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The attainment of the selectivities and efficiencies of
enzymes remains a major goal in organic chemistry.[1] The
efficiency of the serine protease a-chymotrypsin in cleaving
peptide bonds, relative to the uncatalyzed hydrolysis, serves as
an illustrative example.[2] Although notable progress has been
made in the development of synthetic hydrolases,[3] the real
challenge, the cleavage of nonactivated amides, still remains.
Several years ago we embarked on a long-term program
aimed at the development of synthetic hydrolases with the
focus on gaining a better understanding of the enzymatic
process. In particular we developed non-peptidic organic
molecules possessing an array of functional groups in a
suitable geometry for eventual hydrolytic activity.[4] In
contrast to that work, in which a carefully designed molecule
was targeted, we describe herein the first results of a study in
which serine-protease activity is searched by combinatorial
techniques.[5]

Our long term goal is to develop a system that is
characterized by three independent peptidic chains, each
containing one of the three active residues[6] of the classic
triad (Ser, His, and Asp), and possessing serine-protease-like
activity. As a first step towards this goal we describe here:
1) the mix-split synthesis of the library 1 containing 729 (36)
members, in which the two most important catalytic residues

Ser and His are each incorporated into one of the two
tripeptidic chains generated on a steroidal scaffold, 2) the
screening of the solid-phase-bound library for reaction with
the test substrate 2 (NF31) as a model for the first step of the

structure, the two crown moieties are nicely oriented to form a
threaded complex with 1. On the possible turn structures, the
one having 4Leu-5Leu at i�1, i�2 positions gave the most
stable structure for the complex.[13]

In conclusion, we have prepared peptidic pseudorotaxanes
[A ´ 1] and [B ´ 1] through self-assembly under thermodynami-
cally controlled conditions. These supramolecular systems
display thermoregulated optical properties that could make
them useful for the development of optical devices. Future
work will focus on the applications of these supramolecular
systems, as well as on the preparation of receptors with
different amino acids by a combinatorial approach, permitting
the molecular engineering of novel materials with unique
properties.
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enzymatic mechanism (see below), and 3) the identification of
three active sequences 1 a ± c by recursive deconvolution
(Table 1).

After attachment of the cholic acid derivative 3 (Alloc�
allyloxycarbonyl, Boc� tert-butoxycarbonyl) to TentaGel-
NH2 (TG-NH2),[7] the hexapeptide library was constructed
following the split-mix protocol using a set of three amino
acids (Ser(OtBu), Phe, Gly) in the combinatorial construction
of the first chain and another set of three amino acids
(His(Trt), Ala, Leu) in the construction of the second chain
(Trt� trityl� triphenylmethyl).[8] All peptide couplings ex-
cept one were effected in a classical way using amino acids

protected with the 9H-fluoren-9-ylmethoxycarbonyl (Fmoc)
group and N,N'-diisopropylcarbodiimide/1-hydroxy-1H-benzo-
triazole (DIC/HOBt) methodology. The two peptide strands
were attached in succession. After deprotection of the Alloc
group in 4, the first strand was constructed on the free amino
group at C-3 and then capped with acetylimidazole to
yield 5. Early attempts at coupling the first amino acid of
the second peptide chain with the free amino group at C-12 of
6 (obtained after acid removal of the Boc group of 5) failed
because of steric encumbrance. In this particular case the
coupling reagent 1-hydroxy-7-azabenzotriazole was used
instead.[9]

The choice of a suitable substrate for discovering relevant
activity is critical. Indeed, not only should its structure allow
for easy detection of an active member within the library, but
reaction should also occur by a mechanism that is related to
the enzymatic process. It occurred to us that the activated

ester 2 could be a suitable substrate for that purpose.[10]

Indeed, it is very reactive towards amines, including sterically
hindered ones, and not readily cleaved by primary alcohols.[11]

In practice, when 2 was exposed to TG-NH2, TG-Ser-NHAc,
and TG-His-NHAc under standard screening conditions
(exposure of 10 mg beads to 50 mL of a 0.002m solution of 2
in 800 mL CH3CN, RT, overnight, followed by thorough
rinsing with DMF and CH2Cl2) the appearance of deep red
beads was only observed in the case of TG-NH2 (Figure 1 a);
Ser- and His-bound substrates normally do not react to a

Figure 1. Top: TentaGel beads after reaction with 2 : a) TG-NH2, b) TG-
His-NHAc, c) TG-Ser-NHAc. Bottom: the three sublibraries after reaction
with 2 : d) Ala-sublibrary, e) His-sublibrary, f) Leu-sublibrary.

major extent (Figure 1 b, c), so any observed reactivity could
reveal a mechanism in which both amino acid residues are
involved. The library was screened under standard conditions
at the stage of the last sublibraries in which the identity of the
sixth capped amino acid is known to be Ala, His, or Leu. Each
pool containing a total of 243 different members was screened
separately and hits were observed in each sublibrary (Fig-
ure 1 d ± f). Inspection of Figure 1 d reveals clearly the Ala-
sublibrary to be the most promising one in view of discovering
a unique sequence. As expected, the testing of the sublibraries
at the protected amino acid stage (for example, Ser(OtBu)
and His(Trt)) did not lead to any hits.

The identification of the most active member(s) within the
Ala-sublibrary was performed using recursive deconvolu-
tion.[12] Figure 2 illustrates the procedure that led to the
discovery of the sequence Ala-His-Leu as the preferred AA6-
AA5-AA4 tripeptidic chain. After selection of Ala as the sixth
amino acid (Figure 1 d), three new sublibrary pools, each
containing 81 different sequences, were constructed in which
the identity of the fifth amino acid was known. The testing of
these separate pools clearly revealed His as the preferred fifth
amino acid (Figure 2 a). In the same way Leu was selected as
the last amino acid of the first tripeptidic chain after the
testing of three new sublibraries, each now containing 27
different members (Figure 2 b). The same procedure was used
to unravel the AA3-AA2-AA1 chain. It is typical of the
deconvolution procedure that choices are more difficult to
make while proceeding towards the full identification of an
active member. Indeed, the relative increase of the number of
active members in the newly created pools leads to a more-
even distribution of the color among the beads. Three active
members, 1 a ± c, were eventually identified (Table 1).

Table 1. Sequences from the hexapeptide library 1 as identified by
recursive deconvolution.

Sequence AA1 AA2 AA3 AA4 AA5 AA6

1a Gly Phe Ser Leu His Ala
1b Phe Ser Phe Leu His Ala
1c Ser Ser Phe Leu His Ala
1d Ser Phe Ser Leu His Ala
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Figure 2. The deconvolution procedure for the identification of the first
peptidic strand of the Ala-sublibrary; a) three newly created sublibraries,
each containing 81 members that allow the identification of AA5 as His,
b) three newly created sublibraries, each containing 27 members that
allows the identification of AA4 as Leu.

A major advantage of the recursive deconvolution proce-
dure resides in the numerous resyntheses of structurally
biased libraries that need to be performed. Indeed, not only
are active members within the library resynthesized so that
they become available for separate testing, inactive members
are also obtained that can serve as control substrates.
Sequence 1 d (Table 1) is illustrative in this context: it contains
both His and Ser residues, only differs from 1 a in the identity
of the first amino acid, and yet is inactive under the standard
screening conditions (Figure 3).

Figure 3. The active sequence 1 a and the nonactive sequence 1d after
exposure to 2 (10 mg beads, 850 mL of a 12� 10ÿ5m solution in CH3CN).

As far as the mechanism of the above process is concerned
several aspects need to be clarified. In view of the thorough
rinsing procedure (2 is soluble in CH2Cl2 and DMF) there can
be no doubt about the covalent nature of the binding of the
chromogenic acyl residue to the library component. However,
it is difficult at this stage to differentiate unambiguously
between acylated-His or esterified-Ser substances. Therefore
the three above colored pools 1 a ± c were each subjected to
mild hydrolysis conditions (H2O/DMF, 45 8C, 5 days); in each
case the red color was retained, which indicated the ester

nature of the covalent linkage.[13] The well studied mechanism
of peptide hydrolysis by the serine protease a-chymotrypsin
proceeds by the transfer of the acyl part of the amide to the
Ser residue, which is assisted by His (and by Asp although the
exact role of the latter is still a matter of debate)[14] followed
by hydrolysis of the acylated enzyme by water by essentially
the same but inverse mechanism. In this context the observed
reactivity in our study is related to the first step of the
enzymatic mechanism, namely the acyl-transfer step. The
latter can still involve general base catalysis or nucleophilic
catalysis, mechanisms that imply the participation of both Ser
and His residues.[15] At the present stage it is not possible to
determine the origin of the difference in reactivity between
the active sequences 1 a ± c and the inactive sequence 1 d. An
attractive explanation would consist in a geometrical arrange-
ment involving the Ser and His residues of 1 a ± c that allows
for cooperative participation, a process that is not possible for
1 d, although this remains to be proven. Also at this point it is
not possible to assess the role, if any, of the solid support in the
process.

As far as the de-acylation step is concerned we were
fortunate to observe that when the colored pools obtained
from 1 a ± c were subjected to more forceful hydrolytic
conditions (H2O/DMF, 65 8C, 48 h), the beads originating
from 1 a and 1 b became colorless, while those derived from 1 c
remained red (Figure 4). This suggests that a different

Figure 4. Top: the active sequences after exposure to 2 (10 mg beads, 1 mL
of a 2� 10ÿ3m solution in CH3CN): a) 1 a, b) 1 b, c) 1c. Bottom: the same
acylated (2) sequences after reaction with H2O/DMF (65 8C, 48 h).

mechanism may be operating in the de-acylation step. The
possibility that the Ser-His couple is involved in both the
acylation and the de-acylation stages is of special interest in
view of the eventual development of a truly catalytic system.

In summary, we have described the discovery of a few
peptide sequences characterized by the presence of both Ser
and His that cause the unusual cleavage of an activated p-
nitrophenyl ester. The discovery rests on the combinatorial
mix-split technique for the construction of the hexapeptide
library, on the visual detection of active members, and on the
identification of the active sequences using recursive decon-
volution.
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A Self-Complexing [2]Catenane
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Molecules capable of recognizing one or more identical
copies of themselves can be employed for the noncovalent
synthesis[1] of supermolecules and/or supramolecular arrays.
Indeed, self-replicating systems,[2] self-assembling capsules,[3]

and supramolecular polymers[4, 5] have all been developed
successfully by employing appropriate self-complementary
molecules as precursors. Consequently, we contemplated the
possibility of synthesizing receptor molecules incorporating
mechanically interlocked[6] components by modifying the
design of some [2]catenanes[7] such that they acquire receptor
characteristics. These [2]catenanes incorporate a 1,5-dioxy-
naphthalene-based macrocyclic polyether component inter-
locked with cyclobis(paraquat-4,4'-biphenylene)[8] and are
able to bind[7] p-electron-deficient and p-electron-rich sub-
strates. These recognition phenomena have already been
exploited in the synthesis of a ªrotacatenaneº[7b] composed of
a 1,5-dioxynaphtho[38]crown-10 moiety interlocked with
cyclobis(paraquat-4,4'-biphenylene)[8] and with a third acyclic
polyether component containing a 1,5-dioxynaphthalene ring
system threaded through the cavity of the bipyridinium-based
cyclophane and stoppered by bulky groups.

To generate self-complementary [2]catenanes, we have
lengthened and introduced some flexibility into the spacers
separating the bipyridinium units in the tetracationic cyclo-
phane component. By inserting a 2,6-bis(oxymethyl)pyridine
unit between the two phenylene rings of the 4,4'-bitolyl
spacers, the size of the cavity associated with cyclobis(para-
quat-4,4'-biphenylene) can be enlarged and enriched with
hydrogen bonding acceptorsÐnamely, the nitrogen and oxy-
gen atoms of the 2,6-bis(oxymethyl)pyridine unit. Here, we
report the template-directed synthesis of a self-complemen-
tary [2]catenane and the formation of a supramolecular
homodimer composed of two mutually interpenetrating
[2]catenanes both in solution and in the solid state.

Reaction of 1 ´ 2 PF6 and 2[9] in the presence of the 1,5-
dioxynaphthalene-based macrocyclic polyether 3 gives the
[2]catenane 4 ´ 4 PF6 in 18 % yield after counterion exchange
(Scheme 1), together with small amounts of a [3]catenane
incorporating one tetracationic cyclophane and two macro-
cyclic polyether components.

Scheme 1. The template-directed synthesis of the [2]catenane 4 ´ 4 PF6.
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