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A set of macrocycles was generated by solid phase synthesis of linear trimers of 5-aminoacyl-3-amino-
methyl-benzoates followed by resin cleavage and solution phase macrocyclization. These scaffolds can
serve as useful building blocks for molecular recognition studies, especially where differentially function-
alized molecular platforms spanning large surface areas are required.
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Inspired by enzymes, where functional groups in the form of
side chain, backbone, and cofactor residues project toward an ac-
tive site, many have successfully designed artificial receptors ori-
enting recognition elements in a convergent manner to bind
small guests.1 More recently, larger biochemical structures such
as proteins,2 DNA,3 and carbohydrates4 have increasingly become
targets for artificial receptor design. Generally, strategies employed
here differ from small molecule recognition in that artificial recep-
tors contain larger numbers of recognition elements placed in a
more divergent orientation. For example, in DNA recognition, Der-
van’s polyamides5 project multiple H-bonding groups linked to-
gether to form a chain-like compound. Multiple pair-wise
interactions with nucleotide bases in the minor groove over a long
stretch of molecular surface lead to high affinity and specificity in
binding. In the case of carbohydrate-protein interactions, many
weak interactions between individual components of synthetic
polyvalent-glycosides and polyvalent lectins lead to overall high
affinity binding.6

Protein and peptide recognition by synthetic receptors require
similar design considerations. We, and others have been interested
in designing receptors containing multiple charged and hydropho-
bic,7 histidine binding,8 and hydrophobic side-chain binding9

groups in a divergent manner to interact with protein surfaces
with high affinity. Such synthetic agents capable of modulating
protein function by targeting the solvent exposed exterior are of
great interest as disruptors of protein–protein interactions.

Recently, several such macrocyclic structures of suitable dimen-
sions and functionalities have been reported.10 Some of these mac-
rocyclic platforms are related to marine natural products and are
interesting in terms of conformational rigidity and size.10 In previ-
ous work, we have developed antibody mimetics where the hyper-
variable loops were mimicked by constrained cyclic peptides and
the constant region by a calix[4]arene scaffold.11a High affinity
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receptors for cytochrome c (cyt. c.),11b chymotrypsin,11c platelet-
derived growth factor, and vascular endothelial growth factor11d

were identified using similar designs. In a further investigation of
structure and affinity, a series of tetraphenyl-porphyrin (TPP)
based receptors were generated where fluorescence titrations al-
lowed facile measurement and comparison of Kd for a series of re-
lated receptors against cyt. c.11b

The majority of these receptor designs were of high symmetry
and thereby targeted protein surfaces that were similar in surface
topology. On further developing this strategy, we sought differen-
tially functionalized receptors with lower symmetry which might
bind protein surfaces containing a more complex arrangement of
binding domains. Unfortunately, calix[4]arenes12a,b and TPPs12c

do not lend themselves to the facile synthesis of unsymmetrically
functionalized receptors. We required conformationally defined
macrocycles with dimensions of �10–20 Å, that could be sequen-
tially functionalized, and could potentially bind to protein surfaces
or to other large molecular surfaces in water. While these deriva-
tives show promise as templates for protein recognition, we were
interested in the construction of a molecular scaffold in which
the majority of the assembly and diversification steps are carried
out on the solid phase and do not employ chiral monomers that
are prone to racemization.

Based on these requirements, we have designed macrocycle 1, a
cyclic trimer of 5-amino-3-aminomethyl-benzoic acid as a readily
functionalized molecular platform. Each aminomethylbenzoate
monomer is isosteric with a dipeptide unit, and in a trimeric
arrangement gives rise to a 18-membered ring macrocycle compa-
rable to a cyclic hexapeptide. Molecular modeling using the Macro-
model13 conformational search routine (AMBER, in water)
indicated that the global minimum of 1 was a C3 symmetric cone
conformation as shown in Figure 1.

Initially, we set out to synthesize derivatives of 1 with three
identical peripheral attachments as shown in Scheme 1. For the so-
lid support, Sasrin� resin was chosen since the cleavage conditions
(1% TFA/CH2Cl2) are orthogonal with many protective groups.



Figure 2. NOESY data of 3a in DMSO-d6, 298 K. A structure of the part of the
monomeric unit is shown with the protons appropriately labeled. The arrow
indicates the Hd–He NOE.

Scheme 2. Reagents and conditions: (a) SnCl2 (10 equiv), DMF, 8 h; (b) corre-
sponding protected acids (4 equiv), PyBroP (4 equiv), DIEA(6 equiv) CH2Cl2, 12 h
(�2); (c) 20% piperidine/DMF (2�) 10 min; (d) Fmoc–Amb(NO2)–OH (1.5 equiv),
PyBOP (1.5 equiv), DIEA(3 equiv), DMF, 1 h; (e) resin cleavage with 1% TFA/CH2Cl2;
(f) PyBOP (3 equiv), HOBt (3 equiv) DIEA (5 equiv), DMF (2 mM peptide) 6 h; (g)
TFA/CH2Cl2/triethylsilane/H2O (45:45:2.5:2.5) 3 h.

Scheme 1. Reagents and conditions: (a) 20% piperidine/DMF (2�) 10 min; (b)
Fmoc–Amb(NO2)–OH (1.5 equiv), PyBOP (1.5 equiv), DIEA(3 equiv), DMF, 1 h; (c)
SnCl2 (10 equiv), DMF, 8 h; (d) corresponding protected acids (4 equiv), PyBrOP
(4 equiv), DIEA(6 equiv) CH2Cl2, 3 h (�2); (e) resin cleavage with 1% TFA/CH2Cl2; (f)
PyBOP (3 equiv), HOBt (3 equiv) DIEA (5 equiv), DMF (2 mM peptide) 6 h; (g) TFA/
CH2Cl2/triethylsilane/H2O (45:45:2.5:2.5) 3 h; (h) H2, 10% Pd/C, MeOH.

Figure 1. Global minimum structure of a monte carlo conformational search
routine (Macromodel, Amber force field, in water) for a cyclic trimer of 3-
aminomethyl-5-amino benzoic acid. The structure is C-3 symmetric, with the amide
NH pointing into the resultant cavity. The dimension described by the edge
(distance between two aniline amines, shown in blue) is approximately 11 Å.
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Attachment of the first amino acid (Fmoc–Amb(NO2)–OH) through
an ester group to the resin was carried out with DIC/HOBt/DMF/
pyridine, and resin loading was determined from the change in
mass of the resin. The linear trimer chain was assembled using
standard N-Fmoc-based solid phase peptide synthesis conditions
(Fmoc-SPPS). Following chain extension, the aryl-nitro groups
were reduced to their corresponding arylamine with SnCl2. Acyla-
tion of the arylamine using coupling reagents such as DIC/DMAP,
DIC/HOBt, BOP/HOBt, and HATU/HOAt, or by addition of pre-acti-
vated esters such as N-hydroxysuccinimidyl or pentafluorophenyl
proved to be sluggish, giving only 5–10% conversion after 12 h. This
observation is not unexpected due to the low nucleophilicity of
aniline derivatives.

PyBrOP, a coupling reagent typically used for secondary amide
formation improved the rate of the reaction, and full conversion
was observed after 3 h, using 4 equiv (1.33 equiv/amine) of reagent
and acid. Typically, two rounds of coupling, were performed to en-
sure quantitative conversion. The reaction proceeds cleanly with
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no byproducts being observed by HPLC. The cleavage of the func-
tionalized trimer from the resin was effected by 1% TFA/CH2Cl2.
The crude linear trimer was subjected to macrocyclization condi-
tions in DMF and the product was purified by silica gel chromatog-
raphy, to give 2a–4a, and after deprotection, 2b–4b. Overall yields
were typically 25–30% based on initial resin loading.

A single set of resonances were present in the 1H NMR spec-
tra of 3a, suggesting the lack of desymmetrized conformers
within the NMR time scale. A strong NOE between the macrocy-
clic backbone amide (Hd) and the inner C–H of the aromatic ring
(He) can be seen in the NOESY spectrum of 3a (Fig. 2). Hd and
Hb, which are also separated by the same number of atoms, do
not show any NOEs. This suggests that the orientation of the
amide bond and the inner aryl C–H (He) is toward the interior
of the macrocycle rather than the 180� rotated alternative that
would project the C–H to the exterior. This observation is consis-
tent with the cone conformation found from the molecular mod-
eling studies (Fig. 1).

To further extend this approach to less symmetrical scaffolds,
we prepared a macrocycle appended with three different amino
acid derivatives on the exterior aniline positions (Scheme 2). Reac-
tions were monitored by HPLC to ensure at least 90% conversion for
each solid phase step. Conditions employed in the synthesis of 2–4
were used to provide crude 5 at which point HPLC purification was
carried out to afford 5 in 15% overall yield over 15 steps. This cor-
responds to approximately 88% average stepwise yield.

Using the methods described here, it is possible to prepare
small arrays of molecular platforms attached with different combi-
nations of functionality. Binding studies of such molecular surfaces
with protein targets should reveal interesting structure–affinity
relationships.
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