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The involvement of p-calpain in neurological disorders, such as stroke and Alzheimer’s disease has
attracted considerable interest in the use of calpain inhibitors as therapeutic agents. 4-Aryl-4-oxobuta-
noic acid amide derivatives 4 were designed as acyclic variants of p-calpain inhibitory chromone and
quinolinone derivatives. Of the compounds synthesized, 4c-2, which possesses a 2-methoxymethoxy

group at the phenyl ring and a primary amide at the warhead region most potently inhibited p-calpain
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(ICs0 = 0.34 uM). Our findings suggest that the 4-aryl-4-oxobutanoic acid amide derivatives should be
considered as a new family of p-calpain inhibitors.

© 2008 Elsevier Ltd. All rights reserved.

Calpains are a family of intracellular calcium-dependent cys-
teine proteases, which are ubiquitously expressed in many cells
and tissues.! Two major forms of calpains have been identified:
calpain I (or p-calpain) and calpain II (or m-calpain), which are
activated by micromolar and millimolar concentrations of calcium
ions, respectively.? The calpains are required for numerous cal-
cium-regulated cellular processes, such as signal transduction, cell
proliferation, differentiation, and apoptosis. However, excessive
calpain activation may cause serious cell damage or even cell
death, as occurs in neurological disorders, such as stroke® and Alz-
heimer’s disease.* Accumulated evidences of the involvement of pi-
calpain in human diseases have attracted much interest in the
identification of calpain inhibitors and in the elucidation of
(patho)physiological roles>® and their therapeutic potentials.”

The majority of the known calpain inhibitors bind to the cata-
lytic site in a competitive manner, and are derived from small pep-
tides (e.g., 1, MDL 28,170), which are structurally related to calpain
substrate cleavage sites (Fig. 1).2° In connection with our on-going
work to identify a new scaffold for p-calpain inhibitors, we
recently reported that chromone carboxamide 2 is a conformation-
ally restricted cyclic analog of 1.!° To increase the inhibitory activ-
ity of 2, quinolinone carboxamide 3, which has a -NH group in
place of a hydrogen bond acceptor oxygen at chromone carboxam-
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ide 2, was designed,!! because this group might act as a hydrogen
bond donor at the active site of calpain as in 1. However, the quin-
olinone carboxamide 3 showed 10-fold less potent inhibitory activ-
ity than 2 indicating that more detailed structure-activity
relationship studies are required to understand the interaction be-
tween inhibitors and p-calpain. Based on these findings, we
designed 4-aryl-4-oxobutanoic acid amide derivatives 4 as alterna-
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Figure 1. Schematic showing the molecular dispositions of 4-aryl-4-oxobutanoic
acid amides 4.
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tive scaffold for p-calpain inhibitors. We envisioned that the struc-
ture of 4 can be considered an acyclic analogue of 2 or 3 since it has
the same functional groups. Furthermore, it was anticipated that
the open chain structure of 4 might interact with p-calpain in a
similar fashion to the parent compounds, 2 and 3 due to its flexible
structure. The requirement for a hydrogen bond donor or acceptor
group at the active site can easily be tested by introducing meth-
oxy or hydroxyl substituents on the aromatic ring (R!). Herein,
we describe the synthesis of 4-aryl-4-oxobutanoic acid amide
derivatives 4 and their biological evaluation in terms of p-calpain
inhibition. Ketoamide was used as a warhead in the new inhibitors
since several ketoamide-derived inhibitors have shown improved
in vitro and in vivo metabolic stability.'? To investigate the influ-
ence of substituents located in the warhead position of inhibitors,
we also introduced variations in the amide region (R?).

The synthesis of 4-aryl-4-oxobutanoic acid amide derivatives 4
was accomplished using a general pathway,'! which comprises a
coupling reaction of 4-aryl-4-oxobutanoic acids 5 with hydroxyl
amines 6 using an EDC/HOBt system followed by oxidation of the
resulting hydroxylamides 7 under Dess—Martin periodinane condi-
tions, as illustrated in Schemes 1-3. The synthesis started with the
preparation of 4-aryl-4-oxobutanoic acids via the Friedel-Crafts
acylation of the appropriate benzene derivatives with succinic
anhydride. For the synthesis of 4, which contains a hydroxyl sub-
stituent on its aromatic ring, a final deprotection step was re-
quired. The synthesis of 4-aryl-4-oxobutanoic acid amide
derivatives 4, which have a phenyl or mono-substituted phenyl
ring at C-4, is shown in Scheme 1. The acylation of benzene with
succinic anhydride in the presence of AlCl; under reflux condition
gave 5a; to synthesize 5b and 5c¢, phenol was used in the
succinoylation. The reaction between phenol and AICl; and succi-
nic anhydride in 1,2-dichloroethane at reflux temperature afforded
4-(2-hydroxyphenyl)-4-oxobutanoic acid,'® and the methylation of
hydroxyl and carboxyl groups in 4-(2-hydroxyphenyl)-4-oxobuta-
noic acid with methyl iodide and K,COs3 followed by hydrolysis of
the resulting methyl ester with KOH in aqueous methanol afforded
5b. Compound 5c¢ was prepared in three steps from 4-(2-hydroxy-
phenyl)-4-oxobutanoic acid via its esterification to the methyl
ester, MOM-protection of the hydroxyl group, and methyl ester
hydrolysis. The resulting 4-aryl-4-oxobutanoic acids 5a-c were
coupled to two hydroxylamines, 6-1 and 6-2, which contained a

benzylamide and a primary amide group, respectively, to afford
the hydroxylamides 7a-1-7c-2. These were subsequently trans-
formed into the corresponding 4-aryl-4-oxobutanoic acid amide
derivatives 4a-1-4c-2 by oxidation under Dess-Martin period-
inane conditions. The compound 4d-1 was obtained by the depro-
tection of 4c-1 using HCl and Nal in acetone,'* whereas compound
4d-2 could not be isolated from 4c-2, probably due to the instabil-
ity of the primary amide group under acidic deprotection
conditions.

The synthesis of 4, which has a 2,4-disubstituted phenyl ring
at C-4, is shown in Scheme 2. The reaction of 1,3-dimethoxyben-
zene with succinic anhydride and AlCl; in 1,2-dichloroethane at
0-5°C gave 5e, which was transformed to 5f and 5g in four
steps via esterification to the methyl ester using (CHs),SO4 and
K,COs in acetone, demethylation of the methyl ethers so formed
at the 2- or 4-positions with AlCl;, MOM-protecting of the
resulting hydroxyl groups, and hydrolysis of the methyl esters.
When demethylation was carried out at room temperature,
selective demethylation occurred at C-2 position of phenyl ring,
whereas when conducted at reflux temperature methyl groups
at the C-2 and C-4 positions were removed. The resulting 4-
aryl-4-oxobutanoic acids 5e-g were coupled to two hydroxyam-
ines 6-1 and 6-2 to afford hydroxyamides 7e-1-7g-2, which
were transformed into the 4-aryl-4-oxobutanoic acid amide
derivatives 4e-1-4f-2 and 8g-1-8g-2 by oxidation under Dess-
Martin periodinane conditions. The deprotection of the MOM
group in 8g-1 and 4f-1 using HCl and Nal in acetone afforded
4g-1 and 4h-1, but compounds 4g-2 and 4h-2, which contain
a primary amide group, could not be obtained from 8g-2 and
4f-2 under deprotection conditions.

The synthesis of 4, which has a 2,5-disubstituted phenyl ring at
C-4 position is shown in Scheme 3. The reaction between 1,4-dime-
thoxybenzene with succinic anhydride and AICl; in 1,2-dichloro-
ethane at 0-5°C gave 5i. To examine the influence of the C-2
carbonyl group of inhibitors, compound 5i was hydrogenated in
HOAc over Pd/C at an atmosphere of hydrogen to give 5j. The 4-
aryl-4-oxobutanoic acids 5i and 5j were coupled to various
hydroxyamines 6 and then subjected to Dess-Martin periodinane
conditions to provide 4i-1-4i-9. To examine the influences of sub-
stituents (R?) located in the inhibitor warhead position, seven
hydroxyamines (6-1-6-9) were used in coupling reactions. The

(@) for 5a 0 Ph
0 (b) for 5b R o 1 o 0o .
R R
(c) for 5¢ OH ” H
Ph OH
o o /E(ﬁ\ R2 o
HN N’
5a,R;=H 2 on H 7a-1,R'=H, R2=Bn, 79%
5b, Ry = OCHg 7a2,R'=R%=H, 98%
5c, Ry = OMOM 6-1, R, =Bn 7b-1, R' = OCH3, R?=Bn, 79%
6-2, R, =H 7b-2, R' = OCHg, R?=H, 47%

Ph
(o}
R? .R2
_@ N/EN/H\N
H o H
o

o

(
(

7c-1,R' = OMOM, R?= Bn, 83%
7¢-2, R' = OMOM, R2= H, 34%

4a-1,R'=H, R2= Bn,79%

4a-2, R'=R?=H, 65%

4b-1, R = OCHj, R?= Bn, 73%

4b-2 R' = OCH3, R?=H, 63%
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4d-1, R' = OH, R%2= Bn, 40% from 4c-1

4d-2, R' = OH, R2= H, decomposed from 4¢-2

Scheme 1. Reagents and conditions: (a) AlCls, benzene, reflux, 4 h, 62%; (b) i—AlCls, phenol, CICH,CH,Cl, reflux, 2 h, 19%, ii—Mel, K,CO5, THF, 87%, iii—KOH, MeOH, H,0, 91%;
(c¢) i—p-TsOH, MeOH, 84%, ii—MOM-CIl, NaH, DMF, 92%, iii—KOH, MeOH, H,0, 85%; (d) EDC, HOBt, DMF; (e) Dess-Martin periodinane, CH,Cl,; (f) HCl, Nal, acetone, reflux.
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Scheme 2. Reagents and conditions: (a) 1,3-dimethoxybenzene, AlCl3, CICH,CH,Cl, 0-5 °C, 3 days, 47%; (b) (CH3),SO4, K,CO3, acetone, 85%; (c) AlCl3, CH,Cl,, rt for 5f in 59%
and reflux for 5g in 92%; (d) i—MOM-CIl, NaH, DMF, ii—KOH, MeOH, H,0, 78% for 5f and 75% for 5g; (e) EDC, HOBt, DMF; (f) Dess-Martin periodinane, CH,Cl,; (g) HCI, Nal,
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yields of these coupling and oxidation reactions are summarized in
Scheme 3.1°

The p-calpain inhibitory activities of the prepared 4-aryl-4-
oxobutanoic acid amide derivatives 4 were evaluated using human
calpain I isolated from erythrocytes. Suc-Leu-Tyr-AMC was used as
the fluorogenic substrate.!'’ MDL 28,170 (1), chromone derivative
2,'% and the quinolinone derivative 3'! were also tested and com-
pared and assay results are summarized in Tables 1 and 2. First, we
investigated the influence of substituents at the phenyl ring (R!

and R®) of compounds on i-calpain activity. The amide groups in
the warhead position (R?) were tentatively fixed as benzyl and pri-
mary amides. When substituents were incorporated at the 2-posi-
tion of the C-4 phenyl ring, a clear structure-activity relationship
was found, as summarized in Table 1. Methoxy- or methoxyme-
thoxy-substituted derivatives (entries 2-3, 5-6, and 8) showed
more potent inhibitory activities than unsubstituted derivatives
(entry 1). Of the compounds synthesized, 4c¢-2 most potently
inhibited p-calpain activity with an ICsg value of 0.34 uM, which



Table 1

The p-calpain inhibitory activities of 4-aryl-4-oxobutanoic acid amides 4a-1-4i-2

Entry Structures Compounds Calpain inhibition Entry Structures Compounds Calpain inhibition
1Cs0 (LM) 1Cso (ULM)
Ph o) Ph
HaC™ )
_R2 o) 0 .R2
1 H H 4a-1,R%=Bn 6.25+0.10 6 HyC H H 4f-1, R = Bn 4.25+0.51
o 4a-2, R2=H 3.20+0.06 0 4f-2, R>=H 0.70 £ 0.03
o o}
Ph Ph
GHz 9 0
e} _R2 o) OH .R?
2 ” N 4b-1, R = Bn 3.33+0.19 7 HsC ” N 4g-1, R =Bn 12.99 +0.94
0 4b-2, R>=H 0.54 +0.02 0 4g-2, R%=H, =
dec
(o} o
.0 Ph Ph
HaC™ ) (o}
(o) .R2 HO OH .R2
3 H H 4c-1, R =Bn 429+0.81 3 H H 4h-1, R>=Bn 5.73£0.20
o) 4c-2,R2=H 0.34 +0.02 o} 4h-2, R2=H, =
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o} 0
Ph Ph
CHs O
OH .R2 o -R?
4 H H 4d-1, R>=Bn 13.84+1.91 9 i N 4i-1, R =Bn 3.77 +0.43
(o] 4d-2,R’=H, — HaC~ (0] 4i-2, R =H 0.52 +0.01
dec o
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-0 (o} .R2
5 HLC ” ” 4e-1,R2=Bn 6.16+0.45 10 MDL 28170, 1 0.07 £0.01
(0] 4e-2,R>=H 1.18 £0.09 11 Chromone carboxamide 2 0.04 £ 0.01
12 Quinolinone carboxamide 3 0.71 £ 0.07
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Table 2
The p-calpain inhibitory activities of 4-aryl-4-oxobutanoic acid amides 4i-1-4i-9

Ph
CHa 0
2
o A, H,R
HaC- H o
o
X 4i

Compound X R? Calpain inhibition ICso (M)
4i-1 X=0 Ltz?-/\© 3.77+0.43
4i-2 X=0 H 052+0.01
4i-3 X=0 wzt/\@\ 2.35+0.13
OCH3
L%L OCH3
4i-4 X=0 /\©: 1.64 £ 0.07
OCH3
4i-5 X=0 /\/@ 2.09 +0.05
OCH3
4i-6 X=0 /\/©/ 0.95+0.02
OCH3
4i-7 X=0 /\/@: 2.13+£0.17
% OCHg
4i-8 X =H, %/\@ 8.00 £ 1.44
4i-9 X =H, H 1.86 £ 0.03

was approximately 8-fold less potent than that of the parent chro-
mone derivative 2, but 2-fold more potent than that of quinolinone
3 to reveal that open chain structures of bicyclic chromones or
quinolinones can also bind well at the active site of p-calpain. On
the other hand, substitution of the hydroxyl group at the 2-posi-
tion of the C-4 phenyl ring reduced inhibitory activities (entries 4
and 7) indicating that the hydrogen bond donor group at the C-4
phenyl ring is more efficient at binding the active site of calpain
than the hydrogen bond acceptor —OH in this series of compounds.

Regarding amide groups in the warhead position (R?), com-
pounds derived from small primary amides were always more po-
tent inhibitors than those derived from benzyl amide. However,
primary amide-derived compounds 4d-2, 4g-2, and 4h-2, which
have a hydroxyl group at the 2-position of the C-4 phenyl ring were
not obtained probably because of their instabilities during removal
of the MOM-protecting group under acidic conditions. Therefore,
we tried to replace the unstable primary amide group with
N-alkylaryl amide groups in the warhead region; the inhibitory
activities of the resulting compounds are summarized in Table 2.
The 4-(2,5-dimethoxyphenyl)-4-oxobutanoic acid was chosen for
this study because of the ready availability by simple Friedel-
Crafts reaction of 1,4-dimethoxybenzene with succinic anhydride
and the potent inhibitory activity of its derivative 4i-2. In terms
of the benzyl amide derivatives, it was observed that the inhibitory

activity increased as the number of methoxy substituents in-
creased. Of the N-alkylaryl amide derivatives synthesized, the 4-
methoxyphenethyl amide 4i-6 was most potent with an ICsq value
of 0.95 nM, although its activity was slightly lesser than that of the
primary amide derivative 4i-2 (ICso = 0.52 uM). These findings sug-
gest that the 4-methoxyphenethyl amide group can be used in
place of a primary amide in the warhead position without causing
substantial activity loss when the synthesis of primary amide-de-
rived p-calpain inhibitors is difficult. The removal of the C-2 car-
bonyl oxygen of inhibitors (4i-8, 4i-9) was found to reduce
inhibition, indicating that the oxygen group is required in this ser-
ies of compounds for pi-calpain inhibition.

In conclusion, 4-aryl-4-oxobutanoic acid amide derivatives 4
were synthesized as acyclic structural variants of the p-calpain
inhibitory chromone and quinolinone derivatives in order to elu-
cidate the structural requirements for inhibitor binding to the
active site of p-calpain. The hydrogen bond acceptor groups, like
the methoxy-substituents were more efficient at binding at the
active site of p-calpain than hydrogen bond donor groups. Of
the compounds synthesized, 4c-2, which possesses a 2-methoxy-
methoxy group in the phenyl ring and a primary amide in the
warhead region, most potently inhibited p-calpain
(IC50=0.34 uM). These findings indicate the 4-aryl-4-oxobuta-
noic acid amide derivatives should be considered a new family
of p-calpain inhibitors. Furthermore, the study also shows that
a 4-methoxyphenethyl amide group can be used to replace a
chemically labile primary amide in the inhibitor's warhead
position.
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(m, 10H, aromatic), 6.85 (d, J = 8.4 Hz, 2H, aromatic), 5.17 (m, 1H, -NH-CH-
CH,-Ph), 3.80 (s, 3H, -OCH3), 3.72 (s, 3H, -OCH3), 3.67 (s, 3H, -OCHs),
3.26-3.38 (m, 2H, -CH>-), 3.00-3.07 (m, 3H, -CH-CH,Ph, -CH,-), 2.56-2.73 (m,

3H, ~CH-CH,Ph, ~CH,-), 2.41-2.45 (m, 2H, ~CH>-); '*C NMR (100 MHz, DMSO-
ds) 6 199.6, 196.5, 171.5, 160.6, 157.7, 152.8, 152.5, 137.5, 130.8, 129.5 (2C),
129.0 (2C), 128.2 (2C), 127.8, 126.4, 119.3, 114.0, 113.7 (2C), 113.6, 56.2, 55.5,
55.3, 54.9, 40.3, 38.5, 35.1, 33.6, 29.1.
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