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Starting from in-house capped tripeptide libraries, we have developed two series of compounds as potent
antagonists of the hNK2 receptor with a reduced peptide character. These two series maintained a crucial
amide bond, which could not be methylated or substituted with classical isostere without a dramatic loss
in binding affinity, very likely due conformational changes.

We report here the planning, synthesis and evaluation of molecules belonging to the selected chemical
series, which contain a strategically placed hydrogen bond acceptor. The aim of the work was to improve
membrane permeability via the formation of an intramolecular hydrogen bonding, and at the same time
to maintain the structural characteristics geometry and polarity of the amide linkage so as to retain a rel-
evant binding affinity for the biological target.

� 2011 Elsevier Ltd. All rights reserved.
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Figure 1. Scheme of the starting capped tripeptide libraries.
The passive permeability of a given drug molecule across a bio-
membrane is a particularly important physicochemical property-
related characteristic because of its role in determining the extent
of both oral bioavailability and drug access to certain target organs.

It is widely accepted that for a small molecule passive mem-
brane permeability is primarily dependent on the desolvation po-
tential of the polar functional groups, which determine the
energetic price to pay for entering the lipidic bilayers. On the other
hand, it is also well known that the overall lipophilicity is crucial:
in fact an excessive lipophilicity may prevent the passage through
the highly solvated external surface of a membrane.1

The high hydrogen bonding potential of the amide bond2 is one
of the reasons for the generally poor permeability of peptides. It
has been evaluated that the energy cost for the transfer of a sec-
ondary amide bond from water to a non-hydrogen bonding envi-
ronment is 6.12 kcal/mol.3 Common techniques to overcome this
energetic gap are either the methylation of the amide nitrogen or
the substitution of the whole amide bond with a less polar isostere.
Unfortunately these modifications are not always tolerated and
may cause a significant drop in potency.

This was what we experienced while working on a project for
the identification of oral bioavailable NK2 antagonists. We selected
our leads from capped tripeptide libraries (Fig. 1)4 focusing subse-
quently our efforts on improving their potency and permeability
through an intense work which, among others, aimed at decreasing
ll rights reserved.
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their peptidic character. We ended up with two chemical series,
where one5 (B) and two6 (A) amide bonds could be substituted
without any loss in potency (Fig. 2). When we concentrated our ef-
forts on the third amide bond. the one located between the capping
fragment Ar and the a,a-cyclohexaneglycine, we had less success,
since methylation or isostere substitution caused a large drop in
binding affinity.7

It was then decided to explore another strategy: the introduc-
tion of an intramolecular hydrogen bond between the amide pro-
ton and an opportunely located acceptor. This would in principle
maintain the structural integrity of the peptide linkage, and at
the same time reduce the energetic gap caused by desolvation,
since the hydrogen bonding potential of the moiety would be par-
tially satisfied by the intramolecular linkage.8–10 Moreover, the
addition of a polar or polarizing moiety would very likely lead to
an increase in water solubility.

Having synthesized some active compounds belonging to the
series A and B unable to form intramolecular hydrogen bond with
the N-terminal amide (1, 4, and 6), we prepared their derivatives
containing a hydrogen bond acceptor in the ortho position of the
capping aromatic group: a heterocyclic nitrogen (pyridine, 5, and
7),11 or a small polar group (fluorine, chlorine and methoxy, 2, 3,
8, and 9), Figure 2. The binding affinity (pKi

12) for the hNKA
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Figure 2. hNKA antagonists prepared.

Table 1
Binding affinity, aqueous solubility, PAMPA and Caco-2 cells permeability of the NK2 antagonists

Compds pKi
a Solubility pH 6.4

(mg/mL)a
Papp (PAMPA)
(�10�6 cm/s)a

Papp (CACO-2)
(�10�6 cm/s)a

1 9.63 ± 0.04 1.45 ± 0.01 nd <1
2 8.40 ± 0.01 >2.82 0.16 ± 0.01 4.21 ± 0.88
3 8.49 ± 0.03 >2.86b 0.66 ± 0.02 13.80 ± 0.30
4 8.34 ± 0.02 >2.41b 1.60 ± 0.19 9.34 ± 1.05
5 7.57 ± 0.02 >6.60b 7.23 ± 0.10 17.60 ± 0.39
6 9.49 ± 0.05 1.57 ± 0.09 5.96 ± 0.48 14.65 ± 2.25
7 8.69 ± 0.02 2.80 ± 0.04 15.50 ± 0.20 25.20 ± 0.30
8 8.08 ± 0.05 3.07 ± 0.07 11.91 ± 0.03 13.55 ± 0.65
9 7.35 ± 0.03 1.91 ± 0.03 6.77 ± 0.08 11.70 ± 0.69

a For experimental details see the References and notes section.
b At this concentration saturation was not obtained.
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receptor, the aqueous solubility13 and the membrane permeability
(PAMPA14 and Caco-2 cells15) were evaluated for all our molecules
(Table 1).

Syntheses of the planned compounds were performed accord-
ing to Scheme 1. Amines 11 [4] were coupled with the opportune
acid under standard conditions (EDCA, HOBt) and the resulting
products were purified either by flash chromatography or crystal-
lization. All final compounds were characterized by 1H NMR and
LC–MS analyzes and showed purity >97%.
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Scheme 1. Reagents: (a) EDCA, HOBt and DIPEA.16
Two of the reference compounds (1 and 6) had sub-nanomolar
binding affinity (Table 1), while the third (4) was in the low nano-
molar range. We were very pleased to discover that the functional-
ized compounds showed only a small drop in pKi, the lowest binder
being 9 with a pKi of 7.4.

In addition all the ortho substituted derivatives had an increase
in water solubility in our standard test13 when compared with the
unsubstituted reference molecule. Nevertheless the most satisfy-
ing results came from the permeability measurements. Com-
pounds 1, 2 and 3 were prepared to evaluate the effect of a
chlorine or a fluorine in the ortho position. Aromatic chlorine is
generally known to be a poor H-bond acceptor, on the other hand
a study from Huque et al. demonstrated that it decreases the
H-bond donor capability of its partner when involved in intramo-
lecular interaction.17 Regarding fluorine, a discussion is still ongo-
ing on its role as a H-bond acceptor, but Mecozzi18 et al. showed
that aromatic fluorine may participate in significant hydrogen
bonding interactions. In our molecules the two halogens caused
an increase in the permeability both the PAMPA and Caco-2 cells
tests, with fluorine behaving a little bit better than chlorine.

The permeability properties related to an ortho-methoxy group
in benzamides have been recently studied by Stahl and co-work-
ers.10 The Roche researchers found that ortho-methoxy methylben-
zamide had an increased permeability in the PAMPA test when
compared to the ortho-ethyl analog. Our results paralleled these
findings. Compounds 8 and 9 were found to be somewhat more
permeable than 6 in the PAMPA test.

The most impressive result was obtained with the ortho pyri-
dines (5 vs 4 and 7 vs 6). In these cases a jump in the permeability
values was observed both in the PAMPA and in the Caco-2 evalua-
tion systems.

Following these data, we undertook NMR studies on the tem-
perature dependence of the NH resonance value in polar hydrogen



Table 2
Temperature dependence of NH chemical shifts in water and DMSO

Compds dd/dTa (H2O) dd/dTa (DMSO) d (H2O) d (DMSO)

1 9.6 5.7 8.78 8.64
2 8.4 6.3 9.13 8.88
6 8.6 5.3 8.62 8.51
7 5.7 2.0 8.96 8.67
8 7.9 4.6 8.82 8.49
9 7.6 4.0 8.83 8.49

a (ppm/K � 10�3).
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bonding solvents.19 Generally NH resonances are shifted upfield
with increasing temperature, reflecting the breaking of the
solute–solvent H-bonds. Temperature dependencies are invariably
linear and the T coefficients (dd/dT) values have been used to char-
acterize solvent exposed and shielded NH groups. dd/dT values
<0.0003 ppm/K in solvents like DMSO are characteristic of solvent
shielded NH groups, while values around 0.005 ppm/K are typical
of solvent exposed NHs. Intermediate values of dd/dT are more
difficult to interpret and have sometime been taken as indicative
of weakly intermolecularly H-bonded NH groups. It must be noted
that this method does not allow one to make a clear distinction
between intramolecularly hydrogen bonded and sterically shielded
NH groups.

We evaluated the dd/dT for compounds 1, 2, 6–9, both in water
and in DMSO and the results are reported in Table 2.20

Compound 7 proved the most shielded, both in DMSO and in
water, which is in agreement with its permeability data, the high-
est of the whole group.

In conclusion, from the experimental results obtained we may
say that the introduction of an H-bond acceptor as our ortho substi-
tuent to an aromatic amide group in the series A and B, can be used to
improve membrane permeability, without altering the overall
geometry of the molecule. Moreover, these functionalizations have
also resulted in an increase in the solubility in our reference aqueous
buffered solution. The effect is most evident for the aza-compounds,
and for one of these analyzes a good shielding from solvent interac-
tions has also been confirmed by solution NMR studies.
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