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Selenium promoted synthesis of enantiopure pyrrolidines
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Abstract—Starting from commercially available enantiomerically pure aminoalcohols and using simple conversions promoted by
organoselenium reagents, several enantiomerically pure substituted pyrrolidines were prepared. After double protections (R)- or
(S)-2-phenylglycinols were converted into the b-amino selenides by displacing the tosyl group with phenyl selenolate anions. The
phenylseleno group was then substituted by an allyl group by treatment with allyltributyltin and AIBN. The reaction of these allylic
derivatives with electrophilic phenylselenium reagents afforded selenium containing pyrrolidines as the result of a 5-exo-trig cyclization.
The pyrrolidine derivatives thus obtained were reductively deselenylated with triphenyltin hydride and AIBN. Moreover, the selenides
were converted into the selenones, which easily gave substitution with different nucleophiles. Enantiopure 2,5-pyrrolidines containing
azido, methylthio, cyano and iodo groups were thus obtained.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Pyrrolidine ring systems are present in a large number of
biologically active natural products as well as in numerous
therapeutic agents.1 They often also serve as pivotal key
intermediates in the synthesis of pyrrolizidine and indolizi-
dine alkaloids.2 Furthermore, some pyrrolidine derivatives
have found employment as organocatalysts,3 as chiral
ligands for asymmetric catalysis and as chiral auxiliaries.4

Although many racemic syntheses of this ring system
have been reported, few general methods are available
for their preparation in enantiomerically pure forms.5 A
very convenient procedure can involve cyclofunctionaliza-
tion reactions promoted by selenium reagents.6 In these
cases olefinic primary amines do not cyclize readily while
N-protected olefinic primary amines do.7 Of particular
importance is the possibility of performing either reagent-
controlled or substrate-controlled asymmetric cyclization
reactions from which enantiomerically enriched or enantio-
pure heterocycles can be obtained.8 Despite the numerous
reagent-controlled asymmetric cyclization reactions leading
to oxygen-containing heterocycles reported in the litera-
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ture, only sporadic examples9,10 of the application of these
cyclizations to the synthesis of nitrogen-containing hetero-
cycles have been described. Our research group has
reported the syntheses of different nitrogen-containing
heterocycles with high diastereoselectivity through
reagent-controlled asymmetric selenocyclization of alkenes.11

At the same time we have carried out the synthesis of
enantiomerically pure oxygen-containing heterocycles
starting from commercially available enantiopure com-
pounds and using simple conversions promoted by electro-
philic phenylselenium reagents.12 Herein we report a simple
procedure to effect the substrate-controlled asymmetric
cyclizations of easily available N-protected alkenyl amines
from which valuable disubstituted pyrrolidine derivatives
can be obtained in enantiomerically pure form.
2. Results and discussion

The starting compound necessary for the present investiga-
tion was the commercially available aminoalcohol, (R)-
(�)-2-phenylglycinol 1 (ee 99%) (Scheme 1), which was
transformed into the N-Boc derivative 2 by treatment with
stoichiometric amounts of di-tert-butyl dicarbonate and
triethylamine.12d The N-Boc protected aminoalcohol 2
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was easily converted into the corresponding O-tosyl
derivative 3.13 This product was sufficiently pure to be used
for the next step without purification by column chromato-
graphy. Upon treatment with phenyl selenolate anion,
produced in situ by diphenyl diselenide and sodium
borohydride, compound 3 gave the b-amino selenide 4.
Finally the phenylseleno group was replaced by an allyl
group by treatment with allyltributyltin and AIBN in
refluxing benzene to give tert-butyl [(1S)-1-phenylpent-4-
en-1-yl]carbamate 5 (Scheme 1).

The key step of the present reaction sequence is the 5-exo-
trig selenocyclization reaction of this N-protected alkenyl
amine promoted by N-(phenylseleno)phthalimide in the
presence of BF3ÆEt2O as a catalyst. NMR analysis of the
crude reaction mixture indicated that two diastereomeric
N-Boc pyrrolidines were obtained. These, however, could
not be separated by column chromatography. Thus, when
TLC analysis of the reaction mixture indicated that the
starting product 5 was completely consumed, an excess of
BF3ÆEt2O was added to effect the N-Boc bond cleavage.
Proton NMR analysis of the reaction mixture indicated
that the two 2-phenyl-5-[(phenylselenomethyl)]pyrrolidines
6 and 7 were formed in a 1:1.2 ratio. The mixture was chro-
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Scheme 2. Reagents and conditions: (a) N-PSP, BF3ÆEt2O, CH2Cl2, rt; (b) Ph
matographed and the two products were obtained in an
enantiomerically pure form (Scheme 2). The structures of
these two diastereoisomers were determined by NMR spec-
troscopy on the basis of the results of NOESY experiments.
In compound 6 a strong dipolar interaction was observed
between the protons at the 2- and 5-positions, whereas in
compound 7, a strong dipolar interaction was observed
between the proton at the 2-position and the two protons
of the CH2SePh group at the 5-position.

Pyrrolidines 6 and 7 were then treated separately with tri-
phenyltin hydride and AIBN in refluxing benzene to afford
(2S,5S)-2-methyl-5-phenylpyrrolidine 85c and (2R,5S)-2-
methyl-5-phenylpyrrolidine 9 (Scheme 2). The enantio-
meric purity of pyrrolidines 8 and 9 was confirmed by
HPLC analysis, on the chiral columns (R,R) Whelk-O 1
and Chiracel OD-H, respectively, of their N-Boc derivates
10 and 11, which were easily prepared in one pot by desel-
enylation and N-Boc protection of 6 and 7 (Scheme 2).

A similar synthetic sequence was also effected starting from
(S)-(+)-2-phenyl glycinol ent-1 (ee 99%). Following the
procedures described above for 1, compounds ent-2, ent-
3, ent-4 and ent-5 were prepared. The selenium promoted
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Table 1.

N
XBoc

15a-d

N
SeO2PhBoc

14(2S)

Reagenta Reaction conditions X Yield (%) [a]D

NaN3
b DMF, 80 �C, 2 h N3 15a: 70 �47.4

KCNc DMF, 40 �C, 1 h CN 15b: 73 �87.7
NaSCH3

b DMF, 80 �C, 1 h SMe 15c: 86 �51.7
NaI Acetone, 20 �C, 5 h I 15d: 64 �35.2

a Two equivalents of the reagent was employed.
b Two equivalents of 15-Crown-5 was also employed.
c Two equivalents of 18-Crown-6 was also employed.
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cyclization afforded the two 2-phenyl-5-[(phenylseleno-
methyl)]pyrrolidines ent-6 and ent-7 in a 1:1.2 ratio. The
deselenenylated pyrrolidines ent-8 and ent-9 and their
N-Boc derivatives ent-10 and ent-11 were prepared as de-
scribed above for the enantiomeric compounds (Scheme 3).

The presence of the organoselenium functionality in the
cyclization products 6 and 7 allows the introduction of sev-
eral other groups to be easily effected. The radical substitu-
tion of the phenylseleno moiety by an allyl group, for
instance, gives products, which can be used to effect other
cyclization reactions thus affording interesting bicyclic
compounds.12b Other interesting processes are the deselen-
enylation reactions, which occur by substitution after con-
version of the PhSe group into a good leaving group such
as the selenone which is obtained by simple oxidation.8b,14

The leaving ability of the selenonyl group has already been
observed, in intermolecular15 as well as in intramolecular
substitution reactions,16 using carbon, oxygen or nitro-
gen17 nucleophiles. The intramolecular process gives rise
to various types of heterocyclic compounds.

To find the best reaction conditions to effect similar substi-
tution reactions in the enantiopure pyrrolidines described
above, we employed the easily available tert-butyl (2S)-2-
[(phenylselenonyl)methyl]pyrrolidine-1-carboxylate 14 as
a model substrate (Scheme 4). This compound was easily
synthesized starting from the tosyl derivate 12, which in
turn was easily obtained18 by the commercially available
N-Boc-LL-prolinol (ee 98%). The substitution of the tosyl
group by the phenyl selenolate anion afforded selenide
13, which was oxidized to selenone 14 using Oxone�, under
very mild reaction conditions.19 The reaction mixture was
poured into water and extracted with dichloromethane.
The solvent was evaporated and the crude selenone 14
(70% yield) was sufficiently pure (TLC) enough to be used
without further purification, as previously reported in sev-
eral cases.8b,15c,17

Attempts to purify the crude selenone by column chroma-
tography or by crystallization induced decomposition of
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the product. The formation of the selenone, however, was
clearly demonstrated by TLC analysis (Rf lower than that
of the selenide and higher than that of the selenoxide). Fur-
ther indications came from a rapid and careful NMR anal-
ysis of the crude product. The 77Se NMR signals of N-Boc
selenide 13 appeared at 253.4 and 264.6 ppm, while in
the N-Boc selenone 14 were deshielded at 984.9 and
986.9 ppm.14b These two absorptions suggest that, at room
temperature, owing to the presence of the N-Boc substitu-
ent, the molecule is present as two distinct conformers.

Several preliminary experiments were carried out to find
the best experimental conditions to effect the substitution
of the selenonyl group of 14 with different nucleophiles.
We finally found that, under the experimental conditions
described in Table 1, the azido, cyano, methylthio and iodo
groups could be introduced to afford valuable pyrrolidine
derivatives in good yield and in an enantiomerically pure
form (Table 1).
After these encouraging results we then applied similar
reaction conditions to the substitution reactions of pyrrol-
idines 6 and 7. These were converted into their N-Boc
derivatives 16 and 18 and then oxidized to the selenones
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Table 3.

N
SeO2PhH

19 (2S,5S)

Ph N
X

H
21a-c

Ph N
X

H
21a'-b'

Ph
+

Reagenta Reaction conditions X Yield (%) [a]D

NaN3 DMF, 160 �C, 8 h N3 21a: 40 �30.9
21a0: 22 +38.4

KCNb DMF, 160 �C, 6 h CN 21b: 32 �20.3
21b0: 26

NaSCH3
c DMF, 80 �C, 1 h SMe 21c: 63 +26.6

a Five equivalents of the reagent was employed in the first three cases, and
2 equiv in the case of NaI.

b Two equivalents of 18-Crown-6 was also employed.
c Two equivalents of 15-Crown-5 was also employed.
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(Scheme 5). From the cis pyrrolidine 6 selenone 17 was
easily obtained under the usual conditions19 whereas the
preparation of the selenone deriving from the trans pyrrol-
idine 7 required higher temperatures and 3 M equiv of
Oxone�. Under these conditions the reaction product was
the unprotected selenone 19. The crude selenone intermedi-
ates 17 (75% yield) and 19 (65% yield) were directly used
without further purification.

The results obtained from the substitution reactions carried
out on the cis-2,5-disubstituted selenone 17, under the reac-
tion conditions indicated, are reported in Table 2. The
enantiomerically pure azido, cyano, methylthio and iodo
pyrrolidines 20a–d were obtained in satisfactory to good
yields. Compound 20c was accompanied by the corres-
ponding unprotected pyrrolidine derivate 20c 0.

A different situation was encountered in the case of the
isomeric trans selenone. First of all, attempts to transform
selenone 19 into the corresponding N-Boc protected
derivative gave complex reaction mixtures. The substitu-
tion reactions were therefore carried out on compound
19. In this case, however, to effect the displacement of the
selenonyl group by the azido and cyano groups, much
higher reaction temperatures and longer reaction times
were required (Table 3). As indicated in Table 3, under
these conditions, the desired substitution products were
accompanied by considerable amounts of the elimination
Table 2.

N
SeO2PhBoc

Ph N
X

R

Ph

17 (2S,5R) R = Boc :  20a-d

R = H : 20c'

Reagenta Reaction conditions X Yield (%) [a]D

NaN3 DMF, 80 �C, 1 h N3 20a: 92 �37.2
KCNb DMF, 80 �C, 3 h CN 20b: 45 +12.5
NaSCH3

c DMF, 80 �C, 1 h SMe 20c: 50 �19.6
20c0: 15 �69.9

NaI DMF, 80 �C, 3 h I 20d: 47 �25.2

a Five equivalents of the reagent was employed in the first three cases, and
2 equiv in the case of NaI.

b Two equivalents of 18-Crown-6 was also employed.
c Two equivalents of 15-Crown-5 was also employed.
products 21a 0 and 21b 0. The reaction with the strongly
nucleophilic methanethiolate occurred easily, whereas
different attempts to effect the substitution with sodium
iodide did not give acceptable results. Thus, starting from
the selenones some interesting enantiomerically pure 2,5-
cis and trans-disubstituted pyrrolidines could be obtained.
Derivatives 20a–d and 21a–c are useful compounds, which
are susceptible to further manipulations.
3. Conclusions

Starting from commercially available enantiopure aminoal-
cohols and using simple conversions promoted by organo-
selenium reagents, several enantiomerically pure cis and
trans-2,5-disubstituted pyrrolidines were synthesized. The
key step of these syntheses is the substrate-controlled asym-
metric cyclization of the N-Boc protected d-alkenyl amines
promoted by N-(phenylseleno)phthalimide. Moreover, the
selenides thus obtained were converted into the selenones,
which could be substituted by different nucleophiles to
afford interesting enantiopure 2,5-pyrrolidines containing
azido, methylthio, cyano and iodo substituents.
4. Experimental

All new compounds were characterized by MS, 1H and 13C
and in some cases 77Se NMR spectra. GC analyses and MS
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spectra were carried out with an HP 6890 gas chromato-
graph (25 m dimethyl silicone capillary column) equipped
with an HP 5973 Mass Selective Detector; for the ions con-
taining selenium only the peaks arising from the selenium-
80 isotope are given. 1H, 77Se and 13C NMR spectra were
recorded at 400, 76.27 and 100.62 MHz, respectively, on
a Bruker DRX 400 instrument; CDCl3 was used as solvent
and TMS as standard. The NMR spectra were recorded at
room temperature. At this temperature in most of the N-
Boc compounds two conformers are present, which give
distinct or broad signals. In some of these cases the
NMR spectra were therefore recorded at higher tempera-
tures (315 K or 325 K) so that the merging of the signals
could be observed. HPLC analyses were performed on an
HP 1100 instrument equipped with a chiral column and a
UV detector. Optical rotations were measured with a Jasco
DIP-1000 digital polarimeter. Elemental analyses were car-
ried out on a Carlo Erba 1106 Elemental Analyzer.

4.1. Starting products

Commercial (R)-(+)-2-phenylglycinol (ee 99%), (S)-(+)-2-
phenylglycinol (ee 99%) and N-Boc-LL-prolinol (ee 98%)
were used without further purification. The (2R*)-phenyl-
glycinol, necessary as a reference for the HPLC analyses,
was prepared according to the procedure described in the
literature.20

4.2. Protection of aminoalcohols 1 and ent-1 and of
pyrrolidines 6 and 7

The N-Boc protected (R)- and (S)-phenylglycinols 2 and
ent-2 were synthesized from the corresponding aminoalco-
hols 1 and ent-1 by treatment with stoichiometric amounts
of triethylamine and di-tert-butyl dicarbonate in tetra-
hydrofuran at room temperature according to the stan-
dard procedure12d (Scheme 1). The same method was
applied for the N-Boc protections of pyrrolidines 6 and
7 to prepare pyrrolidines 16 and 18. These were isolated
in their pure form by crystallization from light petro-
leum. (Scheme 5). The protection of 8 and 9 was effected
in one pot after deselenenylation and is described below
(Scheme 2).

The N-Boc protected aminoalcohols 2 and ent-2 were then
converted into the corresponding tosyl derivatives 3 and
ent-3 by treatment with p-toluenesulfonyl chloride and tri-
ethylamine in dichloromethane13 (Scheme 1).

The physical and spectral data of compounds 2 and ent-2
are reported in the literature12d while those of compounds
3, ent-3, 16 and 18 are reported below.

4.2.1. (2R)-2-[(tert-Butoxycarbonyl)amino]-2-phenylethyl-4-
methylbenzenesulfonate, 3. Mp = 157–160 �C; ½a�23

D ¼
�2:2 (c 2.03, CHCl3). 1H NMR: d 7.67 (d, 2H,
J = 8.3 Hz), 7.32–7.15 (m, 7H), 5.15 (br s, 1H), 4.98–4.83
(m, 1H), 4.26 (dd, 1H, J = 4.5, 10.0 Hz), 4.17 (dd, 1H,
J = 5.8, 10.0 Hz), 2.42 (s, 3H), 1.40 (s, 9H); 13C NMR: d
154.8, 144.9, 137.7, 132.3, 128.9 (two carbons), 128.7
(two carbons), 127.9, 127.8 (two carbons), 126.5 (two car-
bons), 80.1, 71.5, 53.5, 28.2 (three carbons), 21.6. Anal.
Calcd for C20H25NO5S: C, 61.36; H, 6.44; N, 3.58. Found:
C, 61.47; H, 6.35; N, 3.71.

4.2.2. (2S)-2-[(tert-Butoxycarbonyl)amino]-2-phenylethyl-4-
methylbenzenesulfonate, ent-3. Mp = 156–160 �C; ½a�32

D ¼
þ2:1 (c 2.11, CHCl3). Anal. Calcd for C20H25NO5S: C,
61.36; H, 6.44; N, 3.58. Found: C, 61.38; H, 6.52; N, 3.69.

4.2.3. tert-Butyl (2S,5R)-2-phenyl-5-[(phenylseleno)meth-
yl]pyrrolidine-1-carboxylate, 16. Mp = 79–83 �C; ½a�22

D ¼
�23:2 (c 2.14, CHCl3); 1H NMR (325 K): d 7.58–7.55 (m,
2H), 7.33–7.19 (m, 8H), 4.87–4.84 (m, 1H), 4.29–4.23 (m,
1H), 3.68 (dd, 1H, J = 3.0, 11.8 Hz), 2.98 (dd, 1H,
J = 10.7, 11.8 Hz), 2.32–2.22 (m, 1H), 2.17–2.06 (m, 1H),
1.96–1.87 (m, 2H), 1.29 (s, 9H); 13C NMR (325 K): d
154.7, 144.3, 132.5, 130.4, 129.0 (two carbons), 128.2
(two carbons), 126.7, 126.5 (two carbons), 125.5 (two car-
bons), 79.6, 63.2, 59.4, 33.9, 32.1, 29.8, 28.3 (three car-
bons); MS m/z (rel int.): 417 (9), 190 (61), 146 (100), 57
(33). Anal. Calcd for C22H27NO2Se: C, 63.45; H, 6.54; N,
3.36. Found: C, 63.54; H, 6.46; N, 3.21.

4.2.4. tert-Butyl (2S,5S)-2-phenyl-5-[(phenylseleno)meth-
yl]pyrrolidine-1-carboxylate, 18. Mp = 75–78 �C; ½a�20

D ¼
�78:8 (c 2.46, CHCl3); Major conformer: 1H NMR: d
7.64–7.60 (m, 2H), 7.31–7.21 (m, 6H), 7.10–7.05 (m, 2H),
4.88–4.85 (m, 1H), 4.47–4.42 (m, 1H), 3.62 (dd, 1H,
J = 2.9, 12.2 Hz), 2.95 (dd, 1H, J = 9.9, 12.2 Hz) 2.50–
2.32 (m, 1H), 2.18–1.89 (m, 2H), 1.74–1.67 (m, 1H), 1.13
(s, 9H); 13C NMR: d 153.8, 144.1, 130.5, 129.0 (two car-
bons), 128.1 (two carbons), 126.6, 126.4 (two carbons),
125.6, 125.2 (two carbons), 79.4, 62.4, 58.6, 32.6, 31.0,
28.2 (three carbons), 27.4. Minor conformer (distinct sig-
nals): 1H NMR: d 5.05–5.02 (m, 1H), 4.26–4.22 (m,1H),
3.47 (dd, 1H, J = 1.9, 12.0 Hz), 2.79 (dd, 1H, J = 10.8,
12.0 Hz), 1.38 (s, 9H); 13C NMR: d 63.3, 59.5, 33.9, 29.9;
MS m/z (rel int.): 417 (9), 246 (34), 190 (63), 146 (100),
91(13) 57(31). Anal. Calcd for C22H27NO2Se: C, 63.45;
H, 6.54; N, 3.36. Found: C, 63.58; H, 6.67; N, 3.47.

4.3. Synthesis of the b-amino selenides 4, ent-4 and 13

To a solution of diphenyl diselenide (4.2 mmol) in
dimethylformamide sodium borohydride (8.3 mmol) was
added at 40 �C. After 30 min, compounds 3, ent-3 or 12
(6.4 mmol) were added and the reactions were stirred
overnight. The reaction mixture was poured into water
and extracted with diethyl ether. The organic layer was
washed with water, brine, dried over Na2SO4, filtered and
evaporated under vacuum. Reaction products 4, ent-4
and 13 were obtained in a pure form after column
chromatography of the residue on silica gel with a mixture
of diethyl ether and light petroleum (from 5:95 to 10:90) as
eluant. The products obtained and the reaction yields are
reported in Schemes 1 and 4. Physical and spectral data
are reported below.

4.3.1. tert-Butyl [(1R)-1-phenyl-2-(phenylseleno)ethyl]carba-
mate, 4. Mp = 67–69 �C; ½a�22

D ¼ �32:8 (c 2.14, CHCl3).
1H NMR: d 7.52–7.49 (m, 2H), 7.33–7.15 (m, 8H), 5.18
(d, 1H, J = 7.5 Hz), 4.97–4.81 (m, 1H), 3.29–3.23 (m,
2H), 1.40 (s, 9H); 13C NMR: d 155.0, 133.0, 129.8 (two car-
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bons), 129.1 (two carbons), 128.6 (two carbons), 127.6 (two
carbons), 127.2, 126.3 (two carbons), 79.7, 54.5, 35.2, 28.3
(three carbons). Anal. Calcd for C19H23NO2Se: C, 60.64;
H, 6.16; N, 3.72. Found: C, 60.79; H, 6.25; N, 3.69.

4.3.2. tert-Butyl [(1S)-1-phenyl-2-(phenylseleno)ethyl]carba-
mate, ent-4. Mp = 67–68 �C; ½a�18

D ¼ þ32:9 (c 2.24,
CHCl3). Anal. Calcd per C19H23NO2Se: C, 60.64; H,
6.16; N, 3.72. Found: C, 60.75; H, 6.28; N, 3.85.

4.3.3. tert-Butyl (2S)-2-[(phenylseleno)methyl]pyrrolidine-1-
carboxylate, 13. Oil; ½a�23

D ¼ �16:9 (c 2.14, CHCl3); 1H
NMR (325 K): d 7.56–7.55 (m, 2H), 7.26–7.19 (m, 3H),
4.08–3.99 (m, 1H), 3.50–3.27 (m, 3H), 2.96–2.82 (m, 1H),
2.09–1.98 (m, 1H), 1.96–1.72 (m, 3H), 1.44 (s, 9H); 13C
NMR (325 K): d 154.2, 132.6, 130.4, 128.9 (two carbons),
126.7 (two carbons), 79.2, 57.3, 46.9, 31.9, 30.8, 28.5 (three
carbons), 23.2; 77Se NMR (room temperature): d 253.4 and
264.6; MS m/z (rel int.): 341 (36), 268 (16), 170 (59), 157
(5), 114 (100), 91 (22), 70 (78), 57 (64). Anal. Calcd for
C16H23NO2 Se: C,56.47; H, 6.81; N, 4.12. Found: C,
56.49; H, 6.93; N, 4.24.

4.4. Synthesis of compounds 5 and ent-5 by radical allylation

To a solution of compounds 4 or ent-4 (1 mmol) and a cat-
alytic amount of AIBN in refluxing dry benzene (8 mL)
allyltributyltin (5 mmol) was added in 4 h with a syringe
pump under nitrogen. The progress of the reactions was
monitored by TLC. The solvent was then carefully evapo-
rated under vacuum. The allylated compounds 5 and ent-5
were isolated in a pure form after column chromatography
on silica gel using a mixture of diethyl ether and light petro-
leum (from 2:98 to 10:90) as eluant. Physical and spectral
data are reported below.

4.4.1. tert-Butyl [(1S)-1-phenylpent-4-en-1-yl]carbamate, 5.
Mp = 88–90 �C; ½a�22

D ¼ �41:4 (c 1.99, CHCl3). 1H NMR: d
7.41–7.22 (m, 5H), 5.83 (ddt, 1H, J = 6.2, 10.1, 16.5 Hz),
5.07–4.96 (m, 2H), 4.89 (br s, 1H), 4.75– 4.52 (m, 1H),
2.10–2.00 (m, 2H), 1.95–1.78 (m, 2H), 1.42 (s, 9H); 13C
NMR: d 155.1, 142.7, 137.6, 128.5 (two carbons), 127.1,
126.3 (two carbons), 115.2, 79.3, 54.4, 36.0, 30.3, 28.3
(three carbons). Anal. Calcd for C16H23NO2: C, 73.53; H,
8.87; N, 5.36. Found: C, 73.55; H, 8.94; N, 5.43.

4.4.2. tert-Butyl [(1R)-1-phenylpent-4-en-1-yl]carbamate,
ent-5. Mp = 86–89 �C; ½a�22

D ¼ þ39:1 (c 1.96, CHCl3).
Anal. Calcd for C16H23NO2: C, 73.53; H, 8.87; N, 5.36.
Found: C, 73.66; H, 8.93; N, 5.49.

4.5. Synthesis of 6, 7, ent-6 and ent-7 by selenocyclization

To a solution of N-(phenylseleno)phthalimide (1.4 mmol)
in dichloromethane (6 mL) compounds 5 or ent-5 (1 mmol)
and a catalytic amount of BF3ÆEt2O were added at 0 �C.
The temperature was allowed to raise to room temperature
and the progress of the reaction was monitored by TLC.
When the starting products 5 or ent-5 were consumed an
excess of BF3ÆEt2O was added to carry out the cleavage
of the N-Boc bond. The reaction mixture was then poured
into a 5% aqueous solution of NaOH and extracted with
dichloromethane. The organic layer was dried over sodium
sulfate, filtered and evaporated. 2-Phenyl-5-[(phenylsele-
no)methyl]pyrrolidines 6, 7, ent-6 and ent-7 were separated
by flash chromatography (diethyl ether/light petroleum
from 5:95 to 20:80 as eluant). The physical and spectral
data are reported below.

4.5.1. (2S,5R)-2-Phenyl-5-[(phenylseleno)methyl pyrrolidine,
6. Oil; ½a�21

D ¼ �89:1 (c 2.86, CHCl3). 1H NMR: d 7.55–
7.50 (m, 2H), 7.48–7.25 (m, 8H), 4.21 (dd, 1H, J = 7.0,
7.2 Hz), 3.54 (quint, 1H, J = 6.9 Hz), 3.20 (dd, 1H,
J = 5.7, 12.0 Hz), 3.12 (dd, 1H, J = 6.8, 12.0 Hz), 2.25–
2.14 (m, 2H), 2.07–2.00 (m, 1H), 1.81–1.66 (m, 2H); 13C
NMR: d 144.7, 132.8 (two carbons), 130.6, 129.0 (two car-
bons), 128.2 (two carbons), 126.8, 126.7, 126.5 (two car-
bons), 62.4, 58.2, 35.2, 34.3, 31.4; MS m/z (rel int.): 317
(4), 172 (39), 146 (100), 129 (68), 104 (12), 91 (20),
77(16). Anal. Calcd for C17H19NSe: C, 64.55; H, 6.05; N,
4.43. Found: C, 64.57; H, 6.12; N, 4.58.

4.5.2. (2R,5S)-2-Phenyl-5-[(phenylseleno)methyl pyrrolidine,
ent-6. Oil; ½a�24

D ¼ þ86:3 (c 2.0, CHCl3). Anal. Calcd for
C17H19NSe: C, 64.55; H, 6.05; N, 4.43. Found: C, 64.61;
H, 6.18; N, 4.53.

4.5.3. (2S,5S)-2-Phenyl-5-[(phenylseleno)methyl]pyrrolidine,
7. Oil; ½a�22

D ¼ þ1:4 (c 2.34, CHCl3); 1H NMR: d 7.75–
7.68 (m, 2H), 7.30–7.20 (m, 8H), 4.35 (dd, 1H, J = 6.9,
7.2 Hz), 3.70 (quint, 1H, J = 6.7 Hz), 3.12 (dd, 1H,
J = 6.2, 12.0 Hz), 3.08 (dd, 1H, J = 7.0, 12.0 Hz), 2.37–
2.25 (m, 1H), 2.25–2.14 (m, 2H), 1.85–1.75 (m, 1H), 1.66
(dddd, 1H, J = 6.6, 7.7, 9.0, 12.3 Hz); 13C NMR: d 145.2,
132.8 (two carbons), 130.0, 129.1 (two carbons), 128.4
(two carbons), 126.9, 126.8, 126.3 (two carbons), 61.2,
57.9, 35.4, 35.0, 32.3; MS m/z (rel int.): 317 (4), 172 (38),
146 (100), 129 (67), 117 (18), 104 (12), 91 (21), 77 (16).
Anal. Calcd for C17H19NSe: C, 64.55; H, 6.05; N, 4.43.
Found: C, 64.63; H, 6.15; N, 4.39.

4.5.4. (2R,5R)-2-Phenyl-5-[(phenylseleno)methyl]pyrrol-
idine, ent-7. Oil; ½a�24

D ¼ �1:0 (c 2.1, CHCl3). Anal. Calcd
for C17H19NSe: C, 64,55; H, 6,05; N, 4,43. Found: C,
64,59; H, 6,11; N, 4,38.

4.6. Synthesis of 8, ent-8, 9 and ent-9 by reductive
deselenenylation

To a solution of compounds 6, 7, ent-6 or ent-7 (0.3 mmol)
in dry benzene (3 mL) triphenyltin hydride (0.5 mmol) and
a catalytic amount of AIBN were added and the mixture
was stirred and refluxed for 1 h. The solvent was then
removed under reduced pressure. The deselenenylated
products 8, 9, ent-8 and ent-9 were isolated after a simple
filtration on a deactivated silica gel column using a 10:90
mixture of ethyl ether and light petroleum as the eluant.
Deactivated silica gel was prepared5c by washing silica gel
with a 5% suspension of NaHCO3 in methanol and then
by filtering and drying in an oven at 150 �C. The products
obtained and the reactions yields are reported in Schemes 1
and 3. Physical and spectral data of compounds 8 are
reported in the literature,5c while those of compounds 9
and ent-9 are reported below.
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4.6.1. (2R,5R)-2-Methyl-5-phenylpyrrolidine, ent-8. Oil;
½a�22

D ¼ þ33:6 (c 2.12, CH2Cl2). Anal. Calcd for C11H15N:
C, 81.94; H, 9.38; N, 8.69. Found: C, 82.07; H, 9.22; N,
8.75.

4.6.2. (2R,5S)-2-Methyl-5-phenylpyrrolidine, 9. Oil;
½a�25

D ¼ �19:8 (c 0.92, CH2Cl2). 1H NMR: d 7.35–7.29 (m,
2H), 7.28–7.15 (m, 3H), 4.38 (dd, 1H, J = 7.3, 7.6 Hz),
4.12 (br s, 1H), 3.57 (sex, 1H, J = 6.4 Hz), 2.29–2.21 (m,
1H), 2.13–2.05 (m, 1H), 1.89–1.79 (m, 1H), 1.52–1.42 (m,
1H), 1.20 (d, 3H, J = 6.4 Hz); 13C NMR: d 145.7, 128.5
(two carbons), 127.4, 126.8 (two carbons), 61.7, 54.8,
34.4, 34.0, 20.8; MS m/z (rel int.): 161 (3), 160 (29), 159
(100), 144 (55), 131 (76), 117 (38), 104 (88), 73 (66). Anal.
Calcd for C11H15N: C, 81.94; H, 9.38; N, 8.69. Found: C,
81.97; H, 9.50; N, 8.78.

4.6.3. (2S,5R)-2-Methyl-5-phenylpyrrolidine, ent-9. Oil;
½a�25

D ¼ þ19:8 (c 1.06, CH2Cl2). Anal. Calcd for C11H15N:
C, 81,94; H, 9,38; N, 8,69. Found: C, 81,99; H, 9,43; N,
8,81.

4.7. Synthesis of 10, ent-10, 11 and ent-11 by one-pot
reductive deselenenylation and N-Boc-protections

The syntheses of these compounds were effected in one pot
by deselenenylation followed by protection. The deseleny-
lation reaction was carried out as described above. After
3 h, the reaction mixtures were allowed to cool to room
temperature and di-tert-butyl dicarbonate (0.6 mmol) and
triethylamine (0.6 mol) were added. The mixtures were stir-
red overnight. The solvent was removed under vacuum,
and the residues were chromatographed on silica gel using
a 10:90 mixture of diethyl ether and light petroleum as elu-
ant. Spectral data of compound 10 as 93:7 diastereomeric
mixture are reported in the literature5e while those of com-
pounds 11 and ent-11 are reported below. The enantio-
meric purity (99:1) of cis pyrrolidines 10 (tR 5.5 min) and
ent-10 (tR 8.2 min) was determined by HPLC on a (R,R)-
Whelk-O 1 column (250 · 4 mm), using a mixture of
i-PrOH/hexane (1:99), flow rate 1ml/min, UV detection
at 220 nm. The enantiomeric purity (99:1) of trans pyrrol-
idines 11 (tR 6.9 min) and ent-11 (tR 6.4 min) was deter-
mined using a Chiracel OD-H column (250 · 4 mm,
Daicel), eluant i-PrOH/hexane (0.6:99.4), flow rate 1 mL/
min, UV detection at 220 nm.

4.7.1. tert-Butyl (2S,5S)-2-methyl-5-phenylpyrrolidine-1-
carboxylate, 10.5e. Oil; ½a�23

D ¼ �35:9 (c 1.53, CH2Cl2).
Anal. Calcd for C16H23NO2: C, 73.53; H, 8.87; N, 5.36.
Found: C, 73.65; H, 8.76; N, 5.42.

4.7.2. tert-Butyl (2R,5R)-2-methyl-5-phenylpyrrolidine-1-
carboxylate, ent-10. Oil; ½a�23

D ¼ þ36:4 (c 2.54, CH2Cl2).
Anal. Calcd for C16H23NO2: C, 73.53; H, 8.87; N, 5.36.
Found: C, 73.59; H, 8.96; N, 5.46.

4.7.3. tert-Butyl (2R,5S)-2-methyl-5-phenylpyrrolidine-1-
carboxylate, 11. Mp = 65–67 �C; ½a�28

D ¼ �92:0 (c 2.69,
CHCl3); Major conformer 1H NMR: d 7.28–7.01 (m, 5H),
4.86 (d, 1H, J = 8.3 Hz), 4.33–4.27 (m, 1H), 2.49–2.36
(m, 1H), 2.20–2.06 (m, 1H), 1.79–1.63 (m, 1H), 1.54–1.48
(m, 1H), 1.30 (d, 3H, J = 6.2 Hz), 1.15 (s, 9H); 13C
NMR: d 146.7, 139.0, 128.0 (two carbons), 126.3, 125.3
(two carbons), 78.9, 61.7, 53.8, 32.5, 29.1, 28.1 (three car-
bons), 19.9. Minor conformer (distinct signals): 1H NMR:
d 5.02 (d, 1H, J = 8.2 Hz), 1.48 (s, 9H), 1.28 (d, 3H,
J = 6.0 Hz); 13C NMR: d 145.4, 138.6 128.3 (two
carbons), 126.4, 125.1 (two carbons), 79.0, 61.0, 53.8,
31.8, 29.8, 28.5 (three carbons), 20.7; MS m/z (rel int.):
261 (2), 205 (100), 190 (59), 160 (62), 146 (77), 133 (34),
117 (22), 104 (18), 91 (20), 77 (14), 57 (66). Anal. Calcd
for C16H23NO2: C, 73.53; H, 8.87; N, 5.36. Found: C,
73.65; H, 8.96; N, 5.41.

4.7.4. tert-Butyl (2S,5R)-2-methyl-5-phenylpyrrolidine-1-
carboxylate, ent-11. Mp = 65–70 �C; ½a�28

D ¼ þ88:6 (c
2.19, CHCl3). Anal. Calcd for C16H23NO2: C, 73.53; H,
8.87; N, 5.36. Found: C,73.61; H, 8.96; N, 5.27.

4.8. Substitution reactions of selenone 14

Selenide 13 (Scheme 4) was oxidized to selenone 14 with
Oxone� according to the mild procedure described in the
literature.19 The progress of the reaction was followed by
TLC. When the selenide and the selenoxide had disap-
peared, the reaction mixture was poured into water and
extracted with dichloromethane. The solvent was evapo-
rated and the crude selenone 14 (70% yield) was obtained.
TLC analysis indicated that the product was sufficiently
pure to be used without further purification. The experi-
mental conditions employed to effect the displacement of
the selenonyl group are reported in Table 1. With the
exception of the reaction with sodium iodide in which the
solvent was removed under reduced pressure, the other
reaction mixtures were poured into water and extracted
with diethyl ether. The organic layers were washed with
water and with brine, dried over Na2SO4, filtered and evap-
orated under vacuum. Reaction products 15a–d were ob-
tained in a pure form after column chromatography of
the residue on silica gel with a mixture of diethyl ether
and light petroleum (from 5:95 to 20:80) as eluant. The
physical and spectral data of compound 15d have already
been described in the literature.21 Those of compounds
15a–c are reported below.

4.8.1. tert-Butyl (2S)-2-(azidomethyl)pyrrolidine-1-carbox-
ylate, 15a. Oil; ½a�25

D ¼ �47:4 (c 2.19, CHCl3);22 1H NMR
(325 K): d 3.99–3.92 (m, 1H), 3.59–3.33 (m, 4H), 2.16–1.76
(m, 4H), 1.49 (s, 9H); 13C NMR (325 K): d 154.4, 79.7,
56.6, 53.5, 46.9, 29.1, 28.5 (three carbons), 23.5; MS m/z
(rel int.): 226 (M+ <1%), 170 (30), 114 (88), 70 (97), 57
(100); FT-IR (HATAR): 2095 cm�1 (N3), 1693 cm�1

(CO) Anal. Calcd for C10H18N4O2: C, 53.08; H, 8.02; N,
24.76. Found: C, 53.16; H, 8.11; N, 24.84.

4.8.2. tert-Butyl (2S)-2-(cyanomethyl)pyrrolidine-1-carb-
oxylate, 15b. Oil; ½a�22

D ¼ �87:7 (c 1.83, CHCl3); 1H
NMR (325 K): d 4.02–3.99 (m, 1H), 3.50–3.33 (m,
2H), 2.76–2.63 (m, 2H), 2.25–2.12 (m, 1H), 2.09–1.77
(m, 3H), 1.49 (s, 9H); 13C NMR (325 K): d 154.5,
117.5, 80.1, 53.9, 47.0, 29.6, 28.5 (three carbons), 23.4,
22.7; MS m/z (rel int.): 210 (M+ <1%), 170 (59), 137
(100), 114 (45), 70 (86), 57 (74); FT-IR (HATAR): 2243
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cm�1 CN, 1694 cm�1 CO. Anal. Calcd for C11H18N2O2: C,
62.83; H, 8.63; N, 13.32. Found: C, 62.85; H, 8.78; N,
13.44.

4.8.3. tert-Butyl (2S)-2-[(methylthio)methyl]pyrrolidine-1-
carboxylate, 15c. Oil; ½a�20

D ¼ �51:7 (c 1.90, CHCl3); 1H
NMR (325 K): d 4.02–3.92 (m, 1H), 3.45–3.32 (m, 2H),
2.88–2.83 (m, 1H), 2.51–2.47 (m, 1H), 2.15 (s, 3H), 2.05–
1.78 (m, 4H), 1.48 (s, 9H); 13C NMR (325 K): d 154.3,
79.2, 56.8, 46.8, 38.0, 30.0, 28.5 (three carbons), 23.2,
15.8; MS m/z (rel int.): 231 (8), 170 (91), 158 (53), 130
(16), 114 (99), 70 (100), 57 (85). Anal. Calcd for
C11H21NO2S: C, 57.11; H, 9.15; N, 6.05. Found: C,
57.23; H, 9.27; N, 6.16.

4.9. Substitution reactions of selenone 17

Selenone 17 (Scheme 5) was obtained by oxidation of sele-
nide 16 following the same procedure described above for
compound 14. The crude selenone was used without fur-
ther purification. The experimental conditions employed
to effect the displacement of the selenonyl group are
reported in Table 2. After the usual workup, products
20a–d were obtained in a pure form by column chromato-
graphy of the residue on silica gel with a mixture of diethyl
ether and light petroleum (from 5:95 to 20:80) as eluant.
Compound 20c was accompanied by the N–H derivative
20c 0. The physical and spectral data of compounds 20a–d
and 20c 0 are reported below.

4.9.1. tert-Butyl (2R,5S)-2-(azidomethyl)-5-phenylpyrrol-
idine-1-carboxylate, 20a. Oil; ½a�23

D ¼ �37:3 (c 1.78,
CHCl3); 1H NMR (325 K): d 7.33–7.12 (m, 5H), 4.80
(dd, 1H, J = 6.7, 7.1Hz), 4.16–4.08 (m, 1H), 3.78 (dd,
1H, J = 3.8, 12.0 Hz), 3.47 (dd, 1H, J = 8.1, 12.0 Hz),
2.32–2.24 (m, 1H), 2.12–2.02 (m, 1H), 1.99–1.86 (m, 2H),
1.29 (s, 9H); 13C NMR (325 K): d 154.9, 144.0, 128.2
(two carbons), 126.6, 125.6 (two carbons), 79.9, 63.0,
58.4, 54.3, 33.9, 28.1 (three carbons), 28.0; MS m/z (rel
int.): 246 (57), 190 (85), 146 (100), 129 (69), 57 (71); FT-
IR (HATAR): 2098 cm�1 (N3), 1693 cm�1 (CO). Anal.
Calcd for C16H22N4O2: C, 63.55; H, 7.33; N, 18.53. Found:
C, 63.62; H, 7.41; N, 18.65.

4.9.2. tert-Butyl (2R,5S)-2-(2-cyanomethyl)-5-phenylpyrrol-
idine-1-carboxylate, 20b. Oil; ½a�26

D ¼ þ12:5 (c 2.10,
CHCl3); 1H NMR (315 K): d 7.34–7.21 (m, 5H), 4.81
(dd, 1H, J = 6.3, 6.5 Hz), 4.25–4.19 (m, 1H), 3.04 (dd,
1H, J = 4.0, 16.6 Hz), 2.73 (dd, 1H, J = 8.3, 16.4 Hz),
2.37–2.18 (m, 2H), 2.07–1.93 (m, 2H), 1.28 (s, 9H); 13C
NMR (315 K): d 154.9, 143.4, 128.4 (two carbons), 126.9,
126.6 (two carbons), 117.7, 80.5, 63.3, 55.7, 33.9, 29.7,
28.1 (three carbons), 23.4; MS m/z (rel int.): 287 (M+

<1%), 230 (92), 213 (41), 185 (57), 146 (100), 129 (51), 57
(63); FT-IR (HATAR): 2248 cm�1 (CN), 1692 cm�1

(CO). Anal. Calcd for C17H22N2O2: C, 71.30; H, 7.74; N,
9.78. Found: C, 71.28; H, 7.62; N, 9.66.

4.9.3. tert-Butyl (2R,5S)-2-[(methylthio)methyl]-5-phenyl-
pyrrolidine-1-carboxylate, 20c. Mp = 86–90 �C ½a�29

D ¼
�19:6 (c 1.65, CHCl3); 1H NMR (315 K): d 7.33–7.17 (m,
5H), 4.85–4.75 (m, 1H), 4.21–4.14 (m, 1H), 3.16 (dd, 1H,
J = 2.3, 12.8 Hz), 2.57 (dd, 1H, J = 10.6, 12.7 Hz), 2.34–
2.21 (m, 1H), 2.22 (s, 3H), 2.15–2.04 (m, 1H), 2.01–
1.83 (m, 2H), 1.28 (s, 9H); 13C NMR (315 K): d 154.8,
143.1, 128.2 (two carbons), 126.5, 125.5 (two carbons),
79.6, 63.1, 58.6, 38.6, 34.2, 29.0, 28.3 (three carbons),
15.8; MS m/z (rel int.): 307 (M+ <1%), 246 (63), 190 (63),
146 (100), 129 (40), 57 (41). Anal. Calcd for C17H25NO2S:
C, 66.41; H, 8.20; N, 4.56. Found: C, 66.53; H, 8.26; N,
4.68.

4.9.4. (2R,5S)-2-[(Methylthio)methyl]-5-phenylpyrrolidine,
20c 0. Oil; ½a�29

D ¼ �69:9 (c 0.69, CHCl3); 1H NMR: d
7.41–7.18 (m, 5H), 4.21(dd, 1H, J = 7.7, 7.9 Hz), 3.47
(quint, 1H, J = 7.0 Hz), 2.72 (dd, 1H, J = 5.8, 12.9 Hz),
2.68 (dd, 1H, J = 5.9, 12.9 Hz), 2.18 (s, 3H), 2.10–1.60
(m, 5H); 13C NMR: d 144.2, 128.3 (two carbons), 126.9,
125.5 (two carbons), 62.4, 57.9, 40.8, 33.8, 30.8, 16.2; MS
m/z (rel int.): 207 (1), 146 (100), 129 (56), 91 (6), 77 (4).
Anal. Calcd for C12H17NS: C, 69.51; H, 8.26; N, 6.76.
Found: C, 69.63; H, 8.38; N, 6.64.

4.9.5. tert-Butyl (2R,5S)-2-(iodomethyl)-5-phenylpyrrol-
idine-1-carboxylate, 20d. Oil; ½a�26

D ¼ �25:2 (c 1.60,
CHCl3); 1H NMR (315 K): d 7.32–7.20 (m, 5H), 4.86–
4.83 (m, 1H), 4.28–4.24 (m, 1H), 3.82–3.76 (m, 1H), 3.16
(dd, 1H, J = 9.7, 9.9 Hz), 2.33–2.24 (m, 1H), 2.22–2.12
(m, 1H), 2.01–1.89 (m, 2H), 1.28 (s, 9H); 13C NMR
(315 K): d 154.7, 143.8, 128.3 (two carbons), 126.7, 125.5
(two carbons), 80.1, 63.8, 60.8, 33.9, 30.2, 28.2 (three car-
bons), 8.9; MS m/z (rel int.): 387 (M+ <1%), 331 (98),
246 (40), 190 (73), 146 (100), 57 (66). Anal. Calcd for
C16H22INO2: C, 49.62; H, 5.73; N, 3.62. Found: C, 49.59;
H, 5.85; N, 3.74.

4.10. Substitution reactions of selenone 19

Selenone 19 (Scheme 5) was obtained by oxidation of sele-
nide 18 following the same procedure described above for
compound 14. In this case, however, 3 M equiv of Oxone�

was necessary and the reaction mixture was stirred for 6 h
at 80 �C. The crude selenone was used without further puri-
fication. The experimental conditions employed to effect
the displacement of the selenonyl group are reported in
Table 3. After the usual workup, products 21a–c were
obtained in a pure form by column chromatography of
the residue on silica gel using a mixture of diethyl ether
and light petroleum (from 50:50 to 90:10) as eluant. In
the cases of the reactions with sodium azide and potassium
cyanide the substitution products 21b and 21c were accom-
panied by the elimination derivatives 21b 0 and 21c 0. The
physical and spectral data of compounds 21a–c, 21b 0 and
21c 0 are reported below.

4.10.1. (2S,5S)-2-(Azidomethyl)-5-phenylpyrrolidine, 21a.
Oil; ½a�23

D ¼ �31:0 (c 1.87, CHCl3); 1H NMR: d 7.35–7.23
(m, 5H), 4.30 (dd, 1H, J = 6.5, 8.0 Hz), 3.67 (dq, 1H,
J = 5.2, 7.0 Hz), 3.35 (dd, 1H, J = 5.7, 12.0 Hz), 3.30 (dd,
1H, J = 7.1, 12.0 Hz), 2.32–2.24 (m, 1H), 2.17–2.08 (m,
1H), 2.06 (br s, 1H), 1.84–1.74 (m, 1H), 1.65–1.56 (m,
1H); 13C NMR: d 144.6, 128.4 (two carbons), 126.9,
126.2 (two carbons), 61.6, 57.6, 56.5, 34.8, 29.5; MS m/z
(rel int.): 202 (M+ <1%), 146 (100), 129 (64), 117 (20),
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91 (11), 77(3); FT-IR (HATAR): 2091 cm�1 (N3). Anal.
Calcd for C11H14N4: C, 65.32; H, 6.98; N, 27.70. Found:
C, 65.44; H, 6.86; N, 27.82.
4.10.2. (2S)-2-(Azidomethyl)-5-phenyl-3,4-dihydro-2H-pyr-
role, 21a 0. Oil; ½a�24

D ¼ þ38:4 (c 0.69, CHCl3); 1H NMR:
d 7.87–7.84 (m, 2H), 7.48–7.40 (m, 3H), 4.51–4.42 (m,
1H), 3.63 (dd, 1H, J = 7.1, 12.4 Hz), 3.51 (dd, 1H,
J = 5.2, 12.3 Hz), 3.12 (dddd, 1H, J = 2.2, 4.9, 10.1,
12.3 Hz), 2.98 (dddd, 1H, J = 1.7, 7.3, 9.8, 12.3 Hz), 2.24
(dddd, 1H, J = 4.9, 8.1, 9.8, 13.5 Hz), 1.83 (dddd, 1H,
J = 7.3, 7.5, 10.1, 13.5 Hz); 13C NMR: d 174.5, 134.1,
130.7, 128.4 (two carbons), 127.8 (two carbons), 72.7,
55.7, 35.4, 25.9; MS m/z (rel int.): 200 (M+ <1%), 144
(100), 115 (44), 91 (58), 77 (20); FT-IR (HATAR):
2096 cm�1 N3. Anal. Calcd for C11H12N4: C, 65.98; H,
6.04; N, 27.98. Found: C, 65.96; H, 6.12; N, 27.86.
4.10.3. [(2S,5S)-5-Phenylpyrrolidin-2-yl]acetonitrile, 21b.
Oil; ½a�25

D ¼ �20:3 (c 0.60, CHCl3); 1H NMR: d 7.37–7.24
(m, 5H), 4.40 (dd, 1H, J = 6.6, 7.0 Hz), 3.82 (quint, 1H,
J = 6.6 Hz), 2.55–2.51 (m, 2H), 2.39–2.21 (m, 2H), 1.99
(br s, 1H), 1.90–1.79 (m, 1H), 1.75–1.66 (m, 1H); 13C
NMR: d 144.2, 128.6 (two carbons), 127.2, 126.2 (two car-
bons), 118.5, 61.9, 54.6, 34.6, 31.8, 25.4; MS m/z (rel int.):
186 (5), 185 (17), 146 (100), 129 (49),117 (19), 104 (14), 91
(11); FT-IR (HATAR): 2246 cm�1 CN. Anal. Calcd for
C12H14N2: C, 77.38; H, 7.58; N, 15.04. Found: C, 77.45;
H, 7.49; N, 15.18.
4.10.4. [(2S)-5-Phenyl-3,4-dihydro-2H-pyrrol-2-yl]aceto-
nitrile, 21b 0. Oil; slightly impure [a] not determined; 1H
NMR: d 7.86–7.84 (m, 2H), 7.50–7.39 (m, 3H), 4.55–4.45
(m, 1H), 3.20 (dddd, 1H, J = 2.2, 4.6, 10.1, 14.6 Hz), 3.02
(dddd, 1H, J = 1.8, 7.6, 9.5, 14.6 Hz), 2.84 (dd, 1H,
J = 5.1, 16.6 Hz), 2.77 (dd, 1H, J = 6.8, 16.7 Hz), 2.40
(dddd, 1H, J = 4.5, 7.9, 9.9, 12.6 Hz), 1.84 (dddd, 1H,
J = 6.8, 7.1, 10.0, 12.6 Hz); 13C NMR: d 174.5, 133.6,
131.0, 128.5 (two carbons), 127.8 (two carbons), 117.9,
68.5, 35.6, 27.9, 24.6. Anal. Calcd for C12H12N2: C,
78.23; H, 6.57; N, 15.21. Found: C, 78.35; H, 6.69; N,
15.33.
4.10.5. (2S,5S)-2-[(Methylthio)methyl]-5-phenylpyrrolidine,
21c. Oil; ½a�28

D ¼ þ26:6 (c 1.37, CHCl3); 1H NMR: d
7.40–7.20 (m, 5H), 4.30 (dd, 1H, J = 6.7, 7.0 Hz), 3.65
(quint, 1H, J = 6.7 Hz), 2.66–2.61 (m, 2H), 2.32–2.18 (m,
2H), 2.16 (s, 3H), 1.99 (br s, 1H), 1.84–1.74 (m, 1H),
1.68–1.57 (m, 1H); 13C NMR: d 145.1, 128.3 (two carbons),
126.8, 126.3 (two carbons), 60.9, 56.8, 40.9, 34.7, 31.5, 15.6;
MS m/z (rel int.): 207 (M <1%), 206 (1), 146 (100), 129 (78),
91 (11), 77 (8). Anal. Calcd for C12H17NS: C, 69.51; H,
8.26; N, 6.76. Found: C, 69.63; H, 8.37; N, 6.89.
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