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Non-peptidic Inhibitors of Human Leukocyte Elastase. 1. The Design and
Synthesis of Pyridone-Containing Inhibitors
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Human leukocyte elastase (HLE) is a serine protease produced by neutrophils that has been
implicated in diseases such as amphysema and cystic fibrosis. An HLE inhibitor may have
therapeutic value in these diseases. An active site model of HLE bound to a tripeptidic
trifluoromethyl ketone (TFMK) inhibitor, 2, was created from X-ray structures of HLE and
porcine pancreatic elastase. Analysis of the model indicated a preferred binding conformation
for the tripeptide and potentially important interactions between it and the enzyme. This
information was used to aid in the design of a series of novel, pyridone-containing, non-peptidic
HLE inhibitors such as 2-[3-[[(benzyloxy)carbonyllamino]-2-0x0-1,2-dihydro-1-pyridyl]-N-(3,3,3-
trifluoro-1-isopropyl-2-oxopropyl)acetamide (5b) (K; = 280 + 78 nM). Inspection of the active
site model suggested that a benzyl substituent at the 5-position of the pyridone ring might
improve potency by forming a lipophilic interaction with the enzyme S2 pocket. Synthesis
and biological evaluation of a series of 5-benzylpyridone TFMKs provided evidence for this
proposition. Further analysis of the model indicated that substitution on the 3-amino group
of the pyridone ring with a hydrogen bond acceptor could potentially lead to interactions with
the NH atoms of glycine-218 and/or -219. The oxalate derivative 2-[5-benzyl-3-(carboxycar-
bonyl)-2-0x0-1,2-dihydro-1-pyridyl]-N-(3,3,3-trifluoro-1-isopropyl-2-oxopropyl)acetamide (5v) was
synthesized and found to have a X; of 48 + 9 nM. Unfortunately, none of the compounds tested

was active in an in vivo model of HLE-induced lung injury when dosed orally.

Introduction

Human leukocyte elastase (HLE) (EC 3.4.21.37) is a
member of the serine protease family of enzymes
produced by polymorphonuclear leukocytes (PMNs) and
has a molecular weight of about 30 kDa. It is released
from PMNs in response to inflammatory stimuli! and
has been implicated in the development of various
diseases such as emphysema,2™* ARDS 5% cystic
fibrosis,”~® and rheumatoid arthritis.!® Under normal
conditions, the body protects itself from the potentially
damaging effects of extracellular HLE with the endoge-
nous inhibitor a-1-proteinase (0;-PI). However if the
balance between protease and anti-protease is upset due
to a decrease in levels of 0;-PI, the excess HLE activity
may lead to tissue damage and the development of a
disease such as emphysema.!! This imbalance can occur
in cigarette smokers because of the oxidative inactiva-
tion of @;-PI by the smoke. 1213 Alternatively, the
quantity of o;-PI synthesized may be inadequate due
to a genetic defect.!! In both cases, the excess HLE
hydrolyzes elastin, the structural protein which gives
the lung its elasticity, and contributes to development
of the disease.

It has been hypothesized that an appropriate, small
molecular weight inhibitor of HLE will restore the
imbalance between HLE and ¢1-PI in diseases such as
emphysema and be useful therapeutically in the treat-
ment of such diseases.1* A variety of structural classes
of HLE inhibitors have been reported, including the
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peptidyl trifluoromethyl ketones!3-18 (TFMKs), the o-ke-
tobenzoxazoles,!? the f-lactams,2? and others.1* TFMK
compounds such as ICI 200,880 (1) are highly potent
HLE inhibitors in vitro and possess activity in in vivo
models of acute lung injury.21-22 ICI 200,880 (1) is
currently being evaluated in the clinic for efficacy in a
range of HLE-mediated disorders.

TFMK inhibitors like 1 are thought to act by trapping
the active site serine-195 hydroxyl group. According to
this hypothesis, the highly electrophilic character of the
TFMK facilitates the enzyme-catalyzed addition of the
serine-195 hydroxyl to the ketone of the inhibitor. The
resulting hemiketal is an analogue of the tetrahedral
intermediate formed in the normal hydrolysis reaction
of the peptide bond catalyzed by HLE, but this hemi-
ketal is unable to proceed to products. This proposed
mechanism of reversible inhibition has been proved for
the related porcine pancreatic elastase (PPE) by X-ray
analysis of the complex formed between PPE and a
TFMK inhibitor.2? The high-resolution X-ray structure
contains a covalent bond (1.5 A) between the serine-
195 oxygen and the TFMK carbonyl carbon center.

A potential drawback of peptidic HLE inhibitors as
drugs is the possible instability of the peptidic backbone
to metabolism. ICI 200,880 (1) is potent in animal
models of lung damage when dosed intratracheally via
an aerosol to the lung surface, but its systemic activity
in similar models is somewhat less.2! Another problem
with peptidic TFMKs is the stereochemical complexity
of the peptides in conjunction with the ready epimer-
ization of the chiral center adjacent to the TFMK, which
leads to formation of diastereoisomeric mixtures. For
these reasons, it was considered desirable to design non-
peptidic and stereochemically less complex TFMK in-
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hibitors. Our initial approaches to this problem are the
subject of this paper.

Chemistry

The compounds described in this paper were prepared
by the general methods illustrated in Schemes 1 and 2.
Representative methodology is detailed in the Experi-
mental Section, and Table 1 provides the sequence of
steps used for the synthesis of each compound.

The anion derived from commercially available 3-ni-
tropyrid-2-one (7) was alkylated at the nitrogen by ethyl
iodoacetate to give compound 8. The trifluoromethyl
alcohols 6a—d were prepared from 8 by either the
sequence of hydrogenation, acylation, aqueous hydroly-
sis, and amide coupling to give 6a or the sequence of
hydrolysis and amide coupling to give 6d, hydrogenation
to 6¢, and acylation to 6b. The trifluoromethyl alcohols
6a,b,d were oxidized directly to the corresponding
ketones 5a,b,d by a modification of the Pfitzner—Moffatt
procedure utilizing 1-[3-(dimethylamino)propyll-3-eth-
ylearbodiimide hydrochloride (EDC).2425 TFMK 5d was
hydrogenated to the amino TFMK 5¢ which was elabo-
rated to the oxalate (5e—g) and malonate (5h,i) deriva-
tives using standard methods (Scheme 1).

o NH,4*. EDC. DMF:; (j) CICOCH,CO,Et, triethylamine, CH,Cly, 0

N\
N
N

The 5-benzylpyridone TFMKs were synthesized by
analogous routes to those used for the unsubstituted
compounds (Scheme 2). The 5-benzyl groups were
introduced via palladium-catalyzed zinc coupling with
the iodo compounds 13, 16, 18, and 22. The optimal
catalyst for this reaction was found to be dichloro[1,1’-
bis(diphenylphosphino)ferrocenelpalladium(II).26 QOther
more conventional catalysts gave lower yields or no
reaction. The precursor iodo compound 13, from which
the substituted iodo compounds 16, 18, and 22 were
derived, was synthesized from pyridone 12 by selective
5-iodination with N-iodosuccinimide.

A particularly convergent method of synthesizing
TFMK compounds with a variety of functional groups
attached to the phenyl ring of the 5-benzyl substituent
was developed. The pyridone compound 13 was alkyl-
ated with 2028 to give 22 (Scheme 2). This compound
was converted to the 4-(methoxycarbonyl)benzyl deriva-
tive 6t by the sequence of palladium-catalyzed coupling
with [4-(methoxycarbonyl)benzyllzinc bromide, desilyl-
ation by fluoride anion, and oxidation. An alternative
method employed in the synthesis of 5n involved
alkylation of 13 with tert-butyl bromoacetate, pal-
ladium-catalyzed coupling with [4-(pivaloyloxy)benzyl]-
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zinc bromide, selective hydrolysis of the tert-butyl ester facilitate the design of novel HLE inhibitors. X-ray

of 11 with trifluoroacetic acid, coupling with 21, and crystal structures of elastases, either native or bound
oxidation to give 5n (Scheme 2). to inhibitors, were available.28 However, there were no
. . . reports of a crystallographically determined structure
Biological Evaluation of HLE bound to a TFMK inhibitor. It was necessary,
The compounds listed in Table 1 were tested in vitro therefore, to create a model of the active site of HLE

for their ability to inhibit HLE activity. The inhibition bound to a TFMK inhibitor. As a starting point, the
constants (Kj), corresponding to the ability of the crystal structures of HLE bound to the turkey ovo-

compounds to inhibit hydrolysis of the synthetic sub- mucoid inhibitor third domain (TOMI)?® and PPE bound

strate MeO-Suc-Ala-Ala-Pro-Val-pNA, were determined to a tripeptidic inhibitor, 22% (Figure 1), were considered.

as previously described.?! Initially it was necessary to model the peptidic inhibitor

2 into the active site of HLE as described below. Such

Molecular Modeling an approximation is feasible because the active site
It was our aim to use protein structural information homology between HLE and PPE is high 2

in conjunction with molecular modeling techniques to In order to facilitate the modeling work, a simplified
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Table 1. Preparation and in Vitro Activities of Pyridone TFMKs®

compd R3 RS method?® mp, °C formula® K, nM
5a NHCOMe H D,ABF,.G 76—-80 Cy5H,5F3N304H;0 2800 £ 400
5b NHZ¢ H D,F,ABG 58—-61 Co1HooF3N3050.33H0 280 £ 78
5¢ NHz H D,F,G,A 135 dec 013H16F3N303'0.5H20" 2700 + 500
5d NO; H D,F,G 60—65 Cy3H;4F3sN305H20 15000 £ 5000
Se NHCOCO:H H D,F,G,A,B,Ff 168—170 C15H16F3sN3060.33H0 350+ 70
5f NHCOCO:Me H D,F,G,AB 74-79 C16H,8F3N3060.75H50 500 £ 150
5g NHCOCONH; H D,F,G,A,B,F,fl 258—-260 Cy5H,7F3sN4O50.5H,0 320 + 20
5h NHCOCH:COzEt H DF,GAB 126—-128  C13H23F3N30¢0.25H;0 3400 £ 800
5i NHCOCH;CO:H H D,F,G,ABF/ 84-102 C,6H;sF3N30¢H50 2600 £ 200
5j NHZ PhCH, AB,CEDF,G 58-64 CgsH2sF3N3050.75H,0 40+ 9
5k NHZ 3-F-C¢H4CHy AB,C,DEF,G 64—-70 CosHg7F4N3050.25H20 87 + 18
51 NHZ 4-F-CgH4sCH, AB,C,DEFG 66—172 CgsHo7F4N305:0.75H0 71+ 15
5m NHZ 4-CF3-C¢H4CHs AB,CDEF,G 61-65 CgoH27FeN305H20 47 + 13
5n NHZ 4-ButOCO-Ce¢H,CH2 ABCDELG 70-77 C33H3eF3N3070.5H:0 32+18
50 NHZ 4-HO-CgH4CH AB,C,D.EL,GF/ 65—170 CosHosF3N3060.75H20 34x3
5p NHZ 3-ButOCO-C¢H,CH: AB,C,D.EL,G 63-71 C33H3sFsN3070.5H0 12+5
5q NHZ 3-HO-CsH4CH; AB,C,D.ELGF 63-73 CogHosF3sN30g0.75H,0 89+ 17
5r NHZ 3-MeOCO-CsH,CH- AB,C,D,EL,GFB 59—-80 C3oH30F3sN30+0.5H.0 42 + 17
5s NHZ 3-CF3CONH-CgH4CH: AB,CDELG 159-161 C30H2sFsN4¢Og0.5H,0 36 +8
5t NHZ 4-CH302;C-C¢H,CH; AB,C,D,EKG 68—-75 C30H30F3N307+0.75H20 88 £ 26
5u NHCOCO:;Me PhCH, AB,CEDFGAB 151-157 Ca3H34F3N3Og 70 £ 22
5v NHCOCOH PhCH, AB,CEDF,GABJF 82-93 CaoHo2F33N304 48+ 9
5w NHCOCONH: PhCH, A,B,C,E,D,F,G,AB,I 147-156 CasH23F3N4O50.5H20 51 +12

@ See Schemes 1 and 2 for positions of substituents R3 and R3. ® See Experimental Section for lettered methods. ¢ Anal. C, H, N except
where stated otherwise. ¢ Z is (benzyloxy)carbonyl. ¢ N: calcd, 12.8; found, 11.81. / First part only of method F used.
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Figure 1. Inhibitors of HLE and PPE.

active site of HLE bound to TOMI was created which
included only those parts of HLE believed to form the
active site of the enzyme.?% The active site of HLE and
the PPE structure were overlayed using ENIGMA 3!
The serine-195 oxygen of PPE was disconnected from
the tripeptide 2, and the corresponding oxygen of HLE
was connected to the inhibitor. The PPE structure was
deleted, leaving the TFMK inhibitor 2 modeled in the
active site of HLE. The oxyanion was represented by a
fluorine atom. Using the molecular mechanics program
AESOP,?2 the TFMK inhibitor was energy optimized
while covalently linked to the active site, which was held
rigid during the energy minimization process. The
resulting geometry of the tripeptide was very similar
to that observed when bound to PPE. To try and
improve the quality of the active site model to take into
account changes in conformation that might be expected
to occur when changing from the noncovalently attached
TOMI to the TFMK inhibitor, further energy minimiza-
tions were perfomed allowing parts of the active site,
as well as the inhibitor, to relax.3® The more sophisti-
cated energy minimizations did not change significantly

the conformation of the inhibitor or active site but did
lead to an overall lowering of steric energy for the active
site model.

A number of simplifications and assumptions were
made in the building of the HLE active site model. The
model assumes that the conformation and the binding
mode of the TFMK tripeptide 2 in HLE are analogous
to those observed in PPE. The validity of these as-
sumptions is supported by the similarity between the
predicted conformation and the binding modes adopted
by the P1—P4 region of TOMI bound to HLE and the
P1—P4 region of the chloromethyl ketone inhibitor 3
bound to HLE.?¢ It is also conceivable that the confor-
mation of the HLE enzyme bound to the TFMK 2
changes from that of the HLE—TOMI complex. How-
ever, both the geometries of HLE bound to TOMI and
the chloromethyl ketone inhibitor 8 and the geometries
of the HLE and PPE active sites are very similar. The
active site model was analyzed for the key interactions
between the inhibitor and the enzyme that lead to good
binding and inhibition of HLE by the TFMK. These key
interactions are illustrated schematically in Figure 2a.

The next step was to use the active site model to
generate ideas for the design of novel non-peptidic
TFMK inhibitors of HLE. At the outset, it was decided
to retain the TFMK as an electrophilic trap for the
enzyme. Examination of the interaction of the P1
isopropyl group in the S1 pocket indicated that replacing
this functionality in a manner consistent with retaining
good binding would be very difficult. In contrast, the
P2 proline residue makes relatively weak interactions
with the enzyme, so attention was focused on this part
of the tripeptide.

It has previously been reported that the P2 proline
can be replaced successfully with N-alkylglycine resi-
dues.183536 This interesting finding and the lack of
specific interactions predicted by the model between the
P3 methyl group (R; in Figure 2a) and the enzyme
suggested that cyclizing a substituent from the P2
nitrogen to the a-carbon of the P3 residue might be
feasible.3” We discovered by examination of our HLE
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Figure 3. Design of the pyridone dipeptide mimetic.

active site model that the two key hydrogen-bonding
interactions between valine-216 and the peptide inhibi-
tor P3 residue (see Figure 2a) might be maintained even
if the P3 a-carbon was transformed into an sp? hybrid-
ized center. This observation provided the possibility
of converting the peptidic inhibitor into a non-peptidic,
stereochemically less complex heterocyclic system pos-
sessing the potential to bind into the active site of HLE.
A variety of species containing links between the P2
nitrogen and the a-carbon of the P3 residue were
considered, and a pyridone system was selected (Figure
3).

The structure of 2 was modified by replacing the P2
proline and P3 alanine residues with the proposed
dipeptide isostere 2-(3-amino-2-oxo-1,2-dihydro-1-py-
ridyl)acetic acid (4). Using ENIGMA, the modified
structure 5a was modeled into the enzyme active site
model. It was assumed that the compound would bind
in the P1 and oxyanion region of the active site
analogously to the peptide TFMK 2. The molecule was

Warner et al.

energy minimized in the active site model. The key
interactions predicted for the molecule were similar to
those available to the peptide except that there was very
little hydrophobic interaction between the compound
and the S2 pocket. As anticipated, the disposition of
the pyridone NH bond with respect to the valine-216
carbonyl group was quite different compared to that
found for the peptide, but the geometry required for a
good hydrogen-bonding interaction did seem to be
achievable (Figure 2b).

The next step in the modeling process was to assess
whether the conformation of 5a required to bind to the
active site as proposed above is readily accessable to the
free compound. The key region of conformational flex-
ibility focused on was the N-linked side chain. A search
of conformational space was made using the model
compound 2-(2-oxo-1,2-dihydro-1-pyridyl)acetamide by
systematically varying the torsion angles. Of the sev-
eral low-energy conformations which were identified,
one corresponded to the conformation proposed above
for efficient binding to the active site. Therefore, on the
basis of this modeling work, compound 5a became the
initial target for synthesis.

Results and Discussion

Compound 5a, in which the P2 proline and P3 alanine
functionality of the peptidic inhibitor 2 are replaced with
the putative non-peptidic dipeptide mimic 4 (Figure 3),
was synthesized. The compound (5a) was found to be
an inhibitor of HLE with a K; of 2800 &+ 400 nM. This
key result demonstrated that the pyridone system is a
viable isosteric replacement for the P3—P2 residues
found in peptidic TFMK inhibitors of HLE.

There is precedent from the peptide series of inhibi-
tors that HLE will accept a wide variety of substituents
in the S4 subsite.?® These substituents may be acidic,
basic, or neutral, and lipophilicity is generally advanta-
geous. The terminal methyl group of 5a is unlikely to
form a good interaction with the enzyme; however, a
benzyloxy substituent appears to fit well into the active
site with the potential to make lipophilic interactions
with the S4 subsite. To evaluate this prediction,
compound 5b was synthesized and found to be 10 times
more potent (K; = 280 + 78 nM) than compound 5a.

An examination of how the benzyloxy substituent
might bind into the S4 region of HLE led to the
observation that the ether oxygen approached quite
closely to two amide hydrogen atoms in the enzyme
active site. The backbone NH bonds of glycine-218 and
-219 (Figure 2b) point toward the 3-substituent of the
pyridone ring and are disposed analogously to the NH
bonds that form part of the characteristic “oxyanion-
binding” region between the S1 and 5’1 pockets of serine
proteases. It appeared that careful selection of an
appropriate pyridone 3-substituent might permit the
formation of another hydrogen-bonding interaction be-
tween the inhibitor and the enzyme. A properly orien-
tated carbonyl group would have the potential to bind
well with at least one of the two free NH groups. It
was proposed that this interaction could be achieved by
appending an oxalate group to the 3-amino group of the
pyridone ring. Thus, the oxalate compound 5e was
synthesized and found to have a K; of 350 + 70 nM. This
level of potency is comparable with that of the much
more lipophilic (benzyloxy)carbonyl compound 5b. The
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Figure 4. Compound 5v (colored green) modeled into the HLE active site.

corresponding malonyl derivative 5i is significantly less
potent (K; of 2600 + 200 nM), consistent with the
prediction that it should be unable to interact effectively
with either of the NH groups. The methyl ester 5f and
the primary amide 5g were found to have similar
potencies to the parent oxalate 5e. These data indicate
that the compounds may interact as predicted from the
active site model with the NH groups of glycine-218 and/
or -219 via the carboxy carbonyl oxygen.

It is apparent from inspection of data produced on
HLE inhibitors from the peptidic series that a lipophilic
substituent at P2 is important for high potency.!® This
is likely to be due to the effects of the substituents on
conformational restriction as well as increased hydro-
phobic binding. Examination of 5b in the active site
model led to the observation that a benzyl substituent
attached to the 5-position of the pyridone ring might
bind into the S2 pocket to provide a specific lipophilic
interaction. Conformational analysis of the 5-benzyl-
pyridone system identified the two lowest energy con-
formations available to the molecule. Modeling of
compound 5j in either of the two favorable “5-benzyl”
conformations indicated that both could potentially fit
into the active site and thereby increase the degree of
van der Waals interactions between the putative inhibi-

tor and the enzyme. Therefore, compound 5j was
synthesized and found to be a potent inhibitor of HLE
(K; = 40 + 9 nM). An enzyme kinetic analysis of
compound 5j showed that it is a reversible and competi-
tive inhibitor. It is very selective for HLE even against
closely related enzymes (PPE, K; = 140 uM; trypsin, no
inhibition at 20 uM; thrombin, K; = 140 uM). A limited
series of compounds was prepared with various sub-
stituents incorporated into the 5-benzyl ring. The effect
on potency was relatively small. A 3-fold improvement
in potency to K; = 12 + 5 nM was observed for compound
5p containing the bulky and lipophilic pivaloyloxy
substituent in the meta position.

Incorporation of the 5-benzyl substituent into the
oxalate compound 5e and the oxalate methyl ester 5f
to give compounds 5v (K; = 48 + 9 nM) and 5u (K; =70
+ 22 nM) similarly led to improvements in potency
compared with the parent compounds. Figures 4 and
5 illustrate oxalate derivative 5v (colored green) mod-
eled into the active site of HLE. The proposed key
interactions of the enzyme with the heterocyclic ring and
the oxalate and benzyl side chains are clearly apparent.

Representative compounds (5g.,j,m,v,w) were evalu-
ated for activity in an acute lung hemorrhagic model.!
This assay measures the ability of the inhibitor to
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Figure 5. Compound 5v (colored green) modeled into the HLE active site.

protect the lung from hemorrhage induced by the
instillation of HLE into the trachea of anaesthetized
hamsters 30 min after oral administration of the inhibi-
tor. The amount of hemorrhage is measured by the
spectrophotometric determination of the amount of
hemoglobin present in a lung lavage sample. Disap-
pointingly, none of the compounds tested showed sta-
tistically significant protection of HLE-induced lung
hemorrhage. To determine whether measurable blood
levels of inhibitor were obtained after oral dosing, a 75
mg/kg dose of 5v was given to hampsters followed by
determination of plasma levels using a published
method.?! No 5v was detected in this experiment,
indicating that the lack of oral activity may be due to
poor absorption or extensive first-pass metabolism.

In conclusion, we have used X-ray crystallographic
information and molecular modeling techniques to
design rationally a new series of potent, selective, and
non-peptidic HLE inhibitors and a new dipeptide isos-
tere, 4. The results of our efforts to increase in vitro
potency and obtain in vivo activity in this series have
been reported in preliminary form®® and will be reported
in full separately.

Experimental Section

General Procedures. Analytical samples were homoge-
neous 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 spectrom-

eter. Chemical shifts are reported in parts per million relative
to MeysSi as internal standard. Mass spectra (MS) were
recorded on a Kratos MS-80 instrument operating in the
chemical ionization (CI) mode. Elemental analyses for carbon,
hydrogen, and nitrogen were determined by the ICI Americas
Analytical Department on a Perkin-Elmer 241 elemental
analyzer and are within +0.4% of theory for the formulae
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. The following abbrevia-
tions are used, THF, tetrahydrofuran; DMF, N N-dimethyl-
formamide; DMSO, dimethyl sulfoxide; EDC, 1-[3-(dimethyl-
amino)propyl]-3-ethylcarbodiimide hydrochloride.

Method A. 3-Aminopyrid-2-one (11). EtOH (300 mL)
was added to a mixture of 10% (w/w) palladium on carbon
catalyst (1 g} and 3-nitropyrid-2-one (7) (10 g, 71.43 mmol).
The mixture was hydrogenated at atmospheric pressure and
room temperature for 8 h. The catalyst was removed by
filtration and washed with EtOH (2 x 50 mL) and the EtOH
evaporated to give the amine 11% as a brawn crystalline
solid: 7.67 g (98%).

Method B. 3-[[(Benzyloxy)carbonyllamino]pyrid-2-
one (12). Benzyl chloroformate (13.085 g, 76.70 mmol) was
added dropwise to a stirred suspension of Na,CO; (16.26 g,
153.4 mmol) and 3-aminopyrid-2-one (11) (7.67 g, 69.73 mmol)
in THF (20 mL). The mixture was stirred overnight, poured
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into EtOAc (400 mL), washed with saturated aqueous NaHCO;
(100 mL) and brine (100 mL), dried (NaSO,), and evaporated.
The resulting residue was purified by crystallization from
MeOH to give 12 as a white crystalline solid: 10.7 g (63%);
'H NMR 6 5.16 (2H, s), 6.21 (1H, t,J = 7 Hz), 7.08 (1H, d, J
=7 Hz), 7.30—7.44 (5H, m), 7.84 (1H, d, J = 7 Hz), 9.33 (1H,
s), 11.95 (1H, br s); MS m/z 245 [M + 1]*.

Method C. 3-[[(Benzyloxy)carbonyllamino]-5-iodopy-
rid-2-one (13). To a stirred suspension of 3-[[(benzyloxy)-
carbonyllaminolpyrid-2-one (12) (8.0 g, 37.33 mmol) in dry
CH,Cl; (150 mL) was added N-iodosuccinimide (8.4 g, 37.33
mmol). The mixture was stirred (18 h), and the resulting
precipitate was filtered to give the iodo compound 13 (3.1 g).
The filtrate was concentrated to 30 mL and purified by
chromatography using EtOAc:CH:Cl; as the eluent (gradient,
0:100, 20:80, 25:75, 33:66, 50:50) to give additional iodo
compound 13 (5.7 g): total yield, 8.8 g (46%); 'H NMR 6 5.17
(2H, s), 7.33—7.45 (6H, m), 7.95 (1H, d, J = 7 Hz), 8.54 (1H,
s), 12.14 (1H, s); MS m/z 371 [M + 11".

Method D. Ethyl [3-[[(Benzyloxy)carbonyllamino]-5-
iodo-2-0x0-1,2-dihydro-1-pyridyllacetate (16). A suspen-
sion of 13 (2.0 g, 5.405 mmol) in DMF (10 mL) was added to
a suspension of NaH (0.156 g, 6.486 mmol) in DMF (10 mL)
at 15—25 °C. After the mixture had stirred for 20 min, ethyl
iodoacetate (1.453 g, 6.757 mmol) was added dropwise, main-
taining the temperature below 20 °C. The mixture was stirred
at room temperature for 3 h, poured into iced 1 N HCI (100
mL), and extracted with EtOAc (2 x 200 mL). The organic
layers were washed with brine (2 x 100 mL), dried (NasSO,),
and evaporated to give a residue, which was purified by
chromatography using EtOAc:CH,Cl; as the eluent (gradient,
0:100, 3:97, 6:94) to give the ester 16: 1.44 g (58%); 'H NMR
6 1.21(3H,t,J = 7 Hz), 4.14 (2H, q, J = 7 Hz), 4.72 (2H, s),
5.17 (2H, s), 7.32—7.44 (5H, m), 7.74 (1H, d, J = 2 Hz), 8.03
(1H, d, J = 2 Hz), 8.73 (1H, s5); MS m/z 457 [M + 11",

Method E. Ethyl [3-[[(Benzyloxy)carbonyllamino]-5-
(3-fluorobenzyl)-2-oxo-1,2-dihydro-1-pyridyllacetate (17).
To a suspension of freshly activated zinc dust (0.39 g, 6.039
mmol) in THF (5 mL) was added 3-fluorobenzyl bromide (0.76
g, 4.026 mmol) in THF (10 mL) at 20 °C. The solution was
stirred for 3 h and dichloro[1,1’-bis(diphenylphosphino)ferro-
cenelpalladium(II) (0.076 g, 0.100 mmol) was added followed
by a solution of the icdide 16 (0.46 g, 1.007 mmol) in THF (10
mL), which was added dropwise. The mixture was stirred at
room temperature for 5 h, at 50 °C for 4.5 h, and at room
temperature for 18 h, poured into 1 N HCI (100 mL), and
partitioned into EtOAc (3 x 100 mL). The combined organic
extracts were dried (Na;COj3) and evaporated, and the result-
ing oil was purified by chromatography using EtOAc:CHCl,
(gradient, 0:100, 5:95, 10:90) as eluant to give 17: 0.225 g
(50%); 'H NMR 6 1.20 (3H, t,J = 7 Hz), 414 2H, q, J = 7
Hz), 3.73 (2H, s), 4.74 (2H, s), 5.13 (2H, s), 7.01—7.07 (3H, m),
7.31-7.41 (7TH, m), 7.77 (1H, d, J = 2 Hz), 8.47 (1H, s); MS
m/z 439 [M + 11+

Method F. 2-[3-[[(Benzyloxy)carbonyllamino]-5-(3-
fluorobenzyl)-2-o0x0-1,2-dihydro-1-pyridyl]-N-(3,3,3-tri-
fluoro-2-hydroxy-1-isopropylpropylacetamide (6k). Aque-
ous 2 N NaOH (1.25 mL) was added to a solution of 17 (0.22
g, 0.501 mmol) in MeOH (8 mL). The mixture was stirred for
4 h and evaporated and the resulting residue triturated with
1 N HCl and extracted with EtOAc (3 x 25 mL). The combined
organic extracts were dried (MgSO,) and evaporated to yield
[3-[[(benzyloxy)carbonyllamino]-5-(3-fluorobenzyl)-2-oxo-1,2-di-
hydro-1-pyridyllacetic acid (0.21 g, 95%). .

To the crude [3-[[(benzyloxy)carbonyllamino]-5-(3-fluoroben-
zyD)-2-0x0-1,2-dihydro-1-pyridyllacetic acid (0.21 g, 0.478 mmol)
in DMF (35 mL) was added 3-amino-4-methyl-1,1,1-trifluoro-
2-pentanocl hydrochloride (21) (0.117 g, .0.562 mmol), (di-
methylamino)pyridine (0.140 g, 1.150 mmol), and EDC (0.113
g, 0.588 mmol). The mixture was stirred (18 h), added to 1 N
HCI (100 mL), and extracted with EtOAc (2 x 100 mL). The
combined organic extracts were washed with saturated aque-
ous NaHCO3 (100 mL) and brine (100 mL), dried (NaSQ,), and
evaporated to give a residue which was purified by chroma-
tography, using EtOAc:CH.Cl; (gradient, 0:100, 10:90, 20:80)
as an eluent to give 6k: 0.155 g (55%); 'H NMR 6 0.87 (3H, d,
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J =17 Hz), 091 (3H, 4, J = 7 Hz), 1.76—1.85 (1H, m), 3.72
(1H, s), 3.83 (1H, t,J = 9 Hz), 4.10—4.13 (1H, m), 4.49 (1H, d,
J =16 Hz), 4.75 (1H, 4, J = 16 Hz), 5.12 (2H, s), 6.53 (1H, 4,
J = 7 Hz), 6.99-7.07 (3H, m), 7.23 (1H, d, J = 2 Hz), 7.29—
7.38 (6H, m), 7.70 (1H, d, J = 2 Hz), 7.99 (1H, d, J = 10 Hz),
8.36 (1H, s); MS m/z 564 [M + 1]*.

Method G. 2-[3-[[(Benzyloxy)carbonyllamino]-5-(3-
fluorobenzyl)-2-oxo-1,2-dihydro-1-pyridyl]-N-(3,3,3-tri-
fluoro-1l-isopropyl-2-oxopropyl)acetamide (5k). To a so-
lution of EDC (0.51 g, 2.664 mmol) in DMSO (2 mL), toluene
(4 mL), and dichloroacetic acid (0.14 g, 1.066 mmol) was added
alcohol 6k (0.15 g, 0.266 mmol). The mixture was stirred (18
h) and partitioned between EtOAc and saturated aqueous
NaHCOs. The organics were washed with brine (100 mL),
dried (NayS0,), evaporated, and purified by chromatography
using CHCl; as the eluent to give 5k as a 1:1 mixture of the
hydrate and nonhydrate forms: 0.120 g (80%); 'H NMR ¢
0.79—0.97 (6H, m), 2.21 (1H, m), 3.72 (2H, s), 4.06 (0.5H, m),
4.49—4.81 (2.5H, m), 5.13 (2H, s), 6.95—7.07 (3H, m), 7.22—
7.40(7H, m), 7.72 (1H, d, J = 2 Hz), 7.82 (0.5H, d, J = 11 Hz),
8.36 (1H, d, J = 11 Hz), 8.92 (0.5H, d, J = 6.5 Hz); MS m/z
562 [M + 1]+. Anal. (Cstz7F405N3’O.25H20) C, H, N.

Method H. 2-[3-[(Amincoxalyl)amino]-2-oxo0-1,2-dihy-
dro-1-pyridyl]-N-(8,3,3-trifluoro-1-isopropyl-2-oxopro-
pyDacetamide (5g). Compound 5e (0.26 g, 0.665 mmol), the
ammonium salt of 1-hydroxybenzotriazole (0.20 g, 1.220
mmol),*! and EDC (0.14 g, 0.731 mmol) in DMF (5 mL) were
stirred (18 h). The mixture was partitioned between EtOAc
(50 mL) and 1 N HCl (50 mL), and the organic layer was
washed with saturated aqueous NaHCO; (50 mL), water (50
mL), and brine (50 mL), dried, evaporated, and purified by
chromatography using EtOAc:CH;Cl; (gradient, 1:1, 3:1) as the
eluent to give 5g as a white solid (mainly the unhydrated
form): 80 mg (31%); mp 258—260 °C; 'H NMR 6 0.94 (3H, d,
J =17Hz), 096 (3H, d, J = 7 Hz), 2.2 (1H, m), 4.66 (1H, t, J
= 6 Hz), 4.68—-4.83 (2H, m), 6.35 (1H, t, J = 7 Hz), 7.43 (1H,
dd,J =2and 7 Hz), 8.1 (1H, s), 8.26 (1H, dd, J = 2 and 7 Hz),
8.5 (1H, s), 89 (1H, 4, J = 6 Hz), 9.9 (1H, s); MS m/z 391 [M
+ 11*. Anal. (C,5H;/F3N4050.50H:0) C, H, N.

Method I. 2-[3-[(Aminooxalyl)amino]-5-benzyl-2-oxo-
1,2-dihydro-1-pyridyl]-N-(8,3,3-trifluoro-l-isopropyl-2-
oxopropyl)acetamide (5w). Compound 5u (0.35 g, 0.707
mmol) and concentrated ammonium hydroxide (1 mL) were
combined in MeOH (1 mL) and allowed to stir for 3 h. The
mixture was poured into EtOAc (50 mL), washed with 1 N
HCl1 (50 mL), dried (NasSO,), evaporated, and purified by
chromatography using EtOAc:CH,Cl; (gradient, 25:75, 50:50,
75:25) as the eluant to give 5w as a white solid (as a 1:2
‘mixture of the hydrated and nonhydrated forms): 0.21 g (62%);
mp 147—-156 °C; 'H NMR ¢ 0.8—1.0 (6H, m), 2.0—2.1 (0.33H,
m), 2.1-2.2 (0.67H, m), 3.7 (2H, s), 4.1 (0.33H, m), 4.5—4.9
(2.67H, m), 7.1—-7.5 (6H, m), 7.9—8.0 (0.33H, m), 8.12 (1H, s),
8.13 (1H, d,J = 2 Hz), 8.38 (1H, s), 8.9 (0.67H, d, J = 7 H2),
99 (1H, d, J = 4 Hz); MS m/z 481 [M + 1]*. Anal
(C2eHa3F3N,Os0.5H:0) C, H, N.

Method J. N-[2-[(fert-Butyldimethylsilyl)oxy]-3,3,3-
trifluoro-1-isopropyll-2-iodoacetamide (20). To solution
of (2RS,3SR)-3-amino-1,1,1-trifluoro-4-methyl-2-pentanol hy-
drochloride (21) (20 g, 97 mmol) in THF (480 mL) was added
4-methylmorpholine (21.8 mL, 198 mmol) followed by slow
addition of a solution of chloroacetyl chloride (7.7 mL, 97 mmol)
in THF (40 mL). The solution was stirred (18 h), diluted with
EtOAc (500 mL), and filtered to remove solids. The filtrate
was washed with 1 M HCl, water, saturated aqueous NaHCOs,
ar;d brine. The solution was dried and evaporated to give an
oil.

To the crude oil in CHCl; (96 mL) was added 2,6-lutidine
(22.5 mL, 193 mmol) and tert-butyldimethylsilyl triflate (33
mL, 143 mmol). The mixture was stirred (12 h), diluted with
EtOAc, and washed with 1 M HC], saturated aqueous NaH-
CO3, and brine. The organic solution was adsorbed onto silica
gel (120 mL) by evaporation and purified by chromatography,
eluting with EtOAc:hexane (gradient, 7:93 to 20:80), to give a
white solid (20.5 g, 59%).

The white solid (15.5 g, 43 mmol) and Nal (19.3 g, 128 mmol)
were stirred (18 h) in acetone (130 mL). The solution was
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poured into water and the resulting precipitate filtered and
washed with saturated aqueous sodium thiosulfate and water.
The solid was purified by chromatography, eluting with EtOAc:
hexane (gradient, 20:80—50:50), to give 20 (17.9 g, 92%) as a
white solid: 'HNMR 6 0.12(3 H, s),0.16 (3 H, s),0.96 (15 H,
m), 1.76 (1 H, m),3.74 (2 H, s),4.15(1 H, q,J = 6.6 Hz), 6.51
(1H, d, J = 10 Hz); MS m/z 454 [M + H]*.

Method K. 2-[3-[[(Benzyloxy)carbonyllamino]-5-[4-
(methoxycarbonyl)benzyl]-2-oxo-1,2-dihydro-1-pyridyl]-
N-(3,3,3-trifluoro-2-hydroxy-1-isopropylpropyl)acet-
amide (6t). A 1 N solution of tetrabutylammonium fluoride
(1.20 mL) in THF was added dropwise to a solution of 23 (0.749
g, 1.086 mmol) in THF (5§ mL) with stirring. After 15 min,
the reaction mixture was diluted with EtOAc (100 mL), washed
with 1 N HCI (50 mL), saturated aqueous NaHCO; (50 mL),
and brine (50 mL), dried, and evaporated. The resulting solid
was purified by chromatography, eluting with EtOAc:CH,Cl,
(0:100, gradient, 5:90—50:50), to give the alcohol 6t: 0.590 g
(90%); 'H NMR 6 0.88 (3H, d, J =7 Hz), 091 (3H, 4, J =7
Hz), 1.7-2.0 (1H, m), 3.7 (2H, s), 3.8-3.9 (1H, m), 3.9 (3H, s),
41(1H, m),4.5(1H,d,J =16 Hz),4.7(1H,d,J = 16 Hz), 5.1
(2H, s),6.5(1H,d,J = 7Hz), 7.2 (1H, d, J = 2 Hz), 7.3—-74
(TH, m), 7.7 (1H, d, J = 2 Hz), 7.90 (2H, d, J = 7 Hz), 7.98
(1H, d, J = 5 Hz), 8.4 (1H, s); MS m/z 604 [M + H]".

Method L. 2-[3-[[(Benzyloxy)carbonyllamino]-2-oxo-
5-[4-(pivaloyloxy)benzyl]-1,2-dihydro-1-pyridyl]-N-(3,3,3-
trifluoro-2-hydroxy-1-isopropylpropyl)acetamide (6n).
Trifluoroacetic acid (3 mL) was added dropwise to 11 (0.320
g, 0.583 mmol) with stirring. After 30 min, the reaction
mixture was diluted with CH2Cl; (50 mL) and evaporated,
diluted with chloroform (50 mL) and evaporated, diluted with
diethyl ether (50 mL) and evaporated, and dried under high
vacuum to give the crude acid intermediate. (2RS,3SR)-3-
Amino-4-methyl-1,1,1-trifluoro-2-pentanol hydrochloride (0.149
g, 0.715 mmol), EDC (0.143 g, 0.748 mmol), and 4-(dimethyl-
amino)pyridine (0.238 g, 1.951 mmol) were added to a solution
of the crude acid (0.32 g) in DMF (30 mL) and stirred for 18 h.
The mixture was added to 1 N HCI (100 mL), extracted with
EtOAc (100 mL), washed with saturated aqueous NaHCOs;,
(100 mL) and brine (100 mL), and evaporated to give a residue
which was purified by chromatography, eluting with EtOAc:
CH:Cl. (0:100, 10:90), to give the alcohol 6n: 0.220 g (57%);
'H NMR 6 0.87 (3H, d, J = 7 Hz), 0.91 (3H, d, J = 7 Hz), 1.3
(9H, s), 1.7-1.9 (1H, m), 3.7 (2H, s), 3.8 (1H, m), 4.0—4.2 (1H,
m), 4.5 (1H,d,J =16 Hz), 4.7 (1H, d, J = 16 Hz), 5.1 (2H, &),
6.5(1H,d,J =7Hz), 7.0(2H, m), 7.2-7.4 (8H, m), 7.7 (1H, d,
J=2Hz),7.98(1H, d, J = 10 Hz), 8.3 (1H, s); MS m/z 646 [M
+ HJ*.
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(30) QUANTA was used to select the desired residues.

(81
(382)

(33)

(34)
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