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ABSTRACT

Described is a novel synthetic route for dipeptide isosteres containing ( Z)-alkene and ( E)-fluoroalkene units as cis -amide bond equivalents via
organocopper-mediated reduction of γ-acetoxy- or γ,γ-difluoro- r,â-unsaturated- δ-lactams. The synthesized isosteres were evaluated in terms
of their affinities for the peptide transporter PEPT1. trans -Amide isosteres tended to possess higher affinities for PEPT1 as compared to the
corresponding cis -amide bond equivalents.

In postgenomic drug discovery research, the rapid elucidation
of structural requirements of the ligands for newly identified
drug targets (e.g., GPCRs, enzymes, transporters, etc.) is
strongly needed in the arena of medicinal chemistry.1 Many
protein drug targets interact with proteinic or peptidic ligands.
Therefore, development of peptidomimetic small molecules
is important for investigating criteria for the mutual molecular
recognition.2 Alkene-type dipeptide isosteres represent po-
tential amide bond mimetics (Figure 1).3 Fluoroalkene
dipeptide isosteres were designed as electrostatically favor-

able mimetics as compared to simple alkene isosteres.4 These
isosteres have structural similarities with the parent peptides
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and resist enzymatic degradation. Peptide bonds exist incis/
trans equilibrium, while alkene isosteres serve as defined
trans-amide orcis-amide equivalents, which do not isomerize
to each other.Cis/trans isomerization of peptide bonds
(especially Xaa-Pro sequences) in several bioactive peptides
tends to play an important role in their conformations and
biological activities.5 Therefore, alkene and fluoroalkene
isosteres might be promising tools for conformational
analysis of bioactive peptides and proteins.6 We have been
engaged in the development of synthetic methodologies for
(E)-alkene or (Z)-fluoroalkene dipeptide isosteres astrans-
amide bond equivalents utilizing organocopper reagents or
SmI2. However, the lack of efficient synthetic methodologies
for the preparation of (Z)-alkene or (E)-fluoroalkene dipeptide
isosteres ascis-amide bond equivalents has limited an
extensive application of alkene and fluoroalkene isosteres
in the analysis of amide bond geometries in bioactive
peptides and proteins. In this paper, we describe a new
synthetic approach for the preparation of (Z)-alkene or (E)-
fluoroalkene dipeptide isosteres. We also include the ap-
plication of these isosteres to probe structural requirements
of the peptide transporter PEPT1.

Our synthetic routes for the preparation of (Z)-alkene and
(E)-fluoroalkene isosteres are depicted in Scheme 1. We
envisioned key synthetic intermediatesB would be synthe-
sized by organocopper-mediated reduction of lactamA with
predominant formation ofâ,γ-(Z)-alkenes or (E)-fluoroalk-
enes ascis-amide equivalents. This strategy could be
expanded into consecutive one-pot reduction/R-alkylation
methodologies for the synthesis of structurally diverse
R-alkylated (Z)-alkene and (E)-fluoroalkene dipeptide iso-
steres.7 First, we synthesizedγ-acetoxy- orγ,γ-difluoro-R,â-
unsaturated lactams and examined the organocopper-medi-
ated reduction of these substrates to confirm whether this
approach was applicable to the synthesis ofcis-amide bond
isosteres.

Guibé et al. reported a similar but inherently different
convergent approach to the synthesis of (Z)-alkene isosteres

via 3,6-dihydropyridin-2-ones, in which theâ,γ-(Z)-alkene
unit was constructed by Grubbs’ RCM after condensation
of chiral allylamines with chiral vinyl acetic acids.8 The
present method provides a new entity for the synthesis of
(Z)-alkene isosteres in a divergent fashion. That is comple-
mentary to their method as well as our alternative method
based on organocoper-mediatedanti-SN2′ reaction.9 It is
noteworthy that to our knowledge, this is the first unequivocal
synthesis of (E)-fluoroalkene dipeptide isosteres.

Substrates for the organocopper-mediated reduction were
synthesized by the sequence of reactions shown in Scheme
2. Synthesis of acetate6 started from a known phenylalanine
derivative1.9 Conversion of theN-protecting group of1 to
N-Ns (Ns ) 2-nitrobenzenesulfonyl)10 followed by O-
protection with a TBS group gaveN-Ns amide derivative2.
Treatment of2 with DMB (2,4-dimethoxybenzyl) alcohol
under Mitsunobu conditions afforded theN-DMB sulfon-
amide3. After removal of theN-Ns group of3, acylation of
the resulting secondary amine followed byO-TBS depro-
tection gave the acrylamide derivative4. RCM reaction of
4 with Grubbs’ ruthenium catalyst11 proceeded smoothly at
room temperature to yield theγ-hydroxy-R,â-unsaturated
δ-lactam5. Lactam5 was converted to acetate6 by Ac2O
treatment in the presence of pyridine.

γ,γ-Difluoro-R,â-unsaturatedδ-lactam12was synthesized
from the â-amino ester10, which was prepared from
phenylacetaldehyde7 and the chiral amine8 via rhodium
catalized diastereoselective Reformatsky-Honda reaction.4d,12

After DIBAL-H treatment of 10, (Z)-selective Horner-
Wadsworth-Emmons reaction13 of the resulting aldehyde
gave (Z)-enoate 11 in 72% yield with a concomitant
formation of small amount of (E)-isomer (4%). After
deprotection of the Boc andt-Bu groups of11 using 4 M
HCl in dioxane, cyclization with EDC gave the desired
lactam12.
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Figure 1. Cis/trans equilibrium of peptide bond and the corre-
sponding alkene- or fluoroalkene isosteres.

Scheme 1. Synthetic Route for (Z)-Alkene and
(E)-Fluoroalkene Dipeptide Isosteres
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Next we examined the organocopper-mediated reduction
of lactams6 and12 (Scheme 3). The reaction of acetate6
with Me3CuLi2‚LiI ‚3LiBr14 proceeded smoothly at-78 °C
to yield theâ,γ-unsaturated lactam13 in a good yield (88%).
The DMB group of lactam13 was easily removed using
TFA. Treatment of difluorolactam12 with Me3CuLi2‚LiI ‚

3LiBr also gave the desired reduction product15 in excellent
yield (92%).

Next, we carried out the hydrolysis of the amide bond in
lactams14 and 15 to accomplish the synthesis of thecis-
amide bond isosteres. Lactams14 and15 were converted to
lactim ethers using Me3O‚BF4. Hydrolysis of the lactim
ethers15 under acidic conditions followed by HPLC purifica-
tion using 0.1% TFA aqueous MeCN gave Phe-Gly type (Z)-
alkene dipeptide isostere (Phe-ψ[(Z)-CHdCH]-Gly 16) and
(E)-fluoroalkene dipeptide isostere (Phe-ψ[(E)-CFdCH]-Gly
17),16 respectively as TFA salts.

The above organocopper-mediated reduction is applicable
to consecutive one-potR-alkylation (Scheme 4). After

reduction of lactam6 with Me3CuLi2‚LiI ‚3LiBr, the resulting
metal enolate was trapped by Bn-Br to yield thetrans-R-
substituted diketopiperazine mimetic18 as a main product.
After deprotection of the DMB group using TFA, the
resulting lactam19 was subjected to ring-opening followed
by N-Boc protection to yield Boc-L-Phe-ψ[(Z)-CHdCH]-D-
Phe-OMe20 in 40% yield with a small amount ofR-epimer-
ized product (13%). Boc-D-Phe-ψ[(E)-CFdCH]-L-Phe-OMe
23 was also synthesized from lactam21 by a procedure
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Scheme 3. Synthesis of Phe-Gly Type (Z)-Alkene- and
(E)-Fluoroalkene Dipeptide Isosteres via

Organocopper-Mediated Reduction of Lactams6 and12

Scheme 4. Synthesis ofR-Substituted (Z)-Alkene and
(E)-Fluoroalkene Dipeptide Isosteres Utilizing
Organocopper-Mediated Reduction-Alkylation

Scheme 2. Synthesis of Requisite Substrates for
Organocopper-Mediated Reduction
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similar to that for the synthesis of isostere20.17 Precise
stereocontrol and introduction of other functional groups at
the R-position are under investigation.

Next, we investigated whether the di/tri-peptide transporter,
PEPT1 recognized synthetic Phe-Gly type isosteres as
substrates. PEPT1 is a membrane protein which has 12
transmembrane domains and mediates intestinal uptake of
not only di-/tripeptides but also several drugs structually
related to small peptides such asâ-lactam antibiotics.18

Structure-activity relationship studies of various substrates
for PEPT1 have been carried out in order to apply this
transporter to develop orally bio-available drugs. However
precise recognition mechanisms have not been elucidated.
We envisioned that alkene dipeptide isosteres would be
useful tools for analysis of recognition mechanisms of PEPT1
because of their structural similarity to parent dipeptides. We
also expected that the potency of dipeptide isosteres as amide
bond mimetics could be evaluated by use of the PEPT1
dipeptide transport system.

The bioactivities of synthetic Phe-Gly isosteres for PEPT1
were determined by the inhibition of [3H]Gly-Sar uptake in
PEPT1-expressing Caco-2 cell in comparison withtrans-
amide type isosteres,24, 25, and other related compounds
(see the Supporting Information attached). Inhibition con-
stants (Ki) of parent dipeptide Phe-Gly and its isosteres are
shown in Table 1.trans-Amide equivalents24 and 25
possessed good affinity for PEPT1 corresponding to the
parent dipeptide (Ki: Phe-Gly, 0.205 mM;24, 0.853 mM;
25, 1.34 mM). It is of note that affinities of thecis-amide
equivalents16 and17 for PEPT1 were more than 10 times
weaker than those oftrans-isomers. These data suggest that
PEPT1 predominantly recognizestrans-amide conformations
of dipeptides. This is in good accordance with the previous
report by Brandsch et al., in which PEPT1 recognizedtrans-
conformation of Ala-ψ[CS-N]-Pro.19 Conformationally flex-
ible analogues26 and 27 retained moderate affinity in
comparison withcis-amide equivalents. Presumably, ana-
logues26and27could exist astrans-amide-like conformers,
which were favorable for the interaction with PEPT1, due
to their flexibility. Contrary to our expectation, an increase
of affinity by the introduction of fluoroalkene unit was not

observed (24 vs 25). Further investigation is required for
verification of the effect of fluorine as a carbonyl oxygen
mimic.

In conclusion, we presented a novel unambiguous synthetic
route for the syntheses of (Z)-alkene and (E)-fluoroalkene
dipeptide isosteres ascis-amide bond mimetics via organo-
copper-mediated reduction ofγ-acetoxy- orγ,γ-difluoro-R,â-
unsaturatedδ-lactams. We also carried out comparative
studies of affinities for peptide transpoter PEPT1 between
the cis-amide mimetics and the correspondingtrans-amide
isosteres, and found that peptide transporter PEPT1 pre-
dominantly recognizestrans-amide bond conformations in
dipeptides. Synthetic studies on variousR-substituted (E)-
fluoroalkene isosteres and further structure-activity-relation-
ship studies on dipeptide mimetics for PEPT1 are currently
proceeding.
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Table 1. Ki Values of Phe-Gly and Various Isosteres Based on
Inhibition of [3H]Gly-Sar Uptake by PEPT1 in Caco-2 Cell

compd X Ki (mM)

Phe-Gly -CO-NH- 0.205
16 -ψ[(Z)-CHdCH]- >10.0
17 -ψ[(E)-CFdCH]- >10.0
24 -ψ[(E)-CHdCH]- 0.853
25 -ψ[(Z)-CFdCH]- 1.34
26 -ψ[CH2-CH2]- 2.17
27 -ψ[CF2-CH2]- 1.67
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