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Abstract: SAR exploration at P1′ using an anti-succinate-
based macrocyclic hydroxamic acid as a template led to the
identification of several bulky biphenylmethyl P1′ derivatives
which confer potent porcine TACE and anti-TNF-R cellular
activities with high selectivity versus most of the MMPs
screened. Our studies demonstrate for the first time that
TACE has a larger S1′ pocket in comparison to MMPs and
that potent and selective TACE inhibitors can be achieved by
incorporation of sterically bulky P1′ residues.

Tumor necrosis factor R (TNF-R),1 a proinflammatory
cytokine, is a key mediator of the biological response to
bacterial infection and inflammation and an inducer of
other proinflammatory cytokines such as IL-1â, IL-6,
and IL-8. In response to a variety of stimuli, TNF-R is
synthesized primarily by activated monocytes/macro-
phages as a 233-amino acid membrane-bound precursor.
The pro-TNF-R is then processed by a metalloproteinase
called TNF-R converting enzyme (TACE)2,3 to release a
soluble form of TNF-R comprising 157 amino acids,
which exerts its biological functions via interaction with
two structurally and functionally distinct high-affinity
receptors: TNFR1 (p55) and TNFR2 (p75). During
normal host defense, low levels of serum TNF-R confer
protection against infectious agents, tumors, and tissue
damage and have an important role in the development
of the humoral immune response. However, overproduc-
tion of TNF-R is associated with symptoms of a variety
of infectious, autoimmune, and inflammatory disorders
including rheumatoid arthritis (RA) and Crohn’s dis-
ease.4

The central role of TNF-R in autoimmune diseases
has been clearly demonstrated by the benefit in treating
Crohn’s disease and RA using the monoclonal TNF-R
antibody, Remicade (infliximab),5 and the soluble TNF
p75 receptor fusion protein (TNFRp75:Fc), Enbrel
(etanercept).6 These recently approved biologics elimi-
nate TNF-R effects by neutralizing excess TNF-R and
have proven to be effective anti-TNF-R therapeutics. As

proteins, however, these drugs are expensive and in-
convenient to patients. Given these drawbacks, small
molecule anti-TNF-R agents are currently being ex-
ploited through multiple approaches. One very promis-
ing approach is the inhibition of TNF-R processing
through the inhibition of TACE.

TACE (ADAM 17) is a membrane anchored multido-
main enzyme containing extracellular disintegrin and
protease regions. It has been shown that TACE is the
primary enzyme responsible for the processing of the
biologically active soluble TNF-R from its membrane-
bound proform, and inhibition of TACE blocks TNF-R
release.7 This experimental evidence strongly implicates
the therapeutic potential of TACE inhibitors for the
treatment of TNF-R mediated pathologies. As a result,
TACE has recently emerged as an important therapeu-
tic target.8

As a member of the adamalysin/ADAM subfamily of
the metzincin superfamily that also includes the
astacins, serralysins, and metalloproteinases (MMPs),
TACE shows relatively low overall sequence homology
to MMPs but has significant similarity in the active site
as revealed by its X-ray crystal structure.9 Not surpris-
ingly, some broad-spectrum MMP inhibitors have been
shown to be capable of inhibiting TNF-R processing.10,11

While this crossover in TACE activity of the extensively
explored MMP inhibitors12 offers advantages in lead
identification of small molecule TACE inhibitors, it also
creates some difficulty in further optimization to achieve
TACE selectivity. Selective TACE inhibitors are needed
to clearly delineate the centrality of this target for the
specific inhibition of TNF-R and the role of TACE in cell
surface protein shedding. Moreover, selective TACE
inhibitors are desirable in the long-term treatment of
TNF-R mediated pathologies since inhibition of multiple
MMPs may lead to unwanted toxicity. For example,
broad-spectrum MMP inhibitors have been found to
cause side-effects in oncology clinical trials,13 which may
be attributed to the nonspecific inhibition of MMPs
required for normal physiological matrix turnover.

We have previously reported the design, synthesis,
and structure-activity relationships of a new class of
macrocyclic hydroxamic acids that are potent TACE
inhibitors and broad spectrum MMP inhibitors as well.14

In an attempt to eliminate the MMP activity from this
class of TACE inhibitors, we selected SP057 as a
template for SAR exploration in the P1′ position. SP057,
a 15-membered cyclic carbamate with an isobutyl at P1′
and a glycine 4-morpholinylamide at P3′-P4′, is the
most potent inhibitor reported in the literature to date
for the inhibition of TNF-R release from LPS-stimulated
human whole blood, with an IC50 of 67 nM.14 Our
primary goal was to achieve >100-fold TACE selectivity
over most of the MMPs while maintaining the whole
blood potency of SP057. On the basis of a homology
model of TACE15 and the availability of starting materi-
als, we elected to replace the P1′ isobutyl in SP057 with
4-hydroxybenzyl, the hydroxyl of which was then used
as a handle to introduce a variety of substituted aryl
residues via Suzuki coupling to form biphenylmethyl
derivatives at P1′.16
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Synthesis. The macrocycles of the present study were
prepared using the protocol outlined in Scheme 1.
Esterification of 3-(4-hydroxyphenyl)propionic acid 1
followed by benzylation at the phenolic OH provided the
ester 2. Following hydrolysis of 2 using LiOH, the
carboxylic acid 3 was coupled with the chiral auxiliary
group (S)-4-benzyl-2-oxazolidinone, and the resulting
intermediate was subjected to an LDA-promoted dia-
stereoselective alkylation with tert-butyl bromoacetate.
After removal of the chiral auxiliary group in 4 using
LiOH/H2O2, dianion alkylation of the resulting carbox-
ylic acid 5 with allyl bromide followed by epimerization
and benzylation produced the anti-succinate derivative
6. The olefin in 6 was converted to an alcohol by treat-
ment with 9-BBN, and the resulting alcohol was sub-
jected to a reaction with 4-nitrophenyl chloroformate to
provide the activated carbonate 7, which was reacted
with NR-Cbz-L-LysOMe to afford the carbamate 8.
Catalytic hydrogenolysis of 8 followed by intramolecular
cyclization using BOP furnished the cyclic carbamate
9. Conversion of the phenolic OH in 9 to a triflate and
Suzuki coupling of the triflate with an aryl boronic acid
provided the biphenyl derivatives 10a-i. Saponification
of the methyl ester using LiOH followed by coupling of
the resulting carboxylic acid with a glycine amide gave
rise to the intermediates 11a-i. The hydroxamic acids
12a-i were then obtained by treatment of 11a-i with
TFA followed by coupling of the resulting carboxylic acid
with hydroxylamine using BOP.

Results and Discussion. TACE activities were
assessed using a porcine TACE (pTACE) assay. All
compounds were counterscreened with MMP-1, MMP-
2, and MMP-9 assays. Cellular activities were deter-
mined using an LPS-stimulated human whole blood
assay (WBA).17 As shown in Table 1, replacement of the
isobutyl P1′ in SP057 with 4-(2,6-difluorophenyl)benzyl,
4-(3,5-dichlorophenyl)benzyl, 4-(2-methylsulfonylphen-
yl)benzyl, and 4-(2-trifluoromethylphenyl)benzyl af-

forded analogues 12a-d, which exhibited pTACE ac-
tivity similar to SP057. Although analogues 12a-b were
devoid of MMP-1 activity, they displayed good potency
in the inhibition of MMP-2 and MMP-9. This is consis-
tent with the previous observations that MMP-1 has a
small S1′ pocket whose depth is defined by the side
chain of Arg-214 at the bottom of the pocket,18 whereas
MMP-2 and MMP-9 have relatively deeper and larger
S1′ pockets.19,20 Analogues 12c-d, however, were totally
inactive against MMP-1, MMP-2, and MMP-9, demon-
strating high TACE selectivity over the three MMPs
screened. Equally important to its TACE selectivity,
analogue 12d exhibited a cellular activity equipotent
to the nonselective inhibitor SP057, with an IC50 of 70
nM in WBA. Comparison of pTACE activity and WBA
potency among analogues 12a-d revealed that the
substituent(s) on the distal phenyl ring had little effect
on pTACE activity but significantly affected cellular
potency. Human serum protein binding studies indicate
that the dramatic changes in cellular potency among
these four analogues are not caused by changes in
protein binding. For instance, despite its higher protein
binding, analogue 12d displayed WBA potency 52 and
6 times better than analogues 12a and 12c, respectively.
It is likely that cell penetration may play an important
role in WBA potency. The 4-(2-trifluoromethylphenyl)-
benzyl P1′ residue of 12d appears to manifest better cell
penetration than the 4-(2,6-difluorophenyl)benzyl (12a)
and the 4-(2-methylsulfonylphenyl)benzyl residues (12c).
Since analogue 12d has higher protein binding than
SP057, it is also likely that the P1′ substituent of 12d
may facilitate better cell penetration than the isobutyl
group of SP057, compensating for its higher protein
binding and resulting in similar cellular potency be-
tween the two molecules.

Keeping the 4-(2-trifluoromethylphenyl)benzyl resi-
due at P1′ constant, we examined three other P4′
substituents as shown in 12e-g. Apart from the P4′
piperazin-1-yl analogue 12g, which exhibited a profile
comparable to 12d, the other two analogues 12e and
12f offered no advantage over 12d in terms of cellular
activity and/or TACE selectivity. The slight loss in
TACE selectivity observed for 12f may be attributed to
extra binding interaction with MMP-2 and MMP-9 in

Scheme 1a

a Conditions: (a) 4 N HCl/dioxane, MeOH, 100%; (b) BnBr, K2CO3, DMF, 80 °C, 90%; (c) LiOH, THF, 98%; (d) pivaloyl chloride, DIEA,
LiCl, (S)-4-benzyl-2-oxazolidinone, THF, 60%; (e) tert-butyl bromoacetate, LDA, THF, 59%; (f) LiOH, H2O2, THF, 100%; (g) allyl bromide,
2.1 × LDA, THF, 84%; (h) 2.1 × LDA, Et2AlCl, THF, MeOH; (i) BnBr, DBU, benzene, reflux, 88%; (j) 9-BBN, THF, NaOAc, H2O2, 87%;
(k) 4-nitrophenyl chloroformate, DIEA, THF, 78%; (l) NR-Cbz-L-LysOMe, K2CO3, DMF, 81%; (m) H2, Pd-C, MeOH, 93%; (n) BOP, DIEA,
CHCl3, 94%; (o) PhN(Tf)2, NEt3, CH2Cl2; (p) ArB(OH)2, Pd(PPh3)4, KBr, K2CO3, DMF, H2O; (q) GlyR, BOP, DIEA, DMF; (r) TFA, CH2Cl2;
(s) HONH2‚HCl, BOP, DIEA, DMF.
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the P4′ position. Surprisingly, moving the trifluorometh-
yl group on the distal phenyl ring from 2-position in 12g
to the 3-position (12h) abolishes TACE selectivity over
MMP-2 and MMP-9. However, introduction of a second
trifluoromethyl group at the 5-position in 12h provided
another very selective analogue 12i, which was ap-
proximately 2-fold less active than the two most attrac-
tive inhibitors 12d and 12g in WBA.

To get an insight into the selectivity profile over other
MMPs, analogues 12d, 12e, 12g, and 12i were screened
against a panel of twelve MMPs. As shown in Table 2,
all these analogues exhibited >100-fold TACE selectiv-
ity over MMP-1, MMP-2, MMP-3, MMP-7, MMP-9,
MMP-10, MMP-14, MMP-15, and MMP-16. Slightly less
selectivity was observed for 12d and 12i over MMP-8,
12g over MMP-13, and 12i over MMP-12.

To address the difference in binding at the S1′
subsites between TACE and MMPs, analogues 12g-i
were docked into the crystal structure of MMP-2 and a
model of the active site of TACE which had been built
based on homology to atrolysin (Figure 1). In the S1′
pocket of MMP-2, the 2-trifluoromethyl substituent of
analogue 12g, in which the two phenyl rings of the
biphenyl moiety would adopt a nearly orthogonal ori-
entation with high barriers to ring rotation, seems to
have an unfavorable interaction with the side chain of
a tyrosine residue which is conserved in all MMPs.21

This bulky substituent also would not be well-accom-
modated in the opposite side of the pocket which is a
tight area as well. Although the biphenyl moiety can
be turned around by rotation around the bond between
the biphenyl and methylene residues, this rotation
would give rise to a geometry unsuited for the shape of
the S1′ pocket. In contrast, the 3-substitution in ana-
logue 12h orients the trifluoromethyl group to the rear
of the tyrosine side chain, resulting in little steric
repulsion. In addition, the bond connecting the two

Table 1. Macrocyclic Hydroxamic Acids Containing Biphenylmethyl Derivatives at P1′

Ki, nMa

cpd R1 R2
pTACEa

Ki, nM
WBAb

IC50, nM MMP-1 MMP-2 MMP-9
PBc

% bound

SP057 4.2 67 13 1.1 1.2 1
12a 2,6-difluorophenyl morpholin-4-yl 6.3 3700 >2000 0.64 21 25
12b 3,5-dichlorophenyl morpholin-4-yl 2.8 227 >2000 50 183 83
12c 2-(methylsulfonyl)phenyl morpholin-4-yl 6.5 410 >2000 >2000 >2000 5
12d 2-(trifluoromethyl)phenyl morpholin-4-yl 2.8 70 >2000 >2000 >2000 55
12e 2-(trifluoromethyl)phenyl NH2 1.5 180 >2000 1867 >2000 NTd

12f 2-(trifluoromethyl)phenyl NHMe 3.8 380 >2000 450 1170 33
12g 2-(trifluoromethyl)phenyl piperazin-1-yl 1.7 60 >2000 700 1787 36
12h 3-(trifluoromethyl)phenyl piperazin-1-yl 3.7 120 >2000 11 91 29
12i 3,5-(bistrifluoromethyl)phenyl piperazin-1-yl 4.6 180 >2000 >2000 >2000 71

a Ki values are from three determinations. b Inhibition of TNF-R release in LPS-stimulated human whole blood assay (WBA) was
determined in three donors. c Human serum protein binding (PB) is given as mean percentage bound from three determinations. d NT )
not tested.

Table 2. Inhibitory Profiles for Compounds 12d, 12e, 12g,
and 12i

enzyme
12d

Ki, nM
12e

Ki, nM
12g

Ki, nM
12i

Ki, nM

pTACE 2.8 1.5 1.5 4.6
MMP-1 >2000 >2000 >2000 >2000
MMP-2 >2000 1867 700 >2000
MMP-3 >2000 >2000 582 >2000
MMP-7 834 1336 177 >2000
MMP-8 126 428 672 272
MMP-9 >2000 >2000 1787 >2000
MMP-10 >2000 >2000 >2000 >2000
MMP-12 >2000 >2000 390 35
MMP-13 653 442 50 >2000
MMP-14 >2000 >2000 >2000 >2000
MMP-15 >2000 >2000 >2000 >2000
MMP-16 >2000 >2000 >2000 >2000

Figure 1. Docking of compound 12g into the active site of
MMP-2 (A) and a model of TACE (B) which was built from
homology to atrolysin (see ref 15). In both pictures (A and B),
inhibitor 12g is shown with P4′ truncated. In the S1′ pockets,
the tyrosine residue of MMP-2 is replaced by an alanine
residue in TACE, causing the difference in inhibitory activity
between MMP-2 and TACE.
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phenyl rings of the biphenyl moiety in 12h can rotate
more freely, allowing the P1′ side chain to adjust to the
shape of the S1′ pocket without requiring much energy.
These observations probably account for the difference
in MMP-2 activity between 12g and 12h. The 4-(3,5-
bistrifluoromethylphenyl)benzyl residue in 12i seems
too bulky to fit into the MMP-2 S1′ subsite. In the S1′
pocket of TACE, replacement of the MMP-conserved Tyr
residue, which forms the outer wall of the S1′ region,
by an alanine residue removes the steric interaction
with the 2-trifluoromethyl residue on the distal phenyl
in 12g. Moreover, according to our model, the shape of
the TACE S1′ pocket is different from that of MMP-2,
providing a suitable room for the easy accommodation
of all the P1′ substituents in 12g-i.

Conclusion. Using an anti-succinate-based macro-
cyclic hydroxamic acid (SP057) as a template, several
biphenylmethyl derivatives were examined at P1′. Among
them, 4-(2-methylsulfonylphenyl)benzyl, 4-(2-trifluo-
romethylphenyl)benzyl, and 4-(3,5-bistrifluoromethyl-
phenyl)benzyl residues were identified to confer potent
pTACE activity with high selectivity versus MMP-1,
MMP-2, and MMP-9. Further profiling for three 4-(2-
trifluoromethylphenyl)benzyl P1′ analogues (12d, 12e,
and 12g) and the 4-(3,5-bistrifluoromethylphenyl)benzyl
P1′ analogue (12i) revealed that these bulky P1′ ana-
logues are also selective over most of other MMPs
screened. The high selectivity of these TACE inhibitors
probably stems from replacement of the MMP-conserved
Tyr residue by an Ala residue in TACE and the shape
difference between TACE and MMPs at the S1′ subsites.
Equally important to their TACE selectivity, these
compounds are potent in the inhibition of TNF-R release
from LPS-stimulated human whole blood. A combina-
tion of 4-(2-trifluoromethylphenyl)benzyl at P1′ and
glycine 4-morpholinylamide or glycine 1-piperazinyl-
amide at P3′-P4′ afforded two attractive TACE inhibi-
tors 12d and 12g which exhibited >100-fold selectivity
over a panel of 11 MMPs and a cellular activity
equipotent to SP057 in WBA (IC50 values of 70 and 60
nM, respectively). Our studies demonstrate that TACE
has a larger S1′ pocket in comparison to MMPs, and
that selective and potent TACE inhibitors can be
achieved by incorporation of appropriate sterically bulky
P1′ residues.
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