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Succinyl hydroxamates 1 and 2 are disclosed as novel series of potent and selective inhibitors of procol-
lagen C-proteinase (PCP) which may have potential as anti-fibrotic agents. Carboxamide 7 demonstrated
good PCP inhibition and had excellent selectivity over MMPs involved in wound healing. In addition, 7
was effective in a cell-based model of collagen deposition (fibroplasia model) and was very effective at
penetrating human skin in vitro. Compound 7 (UK-383,367) was selected as a candidate for evaluation
in clinical studies as a topically applied, dermal anti-scarring agent.

� 2008 Elsevier Ltd. All rights reserved.
Fibrosis is a complex process which is characterized by exces-
sive accumulation of extracellular matrix (ECM), principally type
I collagen.1,2 In the case of wounds to the skin, dermal fibroblasts
respond to activation by transforming growth factor-b (TGF-b1)
by releasing soluble procollagens and procollagen C-proteinase
(PCP; EC 3.4.24.19 also known as BMP-1).3–5 Proteolytic cleavage
of the C-terminal propeptide of types I, II, and III procollagens by
PCP affords collagen, which undergoes self-assembly into fibrils
followed by cross-linking to give an insoluble collagen matrix.
The excessive accumulation of ECM by these processes leads to
the formation of scar tissue.6 Hence, inhibition of PCP activity7

was identified as an attractive point at which to intervene in the
collagen deposition pathway.

In this letter, we now describe the detailed SAR which lead to
the identification and optimization of oxadiazoles 1 and oxazoles
2 as potent and selective non-peptidic inhibitors of PCP. Further-
more, one of these compounds, 7 (UK-383,367) was selected as a
All rights reserved.
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candidate for clinical evaluation as a topically applied, dermal
anti-scarring agent.8
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Previously, we have described the identification of the succinyl
hydroxamate template by a combination of file screening of li-
braries of matrix metalloproteinase (MMP) inhibitors and specific
structural modifications; these efforts furnished oxadiazole ester 6
as a starting point for optimization (Fig. 1).8,9 Although it was clear
that the lipophilic side chain of 6 played an important role in regu-
lating activity against PCP (compare 3 vs 4 and 5 vs 6), it was
decided to explore replacements for the chemically and metaboli-
cally vulnerable C3-ester group in the first phase of analogue
synthesis. In particular, the effect of simple carboxamide substitu-
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Figure 1. Summary of key structures in the identification of succinyl hydroxamate
lead series by a combination of file screening and specific structural modifications.

Table 1
PCP and MMP-2 inhibition by oxadiazole carboxamides 7–21a,b

NR
1
R

2

O

N
HOHN

O N

O

7-21

Compound NR1R2 PCP IC50 (nM) MMP-2 IC50 (nM)

7 NH2 44 >60,000
(S)-7 NH2 >2000 NT
8 NHMe 28 >30,000
9 NMe2 10 >100,000
10 NH-nPr 32 21,700
11 NH-i-Pr 21 >100,000
12 NHCH2-cPr 33 >30,000
13 NHCH2Ph 57 NT
14 NHCH2(2-Py) 37 >30,000
15 NHCH2CO2H 21 >100,000
16 Pyrrolidine 43 NT
17 Piperidine 26 74,900
18 Morpholine 25 NT
19 4-Methylpiperazine 54 NT
20 N(Me)CH2Ph 65 81,800
21 N(Me)CH2(2-Py) 40 50,500

a See Ref. 9 for complete details of assay conditions. IC50 values are geometric
means of at least three experiments. Differences of <2-fold should not be considered
significant.

b NT denotes not tested.
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ents on the oxadiazole ring was assessed, and, as an initial venture –
CONH2 (7), –CONHMe (8), and –CONMe2 (9) were prepared and
screened for inhibition of PCP activity.

These carboxamides furnished promising leads as 7–9 all had
PCP inhibitory activity equivalent or superior to ester 6 and no sig-
nificant MMP-2 activity (Table 1). tert-Amide 9 was the most po-
tent inhibitor (IC50 10 nM) of this set and gave encouragement
that potent, selective inhibitors of PCP could be achieved. Hence,
a more detailed investigation of the SAR of the carboxamide substi-
tuent was undertaken in both the oxadiazole (1) and oxazole (2)
templates.

The synthesis of oxadiazole target compounds 7–21 (Table 1)
were prepared as described in Scheme 1. N-Hydroxy amidine 27
was coupled with (R)-succinic acid mono-ester 2610 to give the
O-acyl derivative 28 and then thermal cyclodehydration of 28 in
xylene created the 1,2,4-oxadiazoles 29. Two general methods
were used to install the 3-carboxamide: either selective deprotec-
tion of the tert-butyl esters with TFA gave carboxylic acid 30 and
then treatment with amines HNR1R2 gave amides 31, or alterna-
tively, these two steps were reversed (i.e., 29 ? 32 ? 31). Finally,
activation of the carboxylic acid 31 with i-BuOCOCl followed by
reaction with TMSONH2 and methanolic work-up afforded
hydroxamates 7–21. The (S)-enantiomer (S)-7 was prepared by
an identical sequence but starting with (S)-26.

The oxazoles target compounds 22–25 (Table 2) were prepared
using a similar overall synthetic strategy as for the oxadiazoles but
employed the methods of Wipf11 for the creation of the oxazole
ring (Scheme 2). (R)-Succinic acid mono-ester 26 was esterified
with an appropriate L-serine (33) or L-threonine (34) derivative
to afford the alcohols 35 and 36, respectively. Reaction of ser-
ine-derived alcohol 35 with the Burgess reagent promoted cyc-
lodehydration to oxazoline 37, which then underwent
aromatization to the corresponding oxazole by treatment with
CuBr2/DBU.12 At this point, a protected hydroxamic acid group
was introduced to give 38 prior to hydrolysis of the ethyl ester
and amide formation under standard conditions. Finally, the
hydroxamate benzyl protecting group was cleaved by hydrogen-
olysis to give 22 and 23. A different order of chemical steps was
employed for the fully substituted 5-Me-oxazole targets 24–25.
Oxidation of the secondary alcohol 36 using the Dess–Martin re-
agent gave the keto-amide 39 which underwent ring closure by
the action of PPh3-I2 to afford 4013 Oxazole 40 was converted to
the targets 24–25 using transformations similar to those de-
scribed above.

All target compounds (Tables 1 and 2) were tested for their abil-
ity to inhibit the PCP mediated cleavage of a fluorogenic peptide
substrate.14 Selected compounds were then routinely assessed
for physicochemical properties consistent with transepidermal
delivery (TED)15 (mp > 110 �C; aq solubility > 50 lg/ml; stability
under autoclave conditions), and for selectivity over MMPs in-
volved in wound healing.16 Inhibition of PCP activity was con-
firmed for selected compounds with the endogenous substrate
procollagen. Finally, preferred compounds were evaluated in an
in vitro cell-based model of collagen deposition (fibroplasia mod-
el)17 and for their ability to penetrate human skin in vitro.18

A wide variety of amide substituents were tolerated at the C-3
position of the oxadiazole (Table 1). Thus, the primary amide 7,
n-alkyl secondary amides 8 and 10, as well as those with branching
at the a- or b-carbon, 11 and 12, respectively, all inhibit PCP with
IC50s in the 20–45 nM range. The benzylamide, 13, does show a
small, 2-fold, drop in potency compared with the methyl amide
8. However, activity is largely restored when a heteroaryl ring is
featured as in compound 14. The presence of a carboxylic acid
group, as in 15, did not detrimentally influence activity.
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Scheme 1. Synthesis of oxadiazole 3-carboxamides 7–21. Reagents and conditions: (a) WSCDI, HOBt, 1,4-dioxane, 0 �C ? rt; (b) xylene, 130 �C; (c) TFA, CH2Cl2, 0 �C ? rt; (d)
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A similar pattern was observed with tertiary amides 16–21,
with acyclic and cyclic moieties all having relatively little influence
on enzyme inhibition. The presence of heteroatoms 18, and basic
centers 19 were well tolerated with only minor variations in the
observed potencies. Again, the incorporation of a benzyl group 20
gives rise to slightly weaker activity than that seen with other moi-
eties. Hence, it has proved difficult to improve PCP inhibitory activ-
ity below a plateau of IC50 < 20–45 nM.

It is of note that the absolute stereochemistry of chiral center
had a profound effect on PCP activity with the (R)-enantiomer
being superior (e.g., (R)-7 vs (S)-7). Furthermore, no compound
had any significant inhibition of MMP-2 activity providing evi-
dence that the 6-cyclohexyl-N-hydroxyhexanamide backbone con-
fers good affinity for PCP and selectivity over MMP-2.

For the PCP inhibitors in Table 1, it was expected that the C3
amide group and the 1,2,4-oxadiazole ring would lie co-planar
due to favorable mesomeric stabilization. As a consequence, there
would be barriers to free rotation of the amide substituent about
the carbonyl-heterocycle bond. In contrast, it was expected that a
carboxamide directly attached at C4 of a 1,3-oxazole ring might al-
low additional favorable binding modes to become available. The
oxazole ring would allow the incorporation of a H- or Me-substitu-
ent at C5 and promote an out-of-plane conformation of the amide
through alleviation of steric congestion. Consequently, the
Table 2
PCP inhibition by oxazole carboxamides 22–25

NR
1
R

2

O

N
HOHN

O

O

X22-25

Compound NR1R2 X PCP IC50 (nM)

22 NH2 H 73
23 NMe2 H 45
24 NH2 Me 17
25 NMe2 Me 17
oxazoles 22–25 were prepared and screened for inhibition of PCP
activity (Table 2).

Comparison of PCP activity of C5-H oxazoles, 22 and 23, with
the corresponding oxadiazole analogues, 7 and 9, shows that activ-
ity is largely retained in the oxazole series but with a slight loss in
activity. In contrast, the C5-Me substituted oxazoles, 24 and 25, are
amongst the most potent PCP inhibitors identified in the carbox-
amide series.

These results prompted a more detailed analysis of the pre-
ferred conformation of the heterocycle-amide bond. Torsion angle
calculations predicted 7, 22, and 24 would all have a preference for
an in-plane conformation (Fig. 2) and these calculations were sup-
ported by a single crystal X-ray structure determination of 7 mono-
hydrate which also showed a planar arrangement of the
carboxamide and oxadiazole ring (Fig. 3).19,20 These results were
somewhat unexpected, and the observations/principles may prove
to have general utility in the design of azole derivatives. Hence we
concluded that the slight increase in affinity for 24 (and 25) was
due to an additional positive binding interaction between the C5-
Me and the protein structure rather than conformational effects.

Overall the data presented in Tables 1 and 2 indicated that the
contribution to PCP binding affinity provided by the heterocycle
and the carboxamide substituent was relatively minor and, conse-
quently, this amide position proved to be a good handle for tuning
the physicochemical properties.

From these experiments, primary amide 7 emerged as having a
superior combination of PCP activity (IC50 44 nM) combined with
selectivity over MMP-2 (>1000-fold) and physicochemical proper-
ties thought suitable for TED delivery, and so was selected for fur-
ther assessment.

Inhibition of PCP enzymatic activity was confirmed as amide 7
was found to inhibit the turnover of procollagen with a slightly en-
hanced potency (IC50 26 nM) (Table 3). Additional screening of 7
against a panel of MMPs showed no significant activity
(IC50 > 10,000 nM) (Table 3).

Amide 7 was then assessed for its potential to block collagen
deposition in an in vitro fibroplasia model (Table 3).17 After cultur-
ing human dermal fibroblasts for 8 days, 7 showed a dose-depen-
dant reduction in collagen deposition, both by histological
analysis and by quantification of hydroxyproline content. From
the quantitative hydroxyproline analysis, 7 inhibited collagen
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deposition by >70% at 10 lM and with an IC50 of approximately
2 lM.

The ability of 7 to penetrate human skin in vitro was measured
using standard transdermal assays. Human cadaver stratum cor-
neum was mounted in a Franz diffusion cell and exposed to a solu-
tion of 7 in 50% aqueous propylene glycol for 24 h. The
concentration of 7 passing through the skin to a receptor chamber
was measured and used to calculate a TED flux rate (Table 3).
Encouragingly, in this system 7 permeated through the skin with
a calculated flux value of 0.30 ± 0.09 lg/cm2/h which compared
O
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Figure 2. Torsion angle scan energy calculations of 7, 22, and 24 to illustrate the
lowest energy conformations of the carboxamide wrt the heterocycle. The lowest
energy structures are shown; the * indicating the atoms for which the torsion angle
was measured. The calculations were carried out using Density Functional Theory at
B3LYP/6-31G** level of theory (Jaguar v6.5).
favorably with values for agents which are known to penetrate skin
well in vivo.21 A more detailed analysis of the ability of 7 to pene-
trate human skin was then performed. When propylene glycol–cit-
rate buffer–ethanol (20:30:50) was employed as the TED vehicle,
the saturated solubility increased to 13,800 lg/ml and the TED flux
increased to 1.59 ± 0.56 lg/cm2/h.

Compound 7 was screened for off-target pharmacology against
a panel of receptors, enzymes and ion channels and was found to
have modest binding affinity for only the PDE-4 enzyme (69% inhi-
bition at 10 lM; non-subtype specific). Further evaluation showed
7 to have modest affinity for all the PDE-4 subtypes [IC50 (lM):
PDE-4a = 1.8; 4b = 1.5; 4c = 2.4; 4d = 0.9]. The consequences of this
weak PDE-4 activity was not clear although PDE-4 inhibition has
been shown to attenuate TGF-b mediated pro-collagen synthesis
and can also be considered a potential anti-fibrotic target.22

In the context of treating dermal scarring by TED delivery, it
was felt that a compound with low systemic exposure would
Figure 3. Single crystal X-ray structure determination of 7 monohydrate which
shows a planar arrangement of the 3-carboxamide and 1,2,4-oxadiazole ring.



Table 4
Pharmacokinetic parameters of 7 after single intravenous and oral administration to
rat and doga

Male rat (n = 2) Male dog (n = 2)

Intravenous dose (mg/kg) 2 0.5
Elimination half-life, T1/2 (h) 0.8 1.5
Plasma clearance, Cl (ml/min/kg) 157 35
Volume of distribution, Vd (l/kg) 12 4.6

Oral dose (mg/kg) NT 2
Cmax (ng/ml) — 110
Tmax (h) — 0.5–1.5
Oral bioavailability, Fo (%) — 13

a NT denotes not tested.

Table 3
Summary of physicochemical properties, MMP selectivity, efficacy in the fibroplasia model and ability to penetrate human skin for compounds 7 and 9a,b

7 9

Physicochemical properties:
Mw 324 352
Log D7.4 2.6 3.6
pKa 9.0 NTc

Mp (�C) 136–138 Oil
Satd aqueous solubility in PBS (pH 7.4) (lg/ml) 35 900

PCP activity:
Peptide substrate, IC50 (nM) 44 10
[3H]-procollagen, IC50 (nM) 26 9.3

MMP selectivity:
MMP-1, IC50 (nM) >10,000 NT
MMP-2, IC50 (nM) >60,000 >100,000
MMP-3, IC50 (nM) >10,000 28,000
MMP-9, IC50 (nM) >10,000 NT
MMP-14, IC50 (nM) >10,000 NT

Efficacy in the fibroplasia model:d

% I @ 10 lM 76 ± 5 67 ± 14
IC50 (nM) 2100 ± 500 NT

In vitro penetration through human skin in 50% aqueous propylene glycol (pH 6.8):e

Solubility, Co (lg/ml) 670 8260
TED flux (lg/cm2/h) 0.30 ± 0.09 2.6 ± 1.6

a See Ref. 9 for complete details of assay conditions.
b NT denotes not tested.
c pKa � 9.0 by analogy with the measured value for 7.
d Mean ± SEM (n P 4).
e Mean ± SEM (n = 6–10).
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minimize any potential safety concerns through any off-target
activity. Screening in ADME assays showed 7 to have low stability
in liver microsomes [T1/2 (min): HLM 19; DLM 9; RLM < 2] consis-
tent with high predicted clearance. Investigation of the primary
routes of metabolism in human, dog, and rat microsomes sug-
gested 7 was primarily metabolized at the hydroxamate group to
yield the corresponding carboxylic acid and primary carboxamide.
These metabolites were not inhibitors of PCP activity
(IC50 > 30 lM).

Pharmacokinetic data for 7 were generated in vivo in rat and
dog following intravenous and oral administration (Table 4).23 Fol-
lowing single intravenous administration to rat, the plasma clear-
ance of 7 was high (Cl 157 ml/min/kg) resulting in an elimination
half-life of 0.8 h. Concentrations were below the limit of quantifi-
cation (<0.1 lg/ml) after 2 h post-administration of the dose. Plas-
ma clearance in dog was lower than that observed in rat but still
high relative to liver blood flow. The oral bioavailability of 7 in
dog was low (13%) in keeping with the plasma clearance observed.
Following administration of 7 to the isolated perfused rat liver a
hepatic extraction rate of 75–86% was obtained, suggesting that
7 undergoes extensive hepatic clearance. These results would pre-
dict rapid systemic clearance following TED delivery.
Topical pharmacokinetics in vivo confirmed 7, dosed as a solu-
tion of 0.9 mg/ml in 50% aqueous propylene glycol, penetrated in-
tact pig skin with tissue levels in the upper dermis reaching a
steady state concentration of 10 lM after 24 h. Furthermore, no
systemic exposure of 7 was detected following topical administra-
tion in this model following repeat dosing over 7 days.

N,N-Dimethyl amide 9 was the most potent PCP inhibitor
(IC5010 nM) of this set and was also selected for further character-
ization (Table 3). Amide 9 was comparable to 7 in nearly all param-
eters except that it lacked a suitable crystalline solid form.
Although not appropriate for potential clinical use, 9 proved to
be valuable tool in the development of preclinical models of scar-
ring. Evaluation of 9 in a rabbit model of cutaneous scarring estab-
lished that inhibition of PCP in vivo reduces scar hypertrophy.24

These results support the potential use of PCP inhibitors to miti-
gate hypertrophic scarring.

In summary, succinyl hydroxamates 1 and 2 are disclosed as no-
vel series of potent and selective inhibitors of PCP which may have
potential as anti-fibrotic agents. Compound 7 demonstrated good
PCP inhibition and had excellent selectivity over MMPs involved
in wound healing. In addition, 7 was effective in a cell-based model
of collagen deposition (fibroplasia model) and was very effective at
penetrating human skin in vitro. Furthermore, compound 9 (UK-
369,930), a close relative to 7 in terms of both structure and profile,
reduced scar hypertrophy in a rabbit model of scarring. Based on
this information, 7 (UK-383,367) was selected as a candidate for
evaluation in clinical studies as a topically applied, dermal anti-
scarring agent. The results of these studies will be reported in
future publications.
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