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The rapid and alarming spread of acquired immune 
deficiency syndrome (AIDS) has sparked an intense 
worldwide search for drugs to combat the causative 
agent of this disease, human immunodeficiency virus 
(HIV). The HrV protease enzyme is a particularly 
attractive target in this regard since it plays a key role 
in viral maturation.1 Although a number of interesting 
compounds are in development, they are primarily 
peptide based and therefore have pharmacokinetic 
drawbacks (either poor bioavailability or relatively rapid 
clearance) and complicated syntheses.2 - 4 Using a high-
throughput screening approach, we identified phen-
procoumon (1) as a novel lead template possessing weak 
HrV protease enzyme inhibitor activity (Ki — 1 /<M) but 
superior pharmacokinetics.5 Other workers have also 
reported the discovery of warfarin analogues as com
petitive inhibitors of HrV protease.6 - 1 0 The coumarin 
template 1 was developed into the first-generation 
pyrone clinical candidate 2 (U-96988) which maintained 
excellent pharmacokinetic properties (Cmax > 50 fiM and 
tm > 4 h following a single oral dose of 10 mg/kg in 
dogs), but had increased enzyme potency (K\ = 38 nM) 
and appreciable antiviral activity in cell culture (IC50 
= 3 ^M).5 Compound 2 has two chiral centers but is 
readily prepared as a mixture of four compounds in a 
simple three-step synthesis.5 
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Figure 1. Shown in light blue is an energy minimized model 
(in the HIV-2 protease binding site) of an SO2 analogue of 
compound 3, in which two hydrogen bonds to the protein are 
formed. This model was constructed from the green compound 
(compound 3) which, in an early stage of refinement as shown 
here, did not form the same hydrogen bonds. Oxygen atoms 
are shown in red, nitrogens in dark blue, and sulfur in yellow. 

We have been interested in preparing additional 
compounds with improved potency and potentially 
reduced complexity. Examination of the crystal struc
ture of closely related analogues of 1 bound to HIV 
protease overlayed with structures of peptide-based 
inhibitors suggested tha t addition of an amide linkage 
could improve the potency of the coumarin-based inhibi
tors.11 This did prove to be the case, a t least in terms 
of enzyme inhibition. For example, compound 3 with a 
BOC-glycine side chain was about 6-fold more potent 
than compound I.11 Further modeling based on the 
crystal structure of 3 bound to HIV-2 protease suggested 
that replacement of the amide carbonyl with an SO2 
group might result in additional hydrogen bonds tha t 
were not observed with the parent compound (Figure 
I).12 While in general the coumarin derivatives are only 
modest enzyme inhibitors, a significant improvement 
in enzyme potency was noted with the saturated analog, 
in particular the cyclooctylpyranone inhibitor 4 (K1 = 
15 nM).13 Compound 4 has good pharmacokinetics and 
is relatively easy to prepare; however, its activity in cell 
culture was disappointing (IC50 = 57 /iM).13 As with 
the coumarins, addition of the carboxamide side chain 
provided an increase in enzyme inhibitor potency.14 
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Scheme 1" 

NHCO2CH2Ph 

Ĉ 
7« R = CO2CH2Ph 

7b R = H 

8a (R = CH, 

' Reagents: (a) p-TsOH, toluene, 62%; (b) Pd/C, cyclohexene, 
100%; (C) RSO2Cl, pyridine, CH2Cl2, 65-80%. 

Table 1 

NHSO. r<y 

compd 

8b 
8c 
8d 
8e 
8f 

R 

H 
o-CH3 

m-CH3 

P-CH3 

p-CN 

K, (nMC 

3 
9 
5 
3 
0.8 

IC50 (//M)* 

5 
>10 

4.0 
3.6 
1.5 

" Enzyme inhibition as determined by the method in ref 5. 
b Antiviral potency as determined in ref 18. 

T h u s , we b e c a m e i n t e r e s t e d i n p r e p a r i n g sul fonamide-
s u b s t i t u t e d cyc looc ty lpyranone a n a l o g u e s . T h e com
pounds were p r e p a r e d in a s t r a igh t fo rward m a n n e r (five 
s t e p s from cyclooctanone) in a p rocess wh ich p a r a l l e l s 
t h a t u s e d to p r e p a r e a m i d e - s u b s t i t u t e d a n a l o g u e s of 4 
a n d involves t h e a c i d - m e d i a t e d coup l ing of t h e k n o w n 
cyc looc ty lpyranone 5 w i t h 6 1 1 i n t h e key s t e p ( S c h e m e 
I ) . 1 4 T h e in i t ia l r acemic cyc loocty lpyranonesul fonamide 
p r e p a r e d , 8 a (K1 = 11 nM) , 1 5 w i t h a s i m p l e m e t h a n e -
s u l f o n a m i d e s u b s t i t u e n t w a s a t l e a s t a s p o t e n t a s 
compound 4 . Molecu l a r m o d e l i n g s t a r t i n g w i t h c r y s t a l 
s t r u c t u r e s of t h e p a r e n t cyc looc ty lpyranone s u g g e s t e d 
t h a t l a r g e r a t t a c h m e n t s to t h e s u l f o n a m i d e g r o u p could 
be a c c o m m o d a t e d (F igu re 2). I n p a r t i c u l a r , t h e m o d e l 
sugges t ed t h a t a p h e n y l g r o u p could be eas i ly t o l e r a t e d 
a n d p red ic t ed t h a t t h e s u l f o n a m i d e g r o u p wou ld form 
h y d r o g e n b o n d s to Gly-48 of A s p - 2 9 of t h e p r o t e a s e . Of 
t h e m a n y poss ible pos i t i on ings of t h e p h e n y l r i ng , t w o 

F i g u r e 2. Two working models of compound 8b , developed 
from a Monte Carlo/molecular mechanics procedure, in which 
the terminal phenyl was predicted to occupy either the S3 ' or 
S4 ' pocket in the enzyme. The models were constructed from 
a crystal s tructure of compound 4 (ref 13). The surface of the 
HIV-2 protease substrate binding site is shown in white. 

m o d e l s w e r e favored , in w h i c h t h e p h e n y l occupied t h e 
S 3 ' o r S 4 ' s i t e s . 1 6 

A s i n d i c a t e d i n T a b l e 1, t h e b e n z e n e s u l f o n a m i d e 8 b 
is i n d e e d a p o t e n t e n z y m e inh ib i t o r w i t h Ki = 3 n M 
a g a i n s t H I V - I . O n t h e bas i s of t h e w o r k i n g model 
w h i c h pos i t ioned t h e p h e n y l g r o u p i n t h e S 4 ' s i t e , a 
n u m b e r of a n a l o g u e s w e r e p r e p a r e d w i t h t h e sul fona
mide N H replaced wi th a n a lkyl or s u b s t i t u t e d alkyl s ide 
c h a i n in a n a t t e m p t to fill t h e S 3 ' s i t e . Howeve r , t h e s e 
w e r e un i fo rmly less ac t ive ( d a t a n o t shown) , s u g g e s t i n g 
t h a t t h e w o r k i n g model w i t h t h e p h e n y l g r o u p e x t e n d e d 
i n t o t h e S 3 ' pocke t m i g h t be t h e cor rec t one. S u b s e 
q u e n t l y , t h e c r y s t a l s t r u c t u r e of 8 b b o u n d to H I V - I 
p r o t e a s e w a s solved a n d c lear ly showed t h e b i n d i n g of 
t h e p h e n y l g r o u p i n t h e S 3 ' pocket . F u r t h e r m o r e , t h e 
p r e d i c t e d h y d r o g e n b o n d s to Gly-48 a n d Asp-29 w e r e 
conf i rmed. I n add i t i on , t h e c rys t a l s t r u c t u r e r evea l ed 
a favorable i n t e r a c t i o n b e t w e e n t h e p h e n y l r i n g of 8 b 
a n d Arg -8 of t h e e n z y m e , wh ich in t u r n formed a s a l t 
b r idge w i t h Asp-29. Modificat ion of t h e t e r m i n a l pheny l 
g r o u p of 8 b s h o w e d t h a t o r t h o s u b s t i t u e n t s (e.g. a s in 
8 c ) w e r e d i s favored w h e r e a s m e t a (8d ) a n d p a r a (8e) 
s u b s t i t u t i o n w i t h sma l l g r o u p s w e r e t o l e r a t e d (Table 1). 
Espec i a l l y i n t e r e s t i n g w a s t h e p - c y a n o d e r i v a t i ve 8 f 
(U-103017) w i t h a Ki = 0.8 n M . 1 7 T h e p a r a pos i t ion on 
t h e p h e n y l r i n g h a s room for n o n b u l k y s u b s t i t u e n t s , a n d 
t h i s w a s conf i rmed w i t h t h e c rys t a l s t r u c t u r e of 8 f 
b o u n d to H I V p r o t e a s e ( F i g u r e 3). T h e p re sence of t h e 
p -cyano g r o u p , however , c a u s e s t h e benzenesu l fonamide 
m o i e t y to shif t i ts pos i t ion s o m e w h a t , w e a k e n i n g t h e 
i n t e r a c t i o n of t h e N H w i t h Gly-48 . 

I n add i t ion to i nc r ea s ing e n z y m e inhibi t ion, subs t i t u 
t ion of t h e cyc looc ty lpyranrone moie ty w i t h a r e n e -

Table 2. 

species 

rat 

dog 

Selected Pharmacokinetic 

dose (mg/kg)/route 

2.5/iv 
5/po 
5/iv 
10/po 

Parameters for 

CLr (L/h/kg) 

0.075 ± 0.014 

0.044 ± 0.008 

8f Calculated form Time-Course Plasma Concentrations (Mean ± SDC 

V„ (17kg) 

0.11 ±0.014 

0.084 ± 0.018 

tv2 (h) Cmax (/'M) 

3.0 ±0.18 
24.2 ± 9.99 

6.3 ± 1.8 
156 ± 46.1 

tmaxth) 

0.25-1 

0.67-1 

F(%) 

41.9 ±3 .15 

76.7 ± 4.1 

" The plasma concentration-time data were analyzed by noncompartmentai methods, and the distribution rate constant (/?) and half-
life U112) were estimated. The total body clearance (CLr), steady-state volume of distribution (V3S), maximum concentration (Cmax), time 
of maximum concentration ttmax), and bioavailability (F) were also calculated. Compound 8f was administered orally as a single dose in 
an aqueous sodium hydroxide solution adjusted to pH 10. 
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F i g u r e 3. Crystal s t ructure of the more active enantiomer 
(S-configuration a t the chiral center) of 8f bound to HIV-I 
protease. The carbon backbone of 8f is shown in green. The 
hydrogen bond between NH of Asp-29 and the oxygen of the 
sulfonyl group is partially obscured in this view. 
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F i g u r e 4. Comparison of average steady-state concentrations 
(Cav) in rats and dogs after oral administration of 8f as a 
solution formulation, twice daily, for 28 days. 

s u l f o n a m i d e g r o u p s p r o v i d e d i m p r o v e m e n t in a n t i v i r a l 
ac t iv i ty . T h e v a s t ma jo r i t y of c o u m a r i n s a n d p y r o n e 
a n a l o g u e s ( inc lud ing , i n t e r e s t i n g l y , m o s t of t h e a m i d e -
s u b s t i t u t e d a n a l o g u e s ) s h o w i n g p o t e n t e n z y m e inh ib i 
t i on d e m o n s t r a t e d r e l a t ive ly l i t t l e a n t i v i r a l ac t iv i ty i n 
cell c u l t u r e . I n c o n t r a s t , s u b s t i t u t i n g t h e cyclooctyl-
p y r a n o n e s w i t h a wide v a r i e t y of a r e n e s u l f o n a m i d e s led 
to a n a l o g u e s w i t h m a r k e d l y e n h a n c e d a n t i v i r a l act ivi ty . 
Th i s w a s no t because of a n inc rease in toxicity wi th such 
c o m p o u n d s ; for e x a m p l e , c o m p o u n d 8 f (IC50 = 1.5 « M , 
T C I D 5 0 = 100 //M) s h o w e d a 70-fold se lec t iv i ty i ndex in 
M T 4 cel ls a c u t e l y infected w i t h H I V - I H I B . 1 8 Reso lu t ion 
via ch i r a l H P L C 1 9 of t h e cyc looc ty lpyranones s u c h a s 
8f r evea l ed a t m o s t a 2—4 fold difference in po t ency 
be tween t h e t w o e n a n t i o m e r s e i t h e r a t t h e e n z y m e level 
or in cell c u l t u r e , w i t h t h e m o r e p o t e n t e n a n t i o m e r 
h a v i n g a K\ = 0.6 n M a n d a n a n t i v i r a l IC50 = 1 //M. 

F u r t h e r w o r k w i t h c o m p o u n d 8 f r evea l ed t h a t it w a s 
rough ly e q u i p o t e n t a g a i n s t b o t h H I V - I (K, = 0 .8 n M ) 
a n d HIV-2 (K, = 3.2 nM) p r o t e a s e b u t d id n o t h a v e 
s ign i f ican t ac t iv i ty a g a i n s t a p a n e l of h u m a n a s p a r t y l 
p r o t e a s e s ( r en in , p e p s i n , g a s t r i c s i n , c a t h e p s i n D , a n d 
c a t h e p s i n E ) . 2 0 F u r t h e r m o r e , i t w a s ac t ive a g a i n s t all 
cl inical v i r a l i so la tes e v a l u a t e d ( m e d i a n IC50 = 5 //M, 
r a n g e 1—8 /iM).2i P h a r m a c o k i n e t i c p r o p e r t i e s i n r a t s 
a n d dogs w e r e v e r y p r o m i s i n g (Table 2). O r a l b ioavai l 
abi l i ty r a n g e d from 4 2 % ( ra t ) to 7 7 % (dog), a n d t h e ora l 
half-life i n t h e dog w a s 6 h . P a r t i c u l a r l y i m p r e s s i v e 

w e r e t h e c o n c e n t r a t i o n s of t h e d r u g i n a n i m a l s wh ich 
could be ,safe ly ach ieved a n d m a i n t a i n e d w i t h m u l t i p l e 
dos ing , typ ica l ly above h u n d r e d m i c r o m o l a r (F igu re 4). 
B e c a u s e of i t s s u b n a n o m o l a r e n z y m e inh ib i t ion , p o t e n t 
a n t i - H I V act ivi ty , favorable p h a r m a c o k i n e t i c p roper t i es , 
a n d r e l a t i ve e a s e of s y n t h e s i s , c o m p o u n d 8f (U-103017) 
w a s se lec ted for d e v e l o p m e n t a n d h a s b e e n e n t e r e d in to 
p h a s e I c l inical t e s t i n g . 
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