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Piperidine ether and aryl piperazine hydantoins are reported as potent inhibitors of MMP13. A medicinal
chemistry campaign focused on replacing the reverse hydroxamate zinc binding group associated with
historical inhibitors with a hydantoin zinc binding group then optimising MMP13 potency, solubility
and DMPK properties whilst maintaining good selectivity over MMP14. A number of high quality candi-
dates were progressed and following rat and dog safety evaluation, AZD6605 (3m) was identified as a
candidate drug.

� 2013 Elsevier Ltd. All rights reserved.
Osteoarthritis (OA) is a heterogeneous group of conditions
sharing common pathologic and radiologic features.1 OA is a
non-overtly inflammatory degenerative joint disease with a wide
range of presentations, from asymptomatic to seriously disabling.
It is extremely common and age-related and is often accompanied
by clinical manifestations such as use-related joint pain and loss of
joint movement. OA is one of the last remaining poorly treated
chronic conditions, which has huge health economic impacts.2,3

The only treatments are pain relief (e.g., NSAIDs and COX-II)4 and
surgery.

The activity of matrix metalloproteinases (MMPs), a family of
24 zinc-dependent neutral endopeptidases, has been implicated
in both physiological and pathological tissue remodelling,5 as they
are collectively capable of degrading essentially all of the compo-
nents of the extracellular matrix. One of the MMPs, MMP13, also
known as Collagenase 3, is thought to have a major role in degrad-
ing type II collagen,6 which provides cartilage with its structural
integrity. In adults, MMP13 is expressed only in pathological
tissue. Matrix metalloproteinase inhibitors (MMPi’s) have been
studied for many years as possible drugs for prevention of cartilage
degradation but their clinical use has been hampered by severe
musculoskeletal side effects commonly characterized by joint stiff-
ness and pain.7,8 It is still not known which metalloproteinases
contribute to the fibrodysplasia but it is likely to be due to the
combined inhibition of a combination of several critical MMPs
such as MMP9, MMP14.9
It is postulated that inhibition of MMP13 will give rise to bene-
ficial clinical effects in OA by blocking the destruction of cartilage,
preventing deterioration of joint integrity and improving joint
mobility.

The objective of the following medicinal chemistry programme
was to identify orally active inhibitors of MMP13 for the treatment
of OA. The candidate drug target profile called for a compound with
potency/DMPK to support once a day oral dosing in man and also
be structurally different from reverse hydroxamate and hydroxa-
mic acid based MMP13 inhibitors.5,10–12

Reverse hydroxamate and hydroxamic acid based MMP13
inhibitors have been widely reported in the literature.12 Previous
reverse hydroxamate inhibitors 1a and 2 from AstraZeneca have
shown potent inhibition of cytochrome P450 isoform 3A4
(Cyp3A4)13,14 and also time dependent inhibition (Fig. 1).15 We
have previously reported that the addition of a methyl group adja-
cent to the reverse hydroxamate moiety 1b has been a successful
strategy to reduce Cyp3A4 activity for aggrecanase inhibitors.13,14

Unfortunately, this change also led to significant drops in MMP13
potency for these inhibitors.

Alternative zinc binding groups to the reverse hydroxamate,
such as hydantoin (3a), have been used in-house to deliver potent
MMP12 compounds for the treatment of COPD with significantly
reduced Cyp3A4 liability.16 Hydantoin 3a had an attractive
in vitro profile: moderate MMP13 potency (IC50 21 nM), clean cyto-
chrome P450 isoform profile (>40 lM in 3A4, 2D6, 1A2, 2C9 and
2C19 isoforms), moderate solubility (23 lM) and stability in liver
microsomes (Clint <10 lL/min/mg in human, rat and dog).

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bmcl.2013.05.089&domain=pdf
http://dx.doi.org/10.1016/j.bmcl.2013.05.089
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Figure 1. Historical AstraZeneca MMP13 and MMP12 compounds.
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We chose to use the MMP12 compound as a start point and
modify the pendant aryl ether to optimize MMP13 potency and
other properties including aqueous solubility and MMP14 selectiv-
ity9 (Table 1).

Previous SAR and X-ray structural information from the reverse
hydroxamate series13,14 showed that ortho substitution on the ter-
minal aryl group was not tolerated and led to significant reductions
in MMP13 potency; the 2,4-dichloro phenyl ether 3c is 600� less
potent compared to 4-Cl phenyl ether 3b (7 lM and 12 nM, respec-
tively). Similarly, meta substitution also resulted in a significant
reduction in MMP13 potency (3i vs 3h, 1.6 lM and 8.5 nM). Due
to the good potency associated with para-ethyl ether 3e, a wide
variety of alkyl substituted ethers were prepared. A modest in-
crease in MMP13 potency was achieved when replacing OEt with
OCH2CF3 but with no significant change in MMP14 selectivity.
Table 1
MMP13, MMP12, MMP14 potency and solubility data of piperidine ethers 3a–r

N

O

R
1

2
3

4

Compd Ra MMP-13 IC50
bnM MMP-12 IC50

b (nM

3a CF3 21 5.9
3b Cl 11.5 8.9
3c 2,4-Di-Cl 6980
3d F 28.9 23.7
3e OEt 18.2 2
3f OCF3 59.1 3.3
3g OSO2Me 53.8
3h OCH2CF3 8.5
3i 3-OCH2CF3 1617
3j OCH2CH2CF3 5.4
3k OCH2CF2CF3 2.6
3l OCH2CF2CHF2 1.2
3m OCF2CHF2 4.7
3n OCF2CF3 9.8
3o On-Pr 71.2
3p CH2OMe 178
3q CH2SO2Me 1051
3r CH2-4-pyridyl 8445

a All substituents are para-substituted (4-position) unless otherwise indicated.
b For general assay procedures see Ref. 13; values mean of n = 2 experiments.
c LLE (Lipophilic Ligand Efficiency)17 values are calculated as pIC50-c logP.
d Thermodynamic solubility (lM) in 0.1 M phosphate buffer pH 7.4 at constant temp
Interestingly, the fully fluorinated matched pair compound 3n
maintained good MMP13 potency but led to significant increases
in MMP14 selectivity (>1000�). The tetrafluorinated ether 3l gave
a balance of both excellent MMP13 potency and good MMP14
selectivity (550�) and reinforced the importance of fluoro substi-
tution to MMP13 potency. The corresponding des-fluorinated
matched pair compound 3o was 60-fold less potent (LLE 7.1 vs
5.4). Replacing OEt (3e) with CH2OMe (3p) led to reductions in
MMP13 potency. A wide variety of substituted benzyl and hetero-
cyclic ethers were also prepared to explore MMP13 SAR, MMP14
selectivity and solubility (Table 2). Although substituted benzyl
ethers gave excellent MMP13 potency (4a–4g), this change also re-
sulted in poor solubility. F-benzyl ether 4f had superior MMP14
selectivity (>2000�) compared to all other benzyl ethers tested.
Meta-substituted CN derivative 4d maintained very good MMP13
N
H

N
H

S
O

O
O

O

) MMP-14 IC50
b (nM) cLogP LLEc Sol d (lM)

1.8 5.9 23
1.5 6.5 12
1.8 3.4
0.9 6.6 52

2817 1.3 6.5 15
9501 1.8 5.4 18

0.07 7.2
1950 1.5 6.6 34

1.5 4.3
3121 1.5 6.8 110
4735 2.5 6.1 4.4
553 1.8 7.1 32
2220 2.6 5.7 6.8
>10,000 2.5 5.6 <2
>10,000 1.8 5.4

0.43 6.3
�1.2 7.2
1.5 6.2

erature (25 �C) for 24 h.
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potency but additionally had improved MMP14 selectivity com-
pared to para CN benzyl ether 4c. Methyl sulfone 4b had the high-
est LLE but the poorest MMP14 selectivity in this subset of
compounds. Due to the overall poor solubility associated with
the benzyl ethers, a variety of pyridyl and other heterocyclic com-
pounds were made to see if improvements in solubility could be
achieved whilst maintaining target potency. The unsubstituted
pyridyls (4h–j) were potent MMP13 inhibitors (high LLE) with
incremental increases in MMP14 selectivity achieved as the nitro-
gen was moved from para to meta to ortho positions. Although the
c logP of these compounds had decreased, only modest increases in
solubility were achieved relative to the phenyl analogs.

Nonetheless, 2-pyridyl 4j had a good overall profile; excellent
MMP14 selectivity (�1500�) with acceptable solubility (20 lM)
and no inhibition of cytochrome P450 (IC50 >10 lM; 3A4, 2D6,
1A2, 2C9 and 2C19 isoforms). The pharmacokinetic profiles in rat
and dog showed low to moderate clearance (Clp = 17 and 3 mL/
min/kg, respectively) and good half lives (t1/2 = 2.5 and 2.3 h,
respectively) given the low volume of distribution (Vdss = 0.8 and
0.6 L/kg). Oral bioavailability was moderate to good in rat and
dog (F% = 35 and 51, respectively).
Table 2
MMP13, MMP12, MMP14 potency and solubility data of piperidine ethers 4a–m

O

OR

Compd R MMP-13 IC50
b (nM) M

4a 1.4

4b S
O

O
1.4

4c NC 0.69

4d

NC

1.8

4e O 2.7

4f F 3.6 7

4g

F

0.88

4h N 1.9

4i
N

2.9 1

4j
N

4.7 6

4k
N

S
5.3

4l
N
S N

1.6

4m OF3C
0.82 1

NV = no value.
b See footnotes from Table 1.
c See footnotes from Table 1.
Heterocycles 4k and 4l maintained good MMP13 potency and
good LLE, however thiadiazole4l showed reduced MMP14 selectiv-
ity. Trifluoromethyl substituted furan 4m displayed excellent
MMP13 potency and superior MMP14 selectivity (�2200�). The
most lipophilic ligand efficient compounds were 4l, 4b and 4h
(LLE 8.1, 8.0 and 7.7, respectively).

A second hydantoin series, piperazine pyrimidine benzyl ethers
5, was also investigated in the lead optimization campaign (Ta-
ble 3). Due to the poor solubility associated with the piperidine
ethers, design in this area focused primarily on low c logP hetero-
cyclic analogues.

The primary advantage of this series was the excellent MMP14
selectivity: all the compounds tested showed at least >1000-fold
selectivity ratios (vs MMP13), with isoxazole 5k being very selec-
tive over MMP14 (26,000�). The most potent piperazine pyrimi-
dine heterocycles were 5j, 5k, 5l and 5m, all showing sub 10 nM
MMP13 potency and excellent MMP14 selectivity ratios. Isoxazole
5k and thiazole 5m were also the most ligand lipophilic efficient
compounds (LLE 8.4 and 8.1, respectively). Pyrazole 5e and imidaz-
ole 5f were not potent MMP13 inhibitors, however rearranging the
methyl substitution pattern from 1,5-dimethyl pyrazole (5e) to
N
H

N
H

N
S

O

O
O

O

MP-14 IC50
b (nM) cLogP LLEc Sol (lM)

671 2.5 6.4 <0.8

62 0.85 8.0 3.1

116 1.9 7.2 1.8

915 1.9 6.8 4.4

1080 2.4 6.2 1.2

731 2.6 5.8 NV

764 2.6 6.4 NV

450 0.99 7.7 130

282 0.99 7.5 8.4

897 0.99 7.3 20

4090 0.83 7.5 87

350 0.73 8.1 28

858 2.6 6.5



Table 3
MMP-13, MMP-14, solubility and selected in vitro/in vivo rat PK of aryl piperazine pyrimidine ethers 5a–m

N
H

N
H

N
N

S
O

O
O

O

N

N

O
R

Compd R MMP-13 IC50
a

(nM)
MMP-14 IC50

a

(nM)
cLogP LogD Sol b

(lM)
Human Clint

c (lL/
min/mg)

Rat Clint
d (lL/min/

106 cells)
Rat Cle (mL/
min/kg)

t1/2

(h)
Ff

(%)

5a F 14.0 >99,999 1.7 2.1 16 16 nt 4.8 1.9 nt

5b

NC

3.3 53,584 0.9 1.6 66 <2 6.7 18.1 7.5 51

5c S
O

O
13.8 >10,000 -0.1 1.1 1 nv

5d
N

N
544.6 -0.9 560

5e
NN

1080 -0.1

5f
N

N

73297329 -0.6

5g
NN 47.3 -0.1 0.8 32

5h
S

N
31.5 -0.2 <0.5 49

5i
ON

17.7 >100,000 -0.2 0.7 13 <2 2.8 13.4 0.67 37

5j

ON

F3C
2.8 >10,000 0.6 1.9 3.1 nt nt 9.4 3.3 nt

5k
ON

3.8 98,907 0.3 <2 <2

5l
OF3C

5.1 33,882 1.6 2.3 11 7.3 3.6 6.3 2.6 100

5m
S

N

NC
8.3 >10,000 -0.4 1.2 14 16 28 97.3 0.23 6

a IC50’s were derived from triplicate measurements whose standard errors were normally <5% in a given assay. Assay to assay variability was within twofold based on the
results of a standard compound; nt = not tested.

b Thermodynamic solubility (lM) in 0.1 M phosphate buffer pH 7.4 at constant temperature (25 �C) for 24 h.
c Human microsome metabolism intrinsic clearance Clint (lL/min/mg). Clint reported is mean of three separate experiments; nv = no value.
d For procedure see Ref. 18 Clint reported is mean of three separate experiments.
e Compounds dosed at 2 mg/kg iv, n = 2 animals.
f Compounds dosed at 3–10 mg/kg p.o., n = 4 animals.
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1,3-dimethyl pyrazole (5g) resulted in a significant increase in
MMP13 potency (1080 nM and 47 nM, respectively).

The aryl piperazine hydantoins were relatively stable in both
human microsomes and rat hepatocytes and a selected number
of examples (5a, 5b, 5i, 5j, 5l and 5m) were dosed in vivo to rat.
These selected compounds all showed low to moderate clearance
with Vdss generally within the range of 0.5–2 L/kg leading to mod-
erate iv half-lives, albeit thiazole 5m was highly cleared in rat
which led to poor bioavailability. Compounds 5b and 5l showed
particularly acceptable t1/2 (7.5 and 2.6 h, respectively) which war-
ranted both oral profiling and further investigation in other spe-
cies. Meta cyano benzyl hydantoin 5b showed further good
pharmacokinetic properties in both mouse and dog showing mod-
erate clearance with relatively high volumes leading to prolonged
elimination half-lives (t1/2 = 5.8, 7.5 and 5.4 h in mouse, rat and
dog, respectively) coupled with excellent oral absorption in all
pre-clinical species dosed (F% 50–100).

The single X-ray crystal structure of compound 5b in MMP13
overlaid with a historical reverse hydroxamate 6 clearly shows
the transposition of both the sulfonamide and pyrimidine motifs
of the molecules (Fig. 2).19 Both compounds are able to form H-
bonds between the sulfonamide oxygens and backbone residues
Leu185 and Ala186. The CN benzyl motif extends further into the
MMP13 S1’ pocket versus the trifluoroethyl ether. Both zinc
binding groups also overlay well, however the N-hydroxyforma-
mide group of 6 chelates Zn2+ in a bidentate manner whereas the
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hydantoin 5b forms a monodentate coordination with the Zn2+ ion
through the acidic N, with the additional NH forming a H-bond
with the carbonyl of Ala186.

A number of benzyl ethers used in the piperazine pyrimidines 5
had been previously used in the piperidine benzyl ethers 4, en-
abling a Matched Molecular Pair Analysis.20 On average, the
MMP-13 potency of the piperazine pyrimidine benzyl ethers 5
was reduced by approximately 0.5 log unit compared to their
piperidine ether analogues (Fig. 3a, mean difference in MMP13
pIC50 = 0.9, standard error of mean = 0.20, N = 9 pairs). Nonetheless
the aryl piperazines were significantly more selective versus
MMP14 (Fig. 3b, mean difference in MMP14 pIC50 >1.8, standard
error of mean = 0.25, N = 9 pairs), presumably due to the benzyl
ether extending deeper into the MMP13 S1’ pocket and causing
negative interactions with the shorter MMP14 S1’ pocket.21

Due to the excellent MMP13 potency, acceptable cross-MMP
selectivity profile and in vitro stability observed in both human
microsomes and hepatocytes, compounds 3m and 5l were selected
for further advanced in vivo profiling (Table 4). Piperidine 3m is a
potent inhibitor of MMP13 (IC50 4.7 nM). It exhibits a 25- to 100-
fold selectivity against MMP3, 8 and 15; 150 to 550-fold selectivity
against MMP16, 14, 19 and ADAM-17; and >2000-fold selectivity
against MMP1, 7, ADAM-9, ADAM-10 and ADAM-TS4.13,14 Further-
more, it has good physicochemical properties and excellent ADME
parameters. 3m has very low in vivo clearance in both rat and dog
(0.4 and 0.2 mL/min/kg, respectively) and shows no turnover in
either human microsomes or hepatocytes (additionally no turn-
over is seen in dog hepatocytes). The predicted dose to man (pred.
DTM) assuming that free blood levels at Cmin equal to 3� MMP13
IC50 is 0.04 mg/kg/day based on a predicted human clearance
0.07 mL/min/kg, Vdss 0.76 L/kg (both estimated using rat/dog
allometry) and Fu 0.05.22 PB-PK modelling gives a pred. DTM
0.06 mg/kg/day.23 The low dose to man is primarily driven by a
long predicted half-life in man (t½ 122 h). In contrast, furan 5l
has a higher pDTM 0.54 mg/kg/day based on a predicted human
clearance of 0.7 mL/min/kg, Vdss 0.9 L/kg, Fu 0.04 and a shorter pre-
dicted half-life in man (t½ 16 h). Furan 5l has a significantly im-
proved MMP14 selectivity profile. Neither compound inhibits the
five most common human cytochrome P450 isoforms at 10 lM
or below, nor is there time dependent inhibition of human P450
3A4 at 50 lM.

The synthesis of compound 3m is concisely described in
Scheme 1.27,28 Tetrafluoroethoxy phenol 9 was prepared in high
yield from the commercially available bromide 8 via a lithium
halogen exchange reaction followed by quenching the intermedi-
ate boronate ester with H2O2. The resultant phenol was subjected



Table 4
Profiles of advanced compounds 3m and 5l28
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F
F

F

N
H

N
H

N
N

S
O

O
O

O

N

N

O
O

F3C

Parameter 3m 5l

MMP13 IC50
a 4.7 nM 5.1 nM

MMP 14 selectivitya 430 14871
MMP 1/2/3/8/19 selectivitya >1989/0.6/60/50/547 >1809/32/47/180/7
LogD7.4 2 2.3
FASIF solubilityb (lM) 14.9 26.5
Dose solubility25 (q.d./b.i.d.) 389/194 2545/1018
Hu/rat/dog %free 5/3/5 6/8/8
Hu Micsc/Heps Clint

d <2/<2 7/<2
Cyp Inhib IC50

e >10 lM (5/5) >10 lM (5/5)
hERG IC50

26 40 lM 44 lM
Caco-2 (@10 lM)f 21 � 10�6 AB/52 � 10�6 BA 9 � 10�6 AB/52 � 10�6 BA
Rat PKg Cl/ t½/Vdss 0.4 mL/min/kg/16 h/0.6 L/kg 6.3 mL/min/kg/2.6 h/1.3 L/kg
Dog PKh Cl/t½/Vdss 0.2 mL/min/kg/35 h/0.6 L/kg 1.3 mL/min/kg/10.6 h/1.2 L/kg
Rat/Dog/F% 64/40 100/51
Human pred. PK Cl/t½/Vdss 0.07 mL/min/kg/122 h/0.76 L/kg 0.7 mL/min/kg/16 h/0.9 L/kg
Human pred. DTM Dose (mg/day) 2.8 q.d. 38 q.d.
Human pred. Free Cmax (lM) 0.37 0.34

a For general assay procedures see Ref. 13 IC50 values were derived from at least six measurements whose standard errors were normally <5% in a given assay. Assay to
assay variability was within twofold based on the results of a standard compound.

b FASIF—Fasted simulated intestinal fluid solubility (lM). See Ref. 24
c Human microsome metabolism intrinsic clearance Clint (lL/min/mg microsomal protein). Clint reported is mean of six separate experiments.
d Human hepatocyte metabolism intrinsic clearance Clint (lL/min/106 cells). Clint reported is mean of six separate experiments.
e Inhibition of cytochrome P450 isoforms: 1A2, 2C9, 2C19, 2D6 and 3A4.
f Apparent permeability (Papp cm/s � 10�6) in human colon carcinoma (CACO2) cells at 10 lM/pH7.4. AB—apical to basolateral direction; BA—basolateral to apical direction

(efflux).
g Compounds dosed at 2 mg/kg iv, n = 2 animals and 5 mg/kg p.o., n = 4 animals.
h Compounds dosed at 0.5 mg/kg iv, n = 4 animals and 1 mg/kg p.o., n = 4 animals.
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to a Mitsunobu reaction with commercially available N-Boc pipe-
ridinol to deliver compound 10 which was then deprotected with
HCl to deliver piperidine 11 in quantitative yield. The coupling of
chirally pure sulfonyl chloride hydantoin 1228 and piperidine 11
in the presence of DIPEA successfully furnished compound 3m in
51% yield after chromatography as a white solid.

The effect of compound 3m on cartilage loss was evaluated by
magnetic resonance imaging (MRI) in the Dunkin Hartley guinea
pig model of spontaneous osteoarthritis.29 The guinea pig sponta-
neous model of osteoarthritis is considered to mimic aspects of
articular cartilage degradation in humans.30 Briefly, guinea pigs
knee were imaged in vivo by high-resolution three-dimensional
(3D) MRI at 9 months of age. Animals were randomised into either
vehicle (20% DMSO, 80% PEG, n = 6), compound 3m (11 mg/kg/day,
n = 7), or the MMP13 reference compound31(0.06 mg/kg/day in
20% DMSO, 60% PEG, 20% water, n = 6) previously shown to be effi-
cacious in this study. Compounds were administered continuously
by subcutaneous osmotic mini-pump implanted 7 days post initial
MRI imaging. A second MRI image was obtained approximately
12 weeks later and image analysis performed to assess quantita-
tive volumetric changes of the medial tibial cartilage. PK analysis
confirmed that 3m reached sufficient exposure to provide free
cover over guinea pig MMP13 between 1- and 5.6-fold IC50, respec-
tively, at termination. MRI results, shown in Figure 4 demonstrate
vehicle treated animals lost �23% medial tibial cartilage volume. In
contrast, both reference compound31 and 3m treatment resulted in
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a statistically significant inhibition of cartilage loss (76% and 104%,
respectively).

Compound 3m is free of hERG activity up to 50 lM (hERG index
�2778) and was found not to be mutagenic in SOS/umu, Ames and
mouse lymphoma screens. Furthermore, no significant activities
were detected at �100� free Cmax against 141 additional targets
(unrelated proteases, ion channels, receptors and transporters) in
wider secondary pharmacology screening. Due to the potent
in vivo activity and benign in vitro safety profile, 3m was advanced
into rat 28 day toxicity studies. In rat, there were no mortalities,
significant clinical observations, effects on body weight, food and
water consumption, or significant changes in clinical chemistry
or hematological parameters. Interestingly, it did not cause any
changes to the connective tissue, including fibrodysplasia (the ex-
pected significant change) in this study.

In summary, this lead optimization program delivered several
high quality hydantoins which showed potent MMP13 potency,
good MMP14 selectivity, low in vitro human Clint, which when cou-
pled with low pre-clinical in vivo clearance, confidently suggests
low in vivo human clearance. There is also no cytochrome P450
or time dependent inhibition commonly associated with the his-
torical reverse hydroxamate series. Several strategies were em-
ployed to deliver compounds with acceptable overall solubility
profiles without compromising excellent DMPK properties and
ultimately leading to advanced candidates supporting once-a-day
oral dosing regimens in man.

In conclusion, several novel series of MMP13 hydantoin inhibi-
tors were discovered by replacing the zinc binding reverse
hydroxamate with a hydantoin group. Lead optimisation from an
MMP12 hydantoin hit was undertaken via a variety of modifica-
tions made to the P1’ group leading to three discrete hydantoin
sub-series. Compound 3m was progressed into development for
the treatment of osteoarthritis by AstraZeneca as AZD6605.32
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