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A series of potent nonpeptidic inhibitors of the enzyme human leukocyte elastase (HLE) is
reported. These inhibitors contain a 3-amino-2-pyridone ring as a central template in which
the pyridone carbonyl and 3-position NH group are thought to form important hydrogen bonding
interactions with the Val-216 residue of HLE. Substitution of the 6-position of the pyridone
ring by various alkyl and aryl groups was found to afford increases in the in vitro potency of
these inhibitors. A 6-position phenyl group, compound 10f, was found to result in a large
increase in binding affinity, which was not obtained when the phenyl group was placed in
either the 4- or 5-position of the molecule. Compound 10f was found to have good selectivity
for HLE over other proteolytic enzymes, with the exception of bovine pancreatic chymotrypsin
(BPC). Substitution of the 6-phenyl group in these molecules was found to decrease binding
affinity for BPC without adversely affecting affinity for HLE.

Introduction

Human leukocyte elastase (HLE) is one of several
serine proteases contained in the azurophilic granules
of human neutrophils.! Upon activation of the neutro-
phil by inflammatory stimuli, degranulation can occur,
releasing these proteases into the extracellular environ-
ment. Extracellular HLE is capable of the proteolytic
degradation of a broad range of substrates, including
the structural proteins elastin and type IV collagen, both
of which are components of connective tissues. Nor-
mally, the lung is shielded from excessive elastolytic
activity by a number of natural proteinaceous inhibitors.
These inhibitors include: a;-proteinase inhibitor (o;-
PI), which is present in plasma and guards the lower
airways;? secretory leukocyte protease inhibitor (SLPI),
which is secreted by mucosal cells and is thought to
protect the larger airways;® and elafin which is found
mainly in the skin, but has also recently been detected
in bronchial secretions.*® In a number of pathophysi-
ological states, these natural proteinaceous inhibitors
ineffectively regulate elastase activity. The resulting
unrestrained elastolytic activity is associated with the
abnormal tissue turnover found in pulmonary emphy-
sema and in diseases such as cystic fibrosis and chronic
bronchitis in which mucus secretion and impaired host
defense are major components,5~°

Our goal has been to develop inhibitors of HLE that
can be used to supplement the natural defenses against
elastolytic proteolysis in disease states where endog-
enous inhibitors ineffectively control elastase activity.
Previous reports from these laboratories have disclosed
several series of potent, reversible, peptidic inhibitors
of HLE that show long-lasting inhibition of elastase
activity after intratracheal administration in animal
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models.1%11 One of these, ICI-200,880 (1, Figure 1), is
currently undergoing clinical evaluation.!2 As a follow-
up to ICI-200,880, we sought to discover elastase
inhibitors that could be administered by the oral route.
Previous papers in this series discuss the preliminary
design considerations that led to the development of a
novel series of nonpeptidic, trifluoromethyl ketone-
containing inhibitors of HLE.1® These pyridone-based
inhibitors (e.g., 2) are exemplified in Figure 1. In this
work we report the extension of this series to compounds
that inhibit elastase activity at nanomolar (X)) levels
in vitro. Future reports will describe the extension of
these efforts to include compounds that demonstrate
oral activity in animal models.1415

Design Considerations

Qur design of inhibitors such as 2 was based in large
part on information obtained from several X-ray crystal
structures of peptidic inhibitors bound to HLE and the
closely related enzyme, porcine pancreatic elastase
(PPE). Bode!8 has reported the crystal structure of the
complex between HLE and the third domain of the
turkey ovomucoid inhibitor (TOMI). In this complex,
the inhibitor occupies an extended binding region (Ss’
to S;) in the active site of the enzyme. The Ps-P;
residues of this proteinaceous inhibitor form an anti-
parallel 5-sheet binding arrangement with the Ser-214
to Val-216 section of the enzyme. Several inhibitor—
enzyme hydrogen bonds are observed in this binding
arrangement. Particularly noteworthy are a pair of
hydrogen bonds between the P3 residue of the inhibitor
(Cys-161) and the Val-216 residue of the enzyme.

In conjunction with our laboratories, Meyerl’~1° has
reported the crystal structures of several low molecular
weight, reversible peptidic inhibitors bound to PPE. In
these structures, an electrophilic carbonyl present in the
inhibitor forms a hemiketal linkage with the active site
Ser-195 hydroxyl. A schematic representation of the
binding interactions found in the complex of Ac-Ala-Pro-
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Figure 1. Elastase inhibitors (in vitro potencies: 1 K; = 0.2 nM; 2 K; = 40 nM; 3 R = benzyl, K; = 2.0 nM).
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Figure 2. (a) A schematic diagram of the binding interactions
found in the crystal structure described in ref 17. Hydrogen
bond distances shown refer to heteroatom to heteroatom
distances. (b) The proposed binding mode of pyridonyl trifluo-
romethyl ketones in HLE.,

Val-trifluoromethy! ketone with PPE, is shown in Figure
2a. As in the HLE-TOMI complex, a pair of hydrogen
bonds are found between the Pz residue (Ala) of the
inhibitor and Val-216 of PPE. Closer examination of
these, and other crystal structures, revealed additional
pieces of structural information that were found to be
useful in the design of nonpeptidic inhibitors such as 2.
It was noted that the carbonyl (C=0) and amido (NH)
groups of Val-216 in both enzymes are approximately
coplanar. A similar, nearly coplanar arrangement was
noted for the reciprocal pair of hydrogen bonding
partners (NH, C=0) located at P; of the peptidic
inhibitors. Maintaining this nearly coplanar arrange-
ment in a nonpeptidic inhibitor was viewed as an
important design consideration. The S3 subsite on HLE
was observed to consist of a relatively shallow area on
the solvent-exposed surface of the enzyme. Therefore,
it seemed reasonable to assume that potent nonpeptidic
inhibitors would not have to occupy this relatively
shallow binding region. This structural suggestion was
also consistent with our previous SAR studies for
peptide-based inhibitors of HLE, which had revealed a
wide variety of hydrophilic residues were tolerated in

the P3 region of the molecule, as this peptide side chain
is directed toward solution.2°

Together, these observations suggested that it might
be possible to replace the P3 residue of the peptidic
inhibitors with a planar molecular fragment, such as
the pyridone ring of 2. Molecular mechanics modeling
of structures such as 2 into the active site region of HLE
demonstrated that the pyridone carbonyl and 3-position
NH groups could be positioned so that hydrogen bonding
interactions could be formed with Val-216. These
modeling studies also suggested that the pyridone
nucleus did not access the Sy subsite of the enzyme. Our
previous experience with a series of N-alkylglycine-
containing trifluoromethyl ketones (e.g., 3, Figure 1) had
demonstrated the importance of placing hydrophobic
functionality into the Sy pocket of HLE in order to
improve inhibitor binding affinity.2! Modeling investi-
gations suggested that placement of hydrophobic groups
(e.g., phenyl, benzyl) at the 5- or 6-position of the
pyridone ring might result in substituents that were
able to reach into the S; pocket. These initial modeling
efforts were, however, unable to distinguish which of
these two positions would be optimal for substitution.
Our previous report has detailed the structure—activity
relationships of substitution at the 5-position of the
pyridone ring.!% In this paper we extend descriptions
of these efforts to include the 6-position of the molecule.

Synthetic Chemistry

The compounds described in Table 1 were prepared
by the procedures shown in Schemes 1-5.

The 6-aryl-substituted pyridones 5 were made from
the appropriate acetophenones 4 (Scheme 1) using
either general method A or B.2228 The pyridone 3-posi-
tion cyano group in 5 was converted into the benzyloxy-
carbonyl-protected amine 6 by a two-step procedure. In
the first step, the cyano group was hydrolyzed to the
corresponding carboxylic acid by treatment with HBr
in acetic acid or by alkaline hydrolysis under vigorous
conditions. The second step was the conversion of the
acid into the urethane, via the isocyanate, using the
modification of the Curtius reaction described by Ni-
nomiya et al.?¢

Addition of the pendant trifluoromethyl-containing
side chain was accomplished by alkylation of the pyri-
done ring with iodide 7.25 This procedure resulted in
mixtures of N- and O-alkylated products in which the
O-alkylated isomer generally predominated. For ex-
ample, alkylation of the 6-phenylpyridone 6 (R; = Ph)
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Table 1. Inhibitory Activity against Human Leukocyte Elastase
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R2
Rg N <, eH‘O
Fa,,\H LN A cry
o H o
compd Ry Ry Rs Ry K; (nM) HLE® formula cyclization procedure?
2 H CH.Ph H Cbz 40+ 9 CasH2sF3N3050.75H0 -
10a H H H Cbz 280 = 78 Ca21H2oF3N3050.33H20 -
10b CHj H H Cbz 360 + 150 Cg2H24F3N3050.4H20 -
10¢ CHoPh H H Cbz 66 £ 12 CosHgsF3sN3050.4H20 -
10d CH.CH>Ph H H Cbhz 79+10 CagH3oF3N305 -
10e Y CH=CH)Ph H H Chz 338 CogH2sF3N305 -
10f Ph H H Chz 45+ 0.8 Ca7HogF3N205 A
29 H H Ph Cbz 320 + 50 Ca7H2F3N35050.25H0 -
31 H Ph H Cbz 300 £+ 40 Ca7H26F3N30s -
10g 4-CICgH,4 H H Cbz 6.6 +0.3 Co7H25C1F3N3O5 A
10h 3-CICgH4 H H Cbz 3.5+£0.3 Co7HosCIF3N305+0.2H0 A
10i 2-ClCeH4 H H Cbz 11+1.8 Ca7H25CIFaN305 A
10j 4-(CH30)CeH,4 H H Cbz 85+24 CasH2aF3N30g B
10k 3-(tBuO)CsH, H H Cbz 44+286 C31H34F3N30¢0.5H0 A
101 3-(HO)CsHy H H Cbz 5.6 £ 0.9 Cg7Hg6F3N3O¢ -
10m 3,5-(CH30)C¢H3 H H Cbz 38+1.5 Ca9HgoF3N3O7 B
10n 4-(CH3)CeHy H H Cbz 31+4 CasHgsF'sN3Os B
100 3-Pyridyl H H Cbz 91+1.6 Ca6H25F3N4050.25H,0 A
10p 4-(COH)CgH4 H H Cbz 42+ 15 CosHgsF3N307 -
10q 3-(CO:H)Ce¢H, H H Cbz 325 CasHoeF3N30-0.5H;0 -
¢ Method reported in ref 12. ® Refers to the cyclization procedure (method A or method B) described in Scheme 1.
Scheme 1°
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@ Generic group R; is defined in Table 1. Reagents: (a) (method A) (i) (CH3)eNCH(OCH3)2, CH3CN; (ii) cyanoacetamide, CH3ONa,
DMTF; (b) (method B) (i) EtOC(O)H, CH3sONa, THF; (ii) cyanoacetamide, acetic acid, HzO; (¢) 48% HBr/acetic acid; (d) 50% NaOH, sealed
bomb, 140 °C; (e) DPPA, Et3N, dioxane, then benzyl alcohol; (f) NaH, 7, DMF; (g) TBAF, THF; (h) EDC, Clo.CHCOH, toluene, DMSO.

with iodide 7 was found to produce a 1:2.4 ratio of the
desired nitrogen-alkylated product 8 to the unwanted
oxygen-alkylated product 9. In an attempt to overcome
the poor regioselectivity obtained in the alkylation
reaction, a number of different bases, solvents, and
modifications in reaction conditions were explored, but
none successfully increased the ratio of nitrogen-alkyla-
ted product. In the course of probing the effect of
substitution of the pyridone 6-position on biological
activity, we found that the ratio of N- to O-alkylated
isomers could be reversed to favor the N-alkylated
pyridone by placement of a chlorine atom in the ortho
position of the 6-aryl substituent. This variation re-
sulted in a 5 to 1 ratio in favor of the desired nitrogen-
substituted pyridone. The o-chlorophenyl compound
has been found to be synthetically useful for the
preparation of 6-phenylpyridones, as the chlorine atom
can subsequently be removed via hydrogenolysis, pro-

viding a key intermediate (12) for variation of the
substituent on the pyridone-3-amino group (Scheme 2).26
Removal of the fert-butyldimethylsilyl protecting group
in 8 (Scheme 1) followed by oxidation of the resulting
trifluoromethyl alcohol using a modified Pfitzner—
Moffatt?” oxidation provided the desired trifluoromethyl
ketones 10. The phenol 101 and carboxylic acids 10p
and 10q were then made from the corresponding tert-
butyl ether (10k) or methyl esters (13 and 14), respec-
tively, as shown in Scheme 3.

Pyridones containing 6-alkyl substituents were syn-
thesized by the method shown in Scheme 4. The desired
6-alkyl substituents were incorporated either as part
of the pyridone ring-forming process (e.g., 16 and 17)
or by alkylation of the dianion of 6-methyl-3-cyanopy-
ridone?® (16) with the indicated electrophile to yield 18
or 19.2° The intermediate pyridonecarboxylic acids were
obtained by treatment of the cyano compounds with HBr
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in acetic acid, which in the case of the benzaldehyde
adduct 18 also effected dehydration of the benzylic
alcohol to give the trans-olefin. The resulting carboxylic
acids were then transformed into the protected amines
20—-23 using diphenylphosphoryl azide (Aldrich) and
benzyl alcohol.

In contrast to the problems encountered in the alkyla-
tion of 6-aryl-substituted pyridones, alkylation of the
6-alkyl-substituted pyridones using either iodide 7 or
tert-butyl bromoacetate was found to give predominately
the N-alkylated isomers. Deprotection of the zer¢-butyl
ester was achieved using trifluoroacetic acid to give
acids 24—27. Carbodimide-mediated coupling of these
acids with 3-amino-1,1,1-trifluoro-4-methyl-2-pentanol1°
furnished the penultimate trifluoromethyl alcohols,
which were then oxidized to the corresponding trifluo-
romethyl ketones 10b—e.

The synthesis of pyridones that contain phenyl sub-
stituents in the 4- or 5-positions is described in Scheme
5. The 4-phenylpyridone 28 was obtained by the
condensation of acetophenone with cyanoacetamide
followed by treatment with N,N-dimethylformamide
dimethyl acetal in refluxing DMF. Compound 28 was
then converted to 29 using the methodology described
in Scheme 1. The 5-phenylpyridone (31) was prepared
by a palladium-mediated coupling of phenylboric acid
with the 5-iodopyridone 30 and subsequent deprotection
and oxidation to furnish 31.13.30

Biological Results

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 MeO-Suc-Ala-
Ala-Pro-Val-pNA.12

Initially, we prepared a series of compounds that
contained substituents of increasing size and lipophi-
licity in the 6-position of the pyridone ring. Methyl
substitution (10b) was found to offer no advantage in
binding affinity over the unsubstituted compound 10a.
Larger and more lipophilic substituents, such as those
present in 10c—e, improved affinity by 3—8-fold. Benzyl
substitution at either C-5 or C-6 (compare 2 and 10¢)
resulted in inhibitors of similar potency. However, a

| N
a
H,oN N;\
o] o N CF3
H

0Si 'BuMe,

6-position phenyl substituent (10f) showed a dramatic
increase in affinity (>60-fold relative to 10a), resulting
in nanomolar (K;) inhibition of HLE. Similar increases
in potency were not observed, however, when a phenyl
group was placed in either the 4- or 5- (compounds 29
and 31) position.

The observation that 6-position substituents with
different geometric features (e.g., 6-benzyl) but similar
lipophilicity did not result in similar increases in
binding affinity suggested that geometrically specific
hydrophobic binding interactions between the phenyl
substituent and HLE may be involved.?! In addition,
6-position substituents could serve to restrict the con-
formational space available to the neighboring pyridone
1-position substituent, maintaining that group in an
optimal conformation for interaction with HLE. In this
regard, a conformationally constrained phenyl substitu-
ent might be more effective than the more flexible
benzyl which could, conceptually, escape major steric
interactions with the 1-position side chain. To inves-
tigate these possibilities further, aqueous molecular
dynamics (MD) and free energy perturbation (FEP)
simulations for 10f and 10a were performed for both
the solution state and with the inhibitors complexed to
HLE .32

Aqueous MD simulation of 10f in HLE shows that
many of the important inhibitor—enzyme interactions
observed in peptide based inhibitors are maintained for
this pyridone derivative (see Figure 2). The oxyanion
formed from the carbonyl oxygen of the trifluoromethyl
ketone hydrogen bonds to the backbone NH groups of
Gly-193 and Ser-195. The desired hydrogen bonding
interactions between the pyridone ring carbonyl oxygen
and 3-position amine NH with the backbone NH and
carbonyl oxygen of Val-216 are maintained throughout
the simulation. The 6-phenyl substituent nestles into
the Sy pocket defined by Leu-99, Phe-215, and His-57.
Figure 3 shows one time point from the MD simulations
that demonstrates the interaction between the Ss pocket
and the 6-phenyl group. FEP simulations were em-
ployed to investigate the free energy cost of removing
the 6-phenyl substituent from the pyridone nucleus. The
AG value of 1.76 + 0.6 kcal/mol obtained for this process
corresponds to a K; ratio of approximately 20 in favor
of the substituted inhibitor. The reasonable agreement
of this value with the experimentally determined K;
ratio (60-fold difference between 10f and 10a) suggested
that the proposed pyridone binding mode was, indeed,
consistent with the experimental data. To investigate
the possible effects of the 6-phenyl substituent on the
conformation of the N-1 side chain, 100PS aqueous MD
simulations were performed for 10a and 10f. For both
of these compounds, the orientations of the N-1 side
chains were very similar, forming average torsion angles
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19) LDA, THF, then benzyl bromide; (d) 48% HBr, acetic acid; (e) DPPA, Et3N, dioxane, then benzyl alcohol; (f) NaH, DMF, then ter:-
butyl bromoacetate; (g) TFA, CHxCly; (h) EDC, DMAP, 3-amino-1,1,1-trifluoro-4-methyl-2-pentanol hydrocholride, DMF; (i) EDC,

ClsCHCO2H, toluene, DMSO.
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@ Reagents: (a) cyanoacetamide, NH4OAc, AcOH, toluene; (b) N,N-dimethylformamide dimethyl acetal, DMF; (c) steps d—h in Scheme
1; (d) phenylboric acid, tetrakis(triphenylphosphine)palladium(0), Na;CO3, THF, ethanol, H;O; (e) TBAF, THF; (f) EDC, C1,CHCO-H,

toluene, DMSO.

with the pyridone ring of 103° and 98°, respectively.
Thus, 10a and 10f adopt similar conformations in
solution on time average. Indeed, even when a near-
eclipsed oriention of the N-1 side chain was used as a
starting geometry for the aqueous MD simulations for
10a, the same average orientation was ultimately
observed for the molecule. We conclude from these
simulations, together with the structure—activity in-
formation presented above, that the main role of the
6-phenyl substituent is the formation of favorable
hydrophobic interactions with the Sp subsite of HLE.
No evidence exists for a significant difference in the
Boltzmann population of N-1 side chain conformations
as a result of 6-phenyl subsitution of the pyridone
nucleus at physiologically relevant temperatures.

Having found that a 6-phenyl group provided a very
favorable effect on inhibitor binding affinity, we sharp-
ened the focus of our SAR investigations to examine a
number of 6-position aryl-containing substituents.3?
This work showed that a number of aryl groups were
tolerated in the 6-position providing nanomolar or near
nanomolar inhibition of HLE (Table 1).

Further examination of the HLE—TOMI crystal struc-
ture showed a tyrosine residue (Tyr-94) to be located in
the back of the S; pocket, suggesting that 6-aryl sub-
stituents containing a hydrogen bond acceptor in the
meta position of the aromatic ring might further in-
crease inhibitor potency. To test this idea, we synthe-
sized compounds 100 and 10q. Instead of the antici-
pated increase in affinity, the pyridyl compound lost
2-fold and the m-carboxy compound lost 7-fold in
potency. Moving the carboxylate to the para position
(10p) resulted in a somewhat larger decrease in affinity.
Combined, these results support the hypothesis that
binding in the S; pocket of the enzyme is predominantly
hydrophobic in nature and addition of hydrophilic
functionality to the pyridone 6-position is inimical to
inhibitor potency.

Enzyme Selectivity

Compound 10f was selected as a prototypic compound
to assess the selectivity of these inhibitors for HLE
compared to other enzymes. The affinity of 10f was
measured for a number of other proteases and esterases
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Figure 3. Frame from an aqueous molecular dynamics simulation of compound 10f. Water molecules have been removed for
clarity. HLE is shown as a cyan ribon structure. The catalytic triad (Ser-195, His-57, Asp-102) is shown in red, and 10f in yellow.
A van der Waals surface has been added to the residues that make up the S: pocket of HLE (cyan), and the 6-phenyl of 10f

(vellow).
Table 2. Enzyme Selectivity Data for Compound 10f
K; (nM)

human leukocyte elastase 45+0.8
porcine pancreatic elastase 4600 + 690
bovine pancreatic chymotrypsin 55 + 10
bovine pancreatic trypsin 4800 + 5700
human plasma thrombin NI (26 uM)
papain 7000 + 860
angiotensin converting enzyme NI (26 uM)»
acetylcholinesterase NI (26 uM)»
human cathepsin G NI (26 uM)P

@ NI = no inhibition at highest concentration (in parentheses)
tested.

of both human and nonhuman origin (Table 2). In
general, 10f showed little or no affinity for other
enzymes tested, with the exception of bovine pancreatic
chymotrypsin (BPC). Against this enzyme the selectiv-
ity ratio (K; BPC/K; HLE) was found to be 12. Since
BPC may be representative of related human proteases,
an improvement in this selectivity profile was desired.
We therefore investigated a number of 6-substituted
compounds against BPC (Table 3) in an attempt to
improve specificity. While we found that substitution
of the 6-phenyl ring generally had little effect on
inhibitor affinity for HLE, affinity for BPC was much
more sensitive to this substitution. For example, place-
ment of a chlorine atom in the para position of the
phenyl ring (10g) resulted in little change in the K; for
HLE but almost a 10-fold decrease in affinity for BPC.
Other 6-position substituents, such as benzyl and phen-

Table 3. Enzyme Selectivity Ratios

('
Cbz, N\)LN CFa
H

N
(0] 0
ratio
K (nM) K; (nM) chymotrypsin/
compd R HLE  chymotrypsin HLE®
10n 4-CH3CgHy; 31 +4 720 £ 163 23
10g 4-CICzH4 6.6+ 0.3 500+ 180 76
10f phenyl 45+ 0.8 55613 12
2 benzyl 66 +12 6200 + 60 79
10d phenethyl T0+£10 9600 £ 1520 122
10e CH;=CHPh 33 +8 5800 + 500 175
10a H 280 £ 78 330000 & 105 1031

¢ Refers to the ratio of the K; for chymotrypsin to that of the K;
for HLE.

ethyl, further decreased BPC affinity, but with a
concomitant decrease in HLE affinity. Subsequent work
in the 6-phenylpyridone series revealed that BPC/HLE
selectivity ratios of 3700 could be obtained by incorpora-
tion of substituents other than Cbz at the 3-position
amino group.!*

In Vivo Activity

In vivo testing of the compounds in Table 1was done
using a hamster-based acute lung injury model.!? This
model measures the ability of a 37 mg/kg oral dose of
inhibitor to protect lung tissue from hemorrhage caused
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by a 100 ug challange of HLE given intratracheally.
Unfortunately, upon po administration, none of the
compounds in Table 1 gave significant protection of the
lung from the elastase-mediated hemorrhage. The lack
of oral activity of these compounds is thought to be
related to inappropriate physicochemical parameters.14

Summary

This work has demonstrated that it is possible to
achieve nanomolar inhibition (X;) of HLE activity in a
novel series of nonpeptidic elastase inhibitors. A major
contribution to the high levels of affinity for HLE found
for these compounds results from specific hydrophobic
interactions between the pyridone 6-position phenyl and
the S; binding pocket of the enzyme. The following
paper in this series details the modifications made in
these compounds that successfully led to orally activite
inhibitors.

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 MesSi as
internal standard. Mass spectra (MS) were recorded on a
Kratos MS-80 instrument operating in the chemical ionization
(CD) 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, Darms-
tadt) 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,
N,N-dimethylformamide; DMSO, dimethyl sulfoxide; EDC,
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo-
ride; TFA, trifluorcacetic acid; DPPA, diphenyl phosphorazi-
date (diphenylphosphoryl azide, Aldrich); Suc, succinyl; pNA,
p-nitroaniline.

6-Phenylpyrid-2-one-3-carbonitrile (5, R; = Ph)
(Method A). A solution of acetophenone (30.6 g, 255 mmol)
and N,N-dimethylformamide dimethyl acetal (100 g, 840
mmol) in acetonitrile (500 mL) was heated at reflux for 12 h.
The reaction mixture was cooled, the solvent was evaporated,
and the resulting yellow semisolid was dried under vacuum.
This material was dissolved in DMF (400 mL), to this was
added cyanoacetamide (19.4 g, 231 mmol) and sodium meth-
oxide (27.18 g, 500 mmol), and the resulting solution was
heated at 100 °C for 5 h. The reaction was cooled to room
temperature and quenched by addition of water (1.2 L), and
the solution was made acidic to pH 5 with 10% hydrochloric
acid. The resulting yellow precipitate was filtered and dried
under vacuum to give the title compound as a yellow solid
(35.28 g, 78%): 'H NMR (DMSO, 300 MHz) 6 6.77 (bd, 1H),
7.55 (m, 3H), 7.80 (m, 2H), 8.20 (dd, 1H); MS (CI) m /2 197 (M
+ 1). Anal. (ClesNzo) C, H, N.

3-[(Benzyloxycarbonyl)amino]-6-phenylpyrid-2-one (6,
R; = Ph). A suspension of 5 (15 g, 76 mmol) in a mixture of
glacial acetic acid (110 mL) and 48% aqueous hydrobromic acid
(50 mL) was heated at reflux for 12 h. The reaction mixture
was cooled and diluted with water (50 mL), and the pH was
adjusted to 5 with 10% NaOH. The resulting precipitate was
filtered, washed successively with 10% hydrochloric acid and
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water, and dried under vacuum to give the carboxylic acid as
a white solid (14.1 g, 86%). A portion of the carboxylic acid
(10 g, 46.5 mmol) was dissolved in dry dioxane (260 mL), and
to this was added triethylamine (7.8 mL, 56 mmol) followed
by DPPA (11.1 mL, 51 mmol). The solution was heated at
reflux for 4 h, and then benzyl alcohol (9.58 mL, 92 mmol)
was added followed by heating at reflux for 12 h. The mixture
was cooled and the solvent evaporated. The resulting solid
was washed successively with 10% hydrochloric acid, saturated
sodium bicarbonate, and water. The resulting material was
recrystallized from chloroform/methanol (1:2) to provide 6 (4.75
g, 32%): ‘H NMR (DMSO, 300 MHz) ¢ 5.19 (s, 2H), 6.61 (d,
1H), 7.33—7.49 (m, 8H), 7.70 (m, 2H), 7.93 (d, 1H), 8.47 (s,
1H).
2-[3-[(Benzyloxycarbonyl)amino]-2-oxo-6-phenyl-1,2-
dihydro-1-pyridyl]-N-[2-[(tert-butyldimethylsilyl)oxy]-
3,3,3-trifluoro-1-isopropylpropyllacetamide (8, R; = Ph).
To a solution of 6 (1.7 g, 5.3 mmol) in DMF (50 mL) was added
NaH (0.14 g, 5.8 mmol) and the mixture stirred at room
temperature for 15 min. To this was added 7 (2.65 g, 5.8
mmol) and the mixture stirred for 12 h. The reaction was
quenched by addition of 10% hydrochloric acid and the product
extracted into ethyl acetate. The organic solution was washed
with 10% hydrochloric acid and water and dried (MgSQ,), and
the solvent was evaporated. The resulting material was
purified by chromatography (gradient elution, ethyl acetate
in dichloromethane, 1:99 to 4:99) to provide 8 (0.97 g, 28%):
TLC Ry = 0.35 (dichloromethane:ethyl acetate, 97:3); 1H NMR
(DMSO, 300 MHz) 6 0.08 (s, 3H), 0.10 (s, 3H), 0.81 (d, 3H),
0.86 (s, 9H), 0.93 (d, 3H), 1.67—1.78 (m, 1H), 3.81 (t, 1H), 4.22—
4.40 (m, 2H), 4.64 (bd, 1H), 5.19 (s, 2H), 6.22 (d, 1H), 7.33—
7.48 (m, 10H), 7.63 (d, 1H), 7.92 (d, 1H), 8.53 (s, 1H). Also
obtained was the oxygen-alkylated product 9 (2.11 g, 62%):
TLC Ry= 0.61 (dichloromethane:ethyl acetate, 97:3); 'H NMR
(DMSO, 300 MHz) 6 0.01 (s, 3H), 0.07 (s, 3H), 0.75 (s, 9H),
0.77 (d, 3H), 0.89 (d, 3H), 1.67—1.81 (m, 1H), 3.84 (t, 1H), 4.26
(m, 1H), 4.81 (d, 1H), 5.14 (d, 1H), 5.20 (s, 2H), 7.35—7.48 (m,
9H), 7.62 (d, 1H), 7.99 (dd, 2H), 8.12 (d, 1H), 9.31 (s, 1H); MS
(CI)m/z 646 (M + 1).
N-[2-[(tert-Butyldimethylsilyl)oxy]-3,3,3-trifluoro-1-
isopropylpropyll-2-iodoacetamide (7). To a solution of
3-amino-1,1,1-trifluoro-4-methyl-2-pentanol hydrochloride® (20
g, 96 mmol) and 4-methylmorpholine (21.8 mL, 198 mmol) in
THF (480 mL) was added a solution of chloroacetyl chloride
(7.7 mL, 97 mmol) in THF (40 mL) and the resulting mixture
stirred for 12 h. The mixture was diluted with ethyl acetate,
filtered free of solids, and washed with 10% hydrochloric acid,
water, saturated aqueous sodium bicarbonate, and brine. The
solution was dried (MgS0,), and the solvent was removed to
give the amide as an oil (23.8 g). This oil was dissolved in
dichloromethane (96 mL) and cooled in an ice bath, and to this
solution was added 2,6-lutidine (22.5 mL, 193 mmol) and then
tert-butyldimethylsilyl triflate (33 mL, 144 mmol). After being
stirred for 12 h the reaction mixture was diluted with ethyl
acetate, washed with 10% hydrochloric acid, saturated sodium
bicarbonate, and brine, and dried (MgSO,), and the solvent
was removed. The resulting material was chromatographed
(gradient elution, hexane:ethyl acetate, 100:0 to 80:20) to
provide the pure silyl ether (20.5 g). A portion of this material
(15.5 g, 43 mmol) was dissolved in acetone (130 mL), to this
was added Nal (19.3 g, 128 mmol), and the mixture was stirred
at room temperature for 12 h. The mixture was diluted with
water (180 mL), and the resulting precipitate was washed with
saturated aqueous sodium thiosulfate and water. The solid
was dried under vacuum and then purified by chromatography
(gradient elution, hexane:ethyl acetate, 80:20 to 50:50) to
provide pure 7 (17.9 g, 92%): TLC R; = 0.30 (hexane:ethyl
acetate, 9:1); 'H NMR (DMSO, 300 MHz) 6 0.17 (s, 3H), 0.18
(s, 3H), 0.96 (d, 3H), 0.98 (s, 3H), 1.01 (s, 9H), 1.75 (m, 1H),
3.75 (s, 2H), 3.92 (t, 1H), 4.15 (g, 1H), 6.50 (d, 1H); MS (CI)
m/z 454 (M + 1 for 3Cl).
2-(3-[(Benzyloxycarbonyl)amino]-2-oxo0-6-phenyl-1,2-
dihydro-1-pyridyl]-N-(3,3,3-trifluoro-1-isopropyl-2-oxo-
propylacetamide (10 R; = Ph). To a solution of 8 (0.96 g,
1.5 mmol) in THF (8 mL) was added tetrabutylammonium
fluoride (1.62 mL, 1.62 mmol) and the mixture stirred for 4.5
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h. The reaction mixture was diluted with ethyl acetate and
washed with water and brine. The solution was dried (MgSO,)
and the solvent removed to give the corresponding intermedi-
ate trifluoromethyl alcohol as a white solid (0.79 g). The
alcohol was dissolved in DMSO (4 mL) and toluene (4 mL) and
was treated with EDC (2.81 g, 14.6 mmol) and then dichloro-
acetic acid (0.48 mL, 5.8 mmol). The resulting solution was
allowed to stir for 12 h. The reaction mixture was diluted with
ethyl acetate and was washed successively with 10% hydro-
chloric acid, saturated sodium bicarbonate, and brine. The
solution was dried (MgSO,) and the solvent removed. The
resulting material was purified by chromatography (dichlo-
romethane:ethyl acetate, 95:5) to provide pure 10 (0.53 g, 67%)
as a white solid: 'H NMR (DMSO, 300 MHz) 4 0.83 (d, 3H),
0.89(d, 3H), 2.10—2.21 (m, 1H), 4.46 (d, 1H), 4.54 (d, 1H), 4.63
(t, 1H), 5.19 (s, 2H), 6.23 (d, 1H), 7.33—7.49 (m, 10H), 7.92 (d,
1H), 8.55 (s, 1H), 8.74 (d, 1H); MS (CI) m /2 530 (M + 1). Anal.
(Cg7H326F3N305) C, H, N.
6-(4-Methoxyphenyl)pyrid-2-one-3-carbonitrile (5, R;
= 4-CH30CqH,) (Method B). To a stirred mixture of sodium
methoxide (8.95 g, 165 mmol), ethyl formate (11.55 g, 156
mmol) in THF (60 mL), and ether (60 mL) was added a solution
of 4-methoxyacetophenone (10.1 g, 67 mmol) in THF (90 mL)
over 0.5 h. After the addition was complete, the addition
funnel was replaced with a reflux condenser and the mixture
heated at 40 °C for 3 h. The condenser was replaced with a
distillation head and the mixture heated at 90 °C until the
solvents were removed. The residue was dissolved in water
(240 mL), and acetic acid was added to adjust the pH to 9.
Cyanoacetamide (10.1 g, 120 mmol) was added and the
mixture heated at 90 °C for 18 h. The solvents were decanted
to leave a gummy residue, which was washed with 10%
hydrochloric acid and then chloroform to give a solid which
was filtered, washed with ether, and dried to give § (R, =
4-CH3;0CgHy) (2.97 g, 20%): TLC Ry = 0.5 (methanol:dichlo-
romethane, 4:96); 'H NMR (DMSO, 250 MHz) ¢ 3.83 (s, 3H),
6.72 (bs, 1H), 7.10 (d, 2H), 7.79 (d, 2H), 8.16 (d, 1H), 12.62
(bs, 1H); MS (CI) m/z 227 (M + 1).
6-(4-Methoxyphenyl)pyrid-2-one-3-carboxylic Acid
(Step d, Scheme 1, R; = 4-CH;OCgH,). A suspension of §
(R; = 4-CH30CgH,) (2.95 g, 13 mmol) in 50% NaOH (w/w, 13
mL) was heated at 140 °C for 12 h in a sealed pressure vessel.
The reaction mixture was cooled to room temperature, diluted
with water, and adjusted to pH 1 with concentrated hydro-
chloric acid. The resulting solids were washed with water and
dried under vacuum to provide pure carboxylic acid (3.22 g,
100%). 'H NMR (DMSQO, 300 MHz) 4 3.85 (s, 3H), 6.97 (d,
1H), 7.00 (d, 2H), 7.88 (d, 2H), 8.35 (d, 1H); MS (CI) m/z 246
M + 1).
2-(3-Amino-2-oxo-6-phenyl-1,2-dihydro-1-pyridyl)-N-[2-
[(tert-butyldimethylsilyl)oxy]-3,3,3-trifluoro-1-isopropy-
Ipropyllacetamide (12). To a solution of 11 (100 g, 0.147
mol) in ethanol (1.2 L) was added palladium on carbon (10%
w/w) and the mixture shaken under a hydrogen atmosphere
(3.4 bar) for 6 h. The hydrogen was removed and sodium
methoxide (8.10 g, 0.150 mol) was added, and the reaction
mixture was placed back under a hydrogen atmosphere and
shaken for 18 h. The mixture was filtered through Celite to
remove catalyst, and the solvent was removed to provide pure
12 as a white solid (74 g, 100%): mp 146—148 °C; 'H NMR
(DMSO, 300 MHz) 6 0.09 (s, 3H), 0.11 (s, 3H), 0.82 (s, 3H),
0.86 (s, 9H), 0.94 (s, 3H), 1.71 (m, 1H), 3.78 (t, 1H), 4.27 (m,
2H), 4.53 (d, 1H), 5.18 (s, 2H), 5.98 (d, 1H), 6.52 (d, 1H), 7.36
(m, 5H), 7.55 (d, 1H).
2-[3-[(Benzyloxycarbonyl)amino]-6-(3-hydroxyphenyl)-
2-ox0-1,2-dihydro-1-pyridyl]-N-(3,3,3-trifluoro-1-isopro-
pyl-2-oxopropyl)acetamide (101). To a solution of 10k (78
mg, 0.13 mmol) in dry dichloromethane (3 mL) was added
trifluoroacetic acid (0.08 mL, 1 mmol). After 18 h the reaction
mixture was diluted with dichloromethane (50 mL), washed
with water and brine, dried (MgSQ,), and evaporated to a
crude oil that was purified by chromatography (ethanol:ethyl
acetate:dichloromethane, 0.5:5:94.5) to give 101 as a white solid
(60 mg, 85%); TLC R; = 0.15 (ethanol:ethyl acetate:dichlo-
romethane, 0.5:5:94.5); *H NMR (DMSO0/D.0, 300 MHz) 6 0.76
(d, 3H), 0.85 (d, 3H), 2.53 (m, 1H), 4.03 (d, 1H), 4.49 (m, 2H),
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5.19 (s, 2H), 6.19 (d, 1H), 6.84 (m, 3H), 7.19 (t, 1H), 7.36 (m,
5H), 7.91 (d, 1H); MS (CI) m/z 546 (M + 1). Anal. (Cg7;Hge-
F3N30¢) C, H, N.

2-[3-[(Benzyloxycarbonyl)amino]-6-(4-carboxyphenyl)-
2-ox0-1,2-dihydro-1-pyridyl]l-N-(3,3,3-trifluoro-1-isopro-
pyl-2-oxopropyl)acetamide (10p). To a solution of 13 (96
mg, 0.16 mmol) in THF (0.7 mL) and water (0.14 mL) was
added lithium hydroxide monchydrate (15.7 mg, 0.37 mmol)
and the resulting solution allowed to stir for 3 h. The reaction
mixture was diluted with water, and the pH was adjusted to
2 by addition of 10% hydrochloric acid. The product was
extracted into ethyl acetate, and the organic extracts were then
washed with brine. The solution was dried (MgSO,) and the
solvent removed to give material that was recrystallized from
hot ethyl acetate/hexane to provide pure 10p (63 mg, 68%) as
a white solid: TLC R;= 0.43 (ethanol:dichloromethane:acetic
acid, 5:94.5:0.5): 'H NMR (DMSO0/D:0, 300 MHz) é 0.77 (d,
3H), 0.87 (d, 3H), 2.24 (m, 1H), 4.07 (d, 1H), 4.44 (d, 1H), 4.68
(d, 1H), 5.22 (s, 2H), 6.29 (d, 1H), 7.35—7.53 (m, 8H), 8.01 (m,
2H);, MS (CI) m/z 574 (M + 1). Anal. (CgsHyF3N3O7) C, H,
N

6-Phenethylpyrid-2-one-3-carbonitrile (19). To a —78
°C solution of LDA (prepared from diisopropyl amine (6.6 mL,
47 mmol) and n-butyllithium (19 mL of a 2.14 M solution in
hexane)) in THF (200 mL) was added a solution of 16 (2.5 g,
18.6 mmol) and the mixture allowed to warm to 0 °C. After
stirring for 2 h, benzyl bromide (2.2 mL, 18.6 mmol) was added,
and the solution was allowed to warm to room temperature
and stir overnight. The solvents were evaporated, and the
residue was taken up in water and washed with ether to
remove unreacted benzyl bromide. The aqueous solution was
made acidic to pH 3 with 1 N hydrochloric acid and the
resulting precipitate collected and washed with water. The
material was dried and chromatographed (methanol:chloro-
form, 3:97) to provide 19 (2.1 g, 50%) as a tan solid: 'H NMR
(DMSO, 300 MHz) ¢ 2.88 (m, 4H), 6.21 (d, 1H), 7.27 (m, 5H),
8.01 (d, 1H), 12.7 (bs, 1H); MS (CI) m/z 225 (M + 1).

3-[(Benzyloxycarbonyl)amino]-6-phenethylpyrid-2-
one (23). A solution of 19 (2.15 g, 9.6 mmol) in 48% HBr (10
mL) and glacial acetic acid (20 mL) was heated at reflux for
12 h. The solution was cooled and diluted with water, and
the pH was adjusted to 5 with 10% sodium hydroxide. The
resulting precipitate was filtered and the solid washed with
10% hydrochloric acid and water. The solid was dried under
vacuum to afford the carboxylic acid (2.1 g). The acid was
dissolved in dioxane (40 mL), and to this was added triethyl-
amine (1.1 mL, 8.25 mmol) and DPPA (1.8 mL, 8.36 mmol)
followed by heating at reflux for 1 h. Benzyl alcohol (1.0 mL,
9.8 mmol) was added to the solution followed by refluxing for
an additional 12 h. The solution was cooled and the solvent
removed. The residue was dissolved in ethyl acetate, washed
with 10% hydrochloric acid and brine, and dried (MgSO,), and
the solvent was removed. The material was purified by
chromatography (methanol:dichloromethane, 3:97) to provide
pure 23 (1.71 g, 60%) as a cream-colored solid: *H NMR
(DMSO, 300 MHz) ¢ 2.50 (m, 2H), 2.86 (m, 2H), 5.14 (s, 2H),
6.01 (d, 1H), 7.18—7.40 (m, 10H), 7.70 (d, 1H), 8.26 (s, 1H),
12.03 (s, 1H); MS (CI) m/z 349 (M + 1).

[3-[(Benzyloxycarbonyl)amino]-2-ox0-6-phenethyl-1,2-
dihydro-1-pyridyllacetic Acid (27). Compound 23 (1.64 g,
4.7 mmol) was suspended in dry dimethylformamide (20 mL),
and to this suspension was added NaH (0.22 g of a 60%
mineral oil dispersion, 5.5 mmol). The mixture was stirred
for 1.5 h, at which point all solids were in solution. ter¢-Butyl
bromoacetate (0.92 g, 4.7 mmol) was added, and the mixture
was stirred overnight. The mixture was diluted with water
(100 mL) and extracted with ethyl acetate (four times). The
extracts were washed with brine, dried (MgSO,), and evapo-
rated. The residue was purified by chromatography (gradient
elution, methanol:dichloromethane, 0:100 to 3:97) to give the
tert-butyl ester (0.578 g, 27%). This material was dissolved
in dichloromethane (10 mL), to this was added trifluoroacetic
acid (1.5 mL), and the solution was allowed to stir for 12 h.
The solvents were evaporated to afford pure 27 (0.48 mg,
98%): 'H NMR (DMSO, 300 MHz) 6 2.85 (s, 4H), 4.66 (s, 2H),
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5.15 (s, 2H), 6.16 (d, 1H), 7.19-7.43 (m, 10H), 7.77 (d, 1H),
8.39 (s, 1H); MS (CI) m/z 407 (M + 1).

2-[3-[(Benzyloxycarbonyl)amino]-2-0x0-6-phenethyl-
1,2-dihydro-1-pyridyl]-N-(3,3,3-trifluoro-2-hydroxy-1-iso-
propylpropyl)acetamide (Step h, Scheme 4, R; = Phen-
ethyl). Compound 27 (0.50 g, 1.2 mmol) was dissolved in dry
tetrahydrofuran (15 mL) along with 3-amino-1,1,1-trifluoro-
4-methyl-2-pentanol hydrochloride (0.25 g, 1.2 mmol), EDC
(0.23 g, 1.2 mmol), 4-methylmorpholine (0.27 g, 2.7 mmol), and
1-hydroxybenzotriazole hydrate (0.47 g, 3.5 mmol). The
mixture was stirred for 2 days. The reaction mixture was
evaporated and the residue partitioned between ethyl acetate
(50 mL) and 10% hydrochloric acid (25 mL). The layers were
separated, and the organic solutions were washed with 10%
hydrochloric acid, saturated sodium bicarbonate, and brine,
dried (MgSO,), and evaporated to a foam. The material was
purified by chromatography (methanol:dichloromethane, 4:96)
to provide the alcohol (0.51 g, 76%): TLC Ry = 0.48 (methanol:
dichloromethane, 4:96); 'H NMR (DMSO, 300 MHz) é 0.81 (d,
3H), 0.89 (d, 3H), 1.80 (m, 1H), 2.72 (m, 2H), 2.84 (m, 2H),
3.79 (t, 1H), 4.11 (m, 1H), 4.88 (m, 2H), 5.15 (s, 2H), 6.12 (d,
1H), 6.54 (d, 1H), 7.15—7.43 (m, 10H), 7.76 (d, 1H), 8.04 (d,
1H), 8.33 (s, 1H); MS (CI) m/z 560 (M + 1).

3-Cyano-4-phenylpyrid-2-one (28). Toluene (200 mL)
was added to a mixture of acetophenone (24.1 g, 200 mmol),
cyanoacetamide (16.8 g, 200 mmol), ammonium acetate (15.4
g, 200 mmol), and acetic acid (34.4 mL, 600 mmol), and the
resulting homogeneous solution was heated at reflux for 18
h. After cooling to ambient temperature, the precipitated solid
was filtered and washed with toluene to afford 18.2 g of crude
material. Recrystallization from ethanol afforded 2-cyano-3-
phenylbutyramide (7.75 g, 21%) as a yellow solid: ‘H NMR
(DMSO, 300 MHz) 6 2.35 (s, 3H), 7.49 (m, 5H), 7.82 (brs, 1H),
8.07 (brs, 1IH); MS (CI) m/2 187 (M + 1)

A solution of this material and dimethylformamide diethyl
acetal (6.44 g, 43.7 mmol) in DMF (14 mL) was heated at reflux
for 6 h, during which time liberated ethanol was removed by
distillation. Excess DMF was than removed on a rotory
evaporator (<1 Torr of pressure). After standing for 18 h the
resulting solid was slurried in methanol and the solid isolated
by filtration to afford 28 (3.3 g, 40%) as a white solid: 'H NMR
(DMSO, 250 MHz) ¢ 6.44 (d, 1H), 7.60 (m, 5H), 7.82 (d, 1H),
12.62 (brs, 1H); MS (CI) m/2z 197 (M + 1).

2-[3-[(Benzyloxycarbonyl)amino]-2-oxo-5-phenyl-1,2-
dihydro-1-pyridyl]-N-(3,3,3-trifluoro-2-hydroxy-1-isopro-
pylpropyl)acetamide (Steps d and e, Scheme 5). To a
solution of 30 (2.65 g, 3.81 mmol) in THF (20 mL) was added
tetrakis(triphenylphosphine)palladium(0) (1.0 g, 0.87 mmol)
and the solution stirred for 0.5 h. A solution of phenylboric
acid (0.92 g, 7.62 mmol) in ethanol (20 mL) was added followed
by stirring for 1 h. A solution of sodium carbonate (20 mL of
a 2 M solution in water) was then added, and the reaction was
refluxed for 3 h. The product was extracted into ether, washed
with water, and dried (MgSO,). The solvents were evaporated
and then redissolved in THF (50 mL), and to this was added
a solution of tetrabutylammonium fluoride (6 mL of a 1 M
solution in THF) followed by stiring for 5 min. The reaction
was diluted with ethyl acetate and washed with saturated
ammonium chloride, water, and brine. The solution was dried
(MgS0y), and the solvent was removed. The resulting material
was purified by chromatography (methanol:dichloromethane,
5:95) to provide the title compound (1.36 g, 67%) as an off-
white solid: mp 202—-204 °C; 'H NMR (DMSO, 300 MHz) ¢
0.89—-0.93 (m, 6H), 1.81 (m, 1H), 3.85 (t, 1H), 4.13 (m, 1H),
4.64 (d, 1H), 4.84 (4, 1H), 5.19 (s, 2H), 6.55 (d, 1H), 7.30—7.52
(m, 10H), 7.73 (4, 1H), 8.06 (d, 1H), 8.22 (d, 1H), 8.55 (s, 1H).
Anal. (027H23F3N305) C, H, N.

Molecular Modeling. Molecular mechanics (MM) com-
putations were performed in vacuo, using the AESOP force
field®* and the in-house graphics progam ENIGMA.3% Only
those residues within 12 A of the active site region of the
HLE—-TOMI X-ray crystal structure were included in these
computations. HLE atoms were constrained to their position
in the X-ray structure for these computations.

Molecular dynamics (MD) and free energy perturbation
(FEP) simulations® were performed using the program
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AMBER3.02%" and the united atom model. The starting
geometry for HLE was taken from the X-ray molecular
structure of the HLE-TOMI complex.'® The noncovalently
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.17 The
selection of this binding motif has been further supported by
subsequent X-ray crystallographic analysis of selected pyri-
done-based inhibitors in PPE.3¢ Atomic partial charges were
obtained for the pyridone fragments of the inhibitors via
electrostatic potential energy surface (EPS) fit using the
program CHELPG® to 6-31G*//6-31G* ab initio wave functions
Gaussian 88. EPS derived 6-31G*//6-31G* charges were also
employed for the (trifluoromethyl)alkoxide portion of the
inhibitor. United atom AMBER3.0a charges for valine were
used for the Py portion of the inhibitor and the 6-position
phenyl. All atomic charges for the inhibitors investigated in
this work are reported in the supplementary material 40

A 20 A cap of TIP3P water with a weak restoring force3
was placed over the active site of the enzyme—inhibitor
complex. This resulted in the addition of approximately 450
water molecules to the computations. Previous comparisons
of trajectories obtained for HLE bound inhibitors under
aqueous periodic boundary conditions suggest that the de-
scribed water-cap conditions are a reasonable approximation
for the active site region of this enzyme.?

Initial structures were minimized for 250 cycles of steepest
decent optimization prior to begining 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 through-
out 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. Equilibrated (50 ps)
end points from MD simulations were used as starting
structures for FEP.

FEP simulations were performed using coordinate decou-
pling with 51 windows of 0.5 ps equilibration followed by 0.5
ps data collection employed for electrostatic modifications
followed by 51 ps of slow growth for the nonbonded component
for a total of 102 ps. These simulation times compare well
and/or are longer than those used successfully in previous
studies.#! FEP simulations were performed using periodic
boundary conditions for isolated inhibitors (i.e., AAG for [10f
— 10a 1,) and a 20 A water cap (above) over the active site
region when inhibitors were docked in HLE (i.e., AAG for
[HLE-10f — HLE-10al,;). Selected perturbations were tested
for equilibration by explicit reverse perturbation. In addition,
all hysteresis values were found to be within accepable ranges.

Throughout our inhibitor design efforts, molecular graphics
and in vacuo molecular mechanics computations were used
initially to determine whether potential inhibitors had geo-
metric features that reasonably allowed for the formation of
the desired interactions with HLE. Aqueous MD simulations
were then employed to test whether such interactions could
be expected under conditions that more accurately represent
the experimental environment.
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