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A novel series of human leukocyte elastase (HLE) inhibitors containing the /3-carbolinone ring 
system are reported. The design of these trifluoromethyl ketone-based inhibitors used a 
combination of structural information obtained from X-ray crystallography and molecular 
modeling investigations. The /3-carbolinone ring in these compounds serves as a highly efficient 
peptidiomimetic for the P2-P3 region of peptidyl trifluoromethyl ketone inhibitors of HLE. 
Several of the /3-carbolinones exhibit significant in vitro potency, with Ki values in the nanomolar 
range. Using aqueous molecular dynamics simulations, realistic models for the molecular 
recognition of these inhibitors by HLE have been obtained and are discussed. This series of 
compounds are found to have excellent selectivity for HLE over a number of other proteolytic 
enzymes, including closely related enzymes such as porcine pancreatic elastase. 

Introduction 

Human leukocyte elastase (HLE) is one of several 
serine proteases contained in the azurophilic granules 
of polymorphonuclear leukocytes. The physiological role 
of this enzyme is largely thought to be intracellular, 
taking part in phagocytosis and host defense.1 When 
present in the extracellular environment, the ability of 
elastase to degrade structural proteins found in con
nective tissues (e.g., elastin and type IV collagen) has 
led to speculation that the enzyme aids in the migration 
of neutrophils into the airways in response to chemotatic 
factors.2-4 HLE has been shown to be an extremely 
potent mucus secretagogue.5 The effect of elastase on 
mucus secretion is thought to be due to the proteolytic 
activity of the enzyme as it is blocked by active site-
directed inhibitors such as ICI-200,355 (1, Figure l).6 

Extracellular elastase activity is tightly controlled in 
the pulmonary system by a number of proteinaceous 
inhibitors. ai-Protease inhibitor (aiPI) is thought to be 
primarily responsible for protection of the lower airways 
from elastolytic damage, while secretory leukocyte pro
tease inhibitor appears to shield the upper airways.78 

In a number of pulmonary pathophysiological states, 
these proteins ineffectively regulate HLE activity. The 
resulting unconstrained elastolytic activity is associated 
with the abnormal tissue turnover found in pulmonary 
emphysema9 and in diseases such as cystic fibrosis and 
chronic bronchitis in which mucus hypersecretion and 
impaired host defense are major components.10-12 

There continues to be considerable interest in the 
development of synthetic inhibitors of HLE to be used 
as therapy in disease states in which elastase activity 
is ineffectively controlled by endogenous inhibitors.13-15 

Previous reports from these laboratories have disclosed 
several different series of reversible, peptidic inhibitors 
of HLE (see Figure 1). These inhibitors demonstrate 
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Figure 1. Peptidic HLE inhibitors: 1, ICI-200,355; 2, ICI-
200,880; 3, difluoroketone inhibitor; 4, a-ketobenzoxazole 
inhibitor. 

potent, long-lasting inhibition of elastase activity after 
intratracheal administration in animal models.16,17 One 
of these compounds (ICI-200,880, 2) has undergone 
extensive clinical evaluation.18 As a follow-up to ICI-
200,880, we sought to develop an HLE inhibitor that 
could be administered by the oral route (po). The lack 
of oral activity found in compounds 1—4 (Figure 1), 
coupled with the knowledge that peptidic compounds 
can suffer from poor oral bioavailability, suggested that 
we should attempt to replace peptidic portions of these 
inhibitors with appropriate mimetics. A key step in this 
process was the discovery that the P3—P2, Val-Pro unit 
in 1—4 could be replaced by a functionalized pyridone 
ring (e.g., 5, Figure 2), providing potent inhibitors of 
HLE.19'20 We now report the extension of this work to 
a series of tricyclic /3-carbolinones (e.g., 6, Figure 2). 
These compounds are also found to be potent inhibitors 
of HLE. 

© 1995 American Chemical Society 
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Figure 2. Top: General structure for pyridone-based trifluo-
romethyl ketone inhibitors of HLE (5). Bottom left: Partial 
representation of binding mode of pyridone-based inhibitors 
with HLE. Bottom right: General structure for /S-carbolinone-
based trifluoromethyl ketone inhibitors of HLE (6) and partial 
representation of their binding mode with HLE. 

Initial Design Considerations 

Our design efforts were greatly aided by the avail
ability of several crystal structures of peptidic inhibitors 
complexed to either HLE or the closely related enzyme 
porcine pancreatic elastase (PPE).21-24 The X-ray crys
tal structure of the complex formed between HLE and 
the third domain of the turkey ovomucoid inhibitor 
(TOMI)24 revealed a number of interesting enzyme-
inhibitor interactions (Figure 3a). In this structure, a 
portion of the Leu 181 side chain of TOMI occupies the 
Si specificity pocket of HLE, consistent with the prefer
ence of the enzyme for small hydrophobic residues at 
this site. In addition, several hydrogen-bonding inter
actions are formed between the inhibitor and enzyme. 
Particularly noteworthy are the /3-sheet, reciprocal pair 
of hydrogen bonds formed between Val 216 (HLE) and 
the P3 residue, Cys 161 (TOMI). The crystal structure 
of the HLE complex with the irreversible inhibitor 
MeOSuc-Ala-Ala-Pro-Val-CH2Cl25 also displays this re
ciprocal pair of hydrogen bonds in the /8-sheet region 
(Figure 3b). While outside the range typically observed 
for hydrogen bonding interactions, both TOMI and 
MeOSuc-Ala-Ala-Pro-Val-CH2Cl direct carbonyl oxygens 
(from Pro 141 (3.7 A) and Sue (3.5 A), respectively) 
toward the NH of Gly 218. Previously reported simula
tions of a p-CH3CONHC6H4S02-substituted pyridone 
revealed that a hydrogen-bonding interaction can form 
between this NH of HLE and an appropriately substi
tuted inhibitor.19d 

The X-ray crystal structure of a peptidic trifluor-
methyl ketone (TFMK) inhibitor, acetyl-Ala-Pro-Val-
TFMK,21 covalently bound to PPE shows similar binding 
interactions (Figure 3c) to those observed in the HLE 
structures, including the reciprocal pair of hydrogen 
bonds in the P3 region. This inhibitor places the Val 
side chain in the Si pocket and forms two hydrogen 
bonds between the trifluoromethyl oxyanion and the NH 
atoms of Ser 195 and Gly 193. While similar in these 
aspects, interesting differences have also been noted for 
the PPE and HLE binding environments.26 

A major simplification of the peptidic inhibitors was 
realized from inspection of their orientation in the P3 
region when bound to HLE. The near coplanar ar
rangement of the /3-sheet hydrogen-bonding moieties 
suggested that their incorporation into an appropriate 
heterocycle would maintain critical interactions while 
eliminating two stereogenic centers. The aminopyri-
done series (e.g., 5, Figure 2) demonstrated the validity 
of this hypothesis. A natural extension of this effort 
involved the incorporation of the NH donor of 5 into a 
cyclic system, thus opening the possibility of new classes 
of polycyclic compounds that could serve as potential 
HLE inhibitors. Of the many possible polycyclic ring 
systems that present the needed H-bond donor-accep
tor pair, we chose to explore a series of /3-carbolinones 
(e.g., 6, Figure 2). This decision was motivated both by 
the ease of synthesis of this ring system and the 
expectation that the /?-carbolinone nucleus would be 
easily amenable to further functionalization. 

Chemistry 

The intermediates and compounds described in Table 
1 were prepared as shown in Scheme 1-4. Compounds 
in the tetrahydro-/?-carbolinone series were prepared by 
general method A, described in Scheme 1. The substi
tuted l,2,3,4-tetrahydro-l-oxo-/3-carbolines 7 used as 
starting materials were obtained commercially or pre
pared by literature methods.27 Selective protection of 
the more acidic 9-position NH was achieved by forma
tion of the monoanion with sodium hydride followed by 
alkylation to afford the SEM-protected compound 8. A 
second deprotonation and subsequent alkylation using 
iodide 1028 gave compound 11. Removal of the SEM and 
tert-butyldimethylsilyl protecting groups using fluoride 
ion followed by oxidation of the trifluoromethyl alcohol 
using a modified Pfitzner—Moffatt procedure provided 
the desired trifluoromethyl ketones 12a—d. Oxidation 
of the tricyclic ring system using DDQ yielded dihydro-
/3-carbolinones 13a-f. This general method worked well 
for the preparation of compounds with substitution in 
the 6-, 7-, and 8-positions of the /3-carbolinone nucleus. 
However, it was not useful for the preparation of 
3-substituted /3-carbolinones. Instead, a different method 
of synthesis of the dihydro-/?-carbolinone ring system 
was employed (general method B, Scheme 2) where the 
tricyclic ring system is formed by the acid-catalyzed ring 
closure of an acetal (15). In this strategy it is important 
that a latent form (R3 in Scheme 2) of what will become 
the trifluoromethyl ketone-containing side chain be 
incorporated prior to cyclization, as attempts to incor
porate this side chain by alkylation procedures similar 
to those used in Scheme 1 provide only O-alkylated 
products. Protection of the indole nitrogen in 15 is not 
required to control the regiochemical course of the 
cyclization (e.g., C- vs N-alkylation); however higher 
yields of cyclized product 16 are obtained when the 
nitrogen is protected, and thus the iV-benzyl protecting 
group was routinely employed in our syntheses. Trans
formation of 16 into the requisite acid 17 was achieved 
by an oxidative three-step sequence or basic hydrolysis. 
An EDC-mediated coupling of the resulting acid to the 
amine 916 (Scheme 1) followed by removal of the benzyl 
protecting group with aluminum chloride and oxidation 
of the alcohol to the trifluoromethyl ketone afforded 
compounds of the general structure 19. 
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Figure 3. (a) Schematic representation of the hydrogen-bonding interactions in the P1-P5 binding segment of TOMI with HLE 
(ref 24). (b) Schematic representation of interactions between MeOSuc-Ala-Ala-Pro-Val-CH2Cl and HLE (ref 25b). (c) Schematic 
representation of interactions between Ac-Ala-Pro-Val-TFMK and PPE (ref 21). 
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" Generic groups Ri and R2 are defined in Table 1. Reagents: (a) NaH, [2-(trimethylsilyl)ethoxy]methyl chloride, THF; (b) chloroacetyl 
chloride, 4-methylmorpholine, THF; (c) tert-butyldimethylsilyl triflate, 2,6-lutidine, CH2C12; (d) Nal, acetone; (e) NaH, THF; (f) 1 M BmNF 
in THF, reflux; (g) EDC, C12CHC02H, DMSO, toluene; (h) DDQ, dioxane. 

In the case of compound 19c, difficulty in the prepa
ration of the required 8-cyanoindole-2-carboxylic acid 
by conventional methods of indole ring synthesis 
prompted us to devise a new method, which is shown 
in Scheme 3. The known ketone 2229 was transformed 
in a one-pot sequence, via cyanohydrin formation and 
subsequent elimination, into the vinyl nitrile. Oxidation 
of the nitrile with DDQ followed by benzylation of the 
nitrogen and ester hydrolysis provided 8-cyanoindole-
2-carboxylic acid 23. 

The amino acetals 25, 28, and 29 used in Scheme 2 
were made (Scheme 4) either by a reductive amination 
in cases where the keto acetal was readily available 

(e.g., 24) or via alkylation of the amino acetals30 (26 and 
27) with ethyl bromoacetate. 

Conversion of the 8-cyano-/3-carbolinones into their 
aldehyde, ester, and acid derivatives 32—34 is detailed 
in Scheme 5. The nitrile functionality in 18 was 
selectively reduced using Raney nickel to yield the 
corresponding aldehyde 30. Further transformation of 
30 provided ester 33 and acid 34. The incorporation of 
other polar substituents in the 8-position is shown in 
Scheme 6. The 8-(benzyloxy)-/3-carbolinone 17 was 
coupled with amine 9 to give 35. Depending upon the 
severity of the hydrogenolysis conditions used, either 
one or both of the benzyl protecting groups could be 
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" Generic groups Rx and R2 are defined in Table 1. Reagents: (a) (C0C1)2, CH2C12, DMF; (b) 25, 28, or 29, Et3N, CH2C12; (c) H2S04, 
ether; (d) (i) 0s04, iV-methylmorpholine JV-oxide, THF, H20; (ii) NaI04, ethanol, H20; (iii) NaC102, 2-methyl-2-butene, NaH2P04, tert-
butyl alcohol, THF, H20; (e) LiOH, THF, MeOH, H20; (f) 9, EDC, HOBT, Et3N, DMF; (g) A1C13) benzene, CH3NO2; (h) EDC, C12CHC02H, 
toluene, DMSO. 
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removed. The 8-hydroxy compound 38 was prepared 
by protection of the phenolic hydroxyl with tert-hu-
tyldimethylsilyl chloride followed by oxidation of the 
trifluoromethyl alcohol and removal of the silyl protect
ing group using fluoride ion. Alternatively, selective 

" Generic group R2 is defined in Table 1. Reagents: (a) Raney 
nickel, NaH2P02-H20, pyridine, acetic acid, H20; (b) (i) NaC102, 
2-methyl-2-butene, NaH2P04, tert-butyl alcohol, THF, H20; (ii) 
CH2N2, ether; (c) EDC, C12CHC02H, DMSO, toluene; (d) LiOH, 
THF, H20. 

hydrogenolysis of the benzyloxy group in 35 followed 
by triflate formation, palladium-catalyzed coupling with 
dimethyl phosphite, and removal of the iV-benzyl pro
tecting group gave compound 37. Oxidation of 37 by 
the previously described procedure afforded 39. A 
similar sequence, but starting with 6-(benzyloxy)indole-
2-carboxylic acid in Scheme 2, was used to prepare the 
6-phosphonate derivative 40. 

In Vitro HLE Inhibition 
The in vitro activity of the compounds in Table 1 was 

measured by their ability to inhibit the elastase-medi-
ated hydrolysis of the synthetic substrate MeOSuc-Ala-
Ala-Pro-Val-pNA using the method described by Stein 
and co-workers.31 Cursory inspection of Table 1 reveals 
that potent inhibitors of HLE can clearly be obtained 
from the /J-carbolinone series. 

Our initial investigations focused on the tetrahydro-
/3-carbolinone derivatives (Table 1). Molecular modeling 
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80 °C; (ii) tBuMe2SiCl, imidazole, DMF; (c) (i) H2 Pd/C, ethanol; 
(ii) iV-phenyltrifluoromethanesulfonimide, EtsN, CH2CI2; (iii) 
(CH30)2P(0)H, 4-methylmorpholine, tetrakis(triphenylphosphine)-
palladium(O), acetonitrile; (iv) AICI3, benzene, CH3NO2; (d) EDC, 
CI2CHCO2H, toluene, DMSO; (e) Bu4NF, THF. 

indicated that these compounds could bind to HLE so 
as to access key binding interactions (Figure 2). How
ever, compounds in this class exhibited disappointing 
levels of in vitro activity, as exemplified by 12a-c (Table 
1). Interestingly, even this relatively poor micromolar 
level of activity was lost for 12a upon its reduction to 
the trifluoromethyl alcohol form. This demonstrated 
that formation of a hemiketal linkage with Ser 195 was 
an important component of efficient HLE inhibition. 
With this mechanistic fact established, our goal became 
the appropriate modification of the /3-carbolinone tem
plate and its substituents in order to increase in vitro 
potency for the series. 

Molecular mechanics energy minimization of 12a in 
the active site of HLE revealed that the 8-position of 
the tetrahydro-/3-carbolinone template was in proximity 
to the NH of Gly 218. We hypothesized that the 
placement of a suitable acceptor functionality at the 
8-position might allow for the formation of a hydrogen 
bond with this NH group. Encouragingly, molecular 
mechanics minimization of 12d in the HLE active site 
showed the formation of the proposed hydrogen-bonding 
interaction. Experimentally our modeling hypothesis 
seemed to be strengthened by the observation that the 
8-carboxy-substituted compound (12d) exhibited a 41-
fold increase in binding affinity relative to the unsub-
stituted compound (12a). The dihydro-/3-carbolines 
which, in general, exhibited greater potency than the 
corresponding tetrahydro derivatives also showed an 
increase in potency for the 8-carboxy derivative (13d) 
relative to the unsubstituted compound (13a). Interest
ingly, however, molecular mechanics minimization of 
the 8-ethyl ester (13e) and 8-amido (13f) dihydro 
derivatives also showed the formation of a hydrogen 
bond with Gly 218 without a corresponding experimen
tal increase in in vitro potency. While 13e did show 
geometric distortion upon minimization in the active site 
as a result of the sterically encumbering 8-position ester, 
offering a possible explanation for the poor in vitro 
performance of this derivative, the missing in vitro 
potency boost expected for 13f was bothersome. 

Aqueous molecular dynamics (MD) simulations were 
employed to investigate the binding of these dihydro-

Veale et al. 

/3-carbolinones under conditions that more closely rep
resent the experimental environment. MD of the parent 
dihydro-/3-carbolinone (13a) in HLE showed that the 
inhibitor was able to maintain all of the critical binding 
interactions with the enzyme (Figure 3) calculated in 
our previous molecular mechanics minimizations, in
cluding the /3-sheet hydrogen-bonding interactions with 
Val 216. For 13d, however, the hydrogen-bonding 
interaction with the NH of Gly 218 was no longer 
obtained when molecular motion and competing water-
inhibitor, water-enzyme interactions were considered. 
Rather, in addition to the binding interactions observed 
for 13a, a relatively long-lived interaction was formed 
between the 8-carboxylate group of 13d and the guani-
dinium group of Arg 177 (Figure 4). Simulations 
employing 13h, in which the carboxylate group is moved 
to the 7-position, revealed that this isomer places the 
acid functionality beyond the reach of the Arg 177 side 
chain. While /?-sheet hydrogen-bonding interactions 
remain intact, no guanidinium—carboxylate interactions 
are noted in simulations for this compound, even when 
the Arg 177 orientation found for 13d is employed as 
the starting geometry. Consistent with these results 
is the observation that no increase in binding affinity 
relative to 13a is observed for 13h in vitro. Similarly, 
the 8-amido derivative (13f) shows no tendency to form 
a hydrogen bond with Gly 218 NH or stabilizing 
interaction with Arg 177. The small decrease in potency 
for 13f relative to 13a may be the result of competition 
by the 8-amido carbonyl for the hydrogen bond from the 
NH of the /3-carbolinone. Such an interaction would 
weaken the hydrogen bond with the carbonyl oxygen of 
Val 216, decreasing the in vitro potency relative to 13a. 
While such competition should also be present in 13d, 
the additional stabilizing interaction with Arg 177 may 
be sufficient to compensate for the small loss from this 
intramolecular interaction. Aqueous MD simulations 
for the 8-ethyl ester derivative, 13e, revealed that one 
of the crucial hydrogen bonds between the inhibitor (/?-
carbolinone NH) and Val 216 (carbonyl oxygen) is not 
well formed, spending greater than half the time at 
distances longer than one would consider acceptable for 
efficient hydrogen bond formation (N* • O > 3.2 A). No 
binding interaction is observed with Arg 177 or Gly 218 
for 13e. These binding differences, which are most 
probably a direct consequence of the greater 8-position 
steric bulk for this inhibitor, provide a reasonable 
explanation for the observation that 13e is a weaker 
inhibitor than 13a,f,h. In contrast to the in vacuo 
molecular mechanics minimization results, these MD 
simulations are, therefore, completely consistent with 
the observed in vitro binding trends obtained for 13a,d— 
f,h. 

The sp2 center at the 3-position of the dihydro-/3-
carbolinone template presents a geometry analogous to 
the 6-position of the previously described pyridone-based 
HLE inhibitors. This similarity allows for the possibil
ity of directly exploiting the SAR information obtained 
from this closely related set of inhibitors in the design 
of more potent dihydro-/3-carbolinones. For the pyridone 
class of inhibitors (e.g., 5, Figure 2), a significant 
increase in potency results from placing a phenyl 
substitutent at the 6-position of the pyridone ring. 
X-ray crystallography of a complex between a phenyl-
substituted pyridone inhibitor and PPE has revealed 
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Table 1. Physical and Synthetic Data for Tetra- and Dihydrocarbolinones 

H O H O 
Telrahydro Series Dihydro Series 

compd R2 Series HLE K, (nM) molecular formula" mp (°C) 
method of 

preparation6 

12a 
12b 
12c 
12(1 
13a 
13b 
13c 
13d 
13e 
13f 
13g 
l.'ih 
19a 
19b 
19c 
19d 
19e 
19f 
19g 
19h 
32 
33 
34 
38 
39 
40 

H 
6-C1 
6-OCH3 

8-CO2H 
H 
6-C1 
6-OCH3 
8-CO2H 
8-C02Et 
8-CONH2 
7-C02Et 
7-CO2H 
H 
H 
8-CN 
8-OSO2CH3 
8-OC(0)OCH3 

8-OCH3 
8-CO2H 
8-CN 
8-CHO 
8-CO2CH3 
8-CO2H 
8-OH 
8-P(0)(OCH3)2 
6-P(0)(OCH3)2 

H 
H 
H 
H 
H 
H 
H 
H 
iPr 
Ph 
Ph 
Ph 
Ph 
Ph 
iPr 
iPr 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 

tetrahydro 
tetrahydro 
tetrahydro 
tetrahydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 
dihydro 

1100 ± 200 
1000 ± 200 
1100 ± 2 0 0 

27 ± 4 
290 ± 40 
210 ± 80 
350 ± 60 

22 ± 9 
2500 ± 500 

730 ± 160 
340 ± 90 
510 ± 20 

54 ± 1 4 
6.1 ± 3 
6.6 ± 1.3 

15 ± 2 
24 ± 5 
17 ± 1 . 7 
19 ± 0.5 
28 ± 1.7 

4.9 ± 0.2 
130 ± 30 

13 ± 1 . 9 
6.7 ± 1.6 

52 ± 1 1 
9.6 ± 5 

C19H2oF3N303 
C,9H19C1F3N303 
C20H22F3N3O4 
C20H20F 3N3O5 
C19Hi8F3N305 

Ci9H17ClF3N303 
C2oH2oF3N304-0.25H20 
C2oHigF3N305-0.25H20 
C22H22F3N3O5-0.33H2O 
C20Hi9F3N4O4O.3EtOH 
C22H22F3N3O5O.6H2O 
C2oH,8F3N305 

C22H24F3N3O3 
C25H22F3N3O3-0.3H2O 
C26H2)F3N4O3-0.6H2O

c 

C26H24F3N3O6S 
C27H24F3N3O6 
C26H24F3N3O4-0.25H2O 
C23H2405N3F3-H20 
C23H23F3N4O3 
C26H22F3N304-1.1H20 
C27H24F3N305 

C26H22F3N3O5-1.0H2O 
C25H22F3N3O4-0.3H2O 
C27H24F3N306P 
C27H27F3N306P 

199-201 
242 
244-245 
246 
278 
293-295 
248-250 
260-262 
218 
316 
255-256 
281-283 
256 
317-319 
271 
255-256 
246-247 
244-246 
279 (d) 
238-240 
232 
228-231 
271-274 
344 
149-150 
248-250 

A 
A 
A 
A 
A 
A 
A 
A o r B 
A 
A 
B 
B 
B 
B 
B 
B, D 
B, D 
B 
B, C 
B 
B, C 
B, C 
B, C 
B, D 
B,D 
B,D 

" All compounds were analyzed for C,H,N; the results agreed to within ±0.4% of the theoretical values. * A general preparation for 
each type of synthesis is given in the Experimental Section.' N: calcd, 11.08; found, 10.62. 

Figure 4 . One time point from molecular dynamics simulation of 13d in HLE. Water molecules have been removed for clarity. 
The enzyme is shown in cyan, His 57 and Ser 195 are shown in red, Val 216 is in yellow, and Arg 177 is in green with nitrogens 
labeled blue and hydrogens white. The inhibitor 13d is in green with heteroatoms colored as follows: oxygen—red, nitrogen—blue, 
hydrogen—white, and fluorine—purple. 

t h a t t h e pheny l moie ty is nes t l ed a g a i n s t t h e S2 s u b s i t e 
of t h e enzyme. 1 9 d I nh ib i t o r 19b ana logous ly p l aces a 
pheny l in t h e 3-posit ion of t h e /J-carbolinone r ing , a n d 
o u r a q u e o u s M D s i m u l a t i o n s on t h i s compound show 
t h e p h e n y l to be bound to t h e S2 s u b s i t e of H L E . 

E x p e r i m e n t a l l y , t h i s compound exh ib i t s a s u b s t a n t i a l 
i nc rease in b ind ing affinity (50-fold) r e la t ive to 13a. 

W e incorpora ted t h e two independen t ways of increas
ing t h e affinity of t h e /3-carbolinone i nh ib i t o r s for H L E 
(8-posi t ion ca rboxy la te a n d 3-posit ion pheny l ) in to one 
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Table 2. Selectivity Data for 13d Table 3. Selectivity Data 

enzyme ifi(nM) 

human leukocyte elastase 
porcine pancreatic elastase 
chymotrypsin (bovine) 
trypsin (bovine) 
thrombin (human) 
AChE (electric eel) 
papain 
ACE (rabbit) 
cathepsin G (human) 

22 
NI° 
NI" 
NI° 
NI" 
NI° 
NI° 

94 000 
130 000 

" No inhibition at highest concentration tested (400 /xM). 

inhibitor (34) in the hope of obtaining a synergistic 
increase in in vitro potency. Interestingly, the Ki for 
34 (13 nM) was found to be intermediate between the 
8-carboxy (22 nM) and the 3-phenyl (6.1 nM) deriva
tives. Simulations for 34 show interactions between the 
carboxylate group and the guanidinium of Arg 177 that 
are similar to those observed for 13d. However, while 
the 3-phenyl of 34 remains proximal to the S2 region, 
the aryl group is significantly lifted from the HLE 
binding site relative to its orientation in 19b. The 
prying of the 3-phenyl substitutent from the S2 pocket 
is a direct geometric consequence of attempting to 
maintain interactions with Arg 177 at the opposite end 
of the /3-carbolinone template. These simulations quali
tatively suggest that 34, rather than taking full advan
tage of each of the binding interactions observed for 13d 
and 19b, compromises by maintaining some of binding 
interactions with Arg 177 while sacrificing a significant 
portion of the beneficial hydrophobic interactions be
tween the 3-phenyl substituent and the S2 pocket. For 
such a binding arrangement, one might reasonably 
expect to obtain only some of the potency benefit 
observed for each substituent independently. An inter
mediate Ku as observed, is a reasonable outcome for 
such a binding orientation. These findings for 34 are 
also consistent with the experimental observation that 
the 8-carboxy-tetrahydro-/3-carboline 12d exhibits a Ki 
that is comparable to that observed for 13d. The 
emphasis on formation of the binding interaction with 
Arg 177, and its subsequent geometric requirements, 
reduces the influence of the geometry and substitution 
pattern in the 3-position (e.g., tetrahydro vs dihydro) 
relative to that which pertains for the des-8-carboxy 
derivatives. Without the 8-carboxy substituent, the 
/3-carbolinones are more sensitive to 3-position geometry 
and the tetrahydro parent, 12a, is consequently less 
potent than the dihydro, 13a. 

In general, the /3-carbolinone series of inhibitors was 
found to have good selectivity for HLE vs a broad range 
of other proteolytic enzymes (Table 2). One exception 
to this was the finding that the addition of a 3-position 
substituent increased binding affinity for bovine pan
creatic chymotrypsin, with the 3-phenyl substituent 
being most problematic.32 Incorporation of polar 8-posi-
tion substituents into 3-phenyl-substituted /3-carboli-
nones (e.g., 34 and 39, Table 3) resulted in substantial 
improvements in selectivity ratios. 

Pharmacology 

Several of the compounds in Table 1 (13d, 34, 38, and 
40) were evaluated for activity in an acute lung hemor
rhagic model33 after a 30 mg/kg oral dose of inhibitor. 
This model measures the ability of an orally dosed 

compd 

13a 
13d 
19a 
19b 
19c 
39 
34 

Ri 

H 
C02H 
H 
H 
CN 
P(0)(OCH3)2 
C02H 

R2 
H 
H 
iPr 
Ph 
Ph 
Ph 
Ph 

HLE 

290 
22 
54 
6.1 
6.6 

52 
13 

Xi(nM) 

bovine 
chymotrypsin 

NI° 
NI° 

1100 
430 
180 

26 000 
43 000 

ratio 

-
-

20 
70 
27 

500 
3308 

a No inhibition at the highest concentrations tested (> 150 ^M). 

inhibitor to protect the lung from hemorrhage induced 
by the instillation of a 50 unit dose of HLE into the 
trachea of anesthetized hamsters. The amount of 
hemorrhage is measured by the spectrophotometric 
determination of the amount of hemoglobin present in 
a lung lavage sample taken 3 h postelastase treatment. 
Disappointingly, none of the compounds showed statis
tically significant protection against the HLE-induced 
lung hemorrhage. The lack of oral activity in these 
compounds could be due to several factors, including 
poor oral bioavailability, rapid clearance, or poor pen
etration into the lung from the systemic circulation. To 
determine if blood levels of inhibitor were being obtained 
after oral dosing, a 75 mg/kg dose of 13d was given to 
hamsters followed by pharmacokinetic determination of 
plasma levels using our published procedure.183 This 
experiment failed to show detectable levels of functional 
inhibitor to be present in blood, suggesting poor absorp
tion or extensive first pass metabolism were likely 
factors responsible for the lack of oral activity. 

Summary 

The /3-carbolinone family of trifluoromethyl ketone-
based inhibitors can exhibit significant in vitro potency 
and selectivity for HLE. Inspection of X-ray crystal-
lographic results and molecular mechanics modeling 
were helpful in both the initial design of this class of 
inhibitor and in developing suggestions for substitution 
patterns that would improve in vitro potency. In some 
cases, results from in vacuo molecular mechanics mini
mizations provided results that were inconsistent with 
experimental observation. This most probably results 
from these minimizations not considering the influence 
of molecular motion and inadequately representing the 
effect of molecular solvation. Aqueous MD simulations 
were able to provide representations of inhibitor-binding 
interactions with HLE that are consistent with experi
mental binding results. These simulations reveal the 
potential importance of interactions between 8-carboxy-
substituted /5-carbolinones and Arg 177. 

Experimental Section 
General Methods. Analytical samples were homogeneous 

by TLC and afforded spectroscopic results consistent with the 
assigned structures. Proton NMR spectra were obtained using 
either a Bruker WM-250 or AM-300 spectrometer. Chemical 
shifts are reported in parts per million relative to Me4Si as 
internal standard. Mass spectra (MS) were recorded on a 
Kratos MS-80 instrument operating in the chemical ionization 
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(CI) mode. Elemental analyses for carbon, hydrogen, and 
nitrogen were determined by the ZENECA Pharmaceuticals 
Analytical Department on a Perkin-Elmer 241 elemental 
analyzer and are within ±0.4% of theory for the formulas 
given. Analytical thin-layer chromatography (TLC) was per
formed on precoated silica gel plates (60F-254, 0.2 mm thick; 
E. Merck). Visualization of the plates was accomplished by 
using UV light or phosphomolybdic acid/ethanol-charring 
procedures. Chromatography refers to flash chromatography 
conducted on Kieselgel 60, 230-400 mesh (E. Merck, Darm
stadt) using the indicated solvents. Solvents used for reactions 
or chromatography were either reagent grade or HPLC grade. 
Reactions were run under an argon atmosphere at ambient 
temperature unless otherwise noted. Solutions were evapo
rated under reduced pressure on a rotary evaporator. The 
following abbreviations are used, THF, tetrahydrofuran; DMF, 
iVyV-dimethylformamide; DMSO, dimethyl sulfoxide; EDC, 
l-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo
ride; TFA, trifluoroacetic acid; DPPA, diphenyl phosphorazi-
date; Sue, succinyl; pNA, p-nitroaniline; DDQ, 2,3-dichloro-
5,6-dicyano-l,4-benzoquinone. 

General Method A. l-Oxo-9-[[2-(trimethylsilyl)ethoxy]-
methyl]-l,2,3,4-tetrahydropyrido[3,4-fc]indole (8; Ri = H). 
To a solution of 7 (1.86 g, 10 mmol) in dry THF (200 mL) was 
added NaH (0.5 g, 12 mmol of a 60% dispersion in oil), and 
the reaction mixture was stirred for 0.5 h. [2-(Trimethylsilyl)-
ethoxy]methyl chloride (2.5 mL, 14 mmol) was added and the 
resulting solution allowed to stir for an additional 16 h. The 
reaction was quenched by addition of saturated aqueous 
ammonium chloride and the product then extracted into ethyl 
acetate. The organic layer was washed with saturated sodium 
bicarbonate, H2O, and brine. The solution was dried (MgSO,i) 
and the solvent removed. The resulting oil was chromato-
graphed (gradient elution, 30% ethyl acetate/hexanes to 50% 
ethyl acetate/hexanes) to provide 8 (2.6 g, 82%) as a white 
solid: LH NMR (300 MHz, DMSO) d 7.71 (s, 1H), 7.65 (d, J = 
8 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.33 (t, J = 7.7 Hz, 1H), 
7.16 (t, J = 7.5 Hz, 1H), 6.01 (s, 2H), 3.45 (m, 4H), 2.94 (t, J 
= 6.8 Hz, 2H), 0.77 (t, J = 6.8 Hz, 2H), -0.12 (s, 9H). 

iV-[2-[(terf-Butyldimethylsilyl)oxy]-3,3,3-trifluoro-l-
isopropylpropyl]-2-iodoacetamide (10). To a solution of 
3-amino-l,l,l-trifluoro-4-methyl-2-pentanol hydrochloride (9; 
20 g, 97 mmol) in dry THF (480 mL) was added 4-methylmor-
pholine (21.8 mL, 198 mmol) followed by slow addition of a 
solution of chloroacetyl chloride (7.7 mL, 97 mmol in 40 mL of 
THF). The resulting solution was allowed to stir overnight, 
after which time it was diluted with ethyl acetate and filtered 
free of undissolved solids. The filtrate was washed with 1 N 
HC1, H2O, saturated aqueous sodium bicarbonate, and brine. 
The solution was dried (MgSO.}) and the solvent removed to 
provide the crude amide as an oil. The crude amide was 
dissolved in dichloromethane (96 mL) and 2,6-lutidine (22.5 
mL, 193 mmol) added. To this solution was added tert-
butyldimethylsilyl triflate (33 mL, 143 mmol) followed by 
stirring for 12 h. The solution was diluted with ethyl acetate 
and washed with 1 N HC1 (2x), saturated sodium bicarbonate, 
and brine. The ethyl acetate solution was adsorbed onto silica 
gel (120 mL) by evaporation and chromatographed (gradient 
elution, 7% ethyl acetate/hexanes to 20% ethyl acetate/ 
hexanes) to afford the silylated material (20.5 g) as a white 
solid. A portion of this material (15.5 g, 43 mmol) was 
dissolved in acetone (130 mL), and Nal (19.3 g, 128 mmol) was 
added followed by stirring overnight at room temperature. The 
solution was diluted with H2O, and the resulting precipitate 
was filtered and washed with saturated aqueous sodium 
thiosulfate and H2O. The solid was dried under vacuum 
followed by chromatography (gradient elution, 20% ethyl 
acetate/hexanes to 50% ethyl acetate/hexanes) to provide 10 
(17.9 g, 41%) as a white solid: *H NMR (300 MHz, DMSO) 6 
6.51 (d, J = 10 Hz, 1H), 4.15 (q, J = 6.6 Hz, 1H), 3.74 (s, 2H), 
1.76 (m, 1H), 0.96 (m, 15H), 0.16 (s, 3H), 0.12 (s, 3H); MS (CI) 
454 (M + H). 

[l-Oxo-9-[[2-(trimethylsayl)ethoxy]methyl]-lA3,4-tet-
rahydropyrido[3,4-6]indol-2-yl]-iV-[2-[(fert-butyldimeth-
ylsi lyl)oxy]-3,3,3-trif luoro-l- isopropylpropyl]aceta-
mide (11; Ri = H). To a solution of 8 (2.6 g, 7.8 mmol) in dry 

THF (200 mL) was added NaH (0.4 g, 10 mmol of a 60% 
dispersion in oil) followed by stirring for 0.5 h. A solution of 
10 (3.6 g, 8 mmol in 25 mL of THF) was added and the reaction 
mixture stirred for 16 h. The reaction was quenched with 
saturated ammonium chloride and the product extracted into 
ethyl acetate. The organic layer was washed with saturated 
sodium bicarbonate, H2O, and brine. The solution was dried 
(MgSOJ and the solvent removed. The resulting oil was 
chromatographed (25% ethyl acetate/petroleum ether) to give 
11 (3.95 g, 79%) as a colorless oil: !H NMR (300 MHz, DMSO) 
d 7.65 (d, J = 7.9 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.34 (t, J 
= 7.7 Hz, 1H), 7.25 (d, J = 9.7 Hz, 1H), 7.17 (t, J = 7.8 Hz, 
1H), 5.99 (m, 2H), 4.38 (m, 2H), 4.22 (d, J = 16.3 Hz, 1H), 
4.11 (d, J = 16.2 Hz, 1H), 3.85 (t, J = 8 Hz, 1H), 3.66 (m, 2H), 
3.46 (t, J = 7.9 Hz, 2H), 3.03 (t, J = 6.9 Hz, 2H), 1.73 (m, 1H), 
0.95 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 6.7 Hz, 3H), 0.78 (s, 9H), 
0.11 (s, 3H), 0.09 (s, 3H), -0.12 (s, 9H). 

(l-Oxo-l,2,3,4-tetrahydropyrido[3,4-b]indol-2-yl)-iV-
(3,3,3-trifluoro-l-isopropyl-2-oxopropyl)acetamide (12; 
Ri = H). A solution of 11 (3.95 g, 6 mmol) in THF (12 mL) 
containing teira-butylammonium fluoride (12 mmol) was re-
fluxed for 5 h. The reaction mixture was poured into saturated 
ammonium chloride and the product extracted into ethyl 
acetate. The organic phase was washed with saturated sodium 
bicarbonate and brine and then dried (MgS04). The solvent 
was removed and the resulting brown solid chromatographed 
(gradient elution, 50% ethyl acetate/petroleum ether to 100% 
ethyl acetate) to yield the desired alcohol (2 g, 84%) as a white 
solid: XH NMR (250 MHz, DMSO) d 11.6 (s, 1H), 7.68 (d, J = 
9.7 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.40 (d, J = 8.8 Hz, 1H), 
7.22 (t, J = 7.7 Hz, 1H), 7.06 (d, J = 7.5 Hz, 1H), 6.55 (d, J = 
6.9 Hz, 1H), 4.17 (m, 2H), 3.89 (t, J = 9.0 Hz, 1H), 3.67 (m, 
2H), 3.01 (t, J = 6.9 Hz, 2H), 1.82 (m, 1H), 0.92 (d, J = 6.6 
Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H). 

To a solution of this alcohol (1.59 g, 4 mmol) in toluene (20 
mL) and DMSO (20 mL) were added l-[3-(dimethylamino)-
propyl]-3-ethylcarbodimide (7.7 g, 40 mmol) and then dichlo-
roacetic acid (1.3 mL, 16 mmol). After stirring for 2 h, the 
reaction mixture was diluted with ethyl acetate and washed 
with saturated ammonium chloride, saturated sodium bicar
bonate, H2O, and brine. The solution was dried (MgSO,j) and 
the solvent removed. The resulting material was chromato
graphed (50% ethyl acetate/petroleum ether) and the product 
recrystallized from ethyl acetate to provide 12 as a white solid 
(0.64 g, 40%): mp 199.5-201 °C; XH NMR (250 MHz, DMSO) 
d 11.6 (s, 1H), 8.72 (d, J = 6.6 Hz, 1H), 7.59 (d, J = 7.4 Hz, 
1H), 7.39 (d, J = 8.0 Hz, 1H), 7.22 (t, J = 7.3 Hz, 1H), 7.06 (t, 
J = 7.5 Hz, 1H), 4.62 (t, J = 6.3 Hz, 1H), 4.24 (m, 2H), 3.71 (t, 
J = 6.9 Hz, 2H), 3.00 (t, J = 6.9 Hz, 2H), 2.20 (m, 1H), 0.96 
(d, J = 6.4 Hz, 3H), 0.93 (d, J = 6.5 Hz, 3H). Anal. 
(C19H20F3N3O3) C,H,N. 

(l-Oxo-l,2-dihydropyrido[3,4-6]indol-2-yl)-iV-(3,3,3-tri-
fluoro-l-isopropyl-2-oxopropyl)acetamide (13; Ri = H). 
To a solution of 12 (1.0 g, 2.5 mmol) in dioxane (25 mL) was 
added DDQ (1.7 g, 7.5 mmol), and the resulting mixture was 
stirred for 1 h. The reaction mixture was diluted with ethyl 
acetate and washed with saturated sodium bicarbonate, H2O, 
and brine. The solution was dried (MgSO,j) and the solvent 
evaporated. The resulting solid was chromatographed (ethyl 
acetate) and then recrystallized from ethyl acetate to provide 
13 (0.38 g, 39%) as a white solid: mp 278 °C dec; *H NMR 
(250 MHz, DMSO) d 11.9 (s, 1H), 8.93 (d, J = 6.6 Hz, 1H), 
8.03 (d, J = 7.9 Hz, 1H), 7.53 (d, J = 8.2 Hz, 1H), 7.42 (t, J = 
7.4 Hz, 1H), 7.32 (d, J = 7.0 Hz, 1H), 7.19 (t, J = 7.4 Hz, 1H), 
7.02 (d, J = 7.0 Hz, 1H), 4.85 (m, 2H), 4.66 (t, J = 6.3 Hz, 
1H), 2.22 (m, 1H), 0.98 (d, J = 6.8 Hz, 3H), 0.96 (d, J = 6.7 
Hz, 3H). Anal. (CisHxsFsNsOs) C,H,N. 

General Method B. iV-Allyl-l-beiizyl-7-cyano-2V-(2,2-
diethoxy-l-phenylethyl)-2-indolecarboxamide (15; Ri = 
7-CN, R2 = Ph, R3 = allyl). To a solution of 14 (7.3 g, 26 
mmol) in dichloromethane (90 mL) at room temperature were 
added oxalyl chloride (4.6 mL, 53 mmol) and 2V^V-dimethyl-
formamide (0.1 mL). The resulting solution was allowed to 
stir for 1 h, and then the solvent was evaporated. The residue 
was dissolved in dichloromethane (60 mL) and cooled to 0 °C, 
and to this were added 25 (9.6 g, 39 mmol) and triethylamine 
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(7.3 mL, 53 mmol) followed by stirring overnight. The reaction 
mixture was then diluted with ethyl acetate and washed with 
1 N HC1, H20, and brine followed by drying (MgS04) and 
evaporation of the solvent. The crude material was purified 
by chromatography (30% ether/hexanes) to afford 15 (10.5 g, 
80%) as an oil: MS (CI) 508 (M + H). 

2-Allyl-9-benzyl-8-cyano-3-phenylpyrido[3,4-6]indol-
l(2ff)-one (16; Ri = 7-CN, R2 = Ph, R3 = allyl). To a 
solution of 15 (10.4 g, 20 mmol) in ether (200 mL) at 25 °C 
was added concentrated sulfuric acid (3 mL), and the resulting 
solution was stirred for 3 h. The reaction was quenched by 
addition of saturated aqueous sodium bicarbonate (100 mL) 
and the product extracted into ethyl acetate. The solution was 
dried (MgSCU) and the solvent removed to give a yellow solid. 
This solid was collected and washed several times with hexane 
to give 16 (7.5 g, 90%) as a yellow solid: XH NMR (300 MHz, 
DMSO) 6 8.56 (d, J = 9 Hz, 1H), 7.96 (d, J = 6 Hz, 1H), 7.52 
(s, 5H), 7.37 (t, J = 9 Hz, 1H), 7.28 (m, 5H), 7.21 (s, 1H), 6.97 
(d, J = 6.9 Hz, 2H), 5.75 (m, 1H), 5.0 (d, J = 10 Hz, 1H), 4.7 
(d, J = 15 Hz, 1H), 4.57 (br s, 2H); MS (CI) 416 (M + H). 

(9-Benzyl-8-cyano-l-oxo-3-phenyl-l,2-dihydropyrido-
[3,4-6]indol-2-yl)acetic Acid (17; Ri = 7-CN, Ra = Ph). To 
a solution of 16 (1.09 g, 2.6 mmol) in tetrahydrofuran (26 mL) 
and H2O (3 mL) were added iV-methylmorpholine iV-oxide (0.34 
g, 2.9 mmol) and a catalytic amount of osmium tetraoxide (0.1 
mL of a 4% solution in H2O). The resulting solution was 
allowed to stir overnight. The reaction was quenched by 
addition of saturated aqueous Na2S203 and the product filtered 
through Celite. The solvent was evaporated; the residue was 
diluted with ethyl acetate and washed with 1 N HC1 and H2O. 
The solution was evaporated and the resulting material 
dissolved in ethanol (30 mL), and to this was added sodium 
periodate (0.73 g, 3.4 mmol) in H20 (10 mL) followed by 
stirring for 2 h. The solvent was evaporated. The residue was 
diluted with ethyl acetate, washed with H20, and dried 
(MgSCU) and the solvent removed to give the crude aldehyde. 
This material was dissolved in tetrahydrofuran (10 mL), tert-
butyl alcohol (25 mL), and 2-methyl-2-butene (5.8 mL) followed 
by cooling to 0 °C. A solution of sodium chlorite (3.15 g, 25 
mmol) and sodium dihydrogen phosphate monohydrate (2.64 
g, 19 mmol) in H2O (10 mL) was added followed by stirring 
for 0.5 h. The reaction was quenched by addition of saturated 
aqueous Na2S203 and the solvent evaporated. The residue was 
dissolved in H2O, the pH adjusted to pH 3 with 1 N HC1, and 
the product extracted into dichloromethane. The organic 
extracts were dried (MgSO,i) and the solvent removed to give 
an oil which crystallized upon addition of ether to give 17 (0.88 
g, 81%) as a yellow solid: : H NMR (300 MHz, DMSO) d 8.60 
(d, J = 9 Hz, 1H), 8.00 (d, J = 9 Hz, 1H), 7.52 (m, 5H), 7.42 (t, 
J = 9 Hz, 1H), 7.26 (m, 6H), 7.01 (d, J = 6 Hz, 2H), 4.55 (s, 
2H); MS (CI) 418 (M + H). 

2-(8-Cyano-l-oxo-3-phenyl-l,2-dihydropyrido[3,4-&]in-
dol-2-yl)-iV-(3,3,3-trifluoro-2-hydroxy-l-isopropylpropyl)-
acetamide (18; Ra = 7-CN, R2 = Ph). To a solution of 17 
(0.9 g, 2.1 mmol), 3-amino-4-methyl-l,l,l-trifluoro-2-pentanol 
hydrochloride salt (9; 0.65 g, 3.1 mmol), 1-hydroxybenzotriazole 
(0.57 g, 4.2 mmol), and triethylamine (0.6 mL, 4.2 mmol) in 
DMF (10 mL) was added l-[3-(dimethylamino)propyl]-3-eth-
ylcarbodimide (0.5 g, 2.6 mmol), and the resulting solution was 
allowed to stir overnight. The reaction mixture was poured 
into ether and washed sequentially with 1 N HC1,1 N NaOH, 
and H2O. The solution was dried and the solvent evaporated 
to give a yellow oil which crystallized to give the desired alcohol 
(0.9 g, 73%) as a yellow solid: W NMR (300 MHz, DMSO) <5 
8.58 (d, J = 9 Hz, 1H), 7.97 (m, 3H), 7.80 (d, J = 9 Hz, 1H), 
7.45 (m, 5H), 7.26 (m, 5H), 7.18 (s, 1H), 7.01 (d, J = 6 Hz, 
2H), 6.45 (d, J = 9 Hz, 1H), 4.55 (m, 2H), 4.10 (m, 1H), 3.83 
(t, J = 9 Hz, 1H), 1.75 (m, 1H), 0.89 (d, J = 9 Hz, 3H), 0.79 (d, 
J = 9 Hz, 3H); MS (CI) 587 (M + H). 

To a solution of the alcohol (2.0 g, 3.4 mmol) in benzene (15 
mL) and nitromethane (5 mL) at room temperature was added 
aluminum chloride (1.81 g, 13 mmol), and the resulting 
mixture was allowed to stir for 1 h. The reaction mixture was 
poured into H20 and the product extracted into dichlo
romethane. The organic extracts were dried (MgSO,i) and the 
solvent evaporated. The resulting material was purified by 
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chromatography (5% methanol/dichloromethane) to give 18 
(1.4 g, 83%) as a white solid: : H NMR (250 MHz, DMSO) 6 
12.9 (s, 1H), 8.47 (d, J = 7 Hz, 1H), 7.94 (d, J = 7 Hz, 1H), 
7.80 (d, J = 10 Hz, 1H), 7.47 (m, 5H), 7.34 (t, J = 7 Hz, 1H), 
7.07 (s, 1H), 6.48 (d, J = 6 Hz, 1H), 4.61 (m, 2H), 4.10 (t, J = 
7 Hz, 1H), 3.84 (t, J = 7 Hz, 1H), 1.75 (m, 1H), 0.91 (d, J = 7 
Hz, 3H), 0.83 (d, J = 7 Hz, 3H); MS (CI) 497 (M + H). 

2-(8-Cyano-l-oxo-3-phenyl-l,2-dihydropyrido[3,4-6]in-
dol-2-yl)-JV-(3,3,3-trifluoro-l-isopropyl-2-oxopropyl)ace-
tamide (19; Ri = 7-CN, R2 = Ph). To a solution of 18 (0.3 g, 
0.7 mmol) in DMSO (2 mL) and toluene (2 mL) were added 
l-[3-(dimethylamino)propyl]-3-ethylcarbodimide (1.4 g, 7.2 
mmol) and dichloroacetic acid (0.23 mL, 2.9 mmol), and the 
resulting solution was allowed to stir for 2 h at room tem
perature. The reaction mixture was poured into ethyl acetate 
and washed several times with 1 N HC1 and then H2O. The 
solution was dried (MgSOJ and the solvent evaporated. The 
resulting material was chromatographed (3% methanol/dichlo
romethane) to give 19 (0.23 g, 67%) as a yellow solid: *H NMR 
(250 MHz, DMSO/D2O) <5 8.40 (d, J = 7.5 Hz, 1H), 7.91 (d, J 
= 7.5 Hz, 1H), 7.42 (s, 5H), 7.33 (t, J = 7.5 Hz, 1H), 7.02 (s, 
1H), 4.59 (m, 2H), 4.01 (br s, 1H), 2.18 (m, 1H), 0.80 (d, J = 
6.8 Hz, 3H), 0.74 (d, J = 6.8, 3H); MS (CI) 495 (M + H). Anal. 
(C26H21O3N4F3O.6H2O) C,H,N. 

Ethyl 4-Succinoylpyrrole-2-carboxylate (21). To a so
lution of ethyl pyrrole-2-carboxylate (35.4 g, 0.255 mol) and 
succinic anhydride (51 g, 0.51 mol) in nitromethane (500 mL) 
at 0 °C was added aluminum chloride (136 g, 1.02 mol) 
portionwise. The resulting mixture was allowed to warm to 
room temperature and stir for 1 h. The solution was poured 
into ice/H20 (2 L), and a white precipitate formed, which was 
collected and washed with 1 N HC1 and H20. The material 
was recrystallized from H2O to give 21 (50.7 g, 41%) as a white 
solid: *H NMR (300 MHz, DMSO) <512.5 (s, 1H), 12.1 (s, 1H), 
7.75 (s, 1H), 7.13 (s, 1H), 4.27 (q, J = 7.2 Hz, 2H), 3.02 (t, J = 
6 Hz, 2H), 2.50 (t, J = 6 Hz, 2H), 1.29 (t, J = 7 Hz, 3H). 

Ethyl 7-Oxo-4,5,6,7-tetrahydroindole-2-carboxylate (22). 
To a solution of 21 (41.5 g, 0.17 mol) in acetic acid (1.35 L) 
and trifluoroacetic acid (0.15 L) was placed 10% Pd/C, and the 
mixture was shaken under a hydrogen atmosphere (50 psi) 
overnight. The solution was filtered free of catalyst and the 
solvent removed. Toluene (300 mL) was added to the residue 
and then evaporated (3 x) to remove residual traces of acetic 
acid. This gave the desired acid (42 g) sufficiently pure for 
further use. A portion of this acid (29.2 g, 0.13 mol) was 
dissolved in trifluoroacetic acid (250 mL), and to this was 
added trifluoroacetic anhydride (18.4 mL, 0.13 mol) followed 
by stirring for 3 h. Excess trifluoroacetic acid was removed 
by evaporation followed by addition of toluene (300 mL) and 
repeated evaporation. The residue was dissolved in ether and 
washed with saturated aqueous sodium bicarbonate and H2O. 
The solution was dried (MgSOi) and the solvent removed. The 
resulting solid was recrystallized from ether to provide 22 as 
an off-white solid (22 g, 82%): 'H NMR (250 MHz, DMSO) 6 
12.4 (s, 1H), 6.66 (br s, 1H), 4.26 (q, J = 7 Hz, 2H), 2.68 (t, J 
= 6 Hz, 2H), 2.48 (t, J = 5 Hz, 2H), 2.00 (m, 2H), 1.28 (t, J = 
7 Hz, 3H). 

l-Benzyl-7-cyanoindole-2-carboxylic Acid (23). To a 
solution of 22 (18.3 g, 89 mmol) in benzene (50 mL) at room 
temperature was added trimethylsilyl cyanide (13 mL, 98 
mmol) and zinc iodide (0.7 g, 2 mmol). The resulting solution 
was allowed to stir for 4 h and then diluted with pyridine (125 
mL). Phosphorus oxychloride (25 mL, 267 mmol) was added, 
and the solution was heated at 80 °C for 3 h, cooled to room 
temperature, poured carefully into a solution of ice/1 N HC1, 
and extracted into ether. The ether solution was dried 
(MgSO,j) and the solvent removed. The crude material was 
dissolved in dioxane (200 mL) and 2,3-dichloro-5,6,-dicyano-
1,4-benzoquinone (DDQ) (22 g, 98 mmol) was added. After 
stirring for 3 h, the mixture was poured into ether and washed 
with saturated aqueous sodium bicarbonate and brine. The 
solution was dried (MgS04) and the solvent evaporated. The 
resulting material was purified by chromatography (50% ether/ 
hexanes) to provide the indole (15 g, 79%) as an off-white 
solid: m NMR (300 MHz, DMSO) 5 8.06 (d, J = 6 Hz, 1H), 
7.81 (d, J = 7.5 Hz, 1H), 7.34 (br s, 1H), 7.25 (t, J = 6 Hz, 
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1H), 4.37 (q, J = 7.2 Hz, 2H), 1.35 (t, J = 6.9 Hz, 3H); MS (CI) 
215 (M + H). 

To a solution of the indole (0.54 g, 2.5 mmol) in DMF (10 
mL) was added NaH (0.16 g, 3.9 mmol of a 60% dispersion in 
oil), and the solution was stirred for 1 h. Benzyl bromide (0.33 
mL, 2.8 mmol) was added to the solution, and the mixture was 
allowed to stir overnight. The solution was poured into 
saturated aqueous ammonium chloride and extracted with 
ether. The ether layer was washed with 1 N HC1, H2O, and 
brine. The solution was dried (MgSO-i) and the solvent 
removed to give an oil which was dissolved in THF (4 mL), 
methanol (2 mL), and H20 (2 mL). Lithium hydroxide (0.18 
g, 4.5 mmol) was added. After 1 h, the solvent was removed 
and the residue diluted with H2O and made acidic to pH 2 by 
addition of 1 N HC1. The product was extracted into ethyl 
acetate, the solution dried (MgSO^, and the solvent removed 
to provide pure 23 (0.38 g, 56%) as a white solid: XH NMR 
(300 MHz, DMSO) 6 13.4 (s, 1H) 8.12 (d, J = 5.4 Hz, 1H), 7.81 
(d, J = 5.7 Hz, 1H), 7.55 (s, 1H), 7.28 (m, 4H), 6.86 (d, J = 6 
Hz, 2H), 6.22 (s, 2H). 

2V-Allyl-2,2-diethoxy-l-phenylethylamine (25). 2,2-Di-
ethoxyacetophenone (40.4 mL, 0.2 mol), allylamine (45mL, 0.6 
mol), acetic acid (17.1 mL, 0.3 mol), and activated 3 A 
molecular sieves were combined in ethanol (500 mL), and the 
mixture was stirred for 1 h. NaBHaCN was added followed 
by stirring for 2 days at room temperature. The reaction 
mixture was made basic to pH 10 with 1 N NaOH and the 
solution filtered through Celite. The solvent was evaporated 
and the resulting material diluted with ether, washed with 1 
N NaOH, and then dried (MgS04). The resulting yellow oil 
was distilled (bp 115 °C, 1.5 mmHg) to provide pure 25 (36.5 
g, 49%) as a yellow oil: XH NMR (250 MHz, DMSO/TFA) 6 
7.27 (m, 5H), 5.79 (m, 1H), 5.00 (m, 2H), 4.39 (d, J = 6.7 Hz, 
1H), 3.65 (m, 2H), 3.46 (m, 2H), 3.13 (m, 1H), 2.92 (m, 2H), 
1.14 (t, J = 7.5 Hz, 3H), 0.85 (t, J = 7.0 Hz, 3H). 

iV-[(Ethoxycarbonyl)methyl]-2,2-diethoxy-l-isopro-
pylethylamine (29). To a solution of valinal diethyl acetal 
(10 g, 58 mmol) and triethylamine (16 mL, 116 mmol) in THF 
(60 mL) at 0 °C was added ethyl bromoacetate (7.1 mL, 64 
mmol), and the resulting mixture was stirred for 24 h, over 
which time the solution was warmed to room temperature. An 
additional amount of ethyl bromoacetate (7.1 mL, 64 mmol) 
was added, and the reaction mixture was stirred for another 
16 h. The solution was filtered free of solids and the solvent 
removed. The resulting oil was chromatographed (20% ethyl 
acetate/dichloroemthane) to afford pure 29 (13 g, 43%) as an 
oil: *H NMR (250 MHz, DMSO) d 4.31 (d, J = 6 Hz, 1H), 4.09 
(q, J = 7 Hz, 2H), 3.48 (m, 6H), 2.35 (m, 1H), 1.82 (m, 2H), 
1.07 (m, 9H), 0.92 (d, J = 7 Hz, 3H), 0.82 (d, J = 7 Hz, 3H); 
MS (CI) 262 (M + H). 

General Method C. 2-(8-Formyl-l-oxo-3-phenyl-l,2-
dihydropyrido[3,4-&]indol-2-yl)-2V-(2-hydroxy-3,3,3-tri-
fluoro-l-isopropylpropyl)acet amide (30; Ri = CHO, R2 
= Ph). To a solution of 18 (0.5 g, 2.5 mmol) and sodium 
hypophosphite monohydrate (0.35 g, 4 mmol) in pyridine (3 
mL), acetic acid (1.5 mL), and H2O (1.5 mL) was added a small 
amount of Raney nickel (50% slurry in water, pH >9), and 
the resulting mixture was heated at 60 °C for 1 h. Additional 
sodium hypophosphite monohydrate (0.1 g, 1.1 mmol) was 
added and the mixture heated at 60 °C for an additional 1 h. 
The reaction mixture was diluted with methanol, filtered 
through Celite, evaporated, and diluted with ethyl acetate. The 
resulting solution was washed with 1 N HC1, dried (MgS04), 
and evaporated to obtain a yellow solid. This material was 
chromatographed (gradient elution, 5% methanol/dichlo-
romethane to 10% methanol/dichloromethane) to provide 30 
(0.4 g, 32%) as a yellow solid: *H NMR (250 MHz, DMSO) 6 
11.98 (s, 1H), 10.58 (s, 1H), 8.47 (d, J = 7.7 Hz, 1H), 8.02 (d, 
J = 7.3 Hz, 1H), 7.82 (d, J = 9.5 Hz, 1H), 7.44 (m, 7H), 7.10 
(s, 1H), 6.50 (d, J = 6.2, 1H), 4.50 (m, 2H), 4.10 (m, 1H), 3.84 
(t, J = 8.7 Hz, 1H), 1.78 (m, 1H), 0.91 (t, J = 6.6 Hz, 3H), 0.83 
(t, J = 6.5 Hz, 3H); MS (CI) 500 (M + H). 

2-[8-(Methoxycarbonyl)-l-oxo-3-phenyl-l,2-dihydropy-
rido[3,4-&]indol-2-yl]-2V-(3,3,3-trifluoro-2-hydroxy-l-iso-
propylpropyDacetamide (31; Ri = CO2CH3, R2 = Ph). To 
a solution of 30 (0.26 g, 0.62 mmol) in fert-butyl alcohol (7 mL), 

THF (3 mL), and 2-methyl-2-butene (1.3 mL) was added a 
solution of sodium chlorite (0.5g, 5.6 mmol) and sodium 
dihydrogen phosphate (0.61 g, 4.4 mmol) in H20 (2 mL). The 
resulting solution was allowed to stir for 0.5 h and the solvent 
removed by evaporation. The residue was diluted with H2O 
and made acidic to pH 3 by addition of 1 N HC1. The solution 
was extracted with dichloromethane, and the organic layers 
were dried and evaporated. The residue was dissolved in ether 
(10 mL) and methanol (3 mL) and treated with ethereal 
diazomethane until a yellow color persisted. The excess 
diazomethane was quenched by addition of acetic acid and the 
solvent evaporated. The resulting material was chromato
graphed (1% methanol/dichloromethane) to provide 31 (0.185 
g, 48%) as an off-white solid: *H NMR (250 MHz, DMSO) d 
8.42 (d, J = 7.8 Hz, 1H), 7.82 (d, J = 9.5 Hz, 1H), 7.69 (d, J = 
7.5 Hz, 1H), 7.47 (m, 5H), 7.28 (t, J = 7.5 Hz, 1H), 7.13 (m, 
5H), 6.73 (d, J = 7.5 Hz, 2H), 6.45 (d, J = 7 Hz, 1H), 6.40 (br 
s, 1H), 4.62 (m, 2H), 4.08 (m, 1H), 3.83 (m, 1H), 3.77 (s, 3H), 
1.76 (m, 1H), 0.89 (d, J = 6.5 Hz, 3H), 0.80 (d, J = 6.8 Hz, 
3H); MS (CI) 620 (M + H). 

2-(8-Carboxy-l-oxo-3-phenyl-l,2-dihydropyrido[3,4-&]-
indol-2-yl)-iV-(3,3,3-trifluoro-l-isopropyl-2-oxopropyl)-
acetamide (34; R2 = Ph) . To a solution of 33 (0.17 g, 0.32 
mmol) in THF (7 mL) and H20 (1.5 mL) was added lithium 
hydroxide monohydrate (0.04 g), and the resulting solution was 
allowed to stir for 1 h. The solution was made acidic to pH 3 
by addition of 1 N HC1 and the product extracted into 
dichloromethane. The organic layers were dried (MgSO,4), and 
the solvent was removed. The material was purified by 
chromatography (gradient elution, 5% methanol/dichlo
romethane to 10% methanol/dichloromethane) to provide 34 
(0.1 g, 61%) as a tan solid: XH NMR (250 MHz, DMSO/D20) d 
8.13 (d, J = 7.8 Hz, 1H), 7.94 (d, J = 7.3 Hz, 1H), 7.42 (m, 
5H), 7.22 (t, J = 7.3 Hz, 1H), 7.01 (s, 1H), 4.59 (m, 2H), 4.00 
(m, 1H), 2.17 (m, 1H), 0.82 (d, J = 6.8 Hz, 3H), 0.74 (d, J = 
6.7 Hz, 3H). Anal. (C26H22N3F3O5) C,H,N. 

General Method D. 2-[8-(Dimethoxyphosphoryl)-l-
oxo-3-phenyl-l,2-dihydropyrido[3,4-fe]indol-2-yl]-iV-(3,3,3-
trifluoro-2-hydroxy-l-isopropylpropyl)acetamide (37). 
To a solution of 35 (2 g, 3 mmol) in ethanol (50 mL) was added 
10% Pd/C (150 mg), and the mixture was shaken under a 
hydrogen atmosphere (50 psi) for 4 h. The mixture was filtered 
free of catalyst and the solvent removed to obtain the phenol 
as a white solid (1.6 g) sufficiently pure for further use. A 
portion of the phenol (1.21 g, 2.1 mmol) and triethylamine (0.62 
mL, 4.4 mmol) were dissolved in dichloromethane (10 mL), and 
to this was added AT-phenyltrifluoromethanesulfonimide (1.6 
g, 4.4 mmol) followed by stirring for 12 h. The reaction 
mixture was poured into ether and washed with saturated 
aqueous sodium bicarbonate and H2O. The solution was dried 
(MgS04), the solvent removed, and the resulting material 
chromatographed (gradient elution, 5% ethyl acetate/dichlo-
romethane to 10% ethyl acetate/dichloromethane) to provide 
the triflate (1.2 g) as a white solid. The triflate (1.18 g, 1.8 
mmol), dimethyl phosphite (0.5 mL, 5 mmol), /V-methylmor-
pholine (0.8 mL, 6.6 mmol), and tetrakis(triphenylphosphine)-
palladium(O) (0.19 g, 0.2 mmol) were combined in acetonitrile 
(5 mL), and the mixture was heated at 80 °C for 24 h. The 
reaction mixture was diluted with ethyl acetate and washed 
with 1 N HC1 and H2O. The solution was dried and the solvent 
removed. The resulting material was chromatographed (gra
dient elution, ether to ethyl acetate) to provide the dimethyl 
phosphonate as a white solid (0.41 g). The phosphonate (0.41g, 
0.61 mmol) was dissolved in a mixture of benzene (2 mL) and 
nitromethane (1 mL), and aluminum chloride (0.33 g, 2.5 
mmol) was added. The mixture was stirred for 6 h, poured 
into ethyl acetate, and washed with 1 N HC1 and H2O. The 
solution was dried (MgSO,t), the solvent removed, and the 
product purified by chromatography (1% methanol/dichlo
romethane) to afford 37 (0.26 g, 21%) as a white solid: :H NMR 
(300 MHz, DMSO) d 10.57 (s, 1H), 8.45 (d, J = 8.1 Hz, 1H), 
7.79 (m, 2H), 7.45 (m, 6H), 7.09 (s, 1H), 6.45 (br s, 1H), 4.60 
(m, 2H), 4.11 (br s, 1H), 3.83 (t, J = 9.0 Hz, 1H), 3.76 (s, 3H), 
3.72 (s, 3H), 1.78 (m, 1H), 0.91 (d, J = 6.3 Hz, 3H), 0.85 (d, J 
= 6.6 Hz, 3H). 
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2-[8-[(terf-Butyldimethylsilyl)oxy]-l-oxo-3-phenyl-l,2-
dihydropyrido[3,4-6]indol-2-yl]-iV-(3,3,3-trifluoro-2-hy-
droxy-l-isopropylpropyl)acetamide (36). A solution of 35 
(3.34 g, 5 mmol) in acetic acid (100 mL) was added to a mixture 
of palladium hydroxide (1.05 g) in acetic acid (100 mL) which 
had been prereduced with hydrogen. This solution was placed 
under a hydrogen atmosphere (40 psi) and heated at 80 °C 
overnight while shaking. The catalyst was filtered and the 
filter cake washed with THF. The filtrate and washings were 
combined, and the solvent was removed. The resulting mate
rial was triturated with dichloromethane to afford the desired 
debenzylated compound (1.18 g, 48%). A portion of this 
material (0.49 g, 1 mmol) was dissolved in DMF (2 mL), and 
to this was added imidazole (0.27 g, 4 mmol) and tert-
butyldimethylsilyl chloride (0.21 g, 1.4 mmol) followed by 
stirring at room temperature for 48 h. The reaction mixture 
was diluted with ethyl acetate and washed with H2O and 
brine. The solution was dried (MgSCU), the solvent removed, 
and the product purified by chromatography (20% ethyl 
acetate/dichloromethane) to provide 36 (0.48 g, 80%) as a white 
foam: XH NMR (250 MHz, DMSO) d 11.95 (s, 1H), 7.80 (d, J 
= 9.8 Hz, 1H), 7.65 (d, J = 8 Hz, 1H), 7.45 (m, 5H), 7.04 (t, J 
= 8 Hz, 1H), 6.90 (m, 3H), 6.48 (d, J = 7 Hz, 1H), 4.47 (m, 
2H), 4.07 (m, 1H), 3.86 (t, J = 9 Hz, 1H), 1.79 (m, 1H), 1.01 (s, 
9H), 0.92 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 7.0 Hz, 3H), 0.32 (s, 
6H); MS (CI) 602 (M + H). 

2-(8-Hydroxy-l-oxo-3-phenyl-l^-dihydropyrido[3,4-6]-
indol-2-yl)-Af-(3,3,3-trifluoro-l-isopropyl-2-oxopropyl)-
acetamide (38). A solution of 36 (0.48 g, 0.8 mmol) in THF 
(3 mL) was cooled to 0 °C, and to this was added tetra-iV-
butylammonium fluoride (1.0 mL, 1.0 mmol). The resulting 
solution was allowed to stir for 0.25 h. The reaction mixture 
was diluted with ethyl acetate and washed with saturated 
ammonium chloride, H2O, and brine. The solution was dried 
(MgSO,i) and the solvent removed. The resulting material was 
triturated with dichloromethane to provide 38 (0.27 g, 70%) 
as a white solid: *H NMR (300 MHz, DMSO/D20) <5 7.49 (d, J 
= 7.8 Hz, 1H), 7.42 (s, 5H), 7.04 (t, J = 7.5 Hz, 1H), 6.91 (s, 
1H), 6.85 (d, J = 7.5 Hz, 1H), 4.57 (m, 2H), 4.02 (m, 1H), 2.17 
(m, 1H), 0.82 (d, J = 6.5 Hz, 3H), 0.77 (d, J = 7.0 Hz, 3H). 
Anal. (C26H22F3N3O4-0.3H20) C,H,N. 

Molecular Modeling. Molecular mechanics computations 
were performed in vacuo, using the AESOP force field34 and 
the in-house graphics progam ENIGMA.36 Only those residues 
within 12 A of the active site region of the HLE—TOMI X-ray 
crystal structure were included in these computations. TOMI 
was removed, and HLE atoms were constrained to their 
position in the X-ray structure during energy minimization. 

Molecular dynamics (MD)36 simulations were performed 
using the program AMBER3.0a37 and the united atom model. 
The starting geometry for HLE was taken from the X-ray 
molecular structure of the HLE-TOMI complex.24 The non-
covalently bound TOMI fragment was removed, as were the 
HLE-bound sugars, which are remote from the active site. 
Inhibitors were covalently attached via the trifluoromethyl 
carbonyl carbon to SER 195 as the oxyanion. The inhibitors 
were initially docked into the active site in a manner analogous 
to the arrangement observed for peptidic inhibitors in PPE. 
Carboxylic acids were modeled as their conjugate bases. 
Atomic partial charges were obtained for the /J-carbolinone 
fragments of the inhibitors via electrostatic potential energy 
surface (EPS) fit to 6-31G*//6-31G* ab initio wave functions 
using the program SPARTAN 2.O.38 United atom AMBER3.0a 
charges for valine were used for the Pi portion of the inhibitor 
and the 3-position phenyl. Atom-centered charges employed 
in these simulations are reported in the supplementary 
material. 

A 20 A cap of TIP3P water with a weak restoring force37 

was placed over the active site of the enzyme—inhibitor 
complex. This resulted in the addition of approximately 450 
water molecules to the computations. Initial structures were 
minimized for 250 cycles of steepest decent optimization prior 
to beginning dynamics. MD was initiated at 10 K and 
equilibrated to 298 K using an 8.0 A cutoff radius. A time 
step of 0.001 ps was employed throughout the simulation, and 
data was collected every 0.1 ps. A pair list update was 

performed every 0.02 ps. Simulations for each inhibitor or 
enzyme—inhibitor complex were performed over 50 ps, using 
the final 40 ps for analysis. 
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