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Abstract—Quinolinone 1 is a potent maxi-K potassium channel opener. In an effort to design analogs of 1 with a better inhibitory
profile toward the CYP2C9 isozyme, the two acidic sites were chemically modified independently to generate a number of analogs.
These analogs were evaluated as maxi-K channel openers in vitro using Xenopus laevis oocytes expressing cloned /Slo maxi-K chan-
nels. Compounds 15, 17, and 19 showed potent activity as maxi-K channel openers and were further evaluated for inhibition of the
activity of the CYP2C9 isozyme. Compounds 17 and 19 showed diminished inhibitory potency against 2C9 and also against a panel

of other more common CYP isozymes.
© 2005 Elsevier Ltd. All rights reserved.

Potassium (K*) channels are important regulators of
critical functions in cells, and particularly in electrically
excitable cells such as neurons and muscle cells. There
are many subfamilies of K* channels, reflecting their
genetic diversity and evolutionary importance and their
many functions. One specialized function of one K*
channel family, the calcium-activated K™ channels, is to
sense the intracellular concentration of the divalent cat-
ion calcium (Ca**) and to open in response to increases
in its concentration. This acts to hyperpolarize cell mem-
branes and reduce further Ca** entry.'® In mammalian
cells, the calcium-activated K* channels are ubiquitous
and are classified according to their conductance values.
Based on conductance, these channels are classified as
SK (small conductance), IK (intermediate conductance),
and BK (maxi-K or large conductance) channels.'®?

Agents that can modulate the activity of maxi-K ion
channels present a number of therapeutic opportunities
for conditions such as stroke, traumatic brain injury,
and urinary incontinence!®" that could be responsive
to an increase in K* flux through the actions of maxi-
K openers.> The maxi-K opener BMS-204352, a fluor-
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oxindole, was previously shown to be neuroprotective
and demonstrated efficacy in rodent models of acute fo-
cal stroke.®* Another maxi-K opener NS-8, a pyrrole
derivative, was effective in in vivo rodent models of
urinary incontinence.* Recently, it was demonstrated
in rats that intracavernous injection of 4Slo DNA was
capable of altering nerve-stimulated penile erection. A
significant elevation in intracavernous pressure lasting
for at least 2 months post-injection was observed in
this study,’ suggesting that maxi-K openers may also
provide therapeutic benefit in sexual dysfunction.
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Several chemotypes have been identified as maxi-K
channel openers in our laboratories with potential utility
in the aforesaid therapeutic areas. Among these, the
3-substituted-4-arylquinolin-2-ones were found to be a
distinct class of compounds exhibiting significant activi-
ty as maxi-K openers.®® < Quinolinone 1 was identified
as a potent opener of maxi-K channels.®® During the
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course of profiling 1 for potential liabilities, it was found
that 1 inhibited the cytochrome P450 (CYP) 2C9
isoform with an ICsy of 1.7 uM. Herein, we describe
our efforts to ameliorate the CYP2C9 inhibition while
maintaining the favorable maxi-K properties associated
with 1.

Cytochrome P450 (CYP) enzymes play a major role in
metabolizing drug molecules. Many lead candidate mol-
ecules in pharmaceutical development fail due to the po-
tent inhibition of one or more isozymic forms of CYP
enzymes. Among the several hundreds of these enzymes,
the 2C and 3A subfamilies are the major isoforms pres-
ent in human liver.” The 2C9 isozyme of the 2C family is
predominantly expressed in human liver.® It was felt that
an approach with an understanding of binding of drugs
as substrates to the active site of CYP2C9 may help us
design analogs of 1 with diminished inhibitory activity
toward CYP2C9.

Mancy et al.” examined a number of drugs that were
substrates of CYP2C9 and found that they were all
protic acids with a pK, between 4.5 and 8.1. It was
proposed® that at physiological pH, the acidic site in
these molecules forms an anionic species capable of
interacting with a cationic site located at the substrate
binding pocket of cytochrome P4502C9. The impor-
tance of a second pi-stacking anchor site was subse-
quently recognized based on the studies done with
warfarin.'?

Determination of the aqueous pK, of 1 indicated that
the phenolic proton is more acidic (pK, = 8.69 + 0.2)
than that of the amide (pK, = 12.19 £ 0.2).!! Examina-
tion (Table 1) of the data related to CYP2C9 inhibition
accumulated in our quinolinone database with com-
pounds 1-8° 9 revealed the following observations:

(a) Generally, modification of the p-chlorophenol by
alkylation or acylation resulted in diminished inhi-
bition toward CYP2C9 relative to 1. However, the
p-chlorophenol moiety is also important for maxi-
K activity. %2

(b) Quinolinones containing functionalities positively
charged at physiological pH (compounds 6-8) are
also poor inhibitors of CYP2C9 perhaps due to
the presence of a repelling cationic site on 2C9.

(¢) Introduction of a small alkyl substituent such as
Me on N!' (compound 2) did not improve CYP
inhibition but retained the maxi-K activity (see
Table 2).

Assuming that these quinolinones interact with the same
binding pocket described by Mancy et al.,” a priori, it
was not known which acidic site in the quinolinone
would interact with the cationic site of CYP2C9 and
which aromatic residue would interact with the second
pi-stacking site. It seemed, therefore, appropriate to
modify the two acidic sites independently, incorporating
polar functionalities that are neutral, basic, and acidic.
The objective of these changes would be to disrupt
CYP2C9 recognition while preserving the maxi-K chan-
nel opening ability.

Table 1. ICs, values for CYP2C9 inhibition

Compound Structure ICso (UM)
1 1.7

2 1.1

3 5.47

4 19.49

5 12.45

N (o]
6 O Z >100

37.66

50.68

The nitrile functionality served as a good handle to pre-
pare the desired three types of derivatives.!? The nitrile
nitrogen can serve as a neutral H bond acceptor. Nitriles
can undergo facile transformation into carboxylic acids
or acidic amides, the degree of acidity depending on the
environment around the amide bond. They can also be
elaborated into moderately acidic tetrazoles and basic
amidines. The synthesis of amides and amidines is
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Table 2. Effect of selected test compounds on maxi-K-mediated outward current in /Slo injected X. /aevis oocytes

Compound R! R? % Increase of current at 20 pM
1 H H 252.6%+8.2
2 H Me 296.1 £12.6
3 Me H 211.2£20.3

14 CH,CN H 1489 £ 6.8

15 H CH,CN 236.6 £ 13.0

16 CH,CONH, H 124.0 £4.7

17 H CH,CONH, 262.5%124.5

X
18 Y H 1110+ 1.1
\)\ﬁ'
N
19 H Y 205.8+9.2
\)\r\i'
20 CH,C(=NH)NH, H 118358
21 H CH,C(=NH)NH, 1058 5.3

10 — 14

ec
10 — 16

f
10o0r13 —

g,¢c
100r13 —

d,c
13 — 15

e,c
13 — 17

18 or 19

20 or 21

— > 10+11+12

10 = R = CH,CN, R?=H, R® = TBDPS
11 = R' = H, R2 = CH,CN, R® = TBDPS
12 = R' = R2 = CH,CN, R® = TBDPS
13 = R' = Ac, R2 = CH,CN, R®= TBDPS
14=R'=CH,CN,R2=R3=H
15 =R'=R3=H, R?= CH,CN
16 = R'= CH,CONH,, R2=R%=H
17 =R' = R3 = H, R?2 = CH,CONH,
H
18=R'= N"N(‘N sR2=R3=H
é\)\N' H

N-N

| N
%\)\N

20 =R' =-C(=NH)NH,, R2=R3=H

19=R'=R%=H, R2?-=

21 =R' = R% = H, R2 = -C=(NH)NH,

Scheme 1. Reagents and conditions. (a) ICH,CN/K,CO3/Me,CO/reflux. (b) Ac,O/Et;N/DCE. (¢) TBAF/THF. (d) ICH,CN/K,CO3/Me,CO.
(e) Na,O,/H,0,/MeOH. (f) NaN3/DMF/NH,CI. (g) NaOMe/MeOH/NH,4CL.
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Table 3. Evaluation of active quinolinones for inhibition of activity of CYP isozymes!’—ICs, values (uM)

Compound 1A2/CEC 2C9/7-MFC 2C19/CEC 2D6/AMMC 3A4/BFC 3A4/BzRES
1 30 1.7 5.2 35 8.1 >100

15 >40 3.9 24 23 13 18

17 >100 16 8.2 >100 26 50

19 >100 19 12 >100 30 13

generally amenable to parallel synthesis for rapid gener-
ation of analogs for evaluation. For the synthesis of the
three classes of analogs, the key intermediate turned out
to be the tert-butyldiphenylsilyl (TBDPS) ether (9) ob-
tained by standard silylation procedure.®® Alkylation
of this silyl derivative with iodoacetonitrile resulted in
the formation of O-alkyl derivative 10 and N-alkyl
derivative 11 in 9:1 ratio (35% yield), along with N,O-
dialkyl derivative 12 (41% yield). These silyl-protected
cyanomethyl derivatives were separated by silica gel
chromatography and used for subsequent derivatization
(Scheme 1).

Deprotection of protecting silyl and acetyl groups from
nitriles 10 and 13 gave nitriles 14 and 15 (~72% and 46%
yield, respectively). Amides 16 and 17 were obtained
from the corresponding nitriles by alkaline peroxide-
mediated hydrolysis!'?> and desilylation in an overall
yield of 42%. Elaboration of nitriles 10 and 13 to the
corresponding tetrazoles 18 and 19 occurred by the
cycloaddition of azide ion in DMF.!* Interestingly, this
process also resulted in concomitant desilylation. The
synthesis of amidines 20 and 21 was performed via the
corresponding methyl imidates.!>

The target compounds thus obtained were evaluated in
Xenopus laevis oocytes, expressing the cloned /Slo
maxi-K channel for their ability to open the maxi-K
channel.'® Table 2 illustrates the percent increase of 4Slo
current obtained with the target compounds tested at
20 uM. In this assay, compounds demonstrating a value
>130% increase of measured maxi-K current are consid-
ered significant openers of the maxi-K channel.

Modification of the phenolic OH by alkylation with sub-
stituents containing neutral or acidic or basic functional-
ities, as in analogs 14, 16, 18, and 20, led to diminished
activity as maxi-K openers, confirming the importance
of phenolic hydroxyl for channel opening ability.®®
The N! position was also modified to introduce the same
substituents to obtain analogs 15, 17, 19, and 21. In this
series, nitrile 15, the weakly acidic amide 17, and the tet-
razole 19 were found to be potent maxi-K openers,
whereas the basic amidine 21 turned out to be inactive.

Thus, the maxi-K channel tolerated neutral and weakly
acidic substituents on N'. Nitrile 15 displayed only 2-
fold reduction in CYP2C9 inhibition (ICsy = 3.9 uM)
compared to 1 (IC5y = 1.7 uM). However, compounds
17 and 19 showed 9- and 11-fold, respectively, reduced
inhibition of CYP2C9 (Table 3). Further evaluation
with other CYP isozymes showed that the profile across
a panel of CYP enzymes was generally better than 1,
with ICs, values for the common isoforms being in the
range of 8-100 pM.

Of the two acidic sites present in the quinolinone moiety,
the phenolic OH is important for activity as maxi-K
opener. Modification of the second N! acidic site in
the quinolinones can result in disruption of recognition
by CYP2C9 without loss of activity as in maxi-K
opener.

In conclusion, we have demonstrated that modification
of the acidic site in the quinolinone 1 can be used as
an approach to overcome the CYP2C9 enzyme inhibi-
tion while maintaining maxi-K activity.
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