this temperature, one
drop of 10 M hydrochloric acid was added. After a further
0.5 h, the cooling bath was removed and the mixture allowed
to warm to ambient temperature, then the solvents were
largely evaporated. The residue was separated by column
chromatography (dichloromethane) to give the 2,5-cis iso-
mer 32 (61 mg, 77%) as a yellow oil, Rf 0.28 (hexanes–
EtOAc, 9:1); nmax(film)/cm�1 3025, 2950, 2925, 2877,
1590, 1455, 1340; dH (250 MHz, CDCl3) 0.99 (3H, t,
J¼7.4 Hz, 20-Me), 1.61–1.71 (2H, m, 10-CH2), 2.02 (1H,
ddd, J¼13.2, 5.6, 5.2 Hz, 4-Ha), 2.23 (1H, ddd, J¼13.2,
7.6, 4.8 Hz, 4-Hb), 2.44 (3H, s, Ar-Me), 3.47 (1H, ddd,
J¼7.6, 5.9, 5.6 Hz, 3-H), 3.79–3.83 (1H, m, 5-H), 4.58
(1H, d, J¼5.9 Hz, 2-H), 7.18–7.36 (12H, m), 7.62 (2H, d,
J¼8.3 Hz, 2�ArH); dC (67.8 MHz, CDCl3) 10.9 (20-Me),
21.5 (Ar-Me), 29.4 (10-CH2), 36.7 (4-CH2), 47.9 (3-CH),
62.6 (5-CH), 70.6 (2-CH), 126.4 (ArCH), 126.6 (ArCH),
127.5 (ArCH), 127.6 (ArCH), 127.8 (ArCH), 128.1
(ArCH), 128.3 (ArCH), 129.1 (ArC), 129.5 (ArCH), 134.8
(ArC), 141.3 (ArC), 143.1 (ArC). Found: M+, 485.0930.

3.3. Oxidative elimination of phenylselanyl group:
general procedure B

To a stirred solution of a phenylselanyl pyrrolidine (1 mmol)
in tetrahydrofuran (1 ml) was added aqueous hydrogen
peroxide (30%, 0.2 ml) and the resulting solution stirred at
ambient temperature for 1 h. The bulk of the solvent was
evaporated, the residue dissolved in dichloromethane
(2 ml) and the resulting solution washed with water
(3�1 ml) then dried, filtered through a short plug of silica
gel and evaporated to leave essentially pure pyrroline.

3.3.1. (2RS,5SR)-4,5-Dimethyl-2-propyl-1-tosyl-3-pyrro-
line 46. Oxidation of 4,5-syn-dimethyl pyrrolidine 39
(20 mg) gave the 2,5-cis-pyrroline 46 (11 mg, 86%) as
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a colourless viscous oil, Rf 0.67 (dichloromethane); nmax

(film)/cm�1 3060, 2950, 1580, 1420, 1340; dH (250 MHz,
CDCl3) 0.93 (3H, t, J¼7.3 Hz, 30-Me), 1.39 (3H, d,
J¼6.5 Hz, 5-Me), 1.57 (3H, d, J¼0.8 Hz, 4-Me), 1.26–1.78
(4H, m, 10-, 2-CH2), 2.42 (3H, s, Ar-Me), 4.24–4.29 (1H,
m, 2-H), 4.40 (1H, qd, J¼6.5, 0.8 Hz, 5-H), 5.15–5.17 (1H,
m, 3-H), 7.28 (2H, d, J¼8.3 Hz, 2�ArH), 7.69 (2H, d,
J¼8.3 Hz, 2�ArH); dC (100 MHz, CDCl3) 13.5 (30-Me),
14.1 (4-Me), 18.4 (20-CH2), 21.4 (Ar-Me), 22.1 (5-Me),
39.9 (10-CH2), 65.6 (5-CH), 66.9 (2-CH), 122.6 (ArCH),
127.6 (4-C), 127.7 (3-CH), 129.6 (ArCH), 138.6 (ArC),
143.2 (ArC); m/z (ES) 294 (M++1, 100%), 145 (22), 104
(21), 102 (18), 83 (23), 60 (69). Found: M++1, 294.1528.
C16H24NO2S requires: M, 294.1532.

3.3.2. (2RS,5RS)-4,5-Dimethyl-2-propyl-1-tosyl-3-pyrro-
line 47. Oxidation of 4,5-anti-dimethyl pyrrolidine 41
(20 mg) gave 2,5-trans-pyrroline 47 (10 mg, 80%) as a col-
ourless viscous oil, Rf 0.65 (dichloromethane); nmax(film)/
cm�1 3060, 2950, 1580, 1420, 1340; dH (250 MHz, CDCl3)
0.85 (3H, t, J¼7.3 Hz, 30-Me), 1.35 (3H, d, J¼6.4 Hz,
5-Me), 1.65 (3H, s, 4-Me), 1.11–1.91 (4H, m, 10-, 2-CH2),
2.41 (3H, s, Ar-Me), 4.36–4.43 (1H, m, 5-H), 4.48–4.56
(1H, m, 2-H), 5.26–5.27 (1H, m, 3-H), 7.28 (2H, d,
J¼8.3 Hz, 2�ArH), 7.73 (2H, d, J¼8.3 Hz, 2�ArH); dC

(100 MHz, CDCl3) 14.0 (30-Me), 17.7 (4-Me), 19.2 (20-
CH2), 19.4 (5-Me), 21.4 (Ar-Me), 36.9 (10-CH2), 65.7 (5-
CH), 66.5 (2-CH), 122.7 (ArCH), 126.8 (3-CH), 129.3
(ArCH), 134.3 (ArC), 138.2 (ArC); m/z (ES) 294 (M++1,
100%), 198 (7), 153 (10), 102 (18), (23). Found: M++1,
294.1529. C16H24NO2S requires: M, 294.1532.

3.3.3. (2SR,5RS)-5-Ethyl-2-phenyl-1-tosyl-3-pyrroline
48. Following general procedure B, oxidation of phenyl-
selanyl pyrrolidine 31 (20 mg) gave 2,5-trans-pyrroline 48
(10 mg, 84%) as a colourless, viscous oil, Rf 0.48 (dichloro-
methane); nmax(film)/cm�1 3050, 2950, 1590, 1430, 1340; dH

(270 MHz, CDCl3) 0.88 (3H, t, J¼7.2 Hz, 20-Me), 1.85–2.14
(2H, m, 10-CH2), 2.23 (3H, s, Ar-Me), 4.57–4.69 (1H, m, 5-
H), 5.50 (1H, app. ddd, J¼5.3, 2.0, 1.9 Hz, 2-H), 5.58 (1H,
ddd, J¼6.3, 2.0, 1.8 Hz, 4-H), 5.69 (1H, ddd, J¼6.3, 1.9,
1.6 Hz, 3-H), 6.83–7.19 (9H, m); dC (67.5 MHz, CDCl3)
8.0 (20-Me), 21.3 (Ar-Me), 28.4 (10-CH2), 67.7 (5-CH),
71.6 (2-CH), 126.4 (ArCH), 127.8 (ArCH), 127.9 (ArCH),
128.7 (ArCH), 128.9 (4-CH), 129.0 (3-CH), 129.9 (ArCH),
137.7 (ArC), 138.1 (ArC), 141.8 (ArC); m/z (ES) 328
(M++1, 100%), 245 (8), 157 (9), 102 (9). Found: M++1,
328.1372. C19H22NO2S requires: M, 328.1376.

3.3.4. (2SR,5SR)-5-Ethyl-2-phenyl-1-tosyl-3-pyrroline
49. Following general procedure B, oxidation of phenyl-
selanyl pyrrolidine 32 (20 mg) gave 2,5-cis-pyrroline 49
(10 mg, 81%) as a colourless viscous oil, Rf 0.47 (dichloro-
methane); nmax(film)/cm�1 3050, 2950, 1590, 1430, 1340;
dH (270 MHz, CDCl3) 0.90 (3H, t, J¼7.6 Hz, 20-Me), 1.53–
1.99 (2H, m, 10-CH2), 2.33 (3H, s, Ar-Me), 4.38–4.46 (1H,
m, 5-H), 5.40 (1H, app. ddd, J¼2.0, 2.0, 2.0 Hz, 2-H), 5.56
(1H, ddd, J¼6.3, 2.0, 1.9 Hz, 4-H), 5.68 (1H, ddd, J¼6.3,
2.0, 1.9 Hz, 3-H), 7.15–7.32 (7H, m), 7.56 (2H, d,
J¼8.2 Hz, 2�ArH); dC (67.5 MHz, CDCl3) 10.6 (20-Me),
21.9 (Ar-Me), 30.8 (10-CH2), 69.8 (5-CH), 71.1 (2-CH),
127.7 (ArCH), 128.0 (ArCH), 128.3 (ArCH), 128.8
(ArCH), 129.1 (4-CH), 129.7 (3-CH), 130.0 (ArCH), 135.7
(ArC), 141.3 (ArC), 143.8 (ArC); m/z (ES) 328 (M++1,
100%), 245 (7), 157 (9), 102 (11). Found: M++1, 328.1371.
C19H22NO2S requires: M, 328.1376.

3.4. Pyrrolidine carboxylate formation and derivatives

3.4.1. Methyl (2SR,4RS,5SR)-5-phenyl-4-phenylselanyl-
1-tosylpyrrolidine-2-carboxylate 52. To a stirred solution
of cinnamyl tosylamide 51 (0.22 g, 0.60 mmol) in dry di-
chloromethane (5 ml) at ambient temperature was added
phenylselanyl bromide (0.285 g, 1.21 mmol) in one portion
and the resulting solution stirred for 72 h then filtered through
silica, eluted first with toluene to remove excess selanyl bro-
mide. Further elution with dichloromethane provided the
product, which was crystallised from toluene–hexane to
give 2,5-cis-pyrrolidine carboxylate 52 (0.279 g, 90%) as
colourless crystals, mp 128–130 �C; nmax(CHCl3)/cm�1

2950, 2910, 1740, 1450; dH (400 MHz, DMSO-d6) 1.89 (1H,
app. dt, J¼13.2, 7.5 Hz, 3-Ha), 2.36 (1H, app. dt, J¼ca.
13.2, 5.9 Hz, 3-Hb), 2.43 (3H, s, Ar-Me), 3.63 (1H, app. q,
J¼ca. 6.3 Hz, 4-H), 3.77 (3H, s, OMe), 4.34 (1H, d, J¼
5.4 Hz, 5-H), 4.47 (1H, dd, J¼7.5, 6.2 Hz, 2-H), 7.26–7.38
(8H, m), 7.40 (2H, d, J¼8.2 Hz), 7.49 (2H, d, J¼7.4 Hz),
7.59 (2H, d, J¼8.2 Hz); dC (100 MHz, DMSO-d6) 21.6
(Ar-Me), 35.6 (3-CH2), 47.8 (4-CH), 53.0 (OMe), 61.5
(5(2)-CH), 69.9 (2(5)-CH), 126.8 (ArC), 127.5 (2�ArCH),
128.0 (2�ArCH), 128.6 (2�ArCH), 128.9 (ArCH), 129.9
(2�ArCH), 130.4 (2�ArCH), 133.7 (ArC), 135.5
(2�ArCH), 141.1 (ArC), 144.5 (ArC), 172.3 (C]O) [one
ArCH obscured]; m/z (APCI) 516 (M++1, 100%). Found:
M++1, 516.0750. C25H26NO4SSe requires: M, 516.0748.

3.4.2. Methyl (2SR,4SR,5RS)-5-phenyl-4-phenylselanyl-
1-tosylpyrrolidine-2-carboxylate 53. Most experiments
resulted in the formation of mixtures (see Section 2). In one
of the more reproducible cyclisations, to a stirred solution of
cinnamyl tosylamide 51 (0.205 g, 0.57 mmol) in dry di-
chloromethane (4 ml) maintained at �78 �C and containing
anhydrous potassium carbonate (0.087 g, 0.63 mmol) was
added phenylselanyl chloride (0.12 g, 0.63 mmol) in one por-
tion and the resulting solution stirred for1 h at this tempera-
ture then allowed to warm to ambient temperature. The bulk
of the solvent was removed and the residue separated as de-
scribed above for the 2,5-cis isomer to give 2,5-trans-pyrrol-
idine carboxylate 53 containing 23% of the 2,5-cis isomer 52
(0.252 g, 86%) as an oil. The 2,5-trans isomer 53 showed dH

(400 MHz, DMSO-d6) 2.16 (1H, app. dt, J¼14.2, 3.5 Hz, 3-
Ha), 2.32 (3H, s, Ar-Me), 3.09 (1H, app. dt, J¼14.2, 8.6 Hz,
3-Hb), 3.67–3.71 (1H, obscured m, contains J¼4.7 Hz, 4-H),
3.69 (3H, s, OMe), 4.79 (1H, d, J¼4.7 Hz, 5-H), 4.88 (1H, dd,
J¼8.6, 3.5 Hz, 2-H), 6.91 (2H, d, J¼7.3 Hz, 2�ArH), 7.03
(2H, t, J¼7.7 Hz, 2�ArH), 7.12 (2H, dd, J¼8.2, 6.9 Hz,
2�ArH), 7.17 (2H, t, J¼8.2 Hz, 2�ArH), 7.26–7.32 (4H,
m), 7.39 (2H, dd, J¼6.9, 1.3 Hz, 2�ArH); dC (100 MHz,
DMSO-d6) 21.4 (Ar-Me), 36.7 (3-CH2), 48.1 (4-CH), 52.6
(OMe), 62.3 (5(2)-CH), 70.8 (2(5)-CH), 127.1 (2�ArCH),
128.1 (2�ArCH), 128.4 (2�ArCH), 129.3 (2�ArCH), 129.8
(2�ArCH), 130.1 (ArCH), 133.7 (ArC), 134.3 (2�ArCH),
139.2 (ArC), 142.9 (ArC), 172.8 (C]O) [one ArCH and
one ArC obscured]; m/z (APCI) 516 (M++1, 100%).

Alternatively, cinnamyl tosylamide 51 (0.217 g, 0.604
mmol) and anhydrous potassium carbonate (0.21 g,
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1.5 mmol) were stirred together in dry acetonitrile (1 ml) at
�78 �C then phenylselanyl chloride (0.21 g, 1.1 mmol)
was added portionwise. After 1 h at this temperature, the
mixture was stirred for 16 h without further cooling. Di-
chloromethane (10 ml) was then added, the mixture filtered
and the filtrate evaporated. Analysis of the residue by proton
NMR showed a 2,5-trans/cis ratio of 88:12 [53:52]. The
weight of the otherwise clean product indicated a combined
yield of 87%.

3.4.3. Methyl (2SR,5RS)-5-phenyl-1-tosyl-3-pyrroline-2-
carboxylate 54. Oxidation of 2,5-cis-5-phenyl carboxylate
52 (0.17 g, 0.33 mmol) according to general procedure B
gave 2,5-cis-pyrroline carboxylate 54 (0.11 g, 92%) as a
colourless solid, mp 119–121 �C; nmax(CHCl3)/cm�1 3025,
2952, 1758, 1597, 1494, 1455, 1352, 1165, 1092; dH

(400 MHz, CDCl3) 2.33 (3H, s, Ar-Me), 3.77 (3H, s, OMe),
5.36–5.39 (1H, m, 5-H), 5.57–5.60 (1H, m, 2-H), 5.73–
5.79 (2H, m, 3-, 4-H), 7.10 (2H, d, J¼8.2 Hz, 2�ArH),
7.18–7.24 (3H, m), 7.35 (2H, dd, J¼ca. 7.5, 1.8 Hz, 2�
o-ArH), 7.53 (2H, d, J¼8.2 Hz, 2�ArH); dC (100 MHz,
CDCl3) 21.5 (ArMe), 52.7 (OMe), 68.5 (3(4)-CH), 71.0
(4(3)-CH), 123.0 (CH), 127.6 (2�ArCH), 127.8 (CH),
127.9 (2�ArCH), 128.4 (2�s ArCH), 129.2 (2�ArCH),
133.1 (CH), 135.6 (ArC), 139.2 (ArC), 143.5 (ArC), 170.3
(C]O); m/z (ES) 358 (M++1, 100%), 298 (38), 203 (31).
Found: M++1, 358.1109. C19H20NO4S requires: M,
358.1113.

3.4.4. Methyl (2RS,4RS,5SR)-5-(furan-2-yl)-4-phenyl-
selanyl-1-tosylpyrrolidine-2-carboxylate 56. Tosylamide
55 (0.35 g, 1.0 mmol) and anhydrous potassium carbonate
(0.21 g, 1.5 mmol) were stirred together in dry tetrahydrofu-
ran (1 ml) at �78 �C and phenylselanyl chloride (0.21 g,
1.1 mmol) in tetrahydrofuran (1 ml) was added dropwise.
After stirring for 2 h at this temperature, the bulk of the sol-
vent was evaporated and the residue separated by column
chromatography (hexanes–EtOAc, 6:1) to give 2,5-trans-
pyrrolidine-2-carboxylate 56 (0.42 g, 83%) as a colourless
solid, mp 89–92 �C (hexane–ether); nmax(CHCl3)/cm�1

2963, 2922, 1748, 1438, 1159, 1098; dH (400 MHz,
CDCl3) 2.31 (1H, ddd, J¼13.8, 4.3, 4.3 Hz, 3-Ha), 2.37
(3H, s, Ar-Me), 3.01 (1H, ddd, J¼13.8, 8.7, 8.7 Hz, 3-Hb),
3.72–3.76 (1H, m, 4-H), 3.84 (3H, s, OMe), 4.57 (1H, dd,
J¼8.7, 4.3 Hz, 2-H), 5.05 (1H, d, J¼4.8 Hz, 5-H), 6.18
(1H, dd, J¼3.1, 1.9 Hz, 40-H), 6.26 (1H, d, J¼3.1 Hz, 30-
H), 6.85 (1H, d, J¼1.9 Hz, 50-H), 7.10–7.35 (9H, m); dC

(100 MHz, CDCl3) 22.0 (ArMe), 37.5 (3-CH2), 45.0 (4-
CH), 53.5 (OMe), 61.0 (2-CH), 63.0 (5-CH), 111.5 (40-
CH), 113.0 (30-CH), 127.8 (ArCH), 128.3 (ArCH), 130.1
(ArCH), 130.3 (ArCH), 134.8 (ArC), 135.0 (ArCH), 135.1
(ArC), 143.0 (ArC), 152.0 (ArC), 171.5 (C]O); m/z (EI)
505 (M+, 7%), 350 (7), 192 (9), 155 (16), 134 (16), 92
(100). Found: M+, 505.0462. C23H23NO5SSe requires: M,
505.0462.

3.4.5. Methyl (2RS,4SR,5RS)-5-(furan-2-yl)-4-phenyl-
selanyl-1-tosylpyrrolidine-2-carboxylate 57. Tosylamide
55 (0.35 g, 1.0 mmol) and anhydrous potassium carbonate
(0.21 g, 1.5 mmol) were stirred together in dry acetonitrile
(1 ml) at ambient temperature and phenylselanyl chloride
(0.21 g, 1.1 mmol) was added portionwise. After stirring
for 2 h at this temperature, the bulk of the solvent was
evaporated and the residue separated by column chromato-
graphy (hexanes–EtOAc, 6:1) to give 2,5-cis-pyrrolidine-2-
carboxylate 57 (0.43 g, 85%) as a colourless crystalline solid,
mp 98–99 �C (hexane–ether); nmax(CHCl3)/cm�1 2952,
1756, 1598, 1438, 1355, 1290, 1203, 1161, 1095, 1023; dH

(400 MHz, CDCl3) 2.17 (1H, ddd, J¼13.2, 7.4, 5.1 Hz,
3-Ha), 2.35 (3H, s, Ar-Me), 2.50 (1H, ddd, J¼13.2, 7.4,
6.0 Hz, 3-Hb), 3.78 (3H, s, OMe), 3.83–3.87 (1H, m, 4-H),
4.61 (1H, dd, J¼7.4, 7.4 Hz, 2-H), 4.82 (1H, d, J¼3.9 Hz,
5-H), 6.25 (1H, dd, J¼3.2, 1.9 Hz, 40-H), 6.51 (1H, d,
J¼ca. 3.2 Hz, 30-H), 7.25–7.40 (8H, m), 7.64 (2H, d,
J¼8.2 Hz, 2�ArH); dC (100 MHz, CDCl3) 21.5 (ArMe),
35.6 (3-CH2), 43.8 (4-CH), 52.5 (OMe), 60.6 (2-CH), 63.7
(5-CH), 109.3 (40-CH), 110.4 (30-CH), 127.4 (ArCH),
127.8 (ArCH), 128.1 (ArCH), 129.2 (ArCH), 129.4
(ArCH), 134.5 (ArC), 135.1 (ArC), 142.2 (50-CH), 143.8
(ArC), 151.9 (ArC), 171.9 (C]O); m/z (EI) 505 (M+,
32%), 446 (15), 275 (21), 192 (95), 166 (59), 155 (86), 133
(100), 106 (70), 90 (87). Found: M+, 505.0462.
C23H23NO5SSe requires: M, 505.0462. Anal. Calcd for
C23H23NO5SSe: C, 54.76; H, 4.60; N, 2.78. Found: C,
54.88; H, 4.74; N, 3.02%.

3.4.6. Methyl (2RS,5SR)-5-(furan-2-yl)-1-tosyl-3-pyrro-
line-2-carboxylate 58. To a stirred solution of 2,5-cis-
selanyl-pyrrolidine 57 (0.40 g, 0.79 mmol) in tetrahydrofuran
(5 ml) was added aqueous hydrogen peroxide (30%, 0.2 ml,
2.5 equiv). After 2 h at ambient temperature, the bulk of
the solvent was evaporated and the residue dissolved in
dichloromethane (10 ml) and water (10 ml). The separated
organic solution was washed with water (2�10 ml) then
dried and evaporated. Column chromatography of the residue
(hexanes–EtOAc, 4:1) gave 2,5-cis-pyrroline 58 (0.21 g,
76%) as a colourless crystalline solid, mp 129–131 �C (hex-
anes–ether); nmax(CHCl3)/cm�1 2955, 1760, 1598, 1434,
1351, 1166; dH (400 MHz, CDCl3) 2.44 (3H, s, Ar-Me),
3.79 (3H, s, OMe), 5.39 (1H, dd, J¼4.5, 2.2 Hz, 2-H), 5.77
(1H, dd, J¼4.0, 2.0 Hz, 5-H), 5.89–6.01 (2H, m, 3-, 4-H),
6.28 (1H, dd, J¼3.2, 1.8 Hz, 40-H), 6.30 (1H, d, J¼3.2 Hz,
30-H), 7.25 (2H, d, J¼8.2 Hz, 2�ArH), 7.33 (1H, app. br s,
50-H), 7.71 (2H, d, J¼8.2 Hz, 2�ArH); dC (100 MHz,
CDCl3) 21.6 (ArMe), 52.7 (OMe), 63.8 (5-CH), 67.9 (2-
CH), 108.6 (30-CH), 110.5 (40-CH), 124.9 (3(4)-CH), 127.7
(2�ArCH), 129.3 (2�ArCH), 129.7 (4(3)-CH), 135.9
(ArC), 142.5 (50-CH), 143.6 (ArC), 151.8 (ArC), 170.0
(C]O); m/z (EI) 347 (M+, 2%), 288 (100), 192 (34), 155
(90), 132 (84), 104 (74), 77 (49), 65 (85). Found: M+,
347.0828. C17H17NO5S requires: M, 347.0827. Anal. Calcd
for C17H17NO5S: C, 58.78; H, 4.93; N, 4.03. Found: C,
58.93; H, 4.79; N, 4.36%.

3.4.7. Methyl (2RS,5RS)-5-(furan-2-yl)-1-tosyl-3-pyrro-
line-2-methanol 59. The foregoing ester 58 (0.15 g,
0.43 mmol) was stirred in dry toluene (1 ml), cooled in an
ice bath for 10 min before the dropwise addition of diisobu-
tylaluminium hydride in toluene (0.6 ml of a 1.5 M solution,
0.91 mmol). The resulting mixture was stirred for 3 h then
quenched by the careful addition of methanol (0.2 ml) fol-
lowed by 2 M hydrochloric acid (2 ml). The resulting mix-
ture was filtered, the solids washed with toluene and the
filtrate separated into organic and aqueous layers. The latter
was extracted with ether (3�5 ml) and the extracts combined
with the organic layer from the original filtrate. The resulting
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organic solution was dried, filtered and evaporated. Column
chromatography of the residue (hexanes–EtOAc, 2:1) sepa-
rated the pyrroline-methanol 59 (0.10 g, 75%) as a colourless
oil, nmax(film)/cm�1 3450; dH (400 MHz, CDCl3) 2.36 (3H, s,
Ar-Me), 3.66 (1H, dd, J¼11.6, 3.1 Hz, 10-Ha), 3.77 (1H, dd,
J¼11.6, 3.1 Hz, 10-Hb), 4.54–4.57 (1H, m, 2-H), 5.51 (1H, d,
J¼1.7 Hz, 5-H), 5.63–5.67 (2H, m, 3-, 4-H), 6.24–6.28 (2H,
m, 30-, 40-H), 7.23 (2H, d, J¼8.2 Hz, 2�ArH), 7.34 (1H, app.
br s, 50-H), 7.67 (2H, d, J¼8.2 Hz, 2�ArH); dC (100 MHz,
CDCl3) 21.5 (ArMe), 58.2 (2-CH), 64.2 (5-CH), 65.3 (10-
CH2), 108.0 (30-CH), 110.0 (40-CH), 127.4 (CH), 127.7
(CH), 127.9 (CH), 129.8 (CH) 134.5 (C), 142.6 (50-CH),
144.0 (C), 152.6 (C). m/z (APCI) found: M++1 (100%),
320.0959. C16H18NO4S requires: M, 320.0957.

3.4.8. Methyl (2SR,3RS,4SR,5SR)-3,4-diacetyloxy-5-(fu-
ran-2-yl)-1-tosylpyrrolidine-2-carboxylate 60. Pyrroline-
2-carboxylate 58 (0.10 g, 0.29 mmol) was stirred in aqueous
acetone (1:5; 2 ml) containing N-methylmorpholine-N-oxide
(0.071 g, 0.60 mmol) at ambient temperature and osmium
tetroxide (0.15 ml of a 5% solution in t-BuOH, 0.03 mmol)
was added and the resulting solution stirred for 16 h then con-
centrated. The residue was dissolved in dry pyridine (2 ml)
and acetic anhydride (0.06 ml, 0.60 mmol) was added. After
a further 20 h at ambient temperature, 2 M hydrochloric
acid (5 ml) was added and the resulting mixture extracted
with dichloromethane (3�10 ml). The combined extracts
were washed with brine (10 ml) then dried and evaporated.
Column chromatography of the residue (hexanes–EtOAc,
6:1) separated the diacetate 60 (0.085 g, 64%) as an oil,
nmax(film)/cm�1 2950, 1748, 1598, 1440, 1352, 1164,
1120, 1090; dH (400 MHz, CDCl3) 1.78 (3H, s, OAc), 2.01
(3H, s, OAc), 2.42 (3H, s, Ar-Me), 3.81 (3H, s, OMe), 4.37
(1H, d, J¼6.7 Hz, 2-H), 4.86 (1H, d, J¼3.0 Hz, 5-H), 5.40
(1H, dd, J¼3.6, 3.6 Hz, 4-H), 5.54 (1H, dd, J¼6.7, 3.6 Hz,
5-H), 6.29 (1H, dd, J¼3.2, 1.9 Hz, 40-H), 6.55 (1H, d,
J¼3.2 Hz, 30-H), 7.31 (2H, d, J¼8.2 Hz, 2�ArH), 7.34
(1H, app. br s, 50-H), 7.70 (2H, d, J¼8.2 Hz, 2�ArH); dC

(100 MHz, CDCl3) 20.3 (Me), 20.4 (Me), 21.6 (ArMe),
53.1 (OMe), 60.6 (5-CH), 62.6 (2-CH), 72.6 (3-CH), 73.1
(4-CH), 110.1 (30-CH), 110.7 (40-CH), 128.0 (CH), 129.6
(CH), 134.2 (C), 143.1 (50-CH), 144.1 (C), 149.1 (C), 169.2
(C]O), 169.3 (C]O), 169.8 (C]O); m/z (APCI) found:
M++1 (100%), 466.1174. C21H24NO9S requires: M,
466.1172.

3.4.9. (2SR,3RS,4SR,5SR)-2-Acetyloxymethyl-3,4-diace-
tyloxy-5-(furan-2-yl)-1-tosylpyrrolidine 61. Pyrroline-2-
methanol 59 (50 mg, 0.157 mmol) was stirred in aqueous
acetone (1:5, 2 ml) containing N-methylmorpholine-N-oxide
(39 mg, 0.33 mmol) at ambient temperature and osmium
tetroxide (80 ml of a 5% solution in t-BuOH, 0.015 mmol)
was added and the resulting solution stirred for 16 h then con-
centrated. The residue was dissolved in dry pyridine (2 ml)
and acetic anhydride (33 ml, 0.60 mmol) was added. After a
further 20 h at ambient temperature, 2 M hydrochloric acid
(5 ml) was added and the resulting mixture extracted with
dichloromethane (3�10 ml). The combined extracts were
washed with brine (10 ml) then dried and evaporated. Col-
umn chromatography of the residue (hexanes–EtOAc, 6:1)
separated the triacetate 61 (40 mg, 55%) as a colourless solid,
mp 76–78 �C (hexane–ether), nmax(film)/cm�1 2950, 1756,
1360, 1212, 1167; dH (400 MHz, CDCl3) 1.78 (3H, s, OAc),
1.94 (3H, s, OAc), 2.06 (3H, s, OAc), 2.45 (3H, s, Ar-Me),
3.81–4.22 (1H, m, 2-H), 4.37 (1H, dd, J¼11.8, 8.5 Hz,
CHaHbOAc), 4.46 (1H, dd, J¼11.8, 5.6 Hz, CHaHbOAc),
4.78 (1H, d, J¼4.7 Hz, 5-H), 5.38 (1H, dd, J¼4.7, 4.7 Hz,
3-H), 5.48 (1H, dd, J¼4.7, 4.7 Hz, 4-H), 6.33 (1H, dd,
J¼3.3, 1.5 Hz, 40-H), 6.42 (1H, d, J¼3.3 Hz, 30-H), 7.30
(2H, d, J¼8.2 Hz, 2�ArH), 7.31 (1H, d, J¼1.5 Hz, 50-H),
7.80 (2H, d, J¼8.2 Hz, 2�ArH); dC (100 MHz, CDCl3)
20.2 (Me), 20.6 (Me), 21.4 (Me), 21.6 (ArMe), 59.9
(5-CH), 60.9 (2-CH), 63.4 (CH2OAc), 71.7 (3-CH), 73.2
(4-CH), 119.6 (30-CH), 110.5 (40-CH), 127.9 (CH), 129.5
(CH), 134.3 (C), 142.9 (50-CH), 143.9 (C), 149.5 (C), 169.2
(C]O), 169.3 (C]O), 170.3 (C]O); m/z (APCI) found:
M++1 (100%), 480.1329. C22H26NO9S requires: M,
480.1328.
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