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a b s t r a c t

Racemic trisubstituted benzocycloheptanes were synthesized and evaluated for their ability to inhibit
metalloaminopeptidase activities. A highly selective nanomolar inhibitor of a prototypical ‘two zinc’ ami-
nopeptidase from the M28 family was observed with these tridentate species, while bidentate analogs
proved to be highly selective for the ‘one zinc’ M1 family of enzymes. The selectivity profile of these
new, low molecular weight structures may guide the design of specific, non-peptidic inhibitors of binu-
clear aminopeptidases.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Metalloaminopeptidases (APs) remove amino acids from un-
blocked N-termini of peptides and proteins. This family of exopep-
tidases is widely distributed in nature, with representative
members present in animal cells, plants, bacteria and fungi.1,2

Although some APs are secreted, the vast majority are either cyto-
solic or membrane-bound enzymes.3–5 They play pivotal roles in
many biological processes such as pain, blood pressure regulation,
immune cell response and cell migration in mammals and/or ami-
no acid metabolism in parasites for examples.6–9

Most metalloaminopeptidases catalyse the same chemical reac-
tion with the active site region related to that of thermolysin. Gen-
erally cleavage of the scissile peptide bond at the N-terminus of a
peptide or a protein, is dependent upon the chemical structure and
composition of amino-acid residues that flank the cleavage site
ðP1 � P01Þ.

10 They can be broadly classified into two sub-families
on the basis of the number of their active site zincs. While some
of these enzymes contain only one zinc, others possess a binuclear
metal centre, usually referred to as a co-catalytic unit.10 Since all
these APs are zinc-dependent enzymes sharing a large substrate
specificity, the development of specific inhibitors is undoubtedly
a daunting task and is of utmost importance in order to gain a

deeper understanding of the respective biological functions of
APs and to assess their potential as drug targets. In the present
study we focused on aminopeptidases that prefers hydrophobic
residues in P1 position. Recent reviews illustrate the various con-
cepts developed up to now and the lack of selectivity, when re-
ported, observed in many cases.11–15

We have previously reported aminobenzoheptanone 1a as a
specific lead structure for the design of selective inhibitors of the
‘one-zinc’ M1 family of aminopeptidases, with an excellent Ligand
Efficiency (LE = 0.63).16 In this series of compounds, well-chosen
substitutions with appropriate functional groups led to the most
potent inhibitor of mammalian APN (CD13), 1b (Ki = 60 pM).17

The present study explored further modifications of chemotype
1a in order to design specific inhibitors for binuclear aminopepti-
dases. We have considered trisubstituted benzocycloheptane
derivatives as target structures based on bestatin 2 efficacy on
‘two zinc’ aminopeptidases.18 Actually, bestatin 2, usually used as
a standard inhibitor of APN with a Ki value in the micromolar
range, is a much more potent inhibitor of the binuclear aminopep-
tidases with nano- to subnanomolar affinities.18 We have decided
first of all to synthesize racemic aminohydroxyketones (cis and
trans) 3a–b, as well as the corresponding aminodiols 4, 5 and the
cis-aminohydroxyketone 6. We have also investigated the pre-
ferred position for these functional groups, with the amino group
moved to position 7 in the cis-aminodiol 7 and the cis-aminoketol
8. The reported inhibitory activity of these new compounds on APN
(EC 3.4.11.2) and Aeromonas proteolytica AP (EC 3.4.11.10), two
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prototypes of the one and two-zinc aminopeptidases, respectively,
showed that the trisubstituted analogue 6, proved to be an inter-
esting lead chemotype for selective inhibition of the two zinc fam-
ilies of aminopeptidases. It is proposed to behave as a new
tridentate zinc binding motif (Scheme 1).

2. Chemistry

The known benzoheptanone 919–21 was the starting material for
the synthesis of the target structures and its functionalization was
performed according to described procedures.16 For the first series,
the amine function was introduced by substitution of a bromine
atom with azide, whereas a reductive amination of ketone allowed
the access to the second series.

2.1. First series, amino group in position 6 or 8

The cis-bromosilyloxy-ketone 13 was a key intermediate for the
synthesis of the first series (Scheme 2, analogues 3a and 3b). It was
obtained from ketone 9 according to the silyloxylation method16

which led to a-silyloxy-ketone 11. This method consisted in silyla-
tion of the enol ether with silyl triflate and triethylamine22 into 10
and then oxidation-rearrangement with m-CPBA.23 In this case, the
tert-butyldimethylsilyl group was preferred due to its better
stability during the following steps. Formation of the trimethylsil-
ylenol ether 12 was achieved by the same procedure. The enol
ether 12 was brominated with NBS into the cis-bromosilyloxyke-
tone 13 in quantitative yield from ketone 11.24 Bromine substitu-
tion with sodium azide in DMF25 occurred with isomerization and
partial elimination to give a 60:22:18 mixture of the cis and trans
azidoketones 14a and 14b, and the known silyloxyenone 1516,
respectively.

Isomers 14a and 14b were isolated and the catalytic hydrogena-
tion of the azide function over palladium in ethanol in presence of
1 N aqueous hydrochloride acid led to the aminohydroxyketones
3a and 3b, as stable crystalline hydrochlorides in ca. 50% yield.
For the cis-isomer 14a, the reduction in acidic medium produced
a spontaneous desilylation leading to the amine 3a. By contrast,
the trans-isomer 14b gave a partially O-silylated compound which
was totally deprotected into 3b by further action of hydrogen chlo-
ride in dry ether. The aminohydroxyketones 3a and 3b were in

these conditions obtained from the ketone 9 in ca. 16% and 4%
yield, respectively. The cis and trans configuration of the amines
3a and 3b was deduced from the NMR data using the theoretical
calculation for the benzocycloheptane conformation (see
Section 5.9).16,17,26,27

The preparation of the corresponding aminodiols 4a,b and 5a,b
is presented in Scheme 3 from the azido-ketones 14a and 14b,
respectively. The reduction of 14a and 14b was carried out in
acidic medium, with sodium cyanoborohydride in the presence
of acetic acid to avoid any basic isomerization (otherwise ob-
served). The cis-isomer 14a led to a 60:40 diastereoisomeric mix-
ture of 16a and 16b, the all-cis compound 16a being
preponderant. The trans-isomer 14b gave the silylated alcohols
17a and 17b as a 80:20 diastereoisomeric mixture, the major
one being the cis-azidoalcohol 17a. O-deprotection by action of
dry hydrogen chloride in ether provided the crystallized diol mix-
ture 18a and 18b, which was directly oxidized by Dess–Martin
periodinane (DMP) to give, after recrystallization, the pure ketone
19a in 60% yield from the trans-azide 14b. The good regioselectiv-
ity of the oxidation might be due to a preferential oxidation on
the less hindered C-6 hydroxyl function.

The catalytic hydrogenolysis of the azide function either of the
silyloxyl mixtures 16a and 16b, or the diol mixture 18a and 18b
was performed over palladium in ethanol in the presence of hydro-
chloric acid. In the case of 16a,b a spontaneous O-deprotection oc-
curred to furnish a 60:40 mixture of the corresponding amines
hydrochlorides 4a and 4b in 65% yield from the azido-ketone
14a. The diols 18a,b were hydrogenolyzed directly to a 93:7 mix-
ture of the amines hydrochlorides 5a and 5b in 49% yield from
the azido-ketone 14b.

Finally, the hydroxyketone 19a was hydrogenolyzed over
Adams’s catalyst into the cis-hydroxyaminoketone 6 in 10% yield
after recrystallization. This poor yield might be due to the low tem-
perature stability of compound 6. Indeed, thermal degradation
occured at 60 �C and may be responsible for the difficulties
encountered in obtaining and purifying compound 6. However, it
was only characterized by 1H and 13C NMR. In 1H NMR spectrum
in CD3OD compound 6 appeared only as a hemiketal suggesting a
fast hydration of the ketone.16,27

The target amino-diols 4a,b, as well as 5a,b and the aminohydr-
oxyketone 6 were thus synthesized in ca. 16%, 7% and 0.9% overall
yield from the ketone 9, respectively.

2.2. Second series: amine function in position 7

The starting compound in this second series was the unsatu-
rated aminoalcohol 20 as a 80:20 cis–trans mixture. The synthesis
of this intermediate was already described in a precedent work.16

The second hydroxyl group was introduced by regioselective
hydride reduction of the major cis-epoxide 21 which was obtained
from 20 by reaction with m-CPBA. Its cis-configuration corre-
sponded to the standard regioselectivity observed for the epoxida-
tion of a-hydroxylated double bond. Its reduction by the
diisobutylaluminium hydride (DIBAL)28 at low temperature oc-
curred selectively at the benzylic position into the diol 22 in good
yield.

N-deprotection of this diol with dry hydrogen chloride in ether/
dioxane gave the all cis-amino-diol 7 as hydrochloride salt in 23%
overall yield from the ketone 9.

The amido-diol 22 was smoothly oxidized with Dess–Martin
periodinane (DMP, 1.3 equiv) in order to react only one hydroxyl
function.29 The corresponding hydroxy-ketone 23 was isolated in
good yield and its acidic N-deprotection provided the cis-hydroa-
mino-ketone 8 in 56% yield from the diol 22 or 20% overall yield
from the ketone 9 (Scheme 4).
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Scheme 1. Chemical structures of racemic trisubstituted derivatives 3–8 and
enantiopure bestatin 2.
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