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Compelling P1 substituent affect on metalloprotease binding profile enables
the design of a novel cyclohexyl core scaffold with excellent MMP selectivity
and HER-2 sheddase inhibition
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A serendipitous discovery that the metalloprotease binding profile of a novel class of 2-carboxamide-3-
hydroxamic acid piperidines could be significantly attenuated by the modification of the unexplored P1
substituent enabled the design and synthesis of a novel 2-carboxamide-1-hydroxamic acid cyclohexyl
scaffold core that exhibited excellent HER-2 potency and unprecedented MMP-selectivity that we believe
would not have been possible via conventional P10 perturbations.

� 2009 Elsevier Ltd. All rights reserved.
Drugs targeting the human epidermal growth factor receptor-2
(HER-2) have received a significant amount of attention as the first
individualized targeted biological therapy for the treatment of can-
cer, particularly monoclonal antibodies, such as trastuzumab and
pertuzumab, and tyrosine kinase inhibitors, such as lapatinib.1

While these advancements are significant milestones in the effec-
tive treatment of cancer they are not optimal due to drug resis-
tance and non-responsiveness.2 Emerging biological and clinical
evidence suggests that successful cancer treatment regimes will
incorporate a combination of drugs that target multiple mecha-
nisms, akin to HAART for HIV treatment.3 In lieu of this strategy
we have recently demonstrated in a preclinical setting that inhibi-
tion of the HER-2 sheddase can decrease ErbB/Akt signaling events
and tumor cell proliferation with an increase in survival when
administered as a monotherapy and positive synergistic effects
when administered with clinically relevant cancer therapeutics,
such as trastuzumab.4 Thus a HER-2 sheddase inhibitor may serve
as a useful therapeutic for the treatment of HER-2 positive cancers,
ll rights reserved.
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such as breast, ovarian, non-small cell lung, colon and pancreatic
tumors.

Recently we have identified ADAM-10 as a major source of HER-2
ectodomain sheddase activity in HER-2 overexpressing breast can-
cer cells; however, at the onset of the project the protease that
was responsible for HER-2 shedding had not been identified.5 In an
effort to isolate the unknown HER-2 sheddase, the MMP-selective
compound 1 was chosen from our previously disclosed novel class
of (6S,7S)—7-[(hydroxyamino) carbonyl]-6-carboxamide-5-azaspi-
ro[2.5]octane-5-carboxylates to be tethered to a solid support to ex-
tract the unknown protease from the extracellular matrix (Fig. 1).6

We envisioned that we could attach an analog of compound 1 to a
resin by placement of an appropriate linker at C-5 without affecting
the metalloprotease binding profile, since it was believed that the P1
substituent was primarily solvent exposed. Thus compounds 3 and 4
were prepared as mixtures of diastereoisomers at C-5 and were
shown to have a two-fold improvement in HER-2 shedding potency
compared to 1. (Table 1).

Although Wyeth recently disclosed the results of an SAR inves-
tigation that focused on variation of the P1 substituent to obtain a
potent and selective TACE inhibitor, at the inception of the study
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Table 1
Investigation of the SAR of the P1 substituent

W

HO

R3
R2

Compound R1 W R2,a R3

1 N
Ph NH ———Spiro-cyclopropyl———

3 N
Ph NH –CH2C(O)NH(CH2)5NHCbz H

4 N
Ph NH –CH2C(O)NH(CH2)5NH2 H

5 N N Ph NH ———Spiro-cyclopropyl———

6 N N Ph NH –CH2C(O)pyrrolidin-1yl H

7 N N Ph NMe ———Spiro-cyclopropyl———

8 N N Ph NMe –CH2C(O)pyrrolidin-1yl H

9 N N Ph NMe –CH2C(O)piperidin-1yl H

10 N N Ph CH2 H H

11 N N Ph CH2 ———Spiro-cyclopropyl———

12 N N Ph CH2 –CH2C(O)pyrrolidin-1yl H
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Figure 1. Design of HER-2 sheddase scavenger resin.
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described herein there were limited publications on the SAR of the
P1 group of metalloprotease inhibitors.9,10 Conventional SAR stud-
ies of metalloproteases focused primarily and often entirely on the
S10 pocket to achieve both potency and selectivity.11,12 This seren-
dipitous discovery that the potency of a sheddase inhibitor could
be attenuated by modifying the P1 substituent prompted further
investigation and the results of this study will be presented. In
the following discussion HER-2 shedding potency describes the
cellular inhibition of HER-2 sheddase and ADAM-10 potency de-
notes the enzymatic inhibition of HER-2 sheddase. The ADAM-10
data is used to evaluate the MMP selectivity, since the ADAM-10
and MMP assays are all enzymatic.5,8
O

NH

R1

O

HER-2 shedding Enzymatic binding IC50
c (nM)

IC50
b (nM) ADAM-10 MMP-1 MMP-2 MMP-3 MMP-9

359 323 >5000 998 >5000 >5000

137 302 >5000 1277 4999 1788

162 161 >5000 1662 >5000 >5000

52 120 >5000 200 >5000 650

28 19 — 8 — —

230 310 >5000 150 >5000 >5000

194 167 — 92 — —

102 77 — 81 — —

470 1545 >5000 180 —

100 196 >5000 106 >5000 577

99 64 >5000 271 >5000 1443



Table 1 (continued)

Compound R1 W R2,a R3 HER-2 shedding Enzymatic binding IC50
c (nM)

IC50
b (nM) ADAM-10 MMP-1 MMP-2 MMP-3 MMP-9

13 N N Ph CH2 –CH2C(O)piperidin-1yl H 60 58 >5000 321 >5000 1876

14 N N Ph CH2 –CH2C(O)4-Me-piperazin-1-yl H 100 30 >5000 68 >5000 2500

15 N N Ph CH2 –CH2C(O)morpholin-1-yl H 208 83 — 236 — —

16 N N Ph CH2 –CH2C(O)pyrrolidin-3R-OH-1yl H 226 111 — 156 — —

a Compounds 3–9 and 12–16 were 50/50 and 40/60 mixtures of diastereoisomers, respectively.
b Values are obtained from a BT-474 cellular HER-2 ECD shedding assay, see Ref. 7.
c See Ref. 8 for a description of the enzymatic assays.
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To ensure that the observed enhancement in HER-2 sheddase
activity resulting from modification of the P1 group was experi-
mentally significant, we prepared a second pair of compounds,
namely 5 and 6, and again observed that the acetamide derivative
6 is two-fold more potent than the parent cyclopropyl compound
5. We speculated that installation of an appropriate P1 group
may be particularly beneficial in improving the HER-2 potency of
core scaffolds that were initially deemed less promising than the
N–H piperidine core, even after optimal P1’ substituents were
attached.

Previously, we reported that N-methylation of the core piperi-
dine nitrogen resulted in a substantial loss in potency, as exhibited
by comparison of compounds 5 and 7, which precluded the N-
methyl piperidine core from consideration as a viable scaffold.6

To test our hypothesis that a moderately potent core could be con-
verted to a cogent scaffold by perturbation of the P1 substituent we
prepared the 5-(2-oxo-2-pyrrolidin-1-ylethyl)piperidine analog 8.
We were pleased to observe a two-fold increase in HER-2 enzy-
matic potency (ADAM 10) in comparison to the parent spiro-cyclo-
propyl compound 7, albeit the cellular potency (HER-2 shedding)
was only modestly improved. Exchanging the P1 pyrrolidine ring
of compound 8 with a piperidine ring to afford analog 9 resulted
in a two-fold boost in both cellular and enzymatic potency in com-
parison to 8. Comparison of analog 9 to the parent spiro-cyclopro-
pyl compound 7 reveals a two-fold and four-fold improvement in
cellular and enzymatic potencies, respectively. In addition to the
improved HER-2 shedding potency, compound 9 is equipotent in
ADAM-10 and MMP-2 binding, which is an improvement in selec-
tivity in comparison to the parent compound 7 that has a two-fold
higher affinity towards MMP-2 versus ADAM-10. Reexamination of
compounds 1 and 4 reveals a three-fold improvement in MMP-2
selectivity. These results might be a manifestation of a difference
between the HER-2 sheddase and MMP-2 within the S1 pocket
or S1 cleft, which may be further explored and exploited to achieve
the difficult task of obtaining MMP-2 selectivity. The attainment of
an MMP selective compound is desirable to avoid potential adverse
side effects such as musculoskeletal toxicity, which has been a clin-
ical liability for numerous MMP and TACE inhibitors.12

The cyclohexyl scaffold had been investigated and was initially
found to be less promising than the spiro-piperidine scaffold as
demonstrated by comparison of compounds 5 and 10. Previously
we disclosed that the installation of a spiro-cyclopropyl group at
C5 of the piperidine core series increased both the cellular and
enzymatic potency by five-fold, which was attributed to the
spiro-cyclopropyl group conferring conformational rigidity to the
piperidine ring.6 Application of this strategy to the cyclohexyl tem-
plate had a similar effect on the potency as shown by compound
11. To further investigate the influence of the P1 group on the bind-
ing profile the 4-(2-oxo-2-pyrrolidin-1-ylethyl)cyclohexyl analog
12 was prepared and was shown to have a three-fold increase in
enzymatic HER-2 potency compared to the spiro-cyclopropyl com-
pound 11, albeit the HER-2 cellular potency remained constant.
Replacement of the spiro-cyclopropyl group of 11 with the P1
methylene amide moiety reduced the affinity towards MMP-2 by
approximately three-fold conferring analog 12 with four-fold
selectivity against MMP-2. This was a compelling improvement
to the spiro-cyclopropyl compound 11 which was two-fold more
potent against MMP-2 then ADAM-10. Comparison of analog 12
to the unsubstituted parent compound 10 revealed an even more
pronounced increase in enzymatic potency and MMP-2 selectivity,
in addition to a five-fold increase in HER-2 cellular potency.

In an effort to study the SAR of the P1 group a variety of P1
substituted analogs of compound 10 were prepared and the results
are discussed below. Enlargement of the P1 substituent of 12 to the
2-oxo-2-piperidin-1-ylethyl group 13 resulted in approximately a
two-fold increase in HER-2 cellular potency and a small increase
in MMP-2 selectivity. The observed two-fold enhancement in cel-
lular potency when changing from the pyrrolidine to the piperidine
P1 ring for compounds 12 and 13 was also observed in the N-
methyl piperidine analogs 8 and 9 and may be a manifestation of
an increase in lipophilicity. Increasing the polarity of the P1 group
of 13 by introduction of a heteroatom to afford the 2-(4-methyl-
piperazin-1-yl)-2-oxoethyl analog 14 and the 2-morpholin-4-yl-
2-oxoethyl analog 15 resulted in a two and three-fold decrease
in cellular potency, in agreement with the previous observation
that a lipophilic group is favored for HER-2 cellular potency. Com-
pounds 14 and 15 also suffered from a two-fold loss in MMP-2
selectivity. These results may be indicative of a divergence be-
tween HER-2 sheddase and MMP-2 within the S1 region, with
HER-2 sheddase preferring hydrophobic groups and MMP-2 prefer-
ring hydrophilic groups. Increasing the polarity of the 4-(2-oxo-2-
pyrrolidin-1-ylethyl) cyclohexyl compound 12 by the introduction
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of a hydroxyl group at the 3-position of the pyrrolidine to afford
analog 16 resulted in a two-fold loss in HER-2 shedding potency
and a three-fold loss in MMP-2 selectivity, in agreement with the
previously proposed hypothesis.

Compound 13 was identified as a lead compound within the
cyclohexyl core scaffold series and in an effort to further increase
the potency the diastereoisomers were separated and the 5-S-dia-
stereoisomer 17 was found to be 10-fold more potent than the 5-R-
epimer 18 (Table 2). In an effort to increase the selectivity towards
MMP-2 and MMP-9 the P10 group was modified to the 4-(3-isopro-
pylphenyl)-piperazin-1-yl amide 19, which was recently shown to
have an excellent selectivity profile in the piperidine scaffold.13

Compound 19 had a greater than three-fold loss in cellular potency
that was inconsequential in lieu of the 36- and five-fold accession
in selectivity towards MMP-2 and -9, respectively, in comparison
to the corresponding parent S-epimer 17.

Based on the data presented thus far it appears that the P1 sub-
stituent is interacting with either the S1 pocket or the cleft of the
pocket and is not simply solvent exposed, as initially believed. This
hypothesis is supported by the observed divergence between HER-
2 sheddase and MMP-2 with regards to the preferred polarity of
the P1 group. However, it can not be discounted that the P1 group
may also be inducing global conformational changes, which may
contribute to permutations of the P10 group and thus result in
attenuation of the metalloprotease binding profile.

The general synthetic route used to prepare the P1 substituted
piperidine scaffold compounds is outlined in Scheme 1. Ozonolysis
of the previously disclosed 5-methylenepiperidine 21 afforded the
desired ketone, which was subsequently subjected to the Wittig
Table 2
Investigation of the stereochemistry at C5

R

C5 stereocenter

Compound R1 R2 C5 HER

IC50

13 N N –CH2C(O)piperidin-1yl S/R 60

17 N N –CH2C(O)piperidin-1yl S 18

18 N N –CH2C(O)piperidin-1yl R 170

19
N

–CH2C(O)piperidin-1yl S 67

20
N

–CH2C(O)piperidin-1yl R NAc

a Values are obtained from a BT-474 cellular HER-2 ECD shedding assay, see Ref. 7.
b See Ref. 8 for a description of the enzymatic assays.
c Not active.
reaction with methyl(triphenylphosphoran-ylidene)acetate.6 The
a,b-unsaturated ester 22 was reduced and the Bn and Cbz protect-
ing groups were removed under an atmosphere of H2(g) in the
presence of 10% Pd/C. The P10 substituent was installed by BOP re-
agent-mediated amide coupling to afford 23. The C5 b-ester was
hydrolyzed under basic conditions and subjected to amide cou-
pling to install the P1 group to afford 24. The tert-butyl protecting
group was removed by treatment with TFA followed by BOP-med-
iated amide coupling to afford the desired hydroxamic acid 3. The
Cbz protecting group of compound 3 was removed by treatment
with H2(g) in the presence of 10% Pd/BaSO4 to afford the free amine
4.

The general synthetic route for the P1 substituted cyclohexyl
core analogs 12–20 is outlined in Scheme 2. The synthesis began
with the enantioselective methanolytic desymmetrization of the
cyclic meso anhydride 25 using pig liver esterase to afford the
mono-carboxylic acid 26.14 The carboxylic acid 26 was converted
to the tert-butyl ester and the remaining methyl ester was che-
moselectively hydrolyzed under basic conditions to afford 27. Epi-
merization at the C6 stereogenic center of 27 was achieved by
treatment with potassium tert-butoxide to produce a 1:4 mixture
of diastereoisomers 28 and 29. Iodolactonization of the alkene fol-
lowed by reduction of the remaining iodide by treatment with tri-
ethylsilylhydride and AIBN afforded 30 and the corresponding
diastereoisomer, which were separated by conventional flash col-
umn chromatography. The lactone 30 was ring opened and the
resulting carboxylic acid was protected as the benzyl ester. Swern
oxidation of the secondary alcohol afforded the ketone 31, which
was subjected to the Wittig reaction and a series of sequential
∗
O

NH
HO

R1

O

2

-2 shedding Enzymatic binding IC50
b (nM)

a (nM) ADAM-10 MMP-1 MMP-2 MMP-3 MMP-9

58 >5000 321 >5000 1876

15 >5000 100 >5000 683

165 — 1090 — —

21 >5000 >5000 >5000 >5000

915 — >5000 — —
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deprotection/BOP-mediated amide coupling reactions analogous to
that described above for the synthesis of the core piperidine
analogs.

The pure diastereoisomer analogs 18–21 were initially prepared
from the chiral separation of either the triester intermediate 32 or
the amide 34 and the stereochemical assignments were deduced
from extensive NOE, COSY, HSQC, and HMBC NMR experiments.
Reduction of the alkene using the conventional catalyst 10% Pd/C
under an atmosphere of H2(g) afforded a 40:60 ratio of the 36-R
and 36-S diastereoisomers. The diastereomeric ratios were based
on chiral HPLC analysis of the triester derivatives 37-R and 37-S.
In an effort to stereoselectively form both diastereoisomers, a vari-
ety of homogeneous catalysts and ligands, both chiral and achiral,
were examined under a variety of reaction conditions. All of the
reaction conditions examined thus far have resulted in a prefer-
ence for the formation of diastereoisomer 36-R. For example, the
ratio of diastereoisomers using [Rh(I)(cod)Cl]2 in the presence of
the chiral ligands (S)- and (R)-BINAP afforded a 95:5 and 80:20 ra-
tio of the 36-R and 36-S diastereoisomers, respectively. Unfortu-
nately, the preferred 36-R diastereoisomer of the homogeneous
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catalyzed reduction is the less active HER-2 sheddase inhibitor,
which has led to an ongoing investigation to prepare the active iso-
mer stereoselectively.

In summary we have demonstrated that perturbation of the P1
substituent may be a useful tool to modify the metalloprotease
binding profile of a HER-2 sheddase inhibitor and may serve to
augment the influence of conventional P10 permutations, particu-
larly when P10 modifications have reached a plateau. The apparent
divergence between HER-2 sheddase and MMP-2 within the S1
pocket and/or surrounding cleft is of particular utility, since there
is a high level of homology within the S10 subsite and achieving
MMP selectivity via P10 alterations can prove to be an arduous task.
The encouraging results presented thus far prompted a compre-
hensive study of the SAR with regards to the P1 group and the re-
sults of this study are impending.
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