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Discovery of b-benzamido hydroxamic acids as potent,
selective, and orally bioavailable TACE inhibitors
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Abstract—b-Benzamido hydroxamic acids were discovered as potent TACE inhibitors. A computer model was constructed to help
understanding the binding activities and guiding SAR study. SAR optimization led to the discovery of compound 30 which met all
in vitro and in vivo criteria for the program and was selected for further evaluation.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Cyclic succinate 1 and b-benzamido hydroxamic acid 2.
TACE (TNF-a converting enzyme) is a zinc metallopro-
tease that is primarily responsible for the release of sol-
uble TNF-a (tumor necrosis factor-a).1 Because TNF-a
is involved in many inflammatory and immunological
pathways2 and anti-TNF biologics are broadly used to
treat diseases such as rheumatoid arthritis, Crohn’s dis-
ease, and psoriasis,3 many organizations have attempted
to develop small molecule TACE inhibitors to suppress
TNF-a activity.4

We previously disclosed a potent and selective cyclic
succinate inhibitor 1 (Fig. 1).5 Unfortunately, com-
pound 1 was not suitable for development because the
4-(2-methylquinolin-4-ylmethoxy)aniline moiety was
positive in a bacterial reverse mutation (Ames) assay.
Computer modeling suggested that the hydroxamic acid
group of 1 binds in a manner similar to that observed
for previous TACE inhibitors, that is, chelation to cata-
lytic zinc and hydrogen bonding to Gly130 and the cat-
alytic glutamic acid residue. The central amide carbonyl
group appears to engage in hydrogen bonding with
Leu129 and Gly130. The 4-(2-methylquinolin-4-ylmeth-
oxy)phenyl group, which was found to impart selectivity
and improve cellular activity,6 is directed into the S1 0

pocket as expected. To exploit this binding mode, we
examined the possibility of reversing the central amide
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moiety to give a series of b-benzamido hydroxamic acids
2. By virtue of this amide reversal, we eliminated the ani-
line moiety and hence addressed the mutagenicity issue.
Computer modeling suggested that 2 could be superim-
posed with 1 and maintains the aforementioned binding
mode of 1. Since the piperidine core in 1 is not involved
in any critical interactions and is mostly solvent exposed
in the model, we proceeded to test the b-benzamido
hydroxamic acid concept with the readily accessible car-
bocyclic templates.
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Scheme 1 outlines the general synthesis of the newly pro-
posed b-benzamido hydroxamic acids. The common 4-
(2-methylquinolin-4-ylmethoxy)phenyl P1 0 group was
introduced using benzoic acid 5 or benzoyl chloride 6,
which was prepared from methyl 4-hydroxybenzoate
(3) and 4-chloromethyl-2-methylquinoline (4). Potas-
sium carbonate-mediated coupling of 3 and 4 in the
presence of Bu4NI proceeded in near quantitative yield.
Subsequent saponification gave acid 5, which was con-
verted to 6 using thionyl chloride. Coupling of 6 with
b-aminoester 7 was effected using NaHCO3 in biphasic
H2O–CH2Cl2 solvent mixture. Alternatively, compound
7 was coupled with acid 5 using BOP reagent. Finally es-
ter 8 was reacted with excess hydroxylamine hydrochlo-
ride (10–20 equiv) using either NaOH or NaOMe to give
hydroxamic acid 2.

Carbocyclic analogues of 2 were synthesized from the
corresponding commercially available b-amino acid or
ester derivatives. Heterocyclic b-amino acids were not
commercially available. Most of them were prepared
following a sequence summarized in Scheme 2. Conden-
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Yb(OTf)3, benzene, at reflux; (b) NaBH(OAc)3, AcOH, CH3CN, 0 �C;

(c) H2, Pd(OH)2/C, HCl, EtOH.
sation of b-ketoester 9a–d7 with (R)-a-methylbenzyl-
amine afforded an enamine intermediate. Ytterbium
triflate was found to accelerate the reaction and prevent
formation of an amide byproduct, derived from nucleo-
philic attack of (R)-a-methylbenzylamine to the ester
group. Following a literature procedure,8 the enamine
was reduced with sodium triacetoxyborohydride in ace-
tic acid and acetonitrile at 0 �C to give 10a–d, which was
debenzylated to provide two piperidine (11a and 11b)
and two tetrahydropyran analogues (11c and 11d). The
enantiomeric excess (ee) ranged from 40 to 67%. After
conversion to intermediate 8 (Scheme 1), the enantio-
meric excess was enriched to >95% either via recrystalli-
zation (8a and 8c) or chiral HPLC separation (8b and
8d). For the two piperidine isomers 8a and 8b, the Boc
group was removed under acidic conditions (HCl or
CF3CO2H) and the nitrogen further functionalized be-
fore conversion to hydroxamic acids.

An alternative route was developed to prepare tetrahy-
dropyran analogue 11e (Scheme 3). 3-Buten-1-ol (12)
was treated with NaH and sodium iodoacetate followed
by iodomethane to give a methyl ester, which was re-
duced with DIBAL to give aldehyde 13. Condensation
with N-benzylhydroxylamine yielded a nitrone, which,
when heated in toluene at 60 �C, underwent intramolec-
ular [3+2]-dipolar cycloaddition with the terminal olefin,
to provide the desired cis-fused-bicyclo[4.3.0]-intermedi-
ate 14 in 50–60% yield along with a bridged-bicy-
clo[4.2.1]-byproduct 15 (10%). Treatment of 14 with
H2 and Pd(OH)2/C effected cleavage of the N–O bond
and removal of the benzyl group. The amino group
was protected with (Boc)2O to give 16. The primary
alcohol was oxidized and esterified to give 11e after re-
moval of the Boc group. The two enantiomers were re-
solved by chiral HPLC after conversion to
intermediate 8.

Replacing the piperidine moiety in 1 (Fig. 1) with a
cyclohexane and reversal of the central amide resulted
in a b-benzamido hydroxamic acid 17 (Table 1). We
were delighted to find that 17, as a racemic mixture,
was slightly more potent than 1, with an IC50 of 2 nM
in a porcine TACE (pTACE) assay.9,10 The cyclopen-
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Figure 2. Computer model of hydroxamic acid 23 in TACE. Com-

pound 23 is shown in light green except for oxygens (red) and nitrogens

(blue). Hydrogens on the inhibitor are not shown for clarity except for

the four hydrogens on the b-alanine backbone (white). The surface

representation of TACE (yellow) is truncated to expose backbone

atoms of Leu129 and Gly130, catalytic zinc (orange), and three

imidazole side chains of histidines ligating to the zinc. The Leu129 and

Gly130 are shown in white and the imidazoles in green except for

nitrogens (blue) and oxygens (red).
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A pTACE

IC50
b (nM)

WB LPS/TNF-a
IC50

c (nM)

1 — 6 20

17 trans-Cyclohexane 2 >3000

18 trans-Cyclopentane 30 >3000

19 cis-Cyclohexane 2 890

20 cis-Cyclopentane 2 662

21 (1S,2R)-Cyclopentane 1 475

22 (1R,2S)-Cyclopentane 200 —

23 –CH2CH2– 1 2860

a All compounds were selective over MMP-1 (>4900 nM), -2

(>3300 nM), and -9 (>2100 nM).
b pTACE IC50 values were from a single determination.
c Inhibition of TNF-a release from WB was determined with three

donors.
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tane counterpart 18 (racemic) was also active for
pTACE, albeit approximately 15-fold less potent than
17. The two cis analogues (19 and 20) were unexpectedly
potent, both were 2 nM inhibitors. The two enantiomers
of 20 were synthesized individually from the homochiral
amino acids and the (1S,2R)-enantiomer 21 was found
to be 200-fold more potent than the antipode 22. Inter-
estingly, the cyclic template is not required. A simple b-
alanine analogue 23 was equally potent, with an IC50 of
1 nM. Also noteworthy here is that compounds 17–23
maintained similar selectivity profile to compound 1
against three related matrix metalloproteinases (MMP-
1 >4900 nM, MMP-2 >3300 nM, and MMP-9
>2100 nM), suggesting that these benzamido derivatives
adopt a similar binding mode to succinate 1.

A computer model of 23 in the active site of TACE was
constructed to help understanding the aforementioned
activities (Fig. 2). In this model, the b-alanine backbone
adopts a U-shaped conformation to engage the
hydroxamic acid group in chelation with the catalytic
zinc and to project the 4-(2-methylquinolin-4-ylmeth-
oxy)phenyl group into the S1 0 pocket. The central amide
carbonyl appears to be within hydrogen bonding dis-
tance with Leu129 and Gly130 residues of the b-strand
above the catalytic site. The pro-R hydrogen on the a-
carbon of the alanine seems to be in tight contact with
the protein, whereas the pro-S hydrogen and the two
hydrogens on the b-carbon are oriented toward the sol-
vent exposed area of the active site. This model explains
why both cis and trans isomers are active and predicts
that the (1S,2R) enantiomer of the cis-pair (confirmed
with 21) and the (1S,2S) enantiomer of the trans-pair
are responsible for activity.

Despite its binding affinity, compound 23 was a weak
inhibitor of TNF-a production in LPS-stimulated whole
blood assay (WB IC50 2860 nM, Table 1). The exact
reasons for the loss of cellular activity are unclear.
One possible factor is its high molecular flexibility,
which can adversely affect cell membrane permeation
rate11 and hence its ability to inhibit intracellular TACE
activity.12 Although not a direct measurement, com-
pound 23 was found to have low permeation rate in
Caco-2 cells (Papp of 0.4 · 10�6 cm/s). Cyclic analogues
19 and 20, with reduced number of rotatable bonds
and hence reduced molecular flexibility, were found to
have higher Caco-2 permeation rates (3.4 · 10�6 and
9.0 · 10�6 cm/s, respectively). Both compounds exhib-
ited improved activity in the WB assay (890 and
662 nM). For reasons not understood, the two trans
analogues 17 and 18 were inactive in the WB assay.

The effect of heterocyclic constraint to the b-alanine
backbone was evaluated next. Of the three piperidine
isomers studied, the unsubstituted analogues 24–2613

showed promising WB potency (Table 2). The WB po-
tency for each isomer can be improved by derivatization
of the piperidine nitrogen. For example, introducing t-
butyl and 2-(N,N-dimethylamino)ethyl groups to 26 im-
proved WB potency to 44 and 55 nM, respectively (27
and 28). Unfortunately, functional groups beneficial to
WBA potency often resulted in reduced permeability
and erosion of oral bioavailability. After extensive
SAR efforts, we were unable to identify a piperidine lead
that had potent WB activity (<200 nM) and adequate
oral exposure in rodent.
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H
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24 620 0.2

25
NH

<1 393 —
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1 187 0.2
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N-t-Bu

2 44 0.6

28
N

NMe2

2 55 0.1
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3 4114 0.06
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<1 (Ki = 0.15) 130 2.3
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O
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a pTACE IC50 values were from a single determination.
b Inhibition of TNF-a release from WB was determined with three

donors.
c Caco-2 permeation rates were determined as n of 3 and are reported

as Papp value in ·10�6 cm/s.
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Tetrahydropyran rings were also well tolerated as evi-
denced by the potent pTACE activity (29–31, Table 2).
In the WB assay, 30 was most potent with an IC50 of
130 nM. In contrast, 29, which differs from 30 only by
Table 3. pTACE selectivity of 30 against related metalloproteases

Enzyme MMP-1 MMP-2 MMP-3 MMP-7

Selectivity (fold) >30,000 >30,000 427 200

Enzyme MMP-13 MMP-14 MMP-15 MMP-16

Selectivity (fold) >30,000 >30,000 >40,000 >30,000
transposition of the ether oxygen, was 30-fold less
potent. The location of the ether oxygen also impacted
Caco-2 permeability. The 2-acid 29 was not permeable
in Caco-2 assay, whereas the 3-acid 30 was most perme-
able with a Papp value of 2.3 · 10�6 cm/s.

Further testing revealed that 30 was a highly potent
inhibitor of pTACE with a Ki of 0.15 nM (Table 2). It
was also selective for pTACE relative to 16 other metal-
loproteases (Table 3). The selectivity was extraordinarily
high (>2000-fold) against MMP-1, -2, -8, -9, -13, -14,
-15, and -16 ADAMTS-4 and -5,14 and ADAM-9 and
-10. Although Ki values for the four remaining MMPs
(MMP-3, -7, -10, and -12) were under 100 nM, com-
pound 30 still maintained respectable selectivity for
pTACE.

The unbound fractions of 30 in rat, dog, and human ser-
um were 3.8, 17.0, and 7.5%, respectively, with albumin
the major component responsible for the serum bind-
ing.15 CYP 3A4 was the major isozyme responsible for
oxidative metabolism of 30 in vitro, but was not inhib-
ited by 30 to a significant extent at concentrations of
20 lM. In rats and dogs, the major metabolites of 30
were the glucuronide of the parent compound on the
hydroxamic acid moiety and carboxylic acid derivative
of the hydroxamic acid. 30 was also screened at 1 lM
and 10 lM concentrations in an extensive array of as-
says including receptor binding, ion channel effects, reg-
ulatory sites, and enzymes (Nova Screen), and showed
no significant activity in any assay at either of the con-
centrations tested. Finally, 30 was not mutagenic in a
bacterial reverse mutation (Ames) assay.

Compound 30 was tested in a mouse model of endotox-
emia.10 When dosed orally as a 0.5% citric acid and 0.2%
Tween 80 water solution at doses of 0.3, 1.0, 3.0, 10, and
30 mg/kg, compound 30 inhibited LPS-induced TNF-a
production in a dose dependent manner with an ED50

of 2.2 mg/kg. Compound 30 was also tested in a similar
model in rat, and was found to suppress TNF-a produc-
tion with an oral ED50 of 3.0 mg/kg.

To assess its pharmacokinetic profile, 30 was adminis-
tered intravenously and orally to Sprague–Dawley rats
and Beagle dogs, and the plasma samples were analyzed
by LC-MS-MS.10,16 In rats, 30 had a modest clearance
rate of 0.7 L/h/kg and a short half-life (1.4 h, Table 4).
The volume of distribution at steady state was 0.4
L/kg, suggesting limited distribution and tissue binding.
It was rapidly absorbed after oral administration. The
oral bioavailability in rats was 58%. More significantly,
high blood exposure (AUC) was achieved after oral
administration (65 lMÆh at 40 mg/kg dose). Following
iv administration in dogs, 30 had a larger volume of dis-
MMP-8 MMP-9 MMP-10 MMP-12

5500 >14,000 320 93

ADAMTS-4 ADAMTS-5 ADAM-9 ADAM-10

20,000 2267 >30,000 >50,000



Table 4. Pharmacokinetic profile of 30

Dose (mg/kg) t1/2 (h) Cl (L/h/kg) Vss (L/kg) AUC (lMÆh) F% Tmax (h)

Rata,b 2 (iv) 1.4 0.7 0.4 5.7 — —

40 (po) — — — 65 58 0.4

Dogc,d 2 (iv) 1.6 1.7 1.6 2.7 — —

8 (po) — — — 11 96 0.2

a Determination of 3 for each dosing group.
b Dosed as a mono-trifluoroacetate salt in 50 mM citrate buffer.
c Determination of 2 for each dosing group.
d Dosed as a mono-trifluoroacetate salt in a saline solution.
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tribution at steady state (Vss, 1.6 L/kg), more than twice
the total body water of 0.6 L/kg, indicating that 30 has
extensive tissue distribution and binding in dogs. The
difference of Vss between the rat and dog may be attrib-
uted in part to the approximate 4-fold difference of the
unbound fraction in serum between the two species. Fol-
lowing oral administration, 30 was rapidly and com-
pletely absorbed in dogs with peak concentration
achieved within 1 h and oral bioavailability of 96%. A
high oral AUC number was also achieved in dogs
(11 lMÆh after 8 mg/kg dose).

In summary, a series of b-benzamido hydroxamic acid
TACE inhibitors was discovered. The TACE selectivity
was addressed from onset by exploiting interactions of
4-(2-methylquinolin-4-ylmethoxy)phenyl group with
the TACE S1 0 specificity pocket. SAR work to address
the cellular activity and oral bioavailability issues was
guided by a computer-generated binding model and cen-
tered on constrained b-alanine analogues. Compound 30
emerged as an advanced lead with potent enzyme and
cellular activity, good to excellent selectivity, potent oral
efficacy in LPS-challenged mice and rats, and high oral
bioavailability in rat and dog. The overall profile of 30
makes it a highly valuable molecule to evaluate in pre-
clinical models and to assess the benefits associated with
chronic inhibition of TACE as well as potential side
effects.17

The discovery of the simple alanine lead 24 and con-
struction of binding model in TACE (Fig. 1) has not
only led to the discovery of 30, but also uncovered
additional opportunities to constrain the b-alanine
moiety to further improve in vitro and in vivo proper-
ties. Results from those approaches will be reported in
the future.18,19
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