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ABSTRACT

r-Amino-�-hydroxy-γ-lactam 1 is a peptide mimic in which the Ser/Thr residue ω-, ψ-, and �-dihedral angle geometry all are constrained by
the 5-membered lactam ring. Lactams 1 were made by employing N-(Fmoc)oxiranylglycine 3 as a bis-electrophile in TFE with cat. BzOH to
sequentially alkylate and acylate a variety of amino acid derivatives in one pot. Solid-phase synthesis of �-hydroxy-γ-lactam 8, an analogue
of the IL-1 modulator 101.10, was achieved using this method for studying Ser/Thr geometry.

Serine and threonine play important roles in peptide
activity and secondary structure. For example, the phos-
phorylation and glycosylation of the �-hydroxyl group of
these amino acid residues in proteins is vital for cellular
signaling and function.1 Moreover, hydrogen bonding to
the side-chain hydroxyl group may stabilize peptide
secondary structure. Constrained Ser and Thr analogues
are attractive targets for exploring the impact of their
conformation on peptide biology.2 For example, 3-hy-
droxyproline mimics Ser and Thr with constrained φ- and
�-dihedral angles (Figure 1). The �-turn inducing ability
of 3-hydroxyproline and its occurrence in bioactive
peptides underscores the importance of this structural
motif.3-5

Complementing the conformational effects of �-hydroxy-
proline, R-amino-�-hydroxy-γ-lactam would constrain the
C-terminal amide and ψ- and �-dihedral angles (Figure 1).6

Specifically, the side-chain gauche (+) and (-) isomers of
Ser/Thr are locked in by the lactam, which in � space,7
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complements the gauche (+) and trans isomers available to
�-hydroxyproline, contingent on stereochemistry.8

R-Amino-�-hydroxy-γ-lactams have been investigated as
N-methyl-D-aspartate receptor agonists (i.e., 1a, Figure 2),9a

antiinflammatory agents (1b),9b and HIV-protease inhibitors
(1c);9d however, methodology is lacking for the assembly
of this motif on amino acid residues.9

We have recently demontrated that the parent R-amino-
γ-lactam (Agl) residue can be introduced into peptides by

employing dioxooxathiazinane 2 to alkylate and acylate
amines, such as the N-terminal of a resin-bound peptide chain
to yield γ-lactam 1d (Figure 2).10 In considering the
construction of Agl’s �-hydroxy counterpart 1e, Rapoport’s
use of N-(Cbz)oxiranylglycine as a building block in alkaloid
synthesis (i.e., pentostatin/coformysin aglycons11 and mito-
mysin analogues)12 inspired the application of this bis-
electrophile for the synthesis of peptide mimics 1e bearing
the R-amino-�-hydroxy-γ-lactam moiety.

The utility of Fmoc protection compelled the synthesis of
N-(Fmoc)oxiranylglycine methyl ester (2S,2′S)-3.13 The
higher boiling 2,4-dichlorotoluene, instead of xylenes, for
pyrolysis of N-(Fmoc)Met(O)-OMe gave the vinylglycine
precursor in 2 h instead of 2-3 days.13,14 Epoxidation gave
3 as a 4:1 mixture of diastereomers, from which a 9:1 mixture
was isolated by flash chromatography15,16 and used subse-
quently to give mixtures of lactams 1, which were separated
by flash chromatography.16,17

Epoxide 3 reacted with Ala-OBn to produce lactam 1f in
10% yield (Scheme 1).18 Little improvement was obtained

in attempts to yield lactam 1f using acid catalysis.19 Epoxide
ring opening was accelerated using fluorinated alcohol
solvents.20 In 2,2,2-trifluoroethanol (TFE), N-(Fmoc)oxira-
nylglycine 3 and Ala-OBn reacted at 80 °C affording
γ-lactam 1f in 65% yield within 12 h (Figure 3). With the
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Figure 1. Constraint of �-dihedral angles in 3-hydroxyproline and
R-amino-�-hydroxy-γ-lactam mimics of Ser/Thr residues.

Figure 2. Precedence for R-amino-�-hydroxy-γ-lactams in me-
dicinal chemistry.9 Recently reported lactam synthesis with sulfa-
midate 210 and proposed synthesis with epoxide 3.11

Scheme 1. Initial γ-Lactam Synthesis
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more sterically encumbered Val-OMe as substrate, however,
the reaction required 2.5 days at 80 °C. Monitoring (1H
NMR, TLC, HPLC-MS) revealed rapid formation and
buildup of linear intermediate from epoxide opening, sug-
gesting annulation was the slower step. In TFE, catalytic
benzoic acid (0.3 equiv) promoted γ-lactam formation within
1 day (1g, Figure 3). The TFE/catalytic BzOH combination
proved effective with a variety of R-amino esters (e.g., 1h-j,
Figure 3). The nucleophilic phenol of unprotected Tyr-OMe
was tolerated (1k). �- and γ-amino ester substrates, benzyl
�-alaninate and methyl m-aminobenzoate, gave, respectively,
63% and 49% yields of 1l and 1m. Lower reaction temper-
ature (40 °C) mitigated Fmoc deprotection using Gly-OBn
to make 1n. The methyl ester side chain of dimethyl
glutamate competed in the annulation to 1o producing
pyroglutamate 5. Enantiomeric (2R,2′R)-3 reacted with
D-Val-OMe providing access to (2R,3′R,4′S)-1g.

The configurational lability of 3 was examined by heating
to 80 °C for 1 day, revealing 3% epimerization of the
R-center and 3% racemization, which may be rationalized

by the reversible ring opening of the oxiranyl moiety.15,21

Moreover, when Val-OMe reacted with 3 under standard
reaction conditions, HPLC analysis of the crude revealed that
ca. 10% epimer was incorporated into the corresponding
γ-lactam product 1g.

The hydroxy group was further elaborated (Scheme 2).
Phosphorylated dipeptide 6 was made from alcohol 1g using

POCl3 and 2,6-lutidine, followed by a methanol quench.
Dehydroxybromination of 1g with PPh3Br2 occurred with
inversion, providing access to lactam 7. The stereochemistry
of 7 was assigned by examining the relative intensity of the
magnetization transfer between the lactam R-proton and the
other ring hydrogens.17

Lactam dipeptide has been employed in solid-phase
synthesis of peptide mimics.22 A more modular approach
was examined to install directly R-amino-�-hydroxy-γ-lactam
onto the N-terminal of solid-supported peptide. Peptide
101.10 (rytvela) is an allosteric modulator of the interleukin
1 (IL-1) receptor, which has potential clinical applications
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Figure 3. Amino acid scope in dipeptide synthesis. Key: (a) epoxide
(2S, 2′S)-3 (50 µmol, 9: 1 mixture with (2S, 2′R)-3), 4 (150-180
µmol), BzOH (15 µmol), and TFE (0.3 mL) were heated at 80 °C
until TLC showed that 3 was consumed (2-24 h); (b) 40 °C; (c)
(2R, 2′R)-3 used; (d) 2.5 equiv of BzOH; (e) Glu(OMe)-OMe gave
1o and 5.

Scheme 2. Phosphorylation and Bromination of γ-Lactama

a Double-headed arrow represents NOESY correlations.
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in inflammation.23 It was chosen as a challenging target
because the Thr to be replaced in lactam 8 preceded a
sterically encumbered D-Val residue (Scheme 3). Synphase

lantern-supported vela peptide 9 was reacted with 3 in TFE
at 60 °C for 4 days, followed by 1 day in CH2Cl2/BzOH.
Lactam 11 was assessed to be of 56% purity after TES/TFA/
H2O cleavage of a sliver of the lantern, followed by
HPLC-MS analysis; linear alkylation product 10 was the
major impurity (9% conversion). After Fmoc group removal
with 20% piperidine/DMF, the remaining residues were
added using standard solid-phase peptide synthesis.24 Cleav-
age of the peptide from the support gave a 16:5:1 mixture
of closely eluting isomers. The purity of the major isomer
was assessed at 28%, from which 0.6 mg of 96.7% pure
isomer assigned as 8 (0.4% yield overall) was isolated along
with mixed fractions. Using (2R,2′R)-3, the above synthesis

equally produced 0.5 mg of the diasteriomeric (3R,4S)-lactam
counterpart.

In the context of solid-supported peptide synthesis,
elaboration of the hydroxy group may allow mimicry with
other Ser/Thr residues, attached to carbohydrate, phospho-
nate, sulfate, ester, and ether moieties. Oxiranylglycine 3 has
thus proven effective for the synthesis of R-amino-�-
hydroxy-γ-lactams in the context of structure-activity
relationships of Ser/Thr-containing peptides.
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Fond Québécois de la Recherche sur la Nature et les
Technologies, and the Canadian Institutes of Health Research
Team Grant Program (funding no. CTP79848) in G-Protein
Coupled Receptor Allosteric Regulation is gratefully ac-
knowledged. We thank the following current/former mem-
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Note Added in Proof. In the course of review, the
following publication was reported in which a complemen-
tary method featuring N-(Cbz)oxiranylglycine was employed
to make dipeptide building blocks that were inserted into
longer peptides: Sicherl, F.; Cupido, T.; Albericio, F. Chem.
Commun. 2010, 46, 1266.

Supporting Information Available: Full details on the
preparation and characterization of synthetic products. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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Scheme 3. Solid-Phase Synthesis of Constrained Peptide
Mimics
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