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SYNTHETIC AND MECHANISTIC STUDIES OF ASPARTIC PROTEINASE INHIBITORS.
PEPSTATIN ANALOGS BASED ON SUBSTRATE SPECIFICITY.
FRANCESCO G. SALITURO

(Under the supefvision of Professor Daniel H. Rich)

The synthesis of a variety of structurally varied pepstatin ana-
logs were described. The effects of structural variations in the Pjp,
Po+ and P3' inhibitor subsites on inhibition of porcine pepsin were
determined and the same done for the P4, P3, P2, Ppr and P3' on inhibi-
tion of penicillopepsin. P; analogs which resemble good penicillopep-
sin substrates were also synthesized and studied kinetically. These
studies provided useful information concerning the difference in spe-
cificity between these two enzymes.

The x-ray crystal structure of a pepstatin fragment bound to peni-
cillopepsin and kinetic studies on ketomethylene and hydroxyethylene
pepstatin analogs which resemble good porcine pepsin substrates, have
suggested that pepstatin may act as a collected substrate inhibitor.

Based on these kinetic and x-ray results, in addition to data
available through research collaborators, a general acid-base mechanism

for aspartic proteinases is proposed.
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I. INTRODUCTION

A. Historical

1. The Biological Significance of Proteinases
It is well known that the general class of enzymes
called proteinases are very important in the control and maintenance of
a healthy physiological state. This has prompted extensive investiga-
tion of these enzymes since alteration of some enzyme activity may
possibly counteract the symptoms of particular diseases.

As a general class, proteinases are subgrouped into more specific
classes which reflect the various catalytic groups involved in amide
bond hydrolysis.

The serine proteinases are a group of enzymes so termed because of
a catalytically required serine residue in the active site of these
enzymes. The serine hydroxyl group is deprotonated, presumably via a
proton transfer mechanism!l, and attacks the carbonyl of the scissle
amide bond. These enzymes, which are involved in such diverse biologi-
cal functions as digestion, fertilization, and blood clotting, have
been extensively studied because of their involvement in several dis-
eases. For example, unusually high elastase activity has been impli-
cated in the lung disease emphysema. It is thought that an imbalance
between elastase and its naturally occurring inhibitors such as alphaj;-
PI may result in increased proteolytic activity in the lung, thereby
causing destruction of alveolar sacs.2 Also, deficiencies in various
serine proteinases of the blood clotting cascade are involved in the

congenital bleeding disorder hemophilia. Factor IX is a plasma




glycoprotein involved in blood coagulation. It is a zymogen of the
catalytically active serine proteinase Factor IXa, and is activated by
the action of Factor XIa.3 Without this enzyme the further steps
involved in the cascade, which result in a fibrin clot, are not
possible.

Metalloproteases are a group of enzymes which have in their active
site a required metal ion. Aminopeptidases and carboxypeptidases, for
example, have a required zinc atom in their active sites. This metal
ion is thought to be involved in the mechanism of these enzymes by
polarizing the carbonyl of the scissle amide bond, thereby rendering it
more susceptible to nucleophilic attack of a nucleophile which occurs
with the aid of two other catalytically required glutamic acid resi-
dues. Enzymes of this type are involved in the processing and degrada-
tion of peptide hormones such as angiotensin II (Fig. 1) and the
enkephalins.

The class of enzymes that this thesis will address are those
called aspartic proteinases. These enzymes have two aspartic acid
residues in their active site which catalyze the cleavage of amide
bonds. As of yet, it is not clear whether the mechanism of these
enzymes involves a nucleophilic attack of one of the aspartic acid car-
boxyl groups or a general acid-base mechanism where water acts as the
nucleophile, however later sections of this thesis will present data
which clarifies this problem. These enzymes are involved in various
biological functions such as digestion and blood pressure regulation
(pepsin and renin, respectively). Other aspartic proteinases such as

cathepsin D have been implicated in disease states associated with




muscular atrophy or inflammation.4

From these examples on the biological significance of proteinases,
it is obvious that the study of enzyme specificity and mechanisms are
well warranted. It is well known that specific inhibitors of enzymes
can be useful tools for the study of enzyme mechanisms and their role
in physiological and biochemical processes, and they may also be useful

for analysis and treatment of various diseases.

2. Isolation and Structure Elucidation of Pepstatin

Many naturally occurring enzyme inhibitors are known
today. A significant number have been discovered by Hamao Umezawa and
his coworkers, who in 1965 initiated the screening of various microbial
cultural filtrates in search of inhibitors. His work has led to the
finding of leupeptinsS, antipain® and numerous other inhibitors7-10,
the most recent of which are the arphameninesll. 1In 1970 they also
reported the isolation, from various actinomycetes species, of an
aspartic proteinase inhibitor called pepstatinl2. Pepstatin 1 was
found to be a pentapeptide inhibitor with a free carboxyl group and an
N-terminus acylated with isovaleric acid (Iva). It was found to con-
tain 2 residues of L-valine, one residue of isovaleric acid, one of
alanine and two residues of a novel amino acid, 4-amino-3-hydroxyl-6-
methylheptanoic acid (AHHHA)13'14, known today as statine (Sta)ls.

High resolution mass spectroscopy studies of permethylated pepstatin13
established the sequence as isovaleryl-L-valyl-L-valyl-statyl-L-alanyl-

statine:




Iva-Val-Val-Sta-Ala-Sta-OH

(1) Pepstatin

i This structure was confirled by its synthesis in 1972.16  The absolute
stereochemistry of statine was later established by the work of
Kinoshita and coworkersl17,18, who in 1973 synthesized the 4 possible
diastereomers of statine. Its absolute configuration was shown to be

4(S)-amino-3(S)-hydroxyl-6-methylheptanoic acid (2) and this was

confirmed by x-ray structure determination.1® Since then this unusual
amino acid has also been found in the didemnins, which are depsipep-
tides isolated from Caribbean tunicates20. However, the stereochemis-
try of the Sta moiety in these peptides has not been established.
Numerous other pepstatins, which differ only in the size of the
N-acyl moiety (Table 1), have also been isolated. Pepstatin (1) was
named pepstatin A and, unless otherwise stated, the name pepstatin when

used in this thesis refers to pepstatin A.

3 Biological Properties of Pepstatin

All of the pepstatins have been shown to be potent,

specific inhibitors of aspartic proteinases including porcine pepsin,




TABLE I. Nomenclature of several known pepstatins

R-Val-val-(S,S)-Sta-Ala-(S,S8)-Sta-OH

Compound R
Pepstatin Ac Acetyl
Pepstatin Pr Propionyl
Pepstatin Bu n-Butyryl
Pepstatin A Iso-valeryl
Pepstatin B n-Caproyl
Pepstatin C Ilo-c‘aproyl
Pepstatin D n-Heptanoyl
Pepstatin E ‘ Iso-heptanoyl
Pepstatin F Anteiso-heptanoyl
Pepstatin G n-Caprylyl

. Pepstatin H Iso-caprylyl




cathepsin D, various fungal aspartic proteinases and reninl4,21,
although renin is inhibited to a lesser extent. The specificity of
pepstatin toward inhibition of aspartic proteinases is indicated by

the fact that it does not inpib!t serine proteinases or thiol protein-
ases. Some of the biological properties which prompted an initial
interest in pepstatin were the effective prevention of stomach ulcera-
tion in ligated rats, presumably through an inhibition of pepsin or
gastricsin and its low toxicity towards several lab mammals.”? Some
clinical studies also demonstrated a potential utility for the treat-
ment of human gastric ulcer.22

Cathepsin D, which has been implicated in diseases associated with
muscular atrophy, is also inhibited by pepstatin and it may, therefore,
have potential therapeutic value for the treatment of disorders of this
type in the future.

Although pepstatin is less effective at inhibiting renin than pep-
sin or cathepsin D, it is still the most potent naturally occurring
inhibitor of this enzyme. Renin is an important enzyme involved in the
biosynthesis of angiotensin II (Fig. 1), the most potent hypertensive
substance formed naturally in man. Circulating angiotensin II directly
constricts arterioles and produces immediate elevation of blood pres-
sure. Either angiotensin II or 11128 also stimulates the release of
the sodium-retaining steroid aldosterone to cause an increase in body
fluid and an increase in blood pressure. It has been shown, through
extensive study over the past 15 years, that inhibition of the carboxy-
dipeptidase, angiotensin converting enzyme (ACE), which produces angio-

tensin II from I, can lower blood pressure in hypertensive subjects.




Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu{Leu-Val-Tyr-R A
Renin
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe{His-Leu Al

Angiotensin converting enzyme

Vv

AsptArg-Val-Tyr-Ile-His-Pro-Phe AII

Angiotensinase

v

Arg-Val-Tyr-Ile-His-Pro-Phe AIII

Fig. 1. Schematic illustration of the renin-angiotensin system.
Markers (|) indicate points of amide bond cleavage.
A = Angiotensinogen
Al = Angiotensin I
AII = Angiotensin II

AIII = Angiotensin III




The compound SQ14225 (D-3-mercapto-2-methylpropanoyl-L-proline, regis-

tered as captopril) (3), which was developed by Ondetti et al.24,25,

was shown to be a potent, orally active inhibitor of ACE. This drug is

currently marketed under the trade name Captoten. Merck has also

recently developed an inhibitor of ACE. MK-421 (4) is also a potent, E
orally active inhibitor and has been selected for clinical trials as

an antihypertensive drug.26

9 Co.n

3 Captopril

COoH

4 MK-421

These studies have prompted numerous pharmaceutical companies to pursue
other lines of exploitation of the renin-angiotensin system, specifi-
cally, the inhibition of renin. Pepstatin is a good inhibitor of renin
although a relatively weak one compared with other aspartic protein-

ases. However, it has recently been shown that through structural




modifications of pepstatin, more potent inhibitors of renin can be
prepared.119 If it can be shown that these analogs of pepstatin are
effective in lowering blood pressure, in vivo, without increasing the
already low toxicity of pepstatin, a significant breakthrough will have
been achieved in the regulation of hypertension, since many antihyper-
tensive drugs currently on the market have significant side effects and
toxicity. (A major drawback in the treatment of hypertension has been
patient compliance.)

One of the most striking properties of pepstatin is the extraor-
dinarily small dissociation constant of the pepstatin-enzyme complex
(Ky ~ 10710 M for pepsin and cathepsin D).27,28 This makes pepstatin
for all intensive purposes an irreversible inhibitor and this inhibi-
tion is stoichiometric. It has been shown by Umezawa and coworkers
that pepstatin does in fact bind to the active site of pepsin22.27,
and more recent x-ray crystallographic data have confirmed this.
Studies of pepstatin complexed to the aspartic proteinase from Rhizopus
chinensis29:30 and of a pepstatin fragment complexed to the fungal
aspartic proteinase penlcillopepsin3la-b have indicated an extended
conformation for both inhibitors in a region of the enzyme which con-
tains the catalytically required aspartic acid residues. These x-ray

data will be discussed in more detail in later sections of this thesis.

4. Structure-Activity Relationships

This section briefly reviews the structure-activity
relationships of pepstatin analogs on pepsin inhibition known at the

onset of this work. The nomenclature of Schechter and Berger39 is used
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where enzyme subsites Sg, Sz, S7, Sy and Sy: are occupied by inhibitor
residues P, Py, Py, Pyr and Ppr.

Data obtained in this lab by Dr. E. T. O. Sun under the supervi-
sion of Dr. D. H. Rich have conclusively shown that the hydroxyl group
of the central Sta in pepstatin is required for complete inhibitory
activity.32 Dideoxypepstatin (in which the 3(S)hydroxyl group is
replaced by a proton in both statine residues) was shown to be an
approximately 4,000-fold less effective inhibitor of pepsin. Subse-
quent studies revealed that the hydroxyl group of the C-terminal Sta
was not necessary for tight binding inhibition of pepsin33.34, and that
this residue could be replaced with an isoamylamide moiety while
retaining full potency. In addition, these studies showed that the
3(S) stereochemistry of statine was critical and that a minimum peptide
length was required for tight binding inhibition. When the stereochem-
istry of the 3(S) hydroxyl group in the analog Iva-Val-(3S,4S)Sta-Ala-
laa, 5, was changed to 3(R), an inhibitor approximately 3,000-fold less
active was produced. The observation was also made that longer pep-
tides which contain a moiety in the P, position are more potent than
those which lack a P4 residue. These data are in agreement with
earlier findings.21'35

Numerous other structure-activity relationships have been carried
out to define the effects of structural changes on subsites P4, P3 and
Byt . The naturally occurring pepstatins, which differ only in the size
of the N-acyl chain the P4 position (Table 1), inhibit pepsin to a
similar extent36, although inhibition of renin is dependent upon the

size of the chain. Modification of the Pg position37 has shown the
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importance of geometry in this position on both the inhibition constant
and more interestingly, on time-dependent inhibition. The kinetic
properties of derivatives 6 and 8 may provide evidence for preferred
geometry of the Pz group when bound to the enzyme. These Ipoc (6) and
Boc (8) urethane derivatives are weaker inhibitors than compounds 5 and
7 and are not slow binding inhibitors even though the pairs 5 and 6,
and 7 and 8 are essentially isosteric with each other. This may
reflect differences between preferred geometry of urethanes vs. the
required geometry for maximum binding of inhibitor to the enzyme at

the P3 site.

The importance of the P3 site was also illustrated by Umezawa35,
who compared several N-acylated semisynthetic tetrapeptide analogs of
pepstatin. The tetrapeptide Val-Sta-Ala-Sta was prepared by cleavage
of pepstatin by pepstatin hydrolase, and subsequently N-acylated to
give several P3 analogs. Although the tetrapeptide itself is a poor
inhibitor, most of the other N-acylated compounds were nearly as potent

as pepstatin for pepsin inhibition.

TABLE II. Inhibition of porcine pepsin by several Pz analogs.37

Compound s (8 DL
5 1Iva-Val-(S,S)Sta-Ala-Iaa 3 +
6 Ipoc-Val-(S,S)Sta-Ala-Iaa 96 -
7 t-BuAc-Val-(S,S)Sta-Ala-Iaa 7.5 -

8 Boc-Val-(S,S)Sta-Ala-Iaa 170 -
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B. Mechanism of Action of Aspartic Proteinases

3. Crystal Structures of Aspartic Proteinases and Aspartic

Proteinase Complexes

X-ray crystallographic studies have yielded the molecu-
lar structures of several microbial aspartic proteinases at resolutions
of 3 : or less.38,40,50 The 3-dimensional structure of porcine pepsin
has also been partially resolved.4l All of these aspartic proteinases
which include those from Rhizopus chinensis, Endothia parasitica and
Penicillium janthinellum show a great deal of tertiary structure simi-
larity. The structure of the Penicillium janthinellum proteinase peni-
cillopepsin has since been refined to 1.8 :.42 This molecule has,
approximate dimensions of 65 x 49 x 39 :. The others have dimensions
similar to this. The molecule is bilobal with an extended hydrophobic
interior. The two lobes are separated by a deep cleft that is approxi-
mately perpendicular to the 65 : length. The catalytically important
aspartates Asp-33 and Asp-213 (penicillopepsin numbering) are found

buried in this groove but accessible to solvent. The importance of

these residues in the mechanism of penicillopepsin was initially con-

firmed when it was found that incubation of enzyme with 1,2-epoxy-3-(p-
nitrophenoxy)propane resulted in inactivation of the enzyme via cova-
lent attachment of the reagent to these aspartic acids.43 This study
also implicated the Tyr-75 hydroxyl group as a proton donor to the
product free amine in the mechanism of peptide bond hydrolysis, how-
ever, more recent studies have raised some questions about this possi-
bility.313vb Although it was unclear in an earlier 2.8 Z resolution

o
crystal structure38, a refined 1.8 A picture has clearly shown the
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existence of a water molecule bound to the catalytic aspartyl resi-
dues.42 This region of the enzyme is extensively hydrogen bonded and
is the least mobile area of the enzyme. Conformational changes in this
vicinity so that either Asp-33 or Asp-213 would be more accessible to
the substrate are, therefore, unlikely. However, conformational flexi-
bility of a segment of the molecule, from residues Trp-71 to Ser-82,
often called the mobile "flap" region has been implicated in substrate
induced conformational changes in the enzyme.44 The importance of
these conformational changes will be discussed in other sections of
this thesis.
Other points of agreement between groups working on different
enzymes are that: 1) the two aspartic acid groups have different
pPKy's, one at about 4.5 and the other at 1.5. It has been the general
consensus that Asp-213 has the higher pK,, thereby acting as a proton
donor to the substrate carbonyl oxygen which is attacked by a nucleo-
phile. Recent modeling studies using the 1.8 : penicillopepsin struc- |
ture supported this hypothesis.42 2) Asp-33 would be about 5 : away i
from a substrate carbonyl and appears to be too far away to be involved
in a direct nucleophilic attack, unless extensive conformational L
changes occur. This was determined through enzyme-substrate modeling
studies by Blundell and coworkers.%0 3) The binding of substrate with
induced conformational changes need not displace water hydrogen bonded
to the active site.38

Recently the x-ray crystal structure of the Rhizopus chinensis
aspartic proteinase complexed to pepstatin has been reported.45 This

study has confirmed that pepstatin binds in an extended conformation in
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the cleft region of the enzyme which contains the catalytic aspartates.
The critical 3(S) hydroxyl group of the central statine is strategi-
cally placed between these two aspartates indicating that pepstatin may
act as a transition state analog46 inhibitor by mimicking the transi-
tion state or tetrahedral intermediate for peptide bond hydrolysis (see
Figures 2 and 3).
Another complex between a pepstatin fragment, synthesized in this
lab, and penicillopepsin has also been resolved.312,b This complex
will be described in more detail in later sections.
All of the x-ray crystallographic studies mentioned and numerous
other studies?7-492 have suggested two possible mechanisms for aspartic
proteinases (Fig. 2, 3). Although it is unclear whether the mechanism
proceeds via a general acid-base mechanism A (Fig. 2) or by a nucleo-
philic mechanism B (Fig. 3), many of these studies have pointed to
mechanism A as the most likely.
However, éxtrapolations from Rhizopus chinensis-pepstatin com-

o

plexes must be done with caution since the resolution of 2.8 A is not

o e S

sufficient to clarify the orientation of the 3(S) hydroxyl group with
respect to the catalytic aspartates or to establish the existence or

non-existence of an enzyme bound water molecule. Other problems are

e ATt

that the x-ray picture may not correlate with the dynamic enzymatic
events in solution, and that pepstatin is not isosteric with normal

substrates.
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2. Mechanism of Pepstatin Inhibition

The unusually low dissociation constant of pepstatin on
porcine pepsin (4.5 x 1011 M)51 has led some people to conclude that
pepstatin is a transition state analog inhibitor.46,52 The best known
substrates for pepsin have dissociation constants on the order of
105 M53, making pepstatin a ~106 fold better binder; this difference
is typical of transition state analogs.

The concept that an enzyme's affinity for the transition state is
higher than that for substrates was first pointed out by Linus
Pauling54-55 and was later recognized and developed for its potential
application to the study of enzymes by Wolfenden and Leinwald.36-59,114

Two mechanisms for peptide bond hydrolysis by aspartic proteinases
have previously been mentioned. Mechanism B involves the nucleophilic
attack of one of the aspartic acids to the carbonyl to generate the
tetrahedral intermediate 10 and subsequent cleavage of the peptide bond
to form products. Mechanism A involves the attack of a water molecule,
aided by the abstraction of a proton by one of the aspartates, to form
tetrahedral intermediate 9 followed again by product formation. The
structure of pepstatin shows considerable similarity to each of these
transition states especially from C-3 to C-7 of statine. This portion
is directly isosteric with the S; site in the substrate, although sta-
tine atoms C; and C, are not isosteric with the S;: site. Because of
these atoms, statine can be considered 2 atoms too long to be isosteric
with an amino acid or 1 atom too short to be a dipeptide isostere.

This has led to some confusion concerning the mechanism of pepstatin

inhibition. This subject will be dealt with in more detail in later
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sections.

The kinetic mechanism of pepstatin has also been extensively
studied by previous workers in this lab.34 Besides its structure and
dissociation constant, another unusual feature of pepstatin is the phe-
nomena of time-dependent inhibition or slow-binding, which this mole-
cule and numerous analogs exhibit. Because of its non-steady state
behavior, time was required to achieve maximum inhibition when porcine
pepsin was added to a solution of substrate and inhibitor. This time-
dependent decrease in absorbance was analyzed by the mechanism of Kitz

and Wilson®0 and found to be consistent with the following Scheme 1.

E + 1 =« B = EI* Scheme 1

This mechanism indicates that the initial collision complex EI proceeds
via a slow process (k3) to a more tightened EI* complex. It should be
noted that this represents a minimum mechanism since other intermedi-
ates could exist along the reaction pathway. From this study34 it was
concluded that kp/k; = 1.3 x1078 M, k3 = 0.0022 sec™! and kq = 4.6 x
10-5 M. Therefore a dissociation constant on the order of 1078 was
attributable to the initial EI complex which could proceed through a
slow process to an EI* complex. This is consistent with kinetic data
which point to k4jgg of .10"8 M as the cut-off for observation of slow
binding. As a result of kinetic studies reported by Kitagishi et
al.61, the mechanism was further modified as shown in Scheme 2. This

scheme indicates the presence of another intermediate in the reaction
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E + 1 = > E1 o« = EI* T EI** Scheme 2
ky ky kg

pathway. These stopped flow kinetic studies indicated the presence of
an intermediate formed much faster than could be observed using conven-
tional kinetic methods. The value of ky/kj reported from this study
was 8 x 10~4 M and k3 was 600 sec™l. Computer simulations performed by
Dr. Michael Bernatowicz82 were consistent with this proposed minimum
mechanism.

Further studies aimed at the elucidation of the mechanism of pep-
statin inhibition were carried out by Rich et al.®4 utilizing an analog
of compound 5 in which the cé hydroxyl of Sta was oxidized to a ketone

(Sto).
Iva-Val-Sto-Ala-Iaa (11)

Compound 11 inhibits porcine pepsin with a Kj of 6 x 10~8 M (~20X less
than parent compound 5) and does not exhibit time-dependent inhibition,
suggesting its inability to form a tightened EI** complex.®3 It was
later shown84 that this inhibitor bound to the enzyme as a C3 tetrahe-
dral adduct. 13C NMR studies clearly showed the 13C resonance of Cj

in buffer at ~200 ppm, whereas in the presence of enzyme the resonance
was shifted to ~99 ppm indicating a tetrahedral geometry and that the
added atom was oxygen. The study, however, was unable to determine the
nature of the added oxygen (water or aspartate) and it was not rigor-

ously proven whether the gem diol formation was catalyzed by the enzyme

e TS

i et i =
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as opposed to a mechanism involving gem diol formation in solution

followed by binding to the enzyme.
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II. RESEARCH PLAN

At the onset of this work a great deal was known about the struc-
tural requirements for pepstatin inhibition of porcine pepsin. A crys-
tal structure of pepstatin bound to the Rhizopus chinensis aspartic
proteinase resolved to 2.8 : had also been obtained, which suggested
that statine was acting like a tetrahedral intermediate in peptide bond
hydrolysis. However, a more detailed account of the mechanism of
pepstatin 1eh1b1tion was still lacking.

To address this issue, several approaches were taken. It was
assumed that pepstatin and rationally designed analogs, could be used
to clarify the mechanism of catalysis of aspirtic proteinases. There-
fore, several series of pepstatin analogs were synthesized for kinetic
evaluation on two aspartic proteinase systems: porcine pepsin and
penicillopepsin. The major approaches taken were as follows:

1. Analogs which had structural variations in the P, P! and Pg3:
positions were synthesized. Compounds of this type were tested on por-
cine pepsin since little was known about the effects of structural
variation in these positions. Several of these and other previously
synthesized analogs were also tested on penicillopepsin for which no
pepstatin structure-activity felatlonships were known.

2. Syntheses of compounds were also carried out which more
closely approximated good penicillopepsin substrates (LySta compounds).
It should be mentioned that this aspect of the project came about dur-
ing the early stages of this work, during which several pepstatin ana-

logs were checked by collaborators for possible co-crystallization with

i
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the enzyme. Fortuitously, one analog Iva-Val-Val-Sta-OEt (56) was co-
crystallized and a 1.8 : x-ray crystal structure was obtained. The
analogs which resembled substrate could then be tested in solution and,
along with the crystal structure, possibly provide information
regarding the mechanism of aspartic proteinases.

3. Peptides containing ketomethylene and hydroxyethylene dipep-
tide isosteres which more closely resemble porcine pepsin substrates
were synthesized. Analogs which contained bulky substituents in Py:
were prepared since pepstatin lacks a substituent in this position.

Experiments were also carried out to determine if the formation of
the tetrahedral species of the Sto analog 11 was an enzyme catalyzed
process. This was done by incubating the inhibitor and enzyme in the
presence of Hp180. Analysis of the recovered ketone by mass spectrome-
try could then determine if formation of the tetrahedral species was an
enzyme catalyzed process or a non-specific hydration in solution. This
experiment was also carried out on a ketomethylene analog (148).

In summary, the objective of this research was to elucidate in
more detail the mechanism of inhibition by pepstatin, which ultimately
could provide information concerning the mechanism of aspartic protein-
ases. The general approach was to synthesize and kinetically test var-
ious analogs of pepstatin which more closely resemble good substrates

for various aspartic proteinases.
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III. RESULTS AND DISCUSSION

A. Synthetic Studies

i P, P31, P3' Analogs of Pepstatin

To date there have been several syntheses of statine

reported in the literature.“'ss'us—l18

The procedure that was util-
ized for the work described herein was a modification of the procedure
of D. H. Rich et al.65 This procedure involved the preparation of Boc-
leucinal 13 via reaction of Boc-leucine methyl ester with diisobutyl
aluminum hydride in toluene (pathway A, Fig. 4) and subsequent reaction
with lithio ethyl acetate to form Boc-Sta-OEt, 14, as a mixture of
3R,3S diastereomers. This method for aldehyde preparation suffers,
however, from several drawbacks. One is that production of a mixture
of methyl ester, aldehyde and the overreduction product alcohol is
unavoidable. In addition, the aldehyde at this point cannot be puri-
fied due to its tendency to racemize on silica gel.65 Therefore,
alkylation must be performed on an impure mixture. Also, because of
the methanol quench involved in the reaction®5, some hemiacetal is
formed which must be hydrolyzed, prior to alkylation, in order to form
aldehyde. Incomplete formation of aldehyde could result in poor yields
in the alkylation step. For these reasons, Boc-leucinal was prepared
by the method of Hamada and Sioriri.®6 This method, which can be util-
ized for the preparation of various Boc or Cbz protected amino alde-
hydes, involves the reduction of the methyl ester (Fig. 4, path B) to
alcohol 12 using lithium borohydride in a mixture of ethanol and tetra-

hydrofuran, followed by oxidation to aldehyde 13 with pyridine sulfur
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Fig. 4: Synthesis of statine.
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trioxide complex, DMSO and triethylamine (a modification of the Moffet
oxidation). Although path B involved two steps vs. path A's one step,
there were advantages to path B. The preparation of Boc-leucinol was
very clean, fast (~3 hrs) and proceeded in high yield (~90%). Also
chromatography could be utilized at this stage to obtain 100% pure
alcohol. The oxidation step also proceeded relatively cleanly, rapidly
(~10 min) and in good yields (~80%). Some side productse7 may be
observed occasionally, however they are rarely over ~10-15% under the
conditions of the reaction. Reaction with lithio ethyl acetate can
then be performed on a much cleaner aldehyde. Silica gel chromato-
graphy then afforded the two diastereomers 14a and 14b. Statine pre-
pared in this manner was utilized to prepare all the compounds shown in
Table III. These compounds represent a systematic variation of the
P31, Py' and Py positions of the standard peptide 5. Kinetic analysis
of these compounds provided the first data on the effect of structural
variations in these positions on the inhibition of porcine pepsin. The

intermediates in the synthesis of these compounds are in Table IV.

la. Synthesis of P3: analogs

The first set of compounds in Table III represents
variations in the Pg: position of the standard peptide §_(compounds b
20, 23, 30, 26, 34, 32, 38). Most of these peptides were synthesized
by a standard stepwise coupling procedure which involved systematic
addition of a new residue working from C-terminal to N-terminal. The
preparation of compounds 17 and 20 was initially attempted via a 2 + 2

coupling of Iva-Val-Sta-OH 33 and alanyl-phenylalanine-methyl ester




TABLE III. Final P, Pp' and P3' Analogs

.

Compound

3)
17)
20)
23)
30)
26)
34)
32)

38)

42)

46)

Iva-Val-(S,S)Sta-Ala-Iaa
Iva-Val-(S,S)Sta-Ala-Phe-0Me
Iva-Val-(S,S)Sta-Ala-Leu-OMe
Iva-Val-(S,S)Sta-Ala-Gly-OMe
Iva-Val-(S,S)Sta-Ala-Ipa
Iva-Val-(S,S)Sta-Ala-NHCHg
Iva-Val-(S,S)Sta-Ala-OCHg
Iva-Val-(S,S)Sta-0CHy-CHg

Iva-Val-(S,S)Sta-Ipa

Iva-Val-(S,S)Sta-Ala-Iaa
Iva-Val-(S,S)Sta-Leu-Iaa

Iva-Val-(S,S)Sta-Gly-Iaa

Iva-Val-(S,S)Sta-Ala-Iaa
Iva-Gly-(S,S)Sta-Ala-Iaa
Iva-Ala-(S,S)Sta-Ala-Iaa
Iva-Leu-(S,S)Sta-Ala-Iaa
Iva-Phe(S,S)-Sta-Ala-Iaa
Iva-Val-Val-(S,S)Sta-0CHyCHg

Iva-Val-Val-(S,S)Sta-Ala-0OCHg

Iva
Iaa
Ipa

Iso-valeryl;
Isoamyamide;
Isopropylamide

26
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TABLE IV. Intermediates in the Synthesis of Pp, Py' and P3: Analogs

Compound Compound
15) Boc-(S,S)Sta-Ala-Phe-OMe 37) Boc-(S,S)Sta-Ipa

16) Boc-Val-(S,S)Sta-Ala-Phe-OMe 39) Boc-Leu-Iaa

18) Boc-(S,S)Sta-Ala-Leu-OMe 40) Boc-(S,S)Sta-Leu-Iaa

19) Boc-Val-(S,S)Sta-Ala-Leu-OMe 41) Boc-Val-(S,S)Sta-Leu-Iaa
21) Boc-(S,S)Sta-Ala-Gly-OMe 43) Boc-Gly-Iaa

22) Boc--Val(S,S)Sta-Ala-Gly-OMe * 44) Boc-(S,S)Sta-Gly-Iaa

24) Boc-Ala-pFp 45) Boc-Val-(S,S)Sta-Gly-Iaa
25) Boc-Ala-NHCHg 47) Boc-Gly-(S,S)Sta-Ala-Iaa
27) Boc-Ala-Ipa : 49) Boc-Ala-(S,S)Sta-Ala-Iaa
28) Boc-(S,S)Sta-Ala-Ipa 51) Boc-Leu-(S,S)Sta-Ala-Iaa
29) Boc-Val-(S,S)Sta-Ala-Ipa 53) Boc-Phe-(S,S)Sta-Ala-Iaa ’
31) Boc-Val-(S,S)Sta-Oet 55) Boc-Val-Val(S,S)Sta-OEt |
33) Iva-Val-(S,S)Sta-OH 57)' Boc-Val-Val-(S,S)Sta-OH g
385) Boc-(S,S)Sta-pFp 58) Boc-Val-Val-(S,S)Sta-Ala-OMe ‘

T

36) Boc-(S,S)Sta-Ipa

pFp = pentafluorophenol




28

hydrochloride and alanyl-leucine methyl ester hydrochloride, respec-
tively. However, the yields of these reactions were poor to modest
(10-50%). Problems with this reaction were: 1) poor solubility of
Iva-Val-Sta-OH; 2) poor solubility of the product which made aqueous
work-up and necessary chromatography very difficult; 3) the poor yields
also represented a significant waste of valuable statine. For these
reasons it was decided to proceed with a stepwise synthesis. In this
series only compounds 26 and 34 were prepared by coupling Iva-Val-Sta-
OH to the respective amine components. This was done only for the sake
of convenience. Other compounds which initially posed some difficulty
were those which contained the isopropylamine (Ipa) moiety. Initial
attempts at the preparation of Boc-Sta-Ipa 36 via standard DCC/HOBT or
EEDQ coupling methods (see experimental section) gave poor yields of
product. This was apparently due to the formation of a stable salt
between the amine and the carboxylate, which was insoluble in the reac-
tion solvent, methylene chloride. This salt formed very rapidly (~10
sec) after addition of the amine to the solution of Boc-Sta-OH and cou-
pling agent. This problem was solved by utilization of an active ester
type coupling whereby the active ester could be preformed or even iso-
lated prior to reaction with isopropylamine. The pentaf luorophenyl
active ester method proved to be suitable for the preparation of these
compounds. Reaction between active ester and amines is rapid and pro-
ceeds with a low degree of racemization.68 Furthermore, preparation of
the esters by the DCC-pFp "complex" nethodsg_is also rapid (~20 min).
Some other aspects of this reaction, however, had to be taken into con-

sideration. Because of the low pK, of pentafluorophenol (~6), it was

'
i

e
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necessary to add extra equivalents of base to prevent formation of an
isopropylamine-pFp salt. The number of extra equivalents added
depended upon the method used. For example, if the active ester was
formed in situ via the DCC-pFp complex method®® (36), three extra
equivalents of base were added since the ratio of DCC to pFp is 1:3.

If the active ester was isolated prior to reaction with free amine (25,
27), then only one extra equivalent of base was required. In the case
of compounds 25 and 27, two equivalents of the nucleophile were used

rather than using a different tertiary amine base.

1b. Synthesis of Py analogs

Only two new compounds with P+ variations were
synthesized. Again, compounds 42 and 46 were prepared using a standard
stepwise approach. Isoamylamide intermediates 39 and gg_nere.synthe—
sized from the corresponding Boc compounds and isoamylamine using the
EEDQ method rather than the DCC/HOBT method which was used to prepare
Boc-Ala-Iaa in previous studies.33 The only reason for this was to
facilitate the synthesis by eliminating chromatography which would
almost inevitably be involved for the removal of DCU. These compounds
were obtained analytically pure after aqueous work-up in high yields
(80-90%). The remaining steps toward gg1und 46 were struightjforward

(see experimental section).

1c. Synthesis of P, analogs

The syntheses of compounds 50, 52 and 54 were anal-

ogous to that of the standard peptide 5 whereby Boc-Val-anhydride was
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coupled to Sta-Ala-Iaa hydrochloride, followed by deprotection and N-
acylation. This procedure was used due towthe failure of the DCC/HOBT
coupling of Boc-Val-OH to the dipeptide in the preparation of Boc-Val-
Sta-Ala-Iaa.7’? The anhydride method was therefore utilized for the
preparation of compounds 49, 51 and 53. Yields for these compounds
were good (80-90%) except for compound 53 which could only be obtained
in 50% yield. Whether this was due to an unfavorable steric interac-
tion with the Sta isobutyl side chain is, however, unclear since the
Gly compound 47 could also only be obtained in about 50% yield. This
compound was prepared by both the anhydride method and the DCC/HOBT
method. VYields for both reactions were similar (~50%) but only the

DCC/HOBT procedure is reported in the experimental section.

1d. Synthesis of pepstatin fragments

Some pepstatin fragments were also synthesized (56
and 59). Compound 56 was obtained by sequential coupling of Boc-Val-
anhydride, Boc-Val-anhydride and isovaleryl anhydride. Compound 59 was
prepared from an intermediate of the above. Intermediate 55 was
saponified to compound 57 and subsequently coupled to alanine methyl
ester hydrochloride. The resulting material was then used to prepare
the final product 59. The high yield (82%) of this coupling rgaction
suggests that the problem of solubility was the reason for failure of
the 2 + 2 fragment couplings described earlier, since Boc-Val-Val-Sta-
OH (57) was much more soluble in the reaction solvent than Iva-Val-Sta-

OH (33).
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2. Synthesis of Ketomethylene and Hydroxyethylene Analogs

The unusual structure of statine in comparison to sub-
strates has raised many questions concerning its mechanism of action:
1) Is statine an analog‘of an amino acid or of a dipeptide? Statine
can be considered as being 2 atoms too long to be an amino acid analog
or 1 atom shorter than a dipeptide (Fig. 5). 2) If statine is a dipep-
tide analog, what would be the effect of varying substituents placed in
the Pyt position?

To answer the first question, Holladay and Rich set out to prepare
several ketomethylene and hydroxyethylene dipeptide isosteres (60,
jg).71 These isosteres were incorporated into various peptides and
tested for inhibition of porcine pepsin. Kinetic results obtained were
consistent with the préposal that statine was more like a dipeptide
(this will be discussed in more detail in later sections).72,73 The

synthesis of these compounds is outlined in Figure 6.71

COgH
L COzH HaN %2
O CH3

The question concerning the effect of variation in the Pj: posi-
tion still remained. Several analogs were prepared in order to inves-
tigate the effect of size and chirality of substituents in this posi-

tion on inhibition of porcine pepsin. The structures for the isostere
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Fig. 5: Comparisons between statine, statone, dipeptide and dipeptide

isosteres.

portions of these compounds are shown in Table V, along with their

abbreviations. Unless designated otherwise, by appropriate letters

under the OH of the hydroxyethylene isosteres compounds should be

assumed to be of the 4(S) chirality, they should also be assumed to

be isosteric with an L-amino acid in the Py position unless desig-

nated by a D. These isosteres were incorporated into the peptides

shown in Table VI.
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Fig. 6: Synthesis of Leu-Ala ketomethylene and hydroxyethylene

analogs.
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TABLE V. Various dipeptide isosteres prepared.

2a. Synthesis of Leu-Phe isosteres

The synthesis of analogs 75 and 76 is outlined in.
Figure 7, and is analogous to the synthesis developed by Holladay and
Rich.7l The first step involved acylation of the known 2-oxazolidone
6_374 with dihydrocinnamoyl chloride, using a literature method”4, to
form compound 64, which could be stereospecifically alkylated with

benzyl bromomethyl ether7 to form compound 65. This particular




TABLE VI. Ketomethylene and hydroxyethylene final products.

81)

82)

75)

76)

92a)

92b)

93)

106)

107)

137)

Iva-Val-[Leu 08 Phe]-Iaa

Iva-Val-[Leu LY Phe]-Iaa

OH
Iva-Val-[Leu — Phe]-Ala-Iaa
Iva-Val-[Leu X phe]-Ala-Iaa

Iva-Val-[Leu o D-Ala]-Ala-Iaa

Iva-Val-[Leu —%li D-Ala]-Ala-Iaa

Iva-Val- [Leu e D-Ala]-Ala-Iaa

Iva-Val-[Leu-2& D-Phe]-Ala-Taa
Iva-Val-[Leu £ D-Phe]-Ala-Iaa

Iva-Val-[Leu £ Gly]-Ala-Iaa

35
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analogs.
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alkylation proved to be quite sensitive to the nature of the base and
the halomethyl benzyl ether. The best yields (~67%) were obtained when
lithium hexamethylsilamide was used as base and when bromine was the
leaving group. When LDA was used as base or when chloromethyl benzyl
ether was used as the electrophile, the yields dropped to the 30%
range. Compound 65 was then recrystallized to constant rotation before
reduction to the free alcohol. This reduction was carried out in a
mixture of THF/EtOH (2/3, v/v). The amount of ethanol in the reaction
was critical as a 1/1 mixture resulted in a very slow reaction (<20%
conversion in 6 hrs). When calcium borohydride was used as the reduc-
ing agent, better yields (~80% vs. 60%) were obtained than when lithium
aluminum hydride was used. This finding is consistent with previous
observations.7! Bromide 67, which was prepared from alcohol 66 via a
literature procedure76. was then converted to the Grignard reagent and
reacted with Boc-leucinal at 25°C. The product 68 was obtained in a
very low yield (~25%) as a mixture of C4 diastereomers. These diaster-
eomers were easily separable on TLC and it was found that the ratio of
4S:4R was about 3:2. The reason for the low yield is not known but
similar reactions (preparation of the Leu-g!-D—Phe isostere) also gave
consistently lower yields (20-30%) than the Leu-Ala isosteres. All of
the proceeding steps leading to compounds 75 and 76 were carried out as
previously reported.71 These reactions were performed on a mixture of
C4 diastereomers which were later separated prior to the final deacyla-
tion step. The upper major isomer was assumed to be the 4S isomer by
analogy to the Leu-Ala isosteres where it was rigorously established

that the major, faster Rg isomer formed from the Grignard reaction was
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in fact 4S.71 Compounds 81 and 82 were prepared by a similar procedure
as shown in Figure 7 by feacting 72 with the isoamylamine rather than

with Ala-Iaa.

2b. Synthesis of Leu-D-Ala-isosteres

Compounds 92a, 92b and 93 were synthesized using
essentially the same procedure as developed for the Leu-L-Phe
isosteres.

Alcohol 83 (Fig. 8) was prepared according to the procedure
reported by Evans et al.74 which utilizes the oxazolidone derived from
L-valine to establish chirality at C-2. This alcohol was converted to
bromide 84 using the same pracedure as described for the preparation
of 67.

In this synthesis the temperature of the Grignard reaction nasl
varied. This reaction was carried out at 0°C rather than at 25°. The
yield and the ratio of 4S to 4R, however, were not greatly affected.
In the case of the preparation of the Leu-Ala isostere, the 25°
Grignard reactions proceeded in ~50-65% yields with 4S:4R ratios of
about 4:1.71 At 0°C the reaction product 85 was obtained in 55% yield
with a ratio of 4S:4R of about 2:1. The two diastereomers were, how-
ever, not separable by TLC at this stage. Several TLC systems were
used in an attempt to resolve the diastereomers of compounds 85 and 86
but these attempts were unsuccessful. Reverse phase HPLC using various
gradients of acetonitrile and water was also ineffective towards the
separation of the compound 86 diastereomers. Upon acetylation, how-

ever, (compound 87) the diastereomers were easily distinguishable on
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TLC and by NMR. The acetyl CHz peak of the major component was shifted
downfield by about 4 Hz and the amide NH of the major isomer was
shifted about 13 Hz upfield. Estimations of the ratio of 4S:4R isomers
were therefore made at this stage.

The remainder of the synthesis was straightforward as described in
Fig. 8 and in the experimental section. As shown in Fig. 8, the 4S:4R
diastereomeric mixture was carried through the reaction sequence up to
the deacylation step. At this stage compounds 91a and 91b were sepa-

rated and individually deacylated to compounds 92a and 92b.

2c. Synthesis of Leu-D-Phe isosteres

Compounds 106 and 107 (Fig. 9) were synthesized by
a method similar to that of the Leu-L-Phe isosteres. Compound 94 was
used as the oxazolidone chiral auxiliary as was the case for the prepa-
ratloﬁ of alcohol 83. The synthesis of compound 95 was straightfor-
wnrd. Alkylation with benzylbromomethyl ether using lithium hexa-
methylsilamide as the base afforded 96 in high yield (~90%). This com-
pound was recrystallized to constant rotation prior to reduction with
lithium borohydride using ethanol/THF (2/1) as solvent to form alcohol
97. Again, this reduction was sensitive to the amount of ethanol. The
reaction was initially carried out using a 1/1 mixture of the solvents,
but after 4 hrs no product was observed by TLC. Upon addition of more
ethanol, however (to make solution 2/1 ethanol/THF), the reaction pro-
ceeded to form alcohol 97 in 90% yield after an additional 4 hrs. The
optical rotation of the alcohol (-26.5°) was almost exactly the oppo-

site of alcohol 66 (+23.6°). Bromide 98 was prepared as described for
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the other bromides. The rotation of this compound was also almost
exactly opposite its enantiomer 67.

The Grignard reactipn to form product 99 was carried out at 0° as
opposed to 25° for the Leu-L-Phe isosteres. This temperature differ-
ence seemed to have a significant effect on the ratio of 48:4R isomers.
The ratio in this case was about 10-20:1 as opposed to about 2:1 in the
case of the preparation of 68 at 25°C. It seems unlikely that this
difference is due to the altered stereochemistry at Cy since the attack
of the Grignard reagent is sﬁpposedly controlled by the stereochemistry
of the aldehyde.77 Attack of a Grignard reagent on the magnesium che-
lated Boc-L-leucinal (Fig. 10) should be from the back, less hindered
face, thereby giving rise to more 4S than 4R compound. If such a spe-
cies as in Fig. 10 is stabilized at 0°, one would expect a greater

amount of the 4S derivative.

Boc-N
\‘o

- \“
Mg

Fig. 10: Boc-L-Leucinal chelated to Mg*tt.

The yield of this reaction (~30%) is consistent with the &1e1ds
obtained for the preparation of 68. The fact that the Grignard reac-
tion consistently gave poor yields with the 2-benzyl-3-benzyloxy-1-
bromopropanes (67, 98) and the fact that the reactions for preparing 85
and 99 were done side by side, where 85 was obtained in approximately

2-fold better yield, indicates the effect of the size of the 2
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substituent in the bromide on the yield of these reactions. Larger
side chains have consistently given poorer yields.

As was the case for the Leu-D-Ala isosteres, diastereomers were
not observable for the Leu-D-Phe isosteres until the O-acetyl stage
(compound 101). At this point the mixture could be estimated by NMR
and TLC to contain about a 20:1 ratio of 4S to 4R diastereomer. The
mixture was used for the synthesis without separation as with the other
isosteres, however, after the chromatography step (105 —> 105a + 105b)
none of the lower minor isomer was detected. The small amount that was
present at earlier stages had probably been separated during the numer-
ous columns that were run prior to this stage. With an approximate
20:1 4S:4R ratio, the amount of Grignard product (99) that was used
would have had about 25 mg of the 4R isomer in with 475 mg of the 4S
jsomer. In the final column purification of compound 105, about 50 mg
were applied. The amount of 4R material here could have been no higher
than 2 or 3 mg based on these ratios. It is therefore not surprising

that no 4R compound was detected in the final stages of the synthesis.

3. synthesis of Lysine-Statine (LySta) Derivatives

The synthesis of the lysine derivative of statine 109
(LySta or DAHOA, 4,8-diamino-3-hydroxy octanoic acid) began with the
preparation of a-Boc-€-Cbz-lysinal 108, by the method of Hamada and
Shiriri.66 Reaction of 108 with lithio ethyl acetate at -78°C for 30
minutes gave the desired fully protected amino acid 109a,b in about 70%
yield as a mixture of diastereomers. The diastereomers of this com-

pound, however, were not separable in 15-20 TLC systems. It was found,
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however, that O-protected compounds were easily separable by TLC or
column chromatography especially when run in ethyl ether systems such
as ethyl ether/hexane. Initially compound 110a,b was synthesized in
order to develop a separation procedure, but the method was not applied
to the actual separation because deprotection of the carbonate deriva-
tives was too slow. After 24 hrs at room temperature with 10 equiva-
lents of KyCO3, neither compounds 110a nor 110b underwent significant
reaction. When heated to 50°C, compound 110a gave product 109a but
only after several hours reaction. Compound 110b, however, still

showed no significant transformation to 109b. In light of this, the

ethoxy carbonyl mode of protection was abandoned for the trichloroeth-
oxycarbonyl protection sche-é. Initial attempts to prepare compound
11la,b using methods similar to the preparation of 110a,b failed. How-
ever, compound 1l1la,b was easily formed in high yield in 20 min by
reaction with trichloroethoxy chloroformate in pyridine with a trace of
DMAP. These diastereomers were also easily separable by chromato-

graphy. Deprotection by reaction of compounds 11la and 111b with zinc

in a 1:1 mixture of DMF/acetic acid was slower than desirable (~12
hrs). This problem was circumvented by the use of cadmium powder in
place of zinc.78 The cadmium used was a cadmium 200 mesh powder pur-
chased from Alfa. It was activated by successively washing w;th iN
HC1l, methanol and ethyl ether followed by vacuum drying. Therefore,
reaction of 11lla with 20 equivalents of cadmium in a 1:1 mixture of

DMF/acetic acid afforded compound 109a in about 90% yield after about 4

hrs. However, compound 111b was deprotected to a lesser extent (~57%)

after the same amount of time. Fortunately, no side products were
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Fig. 11: Synthesis of diamino-hydroxy-octanoic acid (LySta or DAHOA) .
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formed in these reactions and unreacted 111b was easily recovered.

It is uncertain why in both cases (compounds 110a,b and 11la,b)
the 3R O-protected compounds were deprotected slower than the 3S com-
pounds, but one explanation may involve the relative orientation of the
C3 and C4 substituents. If compounds 110a,b and 1lla,b are held in a
rigid conformation (the extraordinary differences between the 3S and 3R
isomers on TLC may indicate that this is a possibility), then the pro-
tected hydroxyl group of the 3S derivative is trans to the 4S side
chain and the 3R derivative is cis to the 4S8 side chain. The size of
the 4S side chain may, therefore, be involved in reagent access prob-
lems in the 3R isomer since the side chains are closer together than
in the 3S isomers.

Compounds 109a and 109b were separately used to prepare peptides

115a, 115b and 119a by the routes described in Figure 12. 115a and

_115b were prepared by sequentially coupling Boc-valine anhydride two
times to the starting compounds 109a and 109b followed by an isovaleryl
anhydride coupling to obtain 114a and 114b. The Cbz group was then
removed using standard catalytic hydrogenation procedures. Compound
_119a was prepared by saponification of intermediate 113a followed by
coupling to phenylalanine methyl ester hydrochloride using DCC and
HOBT. 117a was subsequently treated as described for compound 114a to
yield 119a. In all cases the final product amines were assumed to be
the acetate salts, since hydrogenation was carried out in DMF in the

presence of acetic acid.

[
{
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4. Synthesis of Ornithine-Statine (OrnSta) Derivatives

The synthesis of the ornithine-statine (OrnSta) analog

132 is described in Figure 15. Initial attempts to prepare compound
123 by path A or path B (Fig. 13) failed. When compound 120 was sub-
jected to conditions analogous to that for the preparation of 108, the
cyclic aminal 122 was obtained rather than the aldehyde. The structure
of 122 was consistent with the NMR data of the observed products (2
diastereomers). The products showed no aldehyde peaks and no Cbz NH
protons. Both NMR spectra also contained a signal which integrated for
one proton at approximately 5.7 ppm (5.7 ppm for the upper isomer, 5.6

- ppm for the lower). This is consistent with the calculated chemical

shift of a proton on a carbon which is alpha to a carbamate and a

hydroxyl group. Elemental analysis was also consistent with the

structure.

_122 was isolated from the reaction mixture (Fig. 13, path A) in
about 60% yield from 121 as a 1:1 mixture of diistereoaers, which were
very easily separable on silica gel. Only one attempt at the conver-
sion of 122 to 123 was performed. Compound 122 was treated with 2.5
equivalents of lithio ethyl acetate at -78°C for 30 minutes, however,
only starting material was recovered.

The synthesis of a derivative of 123 was therefore achieved by a
different route. The solution to the problem was to protect both delta
NH's of ornithine. The phthaloyl group is one protection group which
will mask both NH's so this was investigated as a possible solution
(Fig. 14) even though there were several obvious drawbacks. One is

that the phthaloyl group is very sensitive to borohydride and other
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Fig. 14: Attempted preparation of N4-(Boc)-N7-(phthaloyl)-4(S),7-

diamino-3(R,S)-hydroxy-heptanoic acid ethyl ester.
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hydride reductions?9, which are reactions required to form the needed
amino alcohols. It is thought that these reagents lead to reduction of
the phthaloyl carbonyls to alcohols.80 This problem, however, could be
circumvented by preparing the phthaloyl derivative of amino alcohol
121. This was easily done by reaction of compound 121 with carbethoxy
phthalllide81 in methanol for 4 hrs to form compound 133 in about 78%
yield. Another anticipated problem was the enolate addition. It was
observed by E. T. 0. Sun that the addition of phthaloyl leucinal to
lithio ethyl acetate gave poor yields of phthaloyl statine ethyl ester,
although inverse additions gave yields in the 50% range.7° The
attempted preparation of 135 was therefore carried out in such a manner
where lithio ethyl acetate was added to the aldehyde 134. Several
products, however, were isolated from this reaction. The desired prod-
uct 135 was obtained in less than 10% yield as estimated by NMR. The
major product obtained (~50-60%) was assumed to be compound 136. The
NMR of this compound contained an aromatic signal at 7.55 ppm as
opposed to 7.75 ppm for a typical phthaloyl aromatic signal. This up-
field shift is consistent with the observed shift for the reduced
phthaloyl ring product described previously.ao Also the NMR indicated
a doubling of the signals associated with the ethyl ester moiety.

These data are consistent with the assumption that an extra ethyl ace-
tate had indeed attacked the phthaloyl carbonyls to form 136. About
20-30% of the starting aldehyde was also recovered indicating that a
shorter reaction time to decrease formation of 136 would be imprac-
tical. The phthaloyl procedure was therefore abandoned for the proce-

dure described in Figure 15.
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Compound 121 was deprotected using standard catalytic transfer
hydrogenolysis82 for the removal of Cbz groups to form amino alcohol
~ 124. It should be noted that this procedure must be carried out on
alcohol 121 rather than the methyl ester 120 since removal of the Cbz
group of 120 resulted in lactam formation. Compound 124 was then
treated with benzaldehyde, MgS0O, and triethylamine in methylene chlor-
ide to form the Schiff base. The Schiff base was isolated by filtering
magnesium sulfate and removing the solvent in vacuo. The crude mate-
rial was immediately dissolved in dry methanol and reacted with sodium
borohydride to form 125 in 65% yield from 124. Treatment with benzyl
chloroformate at pH 10 in a dioxane/water mixture then afforded alcohol
124, which was converted to aldehyde 127 via the method of Hamada and
Shioriri.66 Compound 127 was subsequently treated with lithio ethyl
acetate in tetrahydrofuran to yield 128 as a mixture of C3 diastereo-
mers. This mixture was used throughout the remainder of the synthesis
which involved sequential couplings to Boc-valine anhydride twice and
isovaleryl anhydride to afford compound 131. The benzyl and Cbz groups
were then simultaneously removed by treatment with 20% palladium
hydroxide on carbon at 30 psi in DMF with a trace of acetic acid for 3
hrs, to form the acetate salt of the free amine 132. This compound was

isolated in a manner similar to the lysine-statine peptides.

B. X-Ray Crystal Structure of Penicillopepsin Bound to

Iva-Val-Val-Sta-OEt (56)

X-ray crystallographic analysis of inhibitor binding to the

active sites of enzymes can provide significant information concerning
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the binding modes of substrates and the enzymes' catalytic pathway.
Recently James et al. have reported the x-ray crystal structure of the
complex between the aspartic proteinase penicillopepsin and the tripep-
tide statine containing inhibitor Iva-Val-Val-Sta-OEt (56).312,D The
high resolution refined crystal structure of penicillopepsin?2 was used
to compute a 1.8 : electron density map of the bound inhibitor.

Penicillopepsin is an aspartic proteinase isolated from the mold
Penicillium janthinillum. This enzyme shows significant sequence
homology to other known aspartic proteinases. Penicillopepsin, as well
as other aspartic proteinases, is characterized by a long binding cleft
which can accommodate 7-8 amino acid residues of an oligopeptide sub-
strate in an extended conformation. Asp-33 and Asp-213, the two cata-
lytically important residues for penicillopepsin are located centrally
in this cleft.

The electron density map of this enzyme bound to inhibitor 56 has
clearly demonstrated the binding mode of the inhibitor on the enzyme
and has also revealed a large conformational change in the enzyme,
produced as a result of inhibitor binding.

The inhibitor (56) is bound to penicillopepsin in an extended,
approximate B-sheet conformation with the 3S hydroxyl of Sta situated
between the catalytic aspartate carboxyl groups. The P4 isovaleryl
group of 56, which makes relatively few non-bonded contacts with the
enzyme, lies in a small hydrophobic pocket defined by Leu-218, Leu-284
and Tyr-274. The P3 valine makes two strong hydrogen bonding interac-
tions to Thr-217 as well as several other non-bonded contacts of less

o E
than 4.0 A. A surface depression on the enzyme formed by the side
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Fig. 16: Stereo view of the active site of penicillopepsin with bound

inhibitor 56.

chains of Glu-15 and Glu-16 discerns this binding site which appears to
be able to accommodate larger groups. The Py valine makes 21 non-
bonded interactions with the enzyme, 15 of which are with the residues
of the movable "flap" (residues 71-83). Eleven of these 15
interactions are with Asp-77.

The P; statyl residue has the largest number of contacts to the
enzyme. A hydrogen bond between the Sta NH and Gly-215 helps position
what would be the scissle amide bond in a substrate correctly at the

active site. The formation of this hydrogen bond in substrates is
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likely to be of great importance because, in the case of porcine pep-
sin, proline in the S; position of a substrate dramatically reduces
cleavage possibility.87 The 3S hydroxyl group of Sta displaces a
strongly bound water molecule from the active site of native enzyme.
The position of the Sta oxygen and the water oxygen in the native
enzyme42 differ by only 0.25 :.

The largest conformational changes of the enzyme that can be
attributed to inhibitor binding are associated with the residues of the
mobile flap.315-b Ninety percent of the enzyme's remaining atoms move
by less than 0.3 Z. The carbonyl of Asp-33 undergoes a slight rotation
but Asp-213 is fixed. Gly-76 and Asp-77 of the flap move by about 4 Z
towards the inhibitor thus closing the binding cleft and permitting the
formation of hydrogen bonds with the inhibitor backbone. Since these
contacts are exclusively to the peptide backbone and are not associated
with side chain specificity, similar contacts could also form with the
backbone of a good substrate. These interactions could therefore be
involved in positioning the scissle bond in the proper orientation for
cleavage. The movement of the flap has also eliminated the possible
role of the hydroxyl group of Tyr-75 as a proton donor, as was thought
from earlier studies.43 This study suggested that the Tyr-75 hydroxyl
was involved in the catalytic mechanism by donating a proton to the
leaving group nitrogen, however, this more recent crystal structure has
suggested that Tyr-75 is involved only in enhancement of specific bind-
ing interactions to the S; side chain which often exhibits an aromatic

preference .87




57

: Computer graphic modeling studies, performed by Hofmann et al.91,
i have been carried out to study the possible binding modes of good peni-
' cillopepsin substrates. Their proposals were based on the refined
crystal structure described. A more detailed discussion of this will
be treated in later sections concerning the lysine-statine (LySta)

analog inhibitors.

C. Kinetic Studies

]

1. Effect of Structure in Subsites Py, Py and Pz: on Inhibition

of Porcine Pepsin

a. Results
Inhibition constants (Ki) for inhibition of pepsin
by pepstatin analogs (Table VII) were determined as previously
described37 from ICsy values taken from plots of Vi/Vo vs. inhibitor
concentration, where Vi is the inhibited velocity and Vo is the veloc-
ity in the absence of inhibitor. ICsg values were converted to Kj by

the equation of Cha83:

-1
Kj = (ICsp ~253 (1 +s—n)

where Et is the total enzyme concentration, K, is the Michaelis con-
stant for the substrate (4.0 x 10-5 M), and S is the substrate concen-
tration. When inhibitors exhibited time-dependent inhibition, the
inhibitor was incubated with enzyme for 10 minutes and the reaction was
initiated by addition of substrate. Velocities were taken at apparent

steady state. Inhibitors which did not display time-dependent
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inhibition gave linear steady-state initial velocities when reactions
were initiated with enzyme. Inhibitor solutions were generally made to
contain 1% methanol by volume. Some inhibitors (56, 59) required 10%
methanol because of their poor solubility in the buffer. Only inhibi-
~ tor 48 was insufficiently soluble to prevent precise quantitation of
its true Kj.

The data in Table VII show how structural differences in the Pg3:,
Py and Py subsites affect Kij. Inhibition constants for analogs with
P3: variations or deletions exhibit Kj's from ~10"9 M to 10~7 M; how-
ever, this range encompasses relatively large structural variations.
Compounds 5, 17 and 20 all have Kj's near 10~9 M and exhibit time-
dependent inhibition, indicating that the size or nature of the hydro-
phobic group is not important, and that the carboxyl of the Pg: site is
not required. Removal of the hydrophobic side chain (23), however,
increases K; by about 40 fold and eliminates time-dependent inhibition,
indicating a need for a hydrophobic or chiral side chain. Compounds 26
and 30 further illustrate the effect of branching at the carbon of
the P site. Isopropylamide compound 30 has about a 10 fold lower Kj
than the methyl amide 26 and does not exhibit time-dependent
inhibition.

The role of the P3: NH can be demonstrated by comparing compounds
26 and 34. Our results indicate that the amide NH is relatively unim-
portant for inhibitor binding and is probably not involved in any crit-
ical hydrogen bonds. Complete removal of the P3: carbon skeleton (32,

38) further increases Kj.

‘if-%;c—“ -




TABLE VII. Inhibition Constants for Pepstatin

Analogs on Porcine Pepsin

Compound

5)
17)
20)
23)
30)
26)
34)
32)

38)

5)
42)

46)

5)
48)
50)
52)
54)
56)

59)

Iva-Val-(S,S)Sta-Ala-Iaa
Iva-Val-(S,S)Sta-Ala-Phe-OMe
Iva-Val-(S,S)Sta-Ala-Leu-OMe
Iva-Val-(S,S)Sta-Ala-Gly-OMe
Iva-Val-(S,S)Sta-Ala-Ipa
Iva-Val-(S,S)Sta-Ala-NHCHg
Iva-Val-(S,S)Sta-Ala-0CHg
Iva-Val-(S,S8)Sta-0CHy-CHg

Iva-Val-(S,S)Sta-Ipa

Iva-Val-(S,S)Sta-Ala-Iaa
Iva-Val-(S,S)Sta-Leu-Iaa

Iva-Val-(S,S)Sta-Gly-Iaa

Iva-Val-(S,S)Sta-Ala-Iaa
Iva-Gly-(S,S)Sta-Ala-Iaa
Iva-Ala-(S,S)Sta-Ala-Iaa
Iva-Leu-(S,S)Sta-Ala-Iaa
Iva-Phe(S,S)-Sta-Ala-Iaa
Iva-Val-Val-(S,S)Sta-OCHaCHg

Iva-Val-Val-(S,S)Sta-Ala~0OCHg

Ki (nm)

3

1.5

1.2

68

20

140

600

800

300

56

100

30

13

21

10

59
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Similarly, relatively large structural changes in the Py: subsite
produce small changes in Kj (1079 to 1078 M). Compounds 5 and 42 are
comparable inhibitors, while complete removal of the side chain (46)
increases K; about 20 fold, suggesting preference for a hydrophobic or
chiral residue.

The P, subsite on the other hand, is relatively more sensitive to
structural modification. The compounds tested in this series exhibit a
range of Ki's similar to those in the Pg3: site (10‘9 to 10~7 M). How-
ever, relatively subtle changes in structure are represented in this
range. Replacement of the isopropyl side chain (5) by isobutyl (52) or
benzyl (54) in the P, subsite increases Kj 5-10 fold and eliminates ;
time-dependent inhibition. Interestingly, a methyl substituted analog

(50) remains time-dependent although it is a 10-fold weaker inhibitor.

Removal of the P, side chain (48) increases the K; dramatically.

b. Discussion
As described in previous sections, a number of

structure-activity relationship studies have been carried out on the
pepstatin-pepsin system to define the effect of structural changes on
subsites Py, P3 and Py of pepstatin. The present study provides the
first data on the effect of structure in the Pz, Pp' and P3: positions
of pepstatin on inhibition of pepsin.

Inhibition constants for analogs with Py: and Pg3! variations indi-
cate that there is probably a less specific hydrophobic interaction
between enzyme and inhibitor at these sites. Our data show that the C-

terminus is needed but is much less sensitive to the nature of the side
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chain beyond the need for a-amino acids. The P3: residue is required
as truncated analogs are poor inhibitors, however, the only requirement
of this residue is that it should be a hydrophobic one. Recent ESR
data, utilizing spin labeled pepstatin analogs84 indicate that the
C-terminal region of pepstatin has only partial restriction of mobility
when bound to pepsin, which is consistent with loose interactions be-
tween pepsin and the P3: site. In contrast, the N-terminal substituted
spin label analog is almost completely immobilized and is consistent
with much tighter binding at the P3 subsite.

Recent studies on pepsin using various structural analogs of pep-

37,63,61,85

statin have led to the proposal of a minimum kinetic

mechanism (Scheme 2)

fast slow
Kk K K
E+1 == g1 =3= gI* =2= EI** (Scheme 2)
Ky y kg

involving 3 distinct enzyme inhibitor complexes for inhibition of this
enzyme. The initial collision complex (EI) isomerizes via a fast first
order process to an intermediate (EI*) complex. The dissociation con-
stant for EI* has been determined to be about 1 x 108 M for pepsta-
tin.34 Inhibitors which exhibit time-dependent inhibition then undergo
a slow conversion to a tightened EI** complex. It is possible that the
tightened complex is formed directly from free enzyme via a branched
pathway. Our present kinetic data cannot distinguish between these

possibilities.
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The data for P, analogs suggests that this site may be involved in
the conformational changes required for the slow binding process. Ana-
logs having side chains larger than isopropyl (52, 54) do not bind
slowly, possibly because steric bulk prohibits conformational changes
required to achieve the tightened EI** complex. The analog with the
smaller side chain (50) may allow this conformational change to occur
due to its small size although it lacks the hydrophobicity of larger
groups and has a larger dissociation constant for EI¥*.

An x-ray structure for the complex of pepstatin analog 56 bound to
penicillopepsin has recently been obtained.31 This x-ray structure has
been discussed in more detail in the previous section. Analog 56
adopts a B-sheet conformation when bound in the active site of the
enzyme with 15 non-bonded interactions between atoms in the Py site and
sites on the enzyme. Twelve of these interactions involve Asp-77 which
is found in the movable "flap" of penicillopepsin. Although the nature
of the slow-binding process is not yet known, it is reasonable to spec-
ulate that a further tightening between the Py position and the residue
in porcine pepsin homologous to penicillopepsin Asp-77 after a major

conformational change has occurred (flap closing) may be involved.

2 Inhibition of Porcine Pepsin by Ketomethylene and

Hydroxyethylene Dipeptide Isosteres

a. Results
Inhibition constants for the inhibition of porcine
pepsin by various ketomethylene and hydroxyethylene isosteres are shown

in Table VIII. Several compounds (144-148) were previously
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synthesized”l and tested kinetically72:73 by Dr. Mark Holladay in the
lab of Dr. D. H. Rich and are used for comparison of other Py: deriva-
tives. The configuration of the substituent in the Pj: position corre-
sponds to that of an L-amino acid unless specified by a D. The config-
uration of the 4-hydroxyl group is S in all analogues unless specified
by an R under the OH sign of the isostere. All compounds were tested
on porcine pepsin as previously described37 using synthetic
heptapeptide substrate.

The compounds in Table VIII show how variations in structure and
chirality in the Py position of the dipeptide isosteres affect Kj.
Replacement of the 2R methyl group in isostere 144 by a 2R benzyl group
(81) has no effect on K;j. Comparison of the ketomethylene analogs 145
and 82 unfortunately is difficult since the true K; of 82 was not
determined due to poor solubility.

For analogs extended in the C-terminal direction, replacement
of the pro-R hydrogen in the 2 position of 146 by a methyl group
results in a 16 fold more potent inhibitor. However a bulkier substi-
tuent (75) does not have any further effect on K;j. The analogous keto-
methylene compounds 76, 137 and 148 show an interesting trend. The
Leu-E-Gly compound has a poor K; which is decreased almost 100 fold by
replacing the Py: hydrogen with a 2R methyl group. However, further
increase of steric bulk of the Pj: site (76) raises Kj by about a fac-
tor of 3. None of these ketones are slow binders.

Inhibitors which contain a 2S substituent (Leu-D-amino acid
isosteres) follow the same trend found for the 2R compounds; however

they are significantly weaker inhibitors. Compounds 92a and 106
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TABLE VIII. Inhibition Constants for Ketomethylene and
Hydroxyethylene Compounds on Porcine Pepsin
Compound Ky (nm) TDI
5) 1Iva-Val-Sta-Ala-Iaa2 3 +
144) Iva-Val-[Leu 2L Ala]-Iaa2 27 =
81) Iva-val-[Leu 2 Phe]-Taa 27 =
145) Iva-Val-[Leu X Ala]-Iaaa 970 =
82) Iva—\la.l—[Leu-L(-Phe]-laa"l ~500 -
146) Iva-Val- [Leu'——-Gly]-Ala Iaa? 50 -
147) 1Iva-Val-[Leu —Ala]-Ala -Iaa2 3 +
75) Iva-Val-[Leu ——-Phe]—Ala-Iaa 2.5 +
137) Iva-Val-[Leu X Gly]-Ala-Taa 2140 =
148) Iva-Val-[Leu K Ala]-Ala-Iaa2 27 -
76) Iva-Val-[Leu X Phe]-Ala-Iaa 72 =
92a) Iva-Val-[Leu ——-D-Ala]-Ala -Iaa 160 -
92b) Iva—Val—[Leu-i-D—Ala]—Ala-Iaa >1000 -
106) Iva-Val-[Leu 2L D-Phe]-Ala-Iaa 140 -
93) Iva-Val-[Leu-K-D-Ala]—Ala—Iaa 480 -
107) Iva-val-[Leu X D-Phe]-Ala-Taa 850 -
aCompounds previously reported ref. 72, 73. bcompounds previously
reported ref. 33. *True Kj unavailable due to poor solubility.
K = ketomethylene. TDI = time dependent inhibition. OH =
hydroxyethylene derivative. Unless mentioned otherwise by lettering
under the OH, the isosteres have the 4(S) configuration. Py~ posi-

tions gorrespond to L-amino acid groups unless mentioned otherwise.
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inhibit porcine pepsin to a similar extent, but they are about 50 fold
weaker inhibitors than the corresponding Leu-L-amino acid isosteres.

Ketone compounds 93 and 107 also show a trend similar to the ketometh-
ylenes which contain a 2R group 148, 76. Compound 107 which contains a

2S benzyl group is about a 2 fold worse inhibitor than compound 93.

b.  Discussion
The unusual structure of statine has raised several
questions concerning its mechanism of action as an inhibitor of aspar-
tic proteinases. The first question concerns statine's analogy to
either an amino acid or a dipeptide. Because of carbons 1 and 2 of
statine it can be considered as being two atoms too long to be an amino
acid analog or one atom too short to be a dipeptide analog. Powers
suggested on the basis of extensive comparison of pepsin substrate
sequences that statine may be closer to a dipeptide.97 More recently,
Boger proposed a more specific model, using x-ray data for pepstatin
bound to Rhizopus chinensis aspartic proteinase. He postulated that Q
statine is an analog of an enzyme-bound dipeptide substrate in the tet-
rahedral intermediate form. A comparison between the C-terminal seg- i
ment of pepstatin and the tetrahedral form of -Leu-Leu-Val-Phe- is -
shown in Figure 1'1.88 From these models, it was clear that the iso-
butyl and hydroxyl groups of the central statine of pepstatin and the
first leucine of the substrate can bind to the same enzyme site (S1),
while at the same time the isobutyl side chain of the second statine
and the benzyl group of the substrate can bind to the S3: site. This

steric match could only be possible if statine serves as a dipeptide
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far B

-HN—CH—?—NH-CH—CO-VaFNH—CH—CO-
OH

H
|

-HN- H—C-CW;CO-AM-NH—CH—CH-
I

I
OH OH
Fig. 17: Comparison of Leu-Leu-Val-Phe tetrahedral intermediate with

Sta-Ala-Sta.

replacement. Szelke et a1.89 and Boger et 31.119 have recently
reported the synthesis of various renin inhibitors which are based on
renin substrates. When the Leu-Leu or Leu-Val sequence of a subatrnte
was replaced by statine, potent inhibitors of renin were obtained.119
When statine was then replaced by a hydroxyethylene dipeptide isostere,
an inhibitor of similar potency was obtained.89 These data are again
consistent with the hypothesis that statine is acting as a dipeptide.
Dr. Mark Holladay, working in the laboratory of Dr. D. H. Rich,

has also studied this problem and has synthesized various ketomethylene
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71-78  fpese isosteres

and hydroxyethylene dipeptide isosteres (60, 61).
were prepared and incorporated into peptides (144-148, Table VIII) to
test for inhibition of the porcine pepsin aspartic proteinase system.

Comparison of hydroxyethylene inhibitor 144 and 147 with the Sta
containing inhibitor 5 reveals that the Kj of 147, in which the Leu-Ala
isostere replaces Sta is remarkably similar to the Kj of 5. However,
the Kj of 144, in which the Leu-Ala isostere replaces Sta-Ala of 5, is
about 10 fold higher than the Kj of 5.

These effects on pepsin inhibition along with those of renin
reported by Szelke and Boger support the postulate that statine is an
analog of a dipeptide tetrahedral intermediate. The isobutyl group of
statine corresponds to the P; substituent that binds to the S; subsite
on the enzyme. The C-1 and C-2 atoms serve to span the distance be-
tween the P; and Py sites. Therefore, the alanine of pepstatin binds
approximately to the Sp: site and not the Sj: site.

This proposal then leads nicely into the second question concern-
ing statine's structure. If statine is a dipeptide analog and serves
to span the distance between the Py to Py+ binding sites, what would be
the result of adding substituents which could bind to the Py: position?
Since statine lacks a side chain which could bind to this site on the
enzyme, one could suggest that replacement of statine with a dipeptide
isostere, which contained a Py: side chain that mimics the Sj' side
chain of a good substrate, may result in inhibitors which are more
potent than Sta containing inhibitors due to the added interaction of
the Py site in the dipeptide isostere. I therefore set out to pre-

pare several P;i: analogs (Table VIII) which would more closely
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approximate the S;: site of good pepsin substrates. Compounds 75, 76,
81, 82 were synthesized and tested as porcine pepsin inhibitors. These
inhibitors contain a benzyl group in the P;: position mimicking an L-
phenylalanine residue in the Sy: site of a substrate. It is clear,
however, from Table VIII that a benzyl group in this position does not
decrease K;j for the hydroxyethylene analogs compared to the Leu-Ala
isosteres. Compounds 81 and 144 have virtually identical Ki values.
Likewise, compounds 75 and 147 have similar Kj's. There is a favorable
interaction by replacing the pro-R hydrogen of C-2 in the Leu-Gly ana-
log (146) by a methyl group, but increasing steric bulk has no further
effects. In the case of the ketomethylene analogs (137, 148, 76), a
similar trend is observed where replacing a proton with a methyl (137
vs. 148) results in a better inhibitor, however, in this case, compound
76, which more closely approximates a good substrate is about a three
fold weaker inhibitor than 148.

In light of these results, a literature review on porcine pepsin-
substrate specificity seemed in order. This topic has been the subject
of many studies, mainly by Dr. Joseph Fruton.47—49'53 His studies have
addressed numerous questions on this topic. One interesting observa-
tion that he has made concerns the relative variance of kinetic parame-
ters such as Ky and Kgat with substrate structure when comparing large
numbers of substrates. He has found that Ky varies little over marked-
ly different substrates, whereas the Kgat parameters vary widely. For
example, compounds of the type Z-His-X-Y-OMe (a sample of which are
shown in Table IX) where X and Y are Gly, Leu, Tyr or Phe have been

prepared and tested as substrates of porcine pepsin. The Ky's for
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TABLE IX. Kinetic Constants for Several Porcine Pepsin

Substrates with S;: Variations

Substrates /K x 104 K x 108 Kcat x 104
Sy 83+ S
Z-His-Phe-Gly-OMe 13 1.6 21
-Ala-OMe 21 1.8 a7
~Leu-OMe 100 .5 52
~Tyr-OMe 5900 .29 1700

these substrates range from .18-1.8 mM (about one order of magnitude),
however, the Kg;a¢ values vary more than 1000 fold. It has been pro-
posed that for this system the Ky values approximately equal the Kg
dissociation constant for enzyme and substrate. The rate limiting step

58 In view of these results, the side

is then involved in catalysis.
chain specificity of pepsin is an expression of kinetic, rather than
binding, specificity. It can be seen from Table IX that Kgat as well
as V/K increase markedly for larger groups in the S;: position.

In light of this, it may be postulated that steps involved in Kgat
(amide cleavage or product release for example), in an enzyme substrate
reaction, results in a conformational change which effects this posi-
tion such that products with larger groups may be released faster from
the enzyme surface following catalysis. A conformational change of

this type is a reasonable hypothesis since some changes in the enzyme

must occur to deal with the opposing forces of substrate binding and
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product release. If such a process is occurring, substrates which have
variations in the S;: position may associate and dissociate with enzyme
to a similar extent if the pocket is not a specific or required one for
binding. However, differences will be seen in the rates of catalysis
if the pocket is somehow forced closed at this site, with the faster
rates associated with larger groups.

In terms of enzyme-inhibitor interactions, however, the problem
becomes more subtle and more difficult because it may not be clear
whether the enzyme-inhibitor complex is mimicking a ground state
collected-substrate complex, a tetrahedral intermediate, a collected
product, or any other intermediate in an enzyme-substrate reaction
(this is, of course, assuming that there is in fact an analogy between

substrate binding and inhibitor binding). This is important because

K K K K
E+ s o= B <%= B —> EPP, A4, E+P+P
1 -2
a) E+1 === EI
b) E+1 === EI =— EI'
¢) E+1 == ] ==> gJ' ==> EI"

Fig. 18: EI complexes mimicking various ES complexes.

if the enzymatic steps or intermediates which are sensitive to struc-
tural variation in a substrate are farther to the right, in a reaction
coordinate, from the type of intermediate that the inhibitor is mimick-

ing (Fig. 18) then one might not expect that these same structural
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changes in an inhibitor would have an effect similar to that observed
for the substrate (i.e., what's good for a substrate may have no effect
on an inhibitor). For example, in the case of a ground state collected
substrate inhibitor (Fig. 18 a), if the sensitive steps in the sub-
strate reaction are Kgat or product release steps then preparing the
inhibitors which look more like substrate may not result in better
inhibitors since these enzymatic steps or intermediates cannot be
achieved in a ground state complex. It should be noted that Fig. 18 is
not meant to suggest that only one step is involved in the formation of
an EI complex (a) or 2 steps for an EI' complex (b), etc., since there
may be multiple steps unique to the enzyme inhibitor interaction which
lead to the particular species. The main point of Fig. 18 is: what is
the inhibitor mimicking and are the enzymatic steps which are sensitive
to structural variations in substrates involved in achieving a
particular enzyme inhibitor complex.

It appears that this line of reasoning may explain the lack of
variation between compounds 147 and 75. From the data obtained by
Fruton for various pepsin substrates, it appears that enzyme-product
(EPyP2) complexes are stabilized and destabilized by substrate struc-
ture variations more than the enzyme-substrate (ES) complexes. The
invariability of K, for pepsin substrates and the large variability of
Kcat seem to support this. The hydroxyethylene compounds may therefore
mimic a particular enzyme-substrate intermediate, achieved prior to
Kcat steps in an enzyme-substrate reaction, that is not significantly
altered in stability by structural changes. The increase in the Kj of

76 vs. 148 may also be explained using this treatment. It is known
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at ketones of this type are converted by the enzyme to a tetrahedral
ecies (evidence will be presented in later sections). If this catal-
ysis is similar to the catalysis in substrates and conformational
changes (such as those described earlier) occur on the enzyme to
restrict the P+ or Sy position to favor product release, then a

~ bulkier substituent in Py may result in a weaker inhibitor since a

~ bulkier group in this site is now unfavorable (enzyme is set up for
product release). Therefore the ketomethylenes may be mimicking an
enzyme substrate complex that is further to the right (Fig. 18) than
the hydroxyethylenes where structurally sensitive enzymatic steps or
portions of these steps may be realized.

Bartlett has recently synthesized several phosphonamidate com-
pounds, which are approximately isosteric with the proposed tetrahedral
intermediate of several substrates for thermolysin.90 His study indi-
cated that the Kj values of the inhibitors correlated well with Kp/Kcat
of the substrates but not Ky. This supposedly provided evidence that
the phosphonamidates are transition state analogs and not just multi-
substrate ground state analogs which would require correlation to Ky.
This type of treatment for our inhibitors, at this stage, would, how-
ever, not be useful for several reasons. One is that there are too few
ketomethylenes and hydroxyethylenes analogs to make a good plot. Also,
the similar Kj values of 147 and 75 and the dramatically different Kj
value for 146 do not plot with known substrates in Table IX and will
not correlate with the kinetic parameters of substrates isosteric with
the inhibitors (i.e., Iva-Val-Leu-Phe-Ala-Iaa). Because of the similar

Ki values of Ala and Phe compounds all plots will result in "L" shapes




73

and inverted "L" shapes which are constricted or expanded on the hori-
”aontal axis (plots are Kj vs. Ky or Kj vs. Kp/Kcat) . However, later
sections will present x-ray and kinetic data which are consistent with
~ the proposal that statine 'is a collected substrate analog.

The compounds which have altered chirality in the Py: position
(92a,b, 93, 106, 107) were prepared in light of data on pepsin sub-
strates reported by Fruton some 15 years ago.47 He reported that when
the S position of substrates such as those in Table IX were changed
to D-amino acids, inhibitors were obtained. The K; of these inhibi-
tors, however, equaled the K, value of the analogous substrate, indi-
cating that these inhibitors worked by somehow disallowing the Kgapt
steps in the enzyme mechanism. We therefore set out to prepare these
analogs to determine the affect of altered chirality on inhibitors.

Table VIII shows that the K;j's for the D hydroxyethylene compounds
are about 50 times weaker than the analogous L inhibitors. This seems
to indicate that there is a fundamental difference between these inhib-
jtors and the substrates tested by Fruton. If these inhibitors are
bound to the enzyme in purely an ES fashion (Fig. 18), one would expect
that the K;'s between the 2S and 2R inhibitors would be the same based
on the results obtained by Fruton. The fact that they are not the same
may suggest that there are some enzymatic processes available tq the L-
amino acid isostere that are not available to the D-amino acid iso-
stere. This process would also have to be one which is independent or
not involved with the Kg for the substrates and inhibitors prepared by

Fruton.
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One possibility may be "flap" closing. It has been shown from
x-ray data that some residues of the movable flap of penicillopepsin

o
move by about 4.0 A, relative to native enzyme, to close in on the

31a,b: Using enzyme-substrate molecular modeling

bound inhibitor 56.
studies and the coordinates of the enzyme-inhibitor complex, Hofmann

et al. has proposed the binding mode of good penicillopepsin sub-
atrate.91 Analysis of this complex, however, indicates the possibility
for a serious steric interaction between the side chain of a D-amino
acid in the Sy: position and some residues of the flap (in particular
Tyr-75). This may suggest that steps involved in flap closing are
responsible for the results observed. If flap closing and subsequent
tightening of the enzyme inhibitor complex are inhibited by the Py
side chains in compounds 92a and 106, it would be expected that they
would be weaker inhibitors. Further evidence for this involves compar-
ison to the Leu—gﬂ-Gly compound 146. Compounds 92a and 106 are weaker
inhibitors than 146 indicating that loss of the binding site is not
solely responsible for the weaker Kj values. Therefore Ky (which
approximately equals Kg in Fruton's study) would be independent of flap
closing for the Fruton substrates. The question that now remains is
why is flap closing available to these inhibitors? The answer may
involve the tetrahedral geometry of the C4 carbon of the isosteres (and
the Cg of Sta) vs. the trigonal geometry of substrates. The tetrahe-
dral geometry may be involved in lowering the activation energies in
steps leading to the transition state since the enzyme need not apply

force for the distortion of various bond angles.92 The expulsion of

bound water in the active site of the enzyme by the 3S hydroxyl of Sta
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or the 48 hydroxyl of the hydroxyethylenes may also be involved.ala'b

Therefore it may be easier for the inhibitors with tetrahedral geome-
tries to achieve enzyme inhibitor complexes which are further to the
right in a reaction coordinate than an EX collision complex. Statine
and the hyroxyethylene analogs may therefore not simply mimic ES com-
plexes (Fig. 18) but a tightened ES complex somewhere between the ES
complex and the EX transition state.

Ketone analogs 93 and 107 are weaker inhibitors than 148 and 76 by
10-20 fold. This decrease in inhibition may be explained by the pro-
posals above. Ketone 148, and probably 76, are converted by porcine
pepsin to tetrahedral speciesga, therefore further tightening of the
inhibitor associated with these catalytic steps may be available to
these inhibitors. However, if steps analogous to Kg;at for substrates
are inhibited by a 2S substituent in isosteres in the same way as a D-
amino acid in substrates and if the potential inhibition of flap clos-
ing by a 2S side chain in the Pq: position of inhibitors is involved,
certainly the result would be higher K; values for compounds like 93
and 107. It would be interesting to see how the Kj's of 93 and 107
compared to the value of k_j/k; or kg (assuming analogy to substrate
binding) for 148 and 76. Based on this hypothesis the values may be
equal. Also it would be of interest to compare the Kp's and/o; Ki's
of compounds in Table X with the Kj's of 93 and 107. This may provide
data that would further clarify the mechanism of statine and hydroxy-

ethylene inhibitors.
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TABLE X. Potential Substrates and Inhibitors for Porcine

Pepsin Isosteric to Ketomethylene Analogs

Iva-Val-Leu-Ala-Ala-Iaa

Iva-Val-Leu-Phe-Ala-Iaa

Iva-Val-Leu-D-Ala-Ala-Iaa

Iva-Val-Leu-D-Phe-Ala-Iaa

3. Effect of Structure in Subsites P4, P3, P2, P2' and P3!

on_the Inhibition of Penicillopepsin

a. Results
Inhibition constants (Kj) for inhibition of peni-

cillopepsin by pepstatin analogs (Table XI) were determined using the
synthetic hexapeptide substrate Ac—Ala—Ala—Lys-Phe(Noz)-Ala-A.la-Nﬂz.86
Assays were carried out at 25°C in pH 5.5, .02 M sodium acetate buffer
as described.86 The appearance of H2N-Phe—(NOg)—Aln-Ala—NHg"was moni-
tored by following a decrease in absorbance at 296 nl.86 Both enzyme
and substrate were generous gifts from Dr. Theo Hofmann. Inhibition
constants were determined from ICsp values as described for pepsin
kinetics.

The data in Table XI illustrate how structural variations in the
P4, P3, P2, Pa! and Pg: positions affect Kj for penicillopepsin.
Although this is a small sampling of compounds the data also yield some

information about the differences and similarities between




TABLE XI. Inhibition of Penicillopepsin

Compound

142)

141)

5)
8)

6)

142)

140)

142)
59)
139)

56)

143)

Iva-Val-Val-Sta-Ala-Iaab

Boc-Val-Val-Sta-Ala-IaaP

Iva-Val-Sta-Ala-Iaa
Boc-Val-Sta-Ala-Iaa

Ipoc-Val-Sta-Ala-Iaa

Iva-Val-Val-Sta-Ala-Ilaa

Iva-Val-Phe-Sta-Ala-Iaa

Iva-Val-Val-Sta-Ala-laa
Iva-Val-Val-Sta-Ala-OMe
Iva-Val-Val-Sta-Phe-OMe

Iva-Val-Val-Sta-OEt

Iva-Val-Val-(R,S)Sta-Ala-OMe

by Pepstatin Analogs

Ki (nm)

7600

6100

5700

47

1000

8

* * l

arpy = time dependent inhibition.

bCOlpounds previously synthesized and tested.85 All peptides

contain (3S,4S)Sta unless mentioned otherwise.

7
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penicillopepsin and porcine pepsin.

Compounds with P4 variations show little variation in Kj as illus-
trated by compounds 141 and 142. Both compounds are potent inhibitors
and are time dependent. Deletion of the P4 site, however (compounds 5,
6, 8), dramatically increases the K;i, although structural variations of
these P3 analogs is of little significance to penicillopepsin. Slight
variations in the P, position do, however, affect Kj. Compound 140 is
about 10 fold less potent than the parent 142, and is not a slow bind-
ing inhibitor. Bulkier substituents in the Py: position seem to be
more favorable in the case of penicillopepsin as 139 is about a four
fold better inhibitor than 59. Deletion of the Py: position (56) fur-
ther increases Kj by about 10 fold (vs. 59). Deletion of the P3: posi-
tion (59) has little effect on Kj as 59 and 142 are comparable

inhibitors.

b. Discussion
Previously, there have been no structure-activity

relationships carried out on the pepstatin-penicillopepsin system.
This study (Table XI) provides the first data on the effect of the
structural variations on several inhibitor positions and provides some
insight into the differences between the aspartic proteinases porcine
pepsin and penicillopepsin.

Inhibition constants for compounds which have P4 changes or dele-
tions indicate that there is a distinct but nonselective interaction
between enzyme and inhibitor at this position. Compounds 141 and 142

are essentially equipotent with each other and both bind slowly. This
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is in contrast to porcine pepsin where compound 142 is about a 60 fold
better inhibitor although both are also time dependent on porcine pep-
sin. Porcine pepsin seems to be more selective, at this position,
towards groups which will provide optimal binding, whereas penicillo-
pepsin seems to make little distinction between urethane and amide moi-
eties at this site. The x-ray crystal structure of 56 bound to peni-
cillopepsin has shown that there are few non-bonded contacts made by
the enzyme to the Iva moiety of 56, although a small hydrophobic pocket

31a,b Unfortunately, there are no enzyme-inhibitor

can be discerned.
complexes of porcine pepsin for which x-ray data exist. Deletion of
this site results in dramatic changes in K; as seen in the comparisons
of compounds 5, 6 and 8 with 141 and 142. This comparison clearly
points to the requirement for a substituent in the P4 position to
occupy this hydrophobic pocket in the enzyme. This is again in con-
trast to porcine pepsin where deletion of the Py position need not
coincide with large increases in Kj. Compound 5 is a very potent
inhibitor of porcine pepsin and is comparable to 141 and 142. Various
other analogs which lack the P4 position and have P3 variations have
been prepared and some have been found to be almost equipotent with
pepstatin on porcine pepsin.37 Penicillopepsin is also quite insen-
sitive to P3 variations. Compounds 5, 6 and 8 have similar Kifs on
penicillopepsin but differ widely on porcine pepsin (Table II). The
porcine pepsin data (Table II) have pointed to possible differences
between the required geometry for inhibitors at the Pg position and the
preferred geometry for urethanesa7, however this selectivity does not

seem to come into play or is not as important in the case of
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penicillopepsin. This is consistent with the x-ray crystal structure
which indicates that there is a surface depression on the enzyme which
could be involved in the binding of a group larger than the isopropyl

group in the P3 position of §§;31a'b

Again, however, there are no com-
parative x-ray studies for porcine pepsin.

The P, position appears to be a point of similarity between peni-
cillopepsin and porcine pepsin. Replacing an isopropyl side chain with
a benzyl side chain in this position results in a 10 fold weaker inhib-
jtor which does not exhibit time dependent inhibition (142 vs. 140).
Similar results were obtained with compounds 5 and 54 (Table VII) on
porcine pepsin inhibition. As previously mentioned, this Py position
is the site of 15 non-bonded interactions involving the movable "flap"
of penicillopepsin and the bound inhibitor 56. This was extrapolated
to the porcine pepsin case and interpreted as being part of the inhibi-
tion mechanism associated with slow binding. The speculation can,
therefore, certainly be made in this case that the larger benzyl group
interferes with flap closing thereby lowering potency and eliminating
the slow binding step. The x-ray crystal structure also indicates a
possible steric interaction between groups larger than isopropyl in
this position with leucine 220 and threonine 216. These groups make 1

and 3 non-bonded contacts of <4.0 : with the Py valine of 56,
respectively.sla'b
The Py: position of penicillopepsin appears to differ somewhat

from the Pp: of porcine pepsin. Addition of a bulkier substituent at
this site (139) decreases Kj by about a factor of four or five on peni-

cillopepsin but has little effect or slightly increases the Kj for
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porcine pepsin (compound 42, Table II). Unfortunately, a binding
pocket for the Py: position cannot be clearly discerned from the crys-
tal structure since 56 lacks this position. However a hydrophobic area
between Phe-190, Ile-211 and Phe-295 could engulf a bulky Py: residue,
such as a benzyl group. Removal of the Py: substituent (56) increases
Ki by about 10 fold (compared to 59) and indicates a requirement for a
hydrophobic substituent in this position. This is consistent with the
data for porcine pepsin.

The P3: position of penicillopepsin appears to be of little impor-
tance to binding as compounds 142 and 59 have similar dissociation
constants. This position, therefore, represents a major difference
between penicillopepsin and porcine pepsin. As previously mentioned,
on porcine pepsin the P3: position was non-selective towards various
substituents but was required, whereas on penicillopepsin this position
is not required.

A 3R hydroxyl Sta compound was also tested on penicillopepsin and
found to be much weaker than the 3S compounds. This is consistent with

all previous data, which indicates a strict requirement for a 38

hydroxyl, and with the crystal structures of enzyme-inhibitor complexes ‘%

|
which show the 3S hydroxyl positioned between the two catalytic ;}
aspartates.

In summary, this study along with the x-ray crystal structure of
56 bound to penicillopepsin has helped to define the required binding
sites on penicillopepsin. As opposed to porcine pepsin, which requires
an inhibitor with residues in the P3 —> Pg: positions for tight bind-

ing, penicillopepsin requires a span of residues from Py —> Py (Fig.
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= 19) for tight binding. This indicates that there is a difference in
~ the active sites of these closely related aspartic proteinases and rep-
resents a point of possible selectivity between the two enzymes.

Because of this extrapoiations of the penicillopepsin system to porcine

pepsin must be made with caution.

P3-P2-P1-P1'-Py1-Pg! Porcine pepsin

P4-P3-P2-P1-P71-Pg! Penicillopepsin

Fig. 19: Required binding sites for porcine pepsin and

penicillopepsin.

4. Inhibition of Penicillopepsin by Lysine-Statine and

Ornithine-Statine Analogs

8- Results

The kinetic results in Table XII were obtained by
the methods described in previous sections for penicillopepsin and pep-
sin. All compounds are 3S,4S unless stated otherwise, and all free
amines are assumed to be the acetate salts. Compound 132 was tested as
a 1:1 mixture of 3S:3R diastereomers. The K; obtained for the mixture,
2.3 nm, was divided in half to determine the K;j of the 3S compound.
Table XII clearly shows a major difference between penicillopepsin
and porcine pepsin. Replacement of Sta with LySta free amine to com-
pound 56 results in compound 115a which is a 100 fold better inhibitor
than 56 on penicillopepsin but at least 100 times worse on porcine pep-

sin. Protection of the 8 amino group of LySta (114a, 134), however,

S A
Bl L e b D o e
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TABLE XII. Inhibition of Penicillopepsin by

LySta and OrnSta Analogs

Ki (nm) Kj (nm)
Compound penicill. TDI pepsin  TDI

56) Iva-Val-Val-Sta-OEt 47 = 10 =

NHj
115a) Iva-Val-Val-LySta-OEt 0.4 + >1000 -

HN-Z
114a) Iva-Val-Vallrl.ySta-ozt 100 -

HNAc
134) Iva—Val—an-LySta-OEt 100 A 1900

NHp

115b) Iva-Val-Val-(R,S)LySta-OEt 50 = |
139) Iva-Val-Val-Sta-Phe-OMe 1.3 +

NH3
119) Iva-Val-Val-LySta-Phe-OMe .08 +

BHp

132) Iva-Val-Val—(SR,S,4S)$rn$ta—OEt 1.1* # >1000 -

LySta = 4,8-diamino-3-hydroxy-octanoic acid, compounds are 3S,4S
unless stated otherwise.

OrnSta = 4,7-diamino-3-hydroxy-heptanoic acid.

*K; was determined on a 1:1 mixture of 3R:3S. Number reported is
one-half the number obtained for the mixture.
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~ results in inhibitors that are worse than 115a on penicillopepsin.

~ Extension of the peptide chain of 115a to incorporate a P+ phenylala-
nine (119) results in an even more potent inhibitor of penicillopepsin,
which is about 2 times more effective at inhibition than pepstatin (Kj
pepstatin = .15 nm on penicillopepsin72).

When the side chain of LySta is shortened by one carbon (132),
inhibition is only slightly affected as 132 is about three times worse
than 115a.

Compound 115b indicates the preference for the 3S diastereomer.
The 3R isomer is still a rather potent inhibitor but is still about

100 times weaker than the 3S isomer.

b. Discussion
The study of lysine-statine analogs stemmed from
the results obtained from studies of §§?18’b bound to penicillopepsin
and subsequent substrate modeling studiessl. The modeling studies were
designed to help explain the differences observed between fungal and
mammalian aspartic proteinases.

One major difference between these enzymes is that the fungal
enzymes have the ability to activate trypsinogen, an activation process
which requires specificity for lysine (involves cleavage of Lys-I11
bond). None of the mammalian aspartic proteinases show this type of
specificity as they prefer to cleave between hydrophobic residues.

One of the best substrates for penicillopepsin is Ac-Ala-Ala-Lys-
Phe(NOy)-Ala-Ala-NHy (Fig. 20).88 This substrate, designed and synthe-

sized by Hofmann and Hodges, is cleaved by penicillopepsin between the
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lysine and the para-nitro-phenylalanine bond. The lysine in S; was
chosen to exploit the fact that, like other fungal aspartic protein-
ases, penicillopepsin is lysine specific. Hydrolysis of this bond can
be followed by a decrease in absorbance at 296 nm upon release of the
free amine H-Phe-(NO3)-Ala-Ala-NHjy.

The fact that penicillopepsin shows preference for lysine over
hydrophobic amino acids in the S; position and that the kinetic parame-
ters Kp and Kgat for this substrate show strong pH dependence91 implies
that there may be a specific interaction between the epsilon amine of
lysine and some group on the enzyme. To rationalize this, Hofmann et
al. have proposed an interaction between the lysine epsilon amine and
the carboxyl-carboxylate pair of Glu 16, Asp 115 on the enzy-e.91 This
interaction was proposed to be via a hydrogen bonded water molecule
rather than a close ion pair due to the distance between the groups.
The hypothesis was based on computer modeling studies in which the pen-
icillopepsin substrate was modeled into the enzyme using the binding
coordinates for the bound inhibitor 56. It should be noted that in all

the mammalian aspartic proteinases that have been sequenced, the

TSR = oS

R T
A R R
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Penicillopepsin Substrate

N-Ac-Ala-Ala-Lys=Phe(NOp)-Ala-Ala-NHz

penicillopepsin cleaves here

Km Kcat
0.078 mM 36 sec’

N-Ac-Ala-Ala-Lys-OH + HgN-Ph.(NOz)-AIn-AIﬂ-NHz

AE= —1800M7'em™ at
296 nm

pH 5.5,0.02M NaAcetate buffer , 25°C

T. Hofmann and R.S. Hodges

Fig. 20: Penicillopepsin substrate.

position homologous to Asp-115 in penicillopepsin is replaced by a

hydrophobic amino acid. In fungal aspartic proteinases, this acidic

residue is generally conserved.91

A schematic representation of the enzyme-inhibitor (56) complex is
shown in Fig. 21 in which the bulk of the enzyme residues have been
deleted to show the approximate orientation of the groups in question.
Figure 22 shows a new inhibitor which more closely mimics the substrate
aminobutyl side chain.

If lysine substrates are stabilized by this type of electrostatic

interaction and if inhibitor 56 binds in the same fashion as do

e e e ST e
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HOJL%a

0 0
GLule-a-o-Hme-o*A.p "ns

Fig. 21: Schematic representation of inhibitor 56 bound to the active

site of penicillopepsin.
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0
Ho—l-aspsq

1
)

T ——O
|
- 3

0
i i
6Lujg-C-0-HvT0

Asp|i5

Schematic representation of LySta inhibitor 115a bound to

active site of penicillopepsin. Drawing indicates proposed

interaction with Glu-16 and Asp-115.
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ubstrates, then this new inhibitor with a lysine side chain should be
a better inhibitor than the parent Sta compound 56. One would expect
g&hat it should be better by approximately 2-3 Kcal.94 This study would
therefore help to identify the nature of the specificity that this
enzyme shows, and also represents a good test to show that inhibitor
4 binding is analogous to substrate binding. X-ray analysis of enzyme
 inhibitor complexes can be very useful for determining the mechanism of
action of enzymes. However, in order for mechanistic conclusions to be
valid, it should be demonstrated that the inhibitor is analogous to
substrate. One way to show this is to study inhihitors‘that closely
resemble substrate. These experiments represent such a study.

The kinetic results in Table XII clearly show an enhancement of
binding for LySta analogs. Compound 115a is about 100 times more
potent than 56 for inhibition of penicillopepsin. This is consistent
with about a 2-3 Kcal increase in binding. Compound 119 is about 20
fold better than its parent Sta compound 139 and is also consistent
with this proposal. Compounds ll4a and 134 indicate a requirement for
the free amine.

Table XII also shows that the enhancement of binding is specific
for penicillopepsin. The Kj of 115a is greater than 1 uM on porcine
pepsin whereas the parent Sta compound 56 has a K; of 10 nM. This may
jndicate that the free amine is actually repelled from the active site
of porcine pepsin.

These data are consistent with the proposal that there is a group
on the enzyme that can interact with the free amine of a lysine side

chain. However, a recent x-ray crystal structure of the complex
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 between inhibitor 115a and penicillopepsin has indicated that the

interaction is not with the carboxyl-carboxylate pair Glu-16 and Asp-
115120, but rather with Asp-77 of the mobile "flap." It appears that
the interaction is a close ion pair and that the side chain is not in

an extended conformation. The fact that 115a is a better inhibitor

than 56, however, still supports the idea that bindiné'of 56 is a good
model for substrate binding.

Ornithine analog 132 was prepared to determine the effects of
shortening the side chain which contains the free amine. It was
thought that by so doing the electrostatic interaction seen between the
lysine side chain and the enzyme may be eliminated or reduced drasti-
cally. This, however, was not the case. Analog 132 is only three

times weaker than the LySta analog 115a and is significantly stronger

than the statine analog 56. The slight decrease may be an indication
of increased distance between the amine and the carboxyl groups, how-
ever the results seem to éuggest that the enzyme can make certain con-
formational changes, within limits, if these changes result in a favor-
able stabilizing interaction.

These results are not surprising in light of the new x-ray data
which suggest that the P; side chain is not extended. Therefore,

shorter analogs need not be significantly weaker since the distance

between the inhibitor backbone and Asp-77 of the enzyme is shorter

than the distance between the inhibitor and Asp-115.
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D. Catalytic Mechanism of Aspartic Proteinases

The presence of two catalytically active aspartic acid groups

in the active sites of aspartic proteinases was deduced from pH-depen-

53

dence and alkylation experiments. Subsequent x-ray crystallographic

data on various aspartic proteinases have confirmed these conclu-

sions.38-43 The residues on penicillopepsin have been assigned as Asp-

95

33 and Asp-213. Numerous proposals for a catalytic mechanism for

aspartic proteinases have been proposed as the result of transpeptida-
tion and 180-exchange experiments. These mechanisms usually featured
direct nucleophilic attack by an enzyme carboxylate on a peptide sub-

strate carbonyl to form either an "amino enzyme" carboxamide intermedi-

ate or a mixed carbonic anhydride "acyl enzyme" interlediatese-lo1

(Fig. 23). However, amino-transfer transpeptidation is observable only
for specific substrates, suggesting that proposed mechanisms involving

amino-enzyme intermediates are inconsistent with a general mechanism

102

for peptide bond hydrolysis. Furthermore, 180—exchange studies

during the transpeptidation reactions have discounted a carboxamide

derivative from an enzyme carboxyl group and an amine product as a

03

viable inter-ediate.l The failure to trap an activated enzyme spe-

4 and x-ray data which argue against a cova-

43,45

cies with nucleophileslo
lent mechanism on spacial grounds are further evidence against an
acyl enzyme intermediate. The possibility that a general acid-base
mechanism could be operable, that is, one in which water attacks the
carbonyl of the scissle peptide bond with the active site carboxylates
mediating the appropriate proton transfers, gained acceptance after it

3

was realized5 that the resynthesis of peptide bonds from final




92

1}
C—Asp

HO/
(o R2!
i . H i
0 HI 0
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HO-C—Asp 10 g |
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; Asp

Fig. 23: Two proposed catalytic mechanisms for peptide bond hydrolysis

by aspartic proteinases.
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hydrolysis products was an energetically reasonable process under the

appropriate conditions.lo4

Thus, most of the results of transpeptida-
tion experiments could be rationalized by invoking the microscopic
reversibility of a general acid-base catalyzed forward reaction, which
includes a structure-dependent ordered release of hydrolysis prod-

43,53 103,106,107 are also most

ucts. Results from 180-exchange studies
consistent with a general acid-base mechanism. However, all possibili-
ties consistent with a covalent mechanism have not been rigorously
excluded and more conclusive evidence is required to support the
general acid-base mechanism.

One approach to this problem, which has been pursued in the labo-
ratory of Dr. D. H. Rich, is to study the interactions between pepsin
and ketones whose structures are based on pepstatin. The strategy
involved the design of ketones which could serve as pseudo-substrates,
that is, be subject to the catalytic action of the enzyme but only to
the point of formation of a tetrahedral intermediate, which because of
its stability would not be susceptible to cleavage. Such a stable com-
plex could then be amenable to study by appropriate physical methods.

The statone (4-amino-3-oxo-6-methylheptanoic acid) containing pep-
tide, Iva-Val-Sto-Ala-Iaa 11, was used in initial studies. This pep-
tide was synthesized in the laboratory of Dr. D. H. Rich and found to
be a good inhibitor of pepsin (Kj = 56 nm63). In a study utilizing
13c-NMR spectroscopy, where the C-3 of Sto in compound 11 was labeled
with 13C, this center was shown to be >95% trigonal in aqueous buffer.

However, upon addition of pepsin, the 13¢ signal shifts from 199 ppm to

99 ppm, indicating that the geometry of C-3 is tetrahedral and that the
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added atom is oxygen.64

It was, however, necessary to establish unambiguously that the
transformation from trigonal to tetrahedral geometry was an enzyme cat-
alyzed process as opposéd to one in which the ketone was hydrated in
solution followed by binding to the enzyme (Fig. 24). Thus when sta-
tone analog 11 was incubated with pepsin in 99% H2180 for three hours,
recovered ketone contained less than 10% 180 at C-3 as determined by
mass spectral analysis (see experimental section for details). 1In a
mechanism involving ketone hydration prior to binding, 180 incorpora-
tion in recovered inhibitor should be at least 50%, corresponding to
the expected value for a single cycle of nonstereospecific addition/
non-stereospecific elimination of water to the ketone carbonyl (Fig.
24). The actual results then indicate that addition-elimination is a
highly stereospecific process and thus enzyme catalyzed.

The origin of the oxygen nucleophile that adds to the Sto C-3 car-
bonyl was established by NMR experiments performed by Dr. P. G. Schmidt
whereby the 13C chemical shift for the C-3 of compound 11 was measured
in both Hz0 and 2H20 in the presence of porcine pepsin.108 In 2H20 the
C-3 carbon resonance is shifted upfield 0.36 ppm relative to the carbon
resonance obtained in Hz0. Previous studies have established that car-
bon resonances are shifted upfield by 0.15 ppm per hydroxyl upon chang-
ing the solvent from Hy0 to 2H20 due to the addition of one deuter-

109-111
ium.

Therefore the 0.36 ppm shift is consistent with two
hydroxyl groups attached to C-3 carbon of 11 in the tetrahedral spe-
cies, which is in turn consistent with the general acid-base mechanism

which utilizes water as the nucleophile, rather than aspartate.

e -__A__amﬂ ey
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H—0—C-Asp-215
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]
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Iva-val-3sto-Ala-Taa 22 NH-CHESC-CH)-CO-

| ;

*o-u
! o
— NH-CH-C-CH,C0- Asp-C§o T
D
H0-C-Asp-215
Non-enzymatic exchange |
> 50% /0
-uﬂ-dl:’cgmzco-
1854
Asp-32-COH

2

Enzymatic exchange: 0%

Fig. 24: Two possibilities of ketone hydration. Non-specific hydra-
tion (left) yields at least 50% incorporation of 180. Enzyme

catalyzed hydration results in no incorporation.

A similar experiment in which the 13C NMR of 11 was carried out in 2H,0
and 2Hp180 verified the conclusions of the previous experiment by show-
ing a 0.05 ppm upfield shift in 2Hp180 relative to 2y16g. 1Isotope
effects of 180 on 13C carbon resonances produce chemical shifts typi-

cally in the range of 0.03-0.05 ppm and are expected to be upfield
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relative to 160.111 The upfield shift in the carbon resonance estab-
‘1ishes that the oxygen nucleophile that adds to C-3 of 11 must come
from water (Fig. 25). These labeling studies are, therefore, not con-
sistent with the additioﬁ of an aspartate in the catalytic mechanism of

aspartic proteinases because exchange of 180 into enzyme carboxyl

groups is slow (Fig. 23).103
A
O/C—Aup-zw
!'/
pepsin j
lua-vml'sm-m-lu\;. —~NH-CH — € ~CHz —CO—
o
H™ \H ‘
6L »
Asp-32— §°

I q
s — Asp-215
"4

-0
H
/
i
—rm-cn—"cI ~CHp -CO—
OH !
Asp-32 -COoH 5

Fig. 25: Schematic representation of the addition of water to the C-3

carbonyl of Sto peptide 11, catalyzed by porcine pepsin.
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In order to establish that the addition process observed for 11 in
the active site of pepsin is analogous to that which occurs for sub-
strate, the same experiments were carried out on a ketomethylene dipep-
tide isostere which was 99% enriched in 13C at C-4. These experiments
were necessary to establish that the results observed for Sto peptide
11 were not due to a mechanism different to what occurs in normal sub-
strgtes. Since Sto containing peptides are not isosteric with sub-
strates, the previous conclusions are subject to the valid criticism
that a different mechanism could be involved due to possible different
spacial requirements for interaction with the enzyme. Therefore the
experiments were repeated using isostere 148.

Addition of ketomethylene peptide 148 to a solution of porcine

pepsin in the manner described for the corresponding Sto analoglos.

produced a 112 ppm upfield shift of the C-4 carbonyl 13¢ resonance. 112
Again, experiments were performed in order to confirm that the
addition of the nucleophile is an enzyme catalyzed process, as oppose&
to non-enzymatic hydration followed by binding. Therefore, one equiva-
lent of ketone peptide 148 was incubated with pepsin in 99% Hy180 for
three hours, then isolated and analyzed by mass spectrometry. The
recovered ketone contained less than 12% 180 at C-4, establishing by
the arguments described previously that hydration-dehydration is a
highly stereoselective process and thus enzyme catalyzed. Prolonged
exposure (3 weeks) of 148 to labelled water leads to only 30% incorpor-
ation of labelled oxygen at C-4. Thus, exchange is slow and nonstereo-

specific when 148 is free in solution. The half-life, estimated by

NMR, for ketone hydration by the enzyme is, on the other hand, highly




upper limit of the half-life; kinetic data
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stereoselective and fast (t% < 2 min). This value represents only the

72,73 .stablish that 148

binds to pepsin without a lag transient so that a half-life for forma-

tion of the tetrahedral species is on the order of t%¥ < 20 sec. In

experiments analogous to those performed on the Sto peptide, the C-4

carbon resonance of 148 was shifted upfield by 0.30 ppm, relative to a

sample run in H30, when the spectrum was obtained in 2ﬂ20 (Fig. 26).

Fig. 26:

— (DA 0.28 ppm

13c NMR spectra of ketone 148 bound to porcine pepsin.

A)

B)

2H20 solution of .5 mM pepsin and .5 mM 148.

90% Hy0, 10% 2H,0 for solvent.
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When the spectrum was obtained in 2H2180, the resonance for iso-
topically enriched C-4 in 148 was shifted upfield 0.04 ppm relative to
the chemical shift in 2Hy160 (Fig. 27). Deuterated water was used
because narrower 13C line widths are obtained permitting more accurate
measurements of the 189 jsotope shift. The line widths (~10 Hz) are
consistent with line broadening for an inhibitor bound to a protein of
35,000 molecular weight. As described previouslylos. these upfield
shifts are consistent with the presence of two hydroxyl groups on C-4
of 148. The additional upfield shift in 2H2180 provides direct evi-
dence that the nucleophile is water, since exchange of 180 into the
enzyme carboxyl groups is negligible under the conditions of the
experi-ent.lo3

In summary, these data establish unambiguously that pepsin cata-
lyzes the stereospecific addition of water to a Sto containing peptide
and a ketone isostere of a peptide substrate. In the key experiments,
isotope effects on 13¢ chemical shifts were used to directly observe
the gem-diol tetrahedral intermediate and to exclude the possibility
that the observed tetrahedral adduct might have resulted from the
direct attack of an enzyme carboxylate on the ketone carbonyl. Thus,
given the reasonable assumption that pepsin-catalyzed hydration of a
peptide substrate to a tetrahedral intermediate 9 (Fig. 23) occurs in
a process parallel to the observed pepsin-catalyzed hydration of pseu-
dosubstrate ketone 148 to a gem-diol species, then pepsin catalyzes the
hydrolysis of peptides by a general acid-general base mechanism and not

by a nucleophilic mechanism. In view of this conclusion, it follows

that a slow, structure dependent, ordered release of products more
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Fig. 27: Isotope effect of 180 on 13C NMR spectra of 148 bound to pep-
sin. A) 2Hp160 solution of 148 and pepsin as in Fig. 26.

B) 2Hp180 as solvent.

reasonably accounts for data which earlier had been interpreted as

evidence for covalent intermediates.

E. Mechanism of Pepstatin Inhibition

In the past, pepstatin has been regarded as a transition

state analog based on the tetrahedral geometry of Sta C-3 and its
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similarity to a possible transition state during peptide bond hydroly-

ot s 81a,b pg the pro-

108,112 has

sis. However, kinetic data , recent x-ray data
posed general acid-base mechanism of aspartic proteinases
led to a more detailed explanation of pepstatin's action.
Previous studies have revealed that pepstatin analogs which have
altered chirality at C-3 (3R, compound 149) or analogs that lack a C-3
hydroxyl group (dideoxy compound 150) have dissociation constants
20,000 and 4,000 fold higher than their appropriate (3S,4S8)-Sta ana-
logs, respectively (Table XIII).32’33 The fact that these compounds,
which have a tetrahedral geometry about C-3, are significantly weaker
inhibitors than (3S,4S)-Sta peptide 142 implies a more specific and
important role for the 3S hydroxyl group. The importance of this group
has been reinforced by the x-ray crystal structure of the complex be-
tween pepstatin and R. chinensis aspartic proteinase which shows that
the hydroxyl group is within hydrogen bonding distance of the cataly-
tically essential aspartates.45 A remarkably similar structure has
been observed for the complex of the tripeptide Iva-Val-Val-Sta-OEt

2 as discussed in previous sections. Moreover, recent high reso-

(56)3

lution refinements of these data have revealed that the position of the

3S hydroxyl group of 56 is nearly identical to the site occupied by a

water molecule hydrogen bonded to Asp-33 and Asp-213 in the native

31b, 120

enzyme (Fig. 28A,B). Therefore, inhibitor binding must be

accompanied by displacement of a water molecule (Fig. 29).
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TABLE XIII.
Kj (nm)
Compound porcine pepsin TDI
1) Iva-Val-Val-(3S,4S5)-Sta-Ala-(3S,4S)-Sta-OH .056
142) 1Iva-Val-Val-(3S,4S)-Sta-Ala-laa o3 +
149) 1Iva-Val-Val-(3R,4S)-Sta-Ala-Iaa 2000 -
150) Iva-Val-Val-dSta-Ala-dSta2 210 -
151) Iva—Val—Val—(SR,48)—Me38ta-A1a-Iaab 1.5 +

a4sta = 4(S)-amino-6-methylheptanoic acid

bye3sta = 4-amino-3-hydroxyl-3,6-dimethylheptanoic acid.

The significance of this result becomes apparent when one con-
siders the extent to which the positive entropy change associated with
water displacement will contribute to the strength of inhibitor bind-
ing. Jencks92 has estimated that the return of a bound water molecule
to bulk solvent increases entropy from 10-16 eu to produce 3-5 Kcal of
energy favorable to binding at room temperature. Since the hydrogen
bonds between the enzyme aspartyl groups and the statine 3-8 hydroxyl
may be considered only as replacements for hydrogen bonds between the
bound water and the native enzyme, the net enthalpic change for water
displacement is probably small. The increase in entropy, however,
does result in a significant increase in binding.

Such a process may also be responsible for the slow binding or
time dependent step observed for pepstatin and various analogs. One

could hypothesize that this particular displacement of water is slow




(A)

(B)

103

Stereo view of the active site of penicillopepsin
showing water molecule 039 positioned between Asp-33
and Asp-213.

Stereo view of the active site of penicillopepsin with
bound inhibitor 56. C-3 hydroxyl replaces water

molecule 039.
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because strong hydrogen bonds between the native enzyme and water must
be broken in order for their reformation with the statine hydroxyl.
Furthermore, the water molecule would have to be squeezed past the
bulky inhibitor in order to return to bulk solvent.

This mechanism is reinforced by the fact that when the pro-S
hydrogen in the weak 3R statine inhibitor 149 is replaced by a methyl
group (151), a potent inhibitor is obtained (Table XIII) which exhibits
very slow binding (t%¥ ~2-5 min as compared to t% ~30 sec for pepsta-
t:ln.)113 It should 'be noted that no 3R hydroxyl statine peptide has
ever exhibited tight binding inhibition on any aspartic proteinases
that have been studied. Furthermore, the (3R,4S)—Me3Sta compounds are
potent inhibitors on all the aspartic proteinases that have been stud-

Bea, 113

Such a radical 1000 fold increase in binding may, again, be
due to the increase in entropy by displacing the bound water molecule
in the active site of aspartic proteinases. Such a process would not

be possible for (3R,4S)-Sta since the pro-S proton lacks the bulk to

displace the water molecule. The very slow binding observed for the

Me3sta compounds may be explained as the result of several features. i
One is that the hydrogen bonds broken between the enzyme and the water
molecule are not replaced by other hydrogen bonds due to the presence
of the methyl group, and there may be an unfavorable interaction be-
tween the enzyme carboxyl groups and the pro-S methyl group (the 10-20
fold increase in K;j for 151 vs. 142 may reflect this). Also there may
be more steric interactions near the active site, due to the presence
of both a methyl and a hydroxyl group, which would result in greater

difficulty for water displacement. However, this favorable
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displacement of water to bulk solvent, would override the other
unfavorable interactions mentioned.

Recent data from other groups have reinforced the proposals pre-
sented here. Bartlett ﬁnd Kezer have recently reported the synthesis
and kinetic analysis of phosphinic acid dipeptide analogs on porcine

pepsin.121
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Since the equilibrium Sto == hydrate lies far to the left when free in
solution, the binding energy available to the hydrate is in principle
greater than that represented by the Kj of the kétone. Such a tetra-
hedral phosphorous analog 152 could mimic the tetrahedral hydrate to
take advantage of the additional binding energy. Compound 152 was
found to be a potent inhibitor of porcine pepsin (Kj ~ .07 nM); about
20 times more potent than the parent Sta compound 5. It was also found
to be an extraordinarily slow binding inhibitor (t% ~ 115 min). Based
on the proposals of pepstatin inhibition, compound 152 would displace
water from the active site of pepsin but it would also form an addi-
tional, new hydrogen bond due to the presence of two oxygens. There-
fore 152 would have about 1-2 Kcal stabilization over 5. The numbers
observed are consistent with this. The matter of the extremely slow

binding could again be explained by the steric argument used for Me3sta
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compound 151. The presence of a phosphorous atom and two oxygen atoms
would make the active site region even more crowded than in the Me3Sta
compounds and would result in an even slower displacement of water.
Thus, although pepstatin still may be considered a transition
state analog inhibitor owing to the tetrahedral geometry at C-3 of sta-
tine, pepstatin may also be considered a collected substrate inhibitor
because the statine pro-S hydroxyl group mimics the enzyme-bound sub-
strate water molecule. This is consistent with the observed hydroxy-
ethylene data which seem to point to an enzyme inhibitor complex which
more resembles an ES complex (although tetrahedral) rather than an EP
complex owing to the invariability between various Py analog inhibit-
ors. The dissociation constant for dideoxypepstatin analog 150 is
about 10-100 fold smaller than the Kg for comparable substrates, and
addition of a pro-S hydroxyl group to C-3 (142) contributes an addi-
tional 1000-4000 fold to inhibition binding. It is reasonable to
attribute much of the tighter binding of 150, compared with substrates,
to the tetrahedral geometry of C-3, in accord with transition state
analog theory. To the extent that steric interactions between a proton
on C-3 of the central deoxySta residue and the bound water might inter-
fere with optimum binding of 150, thé contribution of tetrahedral geom-
etry to the binding of inhibitors'which do displace water (and thus do
not encounter steric interactions) could be greater. As a result it is
difficult to assign precisely the degree to which entropic considera-
tions are responsible for the tighter binding of 1 compared to 150,

but, as discussed above, this contribution is likely to be substantial.
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Conclusions

Previous kinetic data has led to a proposed minimum kinetic
mechanism (Scheme 2) for inhibition of porcine pepsin by pepstatin.
This mechanism suggests the fast formation of an EI collision complex
and a fast EI* complex followed by the slow formation of an EI** com-
plex. The crystal structure of 56 bound to penicillopepsin and other
kinetic data presented in this thesis may serve to define the slow pro-
cess of EI** formation as the displacement of a water molecule in the
active site of the enzyme by the 3S hydroxyl group of statine. It has
also been proposed that this final complex mimics an enzyme substrate
complex which is tetrahedral but still resembles a collected substrate
complex. It has also been demonstrated that the hydroxyethylene inhib-
jtors described in this thesis do not correlate with the Ky values or
Kp/Kcat values for known substrates, although the equations of Bartlett
predict a possible correlation. These results may be explained from

the analysis of a minimum mechanism for pepsin hydrolysis (Scheme 3).

B
k1 k3 k5 k7
B+A s BA i EAB o EX —>EQ+ P
k k k
2 4 6
ka
Scheme 3 E +Q

This minimum mechanism, which involves two substrates (A is water, B is
peptide), indicates the formation of an enzyme-collected substrate com-
plex EAB followed by a catalytic step to the tetrahedral intermediate

EX and an ordered release of products P and Q (2 peptide fragments).

i
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Northrop122 has recently analyzed this mechanism and has indicated that
the mechanism can only be broken down into two segments. One segment
involves steps from EAB to EQ + P and the other from EQ to E. 1In light
of this it is not surprising that hydroxyethylene compounds do not cor-
relate with Ky or Kp/Kcat. Because the first segment of this mechanism
involves both binding and catalysis steps, these two processes cannot
be separated and analyzed individually and therefore any correlation
with one parameter and not the other becomes coincidental. It is, on
the other hand, surprising that a correlation was seen in Bartlett's
study. It should be mentioned that the plot of Kj vs. Kp/Kcat in
Bartlett's study showed a correlation coefficient equal to .94, while
the r = .70 for the plot of Kj vs. Ky. However, if only one point from
the latter plot was excluded then r = .89.

These results obtained in this thesis may be further clarified by
examining a hypothetical reaction coordinate based on the mechanism in
Scheme 3 (Fig. 30). In this diagram the AGact (1) is suggested to be
attack of the substrate water molecule on the peptide substrate to form
the tetrahedral intermediate EX. AGaot (2) designates the energy
required for the first irreversible step in the mechanism and would
involve processes neceséary to permit release of prodﬁcts such as
enzyme and/or substrate conformational changes. Two transition states
associated with these steps would occur (ETS and ETS¥).

Now, Fig. 30 describes the hypothetical situation in which all the
energy is available for binding (i.e., th? geometries of the compounds
binding are such that the enzyme need not apply strain to distort bonds

so all available energy can be utilized for binding). It should be

T - C e
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ETS ETS*
AGact

E+A

E+Q
EA ] i
EAB

Fig. 30: Hypothetical reaction coordinate for pepsin catalyzed

hydrolysis of peptide bonds.

B
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mentioned here that Figures 30 and 31 are not suggesting that the
energy levels of the intermediates are known to be as shown, as this is
a purely qualitative analysis of the coordinates. Figure 31 then sug-
gests two different tightly bound transition state analogs ETS and
ETS*. The former may resemble the collected substrate complex while
the latter may be closer to an enzyme-products complex following the

previously suggested conformational changes. Therefore, pepstatin



E+A E+Q

AG Binding

Fig. 31: Hypothetical AG binding coordinate for intermediates in

peptide bond cleavage by pepsin.

as well as hydroxyethylene analogs may mimic an ETS complex (dotted
line, Fig. 31) or something close to it. There are, however, factors
that must be taken into consideration. The energy well for the EI**
complex should theoretically be lower than the ETS complex because of
more favorable binding due to entropic factors not available to the
enzyme substrate reaction (i.e., displacement of bound water). The

inhibitory mechanism of these compounds probably does not parallel
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an enzyme substrate reaction because of these differences. It becomes
very difficult then to say that pepstatin exactly or nearly exactly
mimics an ETS complex. I am, therefore, saying that pepstatin and
hydroxyethylenes may mimic this complex or something close to it. This
is also another reason why a correlation (if any correlation is pos-
sible) as suggested by Bartlett was not seen (the mechanism of inhibi-
tion and catalysis are not necessarily parallel).

The ketomethylenes and Sto compounds, however, probably closely
parallel the substrate reaction up to the formation of ETS* where the
complex becomes "stuck" because of the increased stability of the
carbonyl-carbon bonds of these compounds versus amide bonds in sub-
strates. It would be expected that this complex would be in an energy
well higher than the EI** of pepstatin, since no enzyme bound water
molecule is displaced. It is also being suggested that this complex
which is mimicking ETS* is more to the right of the EI** complex of
pepstatin. The fact that ketomethylenes do show more variation in Kj
than hydroxyethylenes suggests that the activation energy (2) (Fig. 30)
for the formation of products would be different for different sub-
strates. Therefore the inhibitors would lie in ETS* wells of varying
stability (Fig. 31). Better substrates (and lower activation energies
(2)) would mean more weakly bound ETS* complexes. This is consistent
with what was observed. This is also consistent with the observation
that product release steps are sensitive to structural variation in

substrates (segment 2 of Scheme 3).
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In summary, the work presented in this thesis has led to a more
detailed proposal for the inhibition of aspartic proteinases by pepsta-
tin, hydroxyethylene peptides and ketomethylene peptides. Along with
the aid of numerous collaborators, a more detailed account of peptide

hydrolysis has also been proposed.



IV. EXPERIMENTAL SECTION

A. Materials and Methods

Melting points were determined with a Fisher-Johns melting
point apparatus and are uncorrected. Optical rotations were determined
on a Perkin-Elmer Model 241 automatic polarimeter (0.9999 dm cell).
Proton nuclear magnetic resonance spectra were recorded at 90 MHz using
Varian Model EM-390, Jeol Fx-90Q Fourier transform and Bruker HX-90E
Fourier transform spectrometers. Chemical shifts were reported as 9
units (ppm) relative to tetramethylsilane as internal standard.

TLC was performed on 0.25 mm thickness silica gel plates (Merck,
silica gel 60 F-254). For column chromatography, Brinkman silica gel
60, 70-270 mesh was used for gravity columns while medium pressure
liquid chromatography (mplc) grade Merck silica gel, grade 60, 230-400
mesh was used for flash columns (columns run under positive pressure).
TLC solvent systems used were: A) 10% methanol in chloroform (v/v);

B) 5% methanol in chloroform (v/v); C) 3% methanol in chloroform (v/v);
D) 100% ethyl ether; E) 75% ethyl ether in hexane (v/v); F) 66% ethyl
ether in hexane (v/v); G) 60% ethyl ether in hexane (v/v); H) 50% ethyl
ether in hexane (v/v); I) 30% ethyl ether in hexane (v/v); J) 5% ethyl
ether in hexane (v/v); K) 20% ethyl acetate in hexane (v/v); L) 40%
ethyl acetate in hexane (v/v); M) 50% ethyl acetate in hexane (v/v);

N) 66% ethyl acetate in hexane (v/v); 0) 20% ethyl acetate in toluene
(v/v); P) 40% ethyl acetate in methylene chloride (v/v); Q) 80% methyl-
ene chloride in hexane (v/v); R) 4:1:1 n-butanol/acetic acid/water

(v/v/v). Compounds were visualized on the plates by reaction with:
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ninhydrin, chlorox-o-tolidine, 5% phosphomolibdic acid in ethanol,
ultraviolet light and water. All compounds used in kinetic studies
appeared as a single spot on TLC and were analytically pure. Kinetic
constants were measured using synthetic heptapeptide Phe-Gly-His-
Phe(NOp)-Phe-Ala-Phe-OMe for porcine pepsin assays as described8 and
Ac-Ala—Ala—Lys—Phe(NOz)—Ala—Aln-NHa86 for penicillopepsin assays,‘uhich
were carried out at pH 5.5 in .02 M sodium acetate buffer as described
by Hofmann and Hodzea.86 Kinetics were carried out on a Gilford Model

250 spectrophotometer connected to a Gilford 6051 recorder.

B. General Synthetic Procedures
General Procedure A. Removal of the Tert-Butyloxycarbonyl

Group

Boc peptide (1 eq) in a solution of 4 N HCl in dioxane
(10 eq HC1) was stirred at room temperature and the reaction monitored
by TLC. Complete reaction was generally achieved in about 30 minutes. f
Excess reagent was removed under reduced pressure to give a solid resi-
due. The residue nis re-evaporated from ether several times and dried
in vacuo over KOH and P05 for several hours. The resulting hydro-

chlorides were used without further purification.

General Procedure B. Coupling Reactions Using Dicyclohexyl-

carbodiillde/1-deroxxbenzotriazole123

The amino hydrochloride (1.0 mmol) was dissolved in
methylene chloride (5 ml) and neutralized at 0° with N-methylmorpholine

(1.0 mmol). Boc amino acid (1 mmol) and HOBT (1.5 mmol) were added
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followed by a solution of DCC (1 mmol) in methylene chloride (5 ml).
The reaction mixture was allowed to stir at 0° for 2-4 hours and at
room temperature overnight. DCU was filtered, and the filtrate was
evaporated under reduced pressure and elevated temperature. The resi-
due was dissolved in ethyl acetate or ethyl ether, washed successively
with cold 1 N HC1l, saturated NaHCO3, saturated NaCl and dried (MgSOy).
The peptide was purified by silica gel chromatography when necessary

and crystallized from a suitable solvent or solvent mixture.

General Procedure C. Preparation of Symmetrical
Anhydrides!?*

Boc amino acid (2 eq) and DCC (1 eq) in methylene chlor-
ide were stirred at 0° C for 40 min. The reaction mixture was cooled
for 20-30 min on dry ice and filtered to remove DCU. The filtrate was
used immediately without further purification. Carboxylic acid anhy-

drides were prepared in a similar manner but were purified by vacuum

distillation.

General Procedure D. Coupling Reactions and N-Acylation

Reactions via Symmetrical Anhydrides
A solution of peptide hydrochloride (~100 mg/ml DMF or
methylene chloride) was cooled on an ice bath and neutralized with N-
methylmorpholine (1 eq). After addition of the symmetrical anhydride
(2 eq), stirring was continued at 0° for 2-4 hours and at room tempera-
ture overnight. The solvent was removed under reduced pressure and

elevated temperature. The residue was dissolved in ethyl acetate,
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washed with cold 1 N HCl, saturated NaHCOg, saturated NaCl and dried
(MgS04). The peptide was purified by silica gel chromatography when
necessary and crystallized.

General Procedure E. Coupling Reactions Using EED9125

To a chilled solution of Boc amino acid (1 eq) and free
amine (1 eq), N-ethoxycarbonyl—z—ethoxy—l.2—d1hydro—quinoline (1 eq,
97% EEDQ) was added. The reaction was stirred at 0° C for 2-4 hours
and at room temperature overnight. The reaction was worked up as

described in procedure B.

General Procedure F. Saponification of Peptide Esters

Peptide ester (1 mmol) was dissolved in methanol (~9
ml). To this 1 N NaOH (1.1 mmol) was added and the reaction was moni-
tored by TLC. When reaction was complete the methanol was removed in
vacuo and Hp0 was added to the mixture. This solution was washed with
ether twice and the aqueous layer was acidified to pH 2-3 with 1 N
citric acid. The aqueous layer was extracted with ethyl acetate. The

organic layer was dried (MgS04) and evaporated to yield product.

General Procedure G. Preparation of Pentatluoroghengl Active

Esters via DCC-Pentafluorophenol "Complex" Method69

Boc amino acid (1 eq) was dissolved in EtOAc (50 mg/ml)
and chilled to 0° . DCC-pFp "complex" (1 eq) was added and the mixture
was stirred and followed by TLC. After ~1/2 hour the reaction mixture

was chilled on dry ice for 20 min then filtered. The organic layer
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was worked up as in General Procedure B.

General Procedure H. Removal of Benzyloxycarbonyl Group

via Catalytic Hydrogenation
N-Cbz protected compound was dissolved in a minimum
amount of dry DMF which contains about 1 drop of acetic acid/ml of sol-
vent. To this solution was added 10% Palladium on carbon and the mix-
ture was shaken on a Parr hydrogenation apparatus at 20-30 psi for 3-4
hrs. After this time the mixture was filtered over celite and washed
with DMF. The filtrate was then concentrated in vacuo. Pure product

was precipitated using ethyl ether and collected by filtration.

c. Specific Procedures
N—gtert—Butxloxgcarbonxl)-4(S)-alino—sgS[—hxdroxxl-s--ethxl—

heptanoyl-L-alanyl-L-phenylalanine Methyl Ester (15). The title com-

126 ( 545

pound was prepared by general procedure B from HC1l'Ala-Phe-OMe
mmoles) and (3S,4S)-Boc-Sta-OH (.36 mmoles). Silica gel chromatography
(3% MeOH/CHCl3) followed by crystallization yielded pure product in
about 81% yield: mp 130-131°C (EtOAc/hexane); TLC R¢ (A) 0.59; [0'-];‘;4
-36° (c = .675, MeOH); NMR (CDClg) § .95 (d, J = 6 Hz, 6H), 1.25-1.80
(m, 15H, includes singlet 1.41), 2.32 (m, 2H), 3.10 (d, J =A6.5 Hz,
2H), 3.70 (s, 3H), 3.80-4.10 (m, 2H), 4.10-4.95 (m, 4H), 6.30-6.80 (m,
2H), 7.0-7.40 (m, SH). Anal. calcd. for CpgHqN307: C, 61.52; H,
8.14; N, 8.28. Found: C, 61.82; H, 8.25; N, 8.22.

N-(tert-Butyloxycarbonyl)-L-valyl-4S—-amino-3(S)-hydroxyl-6-

methylheptanoyl-L-alanyl-L-phenylalanine Methyl Ester (16). The title
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compound was prepared by general procedure D from HC1-(S,S)Sta-Ala-Phe-
OMe126 (.2 mmoles) and Boc-L-valine anhydride (.4 mmoles) using methyl-
ene chloride as solvent. Chromatography (5% MeOH/CHClg) followed by
crystallization yielded pure product in about 80% yield: mp 176-177°C
(EtOAc/hexane) ; TLC Re (B) .52; [0]13% -50° (c = .125, MeOH); NMR (CDCl3)
§ .67-1.11 (m, 12H), 1.2-1.5 (m, 14H), 1.56-2.67 (m, 4H), 3.08 (d, J =
6.7 Hz, 2H), 3.22-4.22 (m, 6H, includes singlet S 3.64), 4.35 (t, J =
6.7 Hz, 1H), 4.67-5.39 (m, 3H), 6.47 (d, J = 8 Hz, 1H), 6.90-7.78 (m,
7H). Anal. calcd. for C3jHsoN4O0g: C, 61.36; H, 8.31; N, 9.23. Found:

C, 61.09; H, 8.37; N, 9.00.

N-Isovaleryl-L-valyl-4(S)-amino-3(S)-hydroxyl-6-methylheptan-—

oyl-L-alanyl-L-phenylalanine Methyl Ester (17). The title compound was
prepared by general procedure D using HCl'Val—(s,S)Sta-Alu-Phe—OHe126
(.3 mmoles), isovaleric anhydride (.6 mmoles) and DMF as solvent.
Crystallization gave product in aﬁout 75% yield: mp 224-227°C (MeOH:
ethyl ether); TLC Ry (A) .34; [a]2® -52° (c = .062, MeOH); NMR (metha-
nol-dg) § .67-1.11 (m, 18H), 1.15-1.78 (m, 8H, includes doublet J &9
Hz), 1.9-2.44 (m, 6H, includes doublet J = 7 Hz), 2.89-3.2 (m, 2H),
3.67 (s, 3H), 3.78-4.89 (m, 3H), 7.1-7.3 (m, 5H). Anal. calcd. for
C31H50N4O7: C, 62.98; H, 8.53; N, 9.53. Found: C, 62.73; H, 8.66;

N, 9.61.

N—(tert—Butxlogycarbonxl)-4(S)-alino—agS)-hxdroxxl—a--ethxl-

heptanoyl-L-alanyl-L-leucine Methyl Ester (18). The title compound was

26

prepared by general procedure B from HCl-Ala—Leu—OMe1 and

|
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(3S,4S)Boc-Sta-OH. The product was chromatographed (3% MeOH/CHClg)
and recovered as an amorphous solid in about 90% yield: TLC Rg¢ (B)
.28; [@12% ~31° (c = .64, MeOH); NMR (CDClg) § .95-1.15 (m, 12H), 1.45-
1.95 (m, 18H), 2.47 (m, 2H), 3.82 (s, 3H), 4.0-4.15 (m, 2H), 4.40-4.90
(m, 4H), 6.60-6.82 (m, 2H). Anal. calcd. for Cp3HggN3O7: C, 58.33; H,

9.15; N, 8.87. Found: C, 58.07; H, 9.24; N, 8.62.

N—!tert—Butxloxxcarbonxl)—L—valxl—AgS)—alino—agsl—hzdrogxl—e—
lethglheptanoxl—L—alanxl-L—leuc1ne Methyl Ester (19). The title com-
pound was prepared by general procedure D from HC1l'(S,S)Sta-Ala-Leu-
Oue126 (.32 mmoles) and Boc-L-valine anhydride (.64 mmoles) using meth-
ylene chloride as solvent. Chromatography (3% MeOH/CHClg) yielded pure
product as an amorphous solid in about 85% yield: TLC Rg (A) .53;
[a]§4 -64° (c = .18; MeOH); NMR (CDClg) & .8-1.1 (m, 18H), 1.4-1.8 (m,
17H), 1.85-2.2 (m, 2H), 2.4-2.6 (m, 2H), 3.4 (m, 1H), 3.6-3.8 (m, 4H),
4.1 (m, 1H), 4.5 (m, 1H), 4.7 (m, 1H), 5.0 (d, J = 7.2 Hz, 1H), 5.2 (d,
J =7 Hz, 1H), 6.6 (d, J = 10.8 Hz, 1H), 7.4 (m, 1H), 7.75 (m, 1H).
Anal. calcd. for CogHsaNgOg: C, 58.72; H, 9.15; N, 9.78. Found: C,

58.59; H, 9.10; N, 9.73.

oyl-L-alanyl-L-leucine Methyl Ester (20). The title compound was pre-

pared by general procedure D from Hcl'Val—(s.S)Sta—Ala—Leu-—OMe126 (.28
mmoles) and isovaleric anhydride (.5 mmoles) using DMF as solvent.
Precipitation from ethyl ether gave product in about 80% yield: mp

204-207°C; TLC Rg (A) .45; [a]g4 -72° (¢ = .1, MeOH); NMR (CDClg) Oit 8=

e iy
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1.2 (m, 24H), 1.33-1.83 (m, 8H, includes doublet J = 7 Hz), 1.89-2.22

(m, 7H), 2.44-2.76 (m, 1H), 3.38 (m, 1H), 3.73 (s, 3H), 8.78-4.22 (m,
2H), 4.33-4.89 (m, 2H), 6.02 (d, J = 8 Hz, 1H), 6.78 (d, J = 8 Hz, 1H),

7.44 (d, J = 8 Hz, 1H), 7.82 (d, J

8 Hz, 1H). Anal. calcd. for
CogHsoNgO7: C, 60.36; H, 9.41; N, 10.10. Found: C, 60.14; H, 9.51;

N, 9.91.

N—gtert—Butxloxgcarbonyl)—4!sl-anino—3§S)-hxdroxxl-e—nethxl—

heptanoyl-L-alanyl-glycine Methyl Ester (21). The compound was pre-

126 (.2 mmoles) and

pared by general procedure B from HC1'Ala-Gly-OMe
(S,S)Boc-Sta-OH (.2 mmoles). Chromatography (5% MeOH/CHClg) followed
by crystallization gave product as an amorphous solid in about 60%
yield: mp 116-118°C (EtOAc/hexane); TLC Rg¢ (B) .15; [0«];4 -29° (c =
.17, MeOH), NMR (CDClg) § .79-1.10 (m, 6H); 1.25-1.75 (m, 15H), 2.40
(m, 2H), 3.55-3.75 (m, 4H, includes singlet 6 3.68), 3.80-4.20 (m, 4H),
4.52 (m, 1H), 4.90 (m, 1H), 6.90-7.40 (m, 2H). Anal. calcd. for
CyoHasNgO7: C, 54.65; H, 8.45; N, 10.06. Found: C, 54.83; H, 8.46;

N, 9.89.

N-gtert-Butxloxxcarbonyl)-L—valxl-dgs)—anino—sgS)-hxdrogxl-

6-methylheptanoyl-L-alanyl-glycine Methyl Ester (22). The title com-
pound was prepared by general procedure D from HCl'(S,S)Sta-Ala-Gly-
Olle126 (.10 mmoles) and Boc-valine anhydride (.2 mmoles) using methyl-
ene chloride as solvent. Chromatography (7% MeOH/CHClz) followed by
crystallization gave product in about 60% yield: mp 155-158°C (EtOAc/

hexane); TLC Rp (A) .31; [a12% -40° (c = .83, MeOH); NMR (CDClg) § .75-
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1.15 (m, 12H), 1.25-1.70 (m, 15H), 1.80-2.60 (m, 3H), 3.31-3.85 (m,
4H), includes singlet & 3.79), 3.90-4.20 (m, 3H), 4.55 (m, 1), 2.81~
5.16 (m, 2H), 7.0-7.70 (m, 3H). Anal. calcd. for Cp4HgqNq0g: C,

55.80; H, 8.59; N, 10.85. Found: C, 55.64; H, 8.54; N, 10.75.

N—Isovaler¥1—41S)-alino-sgS)—hxdroxxl—6--ethxlhegtanoxl-L-
alanyl-glycine Methyl Ester (23). The title compound was prepared by
general procedure D from Hcl'Val—(s,s)sta—Ala—Gly—OHe126 (.06 mmoles)
and isovaleryl anhydride (.12 mmoles) using DMF as solvent. Precipita-
tion from ethyl ether gave product in about 66% yield: mp 211-213°C
(ethyl ether); TLC Re (A) .20; [a]3* -50° (c = .05, MeOH); NMR (CDClg)
§ .78-1.11 (m, 18H), 1.33-1.55 (m, TH), 1.89-2.67 (m, 5H), 3.33-3.72
(m, 4H, includes singlet § 3.71), 3.89-4.22 (m, 4H), 4.44 (m, 1H), 4.89
(m, 1H), 5.78 (d, J = 8 Hz, 1H), 6.89 (m, 1H), 7.33-7.78 (m, 2H).

Anal. calcd. for CpgHa4N407: C, 57.58; H, 8.86; N, 11.19. Found: C,

57.30; H, 8.93; N, 11.01.

N—gtert-Butxloxycarbonxl)-L-leucxl Isoamylamide (39). The
title compound was prepared by general procedure E from isoamylamine (2
mmoles) and Boc-leucine (2 mmoles). Crystallization gave product as an
amorphous solid in about 87% yield. mp 89-90°C (hexane); TLC Rg (B)
.62; [0.][2)4 -25° (c = .80, MeOH); NMR (cnclg) § .75-1.10 (m, 12H), 1.2-
1.8 (m, 15H, includes singlet § 1.42), 3.2 (q, J = 6 Hz, 2H), 4.1 (m,
1H), 5.3 (m, 1H), 6.6 (m, 1H). Anal. calcd. for Cq1gHgaN203: C, 63.97;

H, 10.74; N, 9.32. Found: C, 63.86; H, 10.62; N, 9.08.

|
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N—gtert-Butxloxxcarbonxl)—4(S)—amino—a(s)-hydtoxyl—s—methyl—

heptanoyl-L-leucyl Isoamylamide (40). The title compound was prepared

by general procedure B from HCl-Leu—Iaa126 (.54 mmoles) and (3S,4S)Boc-

Sta-OH (.36 mmoles). Chromatography (5% MeOH/CHCl3) gave pure compound

24
D

MeOH), NMR (CDClg) § .70-1.10 (m, 18H), 1.20-1.80 (m, 18H), includes

as a clear oil in about 78% yield: TLC Re (B) .36; [0] " -39° (c = .2,
singlet at § 1.42), 2.35 (m, 2H), 3.2 (q, J % ¢ Hz, 2H), 3.55 (m, 1H),
3.80-4.10 (m, 2H), 4.39 (m, 1H), 4.80 (m, 1H), 6.40-6.80 (m, 2H).

Anal. calcd. for CgqHg7N30s: C, 62.99; H, 10.35; N, 9.18. Found: C,

62.77, H, 10.39; N, 9.04.

N-!tert—Butxloxycarbonxl[-L—valxl—4(§)—amino—agsl-hydroxyl—e—

methylheptanoyl-L-leucyl Isoamylamide (41). The title compound was

126 (.3

prepared by general procedure D from HC1-(S,S)Sta-Leu-laa
mmoles) and Boc-valine anhydride (.6 mmoles) using methylene chloride
as solvent. Chromatography (5% MeOH/CHClg) gave product as an amor-
phous solid in about 65% yield: TLC Re (B) .19; [a]g4 -40° (c = .17,
MeOH); NMR (CDClg) § .75-1.10 (m, 24H), 1.20-1.80 (m, 19H), 2.36 (m,

2H), 3.20 (q, J = 6 Hz, 2H), 8.5-4.5 (m, 5H), 4.9 (m, 1H), 6.30-6.80
(m, 2H), 7.85 (m, 1H). Anal. calcd. for CpgHgeN40g: C, 62.56; H,

10.14; N, 10.06. Found: C, 62.56; H, 10.24; N, 9.94.

N—Isovalervl—L—va1v1—4(S)-anino-s(S)—hydroxyl-G—nethvlheg—

tanoyl-L-leucyl Isoamylamide (42). The title compound was prepared
by general procedure D from HCl-Val—(S,S)Sta—Leu—Iaa126 (.05 mmoles)

and isovaleric anhydride (.1 mmole) using DMF as solvent.
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Precipitation yielded product in about 82% yield: mp 188-200°C (ethyl
ether); TLC Rg (A) .51; [0.]12)4 -50° (c = .117, MeOH); NMR (CDCls).67—1.11
(m, 30H), 1.22-1.89 (m, 11H), 1.90-2.22 (m, 4H), 3.00-3.44 (m, 3H),
3.76-4.44 (m, 3H), 5.07 (d, J = 8 Hz, 1H), 6.00-6.22 (m, 2H), 7.78-8.0
(m, 2H). Anal. calcd. for CpgHsgNgO5: C, 64.41; H, 10.44; N, 10.36.

Found: C, 64.11; H, 10.24; N, 10.31.

N-(tert-Butyloxycarbonyl)-glycyl Isoamylamide (43). The
title compound was prepared by general procedure E from isoamylamine
(2 mmoles) and Boc-Gly-OH (2 mmoles). Product was obtained as a clear
0il in about 90% yield: TLC Rg (B) .51; NMR (CDCl3)5.81 (d, J = 6 Hz,
6H), 1.1-1.7 (m, 13H, includes singlet § 1.41), 3.20 (q, J £ 6 ﬁz, 2H),
3.70 (d, J = 6 Hz, 2H), 5.45 (m, 1H), 6.45 (m, 1H). Anal. calcd. for
CyoHp4N203: C, 58.99; H, 9.90; N, 11.47. Found: C, 58.79; H, 9.71;

N, 11.64.

N—(tert—Butxloxxgarbonxl)—4{s)-a-lno—agS)-hxdrogxl-s—-ethxl—
heptanoyl-glycyl Isoamylamide (44). The title compound was prepared by
general procedure B from HCl'Gly—Iaa126 (.94 mmoles) and (S,S)Boc-Sta-
OH (.73 mmoles). Chromatography (5% MeOH/CHClg) followed by crystalli-
zation gave product in about 88% yield: mp 127-129°C (EtOAc/hexane);
TLC Re (B) .18; [a]§4 -37° (c = .43, MeOH); NMR (CDClg) S .70-.95 (m,
12H), 1.2-1.6 (m, 15H, includes singlet at & 1.4), 2.4 (d, J = 7.5 Hz,
2H), 3.2 (g, J = 6 Hz, 2H), 3.4-4.2 (m, 5H), 4.85 (m, 1H), 6.55 (m,
1H), 7.0 (m, 1H). Anal. calcd. for CpqHggN305: C, 59.83; H, 9.79; N,

10.47. Found: C, 59.63; H, 9.87; N, 10.26.
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N-(tert-Butyloxycarbonyl)-L-valyl-4(S)-amino-3(S)-hydroxyl-6-

methylheptanoyl-glycyl Isoamylamide (45). The title compound was pre-
126

pared by general procedure D from HC1l-(S,S)Sta-Gly-Iaa (.3 mmoles)

and Boc-valine anhydride (.6 mmoles) using methylene chloride as sol-

vent. Chromatography (5% MeOH/CHClz) followed by crystallization gave
product in about 75% yield: mp 131-132°C (EtOAc/pet. ether). TLC Ry

(B) .12; [013% —49° (c = .165, MeOH); NMR (CDClg) § .95-1.15 (m, 18H),
1.30-1.60 (m, 16H, includes singlet at § 1.4), 2.42 (m, 2H), 3.25 (q,

J £ 7 Hz, 2H), 3.50-4.30 (m, 5H), 4.45 (m, 1H), 5.02 (m, 1H), 6.45 (m,
1H), 7.15-7.4 (m, 2H). Anal. calcd. for CysHggNgOg: C, 59.98; H,

9.67; N, 11.19. Found: C, 59.87; H, 9.64; N, 11.03.

N-Isovalerxl—L—valyl—4(Sl—alino—a(S)—hxdroxxl-s—nethylheg—
tanoyl-glycyl Iscamylamide (46). The title compound was prepared by

12¢ (.08 mmoles) and

general procedure D from HC1:Val-(S,S)Sta-Gly-Iaa
isovaleric anhydride (.16 mmoles) using DMF as solvent. Crystalliza-

tion gave product in about 40% yield: mp 204-205°C (ethyl ether); TLC

T

-

Re (A) .30; [@]12% -60° (c = .143, MeOH); NMR (CDClg) & .79-1.11 (m,

T

24H), 1.20-1.78 (m, 8H), 1.89-2.55 (m, 4H), 8.27 (q, J = 6 Hz, 2H),
3.44-4.22 (m, 5H), 4.67 (d, J 7 Hz, 1H), 5.83 (m, 2H), 7.5 (m, 2H).
Anal. calcd. for CpsHggNgOs: C, 61.96; H, 9.98; N, 11.56. Found:

C, 61.60; H, 9.97; N, 11.31.

N—(tert—Butyloxycarhonvl)-glycy1—4(S)—amino—a(sl—hydroxyl—s-

methylheptanoyl-L-alanyl Isoamylamide (47). The title compound was

prepared by general procedure B from HCl-(S,S)Sta-Ala-Iaa (.24 mmoles)
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and Boc-Gly-OH (.24 mmoles). Chromatography (5% MeOH/CHCl3) gave prod-
uct as an amorphous solid in about 52% yield: TLC R¢ (A) .16; [a][z)4
-22° (c = .19, MeOH); NMR (CDClg) § .78-1.00 (m, 12H), 1.11-1.67 (m,
18H), 2.44 (d, J = 7.5 Hz, 2H), 3.42 (m, 2H), 3.55-3.89 (m, 3H), 4.00-
4.55 (m, 2H), 4.89-5.55 (m, 2H), 6.0-6.44 (m, 2H), 6.89 (m, 1H). Anal.
calcd. for CpgHgaNgOg: C, 57.84; H, 9.08; N, 11.73. Found: C, 57.79;

H, 9.20; N, 11.61.

N-Isovaleryl-glycyl-4(S)-amino-3(S)-hydroxyl-6-methylhepta-

noyl-L-alanyl Isoamylamide (48). The title compound was prepared by
126

general procedure D from HCl-Gly-(S,S)Sta-Ala-Iaa (.06 mmoles) and
isovaleric anhydride (.12 mmoles) using DMF as sclvent. Precipitation
gave product in about 70% yield: mp 91-92°C (ethyl ether); TLC Re (A)
145 [0]2* -25° (c = .10, MeOH); NMR (CDCl3)8.78-1.11 (m, 18H), 1.22-
1.78 (m, 10H, includes doublet § 1.38), 2.00-2.55 (m, 4H), 8.27 (q,

J = 7 Hz, 2H), 3.67-4.22 (m, 4H), 4.25-4.55 (m, 2H), 6.33-6.67 (m, 2H),
7.067.33 (m, 2H). Anal. calcd. for CpgHygN405°-Hp0: C, 58.20; H, 9.35;

N, 11.80. Found: C, 57.90; H, 9.52; N, 11.48.

N-(tert—Butxloxxcarbonxl!-L—alanxl—4§S)—anino—sgs)—hydroxxl—
6-methylheptanoyl-L-alanyl Isoamylamide (49). The title compound was

prepared by general procedure D from HCl-(S,S)Sta-Ala-Iaa (.21 mmoles)
and Boc-alanine anhydride (.42 mmoles) using methylene chloride as sol-
vent. Chromatography (5% MeOH/CHClg) and crystallization gave product
as an amorphous solid in about 84% yield: mp 75-80°C (EtOAc/hexane);

TLC Re (B) .18; [a]g4 _43° (c = .142, MeOH); NMR (CDClg) § .78-1.11 (m,
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12H), 1.22-1.78 (m, 21H), 2.0-2.67 (m, 2H), 3.11-3.56 (m, 3H), 3.89-
4.44 (m, 3H), 4.67 (d, J = 8 Hz, 1H), 4.98 (d, J = 6 Hz, 1H), 6.22 (m,
1H), 7.33-7.55 (m, 2H). Anal. calcd. for Cy4HagNs0g: C, 59.36; H,

9.53; N, 11.54. Found: C, 59.36; H, 9.82; N, 11.37.

N-Isovalerxl-L—alanxl—4!S)—anino—sgS)—hydrogxl-s—nethxlhep—

tanoyl-L-alanyl Isoamylamide (50). The title compound was prepared by

general procedure D from HCl-Ala—(S.s)Sta—Ala-Iaa126

(.07 mmoles) and
isovaleric anhydride (.14 mmoles) using DMF as solvent. Precipitation
gave product in about 70% yield: mp 157-158°C (ethyl ether); TLC R¢ (A)
.26; [U-]g4 -57° (¢ = .137, MeOH); NMR (CDClg) § .89-1.11 (m, 18H), 1.33-"
1.78 (m, 13H, includes two doublets § 1.42 and § 1.38), 2.00-2.67 (m,
4H), 3.11-3.56 (m, 3H, includes quartet § 3.27), 3.78-4.44 (m, 3H),

4.85 (d, J = 8 Hz, 1H), 5.89-6.28 (m, 2H), 7.55-7.89 (m, 2H). Anal.
calcd. for CpgHggNgOs: C, 61.25; H, 9.85; N, 11.90. Found: C, 61.33;

H, 9.89; N, 11.67.

N—(tert-Butvloxycarbonyl)-L—leucy1-4(S)—alino-a(s)-hydroxvl-

6-methylheptanoyl-L-alanyl Isoamylamide (51). The title compound was

prepared by general procedure D from HC1-(S,S)Sta-Ala-Iaa (.21 mmoles)

and Boc-leucine anhydride (.42 mmoles) using methylene chlorldg as sol-
vent. Chromatography (5% MeOH/CHClz) followed by crytallization gave
product in about 93% yield: mp 88-92°C (ethyl ether/pet. ether); TLC Rg
(B) .15; [a12% -41° (c - .53, MeOH); NMR (CDClg) & .75-1.15 (m, 18H),
1.2-1.83 (m, 21H), 2.0-2.55 (m, 2H), 2.95-3.70 (m, 3H), 3.75-4.55 (m,

3H), 4.85 (m, 1H), 5.10 (m, 1H), 6.65 (m, 1H), 7.35-7.75 (m, 2H).
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Anal. calcd. for CaqHgaNg0g'% Hp0: C, 60.41; H. 9.94; N, 10.42. Found:

C, 60.75; H, 9.59; N, 10.42.

tanoyl-L-alanyl Isoamylamide (52). The title compound was prepared by
general procedure D from HCl-Leu—(S,s)sta—Ala—Iaa126 (.075 mmoles) and
isovaleric anhydride (.15 mmoles) using DMF as solvent. Precipitation
gave product in about 77% yield: mp 149-150°C (ethyl ether); TLC Rg (A)
.35; [u.]lz)4 -51° (c = .14, MeOH); NMR (CDClg) § .78-1.11 (m, 24H), 1.22-
1.78 (m, 13H, includes doublet § 1.38), 2.0-2.67 (m, 4H), 3.22 (q, J =
7 Hz, 2H), 3.78-4.44 (m, 4H), 4.89 (d, J = 8 Hz, 1H), 5.89-6.11 (m,

2H), 7.78-8.11 (m, 2H). Anal. calcd. for Cp7Hs2N405: C, 62.52; H,

10.10; N, 10.80. Found: C, 62.43; H, 10.07; N, 10.63.

N—gtert—Butxloxxcarbongl)-L-ghenxlalanyl-4gs)—alino—agsl—
hydroxyl-6-methylheptanoyl-L-alanyl Isoamylamide (53). The title com-
pound was prepared by general procedure D from HCL-(S,S)Sta-Ala-Iaa
(.21 mmoles) and Boc-phenylalanine anhydride (.42 mmoles) using methyl-
ene chloride as solvent. Chromatography (5% MeOH/CHCl3) followed by
crystallization gave product in about 50% yield: mp 164-166°C (EtOAc/
hexane); TLC Ry (B) .41; [0]2* -26° (c = .19, MeOH); NMR (CDClg) S .67-
1.00 (m, 12H), 1.11-1.55 (m, 18H, includes singlet & 1.41), 1.78-2.55
(m, 2H), 3.02 (d, J = 7 Hz, 2H), 3.24 (q, J = 7 Hz, 2H), 3.78-4.44 (m,
5H), 5.0 (d, J = 6 Hz, 1H), 6.00-6.33 (m, 2H), 6.89-7.33 (m, 6H).

Anal. calcd. for CggHsoN4Og: C, 64.15; H, 8.79; N, 9.97. Found: C,

64.05; H, 8.83; N, 9.88.
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N-Isovalerxl-L—ghenxlalanxl-4(S)-anino-s(S)—hydrole—G—

-ethylhegtanoyl-L-alanxl Isoamylamide (54). The title compound was

' prepared by general procedure D from HCl-Phe—(s,S)Sta—Ala—Iaa126

(.07
mmoles) and isovaleric anhydride (.14 mmoles) using DMF as solvent.
Precipitation gave product in about 86% yield: mp 205-206°C (ethyl
ether); TLC Re (A) .42; [alg4 -31° (c = .08, MeOH); NMR (CDClz) S .67-
1.11 (m, 18H), 1.22-1.78 (m, 10H), 1.89-2.27 (m, 4H), 2.89-3.33 (m,
4H), 3.44-4.00 (m, 2H), 4.22-4.83 (m, 3H), 6.44 (m, 1H), 6.71 (m, 1H),
6.89-7.44 (m, 6H), 7.71 (m, 1H). Anal. calcd. for CgolsoN405: C,

66.03; H, 9.05; N, 10.27. Found: C, 66.27; H, 9.39; N, 10.08.

N—gtert—nutxlogxcarbonyl)—L-va111—4(s)—anino—31S)—hxdroxxl-e—
methylheptanoic Acid Ethyl Ester (31). The title compound was prepared

by general procedure D from HCl-(S,s)-sta-OEt126

(1 mmole) and Boc-
valine anhydride (2 mmoles) using methylene chloride as solvent. Crys-
tallization yielded product in about 70% yield: mp 121-121.5°C (EtOAc/
hexane); TLC R¢ (A) .65; [a]3" -53° (c = .1, MeOH); NMR (CDClg) & .75-

1.10 (m, 12H), 1.15-1.90 (m, 15H, includes triplet § 1.25, J = 7 Hz),

2.10 (m, 1H), 2.44 (d, J z ¢ Hz, 2H), 3.51 (m, 1H), 3.70-4.30 (m, 5H,
includes quartet & 4.15, J = 7 Hz), 5.2 (m, 1H), 6.2 (m, 1H). Anal.
caled. for CpgHagNaOg: C, 59.67; H, 9.52; N, 6.96. Found: C, 59.61;

H, 9.60; N, 6.93.

N—Isovalervl—L—valy1—4(S)—alino—a(s)—hydroxyl-e-methxlhepta—

noic Acid Ethyl Ester (32). The title compound was prepared by general

126

procedure D from HC1-Val-(S,S)Sta-OEt (.25 mmoles) and isovaleric

|

.
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anhydride (.5 mmoles) using DMF as solvent. Crystallization gave prod-
uct in about 90% yield: mp 181-182°C (EtOAc/hexane); TLC Rg (A) .50;
[0134 -58° (c = .063, MeOH); NMR (CDClg3) § .75-1.11 (m, 18H), 1.15-1.75
(m, 8H, includes triplet § 1.25), 2.15 (m, 2H), 2.44 (d, J = 7 Hz, 2H),
3.65 (m, 1H), 3.85-4.35 (m, 5H, includes quartet 8 :4.07), 6.18 (4, J =
9 Hz, 1H), 6.47 (d, J = 9 Hz, 1H). Anal. calcd. for CyoHagN205: C,

62.15; H, 9.91; N, 7.25. Found: C, 61.95; H, 10.16; N, 7.35.

N—Isovalergl-L—va111—4§S]-anino-3§S[-hydroxxl—s--ethxlhepta—
noic Acid (33). The title compound was prepared by general procedure F
from Iva-Val-(S,S)Sta-OEt (.16 mmoles) in about 95% yield. The com-

pound was used in the next step without further purification.

N—Isovalergl-L—vale—4(S[—anino-sgs)-hydroxxl-s—lethglhegta-
noyl-L-alanine Methyl Ester (84). The title compound was prepared by
general procedure B from Iva-Val-(S,S)Sta-OH (.308 mmoles) and HCl-Ala-
OMe (.46 mmoles). Chromatography (3% MeOH/CHClg) followed by crystal-
lization gave product in about 60% yield: mp 187-188°C (ethyl ether);
TLC R (B) .37; [0]2* -84® (c = .11, MeOH); NMR (CDCl3) & .67-1.11 (m,
18H), 1.15-1.67 (m, 8H, includes doublet & 1.42), 1.78-2.55 (m, 4H),
3.42 (m, 1H), 8.73 (s, 3H), 3.78-4.11 (m, 2H, includes quarte; § 3.91),
4.57 (t, J = 8 Hz, 1H), 4.89 (d, J = 8 Hz, 1H), 5.84 (d, J = 7 Hz, 1H),
7.29 (m, 1H), 7.6 (d, J £ 8 Hz, 1H). Anal. calcd. for Cy3H41N30g: C,

59.57:; H, 9.32; N, 9.47. Found: C, 59.40; H, 9.54; N, 9.21.
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N—(tert—Butyloxxcarbonxl)—L—valgl—L—valy1-4§S[-anino—agsl—
hydroxyl-6-methylheptanoic Acid Ethyl Ester (55). The title compound
was prepared by general procedure D from HCl-Val—(S,S)Sta—OEt126 (.19
mmoles) and Boc-valine anhydride (.38 mmoles) using methylene chloride
as solvent. Crystallization gave product in about 85% yield: mp 152—
173°C (EtOAc/hexane); TLC Rg (A) .50; [212% -70° (c = .11, MeOH); NMR
(cDClg) § .70-1.10 (m, 18H), 1.12-1.65 (m, 15H, includes triplet $
1.25, J £ 7 Hz), 1.80-2.20 (m, 2H), 2.838 (m, 2H), 3.75-4.55 (m, 7H,
includes quartet § 4,12, J £ 7 Hz), 6.05 (m, 1H), 7.10-7.60 (m, 2H).
Anal. calcd. for CpsHq7N3O7: C, 59.85; H, 9.44; N, 8.38. Found: C,

59.92; H, 9.38; N, 8.832.

methylheptanoic Acid Ethyl Ester (56). The title compound was prepared

by general procedure D from Hcl-Val—Val-(s.s)sta—OEt126

(.12 mmoles)
and isovaleric anhydride (.24 mmoles) using DMF as solvent. Crystalli-
zation gave product in about 70% yield: mp 235-236°C (MeOH/ethyl
ether); TLC Ry (A) .52; [@12* -80° (c = .059, MeOH); NMR (CDClg) & .90-
1.11 (m, 24H), 1.24 (t, J = 7 Hz, 3H), 1.38-1.78 (m, 4H), 1.89-2.33 (m,
4H), 2.41 (d, J £ 7 Hz, 2H), 3.46 (m, 1H), 3.78-4.44 (m, 6H, includes
quartet § 4.1), 6.22-6.67 (m, 2H), 6.67-7.0 (m, 1H). Anal. qalcd. for
CogHg7NgOg: C, 61.82; H, 9.76; N, 8.65. Found: C, 61.79; H, 9.77; N,

8.68.

N—[tert-Butxloxgcarbonxl[-L-valxl—L—valxl—4§S)—anino—sgS)-
hxdroxgl—6-nethxlhegtanoic Acid (87). The title compound was prepared
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by general procedure F from Boc-Val-Val-(S,S)Sta-OEt. Crystals of the
product precipitated from the acidified aqueous solution. The material
was filtered and dried to give product in about 91% yield. The com-

pound was used without further purification.

N-(tert-Butxloxxcarbongl|—L-va121-L—valxl—4gS)-alino-S(S)-
hydroxyl-6-methylheptanoyl-L-alanine Methyl Ester (58). The title com-
pound was prepared by general procedure B from HCl-Ala-OMe (.09 mmoles)
and Boc-Val-Val-(S,S)Sta-OH (.64 mmoles). Chromatography (3% MeOH/
CHCl3) followed by crystallization gave product in about 82% yield: mp
199-201°C (EtOAc/hexane); TLC Re (B) .48; [a]g4 -79° (c = .25, MeOH);
NMR (CDClg) § .83-1.11 (m, 18H), 1.83-1.78 (m, 15H), 2.0-2.55 (m, 4H),
3.61-4.23 (m, 8H, includes singlet § 3.75), 4.58 (e, 3= 7 B, 1H),
4.93 (m, 1H), 6.44 (m, 1H), 6.78 (m, 1H), 7.83 (m, 1H). Anal. calcd.
for CarHsoN40g-% Hp0: C, 57.12; H, 9.23; N, 9.87. Found: C, 56.90;

H, 9.15; N, 9.68.

N—Isovalerxl-L—valxl—L-valxl—4(S)—amino—ags)-hxdroxxl—s—

methylheptanoyl-L-alanine Methyl Ester (59). The title compound was

prepared by general procedure D from HCl-Val—Val-(S,S)Sta—Ala—OHe126

(.06 mmoles) and isovaleric anhydride (.12 mmoles) using DMF as sol-
vent. Crystallization gave product in about 85% yield: mp > 250°C
(MeOH/ethyl ether); TLC R (B) .23; [al2! -88° (c = .11, MeOH); NMR
(cpclz) § .89-1.11 (m, 24H), 1.22-1.67 (m, 9H), 2.0-2.33 (m, 4H), 3.73
(s, 3H), 4.0-4.67 (m, 6H), 7.0 (m, 1H), 7.11-7.42 (m, 3H). Anal.

calcd. for C27H50N407‘H20: C; §7.90; H, 9.35; N, 9.99. Found: €

R T e iU PR
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58.22; H, 9.29; N, 9.85.

N—gtert—Butxloxxcarbonxl)—4gsl—anino—3!S)—hxdroxyl—s—methxl—
heptanoic Acid Pentaf luorophenyl Ester (35). The title compound was
prepared by general procedure G. The DCU from the reaction was fil-
tered and the filtrate was used in the next step without any further

purification.

N-(tert—Butyloxxcarbonxl)-4[Sl—alino—sgS)-hxdroxyl-ﬁ—nethyl-
heptanoyl Isopropylamide (36). To a chilled ethyl acetate solution of
Boc-(S,S)Sta-pFp, NMM (3 eq) was added followed by isopropylamine (1.1
eq). The reaction was stirred at 0° and closely followed by TLC. After
1 hr the solution was washed with cold 1 N HCl, saturated NaHCO3 and
saturated NaCl. The organic layer was dried (Mgs04) and removed in
vacuo. Crystallization gave product in about 80% yield: mp 129-131°C
(ethyl ether/hexane); TLC R¢ (B) .34; [012% -38° (c = .13, MeOH); NMR
(CbClz) & .90 (d, J = 6 Hz, 6H), 1.18 (d, J = 7 Hz, 6H), 1.30-1.75 (m,
12H), 2.25 (m, 2H), 3.52 (m, 1H), 3.75-4.20 (m, 2H), 4.32 (m, 1H), 4.78
(d, J = 10 Hz, 1H), 6.0 (m, 1H). Anal. calcd. for CygHgaN204: C,

60.73; H, 10.20; N, 8.85. Found: C, 60.56; H, 10.46; N, 8.91. E

N—!tert—Butxloxxcarbonxl)-L-valyl-4gs)-anino—sgs)—hydroxyl-s—
methylheptanoyl Isopropylamide (37). The title compound was prepared

by general procedure D from HCl-(S,S)Sta-Ipa126

(.44 mmoles) and Boc-
valine anhydride (.88 mmoles) using methylene chloride as solvent.
Crystallization gave product in about 70% yield: mp 148-149°C (EtOAc/

hexane); TLC Rg (A) .38; [a]§4 _46° (c = .32, MeOH); NMR (CDClg)
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§ .65-1.30 (m, 18H), 1.35-1.88 (m, 12H), 2.0-2.5 (m, 3H), 3.75-4.25 (m,
5H), 4.90 (m, 1H), 5.90 (m, 1H), 6.35 (m, 1H). Anal. calcd. for
Cp1Hg1N30s5: C, 60.70; H, 9.95; N, 10.11. Found: C, 60.73, H, 9.78;

N, 10.09.

N-Isovalerxl—L—valxl—4]S)—allno—S(S)—hxdroxxl—e—nethylhegta—

noyl Isopropylamide (38). The title compound was prepared by general

procedure D from HCl—Val—(S,S)Sta—Ipa126

(.07 mmoles) and isovaleric
anhydride (.14 mmoles) using DMF as solvent. Precipitation gave prod-
uct in about 87% yield: mp 222-223°C (ethyl ether); TLC Re (A) .47;
[a]g4 -67° (c = .16, MeOH); NMR (CDClg) § .76-1.11 (m, 18H), 1.11-1.22
(m, 8H, includes doublet § 1.16), 1.33-1.67 (m, 3H), 1.89-2.33 (m, 4H),
3.78-4.33 (m, 5H), 5.95 (m, 2H), 6.22 (d, J = 9 Hz, 1H). Anal. calcd.
for CpyHgiN30s: C, 63.13; H, 10.34; N, 10.52. Found: C, 62.90; H,

10.42; N, 10.32.

N-!tert-Butylogxcarbonyl)-L—alanine Pentafluorophenyl Ester
(24). The title compound was prepared by general procedure G in about
70% yield. The product was crystallized from hexane and used without

purification in the next step.

N-(tert-Butyloxycarbonyl)-L-alanyl Methyl Amide (25). Boc-

Ala-pFp (600 mg, 1.7 mmol) was dissolved in freshly distilled THF (5
ml) and chilled to 0°C. A 1.4 M solution of methylamine in THF (2.42
ml, 3.4 mmol) was added dropwise over a period of about 20 minutes.

The reaction was monitored closely by TLC and appeared to be complete
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after about % hour. The THF was removed in vacuo and EtOAc was added to
the residue. The solution was then washed with cold 1 N HC1, saturated
NaHCO3 and saturated NaCl. The organic layer was dried (MgSO4) and the
solvent was removed in vacuo. Crystallization gave product in about

40% yield: mp 112-113°C (EtOAc/hexane); TLC Rg (B) .35; [a]g‘-13° G =
.71, MeOH); NMR (CDClg) § 1.25-1.65 (m, 12H, includes singlef § 1.41),
2.85 (d, J = 5 Hz, 3H), 4.0-4.40 (m, 1H), 5.15 (m, 1H), 6.37 (m, 1H).
Anal. calcd. for CgHygNpO3: C, 53.45; H, 8.97; N, 13.85. Found: C,

53.28; H, 9.08; N, 13.69.

N—Isovalerxl—L—valxl—4§s)—anino—asS)—hydroxxl—s-nethglhepta-
noyl-L-alanyl Methyl Amide (26). The title compound was prepared by
general procedure B from Hcl'Ala—NH-CH3126 and Iva-Val-(S,S)Sta-OH.
Chromatography (5% MeOH/CHClg) followed by precipitation gave product
in about 15% yield: mp 233-235°C (ethyl ether); TLC R¢ (B) .17; [a12*
-33° (c = .10, MeOH); NMR (CDClg) & .78-1.11 (m, 18H), 1.22-1.79 (m, 8H,
includes doublet & 1.39), 1.89-2.44 (m, 4H), 5.0 (d, J £ 5 Hz, 3H),
3.33-3.56 (m, 1H), 3.78-4.11 (m, 2H), 4.35 (t, J = 7 Hz, 1H), 4.73 (d,
J = 8 Hz, 1H), 6.11 (d, J = 8 Hz, 1H), 6.39 (m, 1H), 7.38-7.78 (m, 2H).
Anal. calcd. for CgpHgpNgOg-Hp0: C, 57.40; H, 9.63; N, 12.28. Found:

c, 57.80; H, 9.23; N, 11.91.

N—(tert—Butzloxxgarbonxl)—L—alangl Isopropylamide (27). Boc-

Ala-pFp (13) (1.55 mmoles) was dissolved in EtOAc (100 mg/ml) and
chilled to 0°. Isopropylamine (3.1 mmoles) was slowly added to the

solution over a period of 20 min. The reaction mixture was allowed to




136

stir for about 2 hrs. After this the mixture was washed with cold 1 N
HC1, saturated NaHCO3 and saturated NaCl. The organic layer was dried
and the solvent was removed in vacuo. Crystallization gave product in
about 50% yield: mp 111-112°C (ethyl ether/hexane); TLC Rg¢ (B) .26;
[dlg4 -18° (c = .53, MeOH); NMR (CDClg3) § 1.13 (d, J = 6 Hz, 6H), 1.25-
1.85 (m, 12H), 3.80-4.25 (m, 2H), 4.95 (m, 1H), 5.90 (m, 1H). Anal.
calcd. for CyjHpoNg03: C, 57.37; H, 9.63; N, 12.16. Found: C, 57.46;

H, 9.70; N, 12.11.

N:Ltert—Butyloxycarbonyl)—4(Sl—alino—3gS)—hxdroxxl-s—nethxl—

heptanoyl-alanyl Isopropylamide (28). The compound was prepared by
general procedure B from HCl-Ala—Ipa126 (.37 mmoles) and Boc-(S,S)Sta-
OH (.37 mmoles). Chromatography (3% MeOH/CHCl3) followed by crystalli-
zation gave product in about 75% yield: mp 151-152°C (EtOAc/hexane);
TLC R¢ (B) .33; [0.]34 -40° (c = .34, MeOH); NMR (CDClg) § .79-1.30 (m,
12H), 1.35-1.80 (m, 15H). 2.20-2.60 (m, 3H), 3.61 (m, 1H), 3.81-4.23
(m, 3H), 4.42 (m, 1H), 4.81 (m, 1H), 6.35 (m, 1H), 6.82 (m, 1H). Anal.
calcd. for CygHg7N30s: C, 58.89; H, 9.63; N, 10.84. Found: C, 58.71;

H, 9.68; N, 10.60.

N-]tert-Butxloxxcarbonxl)-L—va111—4§S)—alino-sgsl—hxdroxxl—s—

methylheptanoyl-L-alanyl Isopropylamide (29). The title compound was

prepared by general procedure D from HCl-(S,S)Sta—Ala-Ipa126

(.2
mmoles) and Boc-valine anhydride (.4 mmoles) using methylene chloride
as solvent. Chromatography (5% MeOH/CHClz) followed by precipitation

gave product in about 75% yield: mp 218-220°C (ethyl ether); TLC Re (A)

i
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53; [0]2® -44° (c = .51, MeOH); NMR (CDClg) & .72-1.25 (m, 18H), 1.28-
1.75 (m, 14H), 1.80-2.70 (m, 4H), 3.40-4.40 (m, 6H), 5.0 (m, 1H), 6.28
(m, 1H), 7.40-7.70 (m, 2H). Anal. calcd. for Cy4H4gN40g: C, 59.24; H,

9.53; N, 11.51. Found:' C, 59.17; H, 9.49; N, 11.35.

N-Isovaleryl-L—valxl-4[S[—amino—sgs[-hydroxxl—s-methxlhepta-

noyl-L-alanyl Isopropylamide (30). The title compound was prepared by

126 (.1 mmole) and

general procedure D from HC1:Val-(S,S)Sta-Ala-Ipa
isovaleric anhydride (.2 mmole) using DMF as solvent. Crystallization
gave product in about 80% yield: mp > 250°C (MeOH/ethyl ether); TLC R¢
(A) .41; [@12! -48° (c = .10, MeOH); NMR (DNSO-dg) § .83-1.17 (m, 24H),
1.20-1.50 (m, 8H), 2.0-2.33 (m, 4H), 3.55-4.44 (m, 5H), 4.84 (d, J = 6
Hz, 1H), 7.22 (m, 1H), 7.60-7.67 (m, 3H). Anal. calcd. for CpqH4eN405:

C, 61.25; H, 9.85; N, 11.90. Found: C, 61.10; H, 10.04; N, 11.74.

!4R,5S[—3—|3-Phenxl—2ropionxl|-4—nethxl-s-phenxloxazolidinone

(64). (AR.SS)—4—Methy1-5—phenyloxazol1d1none74 (16.7 g, .09 moles) was
dissolved in dry THF (90 ml) in a 2-necked, 500 ml round bottom flask
under an Ny atmosphere. The solution was then chilled to -78°C and to
this a 1.6 N solution of n-butyllithium in hexane (.09 moles) was added
dropwise. The solution was stirred at -78°C for 15 min. Aftgr this a
solution of dihydrocinnamoyl chloride (.09 moles) in dry THF (40 ml)
was added over a period of about .5 hr. The mixture was allowed to
stir at -78° for an additional 15 min and then allowed to slowly warm
to room temperature. The mixture was poured over brine and extracted

with ethyl acetate (2 x 100 ml). The organic phase was washed with 1 N

e e ¢ Py
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HCl, saturated NaHCOz and brine. The organic layer was dried (MgSOg4)
and removed in vacuo. The resulting residue was then recrystallized
from hexane to yield pure product in about 96% yield (2 crops): mp 83-
85°C; TLC Ry (D) .64, Re (Q) .25; [0]2%+82.7° (c = .97, MeClp); NMR
(cpclg) & .82-.95 (d, J = 7 Hz, 8H), 2.87-3.34 (m, 4H), 4.71 (m, 1H),
5.60 (d, J = 7 Hz, 1H), 7.13-7.48 (m, 10H). Anal. calcd. for
CigHigNOg: C, 73.77; H, 6.19; N, 4.53. Found: C, 73.95; H, 6.17; N,

4.41.

gds,ss)—a-l!zs)—2—Benle—3—benzylox¥2rogion¥1|—4—lethxl-s—

phenyloxazolidinone (65). Compound 64 (25 g, 81 mmoles) was dissolved

in dry THF (30 ml) in a 2-necked 500 ml round bottom flask under an Ny
atmosphere and chilled to -78°C. To this solution was added a 1 M solu-
tion of lithium bis(trimethysilyl)amide in THF (84 mmoles) dropwise via
syringe over a period of .5 hr. The mixture was stirred for an addi-
tional .5 hr before benzyl bromomethyl ether74 (240 mmoles) in THF (20
ml) was added over a period of .5 hr via a pressure equalized addition
funnel. The mixture was stirred at -78°C for .5 hr, warmed to -45°C
(acetonitrile-dry ice) for 4 hr then warmed to 0° for 1 hr. To the
stirred mixture was added dry pyridine (18 ml, 228 mmol) and acetic
anhydride (14.4 ni, 152 mmol). The mixture was stirred at room temper-
ature for 3 hr and then diluted with 190 ml of 2 M aqueous KHCO3. The
mixture was stirred until gas evolution ceased. The mixture was con-
centrated in vacuo to about 200 ml. The residue was extracted with
methylene chloride (2 x 150). The organic phase was washed with 1 N

HCl, saturated NaHCO3, and saturated brine, dried (MgS04) and removed
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in vacuo. The residue was recrystallized from hexane to yield pure
product in about 65% yield (2 crops): mp 85-86°; TLC Re (Q) .20;
[a]:4—23.0° (c = 1.02, MeClp), NMR (CDClg S .81 (d, J = 7 Hz, 3H), 2.93
(d, J = 7.5 Hz, 2H), 3.55-3.97 (m, 2H), 4.38-4.85 (m, 4H includes sing-
let § 4.52), 5.27 (d, J = 7.5 Hz, 1H), 7.10-7.50 (m, 15H). Anal.
calcd. for Cp7HagN104: C, 75.51; H, 6.33; N, 3.26. Found: C, 75.69;

H, 6.46; N, 3.19.

1ZR)—2—Benle—3-benleoxygropanol (66). Calcium chloride
(2.88 g, 25.9 mmoles) was dissolved in dry absolute ethanol (42 ml)
and chilled to -20°C. Sodium borohydride (1.96 g, 51.8 mmoles) was
added, and the mixture was stirred for 1 hr. Compound 65 (7 g, 17.3
mmoles) in THF (28 ml) was added slowly via syringe. The mixture was
stirred at -10°C for 3 hr before the reaction was quenched with 1 N
KHSO4. The aqueous layer was extracted with ethyl acetate (2 x 50 ml)
and the organic layer was subsequently washed with 1 N KHSO4, saturated
NaHCO3 and brine. The organic layer was dried (MgSO4) and removed in
vacuo. Ethyl ether was added to the residue to precipitate the recycl-
able oxazolidinone. This was filtered and the filtrate was again con-
centrated in vacuo to a clear oil. This residue was applied to a 400 g
MPLC column and eluted with 40% ethyl ether/hexane at a flow rate of
about 6 ml/min. Product was obtained as a clear oil in about 90%
yield: TLC Ry (H) .40; [012% +23.6° (c = .72, EtOH); NMR (CDClg) § 2.12
(m, 1H), 2.40 (m, 1H), 3.65 (d, J = 7.5 Hz, 2H), 3.40-3.75 (m, 4H),
4.48 (s, 2H), 7.05-7.44 (m, 10H). Anal. calcd. for CygHpq02: C,

79.66; H, 7.86. Found: C, 79.48; H, 7.67.
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(28)-2-Benzyl-3-benzyloxy-1-bromopropane (67). Alcohol 66

(3.7 g, 14.4 mmoles) was dissolved in methylene chloride (25 ml) and
the solution was chilled to 0°C. Triphenylphosphine (3.9 g, 14.8
mmoles) was added followed by N-bromosuccinimide (2.6 g, 14.8 mmoles)
which was added in small portions over a period of .5 hr. The reaction
was stirred at room temperature overnight. The mixture was concen-
trated in vacuo and 50% ethyl ether/hexane (70 ml) was added to precip-
itate triphenylphosphine oxide. The filtrate was evaporated in vacuo
and the residue dissolved in ethyl acetate. The organic phase was
washed with 1 N HCl, saturated NaHCO3 and brine, dried (MgS04) and
evaporated in vacuo. The resulting residue was chromatographed over
200 g of silica gel (MPLC grade silica gel) eluting with 5% ethyl
ether/hexane under positive pressure (~5 ml/min). Product was obtained
as a clear liquid in about 80% yield: TLC Re (H) .57; [0]12% -2.75 °(c =
.8, EtOH); NMR (cDClg) & 2.24 (m, 1H), 3.68 (d, J = 7.5 Hz, 2H), 5.30—
3.55 (m, 4H), 4.42 (s, 2H), 7.05-7.40 (m, 10H). Anal. calcd. for

CyqHygBr0: C, 63.96; H, 6.00. Found: C, 63.74; H, 6.16.

(2R,4RS,SS)-2—Benzx1—1-benleoxx-s—tert—butxloxycarbonyl—
amino-4-hydroxyl-7-methyl octane (68). Into a dry, 2-necked 25 ml
round bottom flask under a stream of dry nitrogen were added gagnesium
powder (170 mg, 7.1 mmoles) and a few crystals of iodine. The flask
was heated with a heat gun until I vapors were visible, then allowed
to cool to room temperature. Dry THF (2 ml) was added via syringe fol-
lowed by 1 drop of (28)-2-benzyl-3-benzyloxy-1-bromopropane (67). The

mixture was warmed until reaction began, then the remainder of the
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bromoether (total 1.75 g, 5.48 mmol) in THF (1 ml) was added over a
period of 1.5 hr. The mixture was then stirred for 4 hr before Boc-
leucinal (591 mg, 2.75 mmoles) in THF was added over a period of 2 hr.
After stirring an additional 4 hr at room temperature, the mixture was
poured into saturated aqueous NH4C1l. Ethyl acetate was added and the
mixture was acidified with 2 N HC1. The organic layer was then washed
with saturated NaHCO3 and brine, dried (MgSO4) and removed in vacuo.
The residue was chromatographed over 50 g of silica gel (MPLC grade
silica gel) and eluted with 15% ethyl acetate/hexane under positive
pressure (~5 ml/min). Product was obtained as a mixture of 4R,4S dia-
stereomers in about 30% yield (4S:4R ~ 3:2) as an oil: TLC Re (K) .15;
NMR (CDClg) S .84 (d, J = 6 Hz, 6H), 1.15-1.68 (m, 14H), 2.38 (m, 1H),
2.70 (dd, J = 7 Hz, J = 3 Hz, 2H), 3.04 (m, 1H), 3.37-3.88 (m, 4H),
4.51 (s, 2H), 4.71 (m, 1H), 7.10-7.40 (m, 5H), 7.42 (s, S5H). Anal.
calcd. for CpgHqiNO4: C, 73.81; H, 9.07; N, 3.07. Found: C, 73.63;

H, 8.80; N, 3.30.

N-(tert—Butxloxggarbonxl|—L—va1¥1—5!S[-anino—zgR)—benle-l—
benzyloxy-4(R,S)-hydroxyl-7-methyl octane (69). Compound 68 (110 mg,

.24 mmoles) was deprotected according to general procedure A. The

|
i,‘
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resulting hydrochloride was coupled with Boc-valine anhydride (.48
mmoles) according to general procedure D using methylene chloride as
solvent. The crude compound was chromatographed on 10 g of silica gel
(MPLC grade) and eluted with 1% MeOH/CHCl3 under positive pressure (~5
ml/min). Pure compound was obtained as an oil in about 75% yield: TLC

R¢ (B) .66; NMR (CDClg) § .85-1.0 (m, 12H), 1.15-1.75 (m, 14H), 1.95-
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2.33 (m, 2H), 2.61 (m, 2H), 3.22-3.91 (m, 6H), 4.46 (s, 2H), 5.00 (m,
1H), 5.97 (m, 1H), 6.90-7.39 (m, 10H). Anal. calcd. for CagH5oN205:

C, 71.45; H, 9.08; N, 5.05. Found: C, 71.31; H, 9.29; N, 5.24.

N—(tert—Butgloxxcarbonxl)—L-valg1—4gR,S)—acetoxy—sgs)-anino—
2§R)-benle—l-benleoxg-7-Iethxl octane (70). Compound 69 (70 ng; .125

mmoles) was dissolved in ethyl acetate (1.5 ml), and triethylamine (34
pl, .126 mmoles), acetic anhydride (23 ul, .252 mmoles) and 4-dimethyl-
aminopyridine (~1.5 mg, .0126 mmoles) were added. After stirring 5 hr
at room temperature, the mixture was diluted with ethyl acetate and
washed with 1 N HCl, saturated NaHCO3 and brine. The organic layer was
dried and removed in vacuo. The residue was chromatographed over 10 g
of silica gel eluting with 50% ethyl ether/hexane. Pure product was
obtained as an oil in quantitative yield: TLC R¢ (H) .28 (4S isomer),
.22 (4R isomer); NMR (CDClg) § .75-1.10 (m, 12H), 1.12-1.75 (m, 14H),
1.90-2.18 (m, 5H includes singlet § 2.08), 2.40-3.0 (m, 2H), 3.37 (d,

J = 5 Hz, 2H), 3.70-3.95 (m, 1H), 4.19 (m, 1H), 4.48 (s, 2H), 4.92-5.21
(m, 2H), 5.90 (d, J = 10 Hz, 1H), 7.05-7.30 (m, 5H), 7.32 (s, 5H).
Anal. calcd. for CgsHsaN20g: C, 70.44; H, 8.78; N, 4.69. Found: C,

70.32; H, 8.93; N, 4.80.

N-!tert—Butxloxgcarbonxl)—L—valxl-4§R,S)-acetogx—sgsl—amino—
2(R)-benzyl-1-hydroxyl-7-methyl octane (71). The benzyl ether 70 (76
mg, .127 mmoles) was dissolved in a mixture of 50% isopropanol/acetic
acid (2 ml) and the solution was flushed with N, gas. Powdered ammo-

nium formate (31 mg, .51 mmoles) followed by 10% palladium on carbon

R e =m——— s T
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(30 mg) were added and the mixture was stirred overnight. The mixture
was filtered through celite rinsing with ethyl acetate (20 m1). The
organic layer was washed with 1 N HCl, saturated NaHCO3 and brine,
dried (MgS0O4) and removed in vacuo. The residue was chromatographed on
10 g of silica gel (MPLC grade) eluting with 60% ethyl ether/hexane
under positive pressure (~5 ml/min). Pure product was obtained as an
0il in about 95% yield: TLC R¢ (G) .10; NMR (CDClg) § .75-1.10 (m,
12H), 1.20-1.75 (m, 14H), 1.90-2.25 (m, SH includes singlet § 2.04),
2.51-2.79 (m, 3H), 3.54 (m, 1H), 3.82 (m, 1H), 4.20 (m, 1H), 5.03 (m,
1H), 5.20-5.65 (m, 2H), 6.16 (d, J = 10 Hz, 1H), 7.24 (s, 5H). Anal.
calcd. for CpgHqgN20g'% Hp0: C, 65.35; H, 9.20; N, 5.44. Found: C,

65.39; H, 8.97; N, 5.46.

N-(tert—Butxloxxcarbonxl)—L—va111—4(R,S)-acetogx-sgs)-anino—
2(R)-benzyl-7-methyl octanoic acid (72). Compound 71 (61 mg, .12
mmoles) was dissolved in dry DMF (1 ml). Pyridinium dichromate (342
mg, .91 mmoles) was added and the mixture was stirred under an atmo-
sphere of N, for 30 hrs. The mixture was diluted with Hz0 (2 ml) and
ethyl acetate (20 ml). While cooling and stirring the reaction, the
Hp0 layer was acidified with solid KHSO4. The layers were separated
and the Hp0 layer was re-extracted with ethyl acetate (2 x 10 ml). The
combined organic extracts were dried (MgS04) and evaporated in vacuo.
The crude product, obtained in about 95% yield was used without further
purification: TLC Rg¢ (A + 10 drops acetic acid) .42; NMR (cpclg) §
.75-1.10 (m, 12H), 1.21-1.62 (m, 13H), 1.80-2.25 (m, 5H), 2.55-3.14 (m,

3H), 3.72 (m, 1H), 4.10 (m, 1H), 5.00 (m, 1H), 5.29 (m, 1H), 7.20 (s,
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5H), 9.00 (m, 1H).

N-(tert—Butyloxycarbonyl)—L-valyl-d(R,S)—acetoxy-s(s)-anino—

2(R)-benzyl-7-methyloctanoyl-isoamylamide (79). Compound 72 (30 mg,
.058 nlolesi, was coupled to isoamylamine (.063 mmoles), according to
general procedure B. After work-up the crude peptide was chromato-
graphed over 10 g of silica gel (MPLC grade) eluting with 1% MeOH/CHClg
under positive pressure (~3 ml/min). Product was obtained as an oil in
about 85% yield: TLC Rg (C) .47; NMR (CDClg) § .75-1.07 (m, 18H),
1.12-2.2 (m, 21H), 2.30-2.85 (m, 8H), 3.15 (m, 2H), 3.78 (m, 1H), 4.11

(m, 1H), 4.78-5.04 (m, 2H), 5.72-5.98 (m, 2H), 7.19 (s, 5H).

N—Isovaleryl-L—va1¥1-4|R,S)—acetogx—S(S[—alino-Z!R[-benle-7-
lethxl—octanoxl—isoanxlanide (80). Compound 79 (30 mg, .05 mmoles) was

deprotected according to general procedure A. The resulting hydro-
chloride was coupled to isovaleryl anhydride (.10 mmoles) according to
general procedure D in DMF. Following aqueous work-up the crude com-
pound was chromatographed over 10 g of silica gel (MPLC grade) eluting
with 40% ethyl acetate/hexane under positive pressure (~3-5 ml/min) to
afford pure major component (2R,4S,58) in 77% yield as a white solid
and pure minor component (2R,4R,5S8) in 12% yield as a white solid.
Major component 80a (2R,48,5S8): mp 156-157°C (ethyl ether/heiane), TLC
Re (M) .25; NMR (CDClg) & .79-1.12 (m, 24H), 1.15-1.70 (m, 8H), 1.70-
2.43 (m, 8H), 2.71-3.38 (m, 4H), 4.21 (m, 2H), 4.96 (m, 1H), 5.81 (m,

1H), 6.07 (d, J = 10 Hz, 1H), 6.25 (d, J = 8.5 Hz, 1H), 7.22 (m, 5H).
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N—Isovaleryl—L—valxl-sgS)-amino—zgR)-benzyl—4!S[—hydrox¥1-7—

methyl-octanoyl-isoamylamide (81). Compound 80a (26 mg, .046 mmoles)

was dissolved in dry MeOH (1 ml). Powdered K,CO3 (30 mg, .22 mmoles)
was added and the mixture was stirred at room temperature for 3-4 hrs.
After this time, it appeared that the product had precipitated from the
methanol. Hp0 was added to the mixture to dissolve KzCO3 and the in-
soluble peptide was collected by filtration and dried to yield pure
compound as a white solid in 75% yield: mp 223-225°C; TLC R¢ (A) .81;
[Ol][z)4 -34° (¢ = .14, MeOH); NMR (d4-MeOH) § .66-1.01 (m, 24H), 1.11-
1.76 (m, 8H), 1.83-2.22 (m, 5H), 2.56-3.56 (m, 4H), 3.76-4.72 (m, 3H),
7.22 (s, 5H). Anal. calcd. for CgiHs3N304'% Hp0: C, 68.85; H, 10.06;

N, 7.77. Found: C, 68.79; H, 9.89; N, 7.62.

N-Isovaleryl-L-valyl-5(S)-amino-2(R)-benzyl-7-methyl-4-oxo-

octanoyl-isoamylamide (82). Compound 81 (.01 mmoles) was dissolved in
glacial acetic acid (1 ml). To this, pyridinium dichromate (.03
mmoles) was added and the mixture was stirred for 8 hrs. Then, the
mixture was diluted with CHClg (10 nl)»and Hz0 (10 ml). The layers
were separated and the organic layer was washed with 1 N HCl, saturated
NaHCO3 and brine. The organic layer was dried (MgS04) and removed in
vacuo. Recrystallization from methanol/ethyl ether afforded pqre prod-
uct in 90% yield: mp 167-168°C, TLC Rg (A) .72; [a]g“ -56° (¢ = .17,
MeOH); NMR (ds-MeOH) § .89-1.02 (m, 24H), 1.35-1.68 (m, 4H), 1.78-2.16
(m, 8H), 2.42 (m, 1H), 3.22-3.41 (m, 4H), 4.03 (m, 1H), 4.21-4.41 (m,
1H), 7.14-7.33 (m, 5H). Anal. calcd. for CgjHs5;Ng04'% H0: C, 69.11;

H, 9.73; N, 7.80. Found: C, 69.00; H, 9.62; N, 7.55.
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N-gtert-Butyloxxcarbonyl[—L-va1y1—4[R,Sl-acetoxx—5($[-amino—

2(R)-benzyl-7-methyl-octanoyl-L-alanyl-isoamylamide (73). Compound 72

(20 mg, .038 mmoles) was coupled with HCl'Ala-Iaa (.042 mmoles),
according to general procedure B. After work-up the crude peptide was
chromatographed over 10 g of silica gel (MPLC grade) eluting with .75%
MeOH/CHClz under positive pressure (~3 ml/min). Product was obtained
as an oil in about 80% yield: TLC R¢ (A) .73, Rp (B) .41; NMR (CDClg)
§ .75-1.10 (m, 18H), 1.15-2.20 (m, 21H), 2.25-2.84 (m, 3H), 3.03 (m,
2H), 3.75 (m, 1H), 4.05-4.57 (m, 3H), 4.65-5.12 (m, 2H), 5.79-6.20 (m,
2H), 6.50 (m, 1H), 7.23 (m, 5H). Anal. calcd. for CgHgoN4O7: C,

65.43; H, 9.15; N, 8.48. Found: C, 65.44; H, 9.20; N, 8.42.

N—Isovalerxl-L—valxl-4§R,S)—aceto;x—slS[-anino—le)—benzgl—7—
methyl octanoxl—L-alanxl-lsoalylalide (74). Compound 73 (26 mg, .039
mmoles) was deprotected according to general procedure A. The result-
ing hydrochloride was coupled to isovaleryl anhydride (.08 mmoles)
according to general procedure D in DMF. Following aqueous work-up the
crude compound was chromatographed over 10 g of silica gel eluting with
66% ethyl acetate/hexane to afford pure major component 74a (2R,4S,58)
in 70% yield as a white solid and pure minor component 74b (2R,4R,5S)
as a white solid in 10% yield. Major component 74a (2R,4S,58): mp
142-143°C (ethyl ether/hexane); TLC R¢ (A) .77, Re (N) .13; ta]g4-44°
(c = .10, MeOH); NMR (CDClg) & .71-1.12 (m, 24H), 1.21-2.25 (m, 19H,
includes singlet § 2.08), 2.33-3.24 (m, 4H), 4.04-4.52 (m, 3H), 4.94
(m, 1H), 5.90-6.44 (m, 3H), 6.58 (d, J = 7 Hz, 1H), 7.04-7.34 (m, 5H).

Anal. calcd. for C36H60N406'H20: Cc, 65.23; H, 9.42; N, 8.45. Found:
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c, 65.35; H, 9.14; N, 7.97.

N—Isovaleryl-L—vale—S!S)-anino—Z!R)—benzgl—4§S|—h¥drox11—7-
methyl-octanoyl-L-alanyl Isoamylamide (75). Compound 74a (15 mg, .023
mmoles) was dissolved in dry MeOH (1 ml). Powdered KyCOz (9 mg, .07
mmoles) was added and the mixture was stirred at room temperature for
3-4 hrs. After this time it appeared that the product has precipitated
from the methanol. Hy0 was added to the mixture to dissolve KyCO3 and
the insoluble peptide was collected by filtration and dried to yield
pure compound as a white solid in 87% yield: mp >250°C; TLC R¢ (A) .47;
[0134 -33° (c = .21, MeOH); NMR (d4-MeOH) § .66-1.05 (m, 24H), 1.11-1.78
(m, 11H), 1.80-2.22 (m, 5H), 2.56-3.56 (m, 4H), 3.60-4.33 (m, 4H), 7.18
(s, 5H). Anal. calcd. for Cg4HggN405 Hp0: C, 65.78; H, 9.74; N, 9.02.

Found: C, 65.50; H, 9.42; N, 8.78.

N-Isovaleryl-L-valyl-5(S)-amino-2(R)-benzyl-7-methyl-4-oxo-

octanoyl-L-alanyl Isoamylamide (76). Compound 75 (8 mg, .011 mmoles)
was dissolved in glacial acetic acid (1 ml). To this pyridinium di-
chromate (.033 mmoles) was added and the mixture was stirred for 7-8

hrs. The mixture was diluted with CHClg (10 ml) and Hp0 (10 ml). The

layers were separated and the organic layer was washed with 1 N HC1,
saturated NaHCO3 and brine. The organic layer was then dried (MgSO4)
and removed in vacuo. Recrystallization from methanol/ethyl ether
afforded pure product in 83% yield: mp 238-239°C; TLC R¢ (A) .63, R¢

24

(B) .57; [@]°) -21.5° (c = .2, MeOH); NMR (MeOH-dg4) S .81-1.02 (m,

24H), 1.23-1.76 (m, 11H), 1.91-2.15 (m, 4H), 2.68 (m, 1H), 2.91 (m,
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2H), 3.12 (m, 2H), 4.11-4.24 (m, 2H), 4.39 (m, 1H), 7.24 (m, 5H).
Anal. calcd. for Cg4HsgN405°1.5 MeOH: C, 65.71; H, 9.52; N, 8.63.
Found: C, 65.73; H, 9.14; N, 8.68.

(2R)-3-Benzyloxy-1-bromo-2-methylpropane (84). Alcohol §g74

(6 g, 33.3 mmoles) in MeCly (50 ml) chilled to 0°C, triphenylphosphine
(8.7 g, 33.3 mmoles) and N-bromosuccinimide (5.72 g, 33.3 mmoles) were
converted to the title compound following the procedure described for
enantiomer 67. Product was obtained as a clear liquid in about 70%

yield: TLC Rg¢ (J) .23; [a];‘;4

-12.2° (c = 5.5, EtOH); NMR (CDClz) § 1.0
(d, J = 7 Hz, 8H), 2.07 (m, 1H), 3.28-3.52 (m, 4H), 4.43 (s, 2H), 7.27
(s, 5H). Anal. calcd. for CyjHysBrO’% hexane: C, 56.71; H, 7.04.

Found: C, 56.94; H, 7.03.

(2S,4RS,5S)-1—Benleoxy-5—tert—butxloxgcarbonxl—anlno-4-

hydroxyl-2,7-dimethyloctane (85). Into a dry, 3-neck 100 ml round

bottom flask under a stream of dry nitrogen were added magnesium powder
(.575 g, 18.53 mmoles) and a few crystals of iodine. The flask was
heated with a heat gun until I, vapors were visible, then allowed to
cool to room temperature. Dry THF (7 ml) was added via syringe fol-
lowed by 1 drop of (2R)—3—benzy1oxy—1-brono—2—-ethy1propane. The mix-—
ture was warmed until reaction began, then the remainder of the bromo-
ether (total 4.5 g, 18.53 mmol) in THF (5 ml) was added over a period
of 1.5 hr. The mixture was then stirred for 4 hrs, then cooled to 0°
before Boc-leucinal (2.0 g, 9.3 mmoles) in THF was added over a period

of 2 hr. After stirring an additional 4 hr at 0°C, the mixture was

T

pr—
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poured into saturated aqueous NH4Cl. Ethyl acetate was added and the
mixture was acidified with 2 N HCl. The organic layer was then washed
with saturated NaHCO3 and brine, dried (MgSO4) and removed in vacuo.
The residue was then chromatographed on a 200 g silica gel column (MPLC
grade silica gel) and eluted with 15% ethyl acetate/hexane under posi-
tive pressure (~5 ml/min). Product was obtained as a mixture of 4R,4S
diastereomers in about 50% yield (4S:4R ~ 2:1127) as an oil: TLC Rg (K)
.29; NMR (CDClg) § .75-1.04 (m, 9H), 1.10-1.60 (m, 14H), 2.05 (m, 1H),
3.20-3.80 (m, 5H), 4.52 (s, 2H), 4.79 (m, 1H), 7.33 (s, SH). Anal.
calcd. for CypHggNO4: C, 69.62; H, 9.83; N, 3.69. Found: C, 69.38; H,

9.91; N, 3.72.

N-(tert-Butyloxycarbonyl)-L-valyl-5(S)-amino-1-benzyloxy-

41R,S)—hxdroxxl-2§$),7—dilethyloctane (86). Compound 85 (820 mg, 2.16

mmoles) was deprotected according to general procedure A. The result-

ing hydrochloride was then coupled with Boc-valine anhydride (4.3 E
mmoles) according to general procedure D using methylene chloride as E
solvent. The crude compound was chromatographed on 50 g of silica gel

(MPLC grade) and eluted with 66% ethyl ether/hexane under positive

pressure (~5 ml/min). Pure compound was obtained as an oil in about

A

65% yield: TLC Rg (F) .20; NMR (CDClg) § .75-1.05 (m, 15H), 1.12-1.65
(m, 14H), 1.79-2.20 (m, 2H), 3.10-3.48 (m, 2H), 3.50-4.15 (m, 4H), 4.55
(s, 2H), 5.08 (d, J = 8 Hz, 1H), 6.16 (m, 1H), 7.37 (s, 5H). Anal.
calcd. for Cp7HggN205: C, 67.75; H, 9.69; N, 5.85. Found: C, 67.51;

H, 9.66; N, 5.89.
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N-(tert-Butyloxycarbonyl)-L-valyl-4(R,S)-acetoxy-5(S)-amino-

1-benzyloxy-2(S),7-dimethyloctane (87). Compound 86 (400 mg, .83

mmoles) was dissolved in ethyl acetate (10 ml). To this, triethylamine
(227 ul, .83 mmoles), acetic anhydride (146 ul, 1.6 mmoles) and 4-dimeth-
ylaminopyridine (10 mg, .083 mmoles) were added. The reaction was car-
ried out as for compound 70. The organic layer was then dried. The
crude product was chromatographed on a 20 g silica gel column (MPLC
grade) eluting with 50% ethyl ether/hexane under positive pressure (5
ml/min). Product was obtained as an oil in 95% yield: TLC Rg (H) .29
(4S isomer), .21 (4R isomer); NMR (cpclg) § .75-1.12 (m, 15H), 1.15-
1.90 (m, 14H), 1.94-2.30 (m, 5H), 3.29 (m, 2H), 3.83 (m, 1H), 4.25 (m,
1H), 4.45 (s, 2H), 4.82-5.39 (m, 2H), 5.95-6.25 (m, 1H), 7.29 (s, 5H).
Anal. calcd. for CpgHygN20g: C, 66.89; H, 9.29; N, 5.38. Found: C,

66.53; H, 9.29; N, 5.36.

N-(tert—Butxloxxcarbonxl)—L-val¥1—4§R,S)—acetoxx—sjS)—amino—

1-hydroxyl-2(S),7-dimethyloctane (88). The title compound was prepared

from benzyl ether 87 (340 mg, .653 mmoles), dissolved in 8 ml of 50%
isopropanol/acetic acid, powdered ammonium formate (199 mg, 2.9 mmoles)
and 10% Pd-C (180 mg) as described for compound 71. The crude product
was chromatographed on a 20 g silica gel column (MPLC grade) and eluted
with 75% ethyl ether/hexane under positive pressure (~5 ml/min). Pure
product was obtained as an oil in about 75% yield: TLC R¢ (E) .12;
NMR (CDClz) & .80-1.15 (m, 15H), 1.20-1.95 (m, 14H), 2.0-2.25 (m, 5H),
2.81 (m, 1H), 3.44 (m, 2H), 3.81 (m, 1H), 4.22 (m, 1H), 4.84-5.31 (m,

2H), 6.15 (m, 1H). Anal. calcd. for CppHgpNpOg Hp0: C, 58.90; H,
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9.87; N, 6.24. Found: C, 59.04; H, 9.69; N, 6.14.

N—(tert—Butxloxxcarbonyl]-L—valyl—4§R,S[-acetoxx—sgsl—amino—

2(S).7—dinethyloctanoic‘ac1d (89). The title compound was prepared

from alcohol 88 (150 mg, .35 mmoles) and pyridinium dichromate (1.05 g,
2.8 mmoles) as described for compound 73. The crude product, obtained
in about 75% yield, was used without further purification: TLC Re (A)
.23 (major isomer), .12 (minor isomer); NMR (cpclg) § .76-1.10 (m,
12H), 1.15-1.77 (m, 16H), 2.92-2.19 (m, 5H), 2.51 (m, 1H), 3.81 (m,
1H), 4.22 (m, 1H), 5.03 (m, 1H), 5.48 (m, 1H), 6.20-6.75 (m, 1H), 10.0

(m, 1H).

N—(tert-ButxloxxcarbonxlI—L-valxl-4§R,S)—acetoxx—5gs)-anino—
2§S[,7—dinethxloctanogl—L-alanxl—isoanylanide (90). Compound 89 (100
mg, .22 mmoles), was coupled to HCl'Ala-Iaa (.33 mmoles), according to
general procedure B. After work-up the crude peptide was chromato-
graphed on a 15 g silica gel column (MPLC grade) eluting with .75%
MeOH/CHClz under positive pressure (~3 ml/min). Product was obtained
as an amorphous solid, upon precipitation from ethyl ether, in about
85% yield: TLC Rg¢ (A) .54 (major), .42 (minor); NMR (cpclz) S .90 (m,
18H), 1.05-1.80 (m, 21H), 1.90-2.34 (m, 7H), 38.22 (m, 2H), 3.82 (m,
1H), 4.18 (m, 1H), 4.49 (m, 1H), 4.92 (m, 1H), 5.19 (d, J = 8 Hz, 1H),
6.21 (d, J = 9 Hz, 1H), 6.63 (d, J = 8 Hz, 1H), 6.88 (m, 1H). Anal.
calcd. for CggHgoNgO7 1(Et)p0: C, 61.98; H, 10.09; N, 8.50. Found:

C, 61.86; H, 9.90; N, 8.82.

e e e

R
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N-Isovaleryl-L-valyl-4(R,S)-acetoxy-5(S)-amino-2(S),7-dimeth-

xloctanoyl-L—alanxl-isoamxlanide (91). Compound 90 (79 mg, .135
mmoles) was deprotected according to general procedure A. The result-
ing hydrochloride was Eoupled to isovaleryl anhydride (.27 mmoles)
according to general procedure D in DMF. Following aqueous work-up the
crude compound was chromatographed on a 10 g silica gel column (MPLC
grade) eluting with .75% MeOH/CHClz under positive pressure (2-3 ml/
min) to afford pure major component (25,4S,58) 91a in 57% yield as a
white solid and pure minor component (2S,4R,58) 91b in 23% yield as a
white solid. Major component 91a (2S,4S,58): mp 199-203°C (ethyl
ether/hexane); TLC Re (B) .21; [a]g4 -59° (¢ = .11, MeOH); NMR (CDClj)
§ .92 (m, 27H), 1.10-1.80 (m, 13H), 1.82-2.35 (m, 6H), 3.22 (m, 2H),
4.21 (m, 2H), 4.52 (m, 1H), 5.00 (m, 1H), 6.18-6.65 (m, 3H), 6.78 (m,
1H). Anal. calcd. for CgoHseNgOg: C, 63.35; H, 9.92; N, 9.85. Found:
C, 63.06; H, 9.90; N, 9.63. Minor component 91b (2S,4R,5S8): mp 211-
-214°C (ethyl ether/hexane); TLC Rg (A) .15; [uJ%f—27° (c = .10, MeOH);
NMR (CDClz) & .67-1.07 (m, 27H), 1.29 (m, 11H), 1.82 (m, 2H), 2.09 (m,

6H), 3.29 (m, 2H), 4.0-4.56 (m, 3H), 4.93 (m, 1H), 6.11 (m, 1H), 6.14-

6.67 (m, 3H). Anal. calcd. for CgoHsgN4Og % Hp0: C, 62.85; H, 9.93; N,

9.77. Found: C, 62.54; H, 9.86; N, 9.41.

N—Isovaleryl—L-valxl-SgS)-amino—4§S)—hydroxyl—zgs),7—dimeth—
yloctanoyl-L-alanxl—isoanxlalide (92a). The title compound was pre-

pared from 91a (26 mg, .046 mmoles) and KyCOg (57 mg, .41 mmoles) as
described for compound 81. Pure product was obtained as a white solid

in 83% yield: mp 246-249°; TLC Re (A) .37; [a]§4 -40° (c = .37, MeOH);
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NMR (d4-MeOH) § .85 (m, 24H), .99 (d, J = 7.2 Hz, 3H), 1.11-1.61 (m,
15 H), 1.79-1.94 (m, 3H), 2.21 (q, J = 7.1 Hz, 1H), 2.84 (t, J = 7.2
Hz, 2H), 3.21 (m, 1H), 3.52 (m, 1H), 3.67 (d, J = 8.0 Hz, 1H), 3.79 (a,
J = 7.8 Hz, 1H). Anal. calcd. for CpgHggN4O5'Hp0: C, 61.72; H, 10.36;

N, 10.28. Found: C, 61.50; H, 10.18; N, 10.00.

N-Isovalerxl-L—vale—slS)—anino—4!R[-hydroxgl—zgsl,7-d1-eth—
vloctanoyl-L-alanyl-isoamylamide (92b). The title compound was

obtained from 91b (13 mg, .023 mmoles) and powdered K,CO3 (28 mg, .20
mmoles) as described for compound 81. Pure product was obtained as

a white solid in 81% yield: mp 233-235°C; TLC R¢ (A) .37; [a]§4 -36°
(c = .11, MeOH); NMR (dg4-MeOH) § .81-1.02 (m, 24H), 1.10 (d, J = 7.0
Hz, 8H), 1.22-1.73 (m, 15H), 1.94-2.18 (m, 3H), 2.64 (m, 1H), 3.10-3.40
(m, 6H), 3.85 (m, 1H), 4.14 (m, 1H), 4.27 (m, 1H). Anal. calcd. for
CogHsaNg05 Hp0: C, 61.72; H, 10.36; N, 10.28. Found: C, 61.36; H,

10.20; N, 9.96.

N—Isovaleryl-L-valxl—S(S)—anino—4—oxo—2§5),7-dinethxloctan—
oyl-L-alanyl Isoamylamide (93). Compound 92b (15 mg, .028 mmoles) was
dissolved in glacial acetic acid (2 ml). To this, pyridinium dichrom-
ate (.084 mmoles) was added and the mixture was stirred for 7-8 hrs.
The mixture was then diluted with CHClg (20 ml) and Hp0 (10 ml). The
layers were separated and the organic layer was washed with 1 N HCl1,
saturated NaHCOg and brine. The organic layer was then dried (MgS04)
and removed in vacuo. The resulting solid was chromatographed on a 5 g

silica gel column, eluting with 1% MeOH/CHClz. Pure product was
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obtained in about 84% yield: mp >250°C; TLC Re (A) .46; [@12% -45° (c =
.11, MeOH); NMR (CDClg/dg-MeOH) § .67-.98 (m, 24H), 1.09 (d, J = 7.3
Hz), 1.13-1.32 (m, 7H), 1.41-1.72 (m, 4H), 2.0 (m, 3H), 2.40-2.70 (m,
2H), 3.12 (m, 2H), 4.11 (m, 1H), 4.25 (m, 1H), 4.51 (m, 1H). Anal.
calcd. for CpgHsoN405°1.25 acetic acid: C, 61.01; H, 9.57; N, 9.37.

Found: C, 60.64; H, 9.25; N, 9.75.

N-Isovaleryl-L-valyl-5(S)-amino-4-oxo-7-methyl-octanoyl-L-

alanyl Isoamylamide (137). N-Isovaleryl-L-valyl-5(S)-amino-4(R,S)-
hydroxyl—7—-ethyl—octanoyl—L-alanyl—isoamylanide (40 mg, .078 mmoles)
was dissolved in acetic acid (2 ml). Pyridinium dichromate (.23
mmoles) was added and the mixture was stirred for 12 hr. The mixture
was diluted with CHClg (20 ml) and H0 (10 m1) and the layers sepa-
rated. The organic phase was washed with 1 N HCI, saturated NaHCOz and
brine, dried (MgS0O4) and removed in vacuo. Recrystallization from
MeOH/ethyl ether afforded product in 70% yield: mp 227-228°C; TLC Rg

(A) .38; [a]§4

-93° (c = .76, MeOH); NMR (MeOH-d4) S .80-1.08 (m, 24H),
1.25-1.82 (m, 8H), 1.91-2.30 (m, 5H), 2.47 (m, 2H), 2.84 (m, 2H), 3.18
(m, 2H), 4.17-4.55 (m, 3H). Anal. calcd. for Cp7H50N405: C, 63.49; H,

9.87; N, 10.97. Found: C, 63.45; H, 9.77; N, 10.84.

(48)-3-[3-Phenyl-propionyl]-4-(2-propyl)-2-oxazolidinone

(95). (4S)-4—(2-Propyl)—2—oxazolid1none74 (15.0 g, .116 moles) was
dissolved in dry THF (90 ml) in a 2-necked, 500 ml round bottom flask
under an N, atmosphere. The solution was then chilled to -78°C and to

this a 1.6 N solution of n-butyllithium in hexane (.116 moles) was
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added dropwise. The solution was then stirred at -78°C for 15 min.
After this a solution of dihydrocinnamoyl chloride (.116 moles) in dry
THF (40 ml) was added over a period of about .5 hr. The mixture was
then allowed to stir atl—78° for an additional 15 min and then allowed
to slowly warm to room temperature. The mixture was then poured over
brine and extracted with ethyl acetate (2 x 100 ml). The organic phase
was then washed with 1 N HCl, saturated NaHCO3 and brine. The organic
layer was then dried (MgSO4) and removed in vacuo. The resulting resi-
due was then recrystallized from ethyl acetate/hexane to yield pure
product in about 82% yield (2 crops): mp 62°C; TLC R¢ (L) .56, Re (I)
.12; [a]ﬁ“ +70.90° (c = 1.5, MeClp); NMR (CDClg) § .80-.92 (m, 6H),
2.18-2.48 (m, 1H), 2.85-3.40 (m, 4H), 4.12-4.50 (m, 3H), 7.26 (s, 5H).
Anal. calcd. for CygHjgNO3'% Hp0: C, 67.78; H, 7.39; N, 5.27. Found:

Cc, 67.53; H, 7.23; N, 4.82.

oxazolidinone (96). Compound 95 (22 g, 84 mmoles) was dissolved in dry
THF (30 ml) in a 2-necked, 500 ml round bottom flask under an Np atmo-
sphere and chilled to -78°C. To this a 1 M solution of lithium bis(tri-
methylsilyl)amide in THF (84 mmoles) was added dropwise via syringe

over a period of .5 hr. The mixture was stirred for an additional .5
hr before benzyl bromomethyl ether (240 mmoles) in THF (20 ml) was

added over a period of .5 hr via a pressure equalized addition funnel.
The mixture was stirred at -78°C for .5 hr, warmed to -45°C (acetoni-
trile-dry ice) for 4 hr, then warmed to 0° for 1 hr. To the stirred

mixture was added dry pyridine (18 ml, 228 mmol) and acetic anhydride
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(14.4 ml, .52 mmol). The mixture was stirred at room temperature for 3
hr and then diluted with 190 ml of 2 M aqueous KHCOg. The mixture was
stirred until gas evolution ceased. The mixture was concentrated in
vacuo-to about 200 ml. 'The residue was extracted with methylene chlor-
ide (2 x 150 ml). The organic phase was then washed with 1 N HCI1,
saturated NaHCO3 and saturated brine, dried (MgSO4) and removed in
vacuo. The residue was recrystallized from ethyl ether/hexane to yield
pure product in about 90% yield (2 crops): mp 60°C; TLC Rg (L) .59;
(0124 +59.1° (c = 2.0, MeClz); NMR (CDClg) 6 .80-.95 (m, 6H), 2.32 (m,
1H), 2.94 (dd, J = 4 Hz, 8Hz, 2H), 3.55-4.18 (m, 5H), 4.22-4.64 (m,

4H, includes singlet § 4.46), 7.13-7.40 (m, 10H). Anal. calcd. for
CagHa7NO7 % Hp0: C, 70.75; H, 7.23; N, 3.58. Found: C, 70.91; H,

7.18; N, 3.27.

(2S)-2-Benzyl-3-benzyloxypropanol (97). Oxazolidinone 96

(17.16 g, 45 mmoles) was dissolved in absolute ethanol (134 ml) and
chilled to -20°C under an Np atmosphere. To this a 2 N solution of
LiBH4 in THF (67 ml, 134 mmoles) was slowly added. After 4 hr the
reaction was worked up as for compound 66. The residue was then
applied to a 400 g MPLC column and eluted with 20% ethyl ether/hexane
at a.flov rate of 6 ml/min. Product was obtained as a clear oil in
about 95% yield: TLC Ry (H) .19; [0]12* -26.50° (c = 7.4, EtOH); NMR
(cbclg) 6 2.04 (m, 1H), 3.59 (d, J = 7 Hz, 2H), 3.72 (m, 1H), 3.34-3.70
(m, 4H), 4.38 (s, 2H), 7.0-7.40 (m, 10H). Anal. calcd. for Cy7Hp002'%

Hp0: C, 76.95; H, 7.97. Found: C, 77.12; H, 7.69.

s i

h—s
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(2R)-2-Benzyl-3-benzyloxy-1-bromopropane (98). Alcohol 97

(8.45 g, 33 mmoles) was dissolved in MeCly (50 ml) and chilled to 0°C.
To this triphenylphosphine (8.7 g, 33.3 mmoles) was then added in small
portions over a period‘of .5 hr. The reaction and work-up conditions
were the same as described for compound 67. The crude product was then
chromatographed on a 300 g silica gel column (MPLC grade silica gel)
eluting with 5% ethyl ether/hexane under positive pressure (~5 ml/
min). Product was obtained as a clear liquid in about 77% yield: TLC
Re (H) .60; [a]zg +2.1° (c = 8.0, EtOH); NMR (CDClg) § 2.20 (m, 1H),
3.67 (d, J = 7.5 Hz, 2H), 3.31-3.57 (m, 4H), 4.45 (s, 2H), 7.04-7.45
(m, 10H). Anal. calcd. for CygHigBr0’1/8 Hp0: C, 63.51; H, 6.04.

Found: C, 63.47; H, 6.21.

!25;4RS,55)—2—Benzy1-1—benzyloxy—S-tert—butyloxygarbonyl—

amino-4-hydroxyl-7-methyloctane (99). Into a dry, 3-neck 100 ml round °

bottom flask under a stream of dry nitrogen were added'nagnesiun powder
(.575 g, 18.53 mmoles) and a few crystals of iodine. The flask was
heated with a heat gun until I, vapors were visible, then allowed to
cool to room temperature. Dry THF (7 ml) was added via syringe fol-
lowed by 1 drop of (2R)-2-benzyl-3-benzyloxy-1-bromopropane. The mix-
ture was warmed until reaction began, then the remainder of the bromo-
ether (total 5.9 g, 18.53 mmol) in THF (5 ml) was added over a period
of 1.5 hr. The mixture was then stirred for 4 hr. The mixture was
then cooled to 0° and Boc-leucinal (2.0 g, 9.3 mmoles) in THF was added
over a period of 2 hr. After stirring an additional 4 hr at 0°, the

mixture was poured into saturated aqueous NH4Cl. Ethyl acetate was
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added and the mixture was acidified with 2 N HCl. The organic layer
was then washed with saturated NaHCO3 and brine, dried (MgS04) and
removed in vacuo. The residue was then chromatographed on a 200 g
silica gel column (HPLClgrade silica gel) and eluted with 15% ethyl
acetate/hexane under positive pressure (~5 ml/min). Product was
obtained as a mixture of 4R,4S diastereomers in about 35% yield

(4s:4R ~ 10-20:1%7

) as an oil: TLC R¢ (0) .40; NMR (CDClg) § .90 (d,
J = 5.5 Hz, 6H), 1.20-1.65 (m, 14H), 2.12 (m, 1H), 2.57 (d, J = 6 Hz,
2H), 3.10-3.70 (m, 5H), 4.45 (s, 2H), 4.62 (m, 1H), 7.15 (m, 5H), 7.30
(s, 5H). Anal. calcd. for CygHqqNO4: C, 73.81; H, 9.07; N, 3.07.

Found: C, 73.55; H, 8.97; N, 3.15.

N-(tert-Butyloxycarbonyl)-L-valyl-5(S)-amino-2(S)-benzyl-1-

benzyloxy-4(R,S)-hydroxyl-7-methyloctane (100). Compound 99 (500 mg,

1.1 mmoles) was deprotected according to general procedure A. The
resulting hydrochloride was then coupled with Boc-valine anhydride (2.2
mmoles) according to general procedure D using methylene chloride as
solvent. The crude compound was chromatographed on 50 g of silica gel
(MPLC grade) and eluted with 66% ethyl ether/hexane under positive
pressure (~5 ml/min). Pure compound was obtained as an oil in about
82% yield: TLC Rg (F) .24; NMR (cpclg) § .75-1.05 (m, 12H), 1.15-1.68
(m, 14H), 1.84-2.31 (m, 2H), 2.56 (d, J = 7 Hz, 2H), 3.17-4.04 (m, 6H),
4.43 (s, 2H), 5.07 (d, J = 9 Hz, 1H), 6.12 (d, J = 9 Hz, 1H), 6.95-7.37
(m, 10H). Anal. calcd. for CggHsoNp0s5: C, 71.45; H, 9.08; N, 5.05.

Found: C, 71.52; H, 9.13; N, 5.05.
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N—!tert—Butyloxycarbonyl-L-valyl-4(R,S)—acetoxy-sgsl—amino—
2(S)-benzyl-1-benzylox —7-methyloctane (101). Compound 100 (300 mg, 54
mmoles) was dissolved in ethyl acetate (10 m1). To this, triethylamine
(148 ml, 54 mmoles), acetic anhydride (100 ml, 1.1 mmoles) and 4-
dimethylaminopyridine (6.5 mg, .054 mmoles) were added. The reaction
was then carried out as described for compound 70. The crude product
was chromatographed on a 20 g silica gel column (MPLC grade) and eluted
with 50% ethyl ether/hexane under positive pressure (~5 ml/min). Prod-
uct was obtained as an 0il in about 95% yield: TLC Re (H) .31 (48 iso-
mer), .25 (4R jsomer); NMR (CDClg) § .72-1.08 (m, 12H), 1.15-1.70 (m,
14H), 1.85-2.20 (m, 5H, includes singlet 6 2.08), 2.46-2.79 (m, 2H),
3.28 (m, 2H), 3.79 (m, 1H), 4.24 (m, 1H), 4.44 (s, 2H), 4.92-5.21 (m,
2H), 5.97 (broad d, J = 10 Hz, 1H), 7.15 (m, 5H), 7.34 (s, 5H). Anal.
calcd. for CgsHsaN20g: C, 70.44; H, 8.78; N, 4.69. Found: C, 70.65;

H, 9.00; N, 4.44.

N-(tert-Butyloxycarbonyl)—L-va1y1-4(R,S)—acetoxg-slS)—amino—

2(S)-benle-l—hxdroxxl—7-nethyloctane (102) . Benzyl ether 101 (240 mg,

.40 mmoles) dissolved in a mixture of 50% isopropanol/acetic acid (6
ml), powdered ammonium formate (122 mg, 1.8 mmoles) and Pd-C (150 mg)
were reacted as described for compound 71. The crude produ;t was chro-
matographed on a 20 g silica gel column (MPLC grade) and eluted with
75% ethyl ether/hexane under positive pressure (~5 ml/min). Pure prod-
uct was obtained as an oil in about 94% yield: TLC Re (E) .22; NMR
(cbClg) § .74-1.05 (m, 12H), 1.10-1.80 (m, 14H), 1.90-2.20 (m, S5H,

includes singlet § 2.07), 2.42 (m, 3H), 3.43 (m, 2H), 3.78 (m, 1H),
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4.21 (m, 1H), 4.95-5.25 (m, 2H), 6.12 (m, 1H), 7.14 (s, 5H). Anal.
calcd. for CpgHgeNaOg: C, 66.38; H, 9.15; N, 5.53. Found: C, 66.44;

H, 9.31; N, 5.66.

N—gtert—Butxloxxcarbonyl)—L-valgl—4§R,S)—acetoxg—S(S!—amino—

21S)—benzyl—7-nethy1—octanoic acid (103). Compound 102 (150 mg, .3

mmoles) was dissolved in dry DMF (1 ml) and reacted with pyridinium
dichromate (885 mg, 2.36 mmoles) as described for compound 72. The
crude product, obtained in about 80% yield, was used without further
purification: TLC Re (A) .27, Re (N) .29; NMR (cpclg) § .81-1.1 (m,
12H), 1.15-1.65 (m, 13H), 1.82-2.24 (m, 5H), 2.53-3.00 (m, 3H), 3.54-
4.31 (m, 2H), 4.98 (m, 1H), 5.22 (m, 1H), 6.21 (m, 1H), 7.14 (s, 5H),

7.91 (m, 1H).

N—(tert-Butyloxycarbonyl)-L—va1y1—4(R.S)—acetoxy—s(s)—amino—

2(S)-benzyl-7-methyl-octanoyl-L-alanyl Isoam lamide (104). Compound
103 (80 mg, .152 mmoles), was coupled to HCl'Ala-Iaa (.23 mmoles),
according to general procedure B. After work-up the crude peptide was
chromatographed on a 15 g silica gel column (MPLC grade) eluting with
.75% MeOH/CHClz under positive pressure (~3 ml/min). Product was
obtained as an oil in about 90% yield: TLC Re (A) .59 (major), .50
(minor), R¢ (N) .33; NMR (CDClg) § .85 (m, 18H), 1.10-2.20 (m, 23H,
includes singlets at § 1.42 and 2.06), 2.30-2.84 (m, 3H), 3.18 (m, 2H),
3.81 (m, 1H), 4.08-4.36 (m, 3H), 4.83-5.10 (m, 2H), 5.86 (d, J = 7.5
Hz, 1H), 6.13 (d, J = 9.5 Hz, 1H), 6.52 (m, 1H), 7.15 (m, 5H). Anal.

calcd. for CggHgoNgO7 1.5 MeOH: C, 63.53; H, 9.38; N, 7.90. Found:
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c, 63.52; H, 9.11; N, 7.62.

N—Isovalerxl-L—valxl—4!R,S)—acetoxx-sgS)—amino—zgsl-benzyl—
7—nethg1—octanoyl—L—aIingl Isoamylamide (105). Compound 104 (49 nmg,
.074 mmoles) was deprotected according to general procedure A. The
resulting hydrochloride was coupled to isovaleryl anhydride (.14
mmoles) according to general procedure D in DMF. Following aqueous
work-up the crude compound was chromatographed on a 10 g silica gel
column (MPLC grade) eluting with .75% MeOH/CHClz under positive pres-
sure (~2 ml/min) and recrystallized to afford pure major component
(2S,4S,5S) 105a in 90% yield as a white solid and minor component
(2S,4R,58) 105b in 5% yield. Major component (25,48,58): mp 138-139°C
(ethyl ether/hexane); TLC Rg (B) .24; [u]zn4 -60° (c = .10, MeOH); NMR
(cbClg) § .94 (m, 24H), 1.16-1.74 (m, 9H), 1.81-2.59 (m, 10H), 2.85 (m,
2H), 3.21 (m, 2H), 4.11-4.54 (m, 3H), 5.08 (m, 1H), 5.98 (m, 1H), 6.30
(d, J = 9 Hz, 1H), 6.44-6.85 (m, 2H), 7.05-7.45 (m, 5H). Anal. calcd.
for CagHgoNsOg'% Hp0: C, 66.13; H, 9.40; N, 8.57. Found: C, 65.91; H,

9.31; N, 8.39.

N-Isovalerxl—L—va1¥1—5[S)-amino—zgs)-benzgl—4§S)—hydrox21—7—
nethyl—octanoyl-L-alanxl Isoamylamide (106). Compound 105a (37 mg,

.056 mmoles) was reacted with powdered KyCO3 (40 mg, .29 mmoles) as
described for compound 81. Pure product was obtained as a white solid
in 95% yield: mp 220-223°C; TLC Rg¢ (A) .50; [ot]g4 -64° (c = .24, MeOH);
NMR (dq-MeOH) & .67-1.10 (m, 24H), 1.14-1.78 (m, 9H), 1.89-2.22 (m,

7H), 2.69 (m, 2H), 3.11 (m, 2H), 3.56-4.21 (m, 4H), 7.17 (s, 5H).
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Anal. calcd. for Cg4HsgN4O5 MeOH: C, 66.22; H, 9.80; N, 8.82. Found:

c, 66.17; H, 9.42; N, 8.53.

N—IsovalerleL-valyl—S(S)—amino—z(S)—benzy1—7—methy1—4—oxo—

octanoyl-L-alanyl Isoamylamide (107). Compound 106 (17 mg, .028
mmoles) was dissolved in glacial acetic acid (1 ml). To this, pyridin-
jum dichromate (.084 mmoles) was added and the mixture was stirred for
7-8 hrs. The mixture was then diluted with CHClz (20 ml) and H20 (10
ml). The layers were separated and the organic layer was washed with

1 N HC1, saturated NaHCO3 and brine. The organic layer was then dried
(MgS04) and removed in vacuo. The resulting crude solid was chromato-
graphed on a 5 g silica gel column, eluting with 1% MeOH/CHClz. Pure
product was obtained by precipitation from hexane, in 81% yield: mp

222-223°C; TLC (Rg (A) .57; [012?

-83° (c = .54, MeOH); NMR (CDClz/dg4-
MeOH) § .75-1.10 (m, 24H), 1.11-1.65 (m, 11H), 2.0 (m, 4H), 2.43-3.21
(m, 5H), 4.01-4.52 (m, 3H), 7.18 (m, 5H). Anal. calcd. for Cg4H5eN405:

Cc, 65.73; H, 9.14; N, 8.68. Found: C, 65.96; H, 9.16; N, 8.62.

N4—(tert-Butyloxycarbonyl)—Ns—(benzyloxycarbonyl)—4(5),8-

diamino-3(R,S)-hydroxyl-octanoyl Ethyl Ester (109a,b). To 6 ml of dry

tetrahydrofuran cooled by dry ice-CCl, was added diisopropylamine (20.4
mmoles) under a nitrogen atmosphere, followed by a 1.6 N solution of
n-butyllithium in hexane (20.4 mmoles). After 1 hr the bath tempera-
ture was lowered to -78°C and dry ethyl acetate (20.4 mmoles) was added
via syringe and stirrea for 15 min. u—Boc—e—Cbz-lysinal66 (4.96 g,

13.6 mmoles) in 15 ml of dry tetrahydrofuran was added via syringe over



163

about 5 min. The reaction was stirred for 20-25 min before 1 N HCl1 was
added. The mixture was warmed to room temperature, acidified to pH 2-
3, and extracted with ethyl acetate two times. The organic layer was
washed with saturated NQCI, dried, and evaporated in vacuo. The
resulting oil was chromatographed on 400 g of silica gel using 20%
ethyl acetate in toluene. Pure compound was obtained as a mixture of
3R and 3S diastereomers in 62% yield: TLC Re (0) .08, Rg (B) .41.
Anal. calcd. for CpgHggNp07: C, 61.05; H, 8.20; N, 6.19. Found: C,

60.98; H, 8.11; N, 6.12.

N4-(tert—Butyloxycarbonyl)-Na-(benzyloxycarbonyl)—0—(ethoxy—

carbonyl)—4(s),B—dianino-a(R,S)—hydroxvloctanoyl Ethyl Ester (110a,b).

Compound 109a,b (80 mg, .18 mmoles) was dissolved in dry methylene
chloride (2 ml). Triethylamine (.36 mmoles) was added followed by
ethyl chloroformate (1.08 mmoles), dimethylaminopyridine (.02 mmoles)
and the reaction was stirred at room temperature overnight. Ethyl ace-
tate (15 ml) was added to the mixture which was then washed with 1 N
HC1, saturated NaHCO3 and saturated NaCl. The organic phase was dried
(MgS04) and removed in vacuo. The residue was chromatographed over 8 g
silica gel eluting with 50% diethyl ether/hexane which separated the
3(R) and 3(S) diastereomers. The 3(S) isomer of compound 110a,b (110a)
was isolated in about 54% yield: TLC Rg (E) .56; NMR (cpclg) § 1.10-
1.40 (m, 6H), 1.40-1.60 (m, 15H), 2.65 (d, J = 7 Hz, 2H), 3.0-3.30 (m,
2H), 3.50-4.0 (m, 1H), 4.0-4.30 (m, 6H), 4.50-4.90 (m, 2H), 5.05-5.25
(m, 3H includes singlet § 5.11, 2H), 7.36 (s, 5H). The 3(R) isomer

(110b) was isolated in about 38% yield: TLC Re¢ (E) .46; NMR CDC1lg $
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1.10-1.60 (m, 21H), 2.61 (d, J = 7 Hz, 2H), 3.0-3.30 (m, 2H), 3.60-4.0
(m, 6H), 4.40-4.75 (m, 2H), 5.00-5.20 (m, 3H includes singlet § 5.11,

2H), 7.37 (m, 5H).

N4—(tert-Butyloxycarbonyl)-Ns—(benzyloxycarbonyl)—o-(z,2,2-

trichloroethoxxcarbonxl)—418[,8—dia-ino—3§R,S)-hydrogxl octanoyl Ethyl

Ester (111a,b). Compound 109a,b (2.6 g, 5.74 mmoles) was dissolved in
pyridine (40 ml). Dimethylaminopyridine (.57 mmoles) and trichloroethyl
chloroformate (11.48 mmoles) were added sequentially to this solution.
After 20 min of stirring at room temperature, ethyl acetate (100 ml)

was added and the mixture was washed with 1 N HCI, saturated NaHCO3 and
saturated NaCl. The organic phase was dried and reduced in vacuo. The
residue was applied to a 200 g MPLC column and eluted with 30% ethyl
ether/hexane at a flow rate of about 2-5 ml/min, which separated the 3R

and 3S isomers. The 3(S) isomer 11lla was obtained as an oil in about

43% yield: TLC Re (H) .36; NMR (CDCl3) & 1.1-1.65 (m, 18H, includes
triplet § 1.23, J = 7.5 Hz), 2.71 (d, J = 7 Hz, 2H), 3.05-3.20 (m, 2H),
3.7-4.0 [(m, 1H), 4.15 (q, J = 7.5 Hz, 2H), 4.50-4.95 (m, 4H), 5.0-5.40
(m, 3H, includes a singlet § 5.09), 7.01 (s, S5H). The 3(R) isomer 111b
was isolated as an oil in about 42% yield: TLC Rg (H) .32; NMR (CDCl3)

§ 1.15-1.65 (m, 18H, includes triplet § 1.27, J = 7.5 Hz), 2.87 (d,

<
[}

7.0 Hz, 2H), 3.0-3.30 (m, 2H), 3.70-4.35 (m, 4H, includes quartet
§ 4.22, J = 7.5 Hz), 4.55 (broad doublet, J = 9 Hz, 1H), 4.81 (s, 2H),

5.0-5.30 (m, 3H, includes singlet § 5.13), 7.40 (s, 5H).
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N4—(tert—Butyloxycarbonyl)—Ns—(benzyloxycarbonyl)—4(s).8—

diamino—a(s)-hydroxyl—octanyl Ethyl Ester (109a). Compound 11la (1.4

g, 2.23 mmoles) was dissolved in a 1:1 mixture of DMF/acetic acid (5
ml). Metallic cadmium' powder (67 mmoles) was added to the solution and
the mixture was stirred for 7 hrs at room temperature. The suspension
was filtered and washed with DMF/acetic acid (5 ml) and ethyl acetate
(30-40 ml). The solution was neutralized with solid KCOg, washed with
saturated NaCl, dried (MgsS04) and evaporated in vacuo. The residue was
chromatographed on a 100 g silica gel column (MPLC grade silica gel) and
eluted with 50% ethyl acetate/hexane under positive pressure (flow ~ 5-
7 ml/min). The product was jsolated as an oil in about 90% yield: TLC
Re (B) .54, Re (W) .17; (02! -7.8° (c = .60, EXOH): NWR (cbclg) § 1.17-
1.65 (m, 18H, includes triplet § 1.27, J = 7.5 Hz), 2.51 (dd, J = 7 HZ,
3Hz, 2H), 3.0-3.30 (m, 2H), 3.30-3.75 (m, 2H), 3.90-4.35 (m, 3H,
includes quartet § 4.20, J =17.5 Hz), 4.50-5.15 (m, 4H, includes singlet
§ 5.13), 7.39 (s, 5H). Anal. calcd. for Ca3HgeNg07: C, 61.05, H, 8.20;

N, 6.19. Found: C, 61.14; H, 8.09; N, 6.21.

N4—(tert—Butyloxycarbonyl)—Ns—(benzyloxycarbonyl)—4(S).8-

dialino—s(R)—hydroxyl-octanoyl Ethyl Ester (109b). The title compound

was prepared from compound 111b (1.5 g, 2.39 mmoles) using a procedure

analogous to that for the preparation of 1lla. Starting mﬁterial was
recovered by chromatography as an 0il in about 37% yield and product was
obtained as an oil in about 54% yield: TLC Rg (M) .16; [a]§4 -16.9°

(c = .60, EtOH); NMR (CDClg) § 1.15-1.70 (m, 18H, includes triplet 8

1.29, J = 7.5 Hz), 2.49 (dd, J = 2 Hz, 6 Hz, 2H), 3.10-3.35 (m, 2H),
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3.35-3.80 (broad multiplet, 2H), 3.85-4.35 (m, 3H, includes quartet $
4.21, J = 7.5 Bz), 4.45-5.05 (m, 2H), 5.18 (s, 2H), T7.40 (s, 5H). Anal.
calcd. for CpgHggNgO7: C, 61.05; H, 8.20; N, 6.19. Found: C, 61.02;

H, 8.11; N, 6.19.

N-(tert-Butyloxycarbonyl)—L—valyl—[Ns—(benzyloxycarbonyl)]—

4!5),B—dianino-sgs|-hydrox11—octanox1 Ethyl Ester (112a). Compound
109a (200 mg, 44 mmoles) was deprotected according to general procedure
A. The resulting hydrochloride was coupled with Boc-valine anhydride
(.88 mmoles) according to general procedure D using methylene chloride
as solvent. Pure product was obtained by crystallization in about 70%
yield (2 crops): mp 116-117°C (ethyl acetate/hexane); TLF Rg (B) .37;

(0124

-35.8° (¢ = .067, MeOH); NMR (cbpclg) § .75-1.0 (m, 6H), 1.10-1.6
(m, 18H, includes triplet § 1.25, J = 7 Hz), 2.0-2.30 (m, 1H), 2.42-2.55
(m, 2H), 3.0-3.30 (m, 2H), 3.50 (m, 1H), 3.60-4.30 (m, 5H, includes
quartet § 4.30, J = 7 Hz), 4.80-5.20 (m, 3H, includes singlet é 5.15,
2H), 6.4 (d, J = 10.5 Hz, 1H), 7.25-7.45 (m, 5H). Anal. calcd. for
CogHasN30Og: C, 60.97; H, 8.22; N, 7.62. Found: C, 61.07; H, 8.21;

N, 7.44.

N—(tert—Butyloxvcarbonyl)—L—valyl-[Ns—(benzyloxycgrbonyl)]—

4(3),8-diamino—3!R)-hgdroxxl—octanoxl Ethyl Ester (112b). Compound
_109b (160 mg, .353 mmoles) was deprotected according to general proce-
dure A. The resulting hydrochloride was coupled with Boc-valine anhy-
dride (.70 mmoles) according to general procedure D using methylene

chloride as solvent. Crystallization yielded pure product in about 65%
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yield: mp 131-132°C (ethyl acetate/hexane); TLC Rg¢ (B) .33; [a]g4

-27.5°(c = .12, MeOH); NMR (CDClg) § .75-1.05 (m, 6H), 1.15-1.70 (m,
18H, includes triplet §1.27, J = 7 Hz), 1.90-2.25 (m, 1H), 2.47 (d,

J = 6 Hz, 2H), 3.02-3.30 (m, 2H), 38.42-3.58 (m, 1H), 3.65-4.32 (m, 5H,
includes quartet § 4.18, J = 7 Hz), 4.90-5.25 (m, 4H, includes singlet
8§ 5.11), 6.33 (broad doublet, J = 8 Hz, 1H), 7.46 (s, 5H). Anal. calcd.
for CogHysN30g: €, 60.97; H, 8.22; N, 7.62. Found: C, 60.83; H, 8.06;

N, 7.45.

N—(tert-Butyloxycarbonyl)—L~va1y1—L-va1y1—[NB—(benzyloxycar-

bonyl)]-4(S),8-diamino-3(S)-hydroxyl-octanoyl Ethyl Ester (113a). Boc

compound 112a (125 mg, .23 mmoles) was deprotected according to general
procedure A. The resulting hydrochloride was then coupled to Boc-valine
anhydride (.46 mmoles) according to general procedure D using methylene
chloride as solvent. Crystallization afforded product in about 92%
yield: mp 169-171°C (ethyl acetate/hexane); TLC Re (A) .60, Rg (B) .33;
[u]§4 -42.8° (c = .105, MeOH); NMR (cbclg) & .80-1.10 (m, 12H), 1.15-1.75
(m, 18H), includes triplet § 1.25, J = 7 Hz), 1.85-2.32 (m, 2H), 2.47

(d, J = 6 Hz, 2H), 3.0-3.30 (m, 2H), 3.42-3.70 (m, 1H), 3.75-4.39 (m,
6H), 5.05-5.38 (m, 4H, includes singlet § 5.12), 6.48-6.72 (m, 2H),
7.23-7.45 (m, 5H). Anal. calcd. for CggHsgNgOg: C, 60.91; H, 8.36; N,

8.61. Found: C, 60.88; H, 8.34; N, 8.54.

N—(tert—Butyloxycarbonyl)—L—valyl-L-valyl—[Ns—(benzyloxycar-

bonyl)]—4(s),8-dianino-3(R)-hydroxyl-octanoyl Ethyl Ester (113b). Boc

compound 112b (30 mg, .054 mmoles) was deprotected according to general
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procedure A. The resulting hydrochloride was coupled to Boc-valine
anhydride (.10 mmoles) according to general procedure D using methylene
chloride as solvent. After work-up the resulting material was chromato-
graphed on a 10 g silica gel column eluting with 5% methanol in chloro-
form. Appropriate fractions were collected and evaporated. Precipita-
tion from ethyl ether gave product in about 85% yield: mp 193-194°C;
TLC R¢ (B) .27; [0.]]2)4 -34.5° (¢ = .087, MeOH); NMR (CDCl3) § .75-1.10 (m,
12H), 1.10-2.10 (m, 20H), 2.44 (d, J = 6 Hz, 2H), 3.05-3.30 (m, 2H),
3.35-3.70 (m, 2H), 3.80-4.30 (m, 5H), 4.90-5.30 (m, 4H, includes singlet
§ 5.12), 6.41-6.65 (m, 2H), 7.23-7.40 (m, 5H). Anal. calcd. for
CagHs4Ng0g: C, 60.91; H, 8.36; N, 8.61. Found: C, 61.05; H, 8.57; N,

8.65.

N—(tert—Butyloxycarbonyl)—L—valyl—L-valyl-[Ns—(benzyloxycar—

bonyl)|—4§S),8—d1anino—3(S!—hxdrole—octanoic acid (116a). Compound

113a (70 mg, .108 mmoles) was saponified to the free acid according to

general procedure F. The product was obtained in about 89% yield and

was used in the next reaction without further purification.

N—(tert-Butyloxycarbonyl)-L—valyl-L—valyl—[Na—(benzyloxycar—

bonyl)]-4(s),8—dianino—3(S)—hydroxyl—octanoyl—L—Qhenylalanine Methyl

Ester (117a). Compound 116a (60 mg, .096 mmoles) was coupled to phen-

ylalanine methyl ester (.12 mmoles) according to general procedure B.
The resulting material was chromatographed on a 10 g silica gel column
eluting with 5% methanol in chloroform. Fractions were then collected

and evaporated in vacuo. Precipitation of material afforded product in




169

70% yield: mp 163-165°C (ethyl ether/hexane); TLC R¢ (A) .40; [a]§4
-37.2° (c = .105, MeOH); NMR (CDClg) & .75-1.10 (m, 2H), 1.10-1.85 (m,
18H), 1.80-2.25 (m, 2H), 2.92-3.30 (m, 4H), 3.35-4.45 (m, 8H, includes
singlet § 3.73), 4.60-5;20 (m, 4H, includes singlet § 5.1), 6.55 (m,
1H), 6.82-7.20 (m, 12H). Anal. calcd. for C41Hg1N5010°H20: C, 61.41;

H, 7.92; N, 8.73. Found: C, 61.41; H, 8.02; N, 8.60.

N—Isova1ery1—L—va1y1—L—valy1—[Ns—(benzyloxycarbony])]—4(8),8-

diamino-3(S)-hydroxyl-octanoyl Ethyl Ester (114a). Boc compound 113a
(30 mg, .046 mmoles) was deprotected according to general procedure A.
The resulting hydrochloride was coupled to isovaleric anhydride (.10
mmoles) as described in general procedure D using DMF as the solvent.
Precipitation from ethyl ether gave the title compound in about 90%
yield: mp 216-218° (ethyl ether); TLC Re (B) .31; [a)3%-69.7° (c =
.076, MeOH); NMR (d4—¥e0H) § .78-1.15 (m, 18H), 1.17-1.78 (m, SH,

includes triplet § 1.23, J =17 Hz), 1.87-2.27 (m, 5H), 2.40 (d, J y j

Hz, 2H), 3.08 (m, 2H), 3.51-4.27 (m, 6H), 5.04 (s, 2H), 7.28 (s, 5H).
Anal. calcd. for CggHsqN40Og-H20: C, 57.55; H, 8.48; N, 8.14. Found:

c, 57.78; H, 8.07; N, 7.92.

N—Isovaleryl—L—valyl-L-valyl—[Na—(benzyloxycarbonyl)]—4(S),8-

dianino-agR)-hydroxxl—octanoyl Ethyl Ester (114b). Boc compound 113b

(33 mg, .50 mmoles) was deprotected according to general procedure A.
The hydrochloride was coupled to isovaleric anhydride (.10 mmoles) as
described for general procedure D using DMF as solvent. Precipitation

from ethyl ether gave product in about 70% yield: mp 217-219°C (ethyl
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24
D

.79-1.17 (m, 18H), 1.19-1.77 (m, 9H), 1.88-2.25 (m, 5H), 2.38 (d, J =17

ether); TLC Rg (B) .25; [0]2% -42.5° (c = .073, MeOH); NMR (d4-MeOH) §

Hz, 2H), 3.10 (m, 2H), 3.50-4.27 (m, 6H), 5.05 (s, 2H), 7.29 (s, 5H).
Anal. calcd. for CggHsgN4Og-H20: C, 57.55; H, 8.48; N, 8.14. Found:

C, 57.81; H, 8.07; N, 8.01.

N—Isovaleryl-L—valyl—L—valyl-[Ns—(benzyloxycarbonyl)]—4(5),8—

dianino—sls[—hxdroxyl-octanoxl—L-Ehenylalanine—methyl Ester (118a).

Boc compound 117a (30 mg, .0403 mmoles) was deprotected using general
procedure A. The hydrochloride was reacted with isovaleric anhydride
(.08 mmoles) according to general procedure D using DMF as solvent.
Precipitation from ethyl ether gave product in 90% yield: mp >250°C;
TLC R¢ (B) .18; [ot]g4 —250° (c = .12, MeOH); NMR (d4-MeOH/d4-acetic
acid, 1/{, v/v) 8 .67-1.10 (m, 18H), 1.20-1.78 (m, 6H), 1.80-2.22 (m,
5H), 2.33 (d, J = 6 Hz, 2H), 2.93-3.33 (m, 4H), 3.55-3.78 (m, 4H,
‘includes singlet § 3.87), 3.78-4.33 (m, 3H), 4.71 (t, J = 8 Hz, 1H),
5.07 (s; 2H), 7.0-7.44 (m, 10H). Anal. calcd. for C41H61N509-H20: Ci,
62.66; H. 8.08; N, 8.91. Found: C, 62.63; H, 7.99; N 8.71.

N-Isovaleryl-L-valyl-L-valyl-4(S),8-diamino-3(S)-hydroxyl-oc—

tanoyl Ethyl Ester Acetate (115a). The Cbz group of compound 114a (19

mg, .03 mmoles) was removed as described in general procedure H. Pre-
cipitation from ethyl ether gave product in about 77% yield: mp 228-

230°C; TLC Rg¢ (F) .55; [0]34 -75° (¢ = .08, MeOH); NMR (dmso-dg) § .1-
1.15 (m, 18H), 1.34-1.91 (m, 9H), 2.10-2.33 (m, 5H), 2.48 (m, 2H), 3.0-

3.31 (m, 2H), 3.67-3.85 (m, 4H), 4.05-4.45 (m, 3H). Anal. calcd. for
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C27“52N408‘H20: C, 56.03; H, 9.39; N, 9.68. Found: 5 56.27; H, 9.02;

N, 9.39.

N—Isovalerxl;L—valyl—L—valyl—4!S),8—diam1no-3§R)—hydroxyl—
octanoyl Ethyl Ester Acetate (115b) . Compound 114b (19 mg, .03 mmoles)

was subjected to conditions described in general procedure H. Precipi-
tation from ethyl ether gave product in 80% yield: mp 220°C; TLC Rg (R)
59; [a]2% -48° (c = .10, MeOH); NMR (dmso-dg) § .78-1.13 (m, 18H), 1.35-
1.89 (m, 9H), 1.92-2.26 (m, 5H), 2.38 (m, 2H), 3.11 (m, 2H), 3.52-4.33
(m, 6H). Anal. calcd. for CpqHgpN40g-1.5 Hp0: C, 55.18; H, 9.43; N,

9.53. Found: C, 55.20; H, 9.05; N, 9.44

N-Isovaleryl-L-valyl-L-valyl-4(S),8-diamino-3(S)-hydroxyloc—

tanoxl—L-Qhenylalanine—nethyl Ester Acetate (119a). Compound 118a (20

mg, .027 mmoles) was treated as described in general procedure H.

Ethyl ether precipitation afforded product in 83% yield: mp 200°C; TLC
R¢ (R) .61; [a.][2)4 -270° (c = .10, MeOH); NMR (CD3C02D) & .70-1.10 (m,
18H), 1.33-1.89 (m, 6H), 2.0-2.33 (m, 5H), 2.49 (m, 2H), 2.98—3.33 (m,
4H), 3.67-3.82 (m, 4H, includes singlet at § 3.73), 4.05 (m, 1H), 4.39
(m, 2H, includes triplet, J = 8 Hz), 4.84 (m, 1H), 7.22 (s, S5H). Anal.
calcd. for CgsHsgNsOg-H20: C, 57.60; H, 8.69; N, 9.60. Found: C,

57.33; H, 8.29; N, 9.49.

N4- (tert-Butyloxycarbonyl)-N8-(acetyl)-4(S),8-diamino-3(S)-

hydroxyl-octanoyl Ethyl Ester (133). Compound 109a (90 mg, .20 mmoles)

was deprotected as described in general procedure H, except methanol
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was used in place of DMF. Evaporation of solvent following filtration
of catalyst afforded a clear oil. This resulting material was dissolved
in methylene chloride (5 ml) and neutralized with N-methylmorpholine
(.20 mmoles). Acetic anhydride (.30 mmoles) was added and the mixture
stirred at room temperature for 4 hr, after which the mixture was
diluted with ethyl acetate. The mixture was washed with 1 N HC1l, satu-
rated NaHCOg, saturated NaCl, dried (MgS04) and evaporated in vacuo.
Pure compound was obtained as an oil in about 72% yield: TLC Rf (A)
.30; [012% -8.2° (c = .20, MeOH); NMR (cpclg) 8 1.22 (t, J = 7 Hz, 3H),
1.35-1.92 (m, 15H), 2.16 (s, 3H), 2.66 (m, 2H), 3.25-3.85 (m, 4H),
3.98-4.50 (m, 3H, includes quartet § 4.835, J =17 Hz), 4.93 (m, 1H),

5.91 (m, 1H).

N—Isovaleryl-L—valyl-L—valyl-[Ns-(acetyl)]—4(5).B-diamino—

3(S)-hydroxyl-octano 1 Ethyl Ester (134). Compound 133 (30 mg, .083
mmoles) was deprotected according to general procedure A. The resulting
hydrochloride was coupled to iva-Val-Val-OH using general procedure B.
After work-up the resulting material was recrystallized from methanol/
ethyl ether to afford pure product in about 30% yield: mp 256-257°C;
TLC Re (A) .42; [o.]zn4 -71.0° (¢ = .10, MeOH); NMR (d4-MeOH) & J78-1.11
(m, 18H), 1.30 (t, J = 7 Hz, 3H), 1.44 (m, 9H), 2.00-2.23 (m, 5H,
includes singlet § 2.18), 2.583 (d, J = 7.5 Hz, 2H), 3.11 (m, 2H), 4.00-
4.27 (m, 6H). Anal. calcd. for Cp7Hs50N407: C. 59.76; H, 9.29; N,

10.32. Found: C, 59.63; H, 9.23; N, 10.27.
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Nz—(tert—Butyloxycarbonyl)—N5—(benzyloxycarbonyl)—2(5).5—

diamino-pentanol (121). o-Boc-8-Cbz-ornithine methyl ester (3.5 g, 9.2
mmol) was dissolved in absolute ethanol (14 ml). The mixture, which

was kept under an Nj atmosphere, was chilled to 0° and a 2 N solution of
lithium borohydride in tetrahydrofuran (9 ml, 18 mmoles) was slowly
added dropwise. The reaction was monitored by TLC. After 2 hr the
reaction was quenched by pouring the reaction solution into citric acid
(1 N), and extracting the product with ethyl acetate. The organic

layer was then washed with saturated NaCl, dried (MgSO4) and the solvent
removed in vacuo to yield 3.1 g of a clear oil (95%): TLC Re (A) .49.

The product was used in the next step without further purification.

Nz—(tert—Butyloxycarbonyl)-2(S),5—diamino-pentanol (124).

Compound 121 (3.1 g, 8.8 mmoles) was dissolved in dry methanol (20 ml)
and the solution was purged of oxygen by vigorous bubbling with nitro-
gen. Ammonium formate powder (1.6 g, 26 mmoles) was added, followed by
10% palladium on carbon (300 mg). The reaction progress was monitored
by TLC. After 3 hr the mixture was filtered through celite and the
filtrate washed with methanol (20 ml). The methanol was removed in
vacuo and ethyl acetate (20 ml) was added to dissolve the residue. The
free amine was extracted into saturated KHSO4 (the success of this pro-
cedure was followed by TLC). The aqueous layer was basified to pH 10
with solid NaOH and washed with ethyl acetate (100 ml). The organic
layer was then dried (MgSOy4) and evaporated in vacuo to yield a clear
0il (1.94 g, 98%) which was used without further purification: TLC Rf

(A) .08; NMR (CDCl3) § 1.33-1.78 (m, 13H), 2.74 (m, 2H), 3.38-3.71 (m,
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3H), 4.55-4.86 (m, 3H), 5.55 (broad m, 1H) .

Na—(tert—Butyloxycarbonyl)—N5—(phthaloy1)—2(s).5-diamino—

pentanol (133). Free aiine 124 (900 mg, 4.08 mmoles) was dissolved in
methanol (5 ml). To this, N—carboethoxy—phthal1mide81a’b (1.3 g, 4.1
mmoles) was added and the mixture was stirred at room temperature for
3-4 hr. The solution was diluted with ethyl acetate (30 ml) and was
washed with 1 N HCl, saturated NaHCO3 and saturated NaCl. The organic
layer was dried (MgSO4) and evaporated in vacuo. The residue was
recrystallized from hexane/ethyl acetate to give a white powder (1.1 g
in 2 crops) in about 78% yield: mp 88-90°C; TLC Rg (A) .50, Rf (M) .14;
NMR (CDClgz) § 1.33-1.97 (m, 13H, includes singlet 1.36), 2.23 (m,
1H), 3.33-3.86 (m, 5H), 4.73 (m, 1H), 7.77 (m, 4H). Anal. calcd. for
C1gH24N205: C, 62.06; H, 6.94; N, 8.04. Found: C, 61.97; H, 6.91;

N, 7.89.

N2—(tert—Butyloxycarbonyl)-N5—(benzy1)—2(S).s—diaminopenta-

nol (125). Free amine 124 (530 mg, 2.41 mmoles) was dissolved in
methylene chloride (10 ml). Triethylamine (242 ul, 2.41 mmoles) and
benzaldehyde (245 ul, 2.41 mmoles) followed by MgSO4 (1 g) were added .
The mixture was stirred at room temperature for 4 hr after which time
the MgSO4 was filtered and the solvent evaporated in vacuo. The residue
was dissolved in methanol (10 ml) and solid sodium borohydride (7.24

mmoles) was added to the solution in small portions over a period of

0.5 hr. The mixture was stirred for 3 hr and then quenched by pouring

onto iced water. The water layer was acidified with saturated KHSO4
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and extracted with ethyl acetate. The aqueous layer was basified to
pH 10 with solid NaOH and extracted with ethyl acetate (100 ml). The
organic layer was dried (MgSO4) and removed in vacuo to give a clear
0il (500 mg, 70%) which was used in the next step without further puri-
fication. TLC Rg (A) .08; NMR (CDClg) § 1.33-1.70 (m, 13H, includes
singlet § 1.40), 2.62 (m, 2H), 3.40-3.67 (m, 3H), 3.70-4.00 (m, 4H),

5.43 (broad m, 1H), 7.29 (s, 5H) .

Nz-(tert—Butyloxycarbonyl)-Ns—(benzyl)—N5—(benzyloxycarbon—

xl)-z!S),5—dianino—pentanol (126) . Compound 125 (500 mg, 1.62 mmoles)

was dissolved in a 1:1 mixture of dioxane/ﬂgo (10 ml) and chilled to

0°C. 1 N NaOH (1.62 ml) was added followed by a dropwise addition of
benzyl chloroformate (3.24 mmoles) over a period of 3 hr. The pH was
carefully maintained at pH 10 with 1 N NaOH. The mixture was stirred
at room temperature for 3 hr at pH 10. After this the reaction mixture
was diluted with Hp0 (10 ml) and extracted with ethyl acetate. The
organic layer was dried (MgSOy) and removed in vacuo. The residue was
chromatographed on a 10 g silica gel column (MPLC grade silica gel)
eluting with 50% ethyl acetate in hexane under positive pressure (flow
rate ~ 5 ml/min). Appropriate fractions were combined and evaporated
in vacuo to yield a clear oil (508 mg, 71%): TLC Re (M) .21; NMR
(cnclg) § 1.14-1.89 (m, 13H), 3.25 (m, 2H), 3.30-3.73 (m, 3H), 4.03
(m, 1H), 4.43 (s, 2H), 4.82-5.21 (m, 3H, includes singlet § 5.14), 7.0-
7.40 (m, 10H). Anal. calcd. for CpgHgsN20s5'% H20: C. 65.84; H, 7.85;

N, 6.14. Found: C, 65.75; H, 7.84; N, 6.01.
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N2—(tert—Butyloxycarbonyl)—N5—(benzy1)—N5—(benzyloxycarbon-

11)—2182,5-diamino—gentanal (127). Alcohol 126 (470 mg, 1.06 mmoles)
was dissolved in dry DMSO (1.5 ml). Triethylamine (445 ul, 3.2 mmoles)
was added and the mixture was cooled to 0°C. Pyridine—sulfurtrioxide
conplex66 (510 mg, 3.2 mmoles) in DMSO (1.5 ml) was added and the mix-
ture was stirred at room temperature for .5 hr-.75 hr. The solution
was poured onto iced water to stop the reaction, and the product was
extracted with ethyl acetate. The organic layer was dried (MgS0y4),
evaporated in vacuo, and vacuum dried overnight. The resulting o0il was

used without further purification: TLC Rg (B) .39, Rf (M) .50.

N4—(tert—Butyloxycarbonyl)—N7—(benzy1)—N7-(benzyloxycarbon—

yl)—4(s).7—d1an1no—3(R.S)—hydroxyl—heptanoyl Ethyl Ester (128). To 1

ml of dry tetrahydrofuran cooled by dry ice-CCl, was added diisopropyl-
amine (1.6 mmoles) under a nitrogen atmosphere, followed by a 1.6 N
solution of n-butyllithium in hexane (1.6 mmoles). After 1 hr the bath
temperature was lowered to -78°C and dry ethyl acetate (1.6 mmoles) was
added via syringe. The solution was stirred for 15 min. Aldehyde 127
(1.06 mmoles) dissolved in 1 ml of dry tetrahydrofuran was added via
syringe over about 5 min. The reaction was stirred for 20-25 min before
1 N HCl was added. The mixture was warmed to room temperature and
acidified to pH 2-3, then extracted with ethyl acetate twice (40 ml).
The organic layer was washed with saturated NaCl, dried (MgSO4), and
evaporated in vacuo. The resulting oil was chromatographed on 20 g
silica gel (MPLC grade silica gel) eluting with 50% ethyl acetate in

hexane under positive pressure (flow rate ~ 5 ml/min). The pure 3(R,S)
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diastereomeric mixture was obtained as an 0il in 53% yield (from alcohol
126): TLC Rg¢ (B) .53, Rf (M) .20; NMR (CDClg) § 1.11-1.74 (m, 16H,
includes triplet § 1.27, J = 7.5 Hz), 2.44 (m, 2H), 3.12-3.80 (m, 4H),
3.81-4.32 (m, 3H, includes quartet § 4.17, J = 7.5 Hz), 4.47 (s, 2H),
4.90 (broad s, 1H), 5.15 (s, 2H), 7.12-7.50 (m, 10H). Anal. calcd. for
CogH4oN207: c, 65.89; H, 7.67; N, 5.30. Found: C, 65.67; H, 7.63; N,

5.26.

N-(tert-Butyloxycarbonyl-L-valyl—[N7—(benzyl)-N7-(benzyloxy—

carbonyl)]—4(s),7-diam1no—3(k,S)—hydroxyl—heptanoyl Ethyl Ester (129).

Compound 128 (100 mg, .19 mmoles) was deprotected according to general
procedure A. The resulting hydrochloride was coupled with Boc-valine
anhydride (.4 mmoles) according to general procedure D using methylene
chloride as solvent. The crude product obtained was chromatographed
over 10 g silica gel eluting with 40% ethyl acetate in methylene chlor-
jde. Product was isolated as an oil in about 80% yield: TLC Rg (B)
.50, Rg (P) .25; NMR (cpclg) & .79-1.18 (m, 6H), 1.23 (t, J = 7.5 Hz,
3H), 1.30-1.71 (m, 13H), 2.05 (m, 1H), 2.39 (m, 2H), 3.11-3.56 (m, 3H),
3.62-4.30 (m, 5H, includes quartet § 4.13, J = 7.5 Hz), 4.45 (s, 2H),
5.0 (m, 1H), 5.14 (s, 2H), 6.39 (broad multiplet, 1H), 7.08-7.45 (m,

10H) .

N—(tert—Butyloxycarbonyl)—L-valyl-L—valyl-[N7—(benzyl—N7-

(benzyloxycarbonyl)]—4(S).7—diamino—3(R.S)-hydroxyl—hegtanoxl Ethyl

Ester (130). Compound 129 (66 mg, .105 mmoles) was deprotected accord-

ing to general procedure A. The resulting hydrochloride was coupled



178

with Boc-valine anhydride (.2 mmoles) according to general procedure D
using methylene chloride as solvent. Silica gel column purification
(10 g) eluting with 40% ethyl acetate in methylene chloride afforded
pure compound as an 0il in 75% yield: TLC Rg¢ (P) .13; NMR (CDClg) §
.75-1.11 (m, 12H), 1.15-1.62 (m, 16H, includes triplet § 1.26, J =7
Hz), 1.83-2.25 (m, 2H), 2.43 (m, 2H), 3.22 (m, 2H), 3.60-4.40 (m, TH,
includes quartet 6 4.18, J =7 Hz), 4.45 (s, 2H), 5.18 (s, 2H), 5.38

(d, J = 8 Hz, 1H), 6.65-7.10 (m, 2H), 7.10-7.52 (m, 10H) .

N-Isovaleryl—L-valyl—L—valyl—[N7—(benzy1)—N7—(benzyloxycar—

bonyl)]—4(s),7-d1amino—3(R,S)—hydroxyl-heptanoyl Ethyl Ester (131).

Compound 130 (37 mg, .051 mmoles) was deprotected according to general
procedure A. The resulting hydrochloride was coupled to isovaleric
anhydride according to general procedure D using DMF as solvent. Pre-
cipitation from ethyl ether gave product as a white powder in about 96%
yield: mp 148-152°C; TLC Re (A) .61; NMR (MeOH-d4) & .77-1.13 (m, 18H),
1.16-1.64 (m, 7H, includes triplet § 1.28, J =7 Hz), 1.82-2.26 (m,

5h), 2.45 (m, 2H), 3.10 (m, 2H), 3.61-4.60 (m: 8H), 5.28 (s, 2H), 7.30
(m, 10H). Anal. calcd. for CggH5gN40g: c, 65.90; H, 8.22; N, 7.89.

Found: C, 65.72; H, 8.12; N, 7.71.

N-Isovaleryl-L—valyl—L—valy1—4(S).7—diamino-3(R,S)—hydroxyl—

heptanoyl Ethyl Ester Acetate (132). Compound 131 (28 mg, .04 mmoles)

was dissolved in methanol (3 ml) and 3-4 drops of acetic acid were
added. The solution was then purged of oxygen with nitrogen before 20%

palladium hydroxide on carbon (10 mg) was added. The mixture was put
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on a parr hydrogenation apparatus at 30 p.s.i. for 3 hr. After this

the catalyst was removed by filtration over celite and washed with
methanol. The solvent was concentrated in vacuo (~1 ml) and product
was precipitated with efhyl ether and collected as a white powder in
about 88% yield: mp 228-230°C; TLC Rg¢ (R) .52; NMR (d4—Me0H) § .91-1.10
(m, 18H), 1.28 (t, J =7 Hz, 3H), 1.65 (m, 4H), 1.80-2.21 (m, 8H),

2.46 (m, 2H), 2.90 (m, 2H), 3.63-4.41 (m, 6H). Anal. calcd. for
CogHsoN4Og: C, 57.13; H, 9.22; N, 10.25. Found: C, 57.31; H, 9.14;

N, 10.32.

N- (tert—Butyloxvcarbonyl y-L-valyl-L-valyl-4(S )-amino-3(S)-

hydroxyl—6—nethx1hegtano¥1—L—Ehenylalanine Methyl Ester (138). The

title compound was prepared by general procedure B from Boc-Val-Val-
Sta-OH (.15 mmoles) and HC1-Phe-OMe (.18 mmoles). Chromatography (3%
MeOH/CHClg) followed by crystallization gave product in about 66%
yield: mp 138-140°C (ethyl acetate/hexane); TLC Rg (B) 425 [(1];4
-50° (c = .30, MeOH); NMR (MeOH-dg) § .83-1.05 (m, 18H), 1.15-1.63 (m,
11H, contains singlet § 1.42), 1.80-2.24 (m, 3H), 2.43 (d, J = 7 Hz,
2H), 2.83 (m, 2H), 3.72 (s, 3H), 3.81-4.42 (m, 4H), 4.82 (m, 1H), 7.36
(s, 5H). Anal. calcd. for Ca3H54N40g: C, 62.44; H, 8.58; N, 8.83.

Found: C, 62.19; H, 8.57; N, 8.84.

N-Isovaleryl-L-valyl-L-valyl-4 (S)-amino-3(S) -hydroxyl-6-meth—

lheptanoyl-L-phenylalanine Methyl Ester (139). Compound 138 (30 mg,
.048 mmoles) was deprotected according to general procedure A. The

resulting hydrochloride was then coupled with isovaleric anhydride
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according to general procedure D. Precipitation from ethyl ether
afforded pure compound as a white powder in 80% yield: mp 224-225°C;
TLC Ry (B) .29; [0]2* -62° (c = .15, MeOH); NMR (d4-MeOH) S .89-1.02
(m, 24H), 1.36-1.76 (m.\4H), 1.90-2.32 (m, 4H), 2.43 (d, J = 7 Hz, 2H),
2.91 (m, 2H), 3.44 (m, 1H), 3.76-4.43 (m, 6H, includes singlet § 3.78),
4.81 (m, 1H), 7.42 (s, 5H). Anal. calcd. for C33H54Ng07: C, 64.06; H,

8.79; N, 9.07. Found: C, 63.99; H, 8.69; N, 8.85.

N—Isovaleryl—L—valyl—L—phenylalanyl—4(S)-amino-a(s)—hydroxyl—

6-methylheptanoyl-L-alanyl Isoamylamide (140). Compound 53 (.05 mmoles)

was deprotected according to general procedure A. The resulting hydro-
chloride was reacted with Boc-valine anhydride (.1 mmoles) according to
general procedure D. The resulting compound was without further puri-
fication deprotected by general procedure A, and reacted with isovaleryl
anhydride (.10 mmoles) using general procedure D. The resulting mate-
rial was chromatographed on a 10 g silica gel column eluting with 5%-
methanol in chloroform. Product was obtained in an overall yield of
72%: mp 247-250°C; TLC Re (A) .31; [a]§4 -48° (c = .1, MeOH); NMR
(MeOH-dg4) S .68-1.09 (m, 24H), 1.22-1.78 (m, 10H), 1.88-2.28 (m, 5H),
2.89-3.34 (m, 4H), 3.43-4.05 (m, 2H), 4.32-4.82 (m, 2H), 7.43 (s, BH)-<
Anal. calcd. for CgsHsgNs0g: C, 65.19; H, 9.07; N, 10.86. Found: C,

65.28; H, 9.12; N, 10.95.

D. 180H, Experiments

—_—

Statone compound 11 (.125 upmoles in methanol) was added to a

solution of porcine pepsin, .125 pmoles in 50 mM, pH 5.0 oxalate buffer
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made up with 99% enriched H2180. In control experiments, pepstatin
(.125 pmoles) was added prior to addition of Sto peptide. Assays were
incubated for 3 hr (or the desired aﬁount of time) and freeze dried.

To the powder, chlorofcrh (1 ml) was added and the insoluble material
was filtered. The organic layer was applied to a .25 mm thickness 20 x
10 cm TLC plate and chromatographed with 10% methanol in chloroform.
The band corresponding to starting Sto peptide was scraped from the
plate and extracted with 1% methanol in chloroform. The residue was
analyzed by mass spectrometry. Mass peak (M) and M+2 peak heights
were analyzed to determine the extent of 189 incorporation. The same

experiment was carried out on compound 1 8.
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