
Diastereoselective and Enantioselective Intramolecular
Amino-Zinc-Enolate Carbometalation Reactions. A New

Polysubstituted Pyrrolidines Synthesis

Edwige Lorthiois, Ilane Marek,* and Jean F. Normant*
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The amino-zinc-enolate cyclization allowed a new and straightforward route to polysubstituted
pyrrolidines from simple starting materials. From this study, we have been able to determine, for
the first time, the stereochemical influence of the substituents on the ring in the carbocyclization
reaction. The diastereoselectivity thus obtained was explained by a chairlike amino-zinc-enolate
transition state.

Introduction

Despite the extensive investigation of the intramolecu-
lar carbometalation reactions1 of alkenes and alkynes,
there are very few reports on the carbocyclization of
stabilized carbanions. Indeed, the first carbocyclization
reaction across activated alkynes (alkylthio- and alkoxy-
alkynes) via such lithium species was recently reported
by Funk and co-workers2 as a source of functionalized
carbocycles. Moreover, the intramolecular carbometala-
tion of (η4-diene)Fe(CO)3 complexes by a lithium enolate,3
the palladium-catalyzed carbocyclization of δ-unsatur-
ated malonates,4 the catalyzed Conia’s ene reaction,5 and
very recently the carbometalation of cyclopropene with
zincated amides, esters, and hydrazones6 were also
described. However, the simple intramolecular carbo-
metalation of a metal enolate toward an unfunctionalized
or non strained double bond has never received attention.
In the course of our research in the intramolecular
carbometalation of propargyl (or allenyl) zinc derivatives,
via the metallo-ene-allene reaction,7 we have been
interested to study the addition of an enolate moiety
across a double bond for the synthesis of 3-substituted
pyrrolidines,8 known to be conformationally restricted
R-amino acids analogues.9 Here, are reported our results
of the amino-zinc-enolate carbocyclizations with a

complete study of the stereochemical influence of sub-
stituents on the pyrrolidine ring.

Results and Discussion

The starting materials 1 and 2 were prepared either
by a three-component condensation in a one-step proce-
dure in moderate yield as described in Scheme 1 or in
the already known two-step procedure.10 In the former
case, treatment of the allylsilane with anN-alkyliminium
ion (generated by mixing the corresponding amine and
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formaldehyde in acidic water) provides directly the
homoallylamine (44%).
With these precursors in hand, we initiated a study of

the carbocyclization reaction. Thus, 1 was cleanly meta-
lated by treatment with 1.5 equiv of LDA in Et2O at -40
°C, and after 2 h of stirring at room temperature, no
cyclization of the corresponding lithium amino-enolate
was observed. However, addition of 1.5 equiv of zinc salt
at -40 °C to 1Li led to the amino-zinc-enolate 1Zn and
resulted in a virtually quantitative 5-exo-Trig cycliza-
tion11 reaction after 1 h at room temperature to give the
cyclic product 3 (Scheme 2). Hydrolysis of the reaction
mixture afforded 4 (70%) as a single diastereomer. The
cis stereochemistry of the â-methylproline derivative was
established first by using standard COSY techniques to
determine unambiguously the 1H and 13C NMR chemical
shifts, followed by the differential nuclear Overhauser
effect. The formation of a new functionalized organome-
tallic was checked by iodinolysis or by reaction with allyl
bromide, after transmetalation of the resulting orga-
nozinc bromide into an organocopper reagent.12
Recent studies on the properties and structures of pure

R-amino-(organo-zinc) ester enolates have shown that
such enolates have exclusively the Z-configuration both
in solution and in the solid-state.13 The Z-configuration
of these zinc enolates is imposed by an intramolecular
Zn-N chelation. Then, the cis relative configuration of
3 was attributed to a chairlike transition state in which
the Z-R-amino-zinc-enolate was in a plane parallel to
that of the olefinic residue7,14,15 (Scheme 3). Thus, from
two sp2 prochiral centers, two sp3 stereogenic centers
were created in a single-pot operation.

Polysubstituted Pyrrolidines Synthesis. The start-
ing material 9 with an alkyl group R to nitrogen was
synthesized by the reaction of allylmagnesium bromide
with the imine 7 at room temperature in a mixture of
toluene/Et2O (3/1) leading to the corresponding amine 8.
The reaction of the sodium salt of 8 in DMF with the
R-bromoester gave the starting material 9 (70%) (Scheme
4).
We then studied the stereochemical outcome of the

carbocyclization of 9. Metalation of the amino-ester
with LDA in Et2O at low temperature, followed by a
transmetalation into the amino-zinc-enolate, resulted,
upon warming to room temperature, in a highly diaste-
reoselective cyclization reaction (Scheme 5).
The single exclusive relative configuration in 10,

determined on the crude reaction mixture by 1H and 13C
NMR, was assigned on the basis of differential NOE
effects. The pure cis stereochemistry can be easily
explained by the chairlike amino-zinc-enolate transi-
tion state, in which the ethyl group (R2) preferentially
occupies a pseudoequatorial position (Scheme 6).
Interestingly, the total stereoselection generated on the

ethyl position is in sharp contrast with the diastereose-
lectivity obtained in the zinca-ene-allene reaction7 as
well as in the intramolecular carbolithiations15b (around
80/20, Scheme 7).
The discrepancy between these diastereomeric ratios

can be explained, in the former case, by a minimum of
1,3-steric interactions between the ethyl group and the
benzyl substituent on the nitrogen atom (Scheme 6). The
transition state leading to the pseudoaxial position of the
ethyl group would be disfavored by the repulsion between
these two groups (Scheme 6). Thus, three stereogenic
centers on a pyrrolidine have been easily created with
complete diastereocontrol.
Another interesting substituted amino-ester with an

alkyl group in the allylic position was then studied.
According to ourmetalation-transmetalation procedure,
the amino-zinc-enolate derived from 1116 undergoes a
diastereoselective intramolecular carbocyclization (Scheme
5). Hydrolysis of the resulting organometallic afforded,
respectively, the cyclic products 12a and 12b as a mixture
of two diastereomers in a 80/20 ratio. The 1H and 13C
NMR chemical shifts of 12a and 12b were established
by using standard COSY techniques, and unambiguous
configurational assignments were demonstrated on the
basis of differential nuclear Overhauser effect spectra.
The relative configuration of the major isomer 12a was

attributed to steric interactions in the amino-zinc-
enolate transition state that favor a geometry in which
the methyl substituent preferentially occupies a pseu-
doequatorial position (R′3) (Scheme 6). However, the
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reason for the obtention of two diastereomers in a 80/20
ratio in this carbocyclization reaction is still not clear (we
expected only one diastereomer according to our previous
studies on the zinca-ene-allene cyclizations).7 The
same reaction applied to the heterosubstituted starting
material20 13 led to a reverse stereochemical outcome as
described in Scheme 5. In this case, due to the intramo-
lecular chelation, the methoxy methyl group (OMOM),
now, occupies a pseudoaxial position (R3) in the amino-
zinc-enolate transition state (Scheme 6).
Finally, we turned our attention to the synthesis of

tetrasubstituted pyrrolidines. For this study, it was
necessary to prepare a starting material with two ste-
reogenic centers in a definite relationship, one in allylic
position and the second one in homoallylic position. Both
may be on the same side or on the opposite side of the

chairlike amino-zinc-enolate transition state. For obvi-
ous reasons, and considering the diastereoselection ob-
tained for the synthesis of 10 and 12 (Scheme 5), we
decided to examine only the case in which we have a
substituent in axial position whereas the other is in
equatorial position (mismatch pair) instead of the case
where the two substituents are located in pseudoequa-
torial position (match pair). Indeed, in the former case,
it was interesting to determine which substituent was
able to fix the stereochemical outcome of the carbocy-
clization process. The starting material was prepared
by reaction of the crotyl titanium compound21 with the
imine 7 to afford the R,â-disubstituted homoallylamine
(Scheme 8) with high diastereoselectivity (Cram-syn
isomer in the ratio of 94/6).
After reaction of 15 with the R-bromoester according

to the experimental procedure described in Scheme 4 to
produce 16, the latter (mixture 96/4) was subjected to
our metalation-transmetalation-cyclization procedure,
and after hydrolysis, the tetrasubstituted pyrrolidine was
obtained (62%) with a diastereomeric ratio of 95/5,
determined on the crude reaction mixture (see Scheme
5).
The stereochemistry of 17 was, again, assigned on the

basis of differential NOE effects, and the major isomer
was attributed to the cis isomer with all substituents
located on the same face (Scheme 5). The stereochem-
istry of the tetrasubstituted pyrrolidines can be rational-
ized by the chairlike amino-zinc-enolate transition state
in which the ethyl group (R2) occupies a pseudoequatorial
position, thereby fixing the transition state in order to
minimize the 1,3-steric interaction with the substituent
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on the nitrogen atom (Scheme 6). The methyl substituent
in allylic position occupies the pseudoaxial position (R3)
in this transition state (due to the initial relationship
between this two substituents, Scheme 8).
Thus, during this study we have been able to determine

the different stereochemical factors which are responsible
for the diastereoselective synthesis of polysubstituted
pyrrolidines. With these results in mind, we turned our
attention to the enantioselective synthesis of such pyr-
rolidines. For this purpose, we examined the chiral
substrate 18, easily prepared from the commercially
available (R)-1-phenylethylamine as described in Scheme
9.
Following themetalation-transmetalation-cyclization

procedure previously described, the chiral cyclic orga-
nozinc bromide was diastereoselectively formed, and after
hydrolysis, the chiral â-methyl proline derivative was
obtained as single cis diastereoisomer with a 98/2 dia-
stereomeric ratio (93%) (Scheme 10).
The (2R,3S) absolute configuration of 19 was estab-

lished by P. Karoyan and G. Chassaing11b who reached
the same conclusion after hydrogenolysis to the secondary
amine 20, saponification, and comparison of the optical
rotation of 21 with the known value for (2R,3S)-â-
methylproline22 (Scheme 11).
Whereas the enantioselectivity of this reaction is 96%

when 2 equiv of zinc salt is used, a lower diastereoselec-
tion is obtained (50%) when the reaction is performed
with only 1 equiv of zinc salt (but still the cis diastere-
omer). Moreover, if the aromatic ring of the chiral
inductor is replaced by a cyclohexyl ring, no diastereo-
selection is obtained as described in Scheme 10.
In view of the above results, one can postulate a

π-chelation between the aromatic ring and the amino-
zinc-enolate in the transition state. Knowing that some
π-chelations between organozinc derivatives and unsat-
urated systems are described in the literature,14,23 the
excess of zinc salt, which is necessary for the high
diastereoselection, acts as a stabilizer between the aro-
matic ring and the amino-zinc-enolate as described in
Scheme 12.
From this simplistic point of view, the chiral inductor

adopts a position in which the methyl group bound to
the chiral center has a lowered eclipsing strain with the
two hydrogens in the R position, when one face of the
carbon-carbon double bond is concerned rather than the
other one.
We were also interested in the stereochemical effect

of substituents on the carbon skeleton. For this reason,
the corresponding chiral starting material 24 was pre-
pared with a 90% diastereomeric excess21 (see Scheme
13). Thus, the use of the (R)-1-phenylethylamine as the
chiral source gave, after hydrolysis, the product 24 in

which the carbon bearing the ethyl substituent has the
S absolute configuration.21

However, according to the proposed model in Scheme
12, the carbocyclization reaction with the chiral (R)-1-
phenylethylamine will put the ethyl substituent in a
pseudoaxial position in the chairlike transition state (Et
instead of Ha), which is not a favorable transition state
(mismatched pair24 in our cyclization reaction). Indeed,
after reaction of the sodium salt of 24 with the R-bro-
moester as described in Scheme 4 to give 25, the latter
was submitted to our metalation-transmetalation-cy-
clization reaction conditions (Scheme 10). Two isomers
were obtained in a 60/40 ratio, determined after a
differential nuclear Overhauser effect.
The major isomer 26a resulted from a transition state

in which the ethyl substituent preferentially occupied the
pseudoequatorial position (identical to Scheme 6) whereas
the minor isomer 26b came from a transition state
imposed by the (R)-1-phenylethylamine chiral inductor
(see product 19, Scheme 10). Thus, from this experiment,
we can deduce that the ethyl substituent has a stronger
effect on the stereochemical outcome than the chiral
substituent on the nitrogen (% of 26a > % of 26b), and
we may surmise that the diastereomer of 25 would give
rise to a single isomer of 26 although we did not embark
on its lengthy preparation. Finally, we turned our
attention to the synthesis of homochiral tetrasubstituted
pyrrolidines according to the strategy developed in
Scheme 8 starting from a chiral (R)-phenylethylamine.
For this reason, we prepared the starting material 27
with three chiral centers as described in Scheme 14 and
subjected it to the intramolecular carbometalation (Scheme
10).
An examination of the NMR spectra of the crude

reaction mixture indicates that the diastereoselection is
very high (dr > 95/5). From the differential nuclear
Overhauser effect studies, it was determined that the
pyrrolidine 28 had all substituents located on the same
side (Scheme 10). From this result, we deduced that the
stereochemical outcome of the carbocyclization resulted
from the substituents on the ring and not from the chiral
phenyl ethyl amino group. Here again the stereochem-
istry of the tetrasubstituted pyrrolidine is rationalized
by the chairlike amino-zinc-enolate transition state in
which the ethyl group occupies a pseudoequatorial posi-
tion and the methyl group, an axial position, as described
for 17 (see Scheme 5). The chiral substituent on the
nitrogen only serves in the first step of this reaction,
namely, the enantioselective preparation of 27, and not
in the carbocyclization step, since the same stereochem-
istry in 17 (Scheme 5) and 28 (Scheme 10) is obtained
whereas in 19 (Scheme 10) the two new chiral centers
are formed in an opposite configuration with the same
chiral inductor.

Conclusion

The amino-zinc-enolate cyclization allowed a new
and straightforward route to polysubstituted pyrrolidines
from simple starting materials. From this study, we have
been able to determine for the first time the stereochem-
ical influence of the substituents on the ring in the
carbocyclization reaction. The diastereoselectivity thus(22) Delaney, N. G.; Madison, V. J. Am. Chem. Soc. 1992, 104,

6635-6641.
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Tetrahedron Lett. 1995, 36, 3695-3698.
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doequatorial positions.
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obtained was explained by a chairlike amino-zinc-
enolate transition state.

Experimental Section

N-Benzylglycinate Methyl Ester. A solution of benzy-
lamine (50 mmol, 5.35 g) in dry DMSO (70 mL) was stirred at
room temperature as a mixture of triethylamine (5.05 g, 50
mmol) and methyl bromoacetate (7.65 g, 50 mmol) was added
slowly. After being stirred for 1 h at room temperature, the
reaction mixture was treated with a solution of NH4Cl/NH4OH
2/1. Ether was added, and the layers were separated, the
aqueous being extracted with ether. The combined extracts
were washed with brine, dried over MgSO4, and concentrated.
The crude material was purified by chromatography on sili-
cagel (eluent: dichloromethane/methanol 93/7) to give 5.85 g
(65%) of the title compound. 1H NMR (400 MHz, CDCl3) δ
7.35-7.27 (m, 5Η), 3.82 (s, 2H), 3.74 (s, 3H), 3.44 (s, 2H), 1.95
(s, 1H). 13C NMR (100 MHz, CDCl3) δ 173.0, 139.6, 128.6,
128.4, 127.3, 53.4, 51.9, 50.0.
N-Benzyl-N-(But-3-enyl)glycinate Methyl Ester (2). A

solution of N-benzylglycinate methyl ester (1.67 mmol, 0.3 g),
trifluoroacetic acid (1.67 mmol, 0.129 mL), aqueous formal-
dehyde (3.85 mmol, 0.312 g), and allyltrimethylsilane (1.84
mmol, 0.209 g) in water (30 mL) was heated at 50 °C during
60 h. The reaction mixture was treated with a solution of
NH4Cl/NH4OH 2/1. Ether was added, and the layers were
separated, the aqueous being extracted with ether. The
combined extracts were washed with brine, dried over MgSO4,
and concentrated to give 0.173 g (44%) of the title compound.
1H NMR (400 MHz, CDCl3) δ 7.45-7.28 (m, 5Η), 5.95-5.85
(m, 1Η), 5.15 (m, 2H), 3.83 (s, 2H), 3.71 (s, 3H), 3.36 (s, 2H),

2.71 (t, 2H, J ) 7.3 Hz), 2.32-2.20 (m, 2H). 13C NMR (100
MHz, CDCl3) δ 171.9, 139.0, 136.6, 129.8, 129.0, 127.2, 115.7,
58.1, 54.0, 53.4, 51.3, 32.2.
N-Methyl-N-(But-3-enyl)glycinate Methyl Ester (1).

The title compound was prepared as described for the synthe-
sis of 2. 1H NMR (400 MHz, CDCl3) δ 5.78-5.68 (m, 1H), 5
(dd, J ) 17.2, 1.4 Hz, 1H), 4.94 (d, J ) 10.2 Hz, 1H), 3.65 (s,
3H), 3.21 (s, 2H), 2.51 (t, J ) 7.3 Hz, 2H), 2.32 (s, 3H), 2.22-
2.16 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 171.3, 136.3,
115.0, 58.3, 56.4, 57.5, 42.3, 31.9.
Typical Procedure for Cyclized Product 3. A solution

of 1 (1 mmol, 0.157 g) in dry ether was cooled to -40 °C as
LDA (2 M in THF/ heptane, 1.5 mmol, 0.75 mL) was added
dropwise. The reaction mixture was then allowed to warm to
0 °C for 10 min and cooled to -40 °C as zinc bromide (1 M in
ether, 1.5 mmol, 1.5 mL) was added dropwise. The reaction
mixture was then allowed to warm to room temperature. The
cyclized organozinc species is ready for further conversions.
(2S*,3R*)-1,3-Dimethyl-2-carbomethoxy-N-methylpyr-

rolidine (4). The cyclized product 3 was cooled to 0 °C as a
solution of NH4Cl/NH4OH 2/1 was added slowly. Ether was
added, and the mixure was stirred for at least 3 h with a few
Na2S‚9H2O crystals, in order to discard traces of zinc salts.
The layers were separated, the aqueous being extracted with
ether. The combined extracts were washed with brine, dried
over MgSO4, and concentrated. The crude material was
purified by chromatography on silica gel (eluent: dichlo-
romethane/methanol 90/10) to give 0.109 g (70%) of the title
compound. 1H NMR (400 MHz, CDCl3) δ 3.74 (s, 3H), 3.16-
3.11 (m, 1H), 3.08 (d, 1H, J ) 8.8 Hz), 2.57-2.53 (m, 1H), 2.36
(s, 3H), 2.38-2.30 (m, 1H), 2.07-2.02 (m, 1H), 1.57-1.52 (m,
1H), 0.95 (d, 3H, J ) 7.2 Hz). 13C NMR (100 MHz, CDCl3) δ
173.0, 72.2, 55.65, 51.5, 41.1, 36.1, 32.7, 17.5. Anal. Calcd
for C8H15O2N: C, 61.12, H, 9.62, N, 8.91. Found: C, 61.35, H,
9.85, N, 8.44.
(2S*,3R*)-1-Methyl-3-(iodomethyl)-2-carbomethoxy-N-

methylpyrrolidine (5). The cyclized product 3 was cooled
to 0 °C as an excess of solid iodine (3 mmol, 0.762 g) was added.
After the solution was stirred for 10 min at room temperature,
a solution of NH4Cl/NH4OH 2/1 was added slowly. Ether was
added, and the layers were separated, the aqueous being
extracted with ether. The combined extracts were diluted with
saturated Na2S2O3, washed with brine, and stirred for at least
3 h with a few Na2S‚9H2O crystals. These were then removed
by filtration, and the organic solution was washed with brine,
dried over MgSO4, and concentrated. The crude material was
purified by chromatography on silica gel (eluent: dichlo-
romethane/methanol 95/5) to give 0.181 g (64%) of the title
compound. 1H NMR (400 MHz, CDCl3) δ 3.77 (s, 3H), 3.24-
3.20 (m, 2H), 3.17-3.12 (m, 1H), 3.07 (dd, 1H, J ) 10.1, 9.6
Hz), 2.91-2.86 (m, 1H), 2.49-2.42 (m, 1H), 2.36 (s, 3H), 2.21-
2.16 (m, 1H), 1.77-1.67 (m, 1H). 13C NMR (100 MHz, CDCl3)
δ 171.6, 71.4, 54.9, 52.0, 44.7, 40.8, 32.6, 7.5.
(2S*,3R*)-1-Methyl-3-(but-3-enyl)-2-carbomethoxy-N-

methylpyrrolidine (6). The cyclized product 3 was cooled
to -20 °C as copper cyanide (0.134 g, 1.5 mmol) in THF (10
mL) was added. The resultant mixture was slowly allowed to
rise to -5 °C and stirred for 15 min. It was then cooled to
-40 °C as allyl bromide (0.363 g, 3 mmol) was injected into

Scheme 10

Scheme 11

Scheme 12
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the flask. The reaction mixture was slowly allowed to warm
to room temperature overnight and was subsequently quenched
with a solution of NH4Cl/NH4OH (2/1). The layers were
separated, and the aqueous was extracted with ether. The
combined extracts were washed with brine and stirred for at
least 3 h with a few Na2S‚9H2O crystals. These were then
removed by filtration, and the organic layers were dried over
MgSO4 and concentrated. The crude material was purified
by chromatography on silica gel (eluent: cyclohexane/ether 40/
60) to give 0.108 g (55%) of the title compound. 1H NMR (400
MHz, CDCl3) δ 5.80-5.71 (m, 1H), 5.03-4.93 (m, 2H), 3.74 (s,
3H), 3.19 (d, 1H, J ) 8.9 Hz), 3.13-3.09 (m, 1H), 2.45-2.39
(m, 2H), 2.37 (s, 3H), 2.17-2.05 (m, 1H), 2.02-1.98 (m, 2H),
1.66-1.61 (m, 1H), 1.39-1.32 (m, 2H). 13C NMR (100 MHz,
CDCl3) δ 172.1, 138.2, 114.9, 71.5, 55.2, 51.5, 41.2, 40.6, 31.95,
31.0, 30.5. Anal. Calcd for C11H19O2N: C, 66.97; H, 9.71; N,
7.10. Found: C, 66.83; H, 9.86; N, 7.32.
4-(Benzylamino)-1-hexene (8). To a solution of imine 7

(40.8 mmol, 6 g) in dry toluene (130 mL) was added at room
temperature allylmagnesium bromide (1.38 M in ether, 81.6
mmol, 59.1 mL). The reaction mixture was stirred at room
temperature for 60 h. It was then treated with a solution of
NH4Cl/NH4OH 2/1. The layers were separated, the aqueous
being extracted with ether. The combined extracts were
washed with brine, dried over MgSO4, and concentrated. The
crude material was purified by chromatography on silica gel
(eluent: cyclohexane/ether 70/30) to give 2.7 g (35%) of the
title compound. 1H NMR (400 MHz, CDCl3) δ 7.37-7.24 (m,
5H), 5.87-5.76 (m, 1H), 5.15-5.09 (m, 2H), 3.82 (d, 1H, J )
13.0 Hz), 3.78 (d, 1H, J ) 13.0 Hz), 2.60-2.57 (m, 1H), 2.32-
2.27 (m, 1H), 2.22-2.17 (m, 1H), 1.56-1.28 (m, 2H), 0.94 (t,
3H, J ) 7.4 Hz).
General Procedure for the Alkylation with Methyl

Bromoacetate: Preparation ofN-Benzyl-N-(but-1-ethyl-
3-enyl)glycinate Methyl Ester (9). To a solution of NaH
(50%, 2.54 mmol, 0.12 g) in dry DMF was added 4-(benzy-
lamino)-1-hexene (8) (1.95 mmol, 0.37 g) at 0 °C. The reaction
mixture was stirred at 0 °C during 10 min, and methyl
bromoacetate (2.34 mmol, 0.36 g) was added. The reaction
mixture was stirred for 2 h and treated with a solution of
NH4Cl/NH4OH 2/1. Ether was added, and the layers were
separated, the aqueous being extracted with ether. The

combined extracts were washed with brine, dried over MgSO4,
and concentrated. The crude material was purified by chro-
matography on silica gel (eluent: cyclohexane/ether 70/30) to
give 0.356 g (70%) of the title compound. 1H NMR (400 MHz,
CDCl3) δ 7.46-7.25 (m, 5H), 5.94-5.84 (m, 1H), 5.11-5.04 (m,
2H), 3.86 (d, 1H, J ) 13.8 Hz), 3.77 (d, 1H, J ) 13.8 Hz), 3.68
(s, 3H), 3.38 (d, 1H, J ) 16.7 Hz), 3.32 (d, 1H, J ) 16.7 Hz),
2.65-2.61 (m, 1H), 2.45-2.38 (m, 1H), 2.11-2.04 (m, 1H),
1.54-1.42 (m, 2H), 0.99 (t, 3H, J ) 7.3 Hz). 13C NMR (100
MHz, CDCl3) δ 173.0, 139.9, 137.3, 129.0, 128.25, 127.0, 116.0,
62.05, 54.65, 51.5, 51.4, 35.05, 24.0, 11.7.
General Procedure for the Metalation-Transmetala-

tion-Cyclization of the Racemic Substrate. Prepara-
tion of (2S*,3R*,5S*)-5-Ethyl-3-methyl-2-carbomethoxy-
N-benzylpyrrolidine (10). A solution of 9 (0.66 mmol, 0.174
g) in dry ether was cooled to -40 °C as LDA (2 M in THF/
heptane, 1.32 mmol, 0.66 mL) was added dropwise. The
reaction mixture was then allowed to warm to 0 °C for 10 min
and cooled to -40 °C as zinc bromide (1 M in ether, 1.32 mmol,
1.32 mL) was added dropwise. The reaction mixture was then
allowed to warm to room temperature and stirred for 3 h. The
reaction mixture was cooled to 0 °C as a solution of NH4Cl/
NH4OH 2/1 was added slowly. Ether was added, and the
mixture was stirred for at least 3 h with a few Na2S‚9H2O
crystals. The layers were separated, the aqueous being
extracted with ether. The combined extracts were washed
with brine, dried over MgSO4, and concentrated. The crude
material was purified by chromatography on silica gel (elu-
ent: cyclohexane/ether 80/20) to give 0.1 g (60%) of the title
compound. 1H NMR (400 MHz, CDCl3) δ 7.33-7.21 (m, 5H),
3.97 (d, 1H, J ) 13.8 Hz), 3.64 (d, 1H, J ) 13.8 Hz), 3.47 (s,
3H), 3.39 (d, 1H, J ) 9.4 Hz), 2.70-2.64 (m, 1H), 2.39-2.30
(m, 1H), 2.07-2.01 (m, 1H), 1.85-1.78 (m, 1H), 1.48-1.41 (m,
1H), 1.38-1.28 (m, 1H), 0.95-0.91 (m, 6H). 13C NMR (100
MHz, CDCl3) δ 174.25, 139.0, 129.9, 128.6, 127.5, 70.7, 65.9,
57.5, 51.6, 39.8, 34.9, 27.5, 16.7, 11.0. Anal. Calcd for
C16H23O2N: C, 73.53; H, 8.87; N, 5.36. Found: C, 73.62; H,
8.64; N, 5.44.
4-(Benzylamino)-3-methyl-1-butene. A solution of me-

thyltriphenylphosphonium bromide (6.24 g, 17.5 mmol) in dry
THF (50 mL) was cooled to 0 °C as n-butyllithium (11.8 mL,

Scheme 13

Scheme 14
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18.9 mmol, 1.6 M in hexanes) was added dropwise. The red
solution was then stirred for 15 min at 0 °C.
A solution of 3-methyl-N-benzylamino-2-methyl propionate

(1.45 g, 7 mmol) in dry hexane was cooled to -78 °C as
DIBALH (1 M in hexanes, 7.7 mmol, 7.7 mL) was added
dropwise. The reaction mixture was stirred for 20 min at -65
°C as the Wittig reagent was added slowly at -65 °C. The
resultant mixture was then slowly warmed to room temper-
ature and stirred for 1 h. It was then poured into a 1 M
solution of hydrochloric acid. The layers were separated, and
the aqueous was treated with 6 M NaOH until pH > 10. The
resulting aqueous layer was then extracted with ether. The
organic extract was washed with brine, dried over MgSO4, and
concentrated. The crude material was purified by chroma-
tography on silica gel (eluent: dichloromethane/methanol 90/
10) to give 0,544 g (45%) of the title compound. 1H NMR (400
MHz, CDCl3) δ 7.40-7.26 (m, 5Η), 5.75-5.66 (m, 1H), 5.13-
5.04 (m, 2H), 3.84 (d, 1H, J ) 13.3 Hz), 3.80 (d, 1H, J ) 13.3
Hz), 2.63-2.51 (m, 2H), 2.46-2.39 (m, 1H), 1.05 (d, 3H, J )
6.7 Hz). 13C NMR (100 MHz, CDCl3) δ 142.8, 140.6, 128.5,
128.2, 126.95, 114.6, 55.0, 54.0, 38.4, 18.4.
N-Benzyl-N-(2-methylbut-3-enyl)glycinate Methyl Es-

ter (11). A solution of 4-(benzylamino)-3-methyl-1-butene
(0.54 g, 3.1 mmol) was treated following the general procedure
for the alkylation with methyl bromoacetate as described for
9. The crude material was purified by chromatography on
silica gel (eluent: cyclohexane/ether 70/30) to give 0.53 g (70%)
of the title compound. 1H NMR (400 MHz, CDCl3) δ 7.40-
7.26 (m, 5Η), 5.87-5.79 (m, 1H), 5.10-5.01 (m, 2H), 3.86 (s,
2H), 3.71 (s, 3H), 3.36 (s, 2H), 2.68-2.55 (m, 2H), 2.47-2.41
(m, 1H), 1.05 (d, 3H, J ) 6.7 Hz). 13C NMR (100 MHz, CDCl3)
δ 172.1, 143.1, 139.35, 129.0, 128.35, 127.15, 113.5, 60.2, 58.3,
54.2, 51.3, 36.4, 18.05. Anal. Calcd for C15H21O2N: C, 72.84;
H, 8.56; N, 5.66. Found: C, 73.02; H, 8.67; N, 5.43.
(2S*,3R*,4R*)-3,4-Dimethyl-2-carbomethoxy-N-

benzylpyrrolidine (12). A solution of 11 (0.81 mmol, 0.2 g)
in Et2O (20 mL) was treated following the metalation-
transmetalation-cyclization-hydrolysis general procedure for
racemic substrate. The crude material was purified by chro-
matography on silica gel (eluent: cyclohexane/ether 80/20) to
give 0.13 g (65%) of the title compound. Major Diastereomer
12a. 1H NMR (400 MHz, CDCl3) δ 7.33-7.24 (m, 5H), 3.75
(d, 1H, J ) 12.8 Hz), 3.67 (d, 1H, J ) 12.8 Hz), 3.62 (s, 3H),
3.47 (d, 1H, J ) 8.9 Hz), 3.19 (dd, 1H, J ) 8.7, 6.4 Hz), 2.20 (t,
1H, J ) 8.9 Hz), 1.97-1.94 (m, 2H), 0.98 (d, 3H, J ) 6.2 Hz),
0.88 (d, 3H, J ) 7.4 Hz). 13C NMR (100 MHz, CDCl3) δ 173.9,
138.4, 129.5, 128.3, 127.3, 70.0, 61.05, 58.9, 51.3, 43.85, 39.7,
16.95, 14.6. Minor Diastereomer 12b. 1H NMR (400 MHz,
CDCl3) δ 7.37-7.24 (m, 5H), 3.88 (d, 1H, J ) 13.1 Hz), 3.68
(s, 3H), 3.60 (d, 1H, J ) 13.1 Hz), 3.59 (d, 1H, J ) 7.4 Hz),
2.81-2.72 (m, 2H), 2.51 (sex, 1H, J ) 7.3 Hz), 2.32-2.19 (m,
1H), 0.96 (d, 3H, J ) 7,0 Hz), 0.88 (d, 3H, J ) 7.3 Hz). 13C
NMR (100 MHz, CDCl3) δ 173.9, 139.0, 129.2, 128.3, 127.1,
70.3, 58.95, 58.7, 51.45, 38.8, 35.5, 14.6, 11.1. Anal. Calcd
for C15H21NO2: C, 72.84; H, 8.56; N, 5.66. Found: C, 72.37;
H, 8.35; N, 5.49.
N-Benzyl-N-(2-((methoxymethyl)oxy)but-3-enyl)glyci-

nate Methyl Ester (13). A solution of 4-(benzylamino)but-
1-ene 3-methoxymethyl ether (0.184 g, 0.83 mmol) was treated
following the general procedure for the alkylation with methyl
bromoacetate as described for 9. The crude material was
purified by chromatography on silica gel (eluent: cyclohexane/
ether 40/60) to give 0.18 g (74%) of the title compound. 1H
NMR (200 MHz, CDCl3) δ 7.34-7.20 (m, 5Η), 5.72 (ddd, 1H,
J ) 17.3, 10.22, 7.15 Hz), 5.25-5.16 (m, 2H), 4.66 (d, 1H, J )
6.6 Hz), 4.56 (d, 2H, J ) 6.6 Hz), 4.18-4.13 (m, 1H), 3.87 (s,
2H), 3.65 (s, 3H), 3.42 (s, 2H), 3.35 (s, 3H), 2.90 (dd, 1H, J )
13.8, 6.8 Hz), 2.78 (dd, 1H, J ) 13.8, 5.3 Hz). 13C NMR (50
MHz, CDCl3) δ 172.2, 139.2, 137.2, 129.1, 128.4, 127.3, 117.5,
94.4, 76.6, 59.1, 58.65, 56.0, 54.8, 51.3.
(2S*,3R*,4S*)-3-Methyl-2-carbomethoxy-4-((methoxym-

ethyl)oxy)-N-benzylpyrrolidine (14a). A solution of 13
(0.57 mmol, 0.167 g) in Et2O (20 mL) was treated following
the metalation-transmetalation-cyclization-hydrolysis gen-
eral procedure for racemic substrate. The crude material was

purified by chromatography on silica gel (eluent: cyclohexane/
ether 30/70) to give 0.125 g (75%) of the title compound. 1H
NMR (400 MHz, CDCl3) δ 7.34-7.23 (m, 5H), 4.63-4.58 (m,
2H), 4.18-4.14 (m, 1H), 3.89 (d, 1H, J ) 13.1 Hz), 3.70 (s,
3H), 3.63 (d, 1H, J ) 13.1 Hz), 3.51 (d, 1H, J ) 8.24 Hz), 3.33
(s, 3H), 3.11 (dd, 1H, J ) 10.1, 3.9 Hz), 2.80 (dd, 1H, J ) 10.1,
6.3 Hz), 2.67-2.62 (m, 1H), 1.00 (d, 3H, J ) 7.2 Hz). 13C NMR
(50 MHz, CDCl3) δ 172.85, 138.4, 129.2, 128.35, 127.2, 96.0,
76.6, 68.1, 58.05, 57.4, 55.6, 51.4, 40.1, 10.3. Anal. Calcd for
C16H23O4N: C, 65.51; H, 7.90; N, 4.77. Found: C, 65.57; H,
7.94; N, 4.83.
(3S*,4S*)-4-(Benzylamino)-3-methyl-1-hexene (15). The

starting material was prepared according to ref 20. 1H NMR
(200 MHz, CDCl3) δ 7.36-7.20 (m, 5Η), 5.88-5.71 (m, 1H),
5.08-4.98 (m, 2H), 3.77 (s, 2H), 2.49-2.32 (m, 2H), 1.58-1.23
(m, 2H), 1.01 (d, 3H, J ) 6.6 Hz), 0.91 (t, 3H, J ) 7.4 Hz). 13C
NMR (50 MHz, CDCl3) δ 142.15, 141.3, 128.4, 128.3, 126.9,
114.4, 62.8, 51.8, 39.8, 23.7, 15.55, 10.9.
N-Benzyl-N-((1S*,2S*)-1-ethyl-2-methylbut-3-enyl)gly-

cinate Methyl Ester (16). A solution of (3S*,4S*)-4-(benzy-
lamino)-3-methyl-1-hexene (15) (0.39 g, 1.92 mmol) was treated
following the general procedure for the alkylation with methyl
bromoacetate as described for 9. The crude material was
purified by chromatography on silica gel (eluent: cyclohexane/
ether 70/30) to give 0.32 g (61%) of the title compound. 1H
NMR (400 MHz, CDCl3) δ 7.46-7.24 (m, 5Η), 5.80-5.72 (m,
1H), 5.05 (dd, 1H, J ) 17.1, 1.7 Hz), 4.97 (dd, 1H, J ) 10.2,
2.0 Hz), 3.90 (d, 1H, J ) 13.8 Hz), 3.85 (d, 1H, J ) 13.8 Hz),
3.66 (s, 3H), 3.42 (s, 2H), 2.48-2.37 (m, 2H), 1.57-1.47 (m,
2H), 1.10 (d, 3H, J ) 6.6 Hz), 1.00 (t, 3H, J ) 7.4 Hz). 13C
NMR (50 MHz, CDCl3) δ 173.2, 143.2, 140.0, 129.3, 128.3,
127.1, 114.25, 66.8, 56.2, 52.5, 51.6, 41.8, 22.1, 19.6, 13.2.
Anal. Calcd for C17H25O2N: C, 74.14; H, 9.15; N, 5.09.
Found: C, 74.32; H, 9.28; N, 5.18.
(2S*,3R*,4S*,5S*)-3,4-Dimethyl-5-ethyl-2-carbomethoxy-

N-benzylpyrrolidine (17). A solution of 16 (0.54 mmol, 0.15
g) was treated following the metalation-transmetalation-
cyclization-hydrolysis general procedure for racemic sub-
strate. The crude material was purified by chromatography
on silica gel (eluent: cyclohexane/ether 80/20) to give 0.093 g
(62%) of the title compound. 1H NMR (400 MHz, CDCl3) δ
7.34-7.20 (m, 5H), 3.98 (d, 1H, J ) 13.56 Hz), 3.50 (d, 1H, J
) 13.6 Hz), 3.45 (d, 1H, J ) 10.7 Hz), 3.42 (s, 3H), 2.70-2.65
(m, 1H), 2.48-2.42 (m, 1H), 2.09-2.03 (m, 1H), 1.75-1.69 (m,
1H), 1.50-1.45 (m, 1H), 0.97-0.91 (m, 6H), 0.86 (d, 3H, J )
7.3 Hz). 13C NMR (100 MHz, CDCl3) δ 174.3, 138.5, 129.7,
128.0, 127.0, 70.0, 69.2, 57.35, 51.0, 38.4, 38.0, 22.45, 12.1,
10.95, 8.6. Anal. Calcd for C17H25O2N: C, 74.14; H, 9.15; N,
5.09. Found: C, 74.01; H, 8.86; N, 5.28.
N-(R)-1-(Phenylethyl)-N-(but-3-enyl)amine. A solution

of 4-bromo-1-butene (52.5 mmol, 7.08 g), (R)-(+)-R-methylben-
zylamine (35 mmol, 4.27 g), K2CO3 (105 mmol, 14.5 g), and
NaI (105 mmol, 15.75 g) was heated at 100 °C in dry DMF
(30 mL) for 12 h. A solution of NH4Cl/NH4OH 2/1 and ether
were then added. The layers were separated, the aqueous
being extracted with ether. The combined extracts were
washed with brine, dried over MgSO4, and concentrated. The
crude material was purified by chromatography on silica gel
(eluent: dichloromethane/methanol 90/10) to give 4.7 g (77%)
of the title compound. [R]D ) -36.8 (0.0417, CHCl3). 1H NMR
(400 MHz, CDCl3) δ 7.40-7.24 (m, 5H), 5.82-5.72 (m, 1H),
5.12-4.96 (m, 2H), 3.79 (q, J ) 6.6 Hz, 1H), 2.63-2.5 (m, 2H),
2.28-2.18 (m, 2H), 1.60 (m, 1H),1.37 (d, J ) 6.6 Hz, 3H). 13C
NMR (100 MHz, CDCl3) δ 145.7, 136.6, 128.5, 127.0, 126.7,
116.5, 58.4, 46.8, 34.4, 24.4.
N-(R)-1-(Phenylethyl)-N-(but-3-enyl)glycinate Methyl

Ester (18). A solution of N-(R)-1-(phenylethyl)-N-(but-3-
enyl)amine (5.92 g, 33.8 mmol) was treated following the
general procedure for the alkylation with methyl bromoacetate
as described for 9. The crude material was purified by
chromatography on silica gel (eluent: cyclohexane/ether 60/
40) to give 5 g (60%) of the title compound. [R]D ) +33.4
(0.0312, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.40-7.24 (m,
5H), 5.82-5.72 (m, 1H), 5.12-4.97 (m, 2H), 3.79 (q, 1H, J )
6.6 Hz), 2.63-2.50 (m, 2H), 2.28-2.18 (m, 2H), 1.37 (d, 3H, J
) 6.6 Hz). 13C NMR (100 MHz, CDCl3) δ 145.8, 136.7, 128.6,
127.0, 126.7, 115.4, 58.4, 46.8, 34.5, 24.4.
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General Procedure for the Metalation-Transmetala-
tion-Cyclization for the Chiral Substrate. Preparation
of (2R,3S)-3-Methyl-2-carbomethoxy-N-(R)-1-phenyleth-
yl)pyrrolidine (19). A solution of 18 (0.5 mmol, 0.123 g) in
dry ether was cooled to -40 °C as LDA (2 M in THF/n-heptane,
0.55 mmol, 0.275 mL) was added dropwise. The reaction
mixture was then allowed to warm to 0 °C for 10 min and
cooled to -40 °C as zinc bromide (1 M in ether, 1.1 mmol, 1.1
mL) was added dropwise. The reaction mixture was then
allowed to warm to room temperature and stirred for 3 h. The
reaction mixture was cooled to 0 °C as a solution of NH4Cl/
NH4OH 2/1 was added slowly. Ether was added, and the
mixture was stirred for at least 3 h with a few Na2S‚9H2O
crystals. The layers were separated, the aqueous being
extracted with ether. The combined extracts were washed
with brine, dried over MgSO4, and concentrated. The crude
material was purified by chromatography on silica gel (elu-
ent: cyclohexane/ether 80/20) to give 0.114 g (93%) of the title
compound. [R]D ) +79.45 (0.0507, CHCl3). 1H NMR (400
MHz, CDCl3) δ 7.33-7.23 (m, 5H), 3.71 (q, 1H, J ) 6.6 Hz),
3.63 (s, 3H), 3.36 (d, 1H, J ) 8.6 Hz), 3.03 (dt, 1H, J ) 8.9, 2.9
Hz), 2.88-2.80 (m, 1H), 2.46-2.42 (m, 1H), 1.99-1.96 (m, 1H),
1.65-1.60 (m, 1H), 1.37 (t, 3H, J ) 6.7 Hz), 0.92 (d, 3H, J )
6.7 Hz). 13C NMR (50 MHz, CDCl3) δ 174.1, 144.6, 128.4,
127.6, 127.2, 67.7, 62.1, 50.9, 50.7, 36.7, 32.1, 22.6, 15.8. Anal.
Calcd for C15H21NO2: C, 72.84; H, 8.56; N, 5.66. Found: C,
72.91; H, 8.55; N, 5.59.
N-(S)-(+)-1-(Cyclohexylethyl)-N-(but-3-enyl)amine. A

solution of 4-bromo-1-butene (18.84 mmol, 2.54 g), (S)-(+)-1-
cyclohexylethylamine (15.7 mmol, 2 g), K2CO3 (47.2 mmol, 6.5
g), and NaI (47.2 mmol, 7.08 g) was heated at 100 °C in dry
DMF (30 mL) for 12 h. A solution of NH4Cl/NH4OH 2/1 and
ether were then added. The layers were separated, the
aqueous being extracted with ether. The combined extracts
were washed with brine, dried over MgSO4, and concentrated.
The crude material was purified by chromatography on silica
gel (eluent: cyclohexane/ether 70/30) to give 1.56 g (55%) of
the title compound. 1H NMR (400 MHz, CDCl3) δ 5.76-5.65
(m, 1H), 5.03-4.94 (m, 2H), 2.67-2.60 (m, 1H), 2.53-2.47 (m,
1H), 2.37-2.32 (m, 1H), 2.18-2.14 (m, 2H), 1.69-1.58 (m, 5H),
1.16-1.06 (m, 4H), 0.94-0.89 (m, 5H). 13C NMR (100 MHz,
CDCl3) δ 136.8, 116.3, 57.8, 46.6, 43.0, 34.65, 30.1, 28.1, 26.9,
26.8, 26.6, 16.9.
N-(S)-(+)-1-(Cyclohexylethyl)-N-(but-3-enyl)gly-

cinate Methyl Ester (22). A solution of N-(S)-(+)-1-(cyclo-
hexylethyl)-N-(but-3-enyl)amine (1.56 g, 8.62 mmol) was treated
following the general procedure for the alkylation with methyl
bromoacetate as described for 9. The crude material was
purified by chromatography on silica gel (eluent: cyclohexane/
ether 70/30) to give 1.11 g (51%) of the title compound. [R]D
) +49.2 (0.026, CHCl3). 1H NMR (400 MHz, CDCl3) δ 5.88-
5.78 (m, 1H), 5.05-4.95 (m, 2H), 3.67 (s, 2H), 3.29 (d, 1H, J )
16.8 Hz), 3.16 (d, 1H, J ) 16.8 Hz), 2.62-2.51 (m, 2H), 2.43-
2.36 (m, 1H), 2.19-2.13 (m, 3H), 1.72-1.65 (m, 4H), 1.25-
1.12 (m, 4H), 0.91-0.83 (m, 5H). 13C NMR (100 MHz, CDCl3)
δ 173.4, 137.2, 115.4, 61.5, 52.4, 51.5, 51.35, 41.9, 33.5, 31.0,
30.5, 26.8, 26.7, 26.5, 11.5.
(2R*,3S*)-3-Methyl-2-carbomethoxy-N-((S)-1-cyclohex-

ylethyl)pyrrolidine (23). A solution of 22 (0.79 mmol, 0.2
g) in Et2O (20 mL) was treated following the metalation-
transmetalation-cyclization general procedure for chiral sub-
strate. The combined extracts were washed with brine, dried
over MgSO4, and concentrated. The crude material was
purified by chromatography on silica gel (eluent: cyclohexane/
ether 80/20) to give 0.12 g (60%) of the title compound. Major
Diastereomer. 1H NMR (400 MHz, CDCl3) δ 3.67 (s, 3H),
3.58 (d, 1H, J ) 8.4 Hz), 3.01 (ddd, 1H, J ) 8.5, 6.2, 2.2 Hz),
2.85-2.80 (m, 1H), 2.44-2.30 (m, 2H), 1.91-1.83 (m, 1H),
1.73-1.60 (m, 3H), 1.37-1.31 (m, 1H), 1.26-1.10 (m, 6H),
0.97-0.85 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 175.0, 67.9,
65.9, 61.0, 51.0, 50.9, 47.8, 42.0, 37.05, 32.0, 31.2, 27.7, 26.9,
15.3, 12.7. Minor Diastereomer. 1H NMR (400 MHz,
CDCl3) δ 3.66 (s, 3H), 3.54 (d, 1H, J ) 8.8.Hz), 2.94 (ddd, 1H,
J ) 8.5, 6.2, 2.2 Hz), 2.70-2.63 (m, 1H), 2.44-2.30 (m, 2H),
1.91-1.83 (m, 1H), 1.73-1.60 (m, 3H), 1.37-1.31 (m, 1H),
1.26-1.10 (m, 6H), 0.97-0.85 (m, 8H). 13C NMR (100 MHz,

CDCl3) δ 174.75, 67.9, 65.9, 61.0, 51.0, 50.7, 47.8, 41.9, 36.5,
32.5, 31.1, 27.6, 26.6, 15.6, 12.3.
N-(R)-1-Phenylethyl-N-(1S)-(1-ethylbut-3-enyl)amine

(24). 24was prepared according to ref 21. 1H NMR (400 MHz,
CDCl3) δ 7.37-7.24 (m, 5Η), 5.88-5.77 (m, 1H), 5.14-5.08 (m,
2H), 3.95 (q, 1H, J ) 6.60 Hz), 2.43-2.38 (m, 1H), 2.27-2.19
(m, 3H), 1.45-1.28 (m, 2H), 1.36 (d, 3H, J ) 6.60 Hz), 0.87 (t,
3H, J ) 7.48 Hz). 13C NMR (100 MHz, CDCl3) δ 146.4, 135.6,
128.4, 126.8, 126.7, 117.1, 55.4, 55.1, 37.3, 27.4, 25.0, 10.5.
N-((R)-1-(Phenylethyl))-N-((1S)-1-ethylbut-3-enyl)gly-

cinate Methyl Ester (25). A solution of N-(R)-1-(phenyl-
ethyl)-N-(1S)-(1-ethylbut-3-enyl)amine (24) (0.568 g, 2.79 mmol)
was treated following the general procedure for the alkylation
with methyl bromoacetate as described for 9. 1H NMR (400
MHz, CDCl3) δ 7.43-7.22 (m, 5H), 5.71-5.63 (m, 1H), 4.97-
4.92 (m, 2H), 4.09 (q, 1H, J ) 6.6 Hz), 3.71 (s, 3H), 3.45 (d,
1H, J ) 17.5 Hz), 3.34 (d, 1H, J ) 17.5 Hz), 2.58-2.53 (m,
1H), 2.26-2.20 (m, 1H), 1.87-1.80(m, 1H), 1.39-1.30(m, 2H),
1.35 (d, 3H, J ) 6.6 Hz), 0.90 (t, 3H, J ) 7.4 Hz). 13C NMR
(100 MHz, CDCl3) δ 174.6, 145.8, 137.4, 128.35, 127.9, 127.1,
115.9, 60.5, 60.1, 51.7, 47.6, 35.3, 25.15, 21.6, 11.55.
(2S*,3R*,5S)-5-Ethyl-3-methyl-2-carbomethoxy-N-((R)-

1-phenylethyl)pyrrolidine (26). A solution of 25 (0.295
mmol, 0.0813 g) in Et2O (20 mL) was treated following the
metalation-transmetalation-cyclization general procedure for
chiral substrate. The crude material was purified by chro-
matography on silica gel (eluent: cyclohexane/ether 80/20) to
give 0.056 g (69%) of the title compound. Major Diastere-
omer. 1H NMR (400 MHz, CDCl3) δ 4.14 (q, 1H, J ) 6.7 Hz),
3.52 (d, 1H, J ) 9.1 Hz), 3.34 (s, 3H), 3.09-3.03 (m, 1H), 2.21-
2.15 (m, 1H), 2.05-1.96 (m, 1H), 1.72-1.83 (m, 1H), 1.55-
1.47 (m, 1H), 1.41-1.34 (m, 1H), 1.37 (t, 3H, J ) 6.7 Hz), 0.96-
0.87 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 175.3, 144.0,
128.3, 128.1, 126.7, 64.4, 62.9, 55.6, 50.8, 38.8, 36.5, 27.8, 15.0,
11.3, 10.55. Minor Diastereomer. 1H NMR (400 MHz,
CDCl3) δ 3.94 (q, 1H, J ) 6.7 Hz), 3.81 (d, 1H, J ) 7.5 Hz),
3.65 (s, 3H), 3.25-3.21 (m, 1H), 1.48-1.43 (m, 1H), 1.91-1.87
(m, 1H), 1.72-1.83 (m, 1H), 1.62-1.58 (m, 1H), 1.41-1.34 (m,
1H), 1.37 (t, 3H, J ) 6.7 Hz), 0.96-0.87 (m, 6H). 13C NMR
(100 MHz, CDCl3) δ 174.5, 148.7, 128.3, 127.9, 122.2, 68.4,
63.4, 59.5, 50.9, 37.1, 34.6, 27.5, 21.4, 15.1, 10.3. Anal. Calcd
for C17H25NO2: C, 74.14; H, 9.15; N, 5.09. Found: C, 74.34;
H, 9.36; N, 5.28.
N-((R)-1-Phenylethyl-N-(1S,2S)-(1-ethyl-2-methylbut-

3-enyl)amine. The starting material was prepared according
to ref 21. 1H NMR (400 MHz, CDCl3) δ 7.43-7.28 (m, 5Η),
5.91-5.82 (m, 1H), 5.15-5.08 (m, 2H), 4.09 (q, 1H, J ) 6.6
Hz), 2.60-2.56 (m, 1H), 2.25-2.21 (m, 2H), 1.50-1.45 (m, 1H),
1.37 (d, 3H, J ) 6.6 Hz), 1.25 (m, 1H), 1.17-1.10 (m, 1H), 1.02
(d, 3H, J ) 7.0 Hz), 0.90 (t, 3H, J ) 7.4 Hz). 13C NMR (100
MHz, CDCl3) δ 149.7, 141.5, 128.35, 127.05, 126.8, 114.8, 60.6,
55.05, 39.3, 25.2, 23.6, 16.5, 11.35.
N-((R)-1-Phenylethyl)-N-((1S,2S)-1-ethyl-2-methylbut-

3-enyl)glycinate Methyl Ester (27). A solution of N-(R)-1-
phenylethyl-N-(1S,2S)-(1-ethyl-2-methylbut-3-enyl)amine (0.4
g, 1.84 mmol) was treated following the general procedure for
the alkylation with methyl bromoacetate. 1H NMR (400 MHz,
CDCl3) δ 7.44-7.23 (m, 5Η), 5.76-5.66 (m, 1H), 5.01-5.91 (m,
2H), 4.13 (q, 1H, J ) 6.76 Hz), 3.66 (s, 3H), 3.53 (d, 1H, J )
17.52 Hz), 3.39 (d, 1H, J ) 17.52 Hz), 2.47-2.34 (m, 2H), 1.44-
1.31 (m, 2H), 1.37 (d, 3H, J ) 6.76 Hz), 0.98-0.89 (m, 6H).
13C NMR (100 MHz, CDCl3) δ 174.7, 145.7, 143.0, 128.25,
128.2, 127.05, 114.35, 64.2, 61.5, 51.6, 48.9, 41.5, 22.6, 21.05,
19.9, 12.5.
(2S,3R,4S,5S)-5-Ethyl-3,4-dimethyl-2-carbomethoxy-N-

((R)-1-phenylethyl)pyrrolidine (28). A solution of 27 (0.207
mmol, 0.059 g) in Et2O (20 mL) was treated following the
metalation-transmetalation-cyclization general procedure for
chiral substrate. The crude material was purified by chro-
matography on silica gel (eluent: cyclohexane/ether 80/20) to
give 0.041 g (69%) of the title compound. [R]D ) -25.8 (0.0152,
CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.38-7.16 (m, 5H), 4.20
(q, 1H, J ) 6.8 Hz),3.66 (d, 1H, J ) 10.4 Hz), 3.21 (s, 3H),
2.96-2.91 (m, 1H), 2.40-2.36 (m, 1H), 2.09-2.03 (m, 1H),
1.71-1.65 (m, 1H), 1.49-1.42 (m, 1H), 1.32 (d, 3H, J ) 6.8
Hz), 0.91 (d, 3H, J ) 7.5 Hz), 0.92 (t, 3H, J ) 7.9 Hz), 0.83 (d,
3H, J ) 7.3 Hz). 13C NMR (100 MHz, CDCl3) δ 174.9, 143.55,
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128.8, 127.8, 126.75, 66.45, 63.85, 55.3, 50.75, 38.9, 38.85,
22.85, 12.1, 11.2, 10.7, 8.5. Anal. Calcd for C18H27NO2: C,
74.70; H, 9.40; N, 4.84. Found: C, 74.70; H, 9.39; N, 4.92.
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