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The retro-Dieckmann reaction has been used as a stereodivergent synthetic tool on N-Boc-7-
azabicyclo[2.2.1]heptan-2-one-1-carboxylic acid methyl ester to obtain enantiopure trans- and cis-
5-(carboxymethyl)pyrrolidine-2-carboxylic acid methyl esters. These disubstituted pyrrolidines have
been used as starting materials to develop concise and straightforward syntheses of all four
stereoisomers of carbapenam-3-carboxylic acid methyl esters. In this way, we have confirmed
unequivocally the stereochemistry of two carbapenams isolated from strains of Serratia and Erwinia
species.

Introduction

The carbapenam system is a very important skeleton
in â-lactam antibiotics1 and is also an efficient intermedi-
ate in the carbapenem synthetic route.2 Given the inter-
est in these materials, several synthetic strategies to ob-
tain carbapenam and carbapenem systems have been de-
veloped.3 To date, trans- and cis-carbapenam-3-carboxylic
acids (1 and 2) have been isolated from strains of Serratia
and Erwinia species4 and have been evaluated in terms
of their biosynthetic implications.5 The (3R,5R) configu-
ration was provisionally assigned to the major trans iso-
mer isolated from the natural source on the basis of com-
parative circular dichroism data.4 Later, the same au-
thors reported a convenient stereoselective synthesis of
the major stereoisomer (3R,5R)-carbapenam-3-carboxyl-
ic acid and its methyl and p-nitrobenzyl esters from (R)-
glutamic acid. On the basis of this study the assignment
of the major natural stereoisomer was subsequently re-
vised to the opposite configuration (3S,5S)6 (Scheme 1).

However, very recently Ogasawara and co-workers7

achieved a stereoselective synthesis of 3 (methyl ester
of 1) that proved the configuration of the naturally

occurring trans-carbapenam-3-carboxylic acid to be not
the revised configuration but the originally assigned
(3R,5R) configuration. In these syntheses, the key com-
pounds required to obtain the â-lactam ring are the
5-(carboxymethyl)pyrrolidine-2-carboxylic acid methyl
esters 5 and 6 (Scheme 1).

Recently, and using racemic serine as a starting
material, we synthesized the two enantiomers of a new
â-keto ester:8 N-Boc-7-azabicyclo[2.2.1]heptan-2-one-1-
carboxylic acid methyl ester [(1R,4S)-7 and (1S,4R)-7]
(Scheme 2). Considering that strained â-keto esters are
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SCHEME 1

SCHEME 2a

a Reagents and conditions: ref 8: (i) MeONa, MeOH, rt, 87%,
(ii) Dess-Martin reagent, CH2Cl2, rt, 89%.
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good candidates to undergo the retro-Dieckmann reac-
tion, we decided to carry out this procedure on the
aforementioned substrates. The retro-Dieckmann reac-
tion is a process of synthetic significance at the organic9

and enzymatic levels.10 The most comprehensive studies
on this reaction and its application to organic synthesis
have been reported by Rodriguez and co-workers, who
used base-promoted conditions in conjunction with bicy-
clooctanol derivatives.11 Our goal was to obtain all
stereoisomers of 5-(carboxymethyl)pyrrolidine-2-carbox-
ylic acid methyl ester [i.e. the trans compounds (2R,5R)-
and (2S,5S)-5 and the cis compounds (2S,5R)- and
(2R,5S)-6, as well as the corresponding â-lactam systems
(3R,5R)-3, (3S,5S)-3, (3S,5R)-4, and (3R,5S)-4] by retro-
Dieckmann reactions on â-keto esters (1S,4R)-7 and
(1R,4S)-7.

Results and Discussion

We have recently synthesized the (R)-Mosher ester
derivative 88 and the absolute configuration of this
compound has been determined by X-ray diffraction.12

Hydrolysis of the chiral ester and subsequent oxidation
gave compound (1S,4R)-7 (Scheme 2).

In an attempt to perform the retro-Dieckmann reaction
on â-keto ester (1S,4R)-7, we used Rodriguez’s conditions
promoted by K2CO3 in methanol. The cis isomer of N-Boc-
5-(methoxycarbonylmethyl)pyrrolidine-2-carboxylic acid
methyl ester (2S,5R)-9 was obtained exclusively in excel-
lent yield (Scheme 3). The stereochemistry for 9 was
unambiguously determined by transformation of this
compound into cis-2-methoxycarbonyl-5-(methoxycarbo-
nylmethyl)pyrrolidinium chloride A to simplify the 1H
NMR spectrum, since the spectrum of 9 is complicated
by conformational isomerism of the Boc group. According
to 1H-1H correlation in CD3OD, hydrogens H2 and H5

were well assigned. In this new compound A, the cis
disposition of the hydrogens H2 and H5 was determined
by nOe experiments,12 so when H5 was presaturated an
enhancement of 2.5% was observed in H2 (Scheme 3).
With the aim of obtaining the pyrrolidine (2S,5R)-10, we
attempted the hydrolysis of the methyl ester from the
5-methoxycarbonylmethyl group of (2S,5R)-9. However,
selective hydrolysis of the ester failed under several sets
of conditions (Scheme 3).

Another alternative to obtain the target compound
(2S,5R)-10 involved the retro-Dieckmann reaction, using

conditions to obtain directly the carboxymethyl group at
the 5-position. The first step in the mechanism of the
retro-Dieckmann13 reaction (Scheme 3) is nucleophilic
attack on the ketone group. Under Rodriguez’s conditions
the nucleophile is the MeO- group but it was envisaged
that the use of an OH- source would allow us to achieve
our goal. With this aim in mind, the MeOH/H2O solvent
system and LiOH‚H2O as an OH- source was employed
(Scheme 4). Table 1 shows several sets of conditions for
the retro-Dieckmann reaction. When an excess of LiOH‚
H2O (entry 1) was used the reaction gave only the cis
isomer but, in this case, the product contained two
carboxylic acid groups due to hydrolysis of the methyl
ester. Smaller quantities of LiOH‚H2O in conjunction
with other solvent systems, such as THF/H2O or dry
THF, gave a mixture of compounds. However, it was
found that the change from MeOH to iPrOH along with
a decrease in temperature from room temperature to -30
°C was successful in providing the compound (2S,5R)-10
as the only stereoisomer (Scheme 4. entry 4, Table 1).

To obtain inversion at C-2 and achieve the trans
stereoisomer, we tried the retro-Dieckmann reaction with
hydroxides other than LiOH‚H2O [e.g. NMe4OH, Ba-

SCHEME 3a

a Reagents and conditions: (a) K2CO3, MeOH, rt, 80%; (b) AcCl, MeOH, rt, quantitative yield.

SCHEME 4a

a Reagents and conditions: (a) LiOH‚H2O, iPrOH/H2O, -30 °C,
100%; (b) NMe4OH‚5H2O, THF, rt, 67%.

TABLE 1. Retro-Dieckmann Reaction with Different
OH- Sources

entry OH- source (equiv) solvent system T (°C) t (h) cis/transa

1 LiOH‚H2O (5) MeOH/H2O rt 2 >95/-
2 LiOH‚H2O (1.2) MeOH/H2O rt 4 >95/-
3 LiOH‚H2O (1.3) iPrOH/H2O rt 0.75 83/17
4 LiOH‚H2O (1.3) iPrOH/H2O -30 0.5 >95/-
5 NMe4OH (1.3) iPrOH/H2O 35 0.3 77/23
6 LiOH‚H2O (1.5) THF 40 96 75/25
7 NaOH (10%) CH2Cl2 rt 96 40/60
8 NMe4OH‚5H2O (1.3) THF/H2O 40 0.5 76/24
9 NMe4OH‚5H2O (1.3) THF 40 96 30/70

10 NMe4OH‚5H2O (1.3) THF rt 72 9/91

a Measured by 1H NMR spectroscopy of the H-2 proton in the
pyrrolidine ring.
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(OH)2, CsOH, NBu4OH in a protic solvent system (iPrOH/
H2O and THF/H2O)] but the ratio in these cases varied
from 86/14 to 76/24. Nevertheless, on using NaOH in
CH2Cl2 with NBu4Br as an additive (entry 7) the reaction
did lead to a greater proportion of the trans stereoisomer,
but the products contained a mixture of ester and acid
groups. Finally, the combination of a noncoordinative salt
and aprotic solvent system did give inversion at C-2.
These conditions involved the use of dry THF and NMe4-
OH as the OH- source and gave rise to a 1/9 ratio in favor
of the trans stereoisomer (2R,5R)-11.

The cis stereochemistry of (2S,5R)-10 was determined
by transformation of this compound, arising from (1S,4R)-7
following the conditions of entry 4 in Table 1, into
compound A by treatment with AcCl in MeOH. In this
way, the stereochemistry of compound (2R,5R)-11 arising
from (1S,4R)-7 (conditions of entry 10, Table 1) is
therefore trans.

In all cases, the retro-Dieckmann reactions with dif-
ferent OH- sources gave good yields of cis- or/and trans-
N-Boc-5-(carboxymethyl)pyrrolidine-2-carboxylic acid
methyl esters (2S,5R)-10 or/and (2R,5R)-11 and the total
amounts of the side products were no more than 4% with
the exceptions of entries 2 and 7 of Table 1, where a 33%
and a 40% yield of other pyrrolidinecarboxylic diacids
were detected, respectively.

To evaluate the influence of the Boc group, we carried
out the reaction of the â-keto ester (1S,4R)-12, obtained
from ketone (1S,4R)-7 by hydrolysis of the Boc group with
trifluoroacetic acid (TFA), under retro-Dieckmann condi-
tions to give a mixture of cis and trans compounds:
(2S,5R)-13 and (2R,5R)-14. Therefore, when we used the
LiOH‚H2O conditions the cis/trans ratio was 60/40, but
under NMe4OH conditions the ratio was 34/66 in favor
of the trans stereoisomer (Scheme 5). The stereochem-
istry of (2S,5R)-13 and (2R,5R)-14 was determined in the

same way that was described above for (2S,5R)-10 and
(2R,5R)-11.

Considering all of the aspects related to the reaction
conditions used, the following conclusions can be drawn:
a coordinative salt favors cis selectivity, a polar solvent
system gives rise to a large proportion of cis isomer, and
the presence of the Boc group is critical for control of the
selectivity.

In summary, the enantiomerically pure cis- and trans-
pyrrolidines (2S,5R)-10 and (2R,5R)-11 were obtained by
retro-Dieckmann reaction on the â-keto ester (1S,4R)-7,
using the conditions shown in entries 4 and 10 in Table
1, respectively. The enantiomers of these pyrrolidines
were obtained by using the same strategy on the â-keto
ester (1R,4S)-7 under the best conditions (entries 4 and
10 in Table 1) to give the cis and trans stereoisomers
(2R,5S)-10 and (2S,5S)-11, respectively. These target
molecules, and other related compounds, are valuable
building blocks in organic synthesis and have been used
in the design of interesting biomolecules.3e,14

In the next step of our synthetic route we followed the
standard protocol to obtain the â-lactam core. This
protocol was applied to the four stereoisomers described
above. The cleavage of the Boc group was carried out on
compounds (2S,5R)-10, (2R,5S)-10, (2R,5R)-11, and
(2S,5S)-11 with TFA in CH2Cl2 at room temperature to
give the triflouroacetate salts (2S,5R)-13, (2R,5S)-13,
(2R,5R)-14, and (2S,5S)-14, respectively. With these
â-amino acids in hand, the next step was the cyclization
of the amino acid to form the bicyclic â-lactams (3S,5R)-
4, (3R,5S)-4, (3R,5R)-3, and (3S,5S)-3 (Scheme 6).

A common method used to activate carboxylic acids
toward nucleophilic substitution involves the use of
Mukaiyama’s reagent, 2-chloro-N-methylpyridinium io-
dide, which has also been successfully used to generate
the â-lactam ring.15 In this case Mukaiyama’s reagent
was applied as a coupling agent and diisopropylethyl-
amine (DIEA) as a base with the â-amino acid (2R,5R)-
14. The required carbapenam (3R,5R)-3 was obtained in
23% yield after column chromatography. In the same way
the â-amino acid (2S,5R)-13 gave the carbapenam
(3S,5R)-4 in 20% yield. The yields obtained in these
cyclizations are similar those described in the formation
of other â-lactams.7,15 The spectroscopy data for (3R,5R)-3
are identical with those reported when the same com-
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SCHEME 5a

a Reagents and conditions: (a) TFA, CH2Cl2, rt, 98%; (b) (i)
LiOH‚H2O, iPrOH/H2O, -30 °C, or NMe4OH‚5H2O, THF, rt, (ii)
TFA, CH2Cl2, rt,
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pound was obtained from (R)-glutamic acid6 and 3-hy-
droxypyridine.7 However, the â-lactam (3R,5R)-3 ob-
tained from (2R,5R)-14 showed the opposite sign for its
optical rotation compared to the product reported from
the (R)-glutamic acid route but the same sign as the
product from the 3-hydroxypyridine route. The â-lactam
resulting from (2S,5S)-14 showed the same optical rota-
tion as the product reported for the (R)-glutamic acid
route. Therefore, our synthesis confirms that the absolute
configuration of the natural compound trans-carbap-
enam-3-carboxylic acid is (3R,5R), as described by
Ogasawara and co-workers, and not the opposite (3S,5S).

Conclusion

We have developed a concise synthesis of all four
stereoisomers of carbapenam-3-carboxylic acid methyl
esters 3 and 4 using two stereodivergent synthetic routes.
These routes involve retro-Dieckmann reactions on each
enantiomer of N-Boc-7-azabicyclo[2.2.1]heptan-2-one-1-
carboxylic acid methyl ester 7 to obtain N-Boc-5-(car-
boxymethyl)pyrrolidine-2-carboxylic acid methyl esters
10 and 11, followed by the corresponding â-lactam
cyclizations. In summary, the skeleton of the 1-azabicyclo-
[3.2.0]heptan-7-one-2-carboxylic acid methyl ester has
been obtained from the system of 7-azabicyclo[2.2.1]-
heptan-2-one-1-carboxylic acid methyl ester through a
retro-Dieckmann reaction. The synthesis of other azabicy-
clo[2.2.1]heptane functionalized systems to obtain alter-
native â-lactams is in progress.

Experimental Section

General Procedures. Melting points are uncorrected.
Solvents were purified according to standard procedures.
Organic solutions were dried over anhydrous Na2SO4 and,
when necessary, concentrated under reduced pressure with a
rotary evaporator. NMR spectra were recorded at 300 (1H) and
75 MHz (13C) and signals are reported in ppm downfield from
TMS. Mass spectra were obtained by electrospray ionization
(ESI).

(2S,5R)-N-(tert-Butoxycarbonyl)-5-(methoxycarbonyl-
methyl)pyrrolidine-2-carboxylic Acid Methyl Ester,
(2S,5R)-9. Method A: K2CO3 (8 mg, 0.055 mmol) was added
to a solution of ketone (1S,4R)-7 (13.5 mg, 0.05 mmol) in MeOH
(2 mL). The reaction mixture was stirred for 7 h at room
temperature, 2 N HCl (0.6 mL) was added, and the resulting
solution was stirred for 5 min. This mixture was diluted with
H2O and extracted with CHCl3/iPrOH (4:1) (3 × 10 mL). The
organic layer was dried over anhydrous Na2SO4, filtered, and

evaporated to give a residue that was purified by silica gel
column chromatography, eluting with hexane/EtOAc (8:2), to
yield 12 mg (80%) of (2S,5R)-9 as a colorless oil. Method B:
LiOH‚H2O (39 mg, 0.928 mmol) was added to a solution of
ketone (1S,4R)-7 (50 mg, 0.186 mmol) in MeOH/H2O 3:2 (6
mL) at room temperature. The reaction mixture was stirred
for 2 h at room temperature and 2 N HCl (1.5 mL) was added.
The mixture was stirred for a further 5 min, diluted with H2O
(20 mL), and extracted with CHCl3/iPrOH (4:1) (3 × 10 mL).
The organic layer was dried over anhydrous Na2SO4, filtered,
and evaporated. The residue was dissolved in CH2Cl2, an
excess of an ethereal solution of diazomethane was added, and
the mixture was stirred for 1 h. After this time the solvent
was evaporated and the residue purified by silica gel column
chromatography, eluting with hexane/EtOAc (8:2), to yield 56
mg (100%) of (2S,5R)-9 as a colorless oil. [R]24

D (c 0.99, CHCl3)
-7.5. 1H NMR (CDCl3) (as a mixture of conformers due to the
Boc group isomerism) δ 1.35-1.45 (m, 9H), 1.70-2.00 (m, 2H),
2.01-2.30 (m, 2H), 2.35-2.55 (m, 1H), 2.95-3.20 (m, 1H),
3.63-3.67 (m, 3H), 3.70 (s, 3H), 4.15-4.40 (m, 2H). 13C NMR
(CDCl3) (as a mixture of conformers due to the Boc group
isomerism) δ 27.3, 28.1, 28.3, 28.5, 28.7, 29.8, 30.7, 38.2, 39.1,
51.6, 52.1, 52.3, 55.1, 59.7, 60.0, 80.4, 80.6, 153.3, 153.9, 172.1,
173.6, 173.8. Anal. Calcd for C14H23NO6: C, 55.80; H, 7.69; N,
4.65. Found: C, 55.91; H, 7.66; N, 4.63.

(2R,5S)-N-(tert-Butoxycarbonyl)-5-(methoxycarbonyl-
methyl)pyrrolidine-2-carboxylic Acid Methyl Ester,
(2R,5S)-9. As described for (2S,5R)-9, compound (2R,5S)-9 (56
mg, 100%) was obtained starting from ketone (1R,4S)-7 (50
mg, 0.186 mmol). [R]24

D (c 0.99, CHCl3) +7.2. Anal. Calcd for
C14H23NO6: C, 55.80; H, 7.69; N, 4.65. Found: C, 55.89; H,
7.68; N, 4.61.

(2S,5R)-N-(tert-Butoxycarbonyl)-5-(carboxymethyl)-
pyrrolidine-2-carboxylic Acid Methyl Ester, (2S,5R)-10.
To a solution of ketone (1S,4R)-7 (50 mg, 0.186 mmol) in iPrOH
(9 mL) was added dropwise a solution of LiOH‚H2O (10 mg,
0.241 mmol) in H2O (1 mL) at -30 °C. The mixture was stirred
for 30 min at -30 °C and the reaction was then quenched by
the addition of 2 N HCl (1 mL). The reaction was stirred for 5
min at the same temperature. The resulting mixture was
diluted with H2O (20 mL) and extracted with CHCl3/iPrOH
(4:1) (3 × 20 mL). The organic layer was dried over anhydrous
Na2SO4, filtered, and evaporated to give the acid (2S,5R)-10
(53 mg, 100%) as a colorless oil. This compound was used in
the next step without purification, although an analytical
sample was purified by silica gel column chromatography with
EtOAc/MeOH (95:5) to determine its elemental analysis. [R]24

D

(c 0.99, CHCl3) -22.6. 1H NMR (CDCl3) (as a mixture of
conformers due to the Boc group isomerism) δ 1.35-1.50 (m,
9H), 1.70-2.00 (m, 2H), 2.01-2.30 (m, 2H), 2.35-2.55 (m, 1H),
2.85-3.20 (m, 1H), 3.70 (s, 3H), 4.15-4.40 (m, 2H). 13C NMR
(CDCl3) (as a mixture of conformers due to the Boc group
isomerism) δ 28.0, 28.3, 28.7, 29.8, 30.1, 30.8, 38.5, 39.5, 52.2,
52.5, 54.9, 59.6, 60.0, 80.8, 81.0, 153.6, 153.9, 173.8, 174.1,

SCHEME 6a

a Reagents and conditions: (a) TFA, CH2Cl2, rt, 100% cis sequences and 93% trans sequences; (b) 2-chloro-N-methylpyridinium iodide,
DIEA, MeCN, 70 °C, 20% cis sequences and 23% trans sequences.
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176.4. Anal. Calcd for C13H21NO6: C, 54.35; H, 7.37; N, 4.88.
Found: C, 54.43; H, 7.45; N, 4.79.

(2R,5S)-N-(tert-Butoxycarbonyl)-5-(carboxymethyl)-
pyrrolidine-2-carboxylic Acid Methyl Ester, (2R,5S)-10.
As described for (2S,5R)-10, compound (2R,5S)-10 (53 mg,
100%) was obtained starting from (1R,4S)-7 (50 mg, 0.186
mmol). This compound was used in the next step without
purification, although an analytical sample was purified by
silica gel column chromatography with EtOAc/MeOH (95:5)
to determine its elemental analysis. [R]24

D (c 0.99, CHCl3)
+21.7. Anal. Calcd for C13H21NO6: C, 54.35; H, 7.37; N, 4.88.
Found: C, 54.46; H, 7.40; N, 4.81.

(2R,5R)-N-(tert-Butoxycarbonyl)-5-(carboxymethyl)-
pyrrolidine-2-carboxylic Acid Methyl Ester, (2R,5R)-11.
To a solution of ketone (1S,4R)-7 (90 mg, 0.334 mmol) in dry
THF (33 mL) was added at room temperature NMe4OH‚5H2O
(78 mg, 0.434 mmol). The mixture was stirred for 3 d at 25
°C, the reaction was then quenched by the addition of
saturated aqueous NH4Cl (17 mL), and the mixture was stirred
for a further 5 min. This mixture was extracted with CHCl3/
iPrOH (4:1) (3 × 40 mL). The organic layer was dried over
anhydrous Na2SO4, filtered, and evaporated to give the acid
(2R,5R)-11 (64 mg, 67%) as a colorless oil. This compound was
used in the next step without purification, although an
analytical sample was purified by silica gel column chroma-
tography with EtOAc/MeOH (95:5) to determine its elemental
analysis. 1H NMR (CDCl3) (as a mixture of conformers due to
the Boc group isomerism) δ 1.35-1.50 (d, 9H), 1.70-2.00 (m,
2H), 2.05-2.25 (m, 2H), 2.25-2.40 (m, 1H), 2.77-3.00 (m, 1H),
3.68 (s, 3H), 4.20-4.40 (m, 2H). 13C NMR (CDCl3) (as a mixture
of conformers due to the Boc group isomerism) δ 27.1, 27.9,
28.1, 28.3, 28.4, 29.1, 29.6, 38.4, 39.0, 52.0, 52.1, 54.4, 54.5,
59.3, 59.6, 80.5, 80.7, 153.7, 154.0, 173.0, 173.3, 176.1, 176.4.
Anal. Calcd for C13H21NO6: C, 54.35; H, 7.37; N, 4.88. Found:
C, 54.30; H, 7.31; N, 4.90.

(2S,5S)-N-(tert-Butoxycarbonyl)-5-(carboxymethyl)-
pyrrolidine-2-carboxylic Acid Methyl Ester, (2S,5S)-11.
As described for (2R,5R)-11, compound (2S,5S)-11 (71 mg,
67%) was obtained starting from ketone (1R,4S)-7 (100 mg,
0.37 mmol). This compound was used in the next step without
purification, although an analytical sample was purified by
silica gel column chromatography with EtOAc/MeOH (95:5)
to determine its elemental analysis. Anal. Calcd for C13H21-
NO6: C, 54.35; H, 7.37; N, 4.88. Found: C, 54.41; H, 7.42; N,
4.91.

Trifluoroacetate Salt of (1S,4R)-7-Azabicyclo[2.2.1]-
heptan-2-one-1-carboxylic Acid Methyl Ester, (1S,4R)-
12. TFA (0.21 mL, 2.79 mmol) was added dropwise to a
solution of ketone (1S,4R)-7 (50 mg, 0.186 mmol) in dry CH2-
Cl2 (5 mL) at room temperature. The mixture was stirred for
3 d and the solvent was evaporated. The residue was dissolved
in Et2O (5 mL) and then evaporated to remove excess TFA.
The process was repeated three times and the residue was
purified with use of a C18 Sep-pack cartridge to yield (1S,4R)-
12 (51 mg, 98%) as a colorless oil. [R]24

D (c 0.96, CHCl3) -20.0.
1H NMR (CDCl3) δ 1.85-2.00 (m, 1H), 2.10-2.25 (m, 1H), 2.41
(d, 1H, J ) 18.3 Hz), 2.45-2.65 (m, 2H), 3.10-3.22 (m, 1H),
3.88 (s, 3H), 4.62 (m, 1H), 8.20-8.80 (br s, 2H). 13C NMR
(CDCl3) δ 26.1, 26.7, 42.6, 53.8, 55.9, 74.8, 105.0, 164.2, 197.8.
Anal. Calcd for C10H12F3NO5: C, 42.41; H, 4.27; N, 4.95.
Found: C, 42.50; H, 4.29; N, 4.92.

Trifluoroacetate Salt of (1R,4S)-7-Azabicyclo[2.2.1]-
heptan-2-one-1-carboxylic Acid Methyl Ester, (1R,4S)-
12. As described for (1S,4R)-12, compound (1R,4S)-12 (26 mg,
100%) was obtained starting from ketone (1R,4S)-7 (25 mg,
0.093 mmol). [R]24

D (c 1.05, CHCl3) +20.3. Anal. Calcd for
C10H12F3NO5: C, 42.41; H, 4.27; N, 4.95. Found: C, 42.48; H,
4.25; N, 4.96.

Trifluoroacetate Salt of (2S,5R)-5-Carboxymethyl-2-
methoxycarbonylpyrrolidine, (2S,5R)-13. TFA (0.21 mL,
2.79 mmol) was added dropwise to a solution of acid (2S,5R)-
10 (53 mg, 0.186 mmol) in dry CH2Cl2 (5 mL) at room

temperature. The mixture was stirred overnight, evaporated,
and purified with use of a C18 Sep-pack cartridge to yield
(2S,5R)-13 (56 mg, 100%) as a colorless oil. [R]24

D (c 1.00,
MeOH) -31.4. 1H NMR (CD3OD) δ 1.65-1.90 (m, 1H), 2.10-
2.50 (m, 3H), 2.85-2.95 (m, 2H), 3.84 (s, 3H), 3.90-4.10 (m,
1H), 4.40-4.55 (m, 1H). 13C NMR (CD3OD) 28.3, 29.8, 36.5,
53.9, 58.5, 60.9, 170.5, 173.4. Anal. Calcd for C10H14F3NO6: C,
39.87; H, 4.68; N, 4.65. Found: C, 39.80; H, 4.65; N, 4.67.

Trifluoroacetate Salt of (2R,5S)-5-Carboxymethyl-2-
methoxycarbonylpyrrolidine, (2R,5S)-13. As described for
(2S,5R)-13, compound (2R,5S)-13 (56 mg, 100%) was obtained
starting from (2R,5S)-10 (53 mg, 0.186 mmol). [R]24

D (c 1.14,
MeOH) +30.6. Anal. Calcd for C10H14F3NO6: C, 39.87; H, 4.68;
N, 4.65. Found: C, 39.77; H, 4.63; N, 4.61.

Trifluoroacetate Salt of (2R,5R)-5-Carboxymethyl-2-
methoxycarbonylpyrrolidine, (2R,5R)-14. TFA (0.26 mL,
3.34 mmol) was added dropwise to a solution of acid (2R,5R)-
11 (64 mg, 0.22 mmol) in dry CH2Cl2 (6 mL) at room
temperature. The mixture was stirred for 15 h, evaporated,
and purified with use of a C18 Sep-pack cartridge to yield
(2R,5R)-14 (62 mg, 93%) as a colorless oil. [R]24

D (c 0.9, MeOH)
+1.3. 1H NMR (CD3OD) δ 1.75-1.90 (m, 1H), 2.00-2.20 (m,
1H), 2.25-2.40 (m, 1H), 2.41-2.55 (m, 1H), 2.85 (d, 2H, J )
6.9 Hz), 3.85 (s, 3H), 3.95-4.10 (m, 1H), 4.50 (t, 1H, J ) 8.4
Hz). 13C NMR (CD3OD) 28.9, 30.7, 36.5, 53.9, 58.2, 60.3, 170.3,
173.3. Anal. Calcd for C10H14F3NO6: C, 39.87; H, 4.68; N, 4.65.
Found: C, 39.94; H, 4.72; N, 4.63.

Trifluoroacetate Salt of (2S,5S)-5-Carboxymethyl-2-
methoxycarbonylpyrrolidine, (2S,5S)-14. As described for
(2R,5R)-14, compound (2S,5S)-14 (68 mg, 93%) was obtained
starting from (2S,5S)-11 (70 mg, 0.24 mmol). [R]28

D (c 1.14,
MeOH) -1.6. Anal. Calcd for C10H14F3NO6: C, 39.87; H, 4.68;
N, 4.65. Found: C, 39.92; H, 4.70; N, 4.66.

(2S,5R)-1-Azabicyclo[3.2.0]heptan-7-one-2-carboxylic
Acid Methyl Ester, (3S,5R)-4. To a solution of 2-chloro-1-
methylpyridinium iodide (171 mg, 0.67 mmol) in dry CH3CN
(20 mL) was added DIEA (0.27 mL, 1.58 mmol) and the
mixture was warmed to 70 °C. At this temperature, a solution
of â-amino acid (2S,5R)-13 (56 mg, 0.186 mmol) in CH3CN (20
mL) was added dropwise to the reaction mixture over 4 h.
When the addition was complete, the reaction was stirred for
30 min at 70 °C and then allowed to stand at room tempera-
ture. The mixture was stirred for 17 h at room temperature,
the reaction was quenched by the addition of H2O (20 mL),
and the product was extracted with EtOAc (3 × 40 mL). The
organic layer was dried over anhydrous Na2SO4, filtered, and
evaporated. The residue was purified by silica gel column
chromatography eluting with hexane/EtOAc (6:4) to give the
carbapenam (3S,5R)-4 (6.3 mg, 20%) as a yellow oil. [R]24

D (c
0.41, CHCl3) +87. 1H NMR (CDCl3) δ 1.70-1.90 (m, 1H), 2.05-
2.20 (m, 1H), 2.25-2.40 (m, 2H), 2.77 (dd, 1H, J ) 15.6, 2.4
Hz), 3.11 (ddd, 1H, J ) 15.6, 4.8, 1.5 Hz), 3.65-3.76 (m, 1H),
3.77 (s, 3H), 3.86-3.93 (m, 1H). 13C NMR (CDCl3): δ 29.8, 36.8,
41.6, 52.5, 53.4, 59.8, 170.9, 173.3. Anal. Calcd for C8H11NO3:
C, 56.80; H, 6.55; N, 8.28. Found: C, 56.89; H, 6.59; N, 8.28.

(2R,5S)-1-Azabicyclo[3.2.0]heptan-7-one-2-carboxylic
Acid Methyl Ester, (3R,5S)-4. As described for (3S,5R)-4,
compound (3R,5S)-4 (6 mg, 20%) was obtained starting from
(2R,5S)-13 (56 mg, 0.186 mmol). [R]24

D (c 0.28, CHCl3) -87.7.
Anal. Calcd for C8H11NO3: C, 56.80; H, 6.55; N, 8.28. Found:
C, 56.91; H, 6.57; N, 8.24.

(2R,5R)-1-Azabicyclo[3.2.0]heptan-7-one-2-carboxyl-
ic Acid Methyl Ester, (3R,5R)-3. To a solution of 2-chloro-
1-methylpyridinium iodide (183 mg, 0.72 mmol) in dry CH3CN
(20 mL) was added DIEA (0.29 mL, 1.69 mmol) and the
mixture was warmed to 70 °C. At this temperature, a solution
of â-amino acid (2R,5R)-14 (50 mg, 0.166 mmol) in CH3CN (20
mL) was added dropwise to the reaction mixture over 4 h.
When the addition was complete, the reaction was stirred for
30 min at 70 °C and then allowed to stand at room tempera-
ture. The mixture was stirred for 17 h at room temperature,
the reaction was quenched by the addition of H2O (20 mL),
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and the product was extracted with EtOAc (3 × 40 mL). The
organic layer was dried over anhydrous Na2SO4, filtered, and
evaporated. The residue was purified by silica gel column
chromatography eluting with hexane/EtOAc (6:4) to give
carbapenam (3R,5R)-3 (6.4 mg, 23%) as a yellow oil. [R]25

D (c
0.64, CHCl3) +198. 1H NMR (CDCl3) δ 1.40-1.60 (m, 1H),
2.20-2.35 (m, 2H), 2.50-2.59 (m, 1H), 2.64 (dd, 1H, J ) 15.9,
2.1 Hz), 3.29 (dd, 1H, J ) 15.9, 5.1 Hz), 3.74 (s, 3H), 3.85-
3.90 (m, 1H), 4.41 (t*, 1H, J ) 7.8, 7.2 Hz). 13C NMR (CDCl3)
δ 31.3, 35.6, 42.8, 52.6, 53.2, 59.2, 172.0, 176.4. Anal. Calcd
for C8H11NO3: C, 56.80; H, 6.55; N, 8.28. Found: C, 56.93; H,
6.56; N, 8.31.

(2S,5S)-1-Azabicyclo[3.2.0]heptan-7-one-2-carboxylic
Acid Methyl Ester, (3S,5S)-3. As described for (3R,5R)-3,
compound (3S,5S)-3 (6 mg, 23%) was obtained starting from
(2S,5S)-14 (56 mg, 0.186 mmol). [R]24

D (c 0.5, CHCl3) -198.5.
Anal. Calcd for C8H11NO3: C, 56.80; H, 6.55; N, 8.28. Found:
C, 56.85; H, 6.52; N, 8.27.
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