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Abstract: The lead compound for this SAR study, benzisothiazolone 1a, was a 15 nM inhibitor of HLE, but was
unstable in human blood (t;,2<5 min). The introduction of lipophilic substituents at.the R4-position such as ethyl
or isopropyl and modulation of the electrophilicity of the benzisothiazolone carbonyl led to the identification of a
potent (K;*=0.27 nM) and blood stable (t;,,=260 min) inhibitor 2¢, WIN 63395.

Human leukocyte elastase (HLE) is a serine protease that has been proposed to be a primary mediator of
pulmonary emphysema. An imbalance between HLE and the endogenous regulatory proteins, €.g., o ;-protease
inhibitor, is postulated to occur in emphysema, where a deficiency of the a-protease inhibitor leads to elastin
connective tissue destruction in the lung by HLE.! In other pulmonary diseases, such as cystic fibrosis2 and adult
respiratory distress syndrome,3 an excess of HLE may overcome the protective effect of the endogenous
inhibitors. An inhibitor of HLE should prove useful in the treatment of these pulmonary diseases.

The identification of mechanism-based inhibitors of HLE that display in vivo activity by the parenteral or oral
route of administration has been difficult to achieve and has been attributed to poor hydrolytic and metabolic
stability.4 Mechanism-based inhibitors are by design reactive species that inactivate an enzyme by a suicide-like
mechanism. The task to build into a molecule both inhibitory potency and metabolic stability has been difficult.
Recently, orally active and bioavailable inhibitors of HLE have been described.5-6.7 The first significant class of
orally active compounds reported were the B-lactam, mechanism-based inhibitors.5 Many SAR studies on the f-
lactam series were required to identify the orally active inhibitor L-680,833. An important property that was
improved and which led to orally active compounds was hydrolytic and blood stability.5-8 This paper describes
the design process by which we built into our mechanism-based inhibitors both inhibitory potency and blood
stability. HLE inhibitors with in vivo activity were identified through our SAR study.
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We have previously described the benzisothiazolone class of HLE inhibitors, the SAR at the C4-position and the
proposed mechanism of inhibition.9 The unsubstituted analogue 1a was a 15 nM inhibitor, but was unstable in
rat and human blood (t; < 5 min). It was therefore very unlikely that a simple analogue of 1a would have oral
activity or be orally bioavailable. Inspection of a computer modell0 of 1a bound as a tetrahedral complex at the
active site of HLE suggested that substituents at the C4 position would interact with the S1 specificity pocket.
An ethyl or isopropyl at C4 appeared to provide an optimum fit with the hydrophobic S1 pocket. Additionally, it
was hoped that a bulky group at C4 would block the addition of other nucleophiles to the carbonyl group of the
benzisothiazolone thereby improving stability. The instability was thought to be due to an enzyme catalyzed
hydrolysis, since the degradation of compound 1a in human blood was very rapid (t;,, <5 min), while 1a had a
half-life of 500 min in a pH 7.8 phosphate buffer. Due to this large difference in rate, we assumed that the
instability was due to hydrolysis by an enzyme, probably an esterase. Esterases are the major source of
metabolism in serum and hydrolysis of ester or carbamate bonds of certain drugs can be very rapid.11  To
improve blood stability, we designed analogues by introducing substituents on the phenyl ring of 1a that would
maximize binding and inhibition of HLE based on our computer model and that would block addition of other
nucleophiles to the benzisothiazolone carbonyl. Additionally, modulating the electrophilicity of the carbonyl by
substitution on the phenyl could lead to analogues with improved stability, though it was not clear what effect
this would have on HLE inhibitory potency. Electron donating groups should slow the rate of nucleophilic
addition to the carbonyl, leading to less potent inhibitors with better stability.
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The compounds 1b-1e 12 had similar blood stability with half-lives of about one hour, and they were significantly
more stable than the unsubstituted benzisothiazolone 1a with the 4-isopropyl compound 1d being the most
potent (Table 1). Since these inhibitors possess a reactive carbonyl center, one could have expected inhibitory
activity to correlate with instability, particularly if these inhibitors simply acylate the active site of HLE.
However, neither the inactivation rate (k,p) nor the apparent binding constant (K;*) correlate in this series with
blood stability half-life. In fact, the more potent 1d is considerably more stable than the less potent 1a. We
propose that the improved blood stability of 1d is due to the isopropyl group which sterically hinders the attack
of esterases on the carbonyl group of the benzisothiazolone and deactivates the inhibitor to hydrolysis. Recently,
a similar observation was made in the monocyclic B-lactam elastase inhibitors series. The introduction of ethyl
groups adjacent to the carbonyl of the §-lactam gave potent inhibitors with improved stability presumably due to
the hindrance of attack by nucleophiles on the B-lactam carbonyl.5
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Table 1. HLE Inhibition and jn vitro Stability of Benzisothiazolones 1 and 2:

R, 0
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Cmpd Ry= Rn= HLE inhibition @ human blood stability

kon (M-1sec”®) koff (sec) K" (nM) ty/2 (min)

1a H H 5,600 0.000084 15 <5

b CHpCH3 H 63,200 0.00013 2,0 54

¢ CHaCHaCHg H 100,00 0.000070 0.7 55

1d  CH(CH3)2 H 94,000 0.000028 0.3 45

1¢  CH(CHg)(CHaCH3) H 94,000 0.000056 0.6 58

1t CH(CH2CHg)s H 4,400 0.00026 60 100

19 C(CHa)3 H - - > 2,000 >>120C

2a  OCHj3 H 5,600 0.000076 14

2b  OCHs 5-OCH3 53,800 0.000108 2.0

2c  OCHj3 6-OCH3 49,000 0.000029 0.6

2d  OCHj3 7-OCHg 1,100 0.000016 14.5

2e  CH(CH3)> 6-OCH3 44,500 0.000012 0.27 260

2f  CH(CH3)p 5,6-OCHz 11,800 0.000061 5.2 65

2g  CHaCHoCH3 5,6-0CHz 240,000 0.000047 0.2 37

8 The apparent binding constant is defined as K;" = kgt / kon.'> Methods are described in ref. 9. The binding constants

and rates are reproducible to within +10%.

Incubations were at 37 °C and disappearance of parent was monitored by

HPLC. The half-lives are reproducible to within £25%. © 88% of parent 1g remained after incubation for 120 min.

The SAR study of the dimethoxy-benzisothiazolones 2a-2¢ led to a potent and even more stable compound
(Table 1). The 4,7-dimethoxy compound 2d was prepared and tested. The compound 2d was as potent as 1a

and 2a, however, the electron donating 7-methoxy group of 2d modulated the compound binding affinity for

HLE, since the inactivation and reactivation rates were both five times slower than 2a. The remaining dimethoxy
compounds 2b and 2¢ were prepared and were shown to inactivate HLE ten times faster than 2a (see kyyvalues

in Table 1) . The 4,6-dimethoxy compound 2¢ was the most potent dimethoxy derivative and had a desirably
slow reactivation rate (kg = 0.000029 s-1). This SAR finding, combined with our hypothesis that electron
donating substituents at C6 would improve blood stability, predicts that the most potent and stable analogue
should be 2e. Inhibitor 2e bears the 4-isopropyl group which is important for inhibitory potency and stability and
the 6-methoxy which should improve stability further. Indeed, this hypothesis proved to be correct. The
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analogue 2e was potent with a K;* of 0.27 nM and was considerably more stable with a half-life of over four
hours in human blood at 37 °C.

The electron donating capability of the 6-methoxy in 2e should slow the rate of nucleophilic addition to the
carbonyl. This suggests that the compound would be less potent, but have better stability than 1d. However, the
analogue 2e was equipotent to the 4-isopropyl analogue 1d and was considerably more stable with a half-life of
260 min. The better than expected potency of 2¢ and 2e is likely due to the formation of a hydrogen bond with
the 6-methoxyl oxygen in the active site channel of HLE. The computer modell0 of 2e with HLE predicts that
the NH of Val216 forms a hydrogen bond with the oxygen of the 6-methoxy group. The O-H-N distance of 3.2
A is within the typical range of 2.6-3.3 A for hydrogen bonds in proteins.14 To further sterically crowd the
carbonyl, an additional 5-methoxy substituent was introduced in the analogues 2f and 2g. The buttressing effect
of 5-methoxy on the 4-alkyl substituent should sterically hinder the carbonyl; however, these analogues were
either less potent (2f) or less stable (2g) than 2e. Krantz has examined the effect of electron donating groups on
hydrolytic stability in a series of benzoxazinone HLE inhibitors. Electron donating groups did improve the
hydrolytic stability of these alternate substrate inhibitors; however, subnanomolar inhibitory potency was not
retained when stability was improved.15

Table 2. Rg Substituent Effects on HLE Inhibition and Stability:

CH, CH,
o)
0
s " S cl
R o” %
Cl
Cmpd Rg = HLE inhibition human blood stability

kon M- 1sec )y kqir (sec’) K" (nM) ty/2 (min)
3a H 900,000 0.000027 0.03 30
3b F 1,000,000 0.000030 0.03 <15
3¢ OCHg 522,000 0.000012 0.023 140
3d NMeo 12,300 0.000027 2.2 -
3e 1-methyl-4-piperazinyl 21,500 0.000024 1.1 110

We have found that the 2,6-dichlorobenzoate (DCB) leaving group increases the potency about 10 fold over the
corresponding phenylmercaptotetrazole (PMT) analogues, 16 while retaining blood stability (compare compounds
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3a and 3¢ with 1d and 2e¢). The effect of electron donating and electron withdrawing groups at C6 was explored
in the DCB series (Table 2).12 The compound 3b containing the electron withdrawing 6-fluoro substituent was
equipotent to the 6-hydrogen compound 3a, but was much less stable, presumably due to the increased
electrophilicity of the carbonyl in 3b. The inhibitors 3d and 3e containing the electron donating 6-amino
substituents were less potent than 3a. The loss in electrophilicity of the carbonyl due to the strongly electron
donating 6-amino accounts for the reduced inhibitory potency and improved stability of 3e. The 6-methoxy
derivative 3¢ was the most potent (Kj* = 0.023 nM) and stable (t;,; = 140 min) inhibitor in the DCB series.

In summary, we have designed potent, stable, mechanism-based inhibitors of HLE. The SAR study investigating
HLE inhibitory potency and blood stability identified the 4-isopropyl-6-methoxy-benzisothiazolone nucleus as the
optimum nucleus in this series. Two analogues, WIN 63395 (2e) and WIN 63394 (3¢), were tested in the HLE-
induced hemorrhage hamster model,!” however, the results were variable. When hamsters were pretreated with
10 mg/kg, i.v. of 2¢ in an oil-in-water emulsion, inhibition of 24 or 73% was observed in separate tests and with
3c inhibition of 37 or 100% was observed. The inhibitors 2e and 3¢ were tested orally at 100 mg/kg in hamsters,
but only weakly inhibited (36% and 24%, respectively) the HLE-induced hemorrhage. In dogs the oral
bioavailability of 2e was only 2%. The variable results obtained with 2e and 3c in the i.v. hamster model is
attributed to their physical properties. These compounds are very lipophilic and absorption may be dissolution
limited, since 2e and 3c are also very insoluble in water. This problem has been addressed by the incorporation
of aqueous solubilizing groups on the leaving group portion of the DCB inhibitor 3¢ and has led to the
identification of orally bioavailable compounds.1® This benzisothiazolone series may represent a new class of
therapeutic agents for the treatment of pulmonary diseases such as emphysema, cystic fibrosis, and ARDS.

References and Notes:

1. Janoff, A. Amer. Rev. Respir. Dis. 1985, 132, 417. Gadek, J.E.; Fells, G.A.; Zimmerman, R.L.; Rennard,
S.L; Crystal, R.G. J. Clin. Invest. 1981, 68, 889.

2. Meyer, K.C.; Zimmemman, J. J. Lab. Clin. Med. 1993, 121, 654. Jackson, A.H.; Hill, S.L.; Afford, S.C.;
Stockley, R.A. J. Respir. Dis. 1984, 65, 114.

3. Lee, C.T.; Fein, A.M.; Lippmann, M.; Holtzman, H.; Kimbel, P.; Weinbaum, G. N. Engl. J. Med. 1981,

304, 192.

Edwards, P.D.; Bernstein, P.R. Med. Res. Rev. 1994, 14, 127 and references cited on pp 180-185.

5.  Doherty, J.B.; Shah, SK.; Finke, P.E.; Dorn, Jr., C.P.; Hagmann, W.K.; Hale, J.J.; Kissinger, A.L.;
Thompson, K.R.; Brause, K.; Chandler, G.O.; Knight, W.B.; Maycock, A.L.; Ashe, B.M.; Weston, H,;
Gale, P.; Mumford, R.A.; Andersen, O.F.; Williams, H.R.; Nolan, T.E.; Frankenfield, D.L.; Underwood,
D.; Vyas, K.P,; Kari, P.H.; Dahlgren, M.E.; Mao, J.; Fletcher, D.S.; Dellea, P.S.; Hand, K.M.; Osinga,
D.G.; Peterson, L.B.; Williams, D.T.; Metzger, J.M.; Bonney, R.J.; Humes, J.L.; Pacholok, S.P.; Hanlon,
W.A,; Opas, E.; Stolk, J.; Davies, P. Proc. Natl. Acad. Sci. USA 1993, 90, 8727.

6. Brown, F.J.; Andisik, D.W.; Bernstein, P.R.; Bryant, C.B.; Ceccarelli, C.; Damewood, Jt., J.R.; Edwards,
P.D.; Earley, R.A.; Feeney, S.; Green, R.C.; Gomes, B.; Kosmider, B.J.; Krell, R.D.; Shaw, A.; Steelman,
G.B.; Thomas, R.M.; Vacek, E.P.; Veale, C.A.; Tuthill, P.A.; Warner, P.; Williams, J.C.; Wolanin, D.J.;
Woolson, S.A. J. Med. Chem. 1994, 37, 1259.

7. Hlasta, D.J.; Pagani E.D. Ann. Rep. Med. Chem. 1994, 29, 195.

>



336

10.

11.
12.

13.

14.

15.

16.

17.
18.

19.

D. J. HLASTA et al.

Hagmann, W.K.; Thompson, K.R.; Shah, S.K.; Finke, P.E.; Ashe, B.M.; Weston, H.; Maycock, A.L;
Doherty, J.B. Bioorg. Med. Chem. Lett. 1992, 2, 681. Shah, S.K.; Dorn, Jr., C.P.; Finke, P.E.; Hale, I.J.;
Hagmann, W K.; Brause, K.A.; Chandler, G.O.; Kissinger, A.L.; Ashe, B.M.; Weston, H.; Knight, W.B.;
Maycock, A.L.; Dellea, P.S.; Fletcher, D.S.; Hand, K.M.; Mumford, R.A.; Underwood, D.J.; Doherty,
J.B. J. Med. Chem. 1992, 35, 3745,

Hlasta, D.J.; Bell, M.R.; Boaz, N.W.; Court, ].J.; Desai, R.C.; Franke, C.A.; Mura, A.J;. Subramanyam, C;
Dunlap, R.P. Bioorg. Med. Chem. Lett., 1994, 4, 1801.

Unpublished results by Jian Shen of Sterling Winthrop. An HLE-inhibitor complex model was built using
the x-ray structure of the HLE complex (PDB1HNE) in the Protein Data Bank. Using Quanta/Charmm,
modeled inhibitors 1a or 2e were manually docked into the active site with the carbonyl group towards the
oxyanion hole of HLE. Energy minimization contraining the carbonyl group carbon atom and the Ser195
alcohol oxygen distance to 2 A gave the tetrahedral complex model.

Williams, F.M. Pharmac. Ther. 1987, 34, 99.

The synthetic methods used for the preparation of the inhibitors listed in Tables 1 and 2 are described in ref.
9, 16, and 19.

In our previous communication (ref. 9) we used Kjpacy and kpeaet to define the second order inactivation
rate constant and reactivation rate constant. In this letter and future papers we use the more conventional
Kon and kg for these rate constants. cf. Stein, R.L.; Strimpler, A.M.; Viscarello, B.R.; Wildonger, R.A.;
Mauger, R.C.; Trainor D.A. Biochemistry 1987, 26, 4126.

Jeffrey, G.A.; Saenger, W. Hydrogeq Bonding in Biological Structures, Springer-Verlag: Berlin, 1991; p.
29.

Krantz, A.; Spencer, R.W.; Tam, T.F.; Liak, T.J.; Copp, L.J.; Thomas, E.M.; Rafferty S.P. J. Med. Chem.
1990, 33, 464.

Subramanyam, C.; Bell, M.R.; Carabateas, P.; Court, J.J.; Dority, Jr., J.A.; Ferguson, E.; Gordon, R,;
Hlasta, D.J.; Kumar, V.; Saindane, M.; Dunlap, R.P.; Franke, C.A.; Mura, A.J. J. Med. Chem. 1994, 37,
2623.

Gordon, R.].; Ferguson, E.; Dunlap R.; Franke, C; Silver, P.J. Ann. N.Y. Acad. Sci. 1991, 624, 331.
Hlasta, D.J.; Dunlap, R.; Bell, M.; Carabateas, P.; Court, J.; Desai, R.; Eickhoff, M.; Ferguson, E.; Franke,
C.; Gordon, R.; Johnson, J.; Kumar, V.; Mura, A.; Pagani, E.; Rowlands, A.; Saindane, M.; Silver, P.;
Subramanian, S.; Subramanyam, C. Abstract at the 208th ACS National Meeting, MEDI 9, Washington
D.C., August 21-26, 1994,

Hlasta, DJ.; Court, J.J.; Desai, R.C. Tetrahedron Lett. 1991, 32, 7179. Subramanyam, C.; Bell, M.R.
Bioorg. Med. Chem. Lett. 1991, 1, 733. Desai R.C.; Hlasta D.J.; Monsour, G.; Saindane, M.T. J. Org.
Chem. 1994, 59, 7161.

(Received in USA 28 October 1994; accepted 16 December 1994)



