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A Stereoselective Synthesis of Five- and Six-Membered Cyclic β-Amino Acids
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The cyclic β-amino acids 1 and 2 have been prepared in a
short and stereoselective manner. The synthesis features a
diastereoselective thioester enolate/imine condensation re-
action and a ring-closing metathesis as key processes.

Introduction

There has been considerable interest in cyclic β-amino
acids 1 and 2 because of their potential use as therapeutic
agents[1] and their role as structure-forming elements in β-
peptides.[2] Their ability to adopt compact, stable secondary
structures within peptides[3] adds to their appeal as targets
for chemical synthesis.[4] As such, there has been an extens-
ive effort by many research groups to access these com-
pounds, resulting in the development of a number of new
methods for their synthesis.[5]

Although a number of elegant approaches exist for con-
structing cyclic β-amino acids, very few of these offer access
to unsaturated analogues of 1 and 2. It is against this back-
ground that we chose to investigate the use of a NARC[6]

sequence for the development of a general method towards
the synthesis of cyclic β-amino acids. In the NARC ap-
proach, hetero- and carbocyclic compounds[7] are formed
by a nucleophilic addition (NA) followed by a ring closure
(RC).

In the retrosynthetic analysis (Scheme 1) of the target
compounds, it was anticipated that 1 and 2 could be ac-
cessed from β-amino esters 8 and 9, respectively, through
the application of ring-closing metathesis (RCM).[8] Com-
pounds 8 and 9 could be elaborated from 6 and 7, via enol-
ate/imine condensation of imine 5 with pyridyl thioesters 3
and 4. Herein, we give full details of this approach by pre-
senting the stereoselective syntheses of the five- and six-
membered cyclic β-amino acids 1 and 2.

Results and Discussion

Both 3 and 5 undergo diastereoselective condensation
readily under Lewis acid conditions.[9,10] Accordingly,
freshly prepared pyridyl thioester[11] 3 was precomplexed
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Scheme 1. Retrosynthetic analysis

with SnCl4 at �78 °C and then treated with triethylamine
and the enantiopure imine[12,13] 5, yielding a 3:1 mixture of
the readily separable β-lactam[14,15] diastereomers 6 {34%,
[α]D � �25.2 (c � 1, MeOH)} and 10 (Scheme 2). Similar
condensation of thioester 4 with imine 5 gave a 2:1 mixture
of 7 {25%, [α]D � �36.7 (c � 1, MeOH)} and 11, which
were obtained as oils after chromatographic separation
(Scheme 2).

With these intermediates in hand, we briefly investigated
the direct ring-closing metathesis of substrates 6 and 7 to
form the trans-fused bicycles 12 and 13 as shown in
Scheme 3.

Attempted ring closure of 6 to give 12 under standard
RCM conditions was unsuccessful, presumably because of
the inherent ring strain associated with a 4,5-trans-substi-
tuted bicyclic structure (Scheme 3). Reaction of a dilute so-
lution of 7 in toluene at 55 °C with 10 mol % Grubbs’ cata-
lyst[16] gave, in poor conversion, an inseparable mixture of
the target compound 13, as well as the cross metathesis
product 14, and the β-lactam dimer 15.[17]
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Scheme 2

Scheme 3

Treatment of β-lactams 6 and 7 with chlorotrimethylsil-
ane in the presence of benzyl alcohol gave the desired ring-
closing metathesis substrates, β-amino esters 8 {from 6,
63%, [α]D � �20.8 (c � 1, MeOH)} and 9 {from 7, 84%,
[α]D � �54.5 (c � 1, MeOH)} (Scheme 4). Gratifyingly,
subjecting this material to Grubbs’ catalyst[16�18] under
high-dilution conditions afforded the cyclic β-amino esters
16 {from 8, 56%, [α]D � �61.2 (c � 1, MeOH)} and 17
{from 9, 46%, [α]D � �39.3 (c � 1, MeOH)}.

Hydrogenation of 16 and 17 gave, after treatment with
an ethereal solution of HCl, the target compounds 1 {from
16, 79%, [α]D � �62.0 (c � 0.6, H2O)} and 2 {from 17,
68%, [α]D � �45.8 (c � 0.5, H2O)} as their hydrochloride
salts (Scheme 4).

Comparison of the optical rotations of 1 and 2 with liter-
ature values established the absolute stereochemistry of
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Scheme 4

both 1[5a] and 2[19] as (1S,2S). These values serve also to
confirm the stereochemistries of all the new compounds de-
scribed in this work.

Conclusion

In conclusion, we have demonstrated that the nucleo-
philic addition/ring closure sequence provides a new ap-
proach to the stereoselective preparation of cyclic β-amino
acids. The extension of this approach to larger ring cyclic
β-amino acids, as well as more highly functionalised deriv-
atives, is currently under development in our laboratories.

Experimental Section

General Remarks: Optical rotations were recorded with a
Perkin�Elmer 141 polarimeter at the sodium D-line (589 nm) us-
ing spectroscopic-grade solvents at the temperature specified.
Infrared (IR) spectra were recorded with a Perkin�Elmer 1600
Series Fourier Transform spectrometer and refer to thin films of
liquids (neat) or dichloromethane (CH2Cl2) films. Infrared band
intensities of each frequency of absorption are expressed as follows:
s (strong), m (medium), w (weak) or b (broad). 1H NMR spectra
were recorded at 300 MHz with a Varian Mercury spectrometer
and at 400 MHz with a Bruker Avance DRX 400 spectrometer.
Chemical shifts were recorded on the δ scale in ppm. Spectra were
acquired in deuteriochloroform (CDCl3) at 20 °C unless otherwise
stated. For 1H NMR spectra recorded in CDCl3, the peak due to
residual CHCl3 (δ � 7.26 ppm) was used as the internal reference.
13C NMR spectra were recorded at 75 MHz with a Varian Mercury
spectrometer and are referenced using the central peak (δ �

77.0 ppm) of the CDCl3 triplet for proton-decoupled spectra. 13C
NMR chemical shifts and assignments for identifiable carbon
atoms are given. The assignment of signals observed in various
NMR spectra was often assisted by conducting attached proton
test (APT) or homonuclear (1H/1H) correlation spectroscopy
(COSY) experiments. Mass spectrometry (MS ESI) was performed
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using samples in MeOH with a Micromass Platform QMS spectro-
meter. High resolution mass spectra (HRMS) for accurate mass
determinations were recorded with a Bruker BioApex 47e FTMS
fitted with an analytical electrospray source using NaI for accurate
mass calibration. The principal ion peaks (m/z) are reported along
with their intensities, expressed as a percentage of the base peak
(100%). [M�]refers to the molecular ion. Elemental microanalyses
were performed by the University of Otago, Dunedin, New Zea-
land. Silica gel used for chromatography was 40�63 µm (230�400
mesh) silica gel 60 (Merck no. 9385). Preparative thin layer chroma-
tography (TLC) was performed on glass plates (20 � 20 cm), co-
ated with 0.5 mm of silica gel (Merck 70�230 mesh, no. 7747) that
had been activated at 100 °C for at least 1 h prior to use. Analytical
thin layer chromatography (TLC) was performed on Polygram Sil
G/UV254 fluorescent indicator and inspected under ultraviolet light
or dipped in an ammonium molybdate/cerium sulfate solution fol-
lowed by heating. All reactions requiring anhydrous conditions
were performed in flame-dried glassware under N2 or Ar. Many
starting materials and reagents were available from the Aldrich
Chemical Company and were used as supplied. Bis(tricyclohexyl-
phosphane)benzylideneruthenium() dichloride (Grubbs’ catalyst)
was purchased from Strem Chemicals Inc., USA. Solvents were
purified as follows. Anhydrous diethyl ether and tetrahydrofuran
(THF) were distilled from sodium metal/benzophenone ketyl prior
to use. Toluene and dichloromethane were dried with, and freshly
distilled from, calcium hydride. Hexanes refer to the hydrocarbon
fraction boiling between 40 and 60 °C and was distilled before use.
Organic solutions were concentrated under reduced pressure in a
rotary evaporator with the water bath generally not exceeding 80
°C.

Thioester 3: Oxalyl chloride (3 mL, 34 mmol) was added dropwise
to a stirred solution of 4-pentenoic acid (3.08 g, 31 mmol) at 0 °C
under N2. The reaction mixture was stirred at 0 °C for 1 h and
then warmed to room temperature over 2 h. The crude 4-pentenoyl
chloride was taken up in CH2Cl2 (50 mL) then added to a solution
of thiopyridine (3.11 g, 28 mmol) and triethylamine (3 mL,
28 mmol) in CH2Cl2 (60 mL) at 0 °C. After stirring for 30 min, the
mixture was poured into ice-cold water (75 mL), the organic phase
was separated and washed with ice-chilled KOH solution (5%,
150 mL) and water (75 mL). The organic phase was separated,
dried (Na2SO4), filtered, and concentrated under reduced pressure,
to give thioester 3 in quantitative yield as a dark brown oil. This
material was used immediately without further purification. IR
(neat): ν̃max � 1713 s, 1642 s, 1618 s, 1582 s, 1498 s, 1420 m, 1258
w, 1110 s, 1086 s, 992 s, 916 s, 757 s cm�1. 1H NMR (CDCl3,
300 MHz): δ � 2.51 (m, 2 H, 3�-H), 2.80 (t, J � 6.5 Hz, 2 H, 2�-
H), 5.01 (ddt, J � 10.2, 1.8, 1.3 Hz, 1 H, 5�-H, Hcis), 5.07 (ddt, J �

17.3, 1.8, 1.3 Hz, 1 H, 5�-H, Htrans), 5.80 (ddt, J � 17.1, 10.2,
6.5 Hz, 1 H, 4�-H), 7.20�8.60 (m, 4 H, Ar-H) ppm. 13C NMR
(CDCl3, 75 MHz): δ � 29.5 (C-3�), 43.6 (C-2�), 116.3 (C-5�), 123.7
(C-5), 130.2 (C-3), 135.9 (C-4), 137.3 (C-4�), 150.4, (C-2), 151.9 (C-
6), 196.9 (C-1�) ppm. HRMS: calcd. for C10H12NSO� 194.063;
found 194.063. C10H11NSO (193.056): calcd. C 62.15, H 5.74, N
7.25; found C 62.73, H 5.81, N 7.25.

Thioester 4: Oxalyl chloride (3 mL, 34 mmol) was added dropwise
to 5-hexenoic acid (3.6 g, 31 mmol), stirred at 0 °C under N2. The
reaction mixture was stirred at 0 °C for 1 h and then at room tem-
perature for a further 2 h. The crude 5-hexenoyl chloride was taken
up in CH2Cl2 (50 mL) then added to a solution of thiopyridine
(3.11 g, 28 mmol) and triethylamine (3 mL, 28 mmol) in dichloro-
methane (60 mL) at 0 °C. After stirring for 30 min, the mixture was
poured into ice-cold water (75 mL), the organic phase was separ-
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ated and washed with ice-chilled KOH solution (5%, 150 mL) and
water (75 mL). The organic phase was separated, dried (Na2SO4),
filtered, and concentrated under reduced pressure. The thioester 4
was obtained in quantitative yield as a dark brown oil. This mat-
erial was used immediately without further purification. IR (neat):
ν̃max � 1711 s, 1640 s, 1573 s, 1582 s, 1450 s, 1421 s, 1120 s, 915 m,
766 m, 734 m cm�1. 1H NMR (CDCl3, 300 MHz): δ � 1.77 (m, 2
H, 4�-H), 2.09 (m, 2 H, 3�-H), 2.67 (t, J � 7.4 Hz, 2 H, 2�-H), 5.03
(m, 2 H, 6�-H), 5.71 (m, 1 H, 5�-H), 7.24�8.61 (m, 4 H, Ar-H)
ppm. 13C NMR (CDCl3, 75 MHz): δ � 24.3 (C-4�), 32.6 (C-3�),
43.2 (C-2�), 115.5 (C-6�), 123.2 (C-5), 129.8 (C-5�), 136.8 (C-3),
136.9 (C-4), 149.9 (C-2), 151.1 (C-6), 195.8 (C-1�) ppm. HRMS:
calcd. for C11H13NSONa� 230.061; found 230.061.

Imine 5: Cinnamaldehyde (1.8 mL, 14 mmol) was added in one por-
tion to α-methylbenzylamine (1.8 mL, 14 mmol) at 0 °C. After stir-
ring for 20 min, the product was dissolved in diethyl ether (20 mL),
dried (Na2SO4), filtered, and the solution concentrated under re-
duced pressure, to afford the title compound 5 (ca. 3.3 g) as a pale-
yellow oil. The imine 5 was used without further purification in the
next step of the reaction sequence. IR (neat): ν̃max � 3082 s, 2924
m, 2842 m, 1640 s, 1620 s, 1493 m, 1376 m, 1063 s, 978 s, 910 s,
748 s, 691 s, 640 m cm�1. 1H NMR (CDCl3, 300 MHz): δ � 1.62
(d, J � 6.5 Hz, 3 H, CH3), 4.46 (q, J � 6.5 Hz, 1 H, CHCH3),
6.99 (d, J � 7.4 Hz, 1 H, 2-H), 7.23�7.50 (m, 11 H, 2 � Ph, 3-
H), 8.13 (d, J � 7.4 Hz, 1 H, 1-H) ppm. 13C NMR (CDCl3,
75 MHz): δ � 24.9 (CHCH3Ph), 70.0 (CHCH3), 126.8, 127.1,
127.4, 128.5, 128.7, 129.0, 129.3 (Ph), 135.9 (C-2), 142.0 (Ph), 144.9
(C-3), 161.5 (C-1) ppm. ESI MS: m/z (%) � 236.30 (100) [M � 1].

β-Lactam 6: A solution of the thioester 3 (5.40 g, 28 mmol) in
CH2Cl2 (300 mL) was cooled to �78 °C under N2. A solution of
SnCl4 (3.2 mL, 28 mmol) in CH2Cl2 (30 mL) was added, followed
by triethylamine (3.9 mL, 28 mmol). After stirring for 30 min, a
solution of the imine 5 (14 mmol) in CH2Cl2 (30 mL) was added
and the reaction mixture stirred for a further 30 min. The reaction
mixture was warmed to room temperature and stirred overnight.
Following addition of sat. aqueous NaHCO3 (100 mL) the entire
mixture was filtered through CeliteTM. The organic phase was sep-
arated, dried (Na2SO4), filtered, and concentrated under reduced
pressure, to give a mixture (3:1) of β-lactams (1.93 g, 44%). Sub-
jecting this material to flash chromatography (silica, hexane/
EtOAc, 5:1) afforded the major isomer 6 (1.47 g, 34%) as an oil.
[α]D30.5 � �25.2 (c � 1, CHCl3). IR (neat): ν̃max � 2958 s, 2928 s,
2864 s, 1750 s, 1638 m, 1460 m, 1174 m, 823 m, 767 m cm�1. 1H
NMR (CDCl3, 300 MHz): δ � 1.72 (d, J � 7.2 Hz, 3 H, CHCH3),
2.39�2.61 (m, 2 H, 3-H), 2.97 (ddd, J � 9.0, 5.0, 2.1 Hz, 1 H, 2-
H), 3.78 (dd, J � 9.0, 2.6 Hz, 1 H, 1�-H), 4.80 (q, J � 7.2 Hz, 1
H, CHCH3), 5.01 (ddt, J � 10.2, 1.8, 1.3 Hz, 1 H, 5-H, Hcis), 5.07
(ddt, J � 17.3, 1.8, 1.3 Hz, 1 H, 5-H, Htrans), 5.83 (ddt, J � 17.1,
10.2, 6.5 Hz, 1 H, 4-H), 5.90 (dd, J � 15.7, 9.0 Hz, 1 H, 2�-H),
6.42 (d, J � 15.7 Hz, 1 H, 3�-H), 7.21�7.33 (m, 10 H, 2 � Ph)
ppm. 13C NMR (CDCl3, 75 MHz): δ � 19.6 (CH3), 32.4 (C-3),
53.4 (C-1�), 55.8 (CHCH3), 58.9 (C-2), 117.3 (C-2�), 126.6 (C-3�),
127.2 (C-4), 127.7 (C-5), 127.9, 128.3, 128.8, 134.8, 134.4, 135.7,
141.8, 142.4 (2 � Ph), 169.5 (C-1) ppm. HRMS: calcd. for
C22H23ONNa� 340.167; found 340.166. C22H23NO (317.177):
calcd. C 83.51, H 7.01, N 4.43; found C 83.71, H 7.37, N 4.42.

β-Lactam 7: A solution of the thioester 4 (5.79 g, 28 mmol) in
CH2Cl2 (300 mL) was cooled to �78 °C under N2. A solution of
SnCl4 (3.2 mL, 28 mmol) in CH2Cl2 (30 mL) was added dropwise,
followed by triethylamine (3.9 mL, 28 mmol). After stirring for
30 min, a solution of the imine 5 (14 mmol) in CH2Cl2 (30 mL) was
added and the reaction mixture stirred for a further 30 min. The
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reaction mixture was warmed to room temperature and stirred
overnight. Following addition of sat. aqueous NaHCO3 (100 mL)
the entire mixture was filtered through CeliteTM. The organic phase
was separated, dried (Na2SO4), filtered, and concentrated under
reduced pressure, to give a mixture (2:1) of β-lactams (2.87 g, 63%).
Subjecting this material to flash chromatography (silica, hexane/
EtOAc, 5:1) afforded a major pure fraction containing isomer 7
(1.14 g, 25%) as an oil. [α]D30.5 � �36.7 (c � 1, CH3OH). IR
(CH2Cl2 film): ν̃max � 2977 s, 2932 s, 1745 s, 1676 m, 1641 m, 1494
s, 1450 s, 1376 m, 967 s, 913 s, 747 s, 699 s cm�1. 1H NMR (CDCl3,
300 MHz): δ � 1.64 (d, J � 7.2 Hz, 3 H, CH3), 2.00�2.22 (br. m,
4 H, 3-H and 4-H), 2.84 (m, 1 H, 2-H), 3.68 (dd, J � 9.0, 1.9 Hz,
1 H, 1�-H), 4.53 (q, J � 7.2 Hz, 1 H, CHCH3), 4.80�5.00 (m, 2
H, 6-H), 5.68 (ddt, J � 17.1, 10.2, 6.5 Hz, 1 H, 5-H), 5.84 (dd, J �

15.8, 9.0 Hz, 1 H, 2�-H), 6.38 (d, J � 15.8 Hz, 1 H, 3�-H),
7.00�7.30 (m, 10 H, 2 � Ph) ppm. 13C NMR (CDCl3, 75 MHz):
δ � 19.3 (CH3), 27.7 (C-3), 31.3 (C-4), 53.0 (C-2), 56.1 (C-1�), 59.6
(CHCH3), 115.5 (C-6), 126.4, 126.8, 127.4 (Ph), 127.8 (C-5), 128.0,
128.5, 128.5 (Ph), 133.3 (C-2�), 135.8 (Ph), 137.3 (C-3�), 141.6 (Ph),
169.3 (C-1) ppm. HRMS: calcd. for C23H25ONNa� 354.183;
found 354.183.

β-Amino Ester 8: A mixture of the β-lactam 6 (412 mg, 1.3 mmol),
chlorotrimethylsilane (305 µL, 2.4 mmol) and a solution of benzyl
alcohol in CH2Cl2 (1 , 4 mL) was stirred at room temperature for
48 h. The reaction mixture was taken up in EtOAc (20 mL) and
washed with sat. aqueous NaHCO3 (20 mL). The organic phase
was separated, dried (Na2SO4), filtered, and concentrated under
reduced pressure. Subjection of this material to flash chromato-
graphy (silica, hexane/ethyl acetateEtOAc, 7:1) afforded the title
compound 8 (346 mg, 63%) as an oil. [α]D30.5 � �20.8 (c � 1,
CH3OH). IR (neat): ν̃max � 3320 w, 1734 s, 1494 s, 1450 s, 1156 w,
969 s, 915 s, 750 m, 698 s cm�1. 1H NMR (CDCl3, 300 MHz): δ �

1.22 (d, J � 6.6 Hz, 3 H, CH3), 1.50 (br. s, 1 H, NH), 2.27 (t, J �

6.9 Hz, 2 H, 3-H), 2.52 (t, J � 8.1 Hz, 1 H, 2-H), 3.08 (t, J � 8.8
Hz, 1 H, 1-H), 3.83 (q, J � 6.6 Hz, 1 H, CHCH3), 4.90 (m, 2 H,
5-H), 5.05 and 5.29 (AB system, 2 H, J � 12.3 Hz, CH2Ph), 5.64
(ddt, J � 16.9, 10.1, 6.8 Hz, 1 H, 4-H), 5.82 (dd, J � 15.8, 9.1 Hz,
1 H, 2�-H), 6.20 (d, J � 15.8 Hz, 1 H, 3�-H), 7.10�7.40 (m, 15 H,
3 � Ph) ppm. 13C NMR (CDCl3, 75 MHz): δ � 25.2 (CH3), 34.1
(C-3), 51.6 (C-2), 54.5 (C-1�), 59.7 (CHCH3), 66.2 (CH2Ph), 116.7
(C-5), 126.4, 126.8, 127.0 (Ph), 127.8 (C-3�), 128.2, 128.3, 128.4,
128.5, 128.6, 129.9 (Ph), 133.2, 135.3 (C-2� and C-3�), 173.8 (C-1)
ppm. HRMS: calcd. for C29H31NO2Na� 448.225; found 448.225.

β-Amino Ester 9: A mixture of the β-lactam 7 (190 mg, 0.6 mmol),
chlorotrimethylsilane (140 µL, 1.1 mmol) and a solution of benzyl
alcohol in CH2Cl2 (1 , 2 mL) was stirred at room temperature for
48 h. The reaction mixture was taken up in EtOAc (10 mL) and
washed with sat. aqueous NaHCO3 (10 mL). The organic phase
was separated, dried (Na2SO4), filtered, and concentrated under
reduced pressure. Subjection of this material to flash chromato-
graphy (silica, hexane/EtOAc, 8:1) afforded the title compound 9
(203 mg, 84%) as an oil. [α]D30.5 � �54.5 (c � 1, CH3OH). IR (neat):
ν̃max � 3030 w, 2931 s, 1735 s, 1640 s, 1601 s, 1495 m, 1451 m, 749
m, 696 m cm�1. 1H NMR (CDCl3, 300 MHz): δ � 1.23 (d, J �

6.4 Hz, 3 H, CH3), 1.40�1.70 (br. m, 3 H, 3-H and NH), 1.95 (br.
m, 2 H, 4-H), 2.46 (dq, J � 9.8, 4.9 Hz, 1 H, 2-H), 3.07 (t, J � 8.8
Hz, 1 H, 1�-H), 3.84 (q, J � 6.4 Hz, 1 H, CHCH3), 4.87 (m, 1 H,
6-H), 4.92 (m, 1 H, 5-H), 5.07 and 5.33 (AB system, 2 H, J � 12.3
Hz, CH2Ph), 5.65 (ddt, J � 17.1, 10.2, 6.5 Hz, 1 H, 5-H), 5.82 (dd,
J � 15.8, 9.1 Hz, 1 H, 2�-H), 6.20 (d, J � 15.8 Hz, 1 H, 3�-H),
7.30 (m, 15 H, 3 � Ph) ppm. 13C NMR (CDCl3, 75 MHz): δ �

25.5 (CH3), 29.0 (C-4), 31.6 (C-3), 51.2 (C-2), 54.1 (C-1), 59.9
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(CHCH3), 66.1 (CH2Ph), 115.2 (C-6), 126.3, 126.8, 126.9 (Ph),
127.7 (C-5), 128.2, 128.3, 128.4, 128.5, 128.6, 130.0 (Ph), 133.0,
137.6 (C-2� and C-3�), 174.4 (CO) ppm. HRMS: calcd. for
C30H33NO2Na� 462.240; found 462.241.

Cyclic β-Amino Ester 16: The β-amino ester 8 (256 mg, 0.6 mmol)
was dissolved in degassed toluene (150 mL) and a solution of
Grubbs’ catalyst (97 mg, 0.1 mmol) in toluene (10 mL) was added
under Ar. The reaction mixture was kept under Ar and warmed at
55 °C for 48 h. The solvent was removed to give a dark brown
oil that was subjected to flash chromatography (alumina, hexane/
EtOAc, 6:1) to yield the title compound 16 (108 mg, 56%) as a dark
oil. Further chromatography gave a sample suitable for analysis. [α]
D
30.5 � �61.2 (c � 1.0, CH3OH). IR (CH2Cl2): ν̃max � 3030 w, 1730
s, 1494 s, 1452 s, 1351 m, 1263 m, 1158 m, 736 m, 699 s cm�1. 1H
NMR (CDCl3, 300 MHz): δ � 1.30 (d, J � 6.6 Hz, 3 H, CH3),
1.55 (br. s, 1 H, NH), 2.63 (m, 2 H, 5-H), 2.83 (m, 1 H, 1-H), 3.92
(q, J � 6.6 Hz, 1 H, CHCH3), 4.02 (br. d, J � 5.8 Hz, 1 H, 2-H),
5.08 (s, 2 H, CH2Ph), 5.70 (s, 2 H, 3-H and 4-H), 7.20�7.47 (m,
10 H, 2 � Ph) ppm. 13C NMR (CDCl3, 75 MHz): δ � 24.4 (CH3),
35.05 (C-5), 50.4 (C-2), 56.2(CHCH3), 66.0 (C-1), 66.4 (CH2Ph),
126.5, 126.8, 128.1, 128.3, 128.4 (Ph), 130.3 (C-4), 131.4 (C-3),
135.8, 145.3 (Ph), 174.7 (CO) ppm. HRMS: calcd. for
C21H23NO2Na� 344.162; found 344.162.

Cyclic β-Amino Ester 17: The β-amino ester 9 (110 mg, 0.25 mmol)
was dissolved in degassed toluene (60 mL) and a solution of
Grubbs’ catalyst (40 mg, 0.05 mmol) in toluene (10 mL) was added
under Ar. The reaction mixture was kept under Ar and warmed at
55 °C for 48 h. The solvent was removed under reduced pressure
to give a dark brown oil. Subjection of this material to flash chro-
matography (alumina, hexane/EtOAc 4:1) afforded recovered start-
ing material (20 mg, 19%) and the title compound 17 (39 mg, 46%)
as a dark oil. Further chromatography gave a sample suitable for
analysis. [α]D30.5 � �39.3 (c � 1, CH3OH). IR (neat): ν̃max � 3027
w, 1732 s, 1494 s, 1453 s, 1386 m, 1263 s, 1152 s, 736 m, 699 s cm�1.
1H NMR (CDCl3, 300 MHz): δ � 1.31 (d, J � 6.5 Hz, 3 H, CH3),
1.52 (m, 1 H, 6-H), 1.90 (m, 1 H, 7-H), 2.05 (m, 2 H, 5-H), 2.43
(ddd, J � 11.7, 8.8, 3.1 Hz, 1 H, 1-H), 3.32 (dt, J � 8.8, 2.2 Hz, 1
H, 2-H), 4.01 (q, J � 6.5 Hz, 1 H, CHCH3), 5.00 and 5.20 (AB
system, 2 H, J � 12.4 Hz, CH2Ph), 5.72 (m, 1 H, 4-H), 5.85 (dq,
J � 8.1, 2.2 Hz, 1 H, 3-H), 7.08�7.39 (m, 10 H, 2 � Ph). 13C
NMR (CDCl3, 75 MHz): δ � 24.3 (C-6), 24.6 (C-5), 25.3 (CH3),
47.6 (C-1), 52.6 (CHCH3), 54.8 (C-2), 66.0 (CH2Ph), 126.8, 126.9
(Ph), 127.3 (C-4), 127.9 (C-3), 127.9, 128.0, 128.2, 128.4, 136.2,
145.3 (Ph), 174.7 (CO) ppm. HRMS: calcd. for C22H25NO2Na�

358.178; found 358.177.

Cyclic β-Amino Acid 1: A stirred solution of 16 (60 mg, 0.18 mmol)
and palladium hydroxide on carbon (20%, 60 mg) in EtOH (7 mL)
was hydrogenated at 60 psi at room temperature for 48 h. The reac-
tion mixture was filtered through a short pad of CeliteTM, which
was then washed with EtOAc (2 � 10 mL). The combined filtrates
were concentrated under reduced pressure, then taken up in EtOH
(1 mL) and treated with an ethereal solution of HCl. Concentration
of the solvent under reduced pressure gave the title compound
(19 mg, 79%) as a colourless solid. [α]D30.5 � �62.0 (c � 0.6, H2O)
{ref.[5a] [α]D � �51.8 (c � 1, H2O)}. 1H NMR (CD3OD,
300 MHz,): δ � 1.55�1.90 (br. m, 4 H, 2 � CH2), 2.05�2.20 (br.
m, 2 H, CH2), 2.57 (q, J � 8.5 Hz, 1 H, 1-H), 3.65 (q, J � 7.8
Hz, 1 H, 2-H) ppm. HRMS: calcd. for C6H11NO2Na� 152.068;
found 152.068.

Cyclic β-Amino Acid 2: A stirred solution of compound 17 (22 mg,
0.07 mmol) and palladium hydroxide on carbon (20%, 25 mg) in
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EtOH (7 mL) was hydrogenated at 60 psi at room temperature for
48 h. The reaction mixture was filtered through a short pad of Celi-
teTM, which was then washed with ethyl acetate (2 � 10 mL). The
combined filtrates were concentrated under reduced pressure, then
taken up in EtOH (1 mL) and treated with an ethereal solution of
HCl. Concentration of the solution under reduced pressure gave
the title compound (8 mg, 68%) as a colourless solid. [α]D30.5 �

�45.8 (c � 0.5, H2O) {ref.[5a] [α]D � �47.4 (c � 1.14, H2O)}. 1H
NMR (CD3OD, 400 MHz,): δ � 1.30 (m, 4 H, 2 � CH2), 1.75 (m,
2 H, CH2), 2.05 (m, 1 H, HCH), 2.15 (m, 1 H, HCH), 2.25 (m, 1
H, 1-H), 3.10 (m, 1 H, 2-H) ppm. HRMS: calcd. for
C7H13NO2Na� 166.084; found 166.084.
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