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Abstract—Pent-4-enoyl-L-Pro-Phe-N-allyl/pent-4-enoyl-Phe-L-Pro-N-allyl and pent-4-enoyl-L-Phe-Pro-Gly-N-allyl/pent-4-enoyl-
Gly-Pro-Phe-N-allyl amide derived di- and tripeptides can be cyclized leading to �-turn mimics via ring closing metathesis using
Grubbs’ catalyst. The chirality of the Phe residue in these di- and tripeptides controls the cyclization during ring closing
metathesis. The presence of pent-4-enoyl and allyl groups at the termini of these peptides leads to the concomitant formation of
the amino acid, 4,5-dehydro-6-aminocaproic acid, as a linker, during cyclization. © 2002 Elsevier Science Ltd. All rights reserved.

One of the major challenges in the domain of rational
drug design is to understand the bound conformation
of bioactive peptides.1 Generally, peptides are difficult
to develop as drugs and this limitation has necessitated
the use of peptidomimetics as potent therapeutic agents
in recent years. In addition to circumventing the prob-
lems of poor bioavailability and proteolytic degrada-
tion, peptidomimetics are also designed to mimic the
‘bioactive conformation’ which enhances the affinity of
such structures to the target. Peptidomimetics2 based
on �-turns3 are attractive mimics of the ‘bioactive con-
formations’ because numerous peptides elicit a biologi-
cal response via such a conformation. Earlier work on
�-turn mimicry has resulted in the synthesis of rigid
heterocyclic units that are incorporated into a polypep-
tide chain in place of the central dipeptide of the
reported turn. Aside from this, several other protocols
have been developed which involve mimicry based on
constraining the dipeptide in question with a linker
consisting of heteroatoms or aromatic groups in a
carbon chain.

In an ongoing program in our laboratory on the discov-
ery of small molecule ligands inhibiting HIV-I
protease,4 we have undertaken the synthesis of cyclic
peptides based upon the dipeptides derived from L-pro-

line and L-/D-phenylalanine. The choice of this dipeptide
is dictated by the fact that HIV protease is very specific
in cleaving the peptide bond between these two residues
(Fig. 1) and the synthesis of the cyclic �-turn mimics
derived from Pro–Phe may lead to the development of
small inhibitors characterized by high affinity,
bioavailability and resistance to proteolytic degrada-
tion. In this paper, we report the synthesis of cyclic
peptides derived from Pro–Phe by ring closing metathe-
sis (RCM). It is noteworthy that RCM cyclization leads
to the formation of 4,5-dehydro-6-aminocaproic acid as
a surrogate for the third/fourth amino acid.

In order to probe the conformational features of such
cyclizations we needed to find out the positional
requirements of L-proline in these peptides. Thus,
dipeptides derived from Pro-XAA or XAA-Pro would

Figure 1.

* Corresponding author. Present address: Director, Regional
Research Laboratory, Trivandrum 695 019, India. E-mail:
javediqbaldrf@hotmail.com

0040-4039/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
PII: S0040 -4039 (02 )01238 -8

mailto:javediqbaldrf@hotmail.com


N O

HNOHN

Ph

O

Cl2[(Cy3)P]2Ru=CHPh N
O

NOHN

Ph

O
H

1a (L-Phe-L-Pro; β-turn) 2 (68%; E:Z = 4:1)

L L
10 mol%

DCM, reflux

B. Banerji et al. / Tetrahedron Letters 43 (2002) 6473–64776474

provide an interesting study on their folding properties.
In this regard we have chosen phenylalanine as an
amino acid and synthesized pent-4-enoyl-L-Phe-L-Pro-
N-allyl amide 1a (Scheme 1) by the usual amide cou-
pling procedures.5 We have used N-pent-4-enoyl and
N-allyl amides at the two ends of these peptides so that
RCM6 involving these terminal double bonds would
result in formation of 4,5-dehydro-6-aminocaproic acid
as linker.

The intramolecular hydrogen bonding properties of 1a
were studied by its solution NMR, which showed it to
be organized in a 10-membered �-turn fashion. In order
to prove this we carried out a deuterium exchange
study7 on 1a using CD3OD in CDCl3 which showed
that no deuterium exchange took place for the bonded
amide proton (allyl�NH=7.04 ppm; IR: 3360 cm−1) even
after 5 hours. So having established the presence of the
�-turn in 1a, we subjected it to RCM using Grubbs’
ruthenium catalyst.8 It was gratifying to find that this
peptide cyclized smoothly to the corresponding cyclic
peptide 2 in good yield (Scheme 1). It is also interesting
to note that the �-turn, which was present in the acyclic
precursor 1a, was retained (allyl�NH=7.26 ppm; IR:
3300 cm−1) in the cyclic peptide 2. The �-turn in 1a and
2 is also evident from the CD spectra9 (acetonitrile),
which shows an intense maximum at 195.5 nm and a
minimum near 216.5 nm for the former whereas in the
latter case a maximum at 201.5 nm and a minimum

around 232 nm was observed (Chart 1). These values
suggest that peptides 1a and 2 both exist in a type II
�-turn which agrees with a similar observation by Aube
and co-workers.9c We were also interested in investigat-
ing the role of chirality in this peptide and thus synthe-
sized the corresponding acyclic peptide with inverted
configuration at the i+1 residue. The corresponding
peptide, pent-4-enoyl-D-Phe-L-Pro-N-allyl amide 1b
was synthesized and subjected to RCM using Grubbs’
catalyst. No cyclization took place, thereby indicating
the role of � and � angles in bringing the terminal
double bonds into close proximity.

Interestingly, 1b did not show the presence of any
intramolecular hydrogen bonding (allyl�NH=6.62 ppm;
FTIR: 3297 cm−1) when it was subjected to 1H NMR
deuterium exchange studies (CD3OD/CDCl3).

We also wanted to probe the influence of the chirality
of the amino acid residue at the C-terminus of L-proline
and accordingly synthesized pent-4-enoyl-L-Pro-L-Phe-
N-allyl amide 3a. The solution NMR study of the
peptide 3a indicated the absence of any intramolecular
hydrogen bonding (allyl�NH=6.61 ppm; IR: 3290 cm−1),
suggesting that here the two terminal olefinic bonds
may not come in close proximity. Indeed, it was found
that no corresponding cyclic peptide was obtained on
subjecting 3a to RCM conditions.10

Scheme 1.

Chart 1. CD spectra of acyclic (1a) and cyclic (2) peptides.
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This clearly indicates that the configuration at the
C-terminal residue may be influencing the formation of
the �-turn. So in order to probe this, the configuration
of the amino acid residue at the i+2 position was
inverted and the corresponding dipeptide, pent-4-enoyl-
L-Pro-D-Phe-N-allyl amide 3b was synthesized and sub-
jected to solution NMR studies, which indicated the
presence of intramolecular hydrogen bonding
(allyl�NH=7.32 ppm; IR: 3306 cm−1), suggesting that
the molecule is organized in a �-turn fashion. Subjec-
tion of peptide 3b to RCM conditions produced the
corresponding cyclic peptide 4 in good yield (Scheme 2)
as a mixture of E and Z isomers (4:1). A deuterium
exchange study on 4 also revealed the existence of
strong intramolecular hydrogen bonding (allyl�NH=
7.91 ppm; IR: 3305 cm−1), suggesting the molecule to be
organized in a �-turn. In order to further probe the role
of configuration of the amino acids linked to L-proline,
we also studied the �-turn formation and RCM by
introducing glycine as a third amino acid in peptides 1
and 3. It is generally known that Pro–Gly residues in

proteins are turn inducers and thus introduction of a
Gly residue at either end of L-proline in 1 or 3 should
add an additional element of constraint which may help
in �-turn formation in the resulting tripeptides 5 and 7
(Schemes 3 and 4). Accordingly, tripeptides 5 and 7
were synthesized and their solution conformations were
studied by 1H NMR in CD3OD and CDCl3. It was
interesting to note that the tripeptide pent-4-enoyl-D-
Phe-L-Pro-Gly-N-allyl amide 5a showed the presence
of an intramolecular hydrogen bond (allyl�NH=7.41
ppm; IR: 3305 cm−1) suggesting the presence of a �-turn
conformation. This tripeptide underwent smooth
cyclization to give 6 (E :Z=3:1). The cyclic peptide 6
also showed the presence of an intramolecular hydro-
gen bond (allyl�NH=7.16 ppm; IR: 3323 cm−1).

On the other hand, the tripeptide pent-4-enoyl-L-Phe-L-
Pro-Gly-N-allyl amide 5b did not show the presence of
an intramolecular hydrogen bond (allyl�NH=6.52 ppm)
and also did not undergo cyclization under RCM con-
ditions. These observations are quite interesting as

Scheme 2.

Scheme 3.

Scheme 4.
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insertion of a Gly residue at the C-terminal of L-proline
changes the hydrogen atom donor–acceptor partners.
Also, it requires the opposite configuration of the Phe-
residue at the N-terminal of L-proline for successful
RCM cyclization as compared to peptide 1 (Scheme 1).

It is noteworthy, though not surprising, that the tripep-
tide pent-4-enoyl-Gly-L-Pro-L-Phe-N-allyl amide 7a
showed the presence of intramolecular hydrogen bond-
ing (allyl�NH=6.98 ppm; IR: 3308 cm−1) and underwent
cyclization to give 8 (E :Z=5:1) on treatment with
Grubbs’ catalyst (Scheme 4). The presence of
intramolecular hydrogen bonding (allyl�NH=6.85 ppm;
IR: 3364 cm−1) was also observed in 8 when subjected
to solution 1H NMR studies in CD3OD–CDCl3. The
tripeptide pent-4-enoyl-Gly-L-Pro-D-Phe-N-allylamide
7b did not show any intramolecular hydrogen bonding
(allyl�NH=6.31 ppm) and also did not undergo cycliza-
tion to any appreciable extent when subjected to RCM.
Thus, addition of a Gly residue in dipeptides 1 and 3
changes the course of RCM in tripeptides 5 and 7
because the hydrogen bond donor/acceptor partners
(Phe or Gly CO/6-aminohex-4-enoate NH) in these are
different from those present in 2 and 4 where the
intramolecular hydrogen bond is formed by the 6-
aminohex-4-enoate residue. The presence of a �-turn in
cyclic peptides 6 and 8 was also confirmed by NOE
studies (Fig. 2). Thus the NOEs between Ha/Hb, Ha/Hc,
Ha/Hj, Hd/Hi and Hj/Hk clearly support the intramolec-
ular hydrogen bond formed between the D-Phe car-
bonyl and Ha in 6 and between the Gly carbonyl and
Ha in 8.

In conclusion, the studies described here indicate that
the position of L-Pro in a L-Pro-Phe dipeptide and the
configuration of the Phe residue either at the C- or
N-terminus control the formation of a �-turn. The
acyclic peptides where L-Pro is in the i+2 position
requires an L-Phe residue in the i+1 position for �-turn
formation. However, when L-Pro is present in the i+1
position it is the D-Phe residue at i+2 that dictates the
formation of the �-turn. It is also noteworthy that
tripeptides 5 and 7 obtained by insertion of a Gly
residue at C- or N-termini in dipeptides 1 and 3,
respectively, behave oppositely to the latter peptides
during RCM reactions. The acyclic peptides, which are
pre-organized in a �-turn conformation, undergo facile
cyclization leading to the corresponding cyclic peptide
as mimics of a �-turn. Therefore, RCM reactions can

act as a probe for the �-turn conformation in small
peptides. We are further pursuing studies to understand
the role of absolute configuration in RCM of larger
peptides
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