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Amino Acid Esters and Amides for Reductive Amination of Mucochloric Acid:
Synthesis of Novel y-Lactams, Short Peptides and Antiseizure Agent
Levetiracetam (Keppra®)
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A simple methodology utilizing mucochloric acid and
different o- and fB-amino acid esters, amides and short
peptides for the synthesis of novel y-lactam and 7y-lactam-
based short peptides was developed. The synthesis of an

antiseizure agent, Levetiracetam (Keppra®) was demon-
strated.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The y-lactam subunit is widespread in nature (Fig-
ure 1).[" This subunit also serves as an important pharma-
cophore in the drug-discovery process and as a key interme-
diate in the synthesis of biologically and pharmaceutically
useful molecules. For example, compounds 1 and 2 were
used to inhibit fatty acid and cholesterol biosynthesis for
the treatment of lipoprotein disorders and to inhibit phos-
phodiesterase IV (PDE-IV), the enzyme linked to allergic
and inflammatory diseases, respectively.”l Other examples
include integrin antagonists, chemokine receptor CCRS an-
tagonists and y-lactam hydroxamic acids as selective inhibi-
tors of TNF-a converting enzyme.[?! 3,3-Dialkyl- and 3-
alkyl-3-benzyl-substituted y-lactams were reported to show
anticonvulsant activity.[*l In addition, the y-lactam subunit
occupies an important place in the discovery of novel HIV
protease inhibitors, such as 3.1 In the total synthesis of
(¥)-martinellic acid, a non-peptidic antagonist of bradyki-
nin (BK) B; and B, receptors, reduction of a y-lactam to
the corresponding amino alcohol is one of the key steps.[®

Another important role that a y-lactam plays is to stabi-
lize the N-terminus of peptides against aminoprotease-me-
diated degradation. In nature, as a pyroglutamoyl group it
caps the amino terminus of peptide hormones like gonado-
tropin-releasing hormone.!”! From a synthesis point of view,

[a] Research API, Pfizer Global Research & Development, Ann
Arbor Laboratories, Pfizer, Inc.,
2800 Plymouth Road, Ann Arbor, Michigan 48105, USA
Fax: + 1-734-622-3294
E-mail: ji.zhang@pfizer.com

Supporting information for this article is available on the
WWW under http://www.eurjoc.org or from the author.

1730 @ InterScience"

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

this provides a way to synthesize modified peptides of phar-
maceutical interest (Figure 2). For instance, piracetam (4)
was found to have antiepileptic activity.l®! Rolipram (5) is
an inhibitor of PDE-IV, a cyclic adenosine monophosphate
(cAMP) specific phosphodiesterase, and is employed in the
treatment of depression.”! Novel lopinavir analogues incor-
porating a y-lactam were synthesized, and the SAR (struc-
ture—activity relationships) were explored.['”] The y-lactam
subunit 6 serves as a conformationally rigid scaffold in a
polypeptide chain. When incorporated into peptides, a [-
turn conformation is stabilized.'!] These are also very use-
ful building blocks for a wide range of peptidic compounds
of pharmaceutical interest. For example, y-lactam-based
peptidic inhibitors of the 20S-proteasome (7) were iden-
tified and a potential plasminogen activator inhibitor 8 was
synthesized.!'?! Certain spirocyclic y-lactams were also re-
ported to show pharmaceutical activities.[!’]

Recently, we reported a method for preparing o,B-unsat-
urated y-butyrolactams by reductive amination of muco-
chloric acid." The simplicity and efficiency of the method-
ology prompted us to further use this as a route for synthe-
sizing novel y-lactam and short peptides. The advantage of
using mucochloric (mucobromic) acid is that it is inexpen-
sive, highly functionalized, and the two halogen groups have
very different reactivities and thereby offer the possibility
of selective functionalization.'] The y-butyrolactam can
then be easily generated by the reduction of the a,B-unsatu-
rated y-butyrolactam ring (Scheme 1).

In this paper we report the synthesis of novel y-lactam
and diverse peptides using mucochloric acid as a building
block. We further use this simple and efficient methodology
to synthesize the antiepileptic drug Keppra®.
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Figure 1. Examples of natural and synthetic y-lactam derivatives.
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Figure 2. Examples of y-lactam-containing short peptides.
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Scheme 1. Retrosynthetic analysis.
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Results and Discussion

Amino Acid Esters and Amides in Reductive Amination of
Mucochloric Acid

Reductive amination is an important method to form
carbon-nitrogen bonds.['®) Although most primary amines
can be utilized for this purpose, the use of amino acids,
especially a-amino acids in reductive amination is not very
extensive.['”l We initiated our study by the treatment of 9
with the HCI salt of L-alanine ethyl ester (H-Ala—OEt-HCI)
using CHClj; as solvent and NaBH(OAc); as the reductive
amination reagent. HOAc was found to catalyze this reac-
tion in earlier studies with anilines and other amines.['¥ For
3731
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an amine-HCI salt, the addition of NaOAc instead of
HOACc was found to provide the same effect. The transfor-
mations were found to be slow and 24 h was essential for
completion of the reactions. Interestingly, the reaction be-
tween 9 and H-Ala-OEt-HCIl was found to be complete
within 4 h and no catalyst was necessary. After an aqueous
workup, the product was isolated in 52% yield. Encouraged
by the success, we studied several L-a-amino acid derivatives
for their reactivity with 9 using these modified conditions.
As seen in Table 1, the reductive amination was successful
with a wide range of a-amino acids. The C-terminal pro-
tecting group made no difference whatsoever, and the amide
group was also well tolerated (Table 1, Entries 9-10). The
workup was simple, and a partitioning between CHCl; and
aqueous layers was successful in most of the cases. How-
ever, with carboxamide derivatives and some of the esters,
the product was found to have partial solubility in the aque-
ous phase. This was addressed by using a non-aqueous
workup employing MeOH to quench the reaction mixture
followed by chromatographic purification of the product.
Because most commercially available amino acid esters are
in their salt form (like HCI salt), this new procedure cer-
tainly simplifies the process.

Subsequently, we decided to test the efficacy of this
methodology with B-amino acids and dipeptides. As sum-

Table 1. Reductive amination with various a-amino acid derivatives.[]

marized in Scheme 2 the results were very encouraging. The
reductive amination with the B-amino acid, B-alanine ethyl
ester, proceeded well and after 4 h the product was isolated
in 60% yield. Our attempts with several dipeptides were
also successful, with reaction completion observed in 4 h in
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Scheme 2. Reductive amination with B-amino acids and peptides.
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[a] Reaction conditions: 9, 1.2 mol-equiv. of the amino acid derivative and 1.5 equiv. of NaBH(OACc);, 50 mL of CHCl;, stirring at room
temp. for 4-6 h. [b] Products were isolated and purified by silica gel chromatography and characterized.
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most of the cases. However, to ensure complete conversion,
the reactions were worked up after 8 h. Aqueous workup
was not successful for the reductive amination with peptides
as the products were found to be extremely polar and par-
tially soluble in aqueous medium. Again, non-aqueous
workup with MeOH was successful to quench the boron
hydride.

Synthesis Novel Short Peptides

With the success of reductive amination with different
amino acids and peptide derivatives, we then focused our
attention on further utilization of these peptidic building
blocks. The tert-butyl protecting group of ester 15 can easily
be cleaved by CF;CO,H/Et;SiH treatment in CH,Cl,. The
free acid can then be used as a building block for further
synthesis of peptides, another class of pharmacologically
important subunits. Thus, treating the free acid 26 with H-
Phe-OEt using the standard peptide coupling condition
(HOBt/HBTU/DIEA) resulted in the corresponding dipep-
tide 27 in 93% yield (Scheme 3). Similarly, the dipeptide 28
was synthesized in 88% yield (Scheme 3). Using Ugi-4CC
conditions, the short peptide 29 can be synthesized in 90%
yield (Scheme 3) by treating 26 with isobutylamine, isobu-
tyraldehyde and ferz-butyl isocyanide in MeOH. The ease
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Scheme 3. Application of the reductive amination product in pep-
tide coupling and peptoid synthesis.
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of synthesis of 29 provided us with a method to form N-
alkylated amide bonds, yet another important constituent
of modified peptides.'® N-Alkylation increases the lipo-
philicity of the peptide and induces a conformational
change as compared to the parent peptide. In nature, N-
alkylated amides are found to be incorporated into hor-
mones such as angiotensin and bradykinine to improve
their activities.['”l The present methodology offers a unique
way of introducing both the y-lactam and N-alkylated
amide bond in the same peptide sequence in a rapid and
efficient fashion.

Dehalogenation and Synthesis of Keppra®

Removing the Cl or Br atom from the mucohalic acid
system is critical for further utilization of these useful build-
ing blocks. Recently, we have successfully demonstrated a
highly efficient method for the reduction.””! The dehaloge-
nation of these a,B-unsaturated y-butyrolactams was found
to proceed with great ease. With 20 as a substrate, the reac-
tion was found to be complete in 2 h when conducted in
EtOH under 345 kPa H, in the presence of 10% Pd/C and
NEt;. The dehalogenation was subsequently successfully
employed to synthesize several vy-lactam derivatives
(Scheme 4). In most of the cases, a simple aqueous workup
resulted in a product of sufficiently high purity. Interest-
ingly, the dehalogenation product of 17 is an amino acid
with the N-terminus capped by a y-lactam. This can be used
for further construction of polypeptides in solution phase.
Using the peptide coupling conditions, the dipeptide 36 was
obtained in 71% overall yield (Scheme 4).
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Scheme 4. Products from dehalogenation of the a,B-unsaturated -
lactams.

With the success in reductive amination of mucochloric
acid and dehalogenation, we decided to synthesize Levetira-
cetam (Keppra®, 38), an antiseizure agent which obtained
marketing authorization in the US (2000) and EU
(2001).211 The original synthesis is from (S)-2-aminobutyric
acid by alkylation of its methyl ester with ethyl 4-bromo-
butyrate, cyclization and amidation.?”) Under our new ap-
3733
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proach, Keppra® was successfully prepared in only two
steps, reductive amination of mucochloric acid with amino
acid amide, followed by dehalogenation and hydrogenation,
with an overall yield of 56% (Scheme 5).
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Scheme 5. Synthesis of Keppra® from mucochloric acid.

Conclusions

In this paper, we have reported a simple and efficient
two-step synthesis of novel y-lactam and y-lactam-based
peptides from mucochloric acid. The reductive amination
was found to proceed well with a- and B-amino acids as
well as with short peptides. These short peptides were found
to be versatile building blocks for further synthesis of dif-
ferent peptide derivatives. The resulting a,B-unsaturated y-
lactams could then be reduced to the corresponding y-lac-
tam-based peptides in high yields. We successfully applied
this simple combination of reductive amination and dehalo-
genation/hydrogenation to synthesize the antiepileptic drug
Keppra®. Applications of these peptides as chiral ligands
for asymmetric organic synthesis, and results will be re-
ported in due course.

Experimental Section

General: All reactions other than dehalogenations were carried out
under nitrogen. All solvents and reagents used were from commer-
cial sources and no further purification was performed. Reactions
were monitored by Agilent 1100 series HPLC, mass spectrometry
(MS) with a Micromass Platform LC and by thin-layer chromatog-
raphy on 0.25 mm E. Merck silica gel 60 plates (Fs4) using UV
light and aqueous potassium permanganate/sodium bicarbonate as
visualizing agents. E. Merck silica gel 60 (0.040-0.063 mm and
0.063-0.200 mm particle sizes) was used for column chromatog-
raphy. '"H NMR spectra were recorded at 400 MHz with a Varian
UNITY INOVA AS400 instrument. '3C NMR spectra were re-
corded at 100 MHz with a Varian UNITY Plus INOVA 400 instru-
ment. Elemental analyses were performed out-of-house by Quanti-
tative Technologies Inc.

General Procedure for Reductive Amination: Sodium triacetoxy-
borohydride (1.5 equiv.) was slowly added to a mixture of muco-
chloric acid (9, 1.7 g, 10.0 mmol) and the amino acid/peptide hy-
drochloride (1.2 equiv.) in chloroform (50 mL). The reaction mix-
ture was stirred at room temperature for 4-8 h. The reaction mix-
ture was partitioned between water (200 mL) and chloroform
(200 mL), the phases were separated and the organic phase was
washed once with water (200 mL). The organic phase was concen-
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trated under reduced pressure. The residue was purified by silica
gel column chromatography. For water-soluble products, 200 mL
of MeOH was added to the reaction mixture after the requisite
time and the resulting mixture was stirred for 15 min. The com-
bined organic phases were concentrated under reduced pressure
and the crude product was purified by column chromatography.

Ethyl  (2S5)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-yl)pro-
panoate (10): Yield 1.3 g, 52%. 'H NMR (400 MHz, CDCl;): § =
498 (m, 1 H), 434 (d, 7 = 18.3 Hz, 1 H), 4.18 (m, 2 H), 4.05(d, J
=18.3 Hz, 1 H), 1.50 (d, J = 7.6 Hz, 3 H), 1.27 (m, 3 H) ppm. 3C
NMR (100 MHz, CDCl;): 6 = 171.4, 164.7, 141.2, 125.3, 61.9, 50.9,
50.0, 15.9, 14.3 ppm. CoH,;;C,NO; (252.09): caled. C 42.88, H
4.40, C1 28.13, N 5.56; found C 42.69, H 4.42, C1 28.23, N 5.48.

Ethyl (28)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-1-yl)-3-
phenylpropanoate (11): Yield 1.6 g, 50%. 'H NMR (400 MHz,
CDCl;): 0 = 7.33-7.23 (m, 3 H), 7.19 (m, 2 H), 5.21 (dd, J = 10.3,
59Hz, 1 H),4.31(d,J=18.1Hz, 1 H), 419 (q, J = 7.1 Hz, 2 H),
393 (d, J = 18.3 Hz, 1 H), 3.40 (dd, J = 14.8, 5.9 Hz, 1 H), 3.07
(dd, J = 14.7, 10.4 Hz, 1 H), 1.25 (t, J = 7.2 Hz, 3 H) ppm. 13C
NMR (100 MHz, CDCl;): 6 = 170.6, 165.0, 141.3, 135.8, 129.1,
128.7, 127.5, 125.2, 62.0, 55.4, 51.6, 36.0, 14.3 ppm. C;5H;5C1,NO3
(328.19): caled. C 54.90, H 4.61, CI 21.61, N 4.27; found C 54.74,
H 4.50, C1 21.85, N 4.27.

Methyl (2S)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-yl)but-
anoate (12): Yield 1.4 g, 56%. '"H NMR (400 MHz, CDCl;): § =
4.83 (dd, J = 10.7, 5.3 Hz, 1 H), 4.39 (d, J = 18.3 Hz, 1 H), 4.00
(d, J=18.3Hz, 1 H), 3.74 (s, 3 H), 2.08 (m, 1 H), 1.74 (m, 1 H),
0.97 (t, J = 7.4 Hz, 3 H). '*C NMR (100 MHz, CDCls): 6 = 171.5,
165.2, 141.3, 125.3, 55.8, 55.7, 50.9, 23.5, 11.0 ppm. CoH;;CI,NO;3
(252.09): caled. C 42.88, H 4.40, Cl 28.13, N 5.56; found C 42.90,
H 4.35, C1 28.03, N 5.43.

Dimethyl  (2S5)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-yl)-
succinate (13): Yield 1.2 g, 41%. '"H NMR (400 MHz, CDCl5): 6 =
5.10 (dd, J = 8.2,49 Hz, 1 H), 4.37 (d, J = 18.6 Hz, 1 H), 4.11 (d,
J=18.4Hz 1 H), 3.77 (s, 3 H), 3.72 (s, 3 H), 3.05 (m, 2 H) ppm.
13C NMR (100 MHz, CDCls): 6 = 170.9, 169.6, 164.9, 141.7, 125.1,
53.2, 52.8, 52.6, 519, 35.0 ppm. HRMS (ESI): calcd. for
CoH>C1L,NO5 296.0092 [MH*], found 296.0085.

Methyl  (25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-1-yl)-2-
phenylacetate (14): Yield 1.5 g, 50%. '"H NMR (400 MHz, CDCl5):
0=742(m,3 H),7.27 (m, 2 H), 6.14 (s, 1 H), 4.47 (d, J = 18.5 Hz,
1 H), 3.80 (s, 3 H), 3.59 (d, J = 18.5Hz, 1 H) ppm. 13C NMR
(100 MHz, CDCl;): 6 = 170.5, 164.6, 142.0, 133.5, 129.6, 129.5,
128.7, 124.9, 58.2, 52.9, 51.5 ppm. C;3H;;CILNO;3 (300.14): calcd.
C 52.02, H 3.69, CI1 23.62, N 4.67; found C 51.74, H 3.71, C1 23.55,
N 4.48.

tert-Butyl (25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-yl)-3-
phenylpropanoate (15): Yield 1.8 g, 50%. 'H NMR (400 MHz,
CDCl;): 0 = 7.28 (m,3 H), 7.20 (m, 2 H), 5.14 (dd, / = 10.3, 6.2 Hz,
1 H), 436 (d, J = 18.8 Hz, 1 H), 3.91 (d, J = 18.2 Hz, 1 H), 3.35
(dd, J = 14.7, 6.1, 1 H), 3.04 (dd, J = 14.7, 10.3 Hz, 1 H), 1.43 (s,
9 H) ppm. *C NMR (100 MHz, CDCl;): § = 169.8, 165.0, 141.2,
136.0, 129.0, 128.7, 127.4, 105.0, 83.1, 55.8, 51.5, 36.2, 28.1 ppm.
C7H19CLLNO; (356.24): caled. C 57.32, H 5.38, C1 19.90, N 3.93;
found C 57.27, H 5.29, CI 20.04, N 3.83.

tert-Butyl (25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-1-yl)-4-
methylpentanoate (16): Yield 1.5g, 47%. 'H NMR (400 MHz,
CDCl;): 0 = 4.88 (dd, J = 10.5, 5.5 Hz, 1 H), 4.46 (d, J = 18.4 Hz,
1 H), 3.95(d, J=18.6 Hz, 1 H), 1.70 (m, 2 H), 1.49 (m, 1 H), 1.45
(s, 9 H), 0.97 (d, J = 5.3 Hz, 3 H), 0.96 (d, J/ = 5.1 Hz, 3 H) ppm.
13C NMR (100 MHz, CDCl;): § = 170.9, 165.1, 141.2, 125.3, 82.7,
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53.3,51.0, 38.8, 28.2, 25.2, 23.2, 21.4 ppm. C,4H,,CL,NO; (322.23):
caled. C 52.18, H 6.57, C1 22.00, N 4.35; found C 52.25, H 6.59,
C122.23, N 4.27.

Benzyl  (25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-yl)-3-
methylbutanoate (17): Yield 1.7 g, 50%. 'H NMR (400 MHz,
CDCl3): 6 = 7.36 (m, 5 H), 5.20 (d, /= 12.0 Hz, 1 H), 5.14 (d J =
12.0Hz, 1 H), 4.70 (d, J = 99 Hz, 1 H), 443 (d, J = 189 Hz, 1
H), 4.04 (d, J = 18.7Hz, 1 H), 2.21 (m, 1 H), 0.97 (d, J = 6.6 Hz,
3 H), 0.91 (d, J = 6.8 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCl5):
0 =170.6, 165.0, 141.3, 135.2, 128.9, 128.6, 125.1, 67.3, 60.4, 51.4,
29.6, 19.4 ppm. C;cH7CL,NO; (342.22): caled. C 56.15, H 5.01, Cl1
20.72, N 4.09; found C 55.95, H 5.02, C1 20.90, N 4.09.

(25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-1-yl)-3-phenylpro-
panamide (18): Yield 1.5 g, 50%. '"H NMR (400 MHz, CDCl,): §
=7.33-7.17 (m, 5 H), 6.33 (br. s, 1 H), 5.57 (br. s, 1 H), 5.00 (m,
1 H), 432 (d, J =189 Hz, 1 H), 4.08 (d, J = 189 Hz, 1 H), 3.33
(dd, J = 14.2, 7.6 Hz, 1 H), 3.10 (dd, J = 14.2, 8.6 Hz, 1 H) ppm.
13C NMR (100 MHz, CDCls): 6 = 171.2, 165.2, 141.8, 135.9, 129.1,
128.9, 127.5, 125.0, 56.7, 51.9, 35.5 ppm. LRMS (APCI): m/z =
299.1 [MH™], 300.1 [M +2]H*.

(25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-1-yl)-4-methyl-
pentanamide (19): Yield 1.2 g, 45%. "H NMR (400 MHz, CDCl;):
0=6.50 (br. s, 1 H), 5.66 (br. s, 1 H), 4.84 (dd, J = 8.9, 6.9 Hz, 1
H), 4.40 (d, J =19.1 Hz, 1 H), 4.04 (d, J = 18.9 Hz, 1 H), 1.74 (m,
2 H), 1.51 (m, 1 H), 0.97 (d, J = 6.8 Hz, 3 H), 0.95 (d, J = 7.0 Hz,
3 H) ppm. 3C NMR (100 MHz, CDCls): § = 172.1, 165.1, 141.7,
125.0, 53.3, 51.3, 38.2, 25.0, 23.0, 22.2 ppm. LRMS (APCI): m/z =
265.1 [MH"], 267.1 [M+2]H".

Ethyl 3-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-1-yl)propanoate
(20): Yield 1.5 g, 60%. '"H NMR (400 MHz, CDCl5): 6 = 4.15 (m,
4 H), 3.75(t, J = 6.2Hz, 2 H), 2.67 (t, J = 6.2 Hz, 2 H), 1.26 (t, J
= 7.1 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCls): § = 171.9,
164.6, 140.2, 125.6, 61.2, 54.8, 39.3, 33.5, 14.3 ppm. CoH;;CILNO;
(252.09): caled. C 42.88, H 4.40, CI 28.13, N 5.56; found C 42.60,
H 4.77, C1 28.00, N 5.47.

Ethyl cis-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-1-yl)cyclo-
hexanecarboxylate (21): Yield 1.9 g, 64%. '"H NMR (400 MHz,
CDCl;): 6 =437 (d, J = 19.3Hz, 1 H), 4.16-3.98 (m, 4 H), 3.18
(m, 1 H), 2.21 (m, 1 H), 2.06 (m, 1 H), 1.86 (m, 1 H), 1.68 (m, 2
H), 1.55 (m, 1 H), 1.37 (m, 2 H), 1.19 (t, / = 7.1 Hz, 3 H) ppm.
13C NMR (100 MHz, CDCly): § = 174.0, 164.5, 140.7, 125.1, 60.5,
52.8, 52.3, 43.0, 28.4, 25.9, 25.5, 21.5, 14.3 ppm. C;3H;,C,NO;
(306.18): caled. C 51.00, H 5.60, CI 23.16, N 4.57; found C 50.94,
H 5.57, C123.42, N 4.47.

Methyl (25)-2-{[(25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-
1-yl)propanoyl]amino}propanoate (22): Yield 1.8 g, 60%. 'H NMR
(400 MHz, CDCl;): 6 = 6.69 (br. s, 1 H), 4.87 (q, / = 7.2 Hz, 1 H),
449 (q, J=72Hz, 1 H),441(d, J=189Hz | H),4.11 (d, J =
189 Hz, 1 H), 3.75(s,3H), 148 (d, J=72Hz, 3 H), 140 (d, J =
7.2 Hz, 3 H) ppm. '3*C NMR (100 MHz, CDCly): 6 = 173.1, 170.1,
164.9, 141.6, 125.1, 52.7, 51.2, 50.9, 48.5, 18.1, 15.6 ppm. HRMS
(ESI): caled. for C;H;5C1,N,04 309.0409 [MH™], found. 309.0414.

Methyl (25)-1-[(2S)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-
yl)-3-methylbutanoyl|pyrrolidine-2-carboxylate (23): Yield 1.5 g,
41%. "H NMR (400 MHz, CDCls): 6 =4.73 (d, J = 11.1 Hz, 1 H),
4.60 (d, J=19.7Hz, 1 H), 4.42 (dd, J = 8.6, 5.1 Hz, 1 H), 4.04 (m,
2 H), 3.77 (m, 1 H), 3.74 (s, 3 H), 2.28 (m, 2 H), 2.05 (m, 1 H),
1.99 (m, 2 H), 1.09 (d, J = 6.6 Hz, 3 H), 0.92 (d, J = 6.6 Hz, 3 H)
ppm. 3C NMR (100 MHz, CDCl5): § = 172.2, 168.9, 164.9, 141.6,
124.4, 59.0, 58.4, 52.2, 51.1, 47.5, 29.2, 29.0, 24.8, 19.1, 18.5 ppm.
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C,5H,0C1LN,O, (363.24): caled. C 46.60, H 5.55, C1 19.52, N 7.71;
found C 49.50, H 5.53, C1 19.87, N 7.61.

Methyl 2-{|(25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-yl)-
butanoyllamino}acetate (24): Yield 1.5 g, 50%. 'H NMR
(400 MHz, CDCls): 0 = 6.89 (br. s, 1 H), 4.68 (dd, J = 8.4, 7.41 Hz,
1 H), 440 (d, J = 19.1 Hz, 1 H), 4.05 (d, J = 18.9 Hz, 1 H), 3.99
(d, J=5.7,2H), 3.73 (s, 3 H), 2.04 (m, 1 H), 1.77 (m, 1 H), 0.96
(t, J = 7.4 Hz, 3 H) ppm. 3*C NMR (100 MHz, CDCl;): § = 170.1,
170.0, 165.3, 141.7, 124.8, 59.9, 52.6, 51.3, 41.3, 22.8, 10.6 ppm.
HRMS (ESI): caled. for C;;H;5Cl,N,0, 309.0409 [MH"], found
309.0449.

Methyl (35)-4-{[(1.5)-1-Benzyl-2-methoxy-2-oxoethyl]amino}-3-(3,4-
dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-yl)-4-oxobutanoate (25):
Yield 1.9 g, 42%. '"H NMR (400 MHz, CDCl): § = 7.22 (m, 3 H),
7.08 (m, 2 H), 6.63 (d, J = 8.6 Hz, 1 H), 5.08 (t, / = 7.6 Hz, 1 H),
4.90 (m, 1 H), 3.86 (d, J = 18.5Hz, 1 H), 3.78 (s, 3 H), 3.66 (s, 3
H), 3.55 (d, J = 18.5Hz, 1 H), 3.26 (dd, J = 14.0, 4.7 Hz, 1 H),
294 (dd, J = 164, 7.4 Hz, 1 H), 2.87 (dd, J = 14.1, 9.5Hz, 1 H),
2.67 (dd, J = 16.3, 7.9 Hz, 1 H) ppm. '3C NMR (100 MHz,
CDCl;): 0 = 171.5, 170.3, 167.8, 164.7, 141.8, 136.0, 129.2, 128.7,
127.2, 125.0, 53.0, 52.8, 52.5, 52.0, 51.1, 38.3, 33.7 ppm.
C19H50Cl,N,O4 (443.28): caled. C 51.48, H 4.55, C1 16.00, N 6.32;
found C 51.45, H 4.52, C1 16.30, N 6.24.

(25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-1-yl)-3-phenyl-
propanoic Acid (26): TFA (15 mL, 93.9 mmol) was added to a solu-
tion of 19 (3.3 g, 9.3 mmol) and Et;SiH (1.6 mL, 10.0 mmol) in
CH,Cl, (40 mL). The reaction mixture was stirred at room tem-
perature for 3.5 h after which the volatilities were removed under
high vacuum. The resulting white solid was dried in a vacuum oven
at ca. 40 °C overnight to yield 2.7 g (96%) of the desired product.
'H NMR (400 MHz, [D¢]DMSO): 6 = 7.30-7.19 (m, 5 H), 4.93
(dd, J = 11.1, 89 Hz, 1 H), 433 (d, J = 20.0 Hz, 1 H), 4.24 (d, J
= 20.0Hz, 1 H), 3.30 (dd, J = 144, 49Hz, 1 H), 3.13 (dd, J =
14.4, 11.1 Hz, 1 H) ppm. '3C NMR (100 MHz, [D¢]DMSO): § =
171.2,163.7, 141.7, 137.1, 128.6, 126.6, 123.3, 55.9, 51.5, 34.4 ppm.
C3H;,C1,NO;3 (300.14): caled. C 52.02, H 3.69, Cl 23.62, N 4.67,
found C 51.90, H 3.53, CI 23.35, N 4.59.

General Procedure for Peptide Coupling (Scheme 3): Equimolar
amounts of all the reactants were stirred in CH,Cl, (10 mL for a
1.3 mmol scale) at room temperature for 5 min followed by drop-
wise addition of DIEA. The reaction mixture was stirred overnight,
and the solvent was removed under high vacuum. The crude prod-
uct was purified by column chromatography (SiO,, 25-60% ethyl
acetate in hexanes) to yield the desired product.

Ethyl (25)-2-{[(25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-
yl)-3-phenylpropanoyljamino}-3-phenylpropanoate (27): Yield 0.6 g,
93%. '"H NMR (400 MHz, CDCl;): 6 = 7.29-7.19 (m, 6 H), 7.15
(m, 2 H), 7.06 (m, 2 H), 6.38 (br. d, J = 8.6 Hz, 1 H), 4.92 (dd, J
=8.9,73Hz 1 H), 485 (m, 1 H), 4.18 (q, J = 8.0 Hz, 2 H), 3.84
(d, J =16.0Hz, 1 H), 3.68 (d, J = 20.0 Hz, 1 H), 3.25-3.19 (m, 2
H), 2.96 (dd, J = 14.5, 8.9 Hz, 1 H), 2.84 (dd, J = 14.0, 9.0 Hz, 1
H), 1.25 (t, J = 7.1 Hz, 3 H) ppm. 3*C NMR (100 MHz, CDCl5):
o0 = 171.0, 168.3, 164.8, 141.5, 135.9, 135.8, 129.3, 129.0, 128.8,
128.6, 127.3, 127.2, 125.0, 61.9, 56.2, 53.0, 51.1, 38.5, 34.8,
14.3 ppm. C,4H,4C1,N,04 (475.36): caled. C 60.64, H 5.09, CI
14.92, N 5.89; found C 60.38, H 4.97; Cl, 14.96, N 5.82.

(25)-2-{[(25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-1-yl)-3-
phenylpropanoyl]amino}-3-phenylpropanamide (28): Yield 0.5 g,
88%. 'H NMR (400 MHz, CDCls): 6 = 7.28-7.14 (m, 10 H), 6.93
(d, J=8.6Hz, 1 H), 5.67 (br. s, 1 H), 5.55 (br. s, 1 H), 4.96 (t, J
=8.1Hz 1 H), 473 (m, 1 H), 3.91 (d, J = 18.9 Hz, 1 H), 3.67 (d,
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J =189 Hz, 1 H), 3.21 (m, 1 H), 2.96-2.85 (m, 3 H) ppm. '*C
NMR (100 MHz, CDCl;): 6 = 172.9, 168.8, 164.8, 141.7, 136.6,
135.9,129.3, 129.1, 128.7, 127.5, 127.1, 124.8, 56.6, 53.9, 51.4, 37.9,
35.4 ppm. HRMS (ESI): calcd. for C,,H,Cl;N3;NaO; 468.0858
[M +Na™], found 468.0868.

N-tert-Butyl-2-{[(25)-2-(3,4-dichloro-2,5-dihydro-2-oxo-1 H-pyrrol-
1-yl)-3-phenylpropanoyl](2-methylpropyl)amino}-3-methylbutan-
amide (29, diastereomeric mixture): (2-Methylpropyl)amine
(0.18 mL, 1.9 mmol) was added dropwise to a solution of isobutyr-
aldehyde (0.17 mL, 1.9 mmol) in MeOH (5 mL). The resulting mix-
ture was stirred at room temperature for 45 min followed by the
addition of 26 [0.5 g, 1.7 mmol; as a solution in MeOH (5 mL)]
and tert-butyl isocyanide (0.19 mL, 1.7 mmol). The reaction mix-
ture was stirred at room temperature overnight. The solvent was
removed under high vacuum and the crude product was purified by
column chromatography (SiO», 15-50% ethyl acetate in hexanes) to
yield 0.8 g (90%) of the product. 'H NMR (400 MHz, CDCls): 6
=7.29-7.07 (m, 5 H), 5.65 and 5.53 (m, 1 H), 4.43-4.05 (m, 2 H),
3.58 (m, 1 H), 3.44-2.72 (m, 4 H), 1.30, 1.29 and 1.27 (s, 9 H),
0.91-0.44 (m, 12 H) ppm. 3C NMR (100 MHz, CDCl,): 6 = 173.5,
172.3, 171.4, 164.4, 141.8, 135.5, 129.3, 129.1, 127.7, 124.8, 70.0,
67.7, 67.0, 53.6, 53.3, 51.8, 51.4, 36.7, 28.5, 28.4, 27.8, 27.5, 27.3,
20.1, 19.8, 19.4, 19.3, 19.1 ppm. HRMS (ESI): calcd. for
Cy6H33CLN;05 510.23 [MH™], found 510.23.

General Procedure for Dehalogenation: The reductive amination
product (4.0 mmol) was hydrogenated at 345 kPa in the presence
of 10% Pd/C (0.1 g) and triethylamine (2.5 equiv.) in EtOH
(45 mL) for 2 h. The filtered reaction mixture was concentrated un-
der reduced pressure. The residue was purified by silica gel column
chromatography (SiO,, ethyl acetate/hexanes).

Ethyl 3-(2-Oxopyrrolidin-1-yl)propanoate (30): Yield 0.7 g, 90%. 'H
NMR (400 MHz, CDCl;): 6 = 4.12 (q, J = 7.2 Hz, 2 H), 3.56 (t, J
= 6.8 Hz, 2 H), 3.40 (t, J = 8.0 Hz, 2 H), 2.54 (m, 2 H), 2.34 (t, J
= 8.1 Hz, 2 H), 2.00 (m, 2 H), 1.24 (t, J = 7.1 Hz, 3 H) ppm. 13C
NMR (100 MHz, CDCl;): ¢ = 175.3, 171.9, 60.9, 47.9, 38.8, 32.9,
31.1, 18.3, 14.4 ppm. HRMS (ESI): caled. for CoH (NO; 186.1130
[MH™], found 186.1133.

Methyl (25)-2-(2-Oxopyrrolidin-1-yl)butanoate (31): Yield 0.7 g,
95%. '"H NMR (400 MHz, CDCl5): § = 4.69 (m, 1 H), 3.70 (s, 3
H), 3.50 (m, 1 H), 3.33 (m, 1 H), 2.43 (m, 2 H), 2.03 (m, 3 H), 1.68
(m, 1 H), 0.91 (t, J = 8.0 Hz, 3 H) ppm. 3C NMR (100 MHz,
CDCly): 6 = 175.9, 171.6, 55.1, 52.1, 43.5, 30.8, 22.1, 18.2,
10.7 ppm. CoH sNO; (185.22): caled. C 58.36, H 8.16, N 7.56;
found C 58.06, H 8.25, N 7.54. [a]) = -52.24 (¢ = 1, MeOH).

Ethyl cis-2-(2-Oxopyrrolidin-1-yl)cyclohexanecarboxylate (32):
Yield 0.9 g, 97%. 'H NMR (400 MHz, CDCl5): 6 = 4.15-4.02 (m,
3 H), 3.52 (m, 1 H), 3.40 (m, 1 H), 3.07 (m, 1 H), 2.35 (t, J =
8.0 Hz, 2 H), 2.17 (m, 1 H), 1.95 (m, 2 H), 1.86 (m, 2 H), 1.70 (m,
1 H), 1.61 (m, 1 H), 1.53 (m, 2 H), 1.40 (m, 1 H), 1.25 (t, J =
7.2 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCl): 6 = 175.1, 174.2,
60.1, 51.8, 45.1, 45.5, 31.4, 28.1, 25.6, 25.3, 21.2, 18.7, 14.2 ppm.
HRMS (ESI): calcd. for C;3H,,NO; 240.1599 [MH*], found
240.1601.

Ethyl (25)-2-(2-Oxopyrrolidin-1-yl)propanoate (33): Yield 0.6 g,
82%. "H NMR (400 MHz, CDCl5): 6 = 4.85 (q, J = 7.41 Hz, 1 H),
4.16 (m, 2 H), 3.49 (m, 1 H), 3.39 (m, 1 H), 2.41 (m, 2 H), 2.05
(m, 2 H), 1.40 (d, J = 741 Hz, 3 H), 1.25 (t, J = 7.12Hz, 3 H)
ppm. 3C NMR (100 MHz, CDCls): 6 = 175.5, 171.7, 61.4, 49.5,
43.7,31.1, 18.4, 15.0, 14.4 ppm. HRMS (ESI): calcd. for
CoH/(NO; 186.1130 [MH™], found 186.1129. [a]¥ = —40.00 (¢ = 1,
MeOH).
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Methyl 2-{[(2S)-2-(2-Oxopyrrolidin-1-yl)butanoyl]amino}acetate
(34): Yield 0.8 g, 80%. 'H NMR (400 MHz, CDCl,): 6 = 6.66 (br.
s, 1 H), 4.50 (dd, J = 8.8, 6.8 Hz, 1 H), 4.11 (dd, J = 18.1, 6.4 Hz,
1 H), 3.88 (dd, J = 18.0, 5.2 Hz, 1 H), 3.74 (s, 3 H), 3.41 (m, 2 H),
2.46 (m, 2 H), 2.12-1.96 (m, 3 H), 1.71 (m, 1 H), 0.92 (t, /= 7.4 Hz,
3 H). 13C NMR (100 MHz, CDCl,): § = 176.6, 170.4, 170.2, 56.5,
52.5, 44.0, 41.1, 31.3, 21.0, 18.4, 10.7 ppm. C;;H3N,0O, (242.27):
caled. C 54.53, H 7.49, N 11.56; found C 54.90, H 7.66, N 11.28.
[a]¥) —96.54 (¢ = 1, MeOH).

Methyl (25)-2-{[(25)-2-(2-Oxopyrrolidin-1-yl)propanoyl]amino}-
propanoate (35): Yield 0.8 g, 78%. '"H NMR (400 MHz, CDCls): §
=6.62 (br. S, 1 H), 472 (q, J = 7.2 Hz, 1 H), 4.50 (m, 1 H), 3.75
(s, 3 H), 3.44 (m, 2 H), 2.43 (m, 2 H), 2.05 (m, 2 H), 1.39 (d, J =
7.2 Hz, 3 H), 1.38 (d, J = 7.2 Hz, 3 H) ppm. *C NMR (100 MHz,
CDCl,): 0 = 175.8, 173.2, 170.5, 52.7, 50.4, 48.3, 43.9, 31.3, 18.4 (2
C), 14.0 ppm. CH3N,O4 (242.27): calcd. C 54.53, H 7.49, N
11.56; found C 54.53, H 7.53, N 11.32. [a]¥ = -89.11 (¢ =1,
MeOH).

Ethyl (25)-2-{[(25)-3-Methyl-2-(2-oxopyrrolidin-1-yl)butanoyl]-
amino}-3-phenylpropanoate (36): Yield 1.0 g, 71%. 'H NMR
(400 MHz, CDCl;): 6 = 7.26 (m, 3 H), 7.15 (m, 2 H), 6.45 (br. d,
J=7.8Hz, 1 H),4.87 (m, 1 H), 4.18 (q, / = 7.2 Hz, 2 H), 4.00 (d,
J=11.1Hz, 1 H), 3.27 (m, 1 H), 3.19 (dd, J = 14.0, 5.3 Hz, 1 H),
3.10 (m, 1 H), 2.94 (dd, J = 14.0, 8.6 Hz, 1 H), 2.37 (m, 1 H), 2.22
(m, 2 H), 1.87 (m, 2 H), 1.25 (t, J = 7.2 Hz, 3 H), 092 (d, J =
6.6 Hz, 3 H), 0.81 (d, J = 6.6 Hz, 3 H) ppm. '*C NMR (100 MHz,
CDCl;): 0 = 175.8, 171.3, 169.1, 136.3, 129.4, 128.7, 127.2, 62.1,
61.7,52.3,44.3, 38.3, 31.1, 26.3, 19.6, 18.8, 18.3, 14.3 ppm.
C,0H2sN,04 (360.45): caled. C 66.64, H 7.83, N 7.77; found C
66.29, H 8.07, N 7.68. [a]¥ = ~119.84 (¢ = 1, MeOH).

(25)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-1H-pyrrol-1-yl)butanamide
(37): Sodium triacetoxyborohydride (6.3 g, 30.0 mmol) was slowly
added to a mixture of mucochloric acid (9, 3.4 g, 20.0 mmol), (25)-
2-aminobutanamide (2.1 g, 20 mmol) and HOAc (2 mL) in chloro-
form (100 mL). The reaction mixture was stirred at room tempera-
ture for 18 h. The reaction mixture was partitioned between a satu-
rated solution of NH4Cl (200 mL) and chloroform (300 mL), the
phases were separated and the organic phase was washed with
water (200 mL) and brine (100 mL). The organic phase was concen-
trated under reduced pressure. The residue was purified by silica
gel column chromatography to yield 2.9 g (62%) of the desired
product. '"H NMR (400 MHz, CDCl5): § = 6.45 (br. s, 1 H), 5.67
(br. s, 1 H), 4.65 (dd, J = 8.6, 7.0 Hz, 1 H), 4.40 (d, J = 19.1 Hz,
1 H), 4.07 (d, J = 19.1 Hz, 1 H), 2.02 (m, 1 H), 1.78 (m, 1 H), 0.96
(t, J = 7.4 Hz, 3 H) ppm. 3C NMR (100 MHz, CDCl,): § = 171.6,
165.1, 141.5, 124.8, 56.5, 51.1, 22.6, 10.5 ppm. CgH;,CI,N,0,
(237.08): caled. C 40.53, H 4.25, N 11.82; found C 40.69, H 4.31,
N 11.68.

(25)-2-(2-Oxopyrrolidin-1-yl)butanamide (38):** The reduction was
carried out on a 11.0-mmol scale to yield 1.6 g (91%) of the prod-
uct. 'H NMR (400 MHz, CDCls): 6 = 6.49 (br. s, | H), 5.78 (br. s,
1 H), 447 (dd, J = 8.8, 6.8 Hz, 1 H), 3.42 (m, 2 H), 2.42 (m, 2 H),
2.04 (m, 2 H), 1.95 (m, 1 H), 1.69 (m, 1 H), 1.34 (t, J = 7.2 Hz, |
H), 0.90 (t, J = 7.4 Hz, 3 H) ppm.

Supporting Information (see footnote on the first page of this arti-
cle): 'H and '3C NMR spectroscopic data of the compounds.
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