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Solid-phase synthesis is used to obtain new linear and cyclic N,C-linked peptidocalixarenes. The synthetic
strategy allows, for the first time, the condensation of a calix[4]arene amino acid during the stepwise
elongation sequence of the peptide. An important role is played by the lower rim functionalization of
the calixarene since it modulates the flexibility of the calixarene scaffold and the conformational proper-

ties of the resulting non-natural peptide.

© 2009 Elsevier Ltd. All rights reserved.

N-Linked! and C-linked? peptidocalix[4]arenes are two families
of receptors obtained by functionalizing the upper rim of the calix-
arene scaffold with multiple units (usually two or four) of amino
acids or peptides, which can be linked through the terminal amino
or carboxylic acid group, respectively. Their structure, which com-
bines the presence of an aromatic cavity with spatially preorga-
nized polar groups, makes them versatile receptors for polar
organic molecules and peptides>* or for the recognition of protein
surfaces.” Recently, we synthesized the first examples of calix[4]ar-
ene amino acids 1 and 2, which allowed us to obtain the new class
of N,C-linked peptidocalixarenes (e.g., 3-6).° In contrast to the N-
linked and C-linked derivatives, these new compounds can indeed
be considered as peptides, characterized by the presence of a non-
natural amino acid which is potentially able to transfer new prop-
erties to the resulting oligomers. For example, we showed that the
different flexibilities of the 1,3-dipropoxycalix[4]arene amino acid
1 and of the tetrapropoxy derivative 2 (two hydrogen bonds be-
tween the phenolic OH and O propoxy groups make the aromatic
macrocycle of 1 rigid, while 2, lacking these interactions, retains
residual flexibility) are reflected in the conformational and assem-
bly properties of the corresponding peptides 3-5 and 6. The tri-,
penta- and heptapeptides 3-5, based on rigid 1, spontaneously
dimerize in apolar solutions through the formation of an antiparal-
lel B-sheet; in the dimer, the calixarene cavities face each other and
form a capsule which can accommodate a guest. In contrast, the
flexible tetrapropoxycalix[4]arene amino acid 2 behaves as a loop
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region and the two amino acids at the upper rim of 6 are linked
by intramolecular hydrogen bonds.

1R=H 3R=H,

5R=H,n=3
6 R=n-propyl, n=1

Based on these preliminary results, we believe that the incorpo-
ration of a calix[4]arene in a peptide sequence may represent a
promising approach for the design of synthetic peptides with tai-
lored properties. The calixarene scaffold, for example, may be used
to preorganize the peptide eliminating the need of designing loop
regions,” while the aromatic cavity can be exploited to encapsulate
a biologically active molecule and realize a site-directed molecular
delivery system.® In this context, the possibility to adopt solid-
phase protocols for the synthesis of N,C-linked peptidocalixarenes
represents a fundamental requirement, especially in view of a
combinatorial approach. We report herein a solid-phase strategy
for the synthesis of two new peptides where a calixarene amino
acid is introduced, for the first time, during the stepwise elongation
sequence of the peptide.® In particular, we synthesized two linear
endecapeptides 7a,b to verify the extent of dimerization in
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solution, and a cyclic pentapeptide 8, containing the biologically
relevant sequence Arg-Gly-Asp (RGD) which is potentially useful
as an integrin antagonist.

7a X = NHFmoc, Y = OCH, 8
7b X = NH,, Y = OH

The plan adopted for the synthesis of peptidocalixarenes 7a,b is
outlined in Scheme 1. It is based on the 9-fluorenylmethoxycar-
bonyl (Fmoc) protection strategy, which is compatible with calixa-
rene chemistry, and on the use of Wang resin loaded with the first
Fmoc-amino acid as the solid support.

Deprotection of the amino groups was achieved under standard
conditions, with 20% piperidine solution in DMF, and condensation
of the Fmoc-Ala units was performed using PyBop and DIPEA in
NMP. The calix[4]arene amino acid 1 was functionalized with an
Fmoc-Ala moiety prior to insertion in the peptide sequence since
we had observed that a small amount of degradation of calixarene
1 can take place in basic solutions due to oxidation of the p-amino-
phenol ring to a benzoquinone imine species, promoted by depro-
tonation of the phenolic OH.® The reaction of 1 with Fmoc-Ala in
the presence of PyBOP (Scheme 2) afforded intermediate 9,'°

stepwise elongation
FmocAIa-AIa-AIa—AIa—AIaOO

a, b
a,cl

FmocAIa—1—AIa—AIa—AIa—AIa—AIaO©

a stepwise
’ elongation

FmocAla-Ala-Ala-Ala-Ala-1-Ala-Ala-Ala-Ala-AlaO

FmocAlaO

d
FmocAla-Ala-Ala-Ala-Ala-1-Ala-Ala-Ala-Ala-AlaOH

e

FmocAla-Ala-Ala-Ala-Ala-1-Ala-Ala-Ala-Ala-AlaOCH,
7a

H,NAla-Ala-Ala-Ala-Ala-1-Ala-Ala-Ala-Ala-AlaOH
7b

Scheme 1. Synthesis of the linear peptides 7a,b. Reagents and conditions: (a) 20%
piperidine, DMF, 2 x 10 min; (b) Fmoc-Ala (15 equiv), PyBOP (20 equiv), DIPEA
(20 equiv), NMP, 2 h; (c) 9 (7 equiv), PyBOP (10 equiv), DIPEA (10 equiv), NMP, 2 d;
(d) 1% TFA, 5% TIS, CHyCly, 2 x 20 min; (e) HCl(g), MeOH, 15 min. Abbreviations:
PyBOP = benzotriazol-1-yl-oxytripyrrolidinophosphonium  hexafluorophosphate,
NMP = N-methyl pyrrolidinone, TIS = triisopropylsilane.

Scheme 2. Synthesis of intermediate 9. Reagents and conditions: Fmoc-Ala
(2 equiv), PyBOP (4 equiv), DIPEA (8 equiv), DMF, 2 h.

which is characterized by the presence of a benzotriazolyl active
ester on the calixarene carboxylic acid. This is a peculiar reaction
of dipropoxy calixarene amino acid 1, since the rigid structure of
the calixarene cone prevents the intramolecular reaction and the
low reactivity of the aromatic amine hinders intermolecular
calixarene-calixarene condensation.®

Coupling of the intermediate 9 to the immobilized peptide was
subsequently achieved using the same conditions (PyBOP is not
strictly necessary, but it proved to be useful to improve the yield
in case a small amount of hydrolysis of the active ester takes place).
After condensation of the final amino acid, the resin was subdi-
vided into two portions. The first portion was submitted to cleav-
age of the peptide from the support by treatment with a 1% TFA
and 5% TIS solution in dichloromethane. The isolated peptide was
then esterified on the free carboxylic group with methanol and
HCI(g) to obtain 7a. The second portion was submitted to deprotec-
tion of the terminal amino group, followed by cleavage of the pep-
tide 7b from the resin. The endecapeptide 7b was completely
insoluble both in water and in organic solvents, but the success
of the synthesis was indirectly confirmed by characterization by
ESI-MS and 'H NMR of the protected derivative 7a, which, albeit
scarcely soluble in water and organic solvents showed minimal
solubility in DMSO.!! The poor solubility, however, prevented a
study of the self-assembly properties in solution and suggests that
larger aggregates form instead of discrete dimers. Apparently, ta-
ken together, these data indicate that a larger number of hydrogen
bonding groups may result in additional interactions, either intra-
or intermolecular, which compete with the dimerization process.
Subsequently, a water suspension of 7b was analyzed by atomic
force microscopy (AFM). The images show the presence of helical
ribbons up to 4 um long and roughly 50 nm thick (Fig. 1).

Further experiments are needed to clarify the exact nature of
these aggregates. Nevertheless, we think that these ribbons may
form by coiling of a large number of linear chains of calixarene-
containing peptides held together by hydrogen bonds, and, possi-
bly, by hydrophobic interactions between the calixarene scaffolds.

Figure 1. AFM images (left, 4 x 4 um scan; right, 2 x 2 um scan) of a sonicated
water suspension of 7b deposited onto mica, obtained with the microscope
operating in tapping mode in air.
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We also report the solid-phase synthesis of the cyclic non-nat-
ural peptide 8, which contains the calix[4]arene amino acid 2, the
RGD triad and an additional Gly unit to facilitate the cyclization
reaction and could be potentially useful in integrin targeting. The
integrins, which selectively recognize the RGD sequence, are prom-
ising therapeutic targets, since they play a crucial role in tumor-in-
duced angiogenesis and metastasis and acute renal failure.'?
Moreover, since it was found that the conformation of the RGD tri-
peptide plays a key role in the interaction with the protein,!>~'6 we
reasoned that our calix[4]arene amino acids could provide an
interesting scaffold for constraining the RGD motif in a particularly
active structure. We designed the strategy for the synthesis of 8
with the aim of performing the cyclization reaction on the resin,
in order to minimize any intermolecular condensation. The two
carboxylic groups of Asp allowed us to exploit this amino acid both
as an anchoring site to the Wang resin and as one of the cyclization
units, with the further advantage that a cyclization reaction be-
tween the Asp and Gly amino acids implied minimal steric hin-
drance. We used Fmoc protection for the amino groups, the allyl
group for the main carboxylic functionality of Asp, and the 4-meth-
oxy-2,3,6-trimethylbenzenesulfonyl (Mtr) group for the Arg side
chain. The three protecting groups are orthogonal and Mtr is re-
moved under the same acidic conditions that are used to cleave
the final product from the resin. At first, we attempted the synthe-
sis using dipropoxycalix[4]arene 1, but the cyclization reaction
failed. The rigidity of the calixarene scaffold, which constrains
the amino and carboxylic groups of 1 in divergent orientations,
was thought to be the reason for this failure. Molecular modeling
calculations revealed that the use of the more flexible tetra-
propoxycalix[4]arene amino acid 2 would facilitate the cyclization.

Moreover, calixarene 2, lacking free OH phenolic groups, does
not present the oxidation problems which were observed for 1
and could be introduced as the Fmoc-protected derivative. Fmoc-
2 was synthesized following standard protocols for the protection
of amino acids.!” The 'H NMR spectrum and the X-ray structure of
Fmoc-2 (Fig. 2) show that both in solution and in the crystal, Fmoc-
2 adopts an open-flattened cone conformation. This structure
minimizes steric hindrance between the upper rim substituents
and allows the formation of intermolecular hydrogen bonds
between the NH and the C=0 of the carboxylic acid in the solid
state (Supplementary data). The solid-phase strategy that led to
the synthesis of 8 is reported in Scheme 3. Anchoring of the first
amino acid Fmoc-Asp(OAll) to the resin and all the elongation
steps were carried out with the PyBOP/DIPEA/DMAP protocol in
NMP-CH,Cl, (1:1 v/v).

The anchoring step was followed by capping with Ac,O in
dichloromethane. Unmasking of the Fmoc group was performed
with 20% piperidine in DMF. The linear immobilized pentapeptide

Figure 2. Stick representation of the X-ray structure of Fmoc-2.

OAII

a, b ‘
HO —() + FmocAspOAIl— > FmocAsp—(_)

c.d) Stepwise
elongation

OAlI
FmocGIy—2—Arg(Mtr)—GIy—AspO

10
ec

OH

H2NGIy—2-Arg(Mtr)-GIy-Asp—Q
11

Scheme 3. Synthesis of the cyclic peptide 8. Reagents and conditions: (a) Fmoc-
AspOAll (3 equiv with respect to the resin active groups), PyBOP (2.8 equiv), DIPEA
(4 equiv), DMAP (0.1 equiv), CH,Cl,/NMP (1:1), 12 h; (b) Ac,0 (10 equiv), DIPEA
(10 equiv), DMAP (0.1 equiv), CH,Cl,, 3 h; (c) piperidine, DMF, 3 x 10 min; (d)
Fmoc-amino acid or Fmoc-2 (3 equiv), PyBOP (2.8 equiv), DIPEA (4 equiv), DMAP
(0.1 equiv), CH,Cl,/NMP (1:1), 45 min (10 h for Fmoc-2); (e) Pd°(PPhs)4 (3 equiv),
CHCl3/AcOH/NMM (37:2:1), 3 h; (f) PyBOP (2 equiv), DIPEA (3 equiv), DMAP
(0.1 equiv), CH,Clo/NMP (1:1), 12 h; (g) TFA/H,O/TIS (95:2.5:2.5), 2 h. Abbreviation:
NMM = N-methylmorpholine.

10 was prepared for cyclization by first deprotecting the allyl
group with Pd(0) tetrakis(triphenylphosphine) followed by re-
moval of the Fmoc group. Cyclization of 11 was accomplished with
PyBOP/DIPEA/DMAP. Finally, treatment with TFA/H,O/TIS
(95:2.5:2.5) resulted simultaneously in cleavage of the product
from the resin and deprotection of the Mtr group. The product
was purified by trituration in MeOH and characterized by ESI-
MS.'® Studies to test its efficacy as an integrin antagonist are cur-
rently underway.

In conclusion, by synthesizing the linear and cyclic peptides
7a,b and 8, we have shown that a calix[4]arene amino acid can
be easily introduced via solid-phase synthetic protocols as a non-
natural amino acid. The lower rim functionalization of the calixa-
rene plays an important role since it modulates the flexibility of
the calixarene scaffold and therefore the conformational properties
of the resulting peptide. We believe that these results open the
way to the synthesis of new non-natural peptides with interesting
properties as therapeutic agents,'>?° molecular receptors,?! self-
assembled nano-materials,”> and template-based de novo
proteins.??
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