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Non-peptidic inhibitors of procollagen C-proteinase (PCP) were designed from substrate leads. Com-
pounds were optimized for potency and selectivity, with N-substituted aryl sulfonamide hydroxamates
having the best combination of these properties. Compounds 89 and 60 have ICso values of 10 and
80 nM, respectively, against PCP; excellent selectivity over MMP’s 1, 2, and 9; and activity in cell-based
collagen deposition assays.

© 2012 Elsevier Ltd. All rights reserved.

Fibrosis is a pathological condition in which the normal wound
healing process goes awry, culminating in the excessive production
and deposition of collagen, the major component of scar tissue, in
the extracellular matrix.!? The disregulated formation of scar tis-
sue may occur in any organ, hindering function and potentially
leading to organ failure. Post operative and dermal scarring may
result in a variety of complications including physical restriction
or disfigurement. Currently, there are no adequate therapies for fi-
brotic conditions; new anti-fibrotics are needed for both systemic
and topical applications.

Procollagen C-proteinase (PCP, also known as bone morphoge-
netic protein-1) is a zinc metallo endopeptidase of the astacin fam-
ily that cleaves both pro-collagen and non-collagen substrates
involved in forming functional collagen fibrils. As such it is an
attractive anti-fibrotic target.>~> Types I-IIl collagens are initially
excreted as pro-collagen peptides which contain solubilizing N
and C terminal sequences. Cleavage of the globular C-terminal se-
quence is necessary to convert soluble pro-collagens into fully
formed, insoluble, collagen fibrils. In addition, PCP processes pro-
lysyl oxidase to its active form, which catalyzes the crosslinking
of collagens, contributing to the structural stability of collagen fi-
brils. Inhibition of PCP is expected to disrupt fibril formation and
stability, preventing the excess collagen deposition associated with
fibrosis.%”’

Herein we describe the evolution and SAR of a series of potent,
selective, non-peptidic PCP inhibitors as part of our anti-fibrosis
programs. Starting from peptide-based PCP inhibitors and
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substrates, we devised alternative scaffolds which were elaborated
through iterative modifications into promising leads.

Design of initial peptidic inhibitors was guided by studies of
truncated PCP substrates. PCP cleavage sequences in known en-
zyme substrates types I, II, and III collagen indicate a substrate
preference for P3: Met or Tyr; P2: Arg or Tyr; P1: Ala or Gly; P1’:
Asp, P2': Asp, Glu, or Gln; P3’: Ala or Pro. A series of short peptides
derived from procollagen I-IIl sequences were examined as possi-
ble PCP substrates, measuring relative rates of cleavage to identify
preferred peptide structures (Table 1). Of those tested, an octapep-
tide derived from the o1 strand of type III collagen, 1, demon-
strated the highest rate of cleavage. Limited truncation of 1 at
either the C or N termini retained activity, though further deletions
lead to substantially reduced cleavage by PCP. In addition, an ala-
nine scan of peptide 1 confirmed that the P1’ aspartic acid was crit-
ical for recognition in this sequence, as illustrated by the complete
lack of activity against peptide 9.

Replacing the scissile bond in analogs of peptide 1 with zinc
binding groups such as thiols, hydroxamic acids, and carboxylic
acids provided initial inhibitors (Fig. 1). The hydroxamate capped
aspartate-glutamate mimetic 10, a mixture of 2 diastereomers
with an ICsg of 40 1M, was the most effective peptide-based inhib-
itor.® Other zinc chelating functionalities were less potent: a car-
boxylic acid analog 11, ICso: 1500 M, was substantially lower in
activity while thiol 12 showed only moderate activity with an
ICso of 85 uM. Incorporation of a hydroxamate at the carboxy
terminus of the scissile bond of peptide 1 was also effective: the
tetra-peptide hydroxamate 13 inhibited PCP with an ICsy of
42 pM. Concurrent with this work others reported hydroxamate
dipeptides mimicking P1’ and P2’ side chains, which were more
effective then those derived from a N-terminal sequence.’
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Table 1
Relative order of PCP activity on pro-collagen peptides

Substrate Peptide sequence Collagen chain PCP activity?
1 Ac-PYYG-DEPM-NH, o 1(1IT) et
2 Ac-PYYG-DEP-NH, o 1(111) +++
3 Ac-FYRA-DQPR-NH, o2(I) ++
4 Ac-YYG-DEPM-NH, o1(111) ++
5 Ac-PYYG-DE-NH, o 1(10) ++
6 Ac-YYRA-DDAN-NH, al(l) +
7 Ac-FAPYYG-DEPMDF-NH, o1(111) +
8 Ac-PYYG-D-NH, o 1(I0) -
9 Ac-PYYG-AEPM-NH, — —
2 Relative rates of peptide cleavage by PCP.
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Figure 1. Peptidic PCP inhibitors derived from peptide 1.

Other core scaffolds were explored using hydroxamates as the
key zinc chelating group. Modifying dipeptides such as 10 by
replacing the central amide with a sulfonamide was envisioned
to display potential Py, P,’ mimicking side chains and zinc binding
functionality from an alternative scaffold. Surprisingly, our initial
survey of N-substituted sulfonamide hydroxamates revealed that
the diacid functionalities preferred in substrates were not neces-
sary for potent inhibitory activity. Similar findings have been re-
ported by others where hydroxamate bearing scaffolds with
hydrophobic substituents have demonstrated potent binding.'%-14

A hydroxamate inhibitor utilizing a N-arylsulfonamide aspartic
acid core, 14, ICso: 10 uM, showed greater potency then our initial
peptidyl Asp-Glu mimetic 10 (Fig. 2). Examples with acidic func-
tionality displayed from the sulfonamide nitrogen resulted lower
affinity, 15: ICsq of 345 puM, but replacing this acidic group with a
benzyl group retained comparable binding, 16: ICso of 16 uM.
Compounds containing both a carboxylic acid at the C-o position
and a N-benzyl functionality further increased inhibitory potency,
17: ICso of 2.8 uM, but had liabilities of decreased activity in cell-
based assays and potential stability concerns due to observed
intramolecular cyclization to a less active species. Therefore, 16
was chosen as an starting point for optimization.

To determine optimal placement of aromatic and zinc chelating
groups, a homologous series of sulfonamides was synthesized
around compound 16. Hydrocarbon spacers of varying lengths
were incorporated between the sulfonamide nitrogen and both
the hydroxamate functionality and the phenyl substituent. Of
those tested, ethyl spacers were identified as preferable for both
substituents. Compound 22, a =2, b =2, with an ICso of 900 nM,
displayed a substantial improvement over the initial peptidyl
hydroxamate inhibitors (Table 2).

The compounds in Tables 2-4 were prepared via three general
synthetic methods. (Fig. 3, schemes I-III) In the first route, an ami-
no ester 26 and an aldehyde 27 were condensed via a reductive
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Figure 2. Preliminary sulfonamide based leads.

amination using sodium triacetoxyborohydride or sodium cyano-
borohydride as the hydride source. In the second route, Michael
addition of a primary amine 30 into an acrylate ester provided a
N-propanoate ester functionalized amine 28. In both routes, the
resulting secondary amine, 28, was next coupled with the appro-
priate sulfonyl chloride in the presence of a base, typically triethyl-
amine, to form the elaborated tertiary sulfonamide. Alternatively,
in the third method, the secondary sulfonamide 32 is formed first
by reacting amine 30 and sulfonyl chloride 31 in the presence of
base, followed by alkylation of the sulfonamide nitrogen with an
alkylbromide ester. In all three routes, the esters of the penulti-
mate compounds were converted to the desired hydroxamic acids
29 by displacement of the alkoxy substituent using excess hydro-
xyl amine in methanol at room temperature.

Optimization of the sulfonamide substituent R! was undertaken
to identify substituent preference at this position (Table 3). Varying
the R! group in 2 series, which contained either methylene or eth-
ylene linked hydroxamic acids (b =1,2), showed that the ethylene
spacer was preferred. Mid micromolar potency inhibitors could
be obtained with methylene linked hydroxamates, but examples
such as 41, showed a much higher potency against MMP’s thought
to be critical to wound healing such as MMP 2 and 9 where it had
ICso values of 0.14 and 0.05 pM respectively, with moderate PCP
activity, ICsg = 19 pM. In the ethylene linked hydroxamic acids ser-
ies, a variety of alkyl and aryl functionality retained micromolar
potency for this class, with the most potent of these compounds
bearing a phenethyl, 24, or para-methoxy phenethyl, 48, at the
R! position. Retaining these preferred substrates at R!, optimiza-
tion of the aryl sulfonamide portion of the molecule, R, was exam-
ined next.

While a variety of R groups retain micromolar activity, appro-
priate substitution at the para position of phenylsulfonyl groups
provided several sub-micromolar inhibitors (Table 4). The para-
phenylsulfonyl hydroxyl imidamide analog, 60, ICso=80nM,
showed excellent potency and selectivity versus MMP 1, 2, and 9.
Similarly, a para-methyl sulfonyl group, 65: ICso = 0.29 uM, was
moderately potent and displayed excellent selectivity when
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Table 2
Optimization of spacers for sulfonamide series

OMe
T Y
HO‘HJ\\\’TN‘S

b 02
Compound a: (CH2), spacer b: (CH,)x spacer ICso
number length length (uM)
18 0 1 69
16 1 1 16
19 2 1 18
20 0 2 3
21 1 2 4.5
22 2 2 0.9
23 0 3 28
24 1 3 10
25 2 3 4.9
Table 3

Optimization of spacers for sulfonamide series

HO\NJ\/N\/S
H d

N

(0]

Compound b: (CH;)x spacer R! ICs50 (ULM)
15 1 CH,CO,H 345
33 1 Adamantyl @
34 1 sec-Butyl 112
35 1 CHy(4-F-Ph) 34
36 1 CH,CO,n-Bu 167
37 1 4-MeO-Ph 73
38 1 CH,CH,(4-MeO)Ph 18
39 1 CH,(4-MeO-Ph) 29
40 1 CH,(4-CF3-Ph) 67
11 1 CH,(4-Cl-Ph) 19
42 1 CH(Ph), 102
24 2 CH,CH,Ph 0.9
43 2 CH,CH,-N-morpholinyl 81
44 2 sec-Butyl 1.7
45 2 CH,-cyclhexane 1.0
46 2 CH,CH,(2-pyridyl) 8.1
47 2 4-MeO-Ph 1.7
48 2 CH,CH,(4-MeO-Ph) 1.0
49 2 CH,CH,(3-MeO-Ph) 2.3
50 2 CH,CH,(2-MeO-Ph) b
51 2 CH,CH,(4-NO,-Ph) 11
52 2 CH,CH,(4- NH,S0,-Ph) 23
53 2 CH,CH,(3,4-diMeO-Ph) 42
54 2 H 166

# 9-21% Inhibition at 10 pM.
P 45% Inhibition at 10 uM.

counter screened against MMP 2 & 9 (ICsq >6 uM for both MMPs).
The scaffold of 65 was utilized to screen alternative zinc chelating
functionalities.

Hydroxamate containing compounds have potential liabilities
as systemic drugs: rapid metabolism or excretion, hydrolysis to re-
lease hydroxyl amine, and promiscuity for other zinc utilizing en-
zymes.!>18 Therefore, alternative zinc binding functionalities were
incorporated into this scaffold to determine effects on potency (Ta-
ble 5). The syntheses of several non-hydroxamic acids analogs of
65 are summarized in Figure 4. The synthesis of the o-keto thiols
68 and 69 are shown in the first scheme, 4-1. The secondary sulfon-
amide 74, synthesized by condensing 4-methoxyphenethylamine
with 4-(methylsulphonyl)benzene-sulfonyl chloride, was alkylated

Table 4
Optimization of sulfonamide substituent R

X
(0]
HO. J\(VTN\

H b
Compound X b: (CHz)x R 1Cs0 (UM)
55 OMe 2 n-Bu 6.7
56 OMe 1 n-Bu 55
57 H 2 Ph 2.2
58 H 2 4-CO,H-Ph 1.0
59 OMe 2 2-CO,H-Ph 2
60 OMe 2 4-(C(=NOH)NH;)-Ph 0.08
61 OMe 2 3-(C(=NOH)NH)-Ph 0.40
62 OMe 2 2-(C(=NOH)NH,;)-Ph 7.1
63 OMe 2 4-(Ph-C(=0)NH)-Ph 0.41
64 OMe 2 4-(Ph-SO,-NH)-Ph 0.47
65 OMe 2 4-SO,Me-Ph 0.29
66 OMe 2 2-SO,Me-Ph 9.1
67 H 2 4-tBu-Ph 17

# 32% inhibition at 10 pM.

with either allyl bromide or 4-bromo-1-butene. The resulting al-
kenes were then epoxidized with mCPBA to give 75. The epoxide
rings were opened with thioacetic acid, and oxidized with PCC to
produce the acetate protected o-keto thiols. The acetate was re-
moved with hydrazine, which minimized competing B-elimination
of the sulfonamide in the case of 69, to produce compounds 68 and
69.

The synthesis of N-hydroxy urea 70 was accomplished as shown
in Figure 4-II. The sulfonamide 73 was alkylated with bromoacet-
aldehyde diethyl acetal. The protected aldehyde was unmasked
under acidic conditions and condensed with hydroxylamine to give
the oxime 75. The oxime was reduced to the hydroxylamine and
N-acylated with TMS-isocyanate, which upon TMS exchange
furnished the desired N-hydroxy urea 70. Thiols 71 and 72 were
prepared as depicted in Figure 4-IIIL In the case of 71, N-alkylation
of 73 with 1-chloro-3-iodopropane and subsequent conversion
of the chloropropane substituent into a mercaptopropane via dis-
placement with thioacetic acid and hydrolysis to afford the desired
propanethiol 71. In the case of 72, a hydroxyethyl substituted
sulfonamide was synthesized by mesylation of 2-(4-methoxy-
phenyl)ethanol, N-alkylation of ethanol amine, and reaction of
the secondary amine with 4-(methylsulfonyl)benzene sulfonyl
chloride to give the ethanol substituted sulfonamide 76. The
alcohol was then mesylated, displaced with thiolacetic acid, and
hydrolyzed to give the desired ethanethiol 72.

As shown in Table 5, replacement of the hydroxamate function-
ality of 65 with other zinc chelating functionalities, including thi-
ols, o-keto thiols, hydroxy-ureas, and carboxylic acids
substantially decreased inhibitory potency. Variation in linker
length produced only minor changes in potency. While thiol con-
taining compounds 68 and 72 retained micromolar activity, poten-
tial limitations of thiols as drug-like functionality prioritized
continued optimization of our hydroxamates leads.

In the next iterative optimization, we fixed 4-methoxypheneth-
yl as the R! group and ethyl-hydroxamic acid as the zinc binding
functionality while the para position of the aryl sulfonamide was
diversified further, (Table 4) since compounds with hydroxyl imi-
damide, amide, and sulfonamide moieties provided sub-micromo-
lar inhibition and improved selectivity. For example, compound 60
showed excellent potency; selectivity versus select MMPs, where
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Figure 3. General synthesis of hydroxamates 15-67 and conditions: R = Et or Me;
(a) NaHB(OAc)s, TEA, DCM, rt, or NaBH5CN, AcOH, MeOH, rt; (b) CISO,Ar, TEA, DCM,
rt; (c) NH,OH, MeOH, rt; (d) EtOH, reflux; (e) TEA, DCM, rt; (f) Br(CH,),COR, NaH,
Nal, DMF, 90 °C.

Table 5
Comparison of zinc chelating groups incorporated into compound 65 scaffold

OMe
o P
IO
Xy yN<
Mn /,S\\
o O

Compound Number n X 1G5 (LM)
65 2 -CONHOH 0.29
68 1 -COCH,SH 4.7
69 2 —COCH,SH 13
70 2 _N(OH)CONH, >100
71 3 -SH 14
72 2 -SH 9.4

ICs0’s for MMP 1, 2, and 9 were all greater than 25 puM; and low
cytotoxicity, as measured against proliferation of 3T3-L1 cells, with
an ICsq of 150 pM. Therefore we examined polar linking groups for
the attachment of diversifying R? and R® groups at this position.
Utilizing a urea to display hydrophobic substituents from the 4-
postion of the phenylsufonamide, 80, resulted in several promising
compounds. Syntheses of sulfonamide-ureas were accomplished
by two general methods (Fig. 5). First, the isocyante of 4-isocya-
nate-phenylsulfonylchloride, 77, was chemoselectively coupled to
an amine to produce the appropriate di or tri substituted urea-sul-
fonyl chloride 78, which was then elaborated via our standard
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Figure 4. Synthesis of non-hydroxamate inhibitors. n=1 or 2; R=CH,CH,(4-
MeOPh); Conditions (yields, n=1 and n = 2): (a) TEA, DCM, rt (93%); (b) NaH, DMF,
rt (n =1); NaH, DMF, TBAI, 60 °C (n = 2), (50%); (c) mCPBA, DCM, rt (26% two steps,
75%); (d) AcSH, rt to 40 °C (69%, 65%); (e) PCC, celite, DCM, rt, (88%, 96%); (f)
Hydrazine, THF/DMF, —10 to —18 °C (91%, 90%); (g) NaH, BrCH,(OEt),, TBAI, DMF,
80 °C (50%); (h) TsOH, Acetone, reflux (76%); (i) NH,OH, NaHCO3, EtOH/THF, rt,
(97%); (j) PyrBHs, THF 0 °C (90%); (k) TMS-NCO, dioxane, rt (quant); (1) H,0, (40%);
(m) NaH, ICH,CH,Cl, DMF, rt; (n) AcSH, K,CO3, DMF, 60 °C (40% for 2 steps); (0)
LiOH, THF/H,0, rt (42%); (p) MsCl, TEA, DCM, 0 °C to rt (70%); (q) ethanolamine, TEA,
THF, rt (92%); (r) CISO,Ph(4-SO,Me), TEA, DMF, rt (85%); (s) MsCl, TEA, DCM, 0 °C to
rt (94%); (t) AcSH, DMF, Cs,COs, rt (92%); (u) LiOH, THF/H,O/EtOH, rt, (72%).
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Figure 5. Synthesis of ureas. Conditions: (a) NHR?R>; THF, 0 °C; (b) EtOH, reflux; (c)
78, TEA, rt; (d) NH,0H, MeOH, rt; (e) CISO,Ph-NO,, TEA, DCM, rt; (f) HCO,NH,4, Pd/C,
MeOH/EtOAc, reflux; (g) R-NCO, DCM, reflux.

Table 6
Optimization of spacers for sulfonamide series 81

o OMe
HO. J\/\
Ny
O=
AW
2
N N~ R
Ho Lo
Compound R? R3 ICs0 (UM)
82 Ph H 0.093
83 4-MeO-Ph H 0.35
84 4-CF3-Ph H 0.042
85 Bn Bn 0.38
86 Ph Ph 0.78
87 4-Ph-Ph H 0.073
88 4-Cl-Ph H 0.30
89 Bn H 0.010
90 CH,CH,Ph H 0.030
91 Me H 0.060

reaction sequences to hydroxamates 80. In the second method, an
4-aminophenylsulphone intermediate 81 was prepared from

reduction of a 4-nitro precursor. Reaction of the amine with vari-
ous isocyanates gave disubstituted ureas. The final compounds
were, again, produced by conversion of the esters to hydroxamic
acids 80 with hydroxyl amine.

The ureas gave substantial improvement over the previous
para-substituted analogs, with ICsqy values in the low to mid nano-
molar range (Table 6). Trisubstituted ureas bearing a benzyl or
phenyl substituent at R> were less potent then the corresponding
disubstituted analogs, as seen in compounds 85 versus 89 and 82
versus 86.

The urea 89 was identified as a potent inhibitor of PCP with an
ICsp of 10 nM. When tested in a cellular assay, measuring inhibition
of collagen deposition in HFF cell cultures,'® 89 displayed an ICsq of
1 uM. The compound showed excellent selectivity versus several
matrix metalloproteinases (MMP-1 ICso >25 uM; MMP-2 ICsq
>25 uM; and MMP-9 ICsq >25 nM). Compounds 89 and 60 possess
promising properties for the development of topically applied anti-
scarring therapeutics. The additional optimization of this class of
inhibitors to improve the DMPK properties may also provide new
systemic anti-fibrotic agents.
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