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ABSTRACT

Lactams are key components of many peptidomimetic structures. Five- and six-membered lactam peptidomimetics with hydrogen or amino
acid side chains at the r-position can be constructed from peptide precursors during a solid-phase synthesis. There is no significant racemization
of remote stereocenters during synthesis.

Lactams are important scaffolds in conformationally re-
stricted peptides and peptidomimetics.1 The â-lactam ring
present in penicillin derivatives can be regarded as the
prototypical example from nature, and there are synthetic
examples of four- to eight-membered lactams in conforma-
tionally restricted peptidomimetic probes and drugs.

We have been systematically developing solid-phase
methodology to make resin-boundR-mono- orR,R-disub-
stituted unnatural amino acids, for cleavage and direct use,
or for further incorporation (using solid-phase chemistry) into
peptides or peptidomimetics.2 Recently, we reported ways
to introduceω-halo alkanes at theR-carbon of natural and
unnatural amino acids.3 These resin-bound intermediates

provide simple access to a wide variety of conformationally
constrained amino acids.3,4 In this article, we report on the
continued development of this methodology to provide, in
the course of a normal solid-phase peptide synthesis, ready
access to conformationally restricted lactam peptido-
mimetics.5-7 When combined with our published methodol-
ogy to R-substituted unnatural amino acids,2 there are now
available, through solid-phase techniques, large numbers of
conformationally constrained lactam peptidomimetics1
(terminally constrained)8 and 2 (internally constrained)5

bearing natural or unnatural amino acid side chains (Figure
1).
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Examples of five- and six-membered derivatives were
prepared for both1 and2. Scheme 1 outlines the synthesis
of the terminally constrainedR-substituted lactams1.

Commercially availableR-substituted amino acids were
attached to Rink amide resin and theR-position activated
by conversion to the aldimine-derived Schiff base4. Alky-
lation was accomplished by using the appropriateR,ω-

dihalide to give theω-chloro derivative5. Lactams6 were
prepared on resin by a base-catalyzed intramolecular nitrogen
alkylation. For both the five- and six-membered rings, heating
(85 °C), stronger base (BTPP),9,10 and, in the case of the
six-membered ring, activation withnBu4NI were required to
obtain complete cyclization. Imine deprotection, N-acylation,
and cleavage from the resin provided lactam products1a-c
(Figure 3).11

A similar process yielded the internally constrained
R-substituted lactam peptidomimetics2 (Scheme 2). In these
examples, amino acid-substituted Wang resins were used as
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D. S.; Veber, D. F.J. Org. Chem.1982, 47, 104-109. (c) Aubé, J. Synthetic
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Figure 1. Peptidomimetic lactams.

Scheme 1. Synthesis of Terminalγ- andδ-Lactams with
R-Substituted Amino Acid Side Chainsa

a Reagents and Conditions: (a) 3,4-dichlorobenzaldehyde (15
equiv), NMP-(CH3O)3CH (1:2), 24 h, 25°C; (b) Br(CH2)nCH2Cl
(10 equiv); forn ) 1, BEMP (10 equiv),nBu4NI (10 equiv); forn
) 2, BTPP (10 equiv); NMP, 24 h, 25°C; (c) for n ) 1, BTPP (10
equiv); forn ) 2, BTPP (10 equiv),nBu4NI (10 equiv); NMP, 24
h, 85 °C; (d) THF-1 N HCl (2:1), 4 h, 25°C; (e) R3COCl (10
equiv), DIEA (20 equiv), NMP, 24 h, 25°C; (f) TFA-Et3SiH
(95:5), 2 h, 25°C.

Figure 2. Additional compounds prepared.

Figure 3. Representative products.
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starting materials and converted into the simple dipeptides
9. These were then carried on to the lactams12 by an
activation, alkylation, and cyclization sequence analogous
to the terminally constrained cases described above. How-
ever, the more accessible amide reaction site permitted the
use of milder cyclization conditions (BEMP and 25°C).
Imine hydrolysis, acylation, and cleavage from the resin gave
the desired products2d-i (Figure 3) with good crude HPLC
purities and purified yields.

The internally constrained unsubstituted lactam peptido-
mimetics (2, R2 ) H; n ) 1, 2) were also prepared (Scheme
3; Figure 3,2a-c). This required a different activating group
(Ph2CdN) for the alkylation step. In the case of the six-
membered lactam, the cyclization step also necessitated a
stronger base (BTPP) and heating at 85°C.12 These more
vigorous conditions (compared to those required for the
formation of2 when R2 was a group other than hydrogen)

are presumably a consequence, in the latter case, of a
Thorpe-Ingold accelerated cyclization.13

Since optimal alkylation and cyclization conditions re-
quired customization of reaction conditions, a summary of
the various experimental protocols follows.

(a) For five-membered ring lactam products (1 or 2, n )
1): Complete alkylation was accomplished by using 10 equiv
each of 1-bromo-2-chloroethane, BEMP, andnBu4NI in NMP
for 24 h at 25°C. Under these conditions cyclization occurred
spontaneously to form the internal lactam constrained pep-
tidomimetics2 (R2 ) H or aa side chain). To complete the
cyclization in the case of the terminal lactam constrained
peptidomimetics1, a subsequent treatment with BTPP (10
equiv) in NMP for 24 h at 85°C was necessary due to the
lower reactivity of the Rink amide nitrogen.

(b) For six-membered ring lactam products (1 or 2, n )
2): Complete alkylation was accomplished by using 10 equiv
each of 1-bromo-3-chloropropane and BTPP in NMP for 24
h at 25 °C. Under these conditions, cyclization occurred
spontaneously to formR-substituted peptidomimetics2 (R2

) aa side chain). However, to complete the cyclization in
the case of peptidomimetics1, or peptidomimetics2 with
no substitution at theR-position (R2 ) H), a subsequent
treatment with 10 equiv each of BTPP andnBu4NI in NMP
for 24 h at 85°C was necessary. Alternatively,R-substituted
peptidomimetics2 (R2 ) aa side chain) can be prepared with
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Fmoc, 9-fluorenylmethoxycarbonyl; HOAc, acetic acid; LC/MS, liquid
chromatography/mass spectrometry; 2-Npth, 2-naphthoyl; UPS, unnatural
peptide synthesis.
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Scheme 2. Synthesis of Internalγ- andδ-Lactam
Peptidomimetics withR-Substituted Amino Acid Side Chainsa

a Reagents and Conditions: (a) 3,4-dichlorobenzaldehyde (15
equiv), NMP-(CH3O)3CH(1:2), 24 h, 25°C; (b) Br(CH2)nCH2Cl
(10 equiv), BEMP (10 equiv),nBu4NI (10 equiv), NMP, 24 h, 25
°C; (c) forn ) 1, spontaneous; forn ) 2, BEMP (10 equiv),nBu4NI
(10 equiv), NMP, 18 h, 25°C; (d) THF-1 N HCl (2:1), 4 h, 25
°C; (e) R3COCl (10 equiv), DIEA (20 equiv), NMP, 24 h, 25°C;
(f) TFA-Et3SiH (95:5), 2 h, 25°C.

Scheme 3. Synthesis of Internalγ- andδ-Lactam
Peptidomimetics with No Substitution at theR-Positiona

a Reagents and Conditions: (a) benzophenone imine (10 equiv),
HOAc (8.7 equiv), NMP, 24 h, 25°C; (b) Br(CH2)nCH2Cl (10
equiv); for n ) 1, BEMP (10 equiv),nBu4NI (10 equiv); forn )
2, BTPP (10 equiv); NMP, 24 h, 25°C, (c) forn ) 1, spontaneous;
for n ) 2, BTPP (10 equiv), NMP, 24 h, 85°C; (d) THF-1 N
HCl (2:1), 4 h, 25°C; (e) R3COCl (10 equiv), DIEA (20 equiv),
NMP, 24 h, 25°C; (f) TFA-Et3SiH (95:5), 2 h, 25°C.
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lower levels of C-terminal epimerization (see following
stereochemical discussion) by using 10 equiv each of
1-bromo-3-chloropropane, BEMP, andnBu4NI in NMP for
24 h at 25°C for the alkylation, followed by 10 equiv each
of BEMP andnBu4NI in NMP for 18 h at 25°C for the
cyclization.

The syntheses described in this work all give rise to
peptidomimetics with negligible diastereoselectivity at the
N-terminalR-site of the lactam. Since our goal is to produce
enabling methodology for lead discovery rather than lead
optimization, this is not a drawback. Conventional analytical/
preparative techniques could be used to separate the isomers
and determine their identity.

However, we were concerned that the synthetic protocol
might lead to loss of chirality at preexisting remote stereo-
centers. To assess potential C-terminal epimerization, we
carried out chiral HPLC analyses of the five- and six-
membered internally constrained peptidomimetics2 (R1 )
methyl, from (S)-alanine; R2 ) methyl or H, Figure 2). In
each case, authentic samples of all four possible stereoiso-
mers were also prepared. For five-membered ring lactam
products 2c and 2f, the combined amount of the two
epimerized C-terminal alanine diastereomers was<2%. For
the six-membered ring lactam product2i, the combined
amount of the two epimerized C-terminal alanine diastere-
omers was<8% (using BTPP) or<6% (using BEMP).

Finally, we examined the possibility of constructing seven-
membered lactams with this methodology. Attempted syn-
thesis of2 (n ) 3, R1 ) H, R2 ) Me) afforded a mixture of
products, and although there was a peak in the LC/MS
consistent with the desired lactam, the material was not
further characterized. However, the internally constrained
seven-membered peptidomimetic21 could be readily ob-
tained, under mild conditions [R,R′-dichloro-o-xylene (10
equiv), BTPP (10 equiv), NMP, 24 h, 25°C] in a 41%
purified yield from the resin-bound alanine-glycine precur-
sor.14

Figure 3 shows representative structures and purified
yields15,16 for the terminally and internally constrained
peptidomimetics obtained in this work. This figure illustrates
the range of lactam peptidomimetics that are available using
the solid-phase methodology discussed here. When combined
with our published solid-phase synthetic routes to a wide
variety of “unnatural” amino acid side chains at R1 and R2

in the starting materials3 (Scheme 1) or9 (Scheme 2), a
rich diversity of these lactam peptidomimetics should now
be readily available.
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