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ABSTRAéT
\__/

New thionation experimental conditions and new reagenés for
the synthesis of thiocamide analogues of protected”amino acids and
peptides are presented. The interaction of thiocarbonyl analogues
of model substrates of u—éhymotrypsin and leucine aminopeptidase

were also studied. Optically active dithiocester derivatives of

protected amino acids were prepared and.used as thioacylating agents.

The synthesis of four thiocamide-containing analogues of the
chemotactic tripeptide f-Met-Leu-Phe was accomplished. The
conformational properties of these novel analogues Qére studied‘by
lH and 13C NMR spectroscopy. Their biological activity was also

evaluated in vitro and the results interpreted in terms of their

~ molecular properties.

The regioselectivity of the new thionation methodology
allowed for the rapid and efficient synthesis of the four possible
monothicamide positional isomers of [LeuS]-enkephalin. Their

biological activity was studied both in vitro and-in vivo. -

" Amidoxime and amidrazide analogues of the peptidic bond

were also obtained using thioamides as intermediates.

-
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ANALOGUES THIOCARBONYLES D'ACIDES AMINES ET DE PEPTIDES:
SYNTHESE E{?PROPRIETES BIOLGGIQUES :
par

Gifles Lajode >
RESUME

] ) De nouvelles conditions de réaction et de nouveaux réactifs
pour la synth@se d'analogues thiocamidés d'acides aminés et de
I ‘ peptides sont décrits. Les interactions enzymatiques d'analogues
R thiocarbonylés de substrats modé&les pour 1'a-chymotrypsine et la
leucine aminopeptidase furent etudiées. Pes dérivés d'acides
'aminés optiquement actifs contenant une fonctioﬁ dithiocester ont
été preparéé}et utilisés comme agent thioaéylants.

. =
La synthése de quatre analogues du tripeptide chemotactique

f-Met-Leu-Phe contenant une ou deux fonctions thiocamides fut aussi

réalisée. Les proprietés conformationnelles de ces nouveaux composés
furent évaluées par spectroscopie RMN du proton et ‘du carbone; Leur
activité biologique fut mesurée par des tests appropriés in vitro.
ia régiosélectivité de cette nouvelle méthodologie de thio-
nation fut appliquée 3 la synthé&se d'analogues monothiocamidé de 1la

[Leusl—encéphaline. Leurs propriétés biologiques furent &valuées

in vitro et in vivo.

—_ -

D'autres fonctions analogues au lien peptidique telles les

amidoximes et les amidrazides furent preparé&es 3 partir des

7
précurseurs thiocamidés, ;o
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INTRODUCTION

Natural products are still the most important source of
model compounds for the development of new drugsl. In the past
decade or so, éfnumber of naturally occurring peptides, often
consisting of only a few amino acids, have peen discovered which
are extremely potent regulators of key biological processes.

Their diversified roles encompass activities such as hormonal
function, neurotransmission and immunclogical modulation. (Fig 1)
Their therapeutic potential could conceivably include the contrql
of pain, the regulation of metabolic diseases, and the stimulation

or deactivation of the immune system.

Peptide Number of amino acids

Hypothalawmlc ;ele)}&ng factors

for luteinizing hormones LRH 10
for thyreocroptin TRH 3
for growth hormone GRH 10
g Pancreatic hormones
insulin 51
glucagon 29
gomatostatin 14

Pituitary hormones

adrenccorticotropic ACTH 39

oxytocin 9

vasopressin 9

. Tissue hormones bradykinin 9 ;

angiotensin [T 8

Neurotransmitters substance P 11

enkephalins 3

, endorphins >3
Immune hormone factor thymic

seric 9
thymopoeltin

fragment 5

Figure 1 Peptide of quite different slze and structure that act
as hormone or mediators in many organs of the human body.
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However, some of their properties present, K several dis-
advantages for practical chemotherapy. Firstly, the high
lability of these substances to the degradative peptidases
limits their dugation of action and contributes to their>lack
of oral activity. Secondly, the same peptidic structure can
mediate different processes in different organs and tissues and .
thus lacks biological selectivityz. Finally, their relative
chemical complexity makes their large scale preparation difficult
and uneconomical. An important research\goal would then be to
design simpler compounds which reproduce only those key features
of the natural effectors that are essential for selective bio-
logical activ1ty3. o

It is widely accepted that peptides transmit thelr message
to the targgt cells through specific receptors on the cell surface.
According to general theories of drug—-receptor interactions, the
peptide would fit on its receptor (the "lock and key" principle)
thus, K causing a conformational change in the macromolecular

complex which in turn would lead to the transduction of a signal

4

.into the cell™.

Receptor Complex

Hormone

& T |-

Figure 2 Model of hormone- or drug-receptor complex.
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Complex’formation and si%nal trahsguction are néf-nécessarily
iﬁterconnectéd and for this regson compounds that form comblexes
ﬁith the recptor bué do not cause signal transduction are often
sought in order to antagonize or block the messége. Complexation
with thé receptor can also induce a conformational change in the

pep%idic effector itself. The concept of induced fit upon

binding has in fact been extended so as to encompass oligopeptidic

5 o
structures” . : . y
It is also believed that a given family of receptors can

exist as subpopulations displaying subtle but specific variations

in conformational requirements toward related peptidic modulators.

- ¥
For instance, the u-Subgroup of the opiate receptor in the central

nervous system binds prefefentially morphine derivatives and
i ’ ,
endErphins, whereas the §-subgroup which is more abundant in the

gut shows a preference for the enkephalinsG_B.

The é&xact parameters involved inAthe binding of 5ligopepties
and signalwtréﬁsduction are still poorly undefstood. Steric,
electrostatic and conformational effects ‘at the recqptor level
have without doubt a determinant roleg. There exisés no reliable
method as yet which permits the direct observation of peptide-
receptor interactions. Indirect approaches involving structurally
andvconformationally inducéd variations in the dynamic behavior
of oligopeptides are generally helpful in unraveling the receptor

.

binding site topography which in turn can serve as a model for

ey " -

-4 +

sg\ﬂ
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the éésign of potentially useful drugs. Once identification of

T

A,

“an active\oligopeptidic fragment has been accomplished and the

structural features responsible for its agonist or antagonist

‘x)\ °

activity have been delineated, the major remaining problems are

+

to achieve Mmproved receptor selectivfty and greater metabolic

:
KRR .
4

e stabili%f?of’the fragment.

‘ -~ P

In the past these parameters were generally manipulated,

more or less indisScriminately, through side chain modifications

.

o of the native ‘peptidic structures. These alterations involved

. ) -
’, : the substitution of one or more amino acid residues by another,
including enantiomers and the deletion of one or more residues

e ~ 1n the sequencelo. Other chemical changes concerned functional

v 11-13

groups such as the O-methylation of’tyrosine , the O-acetyla-

tion of serine¥%—15, the S-oxidation of methloninel6-l7,

etc.... It is now well-known that the structural requirements for

N the activity of an oligopeptide are often very étrictlo’ 18.

For instance, even a single inversion of chirali?y can produce
_dramatic changes in potencylg. Such approaches generally entail
k;%e preparation of a large number of analogues before useful

| information can be obtained. Overall, -this research has been
rarely successful as regards the devglopment of new therapeutic

agents3'20.

However, new refihements in thef{rational design of peptide

analogues have recently been developed and) involve the imposition

- -
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of conformational constraints through ring formation between
key sites. When the loop freezes the conformation into a

favorable geometry, the biological activity is either preserved
[t

or enhanced21_22. Frequently, cyclization confers resistance

21,23

against enzymatic degradation This strategy has been

most successfully exploited by the Merck group and has led to

.

the discovery of somatostatin analogues of considerable promise
in the treatment of juvenile diabetesz4—25.
There have been surprisingly. few attempts to replace the

amide backbone linkages by isosteric functionalities. This is

remarkable in the light of the fact that the amide linkages them-

selves are the only target of degradative peptidases whose role
is to inactivate the oligopeptidic effectors. The reason so

few examples of isosteric backbone modifications are available
stems from the fact that such isosteres can not readily be
incorporated in the peptidic backbone and from the lack of
incentive to overcome these synthetic difficulties owing to the
general belief that the amide linkages play a minor role in the
binding chemistry of oligopeptides at the receptor level. The
most important backbone changes that were explored in the past

are listed in Fig. 3.

As expected these modifications make the peptide structure

P

resistant to enzymatic cleavage. However this advantage is, in
<

NP

most cases, outweighed by large decreases in biological activity.

\J
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H
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) —~C—CHy - CH=CH~”
-
0
] ﬁ
—-—C—0~— —~N—C~—
#
(o] [
I ]
—C—N—N— _C—N~—
H H &
..cHi.qu_

~

Figure 3 1Isosteric Analogues of the Peptide Bond
: P

This is not too surprising since most of these analogues incorpor-
ate backbone features that are\non—-equivalent to amide linkages
as regards hydrogen bonding, solvation and geometrical properties.
The so-called "retro-invero" modification where the direction of
the amide bond is reversed using amino acid residues of opposite
configuration has been more successful especially when applied to
cyclic analogues, but less so in the case of linear peptideslo’26-
Among these backbone variations, it is the thioamide function that
appears to bear the greatest similarity to the amide bond as

. 27 ..
regards geometrical and electronic properties . At the beginning

of our investigations, receptor and enzyme interactions with

a7 IR A 53 S8 4 et
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oligopeptides carrying thioamide bonds had not been studied.
The only example of such a modification involved the incorpor-
ation of a thiocarboxamide function at the C-terminal end of
oxytocin which resulted in a lower potency2 .

The virtual absence of inﬁormation on the biological
properties of thiopeptidic analogues is undoubtedly due to the
lack of an adequate methodology for their preparation, We
intuitively expected that backbone thionation of oligopeptides
would confer greater resistance to peptidase action and yet intro-
duce only minor changes in the conformational properties. It was
our goal to develop a practical and efficient methodology for
the synthesis of oligothiopeptides and eventually evaluate their
biolog}cal properties. It may be worthwhile at first to review
some of the more important physico-chemical properties of thio-
amides in relation to the behavior of the parent amides. The
following summary is by no means exhaustive but it will suffice
to establish the conceptual basis of our approach.

&
Physico~chemical Properties of ThiQamides

A) Bond Lengths and Angles

X-ray data for several thioamides has revealed that the

=]
length of the C=S bond lies between 1.65-1.73 A 29. These values

fall in between the bond length of a thiocarbonyl (1.60 A and

that of a C-S bonds (1.81 A) 30'31, thus indicating a marked

e A e
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electron delocalization in the thioamide functionality. The C-N
bond length of the thioamide fazis in the vicinity of 1.35 A, a

value close to that of the same bond in amides (Fig. 4).

A R*
\ / o
SN . Bond lengths (A) Bond angles (degq,)
X g~
o~ o~ ~ ~ n
Cc-X C—N , ACX XCN R'NC R'NR"
~~
R*NC
X=0
(peptaide) A 1.24 1.32 120 124 120 120
120
X=5 .
,CH2Ph
HCSN‘CH 1.66 1.35 123 122 119
. 119
CH,CSNH 1.73 1.324 120.7 117 117 123
3 2 | 116

o
! v

Bongd lencths and angles in a peptide bond and in

Figure 4
thioarides as determined by X-ray dxffractxon29'46.

Thiocoamides assume a planar geometry similar to that of ofgfinic

and amide bonds. Accordingly, thioamides differ primarily from amides
in the length of the C=S linkage vs the C=0 (=1.68 vs 1.25 A), While
bond anles are very similar. This difference may well cause interfer-
ence with the catalytic proce%s of hydrolytic enzymes. The increase®
length.of the C=S bond of thioamides as well ;s the larger volume of

sulfur would not be expected to affect receptor binding relative to

the parent peptide provided that the amide backbone linkages are not

|

directly involved in the binding process.

B) Barrier to Rotation and cis-trans Isomerism ..

1
Several lines of evidence indicate that thioamides possess

]
After the completion of this manuscript T. La Tour et al (Int. J. Pept. Prot Res. .
22, 509,1983) have confirmed the close geometry of a thiopeptide unit vs the

parent peptide. The Cbz-GlyC(5)-Gly-0Bzl had the following characteristics:
bond lengths : C=S 1.64 A, C-N 1.33 £; bond angles: SCN 124 deg., SCC 120 deg.,

CCN 116 deg., CNC 122 deg.

L
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a higher degree of double bond character than their parent amides

swhich is reflected in the higher barrier to*rotation about the

C-N bondzg. On the basis of various NMR analyses, the difference

in free energy of activation (AG*) for rotation of a thiocamide

has been estimated to be approximately 2-5 Kcal/mole higher than

32-38

-for amides . A gualitative explanation for the increased

o

barrier is that the more polarizable sulfur atom encourages greater
' electron delocalization and higher double bond character of the
C-N bond in the ground state and destabilization of the transition

state which requires a full trigonal character of the C=S for

rotation29'32. Steric, mesomeric and inductive effects of the

‘%
substituents are also known to influence the height of the barrier

33’39’49. However this higher barrier of rotation

to rotation
may not significantly alter the overall conformational propexrties
of an oligopeptide analogue, but could have an importént effect
on the mechanism of enzyﬁatic hydrolysis. .

The planarity and the higher barrier to rotation of thio-

amides alsc imply that geometrical isomers (cis/trans or E/Z

of increased stability may be observab1e41’43. Two main factors

determine the E/Z ratio: steric repulsion between substituents

and intra-molecular electrostatic interactions. The latter can

favor the Z isomer in. the case of'alkyl suﬁstituents on account

of the partial compensation of bond moments and thus serve to
44-45

decrease the free energy . Except in the case of the thioformyl

'

\

E e T
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R H R R s
\//C——N/ —_ Ne g
RNY SN\,

(2)
Figure 5 (E)

function (R=H), the greater volume of the sulfur atom does not

29. Accordingly, for .

significantiy affect the ratio of isomers
thioamide analogues a % configuration should be overwhelmingly
predominadt as is the case for normal peptides46.

It should alsovbe noted that the diéole moments of thio-

amides are considerably higher than those of parent amides, again

i e KT e A

reflecting the larger eectron delocalization in thicamide analogues.!

For example, N,N-dimethylthicacetamide has a dipole moment of
4.7D which constfasts with the value of 3.86D for the corresponding

amide47.

C) Acidity and Hydrogen Bonding
Thicamides are stronger acids than their parent amides.
The difference in pK; is quite large for compounds that have

aromatic substituents (pK,~3) but is smaller for thcse that have

.

alkyl substituents: .
pK
: a
X=0 X=8
PhC (X)}NHPh 13.7 10.6
HC(X)NHC4H9 13.8 12.8

!

§
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{ Using lH NMR spectroscopy, it was observed that N-methyl thio-

‘ s s

acetamide is about 1000 times more reactive towards base-catalyzed
NH proton exchange than N-methyl acetamide whereas in the acid-

catalyzed process the exchange rate is approximately 10 times

glower for thioamides49.

Similarily to amides, thicamides can form strong hydrogen

bondsso. They are known to self-associate in solution, although

51-52

to "a lesser extent than amides Investigations by lH NMR

rd

" spectroscopy of the hydrogen bonding properties of thiocamides

revealed that the NH of thiocamides is a stronger proton donor,
in agreement with its higher acidity, than the NH of amides,
whereas the thioagide sulfur 1s a weaker acceptor than the amlde
oxygen53. These differences may have important consequences in
terms of receptor interactions when specific proton acceptor or
donor sites are involved.

- It is worthwhile noting that thioamides readily engage into

complex formations with various metal ions to give adducts having

—_

the following composition54:

M-[RCES)NHR], M“[RC(S)NHR] and M+[RC(S)NHR],.

2! 4

Since many enzymes incorporate metal ions at their catalytic sites,
coordination of these metals by thiopeptidic substrate andlogues
may interfere with the normal catalytic events.

¥
D) Chemical Reactivity and Toxicity

( Complete hydrolysis of thicamides vyields the corresponding
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29,54,55. NG

carboxylic acids, hydrogen sulfide and amines
generalization is permitted as regards the relative hydrolytic
stability of thiocamides under alkaline or acidic conditions as
compared to amide554. The rate of hydrolysis of thioamides is

subject to both substituent and solvent effects and the kinetic

" analysis of the results is often further complicated by the forma-

tion of by—product554'55. Hydrolysis proceeds through the formation
tetrahedral intermediates, followed by breakdown to productsSG.
- N
/5“ OH 9 +
R-C i+ B0 R-E-SH —~R-C-NHR' + H,S + B
P ‘
R-ﬁ-nun' pral) RCO,H
[ OH 5;
-t s o | R-C-6° - @ + iR’
° R-C ‘\;;:R' ==| MR s
Figure 6 - -
57,58 . -
Edward et al have shown that under conditions of

acid hydrolysis, cleavage of the C-N bond is favored as the con-
centration of acid increases whereas a rise in temperature
accentuates cleavage &f the C~S bond. In principle, therefore,
enzymatic hydrolysis of thiocamides may yield either the amide or
the thiocacid or both.

As expected, thicamides are much more reactive than amides
in alkylation, oxidation and reduction reactions. Each process
can be accomplished by several methodszg’sg. It is generally

agreed that the well-known toxicity of thicamides stems from

oxidative biotransformation products rather than from the thicamide



itself or by the generation of HZS from their hydrolysis60. The
flavin—dependent monooxygenase (MFMO; EC 1.14.13.8) present in
rat liver microsomes was shown to be responsible for the generation

61 .
. A similar mechanism

of toxic products from thiobenzamide
applies to thiocacetamide which can cause liver necrosissz,
pulmonary edema, and bone marrow depression63. Despite these toxic
effects, several thiocamide derivatives have been used in the treat-
ment of thyrotoxycosis because of their ability to interfere with
thyroxin synthesis by inhibiting the iodination of tyrosine in

the thyroid gland64.

E) Spectroscopic Characteristics

For the purpose of identification and characterization,
thioamides differ sharply from amides in some key spectral proper-
ties. The C=5 group is a strong chromophore in the UV; the
T>T* transition gives rise to a strong absorption band (log & =4.0)
at wavelengths ranging from 260 to 300 nm65—66. A weaker

absorption band (n->m*, loge 1.5-2.5) around 320-420 nm is also

observed with thioamidess7.

The IR of thiocamides do not display any clear-cut
characteristics. The thiocarbonyl (C=S) is weaker than the
carbonyl (C=0) bond, and consequently the absorption of the former

is not as intense and occurs at lower frequencies (1250-1020 cm_l)

and is much more susceptible to coupling effect568. Identification

by IR spectroscopy is therefore more difficult and uncertain.
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- However, the N-H stretching frequency of secondary thiocamides

(Z isomer) occurs at 3400 cm—l, a region which is not of precise
diagnostic valué:

The NMR resonances for o and B protons of thioamides
aré shifted downfield relative to those for the parent amides.
A downfield shift is also observed for the nitrogen substituents.
This latter shift has been attributed to a greater contribution
of the polar tautomeric form of the thioamide69.

el

wn

S »

i +
__C—NH- <+——s _C==NH-—

Figure 7

Similarily, the l3C signals for the substituent adjacent

70

to the thiocamide function are also shifted downfield The

C=S resonance itself appears at 200 ppm vs 170 ppm for the

parent C=0 of amide. These shifts have been explained in terms of
the different "through bonds" inductive effect exerted by the
thioamide group and the "through space" effects created by the

larger dipole moment of thicamides 1’72,

F) Preparation of Thioamides
Although there are several classical methods to prepare
thioamides, only very few can be conveniently applied to the

synthesis of thiopeptides. These conventional methods are
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summarized below:

@ P4S10 S (59,73,74)
R-C-NHR' ————————a R-C-NHR'
base, A,
ultrasound
fsf NRoR, B (75-81)
R" "X_R el R" —NR2R3 \
X=95, 0, N
H,S S (82,83)
R-C=N —— R-C-NHR
NHR, A
0 (R4M) S (84) -
R—&-NHR «————2——-—» R—g—NHR + 2 RBMCl
2/3 BC1
toluene, A +1/3 By0q

Direct thionation of amides by means of phosphorous de-

casulfide was introduced by Hoffman73

as early as 1878 and to this
day remains the most economical method for the preparation of thio-
amides despite the drastic conditions that are often required.
. However when this method was applied to peptide substrates, it

resulted in failure85’86.

0 P,S

NHZ—CHZ—E—NH—CHZ-E-OEt 4710 - No .react:ion
9 9 9 0. PS50
NH.-CH,-C-NH-CH.,-C-NH-CH,-C-NH~CH,-C-0OH ~ No reaction

2 2 2 2 2



Prior to the inception of our work, the only succe'sful synthesis
of a thiopeptide was reported by Ried et _a_l_87'88’89. The linkage
was formed in good yvield by thiocacylation of an amino acid with

a thionester derivative of a N-Cbz protected”amino acid. The

thionester intermediate was prepared from the nitrile analogue

of the corresponding amino acid as shown in Fig. 8.

HC1 AE£OH _OR
CBE-NTTE " Cam nel

H/

CB z—q-ca—g—ozt
H R

CBZ—I;I-EH—CEN
H

- B
NH,EH—CO, Na
EtOH
: - +
Figure 8 CBZ-NH(FH-E-NHEH—CO, Na
R L]

This approach presents several disadvantages. It requires
a lengthy pfeparation of thionester intermediates, the use of
strong basic conditions in the thiocacylation step which encourages
racemization and finally, the use of an unprotected carboxyl
function in the coupling reaction which accentuates the solubility
and purification problems associated with peptides.

Clearly, ‘new methodologies were required to generate
relevant thiopeptide analogues and solutions to this problem were
sought as will be described in the following chapter. Subsequent
chapters (2 and 3 ) will include the synthesis and biological

evaluations of relevant thiopeptidic analogues of the chemotatic
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peptide f-Met-Leu—Phe, and the neuroeffector[Leuskenkephaliﬁ,
EYr~Gly-Gly—Phe-Leuj Finally, Chapter 4?will be briefly
coné&rned with the potential use of thipamidé analogues in the

generati%n of different types of backbone modifications.

|
| i “
|
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CHAPTER 1

°

New Approaches for the Synthesis’of Thiopeptides

and Interaction of Thiocarbonyl Analogues with Peptidases

1.1 Development of New Thionation Reagents

After several attempts in our laboratories to transform
amides into thioamides by methods applicable to peptidic sub~
strates, it was decided to evaluate the use of a new thionation

reagent as recommended by Lawesson et al90—95. These authors

claimed that 2,4 bis(4-methoxyphenyl)—1,3,2,4—difthiaphospﬁétane-
2,4-disulfide (1) was most convenient for the conversion of

amides to thioamides.

< .
CH30-©>-P<§>E‘©'OCH3‘

<3
LY

This phosphetane was first described by Lecher et g_l% in the
&

course of their studies on the phosphonation of aromatic compounds

- - /\-
with phosphorous decasulfide ~(P4510) .

. : s
4 CH30-© + PgSyg —= 2 (cu3o-@-ks)2+ 2 Haps

They found that when anisole (10 eq) was heated with P4sl.0
(1 eq.) to a temperature of 160°C (4-6 h) a’vellow solid, possess-

ing the dimeric structure 1, was produced in 80% yield simply upon

'

37
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cooling the reaction mixture. Compared to other aromatic com-—
pounds such as benzene, naphthalene and phenetole, anisole gave
the best vield of solid dimer. Different aromatic compounds must
each be treated at optimum temperatures within a narrow range. If
;he temperature’is too low no reaction takes place wheregs at too
high temperatures, polymers (resins) 2 and 3 are formed. In the
case oi\anisqle, a side reaction involving cleavage of the methoxy
group and polymer formation (4) was observed as evidenced by the

evolution of CH3SH after hydrolysis of the mother liquor 6..

[ 4
Sag” " Np=S
are? PRr ( Ar-§~s)x
SRS
P
2 3
]
CH30 e—o -S-s- .
2,
4 _
Lecher postulated that the phosphonation reaction pro-
ceeded after dissociation of P,S into smaller reactive species

4710
such as P255 (6) where semi-polar (P+S) bonds Vould suffer nucleo-

philic attack by the electron-donating aromatic ring.

A 5§ /]
ey 2 +Z-s-z+‘\\‘§:::>—ocu3
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However, the ability of the phosphetane dimer to engage in thion-
ation reactions was not recognized until Lawesson's Studie597-99
of the properties of various phosphorous-sulfur complexes
toward appropriate substrates. It was eventually observed that
when 1 (0.5 eq) was heated with amide substrates in hot toluene
(80°C) for period of 2-3 h, high yields of the corresponding
thicamides were obtained90_93. Later it was found that other
carbonyl compounds can also be transformed into their thio-
carbonyl analogues, this process requiring higher temperatures

and higher molar ratios of 1 (1-1.5 eq) due to the concomittant

formation of phosphetane polymers at higher temperature.

S
"/S\

. v
R-C~NHR' : R-C~NHR'
Toluene, 60-80° C

" S (94)
R-C-R’ _ R-U-R
Toluene, 110°%°C
0 " (95)
R-{-SR! R-C-SR'
Toluene, 110° C
. . : (95)
R-C-0R' e R-C-OR'

Xylene, 140° C

A by-product of these reactions was identified as the cyclic

trimer 190’92’95.
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Subsequent to these preliminiary communications, Lawesson's
grouplop-ml as well as othersloz, reported the preparation of a’

large number of various heterocyclic derivatives. synthesized by

reacting this reagent with carbonyl compounds incorporating other

nucleophilic functionalities. o
"o
o |
OH 1 @ ~NDoar
[
¢-NHR c— MR
it "
0 s
e \
0 X

1]

I C
C-OR 1 N

— ;L-Ar
YH e 'S'

Although, this thionation reagent was very attractive to us,

X, Y =0, 5§
R Xy

it was clear at the outset that the reaction conditions described
(v

90-93

by Lawesspn et al would not be suitable for the direct,

selective synthesis of thioamide analogues of sizeable polypeptides.

Firstly, the very limited soclubility of reagent 1 and of poly-

peptides in non-polar solvents and the high reaction temperatures

necessary for transformation are undesirably restrictive, especially

because of the thermal instability of various prbtecting groups.

Secondly, no regioselectivity with tri-and longer peptides can be

P
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expected under the recommended conditions. These limitations

in the use of this reagent were subsequently encountered by

. othersl017105

[

Our first gffort was to circumvent at 1least the solubility
problem by generating similar phosphetanes carrying aliphatic
substituents larger than methyl on the oxygen of anisole. This
change would certainly improve solubility in organic solvents
and perhaps promote regioselectivity through steric interactions
with the amino acid side c¢hains.

Such O-alkyl analogues of 1 were found to be easily
accessible by reacting the appropriate phenolic ether with !
phosphorous decasulfide at a temperature of 160-170°C for 4-6 h,
conditions quite similar to those recommended by Lecher et g}_gs

for the anisole.

Qe - O
&
" FaPy
N . : 160°
L IS. S
{ R-0 BT3P O-R
4
1) e Q
R = =(CHy)5—CHj (8)
CH
3
~(CHy) 3—~CH_ (19)
“CH -
3
o ]
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The requisite phenyl alkyl ethers were readily prepared by
alkylation of the phenoxide anion with the appropriate alkyl
bromide and purified by distillationlOG. Crysﬁalline thiono
phosphine sulfides were obtained by adding hexane to the
phosphonation reaétionpmixture. In general, the yields were

96

50-70%, values comparable to that reported by Leéher et al for

the case of anisole.

1

The "H NMR spectra (60 MHz, CDCl.) of thesé thiono phosphine

3
sulfides displayed a distinct downfield shift for the aromatic
protons with strong coupling with phosphorous (JPCCH=18 Hz, JPCCCH=
4Hz). 1In the mass spectrum, the base peak correspo;déd to that \:NJ
of the monomer.

However, an edquivalent product could not be isolated when the
O-alkyl side chain incorporated an additional ether function,

1

{(R=CH,-CH,-0-CH,-CH The aromatic region of the "H NMR spectrum

2 2 2 3)'
(60 MHz, CDCl3) of the crude reaction mixture did not indicate
the presence of any desired product. The alkyl region of the
spectrum was however significantly changed relative to the
starting material: additional signals at 2.85 and 1.1 ppﬁ were
now, present. This %f'Suggestive that P4SlO reacted with the
aliphatic ether rathef than with the aromatic ring. Alternatively,
it may be that any thiono phosphine sulfides generated under these
conditions reacted with the other functions to give polyesters,
a side reaction already observed with anisole. It was also-ob-
served by others in our, laboratory that neither 1,3-di nor 1,3,5-
trimethoxybenzene gave recognizable products ugoﬁ\similar treatment

'
4
1
H
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. 107
with P4S10 -

A

Eventually, the commercially ava;lablé phenylether (DowthermR

was found to give good yvields (65-75%) of the crystalline dimer

11 when reacted with P,S,, at 160°C for 6 h. This compound could

©~-© o CLCLAOLE®)

)

be easily purified.by recrystallization (mp 187-190°C) from hot ..-

toluene. The lH NMR spectrum agreed with the expected structure.

All these new p-alkoxy and phenoxy thiono phosphine sulfide dimers
were more readily soluble than 1 in a variety of organic solvents
such as toluene( chloroform, acetonitrile, and THF. For example,
1l is soluble to the extent of 5% as compared to 0.2% for 1 in

dry THF at 23°C and the i-amyl analogue will dissglve to give an
8% concentration in the same solvent.

In dry THF the conversion of simple amides to thiocamides by
reagent 11 was found to proceeé much more rapidly and at a much
lower temperature than in the case of l90_93. Thus thioacetamide
(13) and N-phenyl thioacetamide (14) were obtained in high yields
from their corresponding amides after reaction times of 0.3 h and
1 h respectively, when exposed to 11 (0.6 eqg) in THF at room
temperature.

Interestingly, similar reaction rates were observed with
thionation reagent 1 in THF-under our conditions. However, the

\

rates were decreased when our reagent (l1) was reacted at room

T

AN
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temperature in CHCl3 or toluene, solvents recommended by Lawesson

et 2190793,

@@ ——l- ’ — , 23 0 @g
-NH - - -NH
2 f
2 3 h 94%
13

rd

HO AR O

CH,~C- > CH,-C-

) - ™ 051
14

It is clear then that in addition to the favorable solubility
of our new reagents, the nature of the solvent is another key
parameter in the kinetics of the reaction. This remarkable solvent
effect was never noted before. While our work was in progress

108

Walter et al reported that dimethoxyethane (DME) was a much

better solvent than toluene in the ¢ransformation of vinylogous
carboxamides to their corresponding thiocarboxamides with reagent

o S“}‘
1. A temperature of 20°C gave the best results. #

We also investigated the conversion of esters into thion-
esters with our reagent ll. No marked solvent effect was noted
for this reaction with simple aryl or alkyl esters. Comparable
rates were observed by TLC analysis when the reaction was
éerformed in either boiling dioxane or boiling toluene. In the
latter solveﬁt vields of 65-70% were obtained for the thionation

of ethyl benzoate and ethyl hydrocinnamate after 24 h in the

presence of 1.2 eq of 1l1l.
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The absence of a solvent effect on this reaction does not
hecessarily imply that a transition state of reduced polarity is
involved or that a change in mechanism occués; these thionation
reagents fnay polymerize at enhanced rates in hot polar solvents.
In this regard, the phenoxyphenyl reagent 11 which lacks the
reactive methoxy group of 1 may be less susceptible to polymeri-
zation. This is supported by the observation that a lower temper-
ature (110°C) is required for thionation of these simple alkyl and
aryl esters as compared to the higher temperature (140°C)recommen-—
ded by Pedersen et 5195.

Although the detailed mechanism for the formation of,a thio-
carbonyl function by thiono phosphine sulfide reagents is not vyet
established, the involvement of polar transitions states and/or
intermediates is probable in view of ;he pronounced solvent effect

observed in the conversion of amides to thiocamides. In fact, polar

intermediates have already been postualted in the transformation

109

of amides to thioamides by P4510 (Fig. 10)




27

o NHR'
Aoy =5 f* !
R-C-NHR' + §3PTg —— R-CaMHR' —— R—C3§ ——
S ] N _
Osp_g- olp
( Monomeric ' . g\s N\
P,S.n ) . S
4710 & R-¢-NHR'
- [
/
0'—"P:

Figure 10 Proposed mechanism for the formation of thioamide

with P4SlO'

While it is known that ‘the presence of organic bases like
pyridinello or triethylaminelll can accelerate the reaction their

-

exact role has remained conjectural. Recently, Rauschner and

104 have used THF as the solvent and discovered that

Klein

ultrasound irradiation allowed thionation with P4510 to.proceed

at low tempefatures (30-40°C) and in the absence of organic bases.
A mechanism such as depicted in Fig. 11 for the transformation

of amides into thiocamides by thiono phosphine sulfides is therefore

plausible in vigw of the well-known oxophilicity of phosphorous.

- R24mn fh" !
\ N //3
wd SRS

e
(:) g, PEE)
NH 8
+ + A

Figure 11 Proposed Mechanism for the formation of thicamide

with 1 or 11
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Thus, the nucleophilic oxygen of the amide can rea?ily attack
the electrophilic phosphorous with concomittant opeﬁing of the
4-membered ring to yield an electrostatically stabilﬁzed imino-
sulfide intermediate. Subsequent attack at the imino carbon by
the sulfur anion would then easily generate a cyclic transitionrs
state, or intermediate which would spontaneocusly collapse to the
thiocamide product and an oxygenated phosphorous compound. This in
turn could engage in sulfur exchange reactions leading to another
thioamide .

However, it is equally possible that the initial electrophilic
species is the monomeric form of the thiono phosphine sulfide
reagent (Fig. 12). In this case, the only difference in mechanism

centers on the initiation step and thus the reaction pathway is

similar to that already proposed for thionation by P4SlO'

ﬁ/s\ oR _— ‘s.’ -
~s” PN\

Figure 12

Formation of a 4-membered ring intermediate containing phosphorous
has been suggested as a key species in the conversion of epoxides to
episulfides112 and in the Wittig reactions of éérbonyl compoundsll3_ll4’

It is safe to conclude that the postulated 4-membered ring intermediate
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would similarly collapse to thioamide products.
Thionating monomeric species are also possibly ambident and
a sulfur anion would thus act as a nucleophile in a mechanism analo-

gous to that proposed for the P4Slo-mediated conversion of ketones

to thioketones. 1In this reaction, a strong spolvent effect has
been reported115 and the rate is accelerated by inorganic salts such
- . .
as NaHCO3 and Nazslls. Under these conditions the conversion %f
ketones to thioketones is more rapid than that of amides to thio-
amides which led to the following mechanistic proposallls:
R R S-P-§ )
:c=o + §-P-5, ————e >c: 2 .
R R o~
R_ S R
SN p- —_— Ne= -
R/C\Ao‘/P s, C=s + OPS,
Figure 13

The above mechanism can be applied to the formation of thio-
ketones and thionesters as promoted by the thiono phosphine sulfide
reagents. Formation of the reactive monomeric species would also
explain the course of some reactions reported by Lawesson et g;117.
For example, it was also observed that the reaction of 1 with
B—iactone gave a cyclic phosphorous product, whose formation may

be accounted for as follows:

s
Figure 14 <iﬁj

L



Formation of such dipolar monomeric species is substantiated by the

known formation of higher polymers when the thiono phosphine
sulfide reagents are heated in high boiling solvent595—96, and by
the isolation of stable metadithiophosphonate whose aryl group

. 118
bears bulky alkyl substituents .

R
7N
7

It remains possible of course that both proposed mechanisms are
competing under the experimental conditions. Further research is
necessary in order to identify the relevant pathway.

Since the temperatures required for the transformation of amides
into thioamides are much lower than those'required for the attack of

0
esters, the latter functionality should be suitable as a carbonyl
protecting group when amide bonds are submitted to thionation reac-
tions. As regards protection of amine groups, it was gratifying to
obse;ve that the classical t-butyloxycarbonyl (Boc) function was
unaffected by thionation reagent 11 ip THF at room temperature over
periéds of at least 24 h. 'This was established by exposing Boc-—
benzylamine to reagent 1l under the relevant conditions.

Earlier observations in our laboratory, indicated that the
.rate of thioamide formation was influenced by the presence of
substituents about the amide bond when reagent 11 was used in dry
THF. Accordingly simple amide derivatiyes of amide acids were

prepared in order to guantitatively evaluate the role of the steric
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parameters on the reaction rates. Initially, the effect of sub-
stitution on the amide nitrogen was studied and to this end the
unsubstituted amide (17), the N'-methylamide (19) and piperidide (21)
deriva;ives of Boc-phenylalanine were synthesized. Compounds 17

and 19 were prepared by aminolysis with ammonia or methylamine in
MeOH of the corresponding esters119 while 2] was prepared by coupling

piperidine and Boc-Phe with DCC.
Time (h) Yield (%)

Q 11, THF 8
Boc-NH-fH-C-NH, ———» R—é—NHZ .5 90
CH., 23° ¢ .
Q 11, THF g :
Boc—NH—lCH-C—NHCH3 —_——> R~ -NHCH3 3 85
H, 23° ¢
o s 11, THF S
Boc—NH-—gH—C-N —————— & R-C-N ) 48 60
H,) 40° C ‘

Table 1 Thionation of Boc-Phe amides with reagent 11l.
¥

Thionation of these amides using reagent 1l in dry THF at'room
temperature was performed, and reaction times as monitored by TLC
and the isolated yields after chromatographx are given in Table 1 .
The replacement of an amide hydrogég by a ﬁethyl group ilncreases
the reaction time by a factor of 6 while complete substitution

increases the reaction time by a factor of 75, without correction for:



32

Time Yield (7)
g ) 11, THF s
Boc-NH-(IZH- -NHCH3 ————— Boc-Gly—C-NHCH3 .1 82
23° C

0 11, THF 5
Boc-NH-CH-C-NH-CHy —————= Boc-Ala-C-NHCH 1 84
3 ; 3
tH, 23° ¢

11, THF S
NI-I-CH3 — Boc—Phe—-C—NHCH3 3 85
2 23° ¢

2
Boc—NH-gH-C—
H

Q 11, THF :
-8-NHCH;, —— = Boc-Pro-C-NHCH 12 90
3 ¢ 3

*Tale 2 Thionation of N'-Methyl N-Boc amino acid derivatives

. with reagent 11.
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the higher reaction temperature. The latter substrate is a valid
model for proline residues in peptides and on that basis it was
expected that N-acyl proline bonds should suffer thionation more
reluctantly than other amide functions. All the new compounds thus

lH NMR, UV and mass spectrometry. We

generated were identified by
confirmed the previous observation that all thiocarbonyl analogues
of amides and esters migrate further than their oxygen analogues on
silica gel. This increased mobility on silica gel may well reflect
the reduced ability of thioqarbonyl groups to form hydrogen bond
complexes.

Next, we examined the effect of substituents on the a-carbon
of the amide and the results were equally revealing. Using the same
reaction conditions (THF, room temperature, 0.6 eq of 11), thiona-
tion of the N'-methyl amide derivatives of Boc-Gly (23), Boc-Ala (25)
and Boc-Pro (27) showed thqf.the presence and size of the a=-substi-
tuent markedly affected the rate of the reaction. In fact, the
effect of the substituent on the a-carbon is gven more pronounced
than that'of the N-substi;uent recorded in Table 2,

Anothér parameter affecting the rate of amide thionation is
the electronegativity of the N-substituent. For examplg, the p=
nitrophenyl amide of Boc-Leu required at least 48 h at 50°C in THF
for its conversion to the thioamide analogue. This unfavorable
electronegativity effect has also been noted by Baxter et 53120 in

the case of the conversion of an ester to the corresponding thion-

ester by reagent 1. Howeve¥, this parameter is of no importance in
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the case of ordinary peptides since electronegativity effects about
the amide bond are small and virzﬁally constant. The determinant
factor on the course of the thionation reaction as revealed under

our experimental conditions is the steric effect of the C-substi-
tuent. This observation suggests that regioselective backbone
thionation of oligopeptides can be accomplished when relative differ-
ences in the steric bulk surrouﬁdlng the individual peptide bonds

are present. We exploited this strategy for the selective synthesis
of thiocamide analogues of sizeable oligopeptides as illustrated in
the following chapters.

The possibility of preparing thioamides by a "one pot" process
by reacting unprotected amines andccarboxylic acids in the presence
of thionation reagent 11, was also considered. We reasoned that
the reagent would first activate the carboxyl dgroup followed by
acyla£ion of the amine, and the resulting amide bond would sub-

sequently react with more thionation reagent to yield the thio-

mide in one overall operation.

11 0 11 g

H + NH.R' — = R-8-NHR' ———a R-C-NHR'

Accordingly, Boc-Phe, n-butylamine, and the thiono phosphine
Sulfideji.(l eq) were mixed in THF at room temperatdre. However,
TLC comparison with reference compound indicated that the only

significant product formed was the amide, Boc—Phe—NH(CH2)3CH3‘and
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very little of the thiocamide was present.

A similar approach has since been described by Blade-Font
et gllZl using P4SlO’ a primary amine, a carboxylic acid, and
pyridine as the solvent. Thioamides were formed but the yields
were generally poor (20-40%). In any event, the experimental
condition requires high temperatures and thus are unsuitable where
oligopeptides are concerned and we decided to postpone our studies
along this line. TIronically Pedersen et gllzz very recently
reported that their thiono phosphine sulfide reagent 1 is a good
.carboxyl activating agent allowing ready formation of amide bonds
from amines and recommended this method for the synthesis of

peptide bonds. In their paper,'no mention was made that the amide

thus generated will also undergo thionation.

1.2.1 Thiocarbonyl Analogues of Substrates for Chymotrypsiﬁ

It was of major importance to us to investigate the
susceptibility to enzymatic hydrolysis of relevent thicamide
analogues. At the time, no such informagion was available in the
scientific literature. we chose to first pursue such a study
with the enzyme a-chymotrypsin. This endopeptidase has a nucleo-
philic serine residue at its active site and is thus classified as

a serine protease123. It was first discovered by Kunitz in 1933124

and its properties have since been thoroughly investigatedlzs.
Presently, more information is available about its structure and

catalytic properties than for most other enzymes. It is

synthesized in the pancreas of mammals and is then secreted in
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the intestine where it degrades peptides at the carboxyl side of -
34

aromatic residues. The cleavage prodﬁct contains the aromatic
residue with a free carboxyl group. The best model substrates
for chymotrypsin are the N-acetyl derivative of L-phenylalanine

amide127, ester, or thiocester. The D-enantiomers are hydrolyzed

at very low réte5128. Substrate hydrolysis follows saturation

(Michaelis~-Menten) kinetics commonly described by the following

. 129
equation :

1/v = (1/8) Km/vmax + 1/vmax

The widely accepted mechanism for this process involves

attack of the substrate carbonyl by the hydroxyl group of Ser195

-

to give, after breakdown of the tetrahedral

-

as catalyzed by His57

intermediate, the corresponding acyl-enzyme derivative. This is

L=

then followed by cleavage of the serf@e ester with a water molecule
X

to regenerate the serine hydroxyl group and liberate the carboxylic

acid product (Fig. 15 )130. ®

It was of interest to verify whether this mechanism would

AN

be equally effective with thiocarbonyl analogues of substrates and
accordingly, we set about to synthesize such compounds. The un-
substitutued thiocamide derivative of N-acetyl-L-phenylalanine 29

was our first goal. The D,L-form of this compound had been

131

synthesized by Peterson and Nieman (by thiolysis of the

corresponding nitrile), but its behavior toward enzymes had never

been reported. The preparation of Boc~Phe-C (S)NH (18) was

2

described earlier in this chapter. Removal of the Boc group

0

o P o o et e
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or amides.
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1s conce’rted .

a

was accomplished by treatment with HCl/ether

hydrochloride salt thus obtained was acetylated under standard
133

conditions

recrystallization (mp 158°
thiocamide proved to be guite ﬁnstable, reverting to the precursor

amide after contact with silica gel for 1 to 2 h.

o

that primary thioamides can eliminate HZS to givé the corresponding
nitrile when exposed to base

seriously interfere with the interpretation of enzymatic results

(AcZO/pyridine)

o

-160°C) .
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In this representation, the proton shuttle

132

. This chemical instability could

“

?

37

and the crystalline

to give 29 which was purified by

Surprisingly, this primary

It is known

Y




38

which led us to avoid its use as the only probe for active sites.
We turned our attention to the N-acetyl derivative of
Phe-C (S)NHCH
sequence. The N'-methyl amide is also a known substrate for
a—chymotrypsinl35—136.
As mentioned above, the reactivity of thionester substrate
analogues toward hydrolysis was alsoc of interest to us. It is
well-known that the ethyl ester of N-acetyl ‘phenylalanine is an

excellent substrate for a—chymotrypsin137—l38_

In contrast to
enzyme—catalyzed amide hydrolysis, it is the deaéylation of the
acyl-enzyme iﬁterm?diate which is the rate:limiting step (k3) for
.ester hydroly515132.

Thus the behavior of N~acetyl-L-Phenylalanine thionester

(40) toward the enzyme may provide additional insight into its
mechanism of hydgolysis. ‘
The synthesis of thioneste% was not as, straightforward
as we had originally anticipated. S noted éérlier, high temper-
atufe and long reaction tiﬁes are required in order to directly
transform simple esters into thionesters with reagent 1 or 11.
Other known methodologies140 for this conversion were not
attractive due to the large number of steps involved and to the
racemization induced by the experimental conditions of some
intermediates. Instead, we attempted the thionation of Boc-Phe-
OEt (32) with thiono phosphine sulfide 11 in toluene at 110°C,

but. this led to the formation of several compounds as indicated

by TIC. Some of these probably resulted from the loss of the

[ U S [N P S

(30) which was prepared following a similar reaction

R JPU,
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heéat-labile Boc groupl'41 followed by attack of the amine at the
phosphorous of the thionation reagent. The same reaction conditions

were then applied to the heat-stable methyl carbamate derivative 34.

cuz-—(':ﬂ-g-ocuzcu3 _— @cu -CH- é ~0CH,CH 4
NH-C~OCH, NH g ocH,
0 -

34 35

After 2;1 h, the reaction was stopped and the mixture analyzed by
TLC whichgrevealed the presence of several compounds in addition to-
starting material. After partial purification, the lH NMR spectrum
of this mixture indicated that both the thiocarbamate 35 and the
thionester 36 were produced in 37% and 7% yields, respectively.

The thiécarbamate methyl protons were shifted downfield to 4.0 ppm,
from 3.6 in the starting material, and the NH was shifted to 6.8
ppm while the ethyl resonances appeared unchanged.

The results indicate lthat the carbonyl of the methyl car-
bamate group is more reactive toward reagent 1l than the ester
carbonyl, thus emphasizing the necessity of using a carbamate whose
carbonyl is deactivated or sterically shielded while displaying
stabil_Li‘ty to high temperatures. The trichloroethyl carbamate (Troc)
derivative appeared promising in these respecés because the tri-

[

chloromethyl group is reasonably bulky and sufficiently electro-

negative to deactivate the carbamate carbonyll42. Indeed, after

heating the Troc-Phe-OEt (37) with the thionation reagent 11 in
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40

refluxing toluene for 24 h, a large amount of starting material
was still present as judged by TLC. Another equivalent of reagent
11l was ;dded and heating was continued for an additional 24 h but
no significant change in the TLC profile was produced. Extensive
purification of the reaction mixture by flash chromatography on
silica gel afforded the desired N-Troc thionester (38) in 22%
yield, the carbamate ethyl ester (39) in 11% yield and unreacted“

starting material (38%).'

11 s
1 —
CH2--(i",H--C--'0CHZCH3 > CH?_'-(l:H‘--C--OCH2CH3
NH-6-0CH ,CC14 KH-G-0-CH,0C1
38
32 222
37
¢k, ~cu--och
g~ R C-OCH 5CHy
NH-£-0-CH,CCl
39 S
32 112

The identity of these compounds was easily ascertained by

lH NMR spectrdséépy owing to the characteristic downfield shift

of the protons on carbons adjacent to the thiocarbonyl groups. The
spectrum of thionester 38 showed that the methylene protons of the
ethyl group were shifted downfield to 4.34 ppm and the CH, to 4.8

1

ppm. The "H NMR spectrum of thiocarbémate (39) displayed a downfield

shift of the two doublets at 5.12 and 4.95 ppm attributed to the
methylene CH2 of the trichloroethyl group. In addition, the methyl-
ene pfotons of the ethyl group of thionester (38) appeared as a

multiplet and not as the expected quadruplet. Thus the presence
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of the thiocarbonyl function makes these two diastereotopic protons

non-equivalent leading to more complex coupling patterns. When the

methyl group of the ethyl ester was irradiated, the methylene

signals appeared as an overlapping doublet of doublets (J=12 Hz),

4

due to geminal coupling.

Although the yield of the desired thionester was disappointing
the process could be easily scaled-up to provide sufficient
amounts of material (25 mmcl) for further transformations. Removal
of the trichloroethyl protecting group of 38 was accomplished with

. . . . 2143
zinc in acetic acid .

Isolation of the deprotected amino
compound was somewhat troublesome because of contamination by other
products. However. good yields of the desired N-acetylated product
were obtained when excess acetic anhydride was present in the

reaction mixture. It proved to be more practical to carry out the

i Zn/AcOH

i - I CH,-~CH g OCH,CH
CH2-('3H—C-0CH2CH3 o 276 ,CH4

NH-C-0-CH,CC1 2 NH-{-CH

1 2 3 . 3

0 0
3 40

75-80%

1

deprotection and acetylatiorn steps in a single operation by stirring
a mixture of the thionester 38 with zinc, acetic anhydride and
acetic acid for 24 h at room temperature. After filtration of the
excess zinc and evaporation of the filtrate in vacuo, the residue
was purified by flash chromatography on silica gel and the product

recrystallized from ether/hexanes. “The N-acetylated derivative (40)

G it
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was optically active ([%]D +33.0°% c 1.0, EtOH) and its "H NMR
spectrum showed the muléipiet characteristic of the two disastereo—

!
topic methylene of the ethyl group. The 13C

NMR spectrum of this
product showed a resonance at 218 ppm which is charaéteristic of
the thiocarbonyl carbon. Finélly, its mass spectrum displayed
the expected molecular ion (M+') at 251.

‘The unsubstituted thioamide 29, the N'-methyl thioamide
30 and’ the thionester 40 were then tested as potential substrates
for bovine a-chymotrypsin (Sigma) under standard conditions (25°C,

0.02M Tris buffer, pH 7.8, 0.2M KCl, enzyme lx 10"6 M)l44. Since

tﬂe thiocarbonyl group of thioamides and thionesters is a strong
chromophore in the UV region (E=103000 at 260-275 nm), their
hydrolysis can be monitored by measuring decreases in absorption at
or near to their characteristic Amax values. No significant hydro-
lysis was observed for any of the three compounds 29, 30, 40 (c=

1 x 10—4 M) as reflected by no net change in absorbance over 3 h
periods. Under the same conditions, N-Cbz-L-Tyr-p-nitro-phenvlester
was completely hydrolyzed after a few secondsl45.

Moreover, noienzyme~catalyzed hydrolysis was observed using
the pH-stat method, for the thionester 40. Preincubation of the
thionester with a-chymotrypsin slowed the hydrolysis of N-Ac-L-
phenylalanine ethyl ester, indicating that the thionester is bound
by the enzyme but in an unproductive manner.

Our preliminary results were recently corroborated by

Asboth and Polgar146 who showed, using the pH-stat method, that



favorably to the value of 7.4 x 10~

43

the racemic N-Ac-PheC(8)~-OEt is not hydrolyzed by a-chymotrypsin.

Using N-A¢-L-Tyr-OEt as the substrate, they showed that the thion

ester behaves as a weak competitive inhibitor of the enzyme. Its

binding constant (KS) reached a value of 4.5 x 10-'3 M which compares

3 M that is characteristic of

the parent oxygen esterl47.

The complete resistance of these compounds, especially the

thionester, towards attack by a-chymot xrypsin was somewhat sur-—
148-149

prising to us. Several previous studies have shown that

the chemical reactivity of oxygen esters, and thionesters towards

hydroxide ion is very similar and the rates of their hydrolysis are

of the same magnitude. In a related study, Campbell and Naéhedlso

recently reported a K /K ratio of 1.2 for the hydroxide

oxy’ thion

catalyzed hydrolysis of N-Ac-PheC(0)-OCH, and N-Ac—-PheC(S)-0CH

3 3°
It is also known that the hydrolysis of thionesters proceeds via

the formation of tetrahedral intermediates in a pathway similar to

148-151 152-155

that of esters . Kaloustian et al have recently

demonstrated that the breakdown of these tetrahedral intermediates
is SL:bjeCt to stereocelectronic control. (Deslongchamps' rules)156

The only other example"of enzyme catalyzed hydrolysis of thion-
esters is that of Lowe and Williams who reported that Cbz-GlyC (S)-
OEt is hydrolyzed by papain at a rate about 10 times slower than

the parent ester15 7

However, direct comparison of a-chymotrypsin
and papain is not possible because of the marked differences in

their specificity and mechanism of action., A major difference.

I
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is that th\e active site of papain has a thiol (cysteine) as the

attacking nucleophi1e157. ) 3 .
o A

In the case of a-chymotrypsin, it is clear that the increased
bond length of thiocarbonyl vs carbonyl interferes with key steps
involved in the hydrolysis. It is possible, as pointed out by
Asboth and Polgarl46, .that the larger volume of the sulfur atom and
the increased length of the C-S bond disrupt the fit within the
oxyanion pocket of the .enzymé where stabilization of the tetra- .
hedral intermediate involves hydrogen bonding with NH—Gly193 and
123,158 The lengths of these hydrogen bonds have been

195 -
recently estimated to fall in the range of 1.6-1.7 3\159

NH-Ser

and since
i

the C-S bond is longer (1.81 R vs 1.43 A for C-0 in neutral
compound3l) ,the sulfur anion of a tetrahedral intermediate may be
impossible to accomodate in this enzyme pocket.

We also examined if the reluctance of the thionester to under-
go hydrolysis was dependent on the stability of a thiocacyl-inter-
mediate Ser

-0-C(S) with N-Ac-L—-PheC(S)~SCH, (57, Sect. 1.3)

3 —
-0-C(S) bond with this dithioester analogue

195

Formation of a Ser

195
would cause a strong change in the UV spectrum since the >‘max
would shift from 310 nm (C(S)-SR) to 245 nm (C{(S)-OR).
s S
"._ CH g—O—Ser
\ c—5 3 N4 195
ACNH'—CbHO—Serws ACNH—'C:
A a, ® 310 nm Moax = 240 nm
&

Figure 16
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No change in the UV absorbance was observed even at very high

5 4

1 x 100 ° M) after a period of two’

enzyme concentrations (1l x 10~
hours, thus indicating that no thioacyl-enzyme had formed. This
result also indicated that the explanation for the lack of hydro-
lysis observed for the thiocarbonyl compounds originaﬁ%s prior to

the formation of the acyl-enzyme intermediate.

Other types of éxperiments, such as trapping of the tetrahedral
intermediate (by oxidation or alkylation) or X-ray analysis of the
enzyme—gﬁionesler complex, would be necessary in order to improve
our understanding of the parameters responsible for the resistance
of the thionester to enzyme-catalyzed hydrolysis. The parallel
behaviour of the thiocamide analogues toward a-chymotrypsin is likely

to originate from the same parameters.

1.2.2 Thioamide Analogues of Leucine Aminopeptidase Substrates

The interaction of thioamide substrate analogue with leucine
aminopeptidase (LAP EC 3.4.11.1) wés a;so studied. Although not
as well characterizéd as a-chymotrypsin, this exopeptidase has been
shown to inactivate several biologically active peptides through
cleavage of the N-terminal amino acids residueslGO. It belongs to
a broad class of zinc metallopeptidases but little information is
yet available on its mode of catalysis. The enzyme i§~a hexamer
with a molecular weight of 320,000161 and contains between 4 to
6 atoms of zinc per 300,000 g of protein, which suggests that there

is one metal binding site per subunitlﬁz. Smith and Spackman163
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<X

showed that the enzyme is activated by Mg+2 and Mn+2 ions and

speculated that these ions are bound at the active site. Recently,

164 2

Van Hart and Lin showed that activation of the enzyme by Mg+

and Mn+2 1s due to the binding of one additional mole of these metals

per subunit, rather than through their replacement of the catalytic

Zn"'2 atoms.

-

The action of LAP is not limited.to leucine-containing sub-

L

Strates, as its name would suggest. In fact, the rate of hydrolysis

of different substrates is primarily determined by the non-polar

%
nature of the residue carrying the free amino grouplss. Because of

the known ability of thicamides to form complexes with Zn+2, we

speculated that thicamide analogues of substrates of LAP might behave
as excellent inhibitors of the enzyme. Incorporation of other good
Zn+2 coordinators such as thiol, hydroxamate or phosphate groups at

appropriate positions of peptidic structures has led to the discovery

of inhibitors of certain zinc-—dependent enzymesles-lss.

Accordingly, we prepared the thicamide analogue of the sub-
strate N'-methyl L-leucine amide by thionation of the Boc-protected

amide 42 with reagent 11, under conditions already described.

4
b

S

Boc- Leu-NHCH, e Boc-Leu”NHCH; ———— HC1-Leu”NHCH,

41 . 42 43

The desired thioamide 43 was obtained as a crystalline solid after
removal of the Boc group with HCl/ether. It was incubated with LAP

(Porcine Kidney, Sigma) under standard conditions (0.5 M Tris buffer,

PH 8.5, S5mMol MgCl 163 and the possibility of hydrolysis was

5!
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i

monltoréd spectrophotometrically at 288 nm (which 1s near the Amax/
of the thicamide functioﬁ). No decrease in absorbance was obsi;yed
even after 1 h of incubation. Using similar conditions, the -~

inhibitory properties of the analoque were tvaluated using L-Leu-p-

nitro-anilide (Sigma) as the substrateng.

Product formation was
recorded at 405 nm, where absorption increases witH time due to the
formation of the cleavage product p-nitro-anilide. This catalyzed
hydrolysis was monitored for a substrate concentration range of
6.4 x 10”4 M to 5 x lO—3 M in the presence of fixed concentrations,

ranging from 1.9 to 7.4 x 10—3 M, of N'-methyl-L-leucine thioamide

(43). Double rec1procal-plots (1/V y§_1/5)170 were constructed from
the data (Fig.1l7) and the results strongly suggest a pattern of

competitive inhibition.

1000 1500

1

i

. Figure 17 Li~eweaver-Burk plet of L-leucine p-nitroanilide hydrolysis in the

.resence of fixed concentration of N'-methyl L-leucine thioamide as inhibitor:

(3) 7.0M : () 1.94 x 107 M ; (m) 3.72 x 10724 ; () 7.20.x 107°n

i S
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The inhibition constant, Ki’ was evaluated by plotting the values

o

of K vs inhibitor concentration (Fig. 18). A linear regression
app -
analysis of the data provided a K, value of 1.2 x 10 2 M.
' ’ /

m
app

x 1034

=T T
. . L] "

2

K- t2x1tm

1] x 10%

Ko vs (Il for N'-Methyl L-leucinethiocamide (L-leucine p-nitroanilice

app
as substrate)

This large Ki value was of course disappointing because it
indicates that the thiocamide analogue 43 has a very weak affinity for
the active site of the enzyme and thus may probably not bind to the

zinc .atom. In contrast, L-leucine hydroxamate has a high affinity
7

(Ki 3.5 x 10 ' M) for Aeronomas LAP, which presumably results from

tiggt binding through coordination of the hydroxamic acid function
with the zinc atomlss. On the other hand, Nishino and Powersl”‘

reported that analogues, which incorporated thiosemicarbazides func-

tions (R-NH-NH-C(S)-) into good substrates of thermolysin behkayed
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as weak inhibitors (Ki 6.7 x 10“3 M) of the enzyme, even though

LT

o
it is a zinc dependent protease. It is conceivable that the sulfur

atom of thioamides of thiosemicarbazides is not sufficiently

electronegative to bind to the zinc atom at the active site. O0On the

other hand, this result might simply indicate that the zinc atom
does not coordinate with the oxygen of the carbonyl in normal
substratesl72. The very weak inhibitory activity of our ti_hio;almide
analogue may also reflect unfavorable steric interaction creaﬁed by
the larger volume of the sulfur atom. It is unlikely that other
factors such as difference in the respective pka's‘ of the o-amino

group of the a\mide and thiocamide (Apka :O.l)l73 are responsible

for the weaker affinity of the thioc‘érbonyl analogue for the enzyme.

while our work was in progress, three groups reported their

results on the interaction of thiopeptide substrate analogues with

carboxypeptidase A (CPA, EC 3.4.17.1)150’174’175. All three groups

reported that thiocamide analogues of good substrates of CPA were

not readily cleaved by CPA, and behaved as weak competitive

=

inhibitors. The observed Km values demonstrated that the thicamide

¥

analogues have affinities for the active sites similar to those
of the amide substrates. Interestingly, Campbell et 9_]_.150 also
observed that a thionester analogue was cleaved at a rate similar

to that of the oxygen ester. o

»
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Peptides Rate of hydrolysis Km(oxy)
vs parent peptide

Km(thlo) Ki

Ref.

x1073M x10%M x1073n
S
Bz-Gly-Gly=Phe 3% 3.4 4.5 - 174
S
Cbz-Gly*Phe 10% 2.0 11.0 1.4 175
% '
Bz-Gly-Gly-Phe .1s 1.0 8.0 - 150

-

.Figure 19 1Interaction of CPA with thiopeptides.

- 14

On that basis they postulated that the thiopeptide

. L)

analogues were hydrolyzed more slowly than the parent

peptide because of the higher rotational barrier’ of :Ehe‘

\ @

thioamide bond. Their results support the Cleland mechanism-

9
for CPA-catalyzed hydrolysis which postulates that attack,

B L T

.

L‘t'-“mur«-v&w*f*“:m e e et oo o755 A o s et 2 e P
R - . ‘
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A

by the enzyme requires peptide bond rotation a process which would

176

be rate-limiting for hydrolysis The ratio of their rates of

50. ‘This vgiue corresponds to a 4.1

hydrolysis is about %}001
Kcai/mol difference in free energy, which is in agreement with the
difference in activation energy for rotation of thioamide vs
amides3l~37. .

On th% basis of these three examples with different enzymes,
onekmay conclude that the thiopeptide linkage is-.relatively stable
to degradation by peptidases. The fact that thiopeptide analogues
retajin significant affinity for enzymes with the exception of
LAI strgngly s;ggest that similar analogues of larger polypepﬁ}dic
regulators would display good affinities toward relévant receptors.
The resistance of thiopeptides toward endogenous peptidases may

be reflected in pharmacological responses of a more prolonged

duration relative to the parent peptides. - -

<
@

1.3.1 Thioamides and Peptide Bond Formation

Ndbleophilic)functionalities present in a number of amino

acids must be selectively protected in order to avoid their inter-

ference in peptide bond fogmationl77. As indicated earlier these

same functionalities can also react readily with the thiono phosphine
> ¢ 07 . . 8

sulfide reagents, and thus require protection when thionation of a

peptide bond is performed. 1In principle the usual protecting groups

encountered in modern peptide synthesis may also be used during thio- -

g

peptidé synthesis, ‘largely because the rea%tion conditions developed

( | o

-
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in our laboratories are remarkably mild. The Boc group, as we have
already shown, can be used to protect the a-amino group of amino
acids since it remains intact during amide bond thionation, and the
conditions for its subsequent removal with mild acid- (HCl/ether) or
formic acid) are also compatible with the thioamide function.
Alkylation of the thioamide, function by t-butyl carbocations
generated in situ does not réadily occur under tﬁe cgnditions for
deprotection. Howeﬁer, the strong acidic condition§ widely used in
routine peptide synthesis Should be avoided when aealing with thio-
peptides. Alkylation of the methionine sulfur by the t-butyl cation
i; a significant side reaction when trifluoracetic (TFA) or HF is

used to cleave the Boc protecting groupl78_l79. Moreover, it is ~

well—knownlao that treatment of an N~terminal thiocamide-containing
peptide with TFA results in cleavage of the N-terminal amino acid
residue as a result of intramolecular attack leéeading to thiazol-5(4H)
-ones (46). An analogous reaction of pehnylthiocarbamates on N-
£erminal groups forms the basis of the widely known sequential

Edman degradation of polypeptideslalnlsz.

S 0 0

. il n_ e rFA d
pn-Elka-CH-cigh—cx—c—Nww TF
| |
R R’
s
yd 0 ]

Ph-C - +  NH-CR-C-NH

N \\b‘ M H R'

R a
Figure 20 ) i
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later substantiated by Clausen et al . Du Vigneaud et al
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)

protecting ‘group for the amine function in the synthesis of thio-

87-89 has successfully used the carbobenzoxy (Cbz)

Ried
peptides. 1Its subsequent removal by HBr/AcOH was apparently

. . i, . . .
compatible with the thloqmlde function. These observations were
183 30

"used similaf conditions in the synthesis of the C-terminal primar§

thiocamide analoéue of oxytocin. Protection of the carboxyl group
is simply accomplished by ester formation (Me, Et), its regeneration

only requiring base-catalyzed hydrolysis under conditions known to

leave thiocamide bonds intact184'185. Several reagents are now known

which will readily promote the coupling of amines with carboxyl

groups to form peptide bondslSG. Although the acylation of thio-

amides can be readily achieved187-189, it was not expected that this

function would effectively compete with a nucleophilic terminal

amino group in acylation reactions. In fact, Ried et 3587—89

have already,hshown that thiéﬁipeptides can be elongated from their
!

C-terminal ends. Moreover, Du Vigneaud et §l28 have demonstrated

that primary thiocamides are not affected by the coupling reagents

DCC-HOBtng. Members of our group have successfully used EEDQ190

as a convenient peptide bond-forming reagent in the presence of |

o

thiocamide functions.

Céupling from the C-terminal end of a thiodipeptide was ﬁot
feasible. F. Lépine of our laboratorigs has shown that treatment
of Boc-GlyC(S)-Gly-OH (44) withggn amine in the presence of DCC

191

or EEDQ does not lead to amide bond formation . Instead, the

thiopeptide is converted to the corresponding thiazlactone
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L (thiazol-5-4-H-oneés) 46 as revealed by NMR spectroscopy. This

192 as demonstrated by

thiazlactone tautomerized rapidly to 47
proton exchange experiments ‘in DZO' a process readily monitored

by NMR spectroscopy.

3
Boc-NH-gﬂ-C-NH-QH—COZH
Rl

" DCe/ HOBE S, Q
+ BGc-NH-iH-C-NH—%X:X-C—O—Act
or EEDQ
uﬂigg—coza l
1) R=s R' = H s //O
2) R = CH,Ph - ;H-c/ \%HR
) ' Boc~NH~ CHR '
’ N \
R'= CH,CH(CH,), R v
No couplang reaction ]l
S c/OH
B« NH CH-C/ \\CR'
. oc~NH-
Figure 21 RNy

Thiazlactone formation also occurred with thiodipeptides possessing

[

bulkier side chain substituents, as are present in Boc-LeuC(S)-Phe-

) OH48. These lactones were insufficiently reactive to participate in

’

coupling reactions. Aminolysis of such compounds finds precedent in

: the literature193_194. For instance, 4-substituted 2-phenyl—4H-oneé

193

S

have been described as weak acylating agénts towards amino acids
However, in our hands, no acylation products were detected under

N

our expeimental conditions.

“ 1.3.2 Synthesis of Dithicester Derivatives of Boc—amino acids

The impossibility of lengthening thiodipeptides from the C-

( terminal end seriously restricts accessibility to various oligo-
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thiopeptides especially in tho§§ cases where relative size of

the amino acids side chain does not favor the thionation of a

particular amide bond. Thus it was necessary to investigate the

possibility of preparing optically active Boc-protected dithioester

derivatives of amino acids, species known to possess good thio-

acylating properties toward simple aminesl4o.

Dithiocesters can be prepared by thiclysis of alkyl thio-
195

imidates . The latter are most often prepared from the corres- )

ponding nitriles through addition of an alkyl mercaptan under

g C 196
anvhdrous acidic conditions .
R'SH //SR' HZS 3
- - - s R~-C=SR’
R-C=N HX R C§§NH-HX Pyridine

Figure 22

The N-acetyl, N-benzoyl methyl dithiocesters of glycine and phenyl-
alanine (as a racemate) were in fact prepared by this methodl97.
Obviously, a Boc group would not withstand such strong acid condi-
tigns required in the addition step. The thioimidates can be
obtained from the corresponding thioamide through alkylation of the
éulfur at low temperature in essentially neutral conditions. The
resulting thioimidate salt can then be subjected to the thiolysis

conditions (HZS/pyridine) originally described by Marvel et gilgs.
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g Thionation reagent 11 §
R-CH~C-NHR' R-CH-C-NHR'

NHBoc THF NHBoc
CHyI, CHyCEN \\
5 Hy5/pyridine ,S~CH;4
R-CH-{-5-CHy -~ R-CH-CN{_p’
Boe NHBoc E I-

Complete racemization !
HyS, pyridine (seq-.)
75 - 80%

B

THF, H' s

s
r-8a-8-scu,
NHBoc

Figure 23 - opt. active

Accordingly, the N'-methyl N-Boc Phenylalanine thiocamide 20
was alkylated with methyl iodide (1.5-2.0 eqg) in acetonitrile at
30°C for 24 h. After evaporation of the solvent, the resulting

thioimidate salt 49 could be recrystallized from CH,CN/ether. It

3
was sensitive to moisture and regenerated startiﬁg material when
left in solution for long periods of time. The lH NMR speectrum of
this compound showed the characteristic resonance for SCH3 (singlet
at 2.58 ppm) and the CHa proton was now shifted upfield to 5.1 ppm
from 5.5 ppm in the thiocamide. Interestingly, 47 was optically
active ([a]l3? +55.0°, (¢ 1.0, CHC1;)). The thioimidate salt was

treated with H,S in dry pyridine ‘(saturated solution) at 0°C for

2
30 minutes. After evaporation of the excess HZS and pyridine, the

resulting solid was purified by flash chromatography on silica

gel in order to remove the thicamide precursor, which was the major
/

F

l
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R

contaminant. A brighm yellow solid was thus obtained, the color

of which is characteristic of aliphatic dithioesterslgs. Its UV

spectrum showed the expected absorption with a Amaxxgt 308 nm

(log € 4i1). Its lH NMR spectrum (200 MHz, CDC13) displayed
resonances for the S-methyl protons at 2.58 ppm and for the CHa
préton gave a multiplet at 5.1 ppm. Its mass spectrum included
the expected molecular ion (M+‘) at 311, but al§o an important
fragment (18.4%) at 220 resulting from the loss of the C(S)-—SCH3
group. The dithicester 50 displayed no optical activity, thus
indicating that the chiral center at position 2 had completely
racdemized during thiolysis. This loss of optical activity was not.
too surprising in light of the known aciditiqs of the a-protons of
the thioimidates and dithioesters79'198_199. Obviously, exéosure
of these compounds to basic conditions must be minimized if
racemization is to be axdided. The reaction was therefore repeated
under essentially the same conditions, but work-up of the mixture

was carried out rapidly by immediate extraction with a mixture of

ether/5% citric acid solution. This proceedure gave a dithioester

that had retained some optical activity ([a]%o +13°%, (c 1.0,'CHC13)).

Further modifications of the reaction conditions were explored and
eventually excellent results obtained by performing the th#olysis
reaction at 0°C over a 20 min period in THF saturated with st, )
followed by rapid washings with aqueous citric acid. The yield of
dithiocester 50 was slightly decreased but a much higher optical
rotation was obtained ([a]%o 80.5%,c 1.0,CHC1,).

Recrystallization from hexanes did not increase the optical
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activity or the melting point. Unfortunately, attempts to
determine the optical purity of the product by lH NMR spectroscopy
in the presence of the shift reagents Eu(thc)3 and Eu(fod)3 were
not successful.

With this optically active compound on hand, it was then
possible to demonstrate the ease with which such dithiocesters
racemize in the presence of base. For instance, in dry THF as the
scivent, dithiocester 50 had an [a]éo of -17.5°. Triethylamine
(1 eq) was then added to that solution; after 5 min the rotation
had decreased to -15.4° and after 1.5 h to -11.6°. Racemization

was complete ([a]go

0°) after 10 h at room temperature. The
thioimidate 49 also racemized rapidly: its optical rotation
measured in THF at 0°C was +51.2°, but decreased to +21.5° and
remained unchanged for 15 minutes followin¥ the addition of
pyridine (1 eqg). This value corresponds to the opticai rotation
of the free imidate. The .subsequent addition of triethylamine (1l eq)
caused a rapid decrease of the rotation to +10.3°after 5 minutes.
A possible explanation for this anomalous re;ult is that the
thioimidate was contaminqtéd by thicamide pr%cursor which does not
racemize readily in these conditions. In fact, Boc-—Phe—C(S)—NﬁCH3
(19) failed to racemize significantlf at room temperature even after
12 h in the same conditions.

This methodology for dithioester synthesis should be applicable
to other amino acids, perhaps with the exception of methionine and

cysteine where methylation of sulfur would be expected to occur.

However, the thiol group of cysteine can easily be masked by a
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200

o

variety of protecting, groups such as triphenylmethyl thioether

or as its corresponding thioester201 which would reduce its

susceptibility‘to'alkylation by methyl iodide. The methyl thiocether
function of methionine is frequently protected by oxidation to the

202,203

sulfoxide However, sulfoxides are not compatible with

thionation reagents 1 or 11 which convert them to sulfides and

disulfides even at room temperature204.
R
? Ar-P<S>§—Ar
R-5~R S S - R-5-S5-R + R-S-k

Since the methionine thicether must compete with the thicamide for
methyl iodide in the alkylation reaction, it was believed that the
thioamide function may be kinetically fawored. )ﬁhe only example of
such a competition was given recently by Ireland and Brown205 who

showed that a thiocamide sulfur is alkylated preferentially in the

presence of a thioether function:

.S 1) I-CH2COOEt /\/S-CHZCOOEt '
n-Bu-S /\/“\Na R n-Bu-5 \D

2) CGHSPN(CHZ) 3NMe2

3) Silica gel
]

. 0 0
Figure 25 E..Bu.s/\//)'\\/Kom:

.
r

Encouraged by this observation Boc-Met-C(S)-NHCH, (51) was prepared
by the methodology described earlier. Treatment of 49 with methyl
iodide under ;eaction conditions identical to those described for

the preparation of Boc—Phe—C(S)-SCH3 vielded a mixture of products,

\
}

\
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1

several of which proved insoluble in CHClB. The "H NMR spectrum of

the soluble fraction showed that part of the mixture contained the
product of thicether methylation (=40%). The crude solid was then
subjected to our modified thiolysis conditions (HZS/THF, pyridine

S-eq,‘0°C) to yield after work-up two major products as judged by TLC

$ CHyI _scH, " SCH,
Boc-Met—NHCH ~——————e Boc-NH-CH-Cx + Boc—NH-QH-Cy
3 o CSwmen, o CsyHeH,
a2 1° w2 1-
2 - +é 2
Icé e
Hy 3CH3

Boc—Met-g-SCHB '+ Boc-NH-CH—CZ®
s

—cnu”
CHZ CH2

Figure 26
After purification by flash chromatography on silica gel, two
yellow compounds were isolated: the most polar compound (Rf 0.3)
was identified (lH NMR, UV, Mass spect:umf as the desired-dithio-
ester 54 of Boc-Met (7% yield); the least polar material (R, 0.4)
was found to be cyclic dithiocester 55. Its lH NMR spectrum dis-
played complex coupling patterns for all protons. The most striking

feature was the difference in chemical shift between the+f and B'

protons ' .
S
H
S
KN
|
=0 g H
CHs= (—CHy ;
CH3 i
Figure 27
v %



one proton appearing as an octet cente{ed at 2.13 ppm and the other
as a complex multiplet centered at 3.12 ppm. Thes% assignments
were confirmed by irradiation of the CHa proton at ' 4.37 ppm which
resulted in simplification of these two resonances. The mass
spectrum of the compound included a strong molecular ion at 233.
Not surprisingly, it was op£ically inactive. Its formatioh resulted'\
from an intramolecular reaction involving attack of the dithioether
by a y-thiol function generated initially by SNZ displacement~of a
sulfonium leaving group by an HS~anion or through S-demethylation of
the thioether by the same nucleophile. The ratio of 54 to gg,hight
be altered by using f%wer concentrations of HZS’ a poséibillty thch
was not evaluated. -

while this work was under way, Davy206 described the direct
formation o? methyl and ethyl dithioesters from carboxylic acids
by treatment with a new thiono phosphiqe disulfide reagent, namely
2, 4—§i§-methylthio—l,3,2,4-dithiophoséhetane—2,3 disulfide (56) .

4
'/S .
cn3s-§\5:§—scri3 5 .
R-CO,H R-C-SCH 3 : ;

This process‘requires too high a temperature for it to be of

practical value in ‘dithicester formation from heat sensitive N- {
protected amino acids. However, we verified that this new thiono
phdsphine disulfide 56 can also transform amides into thioamides in /j
THF dt rates comparable to those observed with our reagent i;. For

instance, reagent 56 (0.6 eq) converted Boc-Phe-NHCH, into the

e ot b n

sy



corresponding thicamide after 2 h (as compared to 3 h witﬁ our
reagent 11 under similar conditions.) However, 56 is not a choice
reagent because of various drawbacks that it offers: it is much less
soluble than our reagent in organic solvents, is formed in lower

3t

yields from P and causes very obnoxious odors. It may also be

4510
expected to lack regioselectivity towards oligopeptides because of

the absence of sterically meaningful substituents in the phosphorous

o

atom.

Using the thioimidate route described above, the N-acetyl-
phenylalanine dithicester 57 was also prepared and used to study
thiocarbonyl substrate analogue interactions with a—chymotrybsin.
The Boc group was removed from the dithioester 40 &itp HCl/ether
and the o—amino compound directly oytained in 85% yiéld as the
crystalline hydrochloride salt. Acetylation of the amino_group was
cleanly accoﬁplished in 3 h using acetic anhydride (1.1 eq)‘andl
pyridine (1.1 eq) in‘CHZCl2 at RT. Higher concentrations .of—the
anhydride/pyridine mixture caused‘the formation of several other
products (TIC analysis). After washing with agqueous citric acigd,
,the N-acetyl derivative was recrystallized from ether/hexanes
and obtained as a yellow solid. It displayea‘Fhe char;cteristic

1

T+ ¥ transit;On in the UV at 308 mm. The "H NMR spectrum showed

£

all the equcted resonances, and the mass spectrum included the

molecular ion, M+‘, at 253.
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1.3.3 Formatdion of Thiopeptides from Dithicesters

a

As anticipated, the Boc—-Phe-C(S)SCH, (50) reacted rapidly with

3
n—butylimine (2 eq) in THF at room temperature to form the
corresponding N'-n-butyl thiocamide within 10 min. However_the
reaction time was much slower for the less basic amino acid esters,
and in addition steric factors as defined by the amino acid side
chaincﬁaffect iie,;eaction rate. For instance, the reaction time for
gylcine methyl ester (HCljsalt; 2 eq TEA) was €6 h whereas 4 days were
needed for Leucine methyl ester\(HCl salt; 2 eq TEA). In both cases

the yields of chromatographically pure thioamides were excellent

M

(>90%) .

_Unfortunately-the reaction condi;ions caused complete racemiza-
tion during the course of aminolysis as evidenced by the £otal
absence of optical activity in the thiocamide product Boc-Phe-C(S)-
Gly-OEt (58). The lH NMR spectrum of Boc-—PheLC(S)—Leu—OCH3 showed
two signals of equal intensity for the ocg3 protons as expected for
a 50:50 mixture of two diastereomers. Clearly the basicity of the
amine’group ?s well as steric factors strongly affect the rate of
formation of the thiopeptide linkage resulting from\phioacylation
by dithiocesters. OEhef solvents, such as é§2C12, EtOH, DMF, had no
effect Sn the‘}ate of this reaction. We observed that the reaction
is accelerated by triethylamine,‘imidaZOle and 4-dimethylamino-
pyridine, but not by pyridine (as m?nitored bfwTLC). Despite the

disadvantages of this approach which include reaction times and

racemization, we were nevertheless able to prepare diastereomeric

»
£
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e

thiéaﬁide analogues of important peptides not available by the
thionation route described earlier. Thus Boc-Phe-~C(S8)-Gly-Gly-

OEt (6Q) could be prepared in 92% yield by reacting Boc-Phe-C(S)- ’
SCH3 with Gly-Gly~-OEt iglthe presence‘of TEA (1 eq). This thio-
tripeptide is a valuable analogue of tﬁe well-known tripeptide

207

substrate for Angiotensin converting enzyme (EC 3.4.15.1) and

has formed the subject of an investigation by a colleague in our

laboratories. (See L. Maziak, M.Sc. thesis).

5 H,N-R' S
R-GH-C-SCH, ~ R-CH-C-NH-R'
NH . Iqu E %
Boc / Boc
R = CH,Ph Complete racemization :
R' Time Yield
(CH,) 4CH, ‘ .2 h ) 90%) %
CH,CO,Et 6 h . 92% §
] \‘h ‘:l
CH(CH,CH(CH,) ,) 4 days 91% :
2 3°2 !
"1
CH,C (0) -NH-CH,CO,Et 12 h , 87%

Table 3 Formation of thiopeptides from N-Boc-dithiocesters.
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"immune system become localized at sites of inflammation .

2.1

Chapter 2

Thioamide Analogues of.the Chemotactic Peptide

3

.

f-Met~-Leu~-Phe~-0CH 3

Int¥duction .

s

2.1.1 Definition and Characteristics

Chemotaxis is defined as a reaction by which the direction

of locomotion of cells or organisms is determined by substances

208

(chemoattractants) in their environment . In prokaryotic cells,

chemotaxis is a means of finding nutrients, whereas in highly -

, it is a process by which cells of the

organized systems such a5 man
- )
209

In

i}

. "
addition chemotaxis is thought to play a significant role in the

210

metastasis of neop.lastic cells and in the migration of fibro-

211

blasts in wound healing . The importance of leucocyte chemotaxis

in the pathogenic¢ cycle of rheumatoid arthritis (RA) is now well

212-214

established . The inflammition and degeneration of the

‘connective tissues is the net result of local concentrations of

inflamrilatory cells such as polymorphonuclear leucocytes (PMN,

neutrophi:;.,s) , monocytes and macrophages which discharge chexpical
meziiators (Fig.28) - ' The chemotactic responée of the PMN to the
activated complement system is respor}s:ible for the migration of

the cells to sites of injury. Thus, drugs "capable of either
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Chemotaxia

) [cy* (leucocyteg) °
l Block here
[Mediactors) '
IgM . Phagocytosis
. / 1\ .
IRF}7 - '

? 405 e

]

] '
Inftiating : Synovitis Lysoeomal '
factors? degeneration™ enzymes

l Inflammation

. Loss of joint architecture

o

Figure 28 Pathogenesis cycle of rheumatoid arthritis:

RF = rheumatoid factor, C.=complement. The initiating-
factor(s) remains to be elucidated.212

selectively enhancing or depressing the chemotactic responsiveness

’

of leucocytes and other cells are potentially useful in a wide

215 216

variety of diseases . For example, Turner et al have re-

cently reported that some anti-arthritic drugs Such as gold thio-
maiate and aspirin at high concentration produce significant
inhibition of chemotaxis.

There exist in the body several naturally o:iii;iﬁé chemo-
tactic factors which stimulate the cellular immune respones. These

include such diverse compounds as: 1) the é;a
‘ v

metabolites associated with the complement system217

fragment and its

, 2) diverse

: |
lymphokines réleased by antigens or by mitogen-stimulated

1ymphocytes218 and 3) metabolites of the arachidonic acid cascade

(5-HETE, leukotriene B (5,12-di-HETE) 2197220 g¢e. ..

1

Sk e et

4 i & e O e

.
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It was also observed that supernatants from cultures of
rapidly growing bacteria contain potent chemoattractants for
1eucocyte3221. Since bacteria, but not eukaryotic cells; initiate
protein synthesis with an N-formyl methionine residue, it was

N
postulated that peptides carrying that residue might be recog-

nized as chemoattractants by leucocyteszzz. This led to the

syrithesis and discoyery that certain synthetic peptides containing

a terminal N-formylated methionine residuve were potent chemo- A

attractants for PMN, monocytes and macrophage5223. Of these

peptides, the formyl-L-methionyl-L-leucyl-L-phenylalanine

(f-Met~Leu-Phe, f-MLP) was the most potent224. This discovery

provided a unique tool that was largely responsible for the rapid

development of our current understanding of chemotactic phenomena.

& -
2.1.2 Molecular Events Leading to the Chemotactic Response

The chemotactic response of leucocytes differs from that of

bacteria which is characterized by a swimming motion?‘zs.

Leucocytes do not swim but crawl along surfaceszzs. Moreover,
when leucocytes are exposed to a chemotactic gradient, a number

of important biological responses are initiated in the cell and

227,228 229,230

include: increased adherence change in

231,232

, aggregation

232

, directed cellular motility , production of

07, and arachidonic acid metabolite5234“236, and secretion of

2 ,
224,237 . . ) .
lysosomal enzymes . This vectorial response to chemical

cell shape
233

" stimuli is believed to be dependent on a complex but integrated

i
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receptor system, which can sense the gradient and transduce the

»

appropriate signal(s) to the inside of the cell leading to the

232,239

chemolocomotary response .- The exact mechanistic details of

O
X ‘\c\\i

these molecular events are still poorly understcod but a large
amount of relevant information has appeared in the literature of the

past few years.
It is known that }apid changes in the flux of Na® and ca*t

across the PMN membranes, as well as,rhanges in mémbrane bound

ca’? » are associated with the early events following chemotactic

stimulu5239—243. Other studies have suggested that. there is also

N\

‘an early activation of PMN phospholipase A2 by chemotactic

244,245

peptides . The existence of specific cell surface recepéors

for the chemotactic peptide f-Met-Leu-Phe has been demonstrated with

the aid of radio—labelled ligand5248'249. It was also shown that *
n

the ability of the peptide to bind to the receptor parallels

exactly the ability of these peptides to initiate chemotaxis and to

224,250 )

secrete lysosomal enzymes Neither the chemotactic

251

peptide C nor leukotrienes bind to the f-Met—IeufPhe receptor .

5a
A protein (68,000 dalton) from leucocyte membranes was recently

isolated, purified and shown to be a constituent of the receptor
252 N

Q

for f-Met-Leu-Phe
Very fine fegulation of the receptors is necessary in order that

the cell can migrate directionally in response to extremely small

chemotactic gradients (estimateé to be as low as 0.1 percent

across the membrane surface)253. There are several lines of
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evidence suggesting that these cell receptors are subject to up

and\Fown regulation208. Therefore the number, the affinity,

oy

and the distribution of the receptors at the cell surface are
posgible factors controlling cellular sensitivity to chemoattrac-
tants. When. the leucocytes are exposed to agents that induced

B

degranulation or when the cells are pre-exposed to very small

amounts of chemotactic peptide, the subsequent response to chemo-

tactic factors is enhanced254’255. The same effect is also ob-

served when the cells are pre-exposed to n-propanol and n-

butan01256-257. This led to the postulate that additional receptors

normally buried in the membrane are available to aid the cells in

sensing stronger gradients of chemoattractantszSG. On the other

hand, pre-exposuré to h;gh concentrations of chemoattractant ,
renders the cells unresponsive to the same agents at concentrations
which normally induce a responsezss"zso. '

« Other mechanisms are probably involved in the'cellulai
perception of a cpemical ggédient. It was originally believed that

proteases at the membrane surface are available for the degradation
“ 261

and/or inactivation of the chemotactic peptide . The presence

of protease inhibitors, especially those of serine protease, prevents

262

chemotaxis . HPLC analysis of peptide catabolism showed a good

correlation between the susceptibility of peptides to degradafipn

261

and their relative potencies as chemoattractants . This early

observatigg was later substantiated by demonstrating that

chymotrypsin inhibitors prevent the production ongi’by human PMNZGB.

v
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Known substrates for chymotrypsin also altered, in a dose

dependent fashion, the production of 05 through competition with

the natural peptide substrate (ghemoattractant) for that (those)

proteases(s) involved in PMN 05 production as a consequence of the

chemotactic response263

.
b

Very recently, it was suggested that myeloperoxidase catalyzed

oxidation of the«phioether bond of methionine was involved in the

inactivation of formyl-methionine containing peptide5264. It is

known that the corresponding sulfoxide or sulfone analogues of

f-Met~Ieu-Phe are completely devoid ofrbiological acitvity223

Clark and Szot even suggested that this inactivation mechanism may

promote an anti-inflammatory effect in vivo28?

-

II Aggregation
and uptake

111 Peptide par:tt)lonxng

-~ lysosomal enzymes
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v

In contrast with this evidence is the demonstration, with
the aid of fluorescent ligands, that the peptide-receptor complex
undergoes internalization by the cell followed by degradation of

the peptide and subsequent release of the fragments outside the

266,267

cell (Fig. 12). This conclusion is supported by the fact

that radio-labelled peptides were found to reside within the cell,

specifically at the level of the Golgi apparatuszeg. The same

¥
authors also found however, that large amounts of peptide rémain

intact within the cell following internalization and that

processing occurs later, subsequent to a storage step in the ce11268.

S

2.1.3 Structure Activity Relationship among f£f-MLP Analogues

3
° .
» .

It was realized, very early, that the N~formyl group of these

chemotactic peptides was the most stringent requirement for

good biological activity223. The N-acetylation or the removal of

the terminal a—amino group of methiomine resulted in 4 1000 to

23

10,000 fold loss in activity2 (Table 4). Methionine as the first

amino acid of the chain gave the most active analé%ues. ‘Its
substitution by norleucine, having a similar chain lenétﬁ and
hydrophobicity, resulted in a 10-fold drop in activity27o. As
mentioned above, oxidation of the methionine thioether group to the
sulfoxide or the sulfone resulted in completely inactive compounds223
Greater flexibility is permitted at the second amino acid position.

Hydrophobicity of the leucine side chain is a factor for good

D

"
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activity, and the exact location of branching is also important

as demonstrated by the decreased potency of compounds containing

- L'\)J .
Ile or Val instead of Leu27o. At the C-terminal of the peptide,

phenylalanine confers the best activity. The receptor area for
binding of this side chain seems quite restricted as evidenced by

the much lower activity of the Tyr and E—chlo’ro—Phe analogue527l.

Also the carbonyl group of Phe seems to be important since the f-
Met-Leu-L-phenylethylamine analogue lacking the carbonyl, is less
active. However, the carbonyl does not need to be part of a car-

boxylic acid function: the benzyl ester as well as’the benzyl

amide analogues are more potent than the parent acid272. It was

also reported that the methyl ester derivative is a more potent

chemoattractant for monocytes by a factor of 10,000273. Elongation

of the chain by amino acids also resulted in increased activity,

thus indicating that this binding area of the receptbr can

j
aécomodate additional~resfdue527o’274.

On the basis of NMR analysis using DMSO as ‘the solvent, T

|
> (Sect. 2.3) deduced that the tripeptide f-MLP

Becker et 3&27
exists in a R-pleated sheet form. Also, the side chains were found

to be relapiﬁe%y free to rotate while the peptide backbone was -

quite rigid. The existence of an ordered, rather than random,
conformation was made evide;t through CD studies in non-polar. )
solvent5276. A well defined conformation is also supported by the :

observed specificity of an antibody directed against f-Met-Leu-

277

The . It was found that the biological activity of several analogues

was proportional to their binding with the antibody. On the: basis

N
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Peptides

HC(0O)~Met-Leu-Phe
Ac-Met-Leu-Phe
Met~-Leu-Phe

Desamino~Met-Leu=Phe

HC(0)-Nle-Leu-Phe o
HC(0)~-Val-Leu-Phe

HC(0)-Cys(Me)-Leu-Phe

HC(0O)~Met-Val-Phe
HC(0O)~-Met~Ala-Phe
HC(0O)~Met-Ile-Phe

HC(O0) -Met-Gly-Phe

HC(0)~Met-Leu-Leu
HC(O)~-Met~Leu-Glu

HC(O)-Met-Leu-Arg g:f

HC(0)-Met-Leu-Phe-0Bz
HC(0)-Met-Leu-Phe-NHBz
BC(0)-Met-Leu-Phe~Phe

HC(O)-Met-Leu-Phe-Nle-Tyr-Lys
SO 1

Lysozyme release

4.0

Tab¥e 4 SAR of chemotactic peptides related to

ED50 M)

f-MLP.

73
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of these

74

structure—activity studies, it has been postulated that

| I

the following structural features must be present in a pepéide

to provide good chemotactic activity:

1)

2)

3)

4)

5)

The

272,278

the hydrogen of the formyl group, which parFicipates

in a weak hydrogen bond at the receptor.

the methionine side chain (at position 1) ,-which fits

in a hy?;ophobic pocket. It is.believed that this allows
the intéraction of the electrop-rich sulfur with a discrete
area of positive charge.

o

N Y . 7 -
the leucine' residue, which interacts with a hydrophobic

site. A possible role for 'this residue is the mainten—L
ance of a favourable conformation of the péptidé.

- - I
the aromatic ring of Phe  (at position 3)? which interacts
at a specific site of the receptor.

the carbonyl group of Phe, Jhich may be present in the

form of an amide, an ester or a carboxylic acid. It

forms an important hydrogen bond at the receptar.

. i
N

guestion naturally arises as to whether the amide bonds

themselves and the N-formyl bond also directly participate in the

receptor
previous

that the

solution

possible

approach

binding278. This question cannot be answered using

SAR studies as a basis. Nevertheless, one would expect
aligned hydrogen bond donors or acceptors in the proposed
conformation for this tripeptide may well provide

sites of interactions with the receptor275. In order to

o

this problem, we chose to examine the effect on activity

A Bt e wwte
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of replacing the amide bonds by ﬁﬁioamide,linkages. The effect

of this modification on the solution conformation of the peptide

v

could be evaluated by NMR analysis. Since many molecular events
are initiated subsequent to binding of the peptide on the receptors,

studies with thiopeptidic analogues®should provide new insights

N +

into the overall mechanism of action of the parent effectors. The
resistance of certéin thiopeptides to selective peptidase action,
for example, a-chymotrypsin and leucine aminopeptidase, may allow
conclusions regarding the importance of catabolism in relation to

3
i

the generation of a chemotactic response.

AN

2.2 Synthesis of f-Met-Leu-Phe and thioamide analogues

2.2.1 synthesis of f-Met-Leu~Phe

!

As mentigned above (2.1}, it was our aim to prepare all the
mbnothio;mide analogues of this tripeptide, inc}uding*the N-thio-
formyl analogue. Firstly, we wished to develo;/a rapid solution
synthesis of f-MLP (gi) applicable to the ggneration of all®the
thiopeptidic analogues. It was highly desirable to use similar .
intermediates possessing the same protecéing groups, since this f
woulé facilitate comparisons.of the physical properties of thio-
peptide analogues with their amide counterparts. The Boc group

~

was used to protect the amino function because we had establisﬁg%
that the conditions for its removal were compatible with the )
presence of a thioamide functionality. The base labile methyl-

ester was chosen as the means to protect the carboxyl end

\
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of the peptide. The f-MLP-OCH, peptide 64 could be prepared by

stepwise coupling using the DCC/HQBt methodologylsg. This coupling

proceedure is well documented as regards side reactions and
racemization and has been'proved to rapidly give good to excellent

yields of products, at least in the case of small linear pep-

279-280

tides The removal of the Boc¢ group reguires very mild

¢

acid conditions so as to avoid alkylation of the methionine thio-

ether function. This could be achieved with formic acid (98%) at

room temperaturezgl—282.

L-Phénylalanine methyl ester (61) was prepared by the addition
A '
of L-Phenylalanine to a solution of .thionyl chloride (SOC12) in

MeOH and the product was crystallized from MeOH/ether283. The

dipeptide Boc-Leu-Phe-OCH, (62) was obtained in'85% yield after

3
recrystallization by DCC-HOBt mediated coupling of Boc-Leu with
phenylalanine methyl esterl Formic acid (98%) was used to remove
the Boc group of 62 and the resulting formate salt of the di-
peptide was added to a solution of Boc-Met-OBt with HOBt and ch
at 0°C. After 24 h, the product was isolated and recrystalliz-
ation from CH2C12/hexanes afforded a 65%Ayie1d of the Boc-tri-
- peptide 63 (mp 126.5-127.5°C) . Removal of the Boc group was
accoﬁplished again with formic acid (RT, 1.5 h), leaving thé
methionine sulfur intact as ascertained by 1H NMR sPectroscopyl79.
Formylation of the terminal amino éroup of peptides or of
amino acids has often been accomplished with DCC and formic acid284,

However, when’ this method was applied to the formate salt of
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Met-Leu~-Phe-0CH, 1in CH2CI2 several products were 6bserved by TLC.

3
Moreover, the diéyclohexylurea (DCU) formed during the reaction
was difficul't to remove from the formylated tripeptide because
c;f its similar solubility and chromatographic properties.
.-E:o;mif)lation using the mixed anhydride HC(O() -0-C (O)CH3 generated
from formic acid and acetic anhydride is also troublesome, largely
due 3::’0 tHe fact Eha£ both ac:atylation and formylation occur,
thereby making product purification diff.’Lcultza.S'2”86 .

A new niethod for the clean N-formylation of amino groups was
devised. When a chloroform solution of the formate salt
tripep*gide was treated with N-ethoxycarboxyl-2-ethoxy-1,2 dihydro-

0

quinoline (i’.EDQ)19 the formation of the N-formyl peptide was’

complete after 4 h at room temperature.

 DCC-HOBT
Boc-Leu-0H ————= Boc-Leu~Phe-0CH4 62
. 24
NH_- Phe~0CH 1 8 4
2 o y
2) Boc—Met-HOBT
g 1) HCO,H v
B-(-Met-Leu-Phe-0CH3y «——————— Boc-Met-Leu-Phe-0CH3 63
' - 2) E - E . D -Q - ‘ _
64

After evaporation of the solvent and workup using a weak acid
(5% agueous citric acid) to remove the guinoline, the formylated
peptide was obtained as a solid (90%), which could be further

purified by precipitation from MeOH/HZO. Its melting

0

P, e e e -
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point 136-138 C is comparable to that reported ir} the literature ., g
273 :

(132-135°¢) . Other physical properties of this tripeptide 0

are given in Table 5. Quantitative amino acid analysis gives a
" ' 3 b
lower molar ratio for methionine as expected for an acid ' 4

-~ 3 3

hydrolyzate of a methionine containing peptide when no reducing

agent is added éuring mani.pulatiqnszgi}. Chemical shifts of the .

relevant protons in the 11—1 NMR spectrum of the product are‘gfven

i
1

in Table 6.

o ) _
The rapid sequence of removal of ¢the Boc group, evaporation of

the excess acid, followed by formylation was most expedient,and
constitutes a one pot process. This proved to be equally useful !
for the synthesis of thioamide and other ‘functiontalizea analogues

of chemotactic peptidesza7. ‘ .

-

5

The methyl ester function of (64) was remox}ed_ by v

saponification with NaOH in THF/HZO. However, when the bio-

.
e e ot

logical potencies of the free acid and the methyl estLEr of f£-MLP

\

were evaluated, the methyl ester was found to be 10 times more

3

, potent both as a chempattractant and as a ré:leaser of lysosories .

"Accordingly, f-Met-Leu-Phe-OCH, (64) wa$ selected as ‘our standard

3

.

|

¢

|

, {
for purposes of comparison with the thioamide analogues. i

R . B i

- R

i

' 2.2.2 Synthesis of H-C (S) -Met-Leu-Phe-OCH, . o {

B
-

) &
The carbonyl of the tripeptide formyl group is by far the least

sterically hindered amide carbonyl of the molecute. Thus, the

reaction of thionation reagent 11 in THF with-the formyl -tripeptide,
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under the controlled conditions, was expected to preferentially

S

introduce the sulfur atom at the formyl group. Indeed, when the
formyl tripeptide 64 was reacted with reagent 11 in THF at 0°c,
in prder to maximize regioselectivity, disappearance of the
starting material was observed within 30 minutes, the solution

giving rise to one major spot when analyzed by TLC.

2

0 h ’ 11 5
It - i
(o

H—C—-I:I—Met~Leu—Phe—0CH3 H- ~¥—Met—Leu—Phe—OCH

H THF/0°C/.5h H
64 66

3

After purification by fla?h chromatography on silicé'gel (CHC13/
MeOH 9:1) so as to-remove\¢he thionation reagent by-products,

a wh%ée solid was obtained in 78% yield. The proéuct's uv
spectrum displayed the characteristic absorption band of a thio-

amide (Am 264.3 nm, log € 4.01). Other physical properties are

given in Table 5. The lH NMR spectrum (200 MHz, acetone—DG)

ax

of the product exhibited a broad signal at 9.0 ppm corresponding
to the amide proton of Met while the CHa of, Met was rRow shifted
downfield to 5.28 ppm. The identification of the other resonances

was accomplished by selective decoupliné experiments and the results
' 13

n

are summarized in Table 6. The C NMR spectrum of the thiopeptide

(acetone—DS) showed a peak as 189 ppm which corresponds to the
carbon of the thioformyl group. Final assignments of other 13C
resonances were made by comparative analysis of model compounds

and other thiopeptide analogues are shown in Table 7. The mass

spectrum of this monothionated peptide agreed with the expected
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structure: a molecular ion peak (M+') at 467 and a fragﬁent at
422, resulting from ‘the loss of H-czst" were observed.
Hydrolysis of the methyl ester of 66 with sodiﬁm hydroxide
proved to be incompatible with the thioformyl functionality and
several products were.observed by TLC. Attempts to cleave the
methyl ester with BBr3 also resulted in a mixture of pro@ucts.
Under similar conditions the parent peptide methyl ester 64 led

to good yields'of the expected acid, thus BBr., appeared to react

3
with the thiocarbonyl group of 66. Other methods for the cleavage
of the methyl ester or its replacement by another labile function-
ality were not attempted because, fas mentioned above, the parent

peptide methyl ester itself gave superior results in the biological

assays. -

2.2.3 Synthesis of H—C(O)—Met—LeuC(S)—Phe—OCH3

This analogue was synthesized by elongating the appropriate
thiodipeptide intermediate from its N-terminal function. Thion-

ation of the dipeptide Boc-Leu-Phe-OCH, (62) with reagent 1l

3
(0.6 eq) in THF, at room temperature, for 24 h, gave an 87%
yield of the thiodipeptide Boc—Leu-C(S)—Phe—OCH3(§1) after
chromatography on silica gel. Its structure was confirmed by

lH NMR spectroscopy (200 MHz, CDC13). Characteristically, the

thicamide NH was shifted downfield, relative to the parent peptide
to 8.2 ppm while the CHa of Phe appeared at 5.36 ppm and the
CH, of Leu to 4.42 ppm. Its mass spectrum displayed a molecular

ion (M+') at 408.

£t
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occurred during the course of the thionation reaction (Fig. 32).

in 50% yield. The optical rotation was [a]D

“ ¢ °
81
v 11, THF s .
Boc-Leu-Phe-0CHy —————e Boc:-r,euﬂmya—ocu3
24 h
[a]%o = —24 -2 - + §—7-
. H AgNO;, THF
62 /// \\\
+ .8 ) :
NH3—Leu-Phe—OCH3 Boc—Leu-’Phe—OCH3
N Boc-Met. [a]30 = -24.1
DCC-HOBT 62a
H S ‘
Boc—Met—LeuﬁPhe—ocu3 :
68 1) HCO,H
2) E.E.D.Q. '
9 5
H—é—bg—bmc~Leu—Phe—ocu3
N
69, . =
69, ’
Figure 32

At this stage, we wished to verify whether any racemization

To this end, the thiodipeptide produgt was reacted with silver

288

nitrate (2 eqg) in dry THF . After 1.5 h,no trace of starting
material remained, as indicated by TLC. Purification of the

product by flash chromatography afforded Boc—Leu—Phe-OCH3 (62a)

e ]
20 _74.1 (c 1.1, MeoH)

-



82

which corresponds to that of the starting Bob—Leu—Phe—OCH3-(§§)

and thus no racemization had occurred at either chiral center of
the dipeétide. The relatively poor yield of recovered dipeptide
after silver nitrate tregtment of the thio analogue is principally
due to the loss of the Boc group under the experimental conditions,
a side reaction not concerning the chiral centers. Absence of

o

racemization during similar processes was also reported by Clausen

et §l183 for the Cbz-protected thiopeptides, although their

desulfuration conditions were more rigorous (AgNO3(3 eq) , dioxape,

reflux 0.5 h) Their conditions as applied to our Boc-thiodi-

’peptidp led to ﬁuch lower yields of recovered peptide, presumably
¢

because of increased losses of the Boc protecting group.

p
Cleavage of the Boc group from the thiodipeptide 67 was
achieved with formic acid (98%) at room temperatﬁre over‘a 2 h
period. Remov%l of excess acid in vacuo gave the formate salt
which was used as such without purificgtion. It was added to the
HOBt activated ester of Boc—Met followed by the addition of
triethylamihe (1.0 eq) and the mi%ture was stirred for 24 h.
The resulting tfipeptide, Boc—Met—Leu—C(S)—Phe—OCH3 (68) was thus
obtained as a solid ( mp 131-133°C) in 73% yield after '
recrystallization from CHCl /hexanes This product displayed all:
the expected ‘spectral characterlstlcs which are summarized in
Tables 6 and 7. The sequence of deprotection-formylation was

applled to this thlopeptlde as already descrlbed for Boc—-Met-Leu-

Phe-OCH; (63). However, the product gg could be purified by

3

-



direct crystallization from CH Cl§<?exanes (81% yield). 1ts phy-
sical and spectroscoplc characteristics are given in Tables 5, 6,

and 7.

2.2.4 Synthesis of f-MetC(S)-Leu-Phe-OCH3

Since it was already known that an N-protected thiodipeptide
ac1d cannot be coupled with an amine due to the formatlon of
th1a201 5 (4H)-one upon activation of the carboxyl, the desdred
analogue was initially prepared by the aminolysis of Boc-Met-C(S)-
SEt (54) as described before (Sec. 1.3). The formate salt of

Leu~-Phe-0OCH, in THF was reacted with Boc-Met-C(S)=-SEt in the .

3
presence of triethylamine at room temperature for 3 days (Fig. 33 ).

S
Boc—Mep-ﬁ-SCH3 + NHZ-Leu—Phe-OCH3 — Boc-MecﬂLeu—Phe—OCH3
22 , D, L at Methionine
70

Figure 33

The 'product was purified by flash chromatographf on silica gel to
give the desired product in 67% yield. The 1H NMR spectrum of the
product (200 MHz, CDCl3) revealed chemical shifts consistant

with the éxpected structure 70 but incorporating two distinct
sigﬁals for the methyl ester, thus indicating that complete’
racemization had occurredxébout the %a of the methionine residue.
Rather than separating these two diastereomers by semipreparative
HPLC, another route for thehpreparation of this regioisomer was

sought.



Table 5

analogues .

k;% Y

o

Physico-chemical characteristics of f—Met—Leu-Phe-OCH3 and thiocamide

P E-4
B
! \
a 220 o uv © Elemental analysis
‘ Re MP [+]p max c H N s (Calcd)
C (log €) (Found)
o) ]
rC-Met-Leu-Phe-OCH, .04 157-159 -39.2 --- 58,52 7.37 9.31 7.08
58.41 7.52 9.29 6.87
S &4 T
_HC-Met-Leu-Phe-OCH, .18 158-160 -60.5 264.3 56.50 7.11 8.98 13.81
(4.01) 56.87 7.39 8.84 13.67
o s 66
Hc-MetlLeu-Phe—OCH W11 111-112 -59.3 271.4 56.50 7.11 8.98 13.81
3
' (4.05) 56.50 7.35 8.96 13.71
o) s 14
H('l"—Met-Leu-Phe—OCH3 .09 142-145 -5.0w.—269.8 56.50 7.11 8.98 13.81
(4.06) 56.41 7.31 8.97 13.47
o s g I ' -
#é~Met Leu-Phe-0CH .48 103-106 +0.6 271.5 54.62 6.81 8.68 19.88
3
76 (4.27) 54.42 6.76 8.62 19.47
a) CHCl3 / Et0Ac 3:1
b} = 1.0; MeOH i
¢) All spectra were recorded in EtOH at 20°C.

¥8




/
MET LEU . PHE /
¢ NH CHqy CHg NH CHy  CHg NH . CHq CHg
Hg-Met-Leu-Phe-OCH3 7.45 4.60 2.01 7.45 4.46 1.53 7.45 4.67 3.01
64 _ 1.89 ‘ 1.65 311
H@—Met-Leu—Phe—OCH3 9.0 5.28 2.05 7.56 4.50 1.6 7.50 4.69 3.0
66 1,92
Z .0 S
HC-MeLﬂLeu-Phe—OCH3 7.60 4.95 2.1% 9.37 5.17 1.6 7.60 4.70 3.03
74 1.96 3.12
«
0 s g
Hc—Met-Leuﬂphe—ocu3 7.55 4.63 2.11 7.55 4.85 1.6 9.38 5.33  3.26
75 ) 1.89 3.19
R rotirof
Hé-Met-Leu-Phe-OCH3 7.63 4.98 2.19 9.46 5.53 1.87 9.57 5.35 3.29
76 1.97 1.74 3.20

1 .
Table 6 H NMR chemical shifts (ppm) of f£-MLP-OCH. and thioamide

3

analogues (200 MHz, acetone-Dg, 1.3 x 1072 M, 20°C).

[ R

68’




X MET LEU PHE

c(s) Cq ~ Cqg Cy Cq Cq cB
Q S
Hc—z-xet—Leul'phe-ocu3 207.1 51.6 33.0 58.6 45.2 59.6 37.0
Q 2
HC-Met-Leu-Phe-OCH, 207.7 58.0 38.5 57.6 41.5 54 36.2
Q g
HC-Met-Leu-Phe—OCH, 205.1 $7.5 36.9 63.7 44.9 59.8 36.1

. 204.1

7 .
HC-Met-Leu-Phe-OCH, 189 55.9 38.2 52.4 42.0 54.5 38.2 i

®

Table 7 13C NMR chemical shifts (ppm) of f—MLP—OCH3 and thioamide

-

analogues ( 2.0 x 1073 M, acetone-D 20°C) .

6'
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Since the bulk of the amino acid side chains surrounding the
amide bonds linking Met to Leu and leu to Phe is essentially the
same in the tripeptide Boc-Met—Leu—Phe--OCH3 (63), it was expected
that direct thionation should yield a mixture’gf monothiocamide
regioisomers together with some dithionated product.

When a THF solution of the Boc-tripeptide 63 was reacted
with 0.6 eqg of thionation reagent ll at room temperature, two:
new spots with larber Rf's than that of the starting material

appeared on TLC.

.

- \

L

11 S
Boc-Met-Leu-Phe-OCH, Boc-Mec-Le%,‘J-Phe-ocu3 307
’ THF, 0°C, 4 days 72
63 — s
Boc—Me:ﬂLeu-Phe-oc33 332
71
Zos s
Boc-Mec-LeuuPhe-OCH3 18%
% 73
0 S
H
H-C-§-Met-Leu®Phe-oCH, 1) HCO,
o g 75 2) EEDQ
H-C-N-Met“Leu-Phe-OCH,
H 74
0 S s =
H-d-y—MetﬂLeuﬂPhe-oca3
N 1
__ 9
Figure 34
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After 24 h, the reaction‘was stopped and the mixture separated by

flash chromatography on silica gel. The least polar compound, not

unexpectedly, was the dithioamide derivative 73 as evidenced by

the much greater log € 4.25 at, 272 nm than that of the monothionated

analogue 68. It's lH NMR spectrum (200 MHz, CDClBQ showed two

thicamide hydrogens at 8.47 and 8.01 ppm and all three CHa were

also shifted downfield to 5.40-4.50 ppm. Also, the mass spectrum

of this compound displayed a strong molecular ion (M+') 27% at 569.
The most polar component on TLC consisted of a mixture of

these two regioisomers giving a ratio of 45:65 of least polar

to most polar compound. The presence of the thioamide functionality

in each compound was confirmed by their respective UV absorption

spectrum. The identity of each compound was further established

by lH NMR spectroscopy, the more polar compound having character-
istics corresponding tc those already deécribed with Boc-Met-LeuC(S) -
Phe-OCH3'(§§). A complete lH NMR spectral characterization of
Boc—MetC(S)—Leu—Phe—OCH3 (71) was carried out, by selective de-
coupling experiments (200 MHz, CDC13).

Formylation of the thiotripeptide 71 was performed as described

above to yield HC(O)-Met—LeuC(S)—Phe—OCH3 whose physical and

spectroscopic characteristics are assembled in Tables 5,6 and 7.

We were fortunate to find that the N-formyl monothioctripeptides
74 and 75 possessed sufficiently different Rf characteristics to
allow their separation by flash chromatogréphy on silica gel.

Accordingly for the large—-scale preparation of these regioisomers

»

pes
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required for biological testing and for 13C NMR studies, the ¢

separation of the monothioamides could be accomplished more
efficiently and conveniently after N-formylation.

The reaction conditions regquired for a{;ax%mum yield of the
monothioamides 71 and 72 at the expense of dithiocamide 73 and which
allowed a maximal conversion of_the Boc-tripeptide to desired
products were as follows: thionation of the tripeptide with 0.75 eq
of reagent il at 0°C for 4 days. 1In this way, yields of the thion-
ated régioisomer at position 2 (71, less polar) and at position
3 (72, more pblar»{were about 30% and 33% respectively, accompanied by
an 18% vield ofgthe dithiotripeptide.

' ,'L@rger amounts of the dithiotripeptide 73 could be obtained
'siﬁply by reacting Boc-Met—Leu—Phe-OCH3 with excess reagent (1.2 eq)
at room temperature. Under these conditions an 82% yield of 73
was obtained after a reaction time of 24 h. N-formylation of the

N-deprotected product was accomplished as described above for the

other analogues to give HC(O)—MetC(S)—LeuC(S)—Phe—OCH3 (76} .

2.3 Conformational Analysis

We sought to determine whether a thicamide group at specific

positions of the f-Met-Leu—-Phe-OCH., backbone can impose special

3
conformational constraints on the molecule. As discussed earlier,

the increased bond length of the thiocarbonyl relative to the
129 32—37'

amide carbony , the higher rotational barrier of thioamides

47

as well as other factors such as dipole moment and hydrogen
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bonding properties may indeed cause important conformational

dif ferences, such as increased rigidity which may not allow
< ]

This would be reflected in
&

receptor interaction and in the behaviour of the analogue toward

biologically active conformations.

peptidase (s) that are presumably involved in the molecular events
leading to a chemotactic response 2917264

Since bond angles and bo'nd lengths are equal in a amide
linkage for all peptides, the conformation of the backbone is (
expressed in terms of three torsional angles: ¢, ¢y, w, which

describe the rotation around the N—Cd, Ca—C' and C'-N bonds

respectively, while the rotation about the side chain, corresponding

to C =Cg’ is described by the angle )(289. ¢
Y
0 0 0 0
] Ay Hop,hl w Hoyll
HeC — w3t et stie S2e N R 2 C —on : .
‘ H X1dr H i) H thH .
C H C H C 2 \\\
e x:4,8 2 )(zJ,B 2 X2 8 .y
(I:Y '/C‘(H
S CsH3C gH3 "
! |
CsH3
f-Met Leu Phe . T
Figure 35 The peptide f-MLP defined in- standard bond'angle

nomenclaturez89 .
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A complete conformational analysis of f—Met—I..eu--Ph‘e-OCH3 and
its thiopeptide analogues was not possible because of time

limitations. A combination of several spectroscopic (NMR, IR,

CD) techniques is necessary to arrive at firm conclusions because
of the high ¥lexibility of linear peptides and the numerous

parameters that must be considered before preferred solution -

conformation can be identifiedzgo_zgl. Traditionally, X-ray

9

crystallography has provided unique information for the analysis
of peptide conformationzgz.‘ However, at the timé this thesis was
in preparation, crystallographic analyses of relevant analogues

(64, 74, 74) were still in progress but as yet no firm results are
9
~on hand owing to serious difficulties in the generation of suitable

crystals (f—Met—Leu-Phe-—OCH3 itself being the moét difficult to - ‘

4
Prior to our studies a detailed analysis of the solution
con\fo{:mz'ition of f-Met-Leu-Phe using lH and 13C NMR spectroscopy .
o~

was repo\ied by Becker et £275. We thought .that a Z;ood evaluation

of the ocdurrénce of special conformational changes associated

PRrevEv

1

with the presence of thiocamide linkages could be made usinZJ the

various lH NMR (200 MHz) spectroscopic techniques available to us

%k

y %

and thus allow a comparison of our results with -those of Becker é
275 1 b - 3

and co—-workers . Based or™H NMR coupling constants (JNH CH 3
; r =" 3

J ) and 'H and 13¢ relaxation times, they found that the &
CH -CH,g 2
conformation of the backbone of this peptide in the negatively
4

charged form (pH 8) assymes an antiparallel f-sheet arrangement. E!

A stick model of the most p?cﬁ&\‘ﬁted conformation according to

these authors is illustrated in Fig. 36.
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Figure 36 Stick model of the most populated final stucture

as described by Becker et 9}_275.

/
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Our own analysis was performed on the methyl ester derivative

rather than the free acid because of its superior biological

activity. However, this tripeptide methyl ester and its thioamide

analogues are insoluble in H,O which forced us to use DMSO and

2

acetone as solvents. .

For all studies in these deuterated solvents, cotrect

identification of the amide protons was made by selective de-
coupling of the CH, protons. Spin simulation was used in order

determine the coupling constants for the leucine side chain but

to
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w3 Nn—céu-c-na-cu-g m—c;—g OCHy

ai eyeny
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3

H-g-NH~CH~8 N\PCH—g NH—CC:>8~OCH] //

by I 2
;H’ cit "‘cn O
Ry S

74 -

L
= NH-CC‘.H; NH-(éM;g 'R-Cl;zg OCH /
s ', cﬁ C": C ;’
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—— J/:f’;j fCJ’“igi.4/4ﬁ)
_ A { fwgﬁ___Jt L

Figure 37 1H NMR spectra (200 MHz, DMSO) of

65, 74, and 75
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the homonuclear 2D-J-resolved NMR technique293 was .used in order

to obtain the coupling constants for f-MLﬁiOCH3 in acetone-Ds. s
As it turns out, the backbone thicamide modification separates

the CHa signals owing to the downfield shift of the adjacent protons.

(CHG, CH NH), thus simplifying the assignments and measurement

g’
of the coupling constants of the resonances (Fig.37 ). One can
say then, that the thiocarbonyl group acts as an internal shift
reagent.

In peptides, a downfield shift of the CHa resonance is indi-
cative of a change in the orientation of the o protons vis &a vis

the carbonyl group294’295. However, the downfield shift observed

for certain protons (e.g. 0,4-0.5 ppm for the proton on the Cq of
the thiocarbonyl in acetone-DG) is associated with the increased
anisotropy created by the thiocarbonyl, and not to a conformational
change69f72. This is substantiated by the observed deshielding
seen in the case of simple thioamide containing compounds (Chap. 1).
Since the orientation of the amide linkaée in peptide are
defined by hydrogen bonding (intra or intermolecular or by inter-
action with the solventzgs) it was important to initially determine
whether hydrogen bonding differences occur in the methyl ester
derivative of f-MLP apd}ité thioamides analogues. Although there
are several ways thr;ugh which such information may be obtained
289,296

(DZO exchange, CDCl3 titration of DMSO solutions, etc... } the

variation of the NH chemical shift vs temperature apveared to be the

most reliable procedure297. Intermolecular hydrogen bonds and those
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to fhe solvent are readily cleaved with increasing temperature,
while intramolecular hydrogen bonds are more sta‘ﬂe'and exﬁeriénce
a smaller chemical shift with increasing temperature. The upfield
shift observed is reflective of increased electron density around
the hydrogen atom298.

Generally speaking, temperature grddients in this solvent for
the chemical shift of the NH signal in excess of |4 x lO—3|ppm/°K
are considered evidence of external NH orientation where the H is

solvent bonded while values under |3 x 10—3]ppm/°K suggest internal

hydrogen bondlng (Fig. 38 )297

klocppmlx

O
ASTT>4- ‘D.3PP’“/K /

~_C/‘N

1mn
ﬂ
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7
\n
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"~
\
n/

AB/T<I 0 Sppm

Figure 38 Temperature gradients AS/T of the NH signals in DMSO

using the example of a B-loong7.

7

This experiment was performed with compounds 64, 74, and
75 at identical concentrations in a 60°C temperature range; and
the data are plotted in the form of chemical shift vs temperature

as shown in Fig. 39.
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Figure 39 Variation of the NH chemical shift vs tempeéature

for 64, 74, 5.

The corresponding slopes were evaluated by linear regression

[N

analysis and are assembled in Table 8 together with values of
A

f-MLP-OH reported by Becker et 3_1_2

75

at low (2) and high (8) pH.

‘z«m T e
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NH MET NH LEU  NH PHE ,

~ | | x 10 ’ppm / °K

Q )

HC—Met—Leu-Phe-OCH3 4.8 4.4 6.4

0 64

Hd-Met-Leu—phe—ocu3 3.7 5.0 6.3

0 74

HE-¥e t-Leu-Phe-0CH, 4.0 5.6 6.3

Q B :

HC-Met-Leu-Phe—OH pH 2 4.1 4.5 6.1 (273)

pH 8 8.5 8.5 2.6

Table 8 Variation of chemical shift vs temperature for the NH

protons of f-MLP, FMLP-OCH, and thiopeptide analogues.

275

The values obtained by Becker for f-MLP (68) at low pH,

which favors the protonated form of the carboxyl group, are nearly
identical to those of methyl ester derivative. For all the analogues

the values for the NH of Phe varies very little while the values

—3l

for the Met NH and Leu NH vary maximally by [1.1 x 10 ppm/°K.

3] ppm/°K is associated with the

The only value below [4.0 x 10~
NH of Met when the thioamide group occupies position 2, perhaps
suggestiﬁg an involvement of this NH in a partial intramolecular
H-bond which is shielded-from the solvent in some of the conformers.
However, this value of 3.7 or the change in this value ( vs 4.8 x
1O~3) is too small to be atgributed to a major confo;mational

\ .
change in the environment of this bond. On the basis. of these

i \
" J
‘

N
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studies, we can conclude that the orientation of the NH group

of the thicamide function relative to that of the parent amide

is not signifitantly different.

While this work was in progress,' Brown ancfitco—workerszg9

/

reported an example where the different hydrogen bonding propeffies

of thioamides resulted in a conformational change.

Cbz-AlaC(S)-Ala—OMe (77) adopts a conformation in CDCl, where the
thioamide NH engages -in H-bonding and in which the alanine methyl
group is in close proximity to the methylené;of the Cbz group as

' ( <
evidenced by an enhancement of 33% in the NMR signal of this

methylene when the alanine methyl group was continously irradiated

(Fig. 40).

o H o
Ve < 7 :
rH [,
&,\ %_H 3 o&y\n"‘l o
- cLL Y—o
ONEN (pdpn
77 78

Figure 40

/
No corresponding enhancement effects were noted with the parent

peptide (78); instead, a weaker enhancement (14%) of the signal

N

carbamate NH proton was observed when the methylene proton were

irradiated. This type of NOE experiment was not performed with
N\

our thioamide analogues since no strong intramolecular hydrogen

The thiopeptide

m*mﬁ’\;ﬁl&nwiﬁi“ﬂwﬁwﬂ PR
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"
bond had been detectgd during the temperature dependence studies.

The temperéture dependent experiments also indicate that the
'CHd chemical shift do not vary significantly with increasing
temperature (the largest shift being .06 ppm over a 60° range for

1CHa of Phe in 64 and 74), indicating that no cdﬁformational process
involving either the peptidic backbone océurredBOO. Consequently
a dynamic equilibrium of energetically similar conformational
states is reached a¥ room temperature297.

In agreement with this conclusion, single resonances are
observed for all absorbing species in the fully deccupled l3C
NMR spectra (20°C) of all the thioamide analogues, in acetone-D6

T or CDC13. When high energy requiring processes are in equilibrium,
such as in the case of cis and trans isomerizations, doubling of
the resonances or broadening of the peaks are usually observed301‘
No such effect was noted fo;;;py of the thicamide analdgues.

It is possible to gain substantial information about peptide
conformgtion from J coupling constant (9 angle) which is

NH-CH
, & . . 302-304
dependent on the angle ¢ as illijxfated in Fig. 41 .

co -

Figure 41

B i ihn s s T S
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The angle 0 can be obtained from a function representing a Karplus

305
curve H
4

e M

!

cos”™ 6 - B cos 6+C sin2 6 or,

%J:A 0052 © - B cos 8+C

where A, Band C > 0 and 8=] ¢ - 60°|

@

In our calculations, the coefficients descibed by Brystov et ngOG

where A=9.4, B=1.1l, C=0.4 as determined for a trans peptide bond

were used. In addition, each measured coupling constant J

)

NH—CHOL
was corrected so as to take *n account the electronegativity

of the Ca subsituent as calculated for amide bond of peptides307.

{ Jcorr = 1.09 Jobs

We also assumed the same electronegativity in both amide and
thioamide. ' s
‘The measured coupling cbnstants (acetone—DG) for the NH-CHa

and CQ{CHB are given in Table 9. Using the corrected coupling
constants, the 6 angles were calculated and these values as well as

¥

the corresponding ¢ values are assembled in Table 10.

L



MET LEU PHE
NH-CH_  CH -CH, NH-CH CH ~CHg NH-CH, CH,-CHg
R
HC-Met-Leu-Phe~OCH, 8.15 6.1 8.20 5.9 7.7 7.9
. 8.5 9.2 5.6
64
— o
HE—Met—Leu—Phe—OCHa - 6.4 7.1 7.2 6.8 6.6
] 6.4 7.2 6.6
'6_6— v
Gl
Hg—Met§Leu—Phe—OCH3 7.0 6.4 Y 7.9 - 7.0 5.9
7.3 . 7.1
74
Hc—uet—L.eljphe—ocn3 7.5 5.1 7.5 6.0 7.3 6.2
7.8 8.7 7.1
:’—5- o)
i 8
HC-Met LeulPhe-oCH, 8.7 5.7 7.9 - 7.3 6.2
- 7.6 7.1
76 i

Table 9 Protons 9ohpllng constants (Hz).of f—MLP—OCH3 and thioamide

analogues (200 MHz, acetone—DG, 1.3 x 10“3 M, 20°C).

—_—

S
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MET LEU
HC-Met—Leu-Phe—OCH3 153 -93, =147 154 -86, =146 150 -90, =150
84 11 71, 49
S .
HC-Met—Leu—Phe—OCH3 - —— 145 -85, =155 144 -84, —=156
66 R 20 80, 40 22 82, 38
Q g
HC-Met—Leu-Phe-—OCH3 145 -85, =155 151 -91, =149 145 -85, =155
74 21 81, 39 6 66, 54 21 81, 39
Q $
Hé—Met*Leu~Phe-0CH3 149 -89, -151 148 -89, =151 147 -87, =15%
75 14 74, 46 18 78, 42
Q S .
HC-Met-Leu=Phe-OCH, 158 -98, -142 151 -91, =149 147 -87, =153
76 6 66, 54 18 78, 42
e}
HC-Met-Leu-Phe~OH -130 -120 -1359
€5
Table 10 Calculated €& and ¢ angles (degrees) from lH NMR coupling constants J

NE~CH
2

Values underlined are those corresponding to tne final values obtained

by Becker et

1

275
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After additional refinements using 13C relaxation time
measurements, Becker et al further limited the possible ¢ angles

to single values of $¢1=-130°, ¢2=-120°, and ¢3=-150° for the

v

tripeptide f-~MLP-OH at pH 8 (Table 10). The angles calculated for
the corresponding methyl ester differ by 17° for ¢: and 26° for

$2 and are essentially the same for. ¢s3. However, t@e thiocamide
analogues gave ¢ values which were in close proximity tthhose

obtained for f-MLP-OCH, ( #8° for ¢:, +9° for ¢, 26° for ¢i).

3
It is possible then, according to these results, that the

f-MLP—pCH3 conformation differs somewhat from that reported for

f-MLP-OH especially at the Leu and Met residue level. These

differences could be due to pH effects308. However there is

o

probably little difference between f—MLP-OCH3 and its thioamide
analogueé.
The small variations in the angles are probably meaningless
for all analogues because even for a fixed conformation, fluctuation
of the dihedral angles ¢ aroumd-—<given values present magnitudes
309,310

which are 5% least of the order of 10 . Accordingly, our

results indicate that the ¢ angles in these tripeptides are not

e

altered by the incorporation of a thiocarbonyl group.

Further analysis of the lH NMR spectra of our analogues
suggests that little‘variation of the torsional angle also occurs.
fhe latter can be derived from the CHa_CHB cozpiing constants.
When the amino acid residue includes a CB methylene group with
magnetically non-equivalen§ HB and HB protons, éhen two vicinal

coupling constants can usually be observed in the spectrum: JH//_H .
o B

[
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and J, _, » from which the individual rotamer population can
a B
be derived (Fig.43)2%2,

N N
C7 Hg Hg Hgo
He clo) Hg clo)
Hg: Cy g
X,:-60°" X *180°
- +
g t g
PI PII PIII
Figure 43

These coupling constants can be analysed in terms of populations

of the three classical rotamers PI t), PII (g-), PIII (g+) using

the equ;tions described by Feeney:311

4.1 PI + 11.7 Prp * 2.9 PIII

(]
1}

12.0 P, + 2.1 P + 4.7 PIII

Hy Hy, I II o

o
3"

where PI + PII + PIII =1 )

The results obtained from such claculations for f-MLP-OCH; .-
and the thiocamide analogues (acetone-ds) are given in Table 11.

Systematic errors of #63%, *4%, 8% were obtained in the calculations

P o o kb s e S
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+ - . . .
of the t, g ,,and g pjbﬂlatlon's when taking into account a

probable error of .2 Hz in the measured coupling constant. .
For the methionine and phenylalanine rotamers, a decrease in the.
t(Pl) population and a small increase in the g+(P;I) and g—(PIII)'
is observed with the thioformyl analogue 66 which suggests that
é conformational change in the peptide backbone is induced by the

g thioformyl functionality. However the change is too small to
allow an&‘firm conclusion. The differences in rotamer populations

".. _v: for the other analogues are even smaller, thus indicating that
only very minor changes'in the side chains mobility are associated

«
with the presence of the thiocamide group in the backbone of
f-MLP—OCH3. Further NMR analysis based on 13C and 15N resonances

would be necessary in order to define the other substituent angles
313

(y,w) imposed by the thicamide modification
From our preliminary analysis, we can assert that no major

conformational restriction is introduced in the formyl tripeptide

after thionation of its backbone. If any change has occurred,

it must concern only minor conformer population. Accordingly, when

TR

™
interpreting the biological properties of these thiopeptides

analogues any observed differences with the parent effector may be

expected to originate primarily from the differences in the hydrogen

et S e et W

bonding‘at the receptor level and in the increased bulk of the

thiocarbonyl and not to changes in the spacial orientation of the

side chains. This lattér point is important because recognition

, process must depend on the three dimensional orientation of the 7
9,10 i
‘ Pl

4

( signal residues
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2.4 Biological Activity

Biologig?l activity of the four thiopeptide analogues was
investigated using as the assay the release of lysozyme from
human neutrophilszz4. Consistent results were obtained with blood
from healthy blood donnors. Showell et 31224 have demonstrated
that an excellent correlation exists between the chéﬁotactic
activity of an effector and its apility to release lysosomal
enzymes from responsive cells.

The lysosomal enzyme—induciné activity for each peptide was

obtained from the dose—-response curve as its EDSO' the concentration

(nMo1/L) of peptide causing 50% of the maximal release of lysozyme

Table 12).

Compounds EDgg Relative Potency
(nM) ¢9)
-
H—g-He:-Leu—Phe-OCH:; 66 100 f
64

H-E-He:—Leu—Phe~0CH3 . 200 33 :
X - '
66 )
s \ }
H-g—HetuLeu—Phe-OCH3 3,000 . 2 .
i
™ :
H~C-Met-Leu=Phe~0CH, not active - :
7 i
g s s !
B-E-Met“LeulPhe-0cH,  not active - :
76 -

Table 12 Lysozyme release assay of f-MLP-OCH3 and thioamide
analogues.

- et e e o i SR Ay fave
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) The results are then expressed as percentage values of the
activity of the standard f-MLP—OCH3 (64) which is set at 100%.
Details of the assay are given in the experimental section.

"The thiopeptides were also tested for their spasmogenic
o . 314 . 4 .
activity as described by Marasco et al using the guinea pig

\ileum as the test organ. Concentration-response curves were

constructed and response and the results are reported as

EDSO (Table 13).

Compound EDso0 Relative Po‘tency
(hM) ™
4
{
0 e
H-C-Me t ~Leu-Phe—~0OCH, 61.6 + 1.4 100 :
’ 64
i
. B~C-Me t ~Leu-Phe—0CH, 85.0 = 2.0 72
66 '
‘ao i
B-C-Me t "Leu~Phe-0CH, 81.5 ¢ 5.5 76
7 . i
Q g ;
H<l-Het ~Leu=Phe—O0CH, Inective 0 ¢
7 i
' FR ]
H -Hec-Leu-Phe-OCH3 Inactive 0

76

Table 13 Spasmogenic activity of f—MLP-OCH3‘and thiocamide

} analogues. R ;

-

. '
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Two of our analogues were found to be devoid of spasmogenic
activity and to act as potent inhibitors. of the standard
agonist. The data are assembled in Table 14 and indicate that

a thioamide 1linkage at position 3 confers strong antagonistic

properties to this peptide.

Compound Inhibition '

()

; —

75 H-—g-Me t>LeulPhe-0CH,

g—

(0.5 uM) 56

0.7 M) 100

Radin
76 H~- -Met-Leu—Phe—OCH3

(0.5 M) ] 40

3 ————
Agonist: H- -Mct-Leu—Phe‘OCH3, 0.3 uM

Table 14 Inhibition of the spasmogenic response with
75, and J6.

In the lysozyme release assay, three of the thioamide analogues
were found to be virtually inactive; only the thioformyl (66) !

displayed significant activity (=33% of the standard.) Both

the 3-thiocamide regioisomer 75 and the 2,3~bis-thioamide analogque

76 were completely inactive, a result paralleling that of the P

spasmogenic assay except for analogue 74 which retained about 75%
A

( of the spasmogenic activity of the standard. The inhibitory

L - | . ]
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analogues 75 and 76 probably occupy the same receptor site(s)

., as the standard because of their close structural similarities.

2.5 Discussion '

The structure—activity relationships‘among the thiopeptide
analogues are of high significance. It may be recalled that the
only structural difference between one analogue and an other is
the presence and position of a thioamide functionality as part\
of the backbone. As pointed out earlier no evidence of conforma-
tional restriction as might be anticipated by thiocamide linkages
was obtained in the non-polar solvent systems (acetone, DMSO)
that were used. Since it is known that the receptor for these
peptides is a hydrophobic entityzsz, it is reasonable to assume that
similar conformations may be present in the receptor environment.
Hénce, tﬁe drastic difference in the activity of these analogges
cannot be accounted for s6lély on the basis'of mismatching with
the affiﬁity sites, of the receptor owipg to important alterations
in hydrogen bonding or to the larger volume of a thiocarbonyl
function. However, more refined structural information about
thiopeptides is needed before a detailed understanding of the
interaction mechanisms becomes available. It is conjectural at
this. stage to atéempt correlating thé results of the lysozyme
release assay with those of the spasmogenic assay. It is still
unknown whether the action of chemotactic peptides on the guinea

pig ileum is the result of a direct interaction with receptors of

3
~B¢M‘.’r__,v e R o bR B T B b e




111

# By

this tissue, or is the consequence of a mediated effect involving

leucocyte-like cells in the tissue. It is remarkable that the corre-

N

lation in rahk order of potencies as repoéted by Marasco et §L314
with other peptides was also observed with our thiocamide analogues.
4
It is interesting to note that it is the thioformyl analogue

66 that leads to the greatest similarities of response with the

v
\

standard 64 in either assay. This constitutes the first structural
modification at this position of the tripeptide which preserves '

a significant level of potency. It is pléusible that the decreas

in poteneynfor this compound involves reduced receptor binding as
a result of the larger bulk of the thiocarbonyl function. This
could mean théﬁ the thioformyl éroup does not directly interfere
with the biochemical processes normally involved in chemotaxis.
When the thiocamide function is between Met and Leu (74), the
activity is nearly abolished .(2%) in the 1§sozyme release assay
but its activity is similar to'that of the thioformyi analogue in
the GPI assay. The much lower ability of this analogue to cause
the release of lysosomes may well reflect interference with the
biochemical events ultimateiy controlling lysosome extrusion.
Agents capable of inhibiting cellular methylation reactions,

like L—homgcysteine thiolactone, are known to depress the chemo-

tactic response of monocytes and macrophagesals. Methylation

PO B SR

reactions are themselves believed to be@;equired for the main-

tenance of the receptor in its high affinity.form244’315.

Inhibition of the myeloperoxidase catalyzed oxidation of:

A L \

:
:
.
SR
ngamm¢$-$ﬁW“
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&

methionine was also recently shown by Clark264 to reduce the

chemotactic activity of neutrophils. It is not inconceivable
that thiopeptidic structures. may somehow engage in processes

of this kind and hence, disfavor chemotactic activity. Thiocamides
are strong nucleophiles that can be readily S-methylated thereby
suggesting that they may interfere with biochemical methylation

processes. Moreover, the well-known ease with which the sulfur

- of thiocamides can be oxidized2.9 suggests that they may act as

e :}///

AN

efficient scavengers of active oxygen species such as H202 or

O; and thus protect against oxidation by the myeloperoxidase
systeml. However, this can hardly apply to the thioformyl analogue
vhich is quite active in the lysozyme release assay. In vitro
inhibition studies of these biochemical systems with suitable
thiocamide substrates would be required in order to ascertain the
possible involvement of these enzymatic parameters, ~

| It is clear, however, that other processes must be invoked
to explain the inactivity of analogues 75 and 76 in both the GPI
and the lysozyme release assays. Their common structural feature,
resides in the presence ;)f a thiocarbonyl at position 3 of the -
tripeptide. It is evident that the integrity of this peptide
linkage is of critical importance for chemotact-;ic and spasmogenic

acitivity. Interference by these thiocamide analogues with the two

afE‘);ementioned enzyme systems is certainly possible, but it does

™,

not e\‘xplain the strong antagonistic properties associated with

this backbone modification.

[N RSRC Y
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Several groups have demonstrated ‘the involvement of a
neutral protease (chymotrypsin-like) in the production of H202
and in the leucocyte chemotactic response261-263. It seems
therefore logical at present to attribute the inhibitory
properties of these analogues to antagonism of such a protease.
In vitro studies with bovine chymotrypsin (Sect. 1.2) have indeed
shown that the thioamide analogues of %ormal substrates are
completely resistant to hydrolysis. It was also shown by
N:'Ledel262 that a-chymotrypsin is most efficient in causing
degradation’ of f~MLP peptide derivatives.

These observations support the conclusion of Aswanikumar

261 who showed that a good correlation exists between the

potency of a chemotactic peptide and its ability 'to be degraded
by peptidases of the responding cell. It is plausible then that
thiopeptides 75 and 76 béhave as antagonists of chemotaxis by
virtue of their non-productive binding to peptidase active sites.
Accordingly, peptidase action would be a key event allowing the

cell to sense a gradient. HC(O)-Met-LecC(S)-Phe-OCH, (75) is the

3
closest analogue of f-MLP that can cause strong inhibition of the

secretion of lysczomal enzymes. Prior to this finding, Boc-Phe-leu-

I

Phe~Leu described by Day et §_J._316

with an ID50 of 2.6 x 10_7M (B-glucoronidase assay). It caused

a 20% inhibition of f-MLP at lumol in the spasmogenic assay as
reported by Marasco et _ag._3l4. Compound 75 is significantly

more potent as‘ an antagonist in the spasmogenic activity assay.

, was shown to act as an inhibitor

Rt it sl g ol 45 ¢ DL WAt WA SR R ATy
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Accordingly, this thiopeptide analogue holds much promise as a
biochemical ﬁool in the investigation of chemotactic and
spasmogenic phen¥mena. Obviously_additional biological research
with these thiopﬂptide analogues is essential in order to pinpoint
the site ofublock¥ge. Their influence on 02T production,
arachidonic acid metabolites, ion flux, etc. will haﬁe to be
evaluated in relation to their potential application in pathological
states.
Ve

The identification of the Leu-Phe amide carpbonyl as a key
center controlliqg the agonistic activity of f-MLP establishes
the fundamental usefulness of thiopeptide analogues in the future
elucidation of the interaction mechanisms of oligopeptide !
effectors with biological receptors. Finally, our results with

the thionated analogues of the chemotactic peptide may serve as

guidelines in the future development of nqyel anti-inflammatory
3

agents.
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Chapter 3

Thioamide Analogues of [Leusl--Enkephalin

3.1 Introduction

3.1.1 Discovery of Enkephalins v

L4

Opium is one of the oldest medications known to man and
morphine was identified as the major constituent responsible

for its pharmacological and medicinal properties early in the

nineteenth century3l7. Its principal therapeutic use is the

relief of pain. It was also demonstrated that opiate action is

mediated via specific receptors318—320. Several ty'pes of B

receptors (u,8,x,0 etc...) have been postulated in order to

account for the diverse effects of opiatesﬁ’321’322.

Hughes et il323 were the first to successfully isolate and

characterize endogenous substances from pig brain exhibiting
opiate-like activity. These substances proved to be two related
pentapeptides whose structures corresponded to Ty‘r-Gly-Gly—Phe-MEt
([Metsl—enkephalin, Met-Enk) and Tyr-Gly-Gly-Phe-Leu ([Leusl—

8 enkephalin, Leu-Enk). They occur in a ratio of 4 to 1 as

determined by mass spectro'metry323. They were later postulated N

i

to behave as § agonists in contrast to morphine which is classified

as a u agonist6'324.
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3.1.2 Biosynthesis of the enkephalins

Hughe5323 had noted that the amino acid sequence of

enkephalin was present in the largér peptide §-LPH which had been

. . .32 . .
isolated ten years earlier by Ll3 5. Close examination of

pituitary extracts led to the isolation of other peptides with
opiate-like activity, namely the &, 8, and y-endorphins, whose
sequences were all present in the larger B-LPH molecu1e326’327.

Eventually, a large number of peptides with opiate-like

activity were described such as [Mets, Argsl—enkephalin328,

[Mets, Arg6, Phe7]—enkephalin329, peptide F330, peptide I331f

“dynorphin332, and others333 incorporating the amino acid seguence

of either [Leuslor [Metsl-enkephalin or both, However, these

peptides have seguences that are not structurally related to

+

B-LPH but are related to other oligopeptidic precursorsa'33

.

Very recently, DNA cloning experiments permitted the ideqti—
fication of these enkephalin containing peptides%?4-336 (Fig. 44).
The nascent protein characteristically contains a signal at its
N-terminal which consists of 18-25 hydrophobic amino acid
residues337. The cleavage of this sequence from the pre-prohormone !
upoh its entry into the Golgi apparatus yields the prohormone.

The enkeéhalin sequences of these proteins are bracketed between

« gt e B E

basic amino acid residues which are proteolytic sites for the

appropriate enzymes337. Cleavage at these sites appears to involve

a trypsin-like enzyme338 39

L T

and a carboxypeptidase B-like enzyme3

3 !
Such hydrolysis at the level of these basic residues would liberate %
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fragments containing the enkephalin sequence. Other enzymes such

as serine and/or thiol proteases might also be involved in the

processirlg of these proteinsBlo.

There exists also strong evidence that some of these ex-

tended enkephalin sequences play a role of their own34«l- for

’

exanmple [Mets—ArgG—Phe7]—enkephalin is believed to be a u agpnist342

343. Thus pro-

[4

while dynorphin is believed to be a x agonist

enkephalin, prodynorphin and B-LPH can yield a variety of peptides

which are active on both the endocrine and nervous systems.

iy

3.1.3 Distribution and Role

’

Phyvlogenetically, opioid peptides are very widely distributed.
)

344 .studied

345,346

One or more have been found in all vertebrate species
and in some invertebrates such as the earthworm and leech
In mammalian tissues, this distribution has been thoroughly

investigated'by the method of radioimmunoassay and by immuno-~

histochemical procedures347'348. Their occurence in the brain and

in the spinal chord generaily paréllels that of opiate receptor

349, 351

43
binding activity In the brain, the highest level$ of

binding activity were found in the corpus striatum (globus pallidus),

the anterior hypothalamus, the amygciala and periaquaductal gray

351'352. These are all are‘as“:“:i:of the brain associated with

351 T +

matter

stress and emotions

- -
R~ ..

YL - ' o
[Metsl—enkephalin is invariably found in concentrations that

. ¢ , .
are several fold greater than those of [Leu5]—enkephalin347.

et kb 2
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Enkephalind were also shown to be present in the inteéj:—inal

tract, pa-zncreas353 and other peripheral tissues including the

4
sympathetic ganglia and adrenal medulla>?4r348 1 was also

2

demonstrated that synaptic vesicles are subcellular sites of

354

storage for the enkephalins This is in agreement with the

current view that the enkephalins may act as neurotransmitters344.

In general, their effects are very similar to °those of the plant
alkaloids. For instance, their pharmacological properties include
analgesia, respiratory depression, hypothermia, deve lopment of

tolerance and physical dependence upon chronic administration

'355, 35

together with a number of behavioral changes f . There is

. o . . cas
also aclear association between stressful conditions and the

release of opioid peptides357. Enkephalins were also claimed to

be involved in acupuncture 5‘-’nalgesia358

359

y

and to play a role in the

regulation of pain sensation . The p receptors are believed

to mediate a major portion of the opiate induced analgesia, '

while the § receptors are responsible for the behavioral changes

induced by opiates324 ’ 36?

! 14
- . .

However the duration ogfcaction of the enkephalin is very short,

ranging from a few seconds to a few minutes depending on the tissue

361-363

preparation. and the type of effect monitored . ,The dose

required is 'generally 50-100 times higher than that causing
similar responses to morphine, in similar potencies in in vitro

receptor binding assays%l.

o

R TP e S

[ PN

<

ont



%

I\g“a-;w‘ ..

120

3.1.4 Metabolism \ -

Several groups. have reported that [Metsland [Lgusl—enkephalin

. R TN
were rapidly inactivated in various tissue preparation, including

brain homogenates, guinea pig ileum and mouse vas deferens364—367.

Intracerebral or intravenous administration is also followed by

rapid degradation of the enkephalins368-370. Cleavage of the

Tyr-Gly bond by aminopeptidases was first believed to be respon-

sible for the rapid inactivation of these peptides-in in vitro v

369-371

preparations . The hydrolysis of this bond can be in-

hibitied by the antibiotic protease inhibitors bacitracin and
puromycin372. Substitution of the second residue by D-Ala gave

an analogue with greater activity which was ascribed to enzymatic

resistance to the aminopeptidase373.

374-375

)

376-378

Both - soluble and membrane bound (MI, MII) amino-

' peptidases have been in fact purified and characterized. ‘The

membrane-bound enzymes were shown to cleave the molecule between
the Tyr and Gly residues while leaving the remaining fragment

376,378 mhese aminopeptidases were inhibited in different

i 1

intact

degrees by metal chelators, such as EDTA, sugges#ing that they are

M
indeed netallopeptidases374:376, 379,380

However in contrast to the in vitro studies mentioned

earlier, it was shown by HPIC analysis of enkephalin metabolites

»in situ, following intraventricular infusion, that the most rapid
N /

enzymatic attack occurs between Gly3 and Phe4 and to a smaller.

extent between the Gly2 and Gly3 residues36%’%81. .

r
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Angiostensin convérting enzyme (ACE), a dipeptidyl carboxy-
peptidase involved in blood pressure regulation, was first
believed to degrade the enkephalins between the Gly3 and Phe4
residue5382‘383. However a different dipeptidyl carboxypeptidase,
enkephaiinase A, was later shown to be responsible for cleavage

at that position3°1/3847386 = 446, its in vivo regional distri-
bution parallels that of ppe enkephalins and their receptors, thus

suggesting that the enzyme may be located at the putat}ve
enkephalin synapses387—390. On the other hand, it was recently
demonstrated that enkephalinase A is not functionally coupled with
the opiate receptor, and that the binding of[Metsl-enkephalin is
not a precondition for its degradation by this peptidase391.

Some recent evidence suggests that enkephalinase A is in
fact a neutral metalloendopeptidase which is not specific to the
brain but also present in ﬁany other tissues, particularly the
kidney392_395. Accordingly, enképhalihase A ;ppears to be
identical to an enzyme previously isolated from kidney brush
border by George and Kenney396 but whose function had remained
obscure. -~ The enzyme is inhibited by thiols and by metal chelators
such as EDTA and phenantroline392—395. It displays a peculiar
featugf for an-endopeptidase in that it has a very good affinity
for substrates with a free terminal carboxyl grouplgs.
Enkephalinase A was shown not to be specific for the enkephalihs,
since it will also hydrolyze the amide bond on the amine ‘side of

hydrophobic amino acid residues of other small peptides either




discovered which cleaves the bond between Phe
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protected or exfended from the C-terminal such as substance P,

oxytocin, bradykinin and neurotensin397_399. It therefore

functions as an endopeptidase.

A dipeptidyl aminopeptidase (enkephalinase B) cleaving at

the Glyz—Gly3 site was isolated frombrat384 and monkey brain400

membranes. However, its specificity still remains uncertain

‘although it also appears to be a metal-dependent (probably zinc)

peptidase400.

In brief, of the four bonds that can be cleaved in the
enkephalins, specific¢ enzymes for three of the scissile bonds are
oresently known (Fig. 45). Possible degradation between the 2
Phe4-(Met5/Leu5) residues by a specific carboxypegtidase has‘not

1

yet been demonstrated, but a non-specific carboxypeptidase has been

4 and Met5 to release

methionine37o.

dipeptidyl aminopeptidase Carboxypeptidase?

NH2—TYH—GLY—GLY-—PH E—LEU~-OH

aminopepridases dipeptidyl carboxypeptidase

Enkephalinase A

ALl zntt dependent enzywes

Figure 45
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The exact pattern of enkephalin hydrolysis by these enzymes

still forms the subject of controversym1

of [3H]—[Met5]—enkephalin in slices of rat striatum was shown

to yield [3HJ—Tyr, [3H]—Tyr—Gly and [3H]—Tyr—Gly—Gly in the propor-

tion of 80%, 2% and 18% respectively402. When aminopeptidase

activity was inhibited by bgétatin, the propértion of PH]-Tyr—
Gly-Gly was increased to 60% of the tota1[3H]metabolites: It ﬁas
also recently confirmed that aminopeptidase activity was the most
important degradative reaction in the guinea pig ileum pré—

403 ;

Several inhibitors of these enzymes have been designed in the
search for possible therapeutic agents. Aminopeptidases and
enkephalinase A were shown to be inhibited by amino acid hydro-
samates, tﬁe most efficent of this serie being Cbz-Leu-NHOH and

-
Cbz—Phe—NHOH404. The N-phbsphorylated dipeptide K2P03—Leu-Phe405

and the mercaptoacetylated SCH(O)-leu-Phe are very potent inhibitors

of enkephalinase A%%°. Thiorphan (SHCH,,~CH (CH, Ph) ~C (0) NHCH,,

was shown to protect the enkephalins from degradation by enkepha-

linase A in vitro and in vivo406. In addition, thiorphan itself

—COZH)

displays antinoceptive activity which is reversed by naloxone407.

: ‘ ' S
A "retro" wersion of thiorphan was recently described and shown

to be selective for enkephalinase A408.

Carboxymethyl dipeptides‘mg-410 also inhibit enkephalinase A

'

action. It was/suggested that all these inhibitors, including

the naturally occurring inhibitor phosphoramidon, behave as

. Recently the hydrolysis

h oy i e s R SR s e
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transition state analogues of enzyme-substrate complexes aﬁd that

2+

the various functionalites form a tight ¢omplex with 2n

while the amide bond, the free carboxyl group, and the aromatic

10

124

side chains participate in binding4 (Fig. 46).
ENKEPHALINASE
Arg ?

:
| : b oy :

, 2 ; ‘

Tyr—Gly-Gly-——-g —N—ta— & — ——C':H——-Cico)
Enkephalins Ph. = R H
! H> 9 -

- \ - ’O

S CH2 H C N—CH2 C“O
Thiorphan z Ph z
- [ K
0 0 H -

af—d —— EH-—-g-——-N-—-?H-—C:g
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Carboxymethyl dipeptides
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Figure 46 Schematic representation of .enkephalinase active
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Several hundred enkephalin analogues have been prepared in ~
411-415

3.1.5 Structure-~Activity Relationships among the Enkephwalins

&

.order to identify the requirements for maximum activity

Resistance ‘to peptidases, enhanced binding capacity and more .
favorable transport properties, such as the ability to cross the
blood-brain barrier, constitute the main incentives underlying the
research effort.

The smallest fragment retaining activity is Tyr-Gly-Gly-Phe

or its des-carboxy analogue Tyr~Gly—Gly—NH(CH2)2Ph4l4. One current

view is that the fifth amino acid residue provides maximal activity

by promoting binding and would be responsible, in part, for the

y and § selectivity416_4l7. The structural requirements at the

Tyrl, G1y3, and Bhe4 positions decrease in stringency in that

order4ll. The only changes about Tyrl that will not destroy

enkephalin-like activity involve N-methylation and, in some cases,

acylation by an amino acid residuegll. Configurational require-

ments at that position are also well defined as exemplified by
‘ 418 °
the inactivity of the D-Tyr isomer and the a-Az-Tyr* analogue .

Slightly more configurational freedom is permitted at Gly3 and
Id

Phe4, as exemplified by the activity of the relevant oa-aza-

analogueé418. N-methylation of Phe nitrogen causes a small drop

18

in potency4 and its replacement by Trp gave a compound with

419

S e

. Para substitution of the phenyl ring

by a chlorine, bromine or nitro group affords active analogues4ll.

significant activity

S snin

* Az, nitrogen replacing the a-carbon.




o

ZZ

=

126

Much more latitude is allowed at the two remainiﬁg positions
(Gly2 and Mets/LeuS). Large increases in potency resulted from the

replacement of Gly2 by D-amino acids such as D—-Ala, D-Met or

D-Ser373'420. At the C-terminal position replacement by other

amino acids with the exception of proline generally led to less

potent compounds4ll’421. However, amidation of the carboxyl group

of Met gave a more active compound in the GPI assay418 while

reduction of the carboxyl group to the corresponding alcohol of

either Leu or Met gave less active compounds in the in vitro

assays but more active in vivo?'®. on the other hand substitution

by D—ﬁeu gave é more potént compound in the MVD asSay418. The
most potent analogues were obtained when multiple changes of the
original :structures were made. The D—Alaz, N-Me—Phe4, MetS(O}ol
analogue is one of the most acti;e opioids ig'gixg422 (Table 15).
Modification of the peptidic backbone of the enkephalins has
been briefly explored and the effects on activity of the changes
are very site-specific. The a-azaranalogues at position 3 and
5 increased potency 2- to 5-fold in the GPI preparation418, but
at position 1 fhe same modification resulted in a completely

inactive analogue407.

13
The trans carbon-carbon double bond isostere of the Tyr-Gly

amide bond has provided a compound which is 3 times more active

. ' 2 L. N
than the parent compound in the GPI assay4 4, while a similar double
bond between Gly2 and Gly3 gave an analogue with only 0.1 of the

activity of the enkephalins in the same assay, suggesting that this

e
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Morphine

Tyr-Gly-Gly-Phe-Met
Tyr-Gly-Gly~Phe~-Leu
Tyr-Gly-Gly-Phe
Tyr-(D)-Ala-Gly~Phe{D)~Leu
Tyr~-(D)-Ala-Gly-(Me)-Phe~-Met(0)~01
Tyr-(D)—Ala—Gly-Phe—Met-NH2
Tyx;_--(D)—Met—Gly—Phe—Pro-NH2

=0

Q
~CH ,~CH -C-Phe-Leu

Tyr-C-NH-CH,-CH 2

2

0
Tyr-C-NH-CH —cn:cn-cuz-ﬂ-Phe-Leu

2

Tyr-CH=CH-CH,

9
-C-Gly-Phe-Leu
92
Tyr-(D)-Ala-Gly-NH-CH-NH-C-(D)-Leu
Ha

h
{

0
Tyr-N—(D)-CH—E—Gly—Phe-Leu—]
(CH2)4

B-Endorphin

3.5

.

31.5

o o T KOARL
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Table 15 Relative potencies of selected .enkephalin analogues.
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amide bond of the pentapeptide may be involved in binding424'425.

Fully "retro* Met enkephalin and its retro enantiomer (D-Met-D-

, Phe-Gly—-Gly—-DTyxr) were inactive4ll. Retro inverso isomer at the

5 426

Phe4— Met” bond gave a compound which was longer acting .

A growing number of conformationally restricted enkephalin
énalogues can be witnessed in the recent literature?t’ 23, Th$se
compounds usually show a greater duration of action which is
believed to be associated with the resistance to enzymatic

42 2
" 7 428

or ¢ selective anglogues
xw

degradation. In some cases,
were obtained.

In brief, SAR studies demonstrate that the presence of the
N-terminal amino group, the tyrosine hydroxyl and the correct

spatial disposition of the Tyr and Phe aromatic rings are

=~___essential for activity, while the peptide bonds themselves would

. /_/ \_.\‘\
not be involved in binding but would rather promote proper
spacing of the residues4ll. The relative spatial aﬁrangement of

the aromatic residues was also postulated to be important for

discrimination between p and § receptors429.

3.1.6 Conformational Analysis L«

Cyclic analogues were designed -largely on the basis of the
assumption that the enkephalins, in spite of their flexible
backbone, would exist in a'folded conformation. Since their

discovery, major efforts have been devoted to structurally relate

Fanta ke b
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the enkephalin active conformation with that of the alkaloid
opiates displaying a similar biological profile. On the baéis
of model studies it was initially postulated that the tyramine
part, common to both the enkephalins and the morphinoids, would
‘play the same role in the recognition précess at the opiate

receptor level430. ) . i

H
NH; “Gly~Gly-Phe-R

Rz Met or Leu

enkephalins morphine

HO KO

Gly-Gly-PhetMc‘t-NH,

(-)metazocine R: Me
normetazocine R:H

Figure 47 Relationship of the tyramine moiety in opiates

and opioid peptides43l.

431 432,433

However since then, Portoghese and Dimaio and Belleau

have provided evidence showing a non-identical role of the tyramine
'

moiety in these drugs(Fig.47).

34

X-ray crystal analysis of jLeuSJ-enkephalin4 cofirmed

G e oy T

the presence of two intramolecular hydrogen bonds, one between the
carboxyl of Tyrl\and the amide of Phte:f4 and the other between the

amino nitrogen of Tyr1 and the cafboxyl of Phe, thus leading to
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the formation of a f-bend in the sequence Tyr-Gly-Gly-Phe.

Figure 48 Observed conformation of [LeuS]—enkephalin. The dashed
lines represent the hydrogen bonds434.

435-447 48

A large number of NMR studies and other optical methods
have demonstrated that the enkephalins adopt a folded conformation
in solution (Fig. 49). The ekact,nature of this compact conforma=
tion still remains unclear. Discrepancies in the location and
the type of bend about the backbone, in the éﬁﬁent of motional
freedom of the side chain and even fi the assignment of some
nuclear magnetic resonances have been feported.

Zetta and Cabassi443 reported that a change in conformation
does occur when changing the solvent from DMSO to HZO’ as
evidenced by lH NMMR analysis. This change is manifested by

solvent .dependent coupling constants J and J of

GHu-CHa' NH-CHa
the Gly3 residue indicdting that this residue participates in
bacﬁzgif)?olding and unfolding. The authors o% this report are,

howevers“tvery cautious in pinpointing the exact location of the

-

.
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Phe HOS-CH 2 Leu
\CH’NHJ

O=C'\N "C H.
H
NH ; .

Gly. + I.eu,

Phe
Gly,

Figure 49 14 NMR spectrum (250 MHz, DMSO-dg) of [Leus]—enkephalin and the postulated
437

B-turn conformation with a 2+5 hydrogen bond . o
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‘ (8]
H
BT TP LB OB i e o 30 Ry iy e T T R T P,

I I I T T X WO~ S



132

internal hydrogen bond. Both a 2«5 and a 1«5 hydrogen bond are
compatible with their data. Additional interactions of the -
N-terminal amino group with the carboxyl group are also bossiblé
according to their analysis.

Further evidence suggesting that more than one'-peptide
backbone conformation may be recognized by the receptors is.
provided by the conformational properties of fhe active analogues

Nane)Phe4, Leusland[D-Ala2 449—450;

. (N—Me)Phe4, Leusl-enkephalin
These compounds cannot possibly adopt the folded conformation seen
by X-Ray analysis of Leu enkephal%n‘ané neither can they adopt
some of the solution conformations proposed for enkephalin.
Another parameter hindering the elucidation of the bio-
logically active conformation of the enkephalins and related
peptides concerns the possibility that several different receptors
or multiforms of the same receptor may exist and may be available
for interaction w;th the enkephalins ané other opiate peptides.
These related but different receptors could then accomodaté
several of the possible conformations of enkephalin and its

analogues. Manavalan and Monamy‘wl have found, using empirical

confofmational energy calculations as applied to Leﬁs/Méts
enkephalin and a number of analogues, that several low energy
conformations (BII', BI' family) are possible and common to these
related peptides. These results are in agreement with previous

calculations (Montecarlo) performed by Delmonté et 51452.

-
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The possibility of several conformations, recognizable by
different receptor subgroups was further substantiated by ¢
Schiller453, who demonstrated that a sequence coﬁmon to[Trp4—Leu 1
enkephalin and[Trp4]1dynorphin"(K—agonist) assumes markedly
different conformations in\these,tWO related molecules. I£ was

deduced by Eiuorescence eneréy transfer experiments that the

distance between the Tyr and Trp residues was large in the

&
dynorphin analogue but was relatively small in the enkephalin

analogues. This indicates a éredominantly extendeggcopformé%iop
for the former at its N-terminal.

Additional conformational alterations may also be imposed

by.the heterogeneous receptor mieroenvironment. For example, the

presence of metal ions might significantly alter the enkephalin
P

conformation, thus making the analysis of the solution structure

w

more difficult in terms of the relatienship between conformations

@
and functions. Such interactions of (Leu )-enkephalin analogues

with Zn2+ ions were recently observed by both }H and 13C NMR

v Q

spectroscopy and this complexation resulted in am increased

rigidity of, the highly flexible backbone454.

.In conclusion, it can be said)that solution analyses do not
marry well with SAR findings and accordingly seem unrelated
to the conformation adopted by the enkephalins at the receptbf{
hhat appears as a highly probable solution confurmatibn may not

reflect the conformaéiqn‘of the molecule in the receptor-bound

455

state . AlY that ‘can be claimed is that a receptor-bound
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conformation is not an energetically disfavoured solution

conformation.

It was felt that analogues with a monothioamide bond at each é
position of the peptide chain would serve as probes of the role
of the backbone in the molecular properties and biological

-activity of the enkephalins. Resistance to the metallobeptidases

a

which are responsible for their degradation, can be expected on the :
basis of our results with leucine aminopeptidase (Chap. 1) as well

as recent reports on the inhibition of carboxypeptidase A by

150,174,175

thiocamide substrates . This enzymatic parameter should

influence the pharmacokinetics of the different analogues,
. = H
especially in the in vivo assays. '

s

3.2 Synthesis of [L@uSJ-Enkepha;in and Thiocamide Analogues ,

We chose to synthesize thiocamide analogues of [Leusl—

enkephalin instead of [Met51~enképhalin for simple practical

considerations. The methyl thiocether of methionine is prone to

oxidation during peptide éynthesis and/or purificationzao'jss.‘ _ '
It was also shown to be oxidized in the guinea pig preparation‘ls']ﬁ458 :

o

Moreover, methionine can readily be alkylated by the carbonium ions
N *

generated during the acid-catalyzed removal of the N-protecting

Bocwgroup5280.§ ;(
/

Since we wanted to prepare all the possible'monothioamide

R S st b St e e e

anélogues of the pentapeptide, it was again desirable to generate

common <intermediates from similar strategies which contained :

0
]
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similar protecting groups. This would facilitate the study of their
physico—-chemical properties and ensure that potentially complicating
factors, such as racemization, wo;zld be minimized.

As mentioned in Chapter 1, the hydroxyl group of tyrosine
requires protection during thionation ofy amide bonds. In addition
the phenolic group of tyrosine, especially in its ionized form,
has begen shown to interfere with peptide bond forma£i_on when DCC

is used as the coupling reagent459’460. While a vast number of

protecting groups have been described for the phenolic group461,

the incorporation of the sensitive thicamide function into the
peptide backbone limits the choice of prote¢ting groups. Reducible
protecting groups would be incompatible with thicamides while base

labile protecting groups would be incompatible with the carboxylic

-

ester at the C-terminal.y

Since tyrosine is the last amino acid to be incorporated in

[y

the sequence, a group labile to mild acid would be preferable as

"

it would be removed simultaneously with the N-Boc group. This
suggests that an 0~-Boc functionality would fulfill our requirements.
The O-Boc¢ group has only been briefly described in the literature.

It was geﬁerated by treatment of tyrosin;‘v?ith excess t-butyloxy-

carbonyl fluoride462—463. Its corresponding é"-nitrophenyl ester

and the dipeptide O,N bis(Boc)-Tyr-Gly-OEt have been described463.

Also, the 0,N bis(Boc)-Tyr-OH derivative has been obtained as a
minor side product in the reaction of tyrosine with the Boc-ON

reaqent464. Because of the impracticality of the pre.parayibns
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of the t-butyloxycarbonyl fluoride reagent, we looked for an
alternative more practical methodology to produce the desired

O,N-bis (Boc)-Tyr derivative. y

It is well-known that dimethylaminopyridine (DMAP) acts ‘a

strong bifunctional catalyst and markedly promotes the acetylation

\
of alcohols and phenols465. Accordingly, the reaction of tyrosine

with- 2.2 equivalents of the commercially available di-t-butyl-

466

dicarbonate in THF/HZO in the presence of DMAP (10%) gave, in

good yield (70-80%), the desired O,N b'is(Boc)—tyrosine (84) which
was recrystallized from ChZClZ/hexane.* This derivative had a
rotation of [on]lz)o +26.1° (c 1.0, DMF) wvs +26.5° and a melting point

96-98°C vs 92-94°C. <

3.2.1 Synthesis of [LeuSJ Enkephalin

All protected peptides were prepared by the DCC-HOBt

methodology2-79. The synthetic rou\te for the preparation of [LeuSJ-

enkephalin is outlined in Fig 50. L-leucine methyl ester hydro-

v

choloride (80) was prepareé in nearly quantitative yield by the

addition of L-leucine to a solution of thionyl chloride in methan01283
procedures . Boc-phenylalanine (8l) was prepared according to standard
using di-t-butyl dicarbonate466. The coupling of L-leucine methyl

<«

ester with Boc-phenylalanine was accomplished with DCC-HOBt and

the resulting dipeptide Boc-Phe-Leu—OCH, (82) recrystallized to

3
homogenity (TLC). After removal of the Boc group. with formic acid

(98%) , the resulting formate salt of the dipeptide was added to

t .

! =
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a solution of Boc—-Gly-Gly-OBt to give, in 93% yield, the tétra-
peptide Boc—Glijly—Phg—Leu—OCH3 (83). This product, after
deprotection with formic acid, was in turn coupled with O,N bis(Boc)-
tyrosine (84). The resulting pentapeptide 85 was first purified by
flash chromatography on silica gel and then by preéipitation from
THF/ether to remove an impurity with a similar Re.
1H NMI; (200 MHz) confirmed the identity of the compound.
Irradiation of the broad signal (NH) at 7.5 ppm caused a change
in the multiplet at 4.00 ppm (CHZGlyz, CH2G1y3) ’ whi}e irradiatgion
of the NH doublet (NH-Boc) caused s change in the CH, area at 4.4
pPpm (CHaTyr) . Through additional decoupling experiments, the
resonance assignments for CHaPhe (4.9 ppm) and CHaLeu (4.58 ppm)
were made. Other values are summarized in Table 17. Complete
assignments of the 13C NMR resonances were facilitated by the use
.0f the APT teghnique. The relevant data are given .‘in Table 18.
’Saponification of ,w/emethyl/gé¥e£ was accomplished using
sodium hydréxide i/rr'l‘ﬂﬁrl“'/HZO (2:12 . After aqueous acid (citric
acid) treatment, the product was éxtracted -into EtOAc and the
solvent evaporated. Both Boc groups were removed by treatment
of tk}e peptide acid with formic acid for 2 h at RT. The resulting
greenish powder was purified by reverse ppase HEﬁC and after 3 ;
lyophiiizations to ensure complete removal of the volétile buffer,
the fluffy powder was recrystalli‘%ed from EtOH/HZO to give pure
[LeuSJ—enkephalin {86) . Its 1y NMR spect:.;um (200 MHz, DMSO)

(Table 20) and other physical characteristics correspond to those
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. L-Tyr-OH

Boc~-Gly-~OH

Boc~Phe—0H

Boc~Gly—-Gly-OH

0,N-bis(Boc)-Tyr-OH
84

Figure 50 Synthesis of [Leus]--ennkephalin.q

| -|—6g—o-g-o-{i

0,N-bis(Boc)Tyr-OH
TEA, DMAP
DPCC-HOBT

— Boc~Gly-Gly-OET
NH,—Gly~OET

’

DCC~HOBT

— Boc-Phe—Leu-OCH3
NHZ —Leu—O(EH3 82

[N

DCC~HOBT

— Boc-Gly-Gly-Phe—Leu-0CHq
NH,-Leu-Phe-0CH4 83

Al

DCC-HOBT

NH, —-Gly-Gly-Phe-Leu—0CHq

0,N bis(Boc)-Tyr-Gly—Gly-Phe-Leu-0CH,
R g5

*y

Tyr-Gly-Gly—-Phe~Leu-OH
86
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reported in the literature442’467.

This modified synthesis of [Leusl—enkephalin was rapid.and
efficient which suggested that a similar scheme could be applied

\

to the synthesis of the desired thioamide analogues.

3.2,2 Synthesis of Tyr-Gly-Gly-PheC(S)-Leu-OH

We have already demonstrated in the previous series of
thiopeptide analogues of £-MLP that coupling from the N-terminal
end of a éipeptide bearing a thioamide linkage was a feasible
process. Accordingly, the synthesis of the titlewanalogub should
be straightforward (Fig. 51). Thionation of Boc—Phe—Leu-OCH3
with excess thionation reagent 11 (.7 eq) gave after 24 h the
thiodipeptide 87 in 81% yield. 1Its structure was confirmed
by UV, NMR, and mass spectrometfy.

The other tripeptide fragment was prepared by the coupling
of O,N bis(Boc)-tyrosine with glycyl-glyciné methyl ester (Sigma)
using DCC- HOBt as the coupling reagents to;give a homogeneous
compound (88) afgér recrystall%zation. Saponification of “the
ethylxsster with sodium hydroxide gave the corresponding Boc~-
protected tripeptide acid as an aﬁorphous solid.

The fully protected thiopentapeptide was obtained by block
condensation &#f this tripeptide acid 89 and the formate salt of
PhéC(S)-—Leu-oéH3 with DCC-HOBt. Purification of the product by

flash chromatography on silica gel gave a 58% yield of amorphous

white solid 90.

L asrt,
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{;, [ ’ / ;

‘ ) 11 3 :
Boc-Phe-Leu=0CH; —— Boc-Phe"Leu~0CH, % .

L ‘ — i

., : + :

i ‘ e H '

g .
. +
0,N-bis(Boc)-Tyr-Gly-Gly-OH + NH4-Phe-Leu—OCH, .

89 3
DCC-HOBT

P e e

0,N-bis(Boc)~Tyr-G1ly-Gly-Phe Leu-0CH4
~oH _9_9 N -

*u
S R

NH2-Tyr-Gly—Gly-PheuLeu-OH }
- 91

Figure 51

&

The presence of the the thiocarbonyl function was confirmed

by its characteristic UV absorption (Am
13

268.3 nm, log; 3.98)

C resonance at 203.9 ppm (Table 18). The lH NMR spectrum é

ax
and its

-

v

(200 MHz) of the product is consistent with the desired structure

and individual NH and CH, proton chemical shifts could be

assigned by selective decoupling experiments (Table 17). ]
L.

We also obtained a two-dimension nitrogen-proton decoupled

(_ ) NMR spectrum‘(no lsN enrichment) of the pehtapeptide analogue (Fig.53)
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The nitrogen of the thiocamide is shifted downfield\and all the
other N-H groups can alsé be identified individually. The pre-
sence of single peaks for the nitrogen atoms indicates that no
cis amide bonds are present468 and that little, if any, racemiza-
tion has occurred in the synphesis of the thiopentapéptide 90.
Saponification of the methyl ester and removal of both
Boc groups with formic acid and purification under.the conditions
described above for [Leusl—enkephalin gave a crude which gave
rise to a major peak in the HPLC analysis and several minor peaks
corresponding to impurities which were reﬁoved by'semi-preparagive
reverse phase HPLC.

@

The presence of the thﬁﬁamide function was confirmed by its
characteristic UV absorpt;éé (Amax 271.2 nm, log e 4.07). Its lH
NMR spectrum (DMSO) §howed all the expected resonances for the
amino acid side chains as well as the NH at 9.55 ppm correspona—
ing to the thioamide. IrraQiation of this unresclved broad doublet
modified the signal at 4.4 ppm corresponding to the CHg of leucine,
while irradiation at 4.71 ppm changed both signals at 8.53 (NH

Phe) and the area at 3.4-3.6 attributed to CH, of Phe (Table 20).

2
The composition of 91 was verified by amino acid and elemental
analysis. Other physical data are summarized in Table 19.

Of interest is the longer HPLC retenti;n time (13 min) of

‘% 91 relative to [Leusl—enkephalin (8.8 min.), indicating that the

thioamide derivative is more hydrophobic. As will be seen, this

~ R \
observation ‘holds true for the other thioamide analogues.
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. b
all-v 20° Amino acidd Elemental analysise
Re Amax | o] analysis
3 log € D ¥ c H N s
S .
0,N-bis(Boc)D,L-Tyr"Cly-Gly-Phe-Leu-0CH, | .521268.3| ~19.0 |Tyr .73 Cly 1.58|59.51 7.07 9.12 4.00
106 4.02 Phe 1.02 Leu 1.00
]
0,N-bis(Boc)Tyr—Gly"Gly-Phe-Leu-OCH3 S11264,7F -12.1 |fTyr .78 Gly 1.65159.74 7.19 9.01 3.89
100 ' 4.04 Phe {98 Léu 1.00 !
s |
0,N-bis(Boc) Tyr~Gly-Gly" Pe-Leu-OCH .49 1264.8) -18.9 fTyr ,85 Gly 1.78 159.80 6.69 8.87 4.07
9§ l 4.07 Phe 1.10 Leu 1.00
- 5 )
0,N~-b13(Boc)Tyr—Gly-Gly-Phe"Leu—OCH3 471268,3] # 3.6 {Tyr .88 Gly 1.86[59.72 7.15 9.10 4.02
3p 4.05 Phe 1.11 Leu 1.15

| ERAe e

a) CHC13/HeOH 9:1

b) EtoH, 20°C

¢) ¢ 1.0, CHCl3

d) Hydrolysis with 6 N HCl in a sealed tube,

e) Calculated for analogues: € 59.60,

5
Table 16 Analalytical data for the protected thioamide analogues of [Leu” ]-enkphalin,

ot Wit P e

N 1 e B i % g S it 5

H 7.05,

20 h,

N 8.91,

110%¢.

S 4.07.

5
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s,
s
N
Tyr - Gly2 Gly3 Phe4 Leu5
¢ Ha HS HB' HCL Ha| HC( Ha' HCt HB HB' Ha H
85 (leu® l-enk 3.96 3.96 3.96 3.96 | 4.94 3.14 3.05 | 4.56 1.6
22 fPhe4C(S)]- 4,06 4.006 4.10 4.10 5.36 3.18 3.05 5.18 1.7
_9__§ [GLyBC(S)]- 3.97 3.76 4.28 4.18 5.25 3.38 3.22 4 .55 1.7
100 1Gly2c(s)i- | 4.30 3.10 2.98 4.32 4.32 4.32 4.32 | 4.94 3.15 3.05 | 4.58 1.6
S
(Tyr C(S)]-
106a L-Tyxr 4.80 3.26 3.05 4.25 4.25 4,01 3.75 5.00 3.12 3.00 4.69 1.
106b D-Tyr 4.8473.28 3.05 | 4.38 4.11 3.97 3.97 | 5.04 3.13 3.00 | 4.58 1.6

Table 17 !

H NMR (200 MHz, CDClB) chemical shifts of protected[ﬁeus]—enkephalin

and thicamide analogues.
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N ] oy
1 - \ <
E 'a ‘g\
l ® * )
|
|
{ L3
4 -1
! Tyr! cly? - Giy> Phe? Leu’
| :
i Co Ca s Ca S Ca Ca Cs
N o e
i
P 85 fleu®l-enk 55.2  39.3 43.26 43.4 54.0 38.5 | 50.9 41.2
’, 90 tehec(syi- . | s5.3 ‘3s.8 43.32 iR _ 60.4 42.8 | 56.5 40.5
); ) ) " ’ 8
i 96 (Gly>c(s)1- 56.3 36.8 - 43.46 - 50.5 59.6 36.7 | 51.2 41.0
i R -
P 00 tGly2c(s)1- 56.13 39.5 49.05 48,8 54.3 37.3 | s1.0 42
1 l 106 (Tyr]'C(S)]- ‘' 62.4 41.4 48.4 4;'3.13 54.3 38.9 50.9 39.4
i (b,L) ,

Table lé 13C NMR chemical shifts (ppm) of {Leu 51-— enkepiWalin and thiocamide analogues.

) ‘ (CBCly, 20°C)
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3.2.3 Synthesis of Tyr-Gly-GlyC(S)=-Phe-Leu-0H"

For the synthesis of the regioisomer thionated at __thg

. PR
PR R A CRLNE

*
Qly3 position, we® took advantage of the sensitivity of the

thionation reaction to the steric environment of amide groups.

l:

\

ll ’ S ! \
Boc-Gly-Phe-Leu~OCH, — - Boc-GlyuPhe-Leu-OCH3 -
92 THF, 0° + RT 93

- asmennd

»

0

S
+
0,N bis(Boc)-Tyr~Gly-OH + NH3-Gly'Phe-Leu-0CH,

95
Lt - DCC-HOBT
g . ) ! .
6,N bis(Boc)—Tyr-Gly-GlytﬂPhe-LeQTOCH3
| “on ?—%—

©
A i s s ok ot v, S0 et BN B mpn i

’ , N '
Tyr-Gly-Gly“Phe-Leu~0H : '
97

< e

Figure 55 /j/, . 1" ,

' . - . -
' . . R - . RN [ 34

The thioamide could be selectiv'ejly. inco:rporated at the ‘des_ired

position in the tripeptide fragment,- Boc-Gly-Phe-Leu-OMe'(92) .

A SR

Elongation from the N-terminal Wl,th the qpprobriate dipepi:idé

fragment could then be accomplished, as previously«desc;ribed(Fig. 55 )

- A
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The starting tripeptide 92 was prepared in high yield by coupling

Boc-Gly with Phe~Leu-OCH, using DCC-HOBt as the coupling'reagents.

3

Thionation w1th reagent 11 in THF at 0°C for 0.5 h and at room
{
temperature for 1 h gave, after purification, an 83% yield of -

the desired Boc-GlyC(S)-Phe-Leu—OCH3 (93). Th'e 1

H NMR spectrum of
’the product displayed all the expected resonancee. Irtﬁﬁdiatiogn
of the thioa;nide proton at 9.64 ppm simplified the multiplet ¥
corresponding to the CHaPhe_at 5.2 ppm, confj:rming that the thio-
amide linkage is at the correct position.

Removal of the Boc group with formic acid ga'vec the thio-
‘tripepti—c—le as its formate salt which was added to the activated

ester (DCC-HOBt) of the O,N bis(Boc)-Tyr-Gly—-OH (95) which had

been previously prepared by condensation of the O,N bis (Boc)-

-

——

tyrosine with glycine ethyl ester followed by the removal of the

ester group with base .\x .
The resultlng monothlopentapeptlde 96 was obtained in.75%

yield after purification by flash ch~romatography on silica gel.

Analytical data are summar:Lzed in Table 16. Pertlnent lH NMR and

13¢ NMR data for this compound are summarized in Tables 17, and

. 18. Deprotection and purification of the final ‘product was

carrled out under condltlons 1dent1ca1 ~with those descrlbed above
for the thloamlde analogue 97. The relevant phys:.co-—chemlcal data

are given in Tables 19 and 20.
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P

H
’ npLc® u.v.© d Elemental analysis®
- a ce Amino acid 4
Re ret. time Amax - 1yst
+ 0.2 min | log E analysis c H N s
. {
/ ' S N )
108 " (D,L)Tyr"Gly-Gly~Phe-Leu .67 12.0 269.3 Tyr .61 Gly 1.69 An insufficient amount of
. g 4.06 Phe 1.02 Leu 1.00 compound was available.
&
. S .

101 JTyr-Gly"Gly-Phe-Leu .66 11,2 267.3 Tyr .66 Gly 1.57 "

3.97 Phe 1.00 Leu 1.00
S - . °

97 Tyr~Gly-Gly"Phe-Leu . .68 10.2 269.3 | Tyr .60 Gly 1.85 | 58.90 6.54 12.16 5.66

4.02 | Phe 1.05-Leu 1.00
b &
: s ©
91 Tyr-Cly-Gly-Phe''Leun .63 13.0 271.7 Tyr 1.00 61y 2.0 58.65 6.53 12.10 5.66

4,05 Phe 1,01 Leu .94

) ° -

N a)
b)

c)
d)

e)

»

Butanol/acetic acid/ H,0, 4:1:1, Leu®

~enkephalin: .56

c-18 uBondapack (Waters) MeOH/ammonium acetate .1 M, pH7, Leu5 enk
leuS - enkephalin B.8 min.

EtOoH, 20°C. -

Hydrolysis with 6 N HCl in a sealed tube, 20 h, 110°C. -

Calculated for analogues:

cC 58.82,

H 6.52,

N 12.25, § 5.59.

Table 19 Analatical data of deprotected [Leuﬁl—enkephalln and thioamide analogues.
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: i = —

3 —

{

H

i

‘ . Tyrl Gly2 Gly3 phe? Leu® :

] N .

; CH, NH  CH, | NH ci, | NH CH, | MH CH,
86 fLew’i-enk | 3.5 8.38 3.5 | 7.9 3.6 | 8.2  4.42 | 7.94 4.07

: 91 trrelcisy=o.| 3.4 7.68 . 3.5 | 8.66 3.7 | 8.5 ,4.71 | 9.55 4.44

i ‘ ¥ \ A

. 97. 16ly’c(s)- | 3.7 8.45 3.7 | 8.16 4.1 | 9.85 5.15 | 8.18  4.05

i ) ) . N hY 3-95

j ' ‘101 tely’cisn- | 3.7 7.85 ~ 4.11| 9.45 4.06 | 8.44 4.42 | 7.85 4.05

T 108 (ryric(s)i- | 3.78 9.4 . 4.10. 8.2 3.6 { 8.14 * 4.47 | 8.06 4.07

g . ‘ N s

; Table 20 Relevant 1H NMR chemical shifts (200 MHz, DMSO—DG) of [Leu™ 1-enkephalin

f ! - .

{ and thioamide analogues.. ,
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3.2.4 Synthesis of Tyr-GlyC(S)-Gly-Phe-Leu-OH

The documented regioselectivity of our thionation reaction
methodology was again exploited for the synthesis of this analogue. :
The presence of two glycine'residues makes the caréoxyl of Glyz-
the least crowded site of the oligopeptide backbone, thus making
it the most accessible iﬂ principle:to the thionation reagent L;\
(Fig. 56).

However, thionation at the G1y3 carboxyl residﬁe caﬁ also
occur easily as was ;;emplified with the preparation of the . tri-
peptide 93. 1In fact, when the tetrapeptide Boc-Gly-Gly-Phe-Leu-
OCH3 (83) was reacted with 0.6 eq of thionation reagent 11 at room
temperature in dry THF, a substantial amount (2Q%) of ﬁhe dithio=~

8) was isolated and

tetrapeptide Boc-GlyC(Sf—GlyC(S)-Leu-OCH3‘(

i st Bt T o n

11 S
——— ' -
Boc-Gly—Gly-Phe-Leu~OCH, —~ Boc¢-Gly*Gly-Phe-Leu-0CH,4
THF, 0° - RT 99.
83 ‘ LR
83 2
> h ) 15 \
. + S
! 0,N-bis(Boc)~Tyr-0H NHy-Gly"Gly-Phe-Leu-OCH,
84
0,N-bis(Boc)~Tyr-Gly!Gly-Phe-Leu-0CH,
100 - -
; 11 THF, 0° + RT — oH
N : +H
0,N-bis(Boc)-Tyr-Gly—Gly-Phe-Leu-0CH,
, 85 )

s DRI 13 sl St o 2000

e

: s
NH, -Tyr-G1ly=6ly-Phe-Leu~OH

. 101 ) )

Eigure 56
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only 45% of(Z;;mdesired monothiocamide 99. The lH NMR spectrum

(60 MHz) of the dithioamide analogue 118b showed a downfield
shift of 2 NH protons at 9.46-8.66 ppm appearing as two different
sets of multiplets. The CH, of Phe was also shifted downfield o

to 5.3 pém indicating the presence of a thiocarbonyl function at

the Gly3 site.

Better control of the same reaction was achieved by slow
addition of the thionation- reagent 11 (in TEF) at 0°C. The
reaction mixture was kept at 0°C for 3 h followed by a rise to ]
room temperature for 1 h. In this way the yield of ‘the desirgd

monothioamide analogue 99 was increased to 75-80% after purification |

by flash chromatography on silica gel and very little (5%,‘TLC)

of dithioamide 98 was produced.

.

R AT K

The identity of Boc—GlyC(S)—Gly-Phe-Leu—jOCH3 (99) was- :
ascertained by lH NMR (200 MHz) analysis. Only one thiocamide ~ f
NH signal appeared downfield (9.} ppm) and the CﬁuPhe multiplet
was centered at 5.0 ppm. Irradiation of the C(S) NH at 9.1 ppm
reduced the CH, and CH,., of Gly3 to two sets of doublets, while

irradiatjon of the Boc NH at 5.7 simplified the doublet for

[V

CHa,a' o‘f'Gly2 to a 5road singlet. .
The l3c NMR\qggctrum of the compound revealed only one ;
resonance at;200.l ésﬁ‘ég;responding to the thiocarbonyl function.

Its mass spectrum (M+' 522) éiso confirmed that the product

contained a single thioamide group. This conclusion was further
strengthened b& the results of elemental analysis which confirmed . '1
(s 1

~
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the proposed composition.

Removal of the Boc group of thé thiotetrapeptide was performed
as previously described and thexresuiting formate salt was coupled
with O,N bis(Boc)~-Tyr usipg DCC-HOBt as coupiing rgaggnts. After
purification by flash chromatography on'silica gel, a waxy solid
(75%) vield) corre5ponding to the thiopéntapeptide was obtained
and characterized (Tables 16,17 and 18).

The same product was also obtained by thionaﬁi?n with reagent
1l of the fuily protected [Leusl-enkephalin 85. It was isolated
in 70% yield after purification. ObviPusly, the bresence of the
tyrosine residue instead of a%Boc group did not alter the regio-
selectivity of the thionation réaction.

The monothiopentapeptide was deprotecﬁed and purified using
the same conditions already described for previous analogues. The
analytical data for this compound are summar;;ed‘in Tables 19

and 20.

3.2.5  Synthesis of TyrC(S)-Gly-Gly-Phe-Leu-OH

Thels}nthesis of this analogue p}ovedlto‘be more complicated
and more difficult. Thionation with reagent 11 (0.6 eq) at room
temperature of the tripeptide O,N bis(Boc)-Tyr-Gly~-Gly—-OEt sub-
stituted thewﬁiy2 carboxyl as expecked, and no monothioamide‘at the
site of the Tyr carboxyl was observed. We kneﬁ from previous
experimenté that elongation from the C:terminal end of the pre-

formed thiodipeptide was not feasible (Chaptef l)'.
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, / >
S DCC-HOBT

O,N-bis(Boc)-TyruGly—OH » no coupling reaction

NH2~Gly-Phe-Leu-OCH3

y] A
' 11, THF
0, N~ bis(Boc)-Tyr—Gly-—Gly-OR ———m—— (0, N bis(Boc) Tyt-(:iy-uly OR

\ . Figure 58.

Therefore, we had to resort to the use of a dithioester as
an 1ntermed1ate for the lncorporatlon of the thioamide linkage at
that first position. ?he required O,N Q&i(Boc)-Tyr-C(S)—SCH3
was preparea‘as.préviously deecfibed for the synthesis of the
analogoos Boc-Phe dithioester (50). The N-methyl amide derivative
of O N bis (Boc)-Tyr-OH was prepared using DCC- HOBt and megjyl—
amine hydrochlorlde as the reagents.
) Thicnation w1th reagent 1l of the N'-methyl amide 102
foiloWed by flash chromatography gave the corresponding N'-methyl

thioamide 103 in 83% yield. Alkylation with methyl iodide

{2 eq,  35°C) in aceﬁghitrile under anhydrous conditions gave, -

after 24 h, the corresponding methyl imino thioether 104 which
wak not purified at th}e stage because of the known sensitivity
of thiocimidates to moisture and heat4®?, However, the H NMR
spectrum (200 MHz) of the resulting product cohfirmed a structure
which the tﬁo Boc groups were intact.

Thiolysis af thevcrude thicimidate with hydrogen sulfide
in THF at 0°C in the presence of pyridine (5 eq) gave the
correspondinglO,N_Eg‘.__e(Boc)-Ter(S%SCH3 ;gg as a bright vellow

solid after purification by flash chromatography on silica gel.
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"in THF, under N

. 3.94 ppm region corresponding to the CH, of‘G’ly2 and Gly~.
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Only, the N'-methyl thioamide 103 was isolated as a side product
ipdicétiﬁg that both Boc groups were resistaﬁt to thiolysis. The
structure of the. dithioester was confirmed by ité 1H NMR spectrum
(200 MHz) and mass spectra (M 427, and M'-(C(S)-SCH, 336).

* An optically active derivative ([al-l +60.5° ¢ 1.0, CHCl,)

was obtained but no attempt was made to determine the .optical’ purity

- of the product or to optimize the rotation by recrystallisation,

- gince we expecied,the a-carbon to undergo complete racemization

‘

in the next reaction. ,°
' Reaction of the dithioester 105 with Gly-Gly-Phe-Leu-OCH,

,r at room temperature forN24 h in the presence of

imidazole gave the thiopentapeptide 106 in 89% yield (Fig.59). 1Its

lH NMR spectéum (200 MHz) displayed two signais of equal intensity
for tﬁe methyl ester resonance and complex signals in the 4.28-

3 ‘ -
This was indicative that rapemizhtion of the"Tyr residue had taken
place. An optical rotation of ~-19.0 was measured for the compound.
The pres%yce of a diastereomeric .mixture was confirmed by HPLC
analys?éfwhiéh showed the presence of two proximal peaks of

similar intensities. Surprisingly, however, the 13

C NMR (CDCl3)

spectrummof this mixture gave no evidence of aﬁy doubling of the

peaks as might be expected for a dias;ereoﬁeric mixture (Tasle 18).
‘As we expecteduthe D—Tyf;‘iscmer of the pen;ageptide to be

' N
inactive (as in the case of D-Tyrl,lﬁeusl-enkephalin), we chose to

4
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dnbated srem

t ' - |
deprotect and purify the diastereomeric mixture and test t?e

£

resulting thiopentapeptide, as such, for biological activity.

However, in contrast to the behavior of the previous analogues

EETRY S SN

towards Base—catalyzed hydrolysis of methyl ester function,
similar treatment of this thiopeptide led to‘the de&eiopment of a
very intense yellow color and required_ a longer reaction time
than for any other analogue, és judged by the rate of disappeaf—
ance of the starting material (?LC)., The yellow contaminaﬁt thus

4
{

produced could not pe-femoved from the desired product by flash
chromatography on silica gel. , ;
'Removal of .the Boc group with ﬁormic acid was accomplished as
before\on the crude yellow peptide acid to give a yellow 501id5 -
which was submitted to tﬁe‘saﬁé HPLC purification proceedure |
previously described for tﬁe other thiopeptide analogues of .,
[Leusljeﬁkepﬁalin. A white powder was obtained, but the. yield
after both deprotéction’and purification was somewhat lower (10-

1

15%) . Its structure was confirmed by UV and "H NMR (200 MHz)

spectroscopy and by guantitative amino acid analysis (Table 19
and 20).
The fully protected analogue was aiso prepared following :

another route as outlined in Fiqg. 60. Condensation of the dithio-

PP

ester 105 with Gly-Gly~OEt gave the corresponding thiotripeptide
107 (90% yield), which again had suffered racemization at the

level of the tyrosine residue ([a]g0 +4.5%°,¢c 1.0, CHC1,). After

saponification of the ethyl ester with sodium hydroxide in THF/HZO,

4 e et eme e v o R N e L g
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3 DCC-HOBT 2
0,N-bis(Boc)-Tyr~0OH O,N—ng(Boc)—Tyr—C-NHCH3
84 a2 102
11
E 1) CH4I 3 '
0.N-bis(Boc)~Tyr-C-SCHy = 0,N-bis (Bod)~Tyr~C-NHCH,
105 2) H,y5/THF/pyridine * 103

NHZ—Gly—Gly—PherLeu—OCH3
S ' .
0,N-bis(Boc)~Tyr=Gly~-Gly~Phe-Leu~OCH,
106
1) HPLC

2) “OH
3) wt
|s| ) .
L-Tyr=Gly-Gly~Phe-Leu-OH

108a

S -
D~Tyr~Gly~-Gly-Phe-Leu-0H

. ' 108b

Figure 59 Synthesis of thicamide in position 1 of [LeuS]—enk.
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" the thiotripeptide gcid was reacted with DCC-HOBt and subsequently

with Pl:xe-Leu--OCH3 to vield the protecteé thippentapeptide in 68%
?ield. The lH NMR spectrum was nearly identical to that previously
obtained with the diastereomeric mixture of 106, the major
differeﬁce lying in the intensities of the OCH4 signéls which wére
in a ratio of 60:40 instead of 50:50. The coupling reaction
proceeded normally and without inteffefence from the thioamide

because sulfur participation would involve formation of an eight

membered ring and this would require the amide bond in the cis

configuration.

8 - NH,-G1y-G1ly~OET ) S
0,N-bis(Boe)-Tyr—C~SCH 0.N-bis(Boc)-Tyr-61ly-Gly=-OET
© 105 THF, imjdazole . 107
0. ’ “OH
Act-0-C—CH, . , ‘ X
B-H. 4  DCC-HOBT s
‘SI ] -y - 0,N-bis(Boc)-Tyr~Gly-Gly-OH
/C Q- /C=O NHZ-Phe -'-Leu-OCH3 :
chuﬁﬁ?ﬂ N—CH,
Boc<NH C s
0,N-bis(Boc)-Tyr-Cly~Gly-Phe~Leu~0CHq4
106 N
Figure 60

€
o

o
]

Although this alternative route to 106 offered no syn;yetic
advantage over the preceeding one, it derved to illustrate a
syﬁthetic sequence that could be very valluable for the preparation
of bther thiopeptide analogues. For example this route wou%dAbe

valuable if one wished to prepare thio;analogues where only

L
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the fou;th amino aéid residue would he varied (eg.[GlyZC(S),
Metsl-enkephalin, [Gly2C(S),'Pro?f-enkephalin, etc...)

Conditions were eventual%y found for separating the two
isomers of the fu}ly protected éhiopentapeptidé 106 originating
from raéemization ;bout Tyrl; Thus, 20 mg of the least polar “
and 23 mg of the most polaflisomer could be separated. The least
polar isomer had a rotatioﬁ of,+i.6§°f while the most polar
exhibited a rotation of =35.6°. Based on an optical éctivﬁty‘of

+50,5° for O,N bis(Boc)TyrC(S)NHCH., (103), we tentatively assigned

3

the absolute stereoché%istry L for the least polar and D for the . |

most pqiar compound. We expected this assignment to be confirmed

by the biological activity of the deprotected analogues4l}.

Of interest ﬁs the significant:difference in their lH NMR.

spécéra. For the "L-Tyr" isomer the CH2 of Gly2 gave rise to a

I}

'bfoad déubléﬁ at 4.25 ppm while the CH, of Gly3 gave two doublets

of doublets at 4.01 and 3.75 ppm (ABX pattern). The other isomer

which i$ the most polar ("D-Tyxr" isomer) showed a reversed pattern
rs r /
for the coupling constants: two doublets of doublets' for the

CH2 of Gly%,at 4.36 and 4.11 ppm and a broad apparent triplet for '
the CH2 of Gly3'at 3.9 ppm (Fig.61). The difference at the Glyz‘

and"Gly3 residues is certainly indicative of different predominant
c¢dnformations induced by the stereochemistry of the tyrosine

residue. A large difference in the chemical shift of the, diastereo-

AN

topic protons of glycine are believed to reflect special conforma-
470

Al

tional requirements about the glycine residue Hoque}, such

°
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Figure 61 1H NMR spectra (200MHz,CDCl,) of "L™ and "D"-TyrC(s)-
e hﬁy-gixpphe-Leu‘ derivatives. ‘ )
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{ ‘ non-equiv;ilence of chemical shifts has been mainly seen with

small 3eprotected peptides where head to tail interactions méy
occur or with small cyclic peptides, such as substituted

diketopiperazine, where conformational mobility is severly .

471

restricted . Extrépolation-of such observations to the

ot el ] koo AT Mg 30 1™
o

conformational properties’ of“the thiop_enta“peptg'.de backbone is

2

at bedt tentative at this time. .In these previous studies, it

Az .

¢ was noted that both the presence of aromatic residues in close

proximity to the gylcine residue and their absolute stereochemistry
N 3 i
are important factors”la. ‘

Y

Neverthéless, we can specula'te that in one isomer (L~Tyr)
the .tyrosine aromatic ring is closer to the Gly2 residue while in

the other isomer (D-Tyr) the aromatic rimg is in greater

’

proximity to the Gly3 residue, thus enhancing the H -H_,
chemical shift difference. In support of this hypothesis is {:he

observation that in model cyclic structures the aromatic ring

» .

is preferentially oriented '?:owai'd:the diketopiperazipe ring
471a

e o e v U e bt b S, e el

and affects H throug% the aromatic ring current (Fig.52)

-

J . cis - L L

<

| Figure 62
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ie ' 0f éSurse in our peptide, the involvement of the aromatic ring .
of Phenylalanine -igstead of Tyrosine can not be ruled out. ;
. -< g

n

Obviously, more experimental data would be ngcéssary in order
.to provide a definitive answer. . .
Even though th\es"ei results are incomplete, they cleariy g
iliustrate tl{e poteqtial use of tﬁigamide analogues for the ;
purpose of ‘se;arating the cflycipe residue signals, thereby :

. mgking them more amenable to conformational analysis. Such non- °

qruiVaf_lence of the Galyz and GILy3

residues was also observed for R
‘the analogues with the thioaniirc‘le function at position 3 (97) '
but‘ was not obsenv;d*in the case of pz;otected [I;eusl—enkephalin.
Deprotection of - both the D and L diastereomers by the method
previously described also ;gave a -poor yield (10-15'%). of the final

product, after HPIC purification. The reasons for this poor yield

T e Ak B A oS 2 5w R g e

are not immediately apparent. The thioamide in that position is

-

somewhat sterically hindered and thus its potential attack during

&
the hydrolysis of the methyl ester should be no greater than for

the more accesible thdoamide of O, is (Boc) -Tyr-GlyCLS)-Gly-Phe-

s v am

Leu-OCH, 100. It is possible how&ver, that due to a special

3
conformational effect, such as folding of the backbone, the

—_ ‘ thioamide function of 106 may be more exposed to attack by hydroxide
‘ ion. ) |

: Due to the difficulty in achiqyihg the separnatiop of the 7
T D, L mixture .of 106, attémpts at generating {the pure L-Tyr :

diastereomer by another route were made. If our starting material

. Y

B T

e T S T AT
1




e e

e S Y o, S TPITAIMNR S TNEn R e

)
}
[
v
£
.

165

. h-Y

£

was an appropriatély chosen dithdiopeptide, which can -be readily
obtained by thionation wit@ excess thionation reagent, it v
might then be possible to selectively'exchange one of the

splfur atoms for an 6xygen through a reaction segéitive tovdifferu
ences, in local steric crowding. In order to illustrate this
approach, theAO,N“gig(ﬁo;)Ter(S)-GlyC(S)-Giz—OEt wh; prepared

by reacting tpe precursor pepéide with excess thionation

472 o
have recently reported the

reagent llﬁk70%). Kochar etf al
conver51on of thloamide to amide by oxldation with mCpPBA. It
1s belleved that this reactlon proceeds through the rearrangement

of a thioamide oxide intermediate as.shown:

v o ! .
0 \ mCPBA g 0
R-8-NHR ——— R-G-NHR | ——————= R-8-NHR
. ' Q )
\
Figure 64 )

-

However when this reaction was performed on our dithio-

. tripeptide substrate 109 a variety of producté were obtained,

t

none of which had an R correSpondlng to that expec*ed for either

of the monothloamlde analogues. After purification of the main
component by flash chromatography on silica gel, its lH NMR
spectrum (200 MHz).inéicated the formation of an ynexpected

product which has been tentatively assigned to structure 110 .

-

(Fig. 65). Thus, the methylene resonance of.Gly2 disappeared

3.

'after‘bxiéation while that of Gly™ was shifted from 4.3 ppm in

104 to 3.83 ppm in the product. A singlet also appeared at .

i
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' s s " . nceea
o, N~bls(Boc) Tyr—Gly—Gly-oEt -
109 _ _ _ -

=N-CH.,-C-0OEt —————

2

7N N

Bac~-0- ~CHY~CH-C_. . - C-y-CH, -é-ogt

x ' NE N A

Boc® N CH \
110

/

" Pigure 65

6.80 ppm corresponding to a deshielded proton typical of alkenes

or aromatic protons. In addition, there was no signal for 'the ¢

thioamide NH~ but an exchangeable proton was transformed by
f
3

‘ DZO from a broad deublet characterlstlc of Gly~ at 3.83 to a

 $1ng;ét. Similar oxxdatlon products of thloamldeg have been

described in the literature. For example, dithioburets 111

undergoes oxidative ring closure to form 112 upon treatment with -

"

iodine in pyridine473.
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§ § " ' N
R._N-C-NH-C-NR I, R.N-CP  SC=NR
2 2 - 2 N / 2
S —-8"
111 - 112
‘Yf— /(1 ) ! o

Also, when 2,6;diphenyl-l,3,5-thiadiaéine 113 is reacted with

H.O. 114 is formea®’%. .- .
2 2 —'—\ / B -
ph-d-Na-caz-NH-d-ph —_— . Ph~C Cc-Ph
b : - : ﬂ Il
, . . - { N
| N \/
11 " 0 114

Other {éaction conditions, such as loéer temperatures or the
presence of radical inhibitors (3-t-butyl-4-hydroxy-5-methylphenyl
sulfide)fwege tried,‘bﬁt the same“major product was produced. ]
) In any case, we ﬁad all the desired analogues on hand-and
thus there was liétle incenti ;o develop this conceptual

approach. Other unrelated approgches based on the‘dévelopmeqﬁ
of novel thiocacylating reagents are being explored by others in

our lahoratory.

3.3 Biological Activity

All of our thiopeptidic analogues were submitted to standard

biological assays. Smoqth muscle assays were performed using

the guinea pig ileum (GPI) and the mouse vas deferens preparatlons

i
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5 (Table 21). Binding to the opiate receptors was

(MVD) 47
evaluated with rat brain homogenates by comparing their respective
ability to displace [3Hl—qptorphine476 (all receptor types) and

3 6

("Hl-dihydromorphine (u receptor)47 (Table 22).

Tke hot plate test was used to monitor behavorial changes,
such as antinociceptive'activity,ras induced by [Leusl-enkephalin
with which our thioamide analogues were compared“7 (Table 23).
Finally, for [GlyZC(S), Leusl—enkephalin, the minimum dose
required to sigﬁif;cantly enhance the reéponse.iﬁtencies of
animals in the hét‘plate test was determined (data not shown).’

In the GPI assay, thioamider functions at position-4,3 and

1 (the latter being racemic about Tyrl) do not-significantly
’ o

alter the activity of [Leusl—enkephalin whereas the same .

function at position 2 caused a moderate drop in activity (26%) .
Iﬁ the MVD preparations, a thiopeptide bond agv;bsrtiog 4 had
litt}ﬁ/effect on activity. However, thiocamide functions at
positions 1 and 3 exhibit markedly reduced potencies.- On the

2

other hand, the analogue [ Gly“C(S), Leusl-enkephalin was some

9 times more potent than[Leusl-enkephalin in the same preparation.

In the binding assay, the presence of a thioamide group at
postion 1 and 3 decreased the biqdihg affinity by 14~71%.

as evaluated by the displacement of the radio-labelled ligands of

3

1F/F’/,,///’étorphine andrdihydromorphine. The analogue with sulfur at
R position 4 had 32% and 96% the activity oflLéusl-enkephalin in

the same’assays. IGlyZC(S), Leuslenﬁebhalin was significantly

bettéf thantLeu51~énkephaliq in the displacément of dihydromorphine

W o <) et . e
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. Table 21 Relative inhibitory potencies of Leu-Enk and sulfur-containing analogs

it e i M ot o S rvsmt

{, on the ele;)rically induced contractions of guinea pig ileum (GPI) and ;
Mouse vas deferens, (MVD) ‘
Synthetic ’ ' ¥
Compound GP1 . ‘ MVD :
IDg® Rel. potency? IDgqy" Rel. potency?
(nM) %) (nM) %) .
86 Leu-Enk 420 = 130 100 / 10.0 * 2.0 * 100
i : (Tyrlos)}- 760 = 40 55 400" 1 65 2 7"
* 101\ - [Gly¥ce®l- 570 & 290 74 .1 £ 0.9 909 ﬂ >
97 \ (6lylcesi- 370 £ 65 113 65 15 15 4
91  [Phebces]- 460 £ 180 91 10.4 ¢ 1.2 9 %
N . "u
8 Concentration which gives half maxinmal response. . %
% b Relative to Leu—Enk . N p
3
E
. . N 3
‘ .
\(‘ Table 22 Relat:ve inhibitory poqte%cies of Leu~Enk and sulfur-containing analogs
on the binding of [3ll]-etorph£ne and [3H)rdihydronorphine to rat brain ?
- h;mogennCel. o * )
Synthetic ' .
4 i Compound [ 33] -etorphine [ 3K] ~dihydromorphine \
. IDgs*, @Rel. _potency® . IDgy* ' Rel. po:ehcy‘" \
, . Sy (@ (aM) () » :
‘ Y G “
86  Leu-Enk 22 £3 100 - 2522 ‘100
: , 108 (ryrlcsi- 115 * 8 19 | 8015 031
l ~ 101 [6lylcesi- 37 +7 .59 S a t1 . 227
| \ 97 (clyk (si- axs o 7n .50 +3 50
5 91 phe‘omi- 68 = 6 32 26 £ 3 ;9
“ * Concentration which givés half maximal tu;onn'c.& .
( ) S b Relative to Leu~Enk '
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Table é3 Rsponse latencies (sec) in the hot plate test (54°C)* subsequent to intracerebroventricular
administration of Leu-Enk monothionated at positions 2, 3 and 4 respectively.
. -
c.ampound/“‘“e o - 2 4 6 8 10 15 30 60
min)} - N §
» . N .
Saline 4.8 4.3 4.1 4.3 3.8 3.5 3.1 4.1 4.3
£0.4 +0.8 +0.4 +0.5 £0.3. $0.7 +0.4 +0.5  20.6 ) -
Leu-Enk ot 12t 8.3 5.2 - 6.3 5.6 3.6 4.3 3.7
86 , £0.7 ﬁ $1.1 +2,8 0.8 £0.8 +0.5 £0.4 12.7 ’
te1y2c(s) - s. 1.2t 105t 12.3F st 10007 ¥ 53 s3]
101 0.8 $3.0 $1.1 $2.5° 1.3 £2.2 1, $0.7 0.7 ‘ N
tc1y3c(s)i- 5.1 7.8 6.6 6.2 6.2 6.3 4.1 4.8 3.1
99 . $1.0  #1.3 1.4 0.7 30.7 1.2 #0.5 0.6 0.5
tPhe®C(S) - 4.7 7.3 7.0 6.7 6.3 5.6 6.0° 4.5 4.l
91 £0.7 $0.8 0.7 +1.0 +1.1 +0.9 £1.0 $0.5 0.4

*Immediately after establishment of baseline values (Time 0), groups of eight animals were adninistered
incraventricularly 10 ul of either 0.9% saline or 360 ug of Leu-Enk, or the, same dose of each of the <
thionated analegs (a. single test with D ,L-Tyrl-thio~-Leu~-Enk indica:ed an activity in the range of the -

Gly2-thio-analog).

1.

Significant difference between treated groups and saline-injected animals as revealed by Mann-Whitney tests.
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while possessing only 60% the activity of enkephalin in the o

i -

. displacement of etérphine. - "
In the hot plate test, (intracerebroventricular administra-
tion; hqodéd rats) requﬁse latencies were obtained with (Leu’1-
enkephalih,[GIYZC(Sf, Leusl—enkephalin and [Phe4C(S), Leusl- \ _
enkephalin, £he ana;oéue with the thioaﬁide function at positioﬁ
2 displaying enhéhced.gctiviﬁy. For the analogue with sulfur

at po§ition 1l, no quantitative daté'coula be obtained because
Al ' f - ¢

’ ) the compound appeared chémically unstable and also not available \

At obi o S ARt il s 3 i ot aab s i, e Bar e ¢ o

in sufficient qﬁahtities to provide statistically significant
.data. In preliminary experiments, however, it was shown to have

a longer duration exceeding that of positionai isomer 2 by an
" ) *

order of magnitude. Further eXéeriménts are needed to quantitate

EY

this observation. ‘ e

oo pand

. Finally, it was observed (data not sho@n) that a positive
response in the laﬁenciés of animais in the hot piate test was
obtained with'a dose 0f 80 ug of the positional thio-isomer 2
whereas a dose of 248 ug of lLeu51~enkephalin was required to

observe the same effect.:

tEH
i

3.4 Discussion

sz

-, ©

' It is problematic to attempt a detailed analysis of these
results using accepted literatﬁre'criteria. For’instance, we
expected the analogues with sulfur at positions 1 and 3 to ‘be the

i [

— . j . .
- most active because these bonds are susceptible to the aming-

(¢ |

[ R
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S

peptidases and enkephalinases in [Leusl-enkephalin. As it turns

T
.

out, these analogues do not demonstrate enhanced potency’ in any ‘
of the biological assays. It is probable then that their lower
activity actually reflects a decreased affinity for the recéptors 3

and that their expected resisténce to peptidase action is an

-

insignificant parameter in the limitation of the potency not only

a0

. i ‘ o -
of such analogues but also of the enkePhalins themselves. A

i

similar deductidw has been made by others in relation to the

PR

interpretation of the biological activity of certain analogues of

“[Leusl-enkephalin4ll'4l4.

When the thiocamide function appeared at position 4 (91)

little change in potency was expected because it was already, known

from several studies that the amide bond .at this position is not
414

e B R ottt s vttty 3 ¥

‘ A
critical for activity . For example, ghe aminoxy analogue

0 , .
(-8-NH-0-CH-) at position 4 of [Lgusl-enkephalin (91) has similar

activity. while the same replacement at other positions‘of the

backbone give analogues with no activity478; parallel results were

o ' 426

obtained with a retro-inverso analogue . Moreover, no specific

enzyme has yet been detected which cleaves the amide bond at 1 }

3 . . 5
gosition 4. In most assays with the exception of ‘displacement
of[3H]-etorphine; the positional thioisomer 4 91 had a profile

almost identical to that of [Leusl—énkephalin. Therefore, our

results confirm the relative unimportance of this amide bond for ;

'

- intrinsic biological activity, and illustrate the usefulness of

thiopeptide analogues in the evaluation of,th& relevance of the

( | |
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iﬁ individual amide linkages of oligopeptides to their biological

activity.
The most revealing results, however, were obtained with

[Glyzc(S),'Leusj—enkephalinlol. This compound was more active - :

S gt byt

than [Leusl—enkephalinrin all assays except, again, in its

ability to displace[3H]-etorphine from rat brain receptors

where its potency was reduced to 60% of that of the normal peptide.
Cleavage of that amide linkage by a specific dipeptidyl amino-

peptidase was estimated to account for at best. 5% of the overall
. ‘ e

process of inactivation of [Leusl—enkephalin. Howe&er, our

:
e e e e A <Lt
o an ma? o ot e s

¥

results cannot be used to 'support the conqlusioﬁ that cleavage i

of this amide bond in [Leusl—enkephalin has greater importance

in the’inactivation process as other pdrameters are probably

involved. For instance, inhibition of other enzymes cannot ‘ o
be ruled out. Further biological testing in the presence of f
known inhibitiors (bestatin; thiorphan) of aminOpeptidéseS‘and
;nkephaliq?se would be necessa:y“in order to evaluate this ° 1
possibility. Unéér such conditions, the absence of an incfease
. ) in activity would mean that these enzymes are.inh%Qited‘by 101

' ‘ which. could thus explain its enhanced potency.

On the other hand the higher activity exhibited by this

analégue may also be4attributgd to some conformational éhange
induced. by éhe thioamide funétion. In this regard, se&e;al

' possibilites comé to mind.. First, the NH of ély3, being more
acidic, might cféate a strong inte;nal hyd;ogen‘gond and this

(‘T could stabilize a cogformation nqt‘yet_observed using any of

’ . . - 5 "
.y
TS s wmimas e A m( 4 T o "7"“\. T T T It o e T T
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the forementioned solution analyses. Secondly, the introduction
of a thiocamide function -at position 2 which is normally respon-
sible for the documented flexibility of the enkephalin back—
bone‘414 479‘, might s'imp.ly reduce. the number of inactive con-
formations, thereby c:ausing a net increase in the concen‘tratior;

of active species. Obviously, a more complete conformational

. -alnalysi's’usipg NMR and other physico~chemical met‘hods} are’ ,

required in order to test these possibilities.

T}ie.greater hydrophobicity of the ‘thioamide analogues, as
evidenced by then.r character:\.stlc retention time on reverse
fhase chromatography col{?}pa'?s , 1s probably not important enough
in itself to account for potency changes. If the hydrophobicity
were a determinant factor, tall ‘of the monothioamide analogues

should uniformly display enhanced "activity relative to [Leusl-

enkephalin. This is contradicted by the facts.

kS

Another interésting aspect is lt_he different 'blehavj;or Qf
‘positional thio-isomer 2 in the GPI and MVD assays. It is now
well established that these tw? tissues contain’ diff‘erent
subpopulations‘bf U and § reEeptors480'481. " According to the.
current llterature, the ratio ICSOGPI/ICSOMVD glves a good

est:.mate of< the selectivity of opiates for the W (GPI) and

S (MVD) receptors.~ The postulated select:.ve analogue [D-A1a2,
‘D-Leusl-enkepha'lin (DADLE) gives a ratio of 82.5 whereas [D-—Se‘rz,
1@;15 Thrsl-—enkephalin gave the hlghest known ratlo of 620482

Simllar analysis for the case of [Gly C(S), Leusl-enkephaln.n

/

o
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gives'a ratio of 518; this high value appears strongly J.n&it:atlve

of a high selectj.gity of this thiopeptide for § receptfrs. vﬁ»o

In contradiction with this conclusion, this same analogue’ i °

is weaker than [Leusl-enkephalln in’ the dlsplacement of. [31{]-— e i

T

etorphine (high afflnlty for -aIl receptor types) fr m menmbrane

receptors but tw:.ce/;.s active in the dlsplgcement of [31-11-,

k4 .

d:.hydromorphlné (u receptor)482 - Thls spgges/ts, agam in agreement o

-

with current literature v1ew, that' thls analogue would be L

° Y

selective for the u receptors. The increased potency ef compound
. . : RN
jOl with both 1 add § opiate ligands suggesty that \i’t may result

f%rom a étronger resistance to proteolytic cleg‘vage rather than X .

9, - . ! E
N

any particular aff:.nlty for a spec:.flc receptor

e .

-y,

~ Other types of analogues carrying thloamlde functl\bn_s,/a're e i

.
certa:.nly de51rable..- Structures such as (D-Ala’ C(S), D—‘Leusl -

enkephalin and the. analogue [~D-—Ala C(S)‘, NMe-Phe,'Met(O)-olsl - .

nkephal:.n mlght y:.eld addltional valuable 1nforma;tlon about the .

© I

-

moleCular.{bas:.s of stru‘cture act:.v:.ty relatlons\hlps 1n thlé o )

field. Work in, this dl.;:_ectlon is ‘1n Progress.

O - j s o
¥ 1 . ~
. ; ) . . . . , . R 3 ¢ ' .
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. CHAPTER 4

Further Modifications of thé Thioamide Function and Applications

to other Peptidé Analogues: Amidoximes and Amidrazides

-

. # , \
If the fundamental geometrical properties of thioamides

are similar to thpse of amides, no such assumption can be made
regarding their chemical reactivity. It is well-documented that
the thioémidé is both a beEtter nucleophile, at sulfur and a better
electrophile, at carbon than the corresponding amj.dezg’sg.

Having established a general \metho'dology for the introduction

A . N
of a thiocamide function at any position of a given peptide \

/ backbone, it became of interest to exploit the richer chemistry

of that funcfion and attempt the generation of other types of
backbone analogues.

Thioamides are known to react with several strong pucleo~
phile‘s such as hydroxylamines, hirdrazines and amines to yield the
corresponding amidoximes, amidrazi;ies and amidineszg. We chose
at first to preéare amidoxime analogues of simple enzyme éub-
strates in order to evhluate their behavior toward relévant
enzymes and also té estabiisil reaétion conditions that may be
compatible with fore complex peptidic structures. The amidoxjedhe
derivative of N—-acetyl phenylalanine was previously described by
Petex;son et 9_1131. It was prepared by the direct addition of

hydroxylamine to the corresponding nitrile. These authors showed

that this substrate analogue was completely resistant to attack

»

- »
" .
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"in THF at RT for 20 h.

177

by o-chymotrypsin, while behaving as’' a weak competitivé inhibior
character:.zed by a K of 4.3 x 10 2M483

These observations ‘encouraged us to examine an amidbxime
analogue of a Leucine aminopeptidase (LAP) substrate. L-Leucine
amidoxime was expected to be resistant to hydrqolysis by this
enzyme and to behave as a good inhibitor because of the known
ability of amidoximes to form coordination complexes with metal
ions484. Accordingly Boc—LeuC(S)—NH2 (116), prepared by reacting
Boc-Leucine‘ amide with thionation reagent 11, was treated with
hydroxylamine (1.2 eq) in the presence of triethylaminpé (1.5 eq)

1]

Purification of the cr.ude product By flash chromatOgraphy

f

afforded a 65% yleld of Boc-LeuC (NHOH)--NH2 &17) and a 12% yield

s . #

of the cox’responding nitrile 152.

-

) Q 11 S
(cu)cu-cu (;HCNH e (CH)CHCH—HLNH
' 372 NHBoc X 2 . 3 2 IgHBoc 2
s P <2,
o , i1le NH,OH
S ' (CH.) .CH-CH cH c'?NHOH
. = - VN
. ' 372 2 \HBooVH,
Figure 67 117

|

Y

The lH NMR spectrum (60 MHz, CDCls;) of amidoxime 117 displayed

all the expected resonances. Proton exchange experiments (DZO)

resulted in the disappearance of the signals at 7.56 (lH)

‘ s
. N

£r
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5.42 (2H) and 4.96 (1H) ppm which correspond to OH, NH,'and

13

Boc—-NH, respectively. The compound api)eared to be only in the
syn configuration as revealed by t?xe single resonance arising
from the Boc p’rotons as well as the relatively high field at
which the CH resonance ,(4.]; ppm) appeared. ,The IR spectrum

displayed the characteristic absorption of the free OH of primary |

-1- 485

amidoxime at 3,6000 cm . The mass spectrum included the

molecular ion at 245 and an abundant fragment at 189, resulting
l .

from the loss of the isqbutylene from the Boc group.

=

The Boc protecting group of 117 was easily removed by. treat-
ment with HCl in ether tq yield the desired analogue 118 as a white

1

hydroscopic powder. It was characterized by "H NMR (200 MHz)

and mass spectroscopy which revealed a characteristic M+1

’

peak at 146. Howevér, elemental analysis showed that the
compound had crystalljized % a dihydrochloridelsalt in agreement
with the known ability of amﬁ’:doximes to form salts486.'

The behavior of the amidoxime toward LAP was examined usinvg
Leu p-nitroanilide as the substrate under conditions similar to
those described previpusly (Section l..2) . Double reciprocal plots
(Lineweaver-Burk) indicated that the analogue behaved as ‘a
competitive inhibitor whose K, amounted to 1,5 x 10~ Ni (Fig. 68
and 69). The affinity of the amidoxime for the enzyme is there-

fore rather small which suggests that coordination of the

~

amidoxime function with the zinc atlom of the enzyme active site

is not significant. Since the amidoxime functionality is not
° : L . ?

= ]
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Figure 68

Figure 69
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Lineweaver-Burk plot of L-leucine p-nitroanilide hydrolysis in the

presence of fixed concentration of L-leucine amidoxime ag inhibitor :B

(5) 0.0 M ; (@) 2.11 x 10" M ; (m) 4.08 x 1073M ; (&) 5.90 x 10" °M .

7 ! \
3 l‘. I'll Y
Kim 1S x10 "N " x 107 M '
Ka vs (I} for L-leucine amidoxime ((L-leucine p-nitroanilide as substate)
app ) . .
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hydrolyzed by either LAP or afchymotrypsin483, it wquld-appear

B - ¥
to constitute a choice peptidic modification for. the purpose

=%,

of confering backbone resistance to enzymatic attack. .

Applicatiqgvof the same chemici& methodology for amidoxime

. formation to a closer model of a peptide backbone such as

Boc-PheC (S) -NHCH; was not successful. It was previously reported
that long reaétion times (15 h) in refluxing methanol were
necessa}y for amidoxime format;on from N-alkyl thioamides487.
However, we found that hydroxylamine reacted at rodm temperature
with the coffesponding thioimidate 47 of Boc—Phec(S)—NHCH3 (20)

to give after 24 h, the desired amidoxime 119 in 85% yield

after purification by flash chromatography on silica gel.

1) CH -1 NnOH
C>—cu H-C -NHCH3 /-CHy
Boc 2) NH OH NHCH3
119
Figure 70
The mass spectrum of this compound displayed the expected

-

¥
molecular ion at 293 and an equally intense peak corresponding to
the M-1 fragmeht. Its lH NMR spectrum (200 MHz, CDCl3) indicated
&N
the presence of both the E and 2 isomers in a ratio of 5:3 which

was deduced from the downfield shift exerted by the hydroxyl group

The syntheéis of the same amidoxime (117) by a one-step

process was eventually accomplished more conveniently by treatment



-

of the N'-methyl thioamide 20 with hydroxylamine in the presence

s . of mercﬁric acetate (1.2 eq) and t}iethylamine (3 eq). After )
stirring the reaction mixture overnight at RT, the mercuric saits
were filtered and the crude was washed with mild acid. The

desired amidoxime 119 was thus obtained in 70% yieid.aftqr

purification byﬁ{%ash ghqdmatograéiy. ~ o )
? NH OH
. @ca -s:-i-rmcn .c- g—c"
Boc Hg(OAc) Bo\NHCH,
_ . 20 ' 119 ¥
\ . Figure 71 '

Ulﬁ NMR spectroscopy again revealed an E/Z ratio of 5‘3}

These r;action conditions were then applied to the protected
thiodipeptide, Boc-LeuC(S)-Phe—OCH3 (67) (C~terminal end of the
-chemoﬁactic peptide f—MLP). The reaction was monitpred by TIC

vwhich'revéaled that most of the thioamide precursor 20 had

re;cted after 3 h and that at least two nwie polar products were .

) formed. After a work up similar to that described above, these
more polgr products wgre separated by flash chromatography. The
lHV”NMR spectrum (200 MHz, CDC13) did not include a resonance for
the methyl ‘ester protons and was consistent with the novel cyclic
structure 120. The mass spectrum of this product did not contaln

dEhe molecular ion at 375 but indicated fragmentation at the

C-C(=N-0-R)N- giving fragments at 189 and 186.
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" ‘ .
JS 1 NHZOH ’ ﬁ N
Boc-Leuﬂpheroca3 - Boc-Leu~Phe-OCH, T
J " Hg(OAc)
Y —-‘1 .
+
: o o) )
Y
: * Boc—NH-gg-C\ _CcCHyPh
. > N H
‘ . ,CH H
CH,“CH,
; : .Vlz
\ Figure 72 ‘

-The other‘préduct, obtained in 3% yield, was identified as :
1

<

starting‘maﬁerial tﬁioamide. Its “H NMR spectrum displayed the
correct resonance for the methyl ester protons at 3.76 ppm and
the expected downfield shift to 5.32 ppm for the resonance of
the leucine a-proton which is accounfed for by the E isomeric .
form of the product.

Interestingly when hydrazine was substituted for hydroxyl-

" amine under similar reaction conditions, improved yields of pro-

ducts were obtained. Thus, the cyclic amidrazide 122 was

isolated in 55% yield and the corresponding amide 62, in

10% yield. The mass spectrum of the cyclic compound included

the molecular ion at 374, and an imnortant fragment at 258

‘corresponding to M* -NHBocC.

Despite the formation of these cyclic products, these pre-

liminary expérimégzg nevertheless clearly illustrate the versa-

3
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1y NMR spectra (200MHz,CDCL,) of 122

and 123,
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# tllity of the thloamlde function once lncorporated into the
backbone of peptldes. | ’
L4
¢ It shouldﬁbe p01nted out that cyclic product formatlon would
not occur when the amidoxime or amidrazide functlon is at a . .
- ~ . + . i
N backbone position removed from the C-terminal ester function. \In,yd 17
s addition, it should bevp0551ble to minimize the observed cycllg
tion through the use of a bulky carboxyl-protecting group, such : V %
¢ ¢ P
as a t-butyl group. By selecting suitably substituted nucleo- ) '
( . . Y
v philes it should be possible to generate novel cyclic analogues -
~ of oligopeptides. Work along this line is being continued by o
) . ’ - L
others in our laboratories. - B
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k . CONTRIBUTIONS TO KNOWLEDGE . . €

o The thionation reaction of amides with thiono phosphihne

~sulfide reagents can proceed‘at‘lbw temperature (RT, 0°C) in

. -

'thlopeptlde analogues.

dry THF and under these conditions the rate of reaction is

markedly affected by the bulk of the amide substituernts.
. s N 4
This Observation permftsdreﬁioselective thionation of certain

polypeptides‘end thushis-critiEal for the rapiy synthesis of

P

o-Chymotrypsin and leuq1ne amlnopeptldase do- not readily

cleave the thloamlhe bond when present in substrate analogues;l

4

Optically active dithioester derivatives of amino acids were
successfully prepared. These are 1mportant for enzyme mechanlsm

studles and moreover can be used as thloacylatlng agents in the-

synthe51s of thiopeptides. -~ ’

NMR studies -revealed that the solution conformation of

——— -~

relevant thiopeptides is not significantly changed relative to the

]

parent,peptides, at least in the case of short peptide sequences ..

-

v - ' L
In.contrast} we discovered that th3 thioamide modification can e

dramatlcally alter the bloleglcal act1v1ty of an ollgopeptlde
regulator dependlng on .the site of alteratlon along the backbone.
This was clearly demonstrated W1th the thioanalogque CH(O)-Met—

3 (75) Whlch causes iphibition of the chemotaetlc '
response. Also, the Tyr-GlyC($)fG;y-Rhe—Leu (101) analogue of l

LeuC(S)-Phe—OCH
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if{ ‘ : (Leu~ ]1-enkephalin is 51gn1f1cant”iy more potent and possesses. a
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¥, longer duration of action than the parent peptide.
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; Finally, a general procedure allowing for the further
14 . , , e 1P ‘ . . LT
j - -modlﬁcqtlon of thiopeptide linkage was developed. Amidoxime
3 . ' and amidrazide analogues could thus_be reagy obtained from the
. . _ .
. . . nucleophilic- thioamide functionality. ) .
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SUGGESTIONS FOR FURTHER STUDY

¢

Having successfully synthesized all the positional
isomers of two different peptides, an obvious extensiop of this
approach would involve the synthesis of thioami'de analogues '
(and thelr derivatives,eg. amidoximes) of cther releva“nt natural

. C peptlde regulators such as kyotorphin (’I'yr—l’srg)488 tuftsm4-89

T R

(Thr-Lys—Pro-Arg) , etc... as well as thloamz.de analogiles of

-

. ' ID-Ala, D-Leu”i-enkephalin®®®. With this"in mind the use

gk, $o anY AT

[

of easil‘y removable protecting groups such as ﬂhe F-Moc groui:
491

might improve the yields of
9

and the t-butyl ester function

&gy o

deprotected products.

e

¢

In depth conformational analysis of longer thiopeptide -~

analogues should provide valuab]fh information on the ‘effects of

e e s eire v

; bﬁ“qkb'one thioamide linkages. This task would-be greatly
, fac111tated through the use of the recently acqulred 2-D NMR
facility. The use of other physical methods such as CD and ORD

*

would also considerably help in conformational studies of

~

thionated oligopeptides. 1In fact the much enhanced chromophoric

properties of the thioamide function would allow studies of ‘thio-

peptides at veri/ low concentration, thus eliminating the problems
associated with aggregation or self-association.

" fThe synthesis of thioamide analogugs of Ipeptides using -
solid phase supports should also be explored. 'I"ﬁionation in the

— solid phase should be attempted and the search for app»opriate
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thiocacylating agents should be rewarding. Even if racemization
_. happens to be a complicating factor, such methodolvgies would
nevertheless offer the advantage of speed. ’
Finally, -it would be very interesting to compare the
interaction Jf antibodies directed against thiopeptide analodues
. with those which recognize the parent oligopeptides. The results
¢ ) ) . . ]
would be of .great value from the point of view 'of conformation-
activity relationship studies. -
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f
(:_ General Experimental

Inorganics were used as purchasqg from the suppliers; P4S10
(Matheson-Coleman), silver nitrate (A —& C American Chemical)
meécuric acetate (Fischer), ‘hydroxylamine hydrochloride (Aldrich)
hYdrazine—dihydrochloride (Fischer).

Reagent grade solvents were used, unless otherwise specified.
Dry thetrahydrofuran (THF) aqd dry dioxane were obtained 5y re-
fluxing in the presence of sodium and benzophenone. Triethyl-
‘amine was purified by distillation from barium oxide. Other
solvents (acetoniérile, toluene, benzene) were dried by standing
over molecular sieves. HPLC grade solvents, and doubly distilled
H20 used in HPLC purification.

All amino acids starting material use€d were of the L-configura-
tion and uséd,as supplied from the manufactureres (Aldrich, Sigma,
and Bachem or Chemalog for the'Béc-amino acids). EEDQ (Aldrich) was

\xrecrystallized from ether. The DCC (Aldrich) was purified by
dilution in ether and filtration of the DCU present, and evapor-
ation of the ether in zgggg/fgr a period of at least 40 h. Formic
acid 98% (BDH) was used without puri%ication in the deprotection
?eaction. Drying of organic solutions during work -up was accom-

plished wf%ﬁ’magnésium sulfate (Fischer). Solvent evaporation

was carried out under reduced pressure (water aspirator) with a
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with a bath temperature of 20 to 30°C. Products in aqueous
solution were obtained as fluffy powders by lyophilization uysing
a Viatis 10-010 automatic freeze-dryer.

Analytical thin layer chromatography was carried out on
aluminum-based sheets, precoated w%th Kieselgel 60 F254, 0.2 mm
thick (Merck Co. Ltd., Darmstadt). Visualization of the plates
was done by ultra violet lighf source (254 mm) or by ninhydrin.
Column chromatography was performed by the fiash chromatography

93 on 32 to 64 u

technique as described by Still and co—workers4
(400 to 230 mesh) siliqa“gel (British Drug House, Toronto).

High pressure liquid chromatography (HPLC) separations were
accomplished on a column (150 x 10 mm) packed with Spherisorb
S~10 ﬁ (Technical Marketing Associates, Montreal) fitted to a
Waters Associate—-400 single pump uéing fixed wavelength UV
detector- (254 mm) and a refractive ‘index detector. A semi-
preparative C~18 Bondapack (Waters) column was qsed for reverse
phase separations. |

Melting points were determined in closed capillary tubes on
a Buchi SM?-Zd‘and are ﬁ%ﬁorrecfed. Infrared specEra’here
recorded on a Perkin-Elmer 297 spectrophotometer and mass spectra
on HP 5984 br LKB 9000 mass spectrometers. The ultra violet -UV

spectrum were recorded on a Varian carry 210 spectrophotometer,

interfaced with san Apple II Plus microcomputer and thermostated,

- using absolute EtOH as the solvent at 20°C. The optical rotation

e
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[ajD were obtaingg.with a Perkin Elmer 141 using a thermostated
cell (1 decm, 1 mL) at the temperature indicated.

Proton magnetic resonance spectra (lH NMR) were recorded on
Varian T-60, T60A or XL-200 spectrometers, using tetramethylsilane
as internal standard. The carbon and phosphorous magnetic res&nance
spectra were recorded on a Brooker WH-90. Chemical shifts‘are,

reported on the scale in parts per million (ppm). In the lH NMR

q‘spectra, all apparently simple multiplets are described as they
appeared, and are givén chemical shifts equal to their central
position. Undefined multiplets (m) containing more than one proton -
signals are described by their ranges of.absorbtion.
Elemental analysis were performed at Guelph Laboratories,
Guelph, Ontario. Amino acid analysis were performed after acid
hydrolysis (6N HC1l, 24 h, 110°C) of the peptides at the Institut

de recherche clinique by Dr. Lazure and Dr. Schiller or at the

Departement de Pharmacologie de L'Univeristé de Sherbrooke by

Dr. S. Lemaire,.

']
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( ) EXPERIMENTAL

Chapter 1

n-Pentyl phenyl ether

Sodium (11.5 g, 0.50 mol) cut in small pieces and ddded to
EtOH (ABS) (40 mL) at 0°C and stirred until agll dissolved. -
Phenol (Aldrich, 47.0 g, 0.50 mol) was then added all at once,
followed by the dropwise addition of l-bromopentane (105.7 g,
0.70 mol). The reaction mixture was then heated to reflux for
3 h. After filtration of the sodium bromide, most ofﬂghe
3 ethanol was removed in vacud using a flash evaporator at 25°C.

The resulting liquid was washed with 1N NaOH (2x50 mL), HZO and
dried (MgSO4) . Distillation of this liquid (bp 105-106°C/\

25 mmHg) afforded 68.5 g (85% yield) of a clean oil "H NMR

(60 MHz, CDC1,) § : 7.4-6.8 (m, 4H, ArH), 3.95 (t, 2, J=7 Hz,

- I=

Ethoxyethyl phenyl ether \ (

This compound was prepared as previously described for
n-pentyl phenyl ether with sodium (7.5 g, 0.44 mol) ir EtOH
(25 mL) , phenol (30.7 g, 0.33 mol) and 2-bromoethyl ethyl ether
e (50 g, 0.33 mol). Distillation of the resulting liquid (bp
98-100°C/25 mmHg) gave a colorless liquid (40.4 g, 75% yield).
'H NMR (60 MHZ, CDC1,) 6 : 7.33-6.68 (m, 5H, ArH), 4.26-3:43

(m, 6H, O-C_Igz-CE —O-Cgi_z-), 1.3 (t, 3H, J=8 Hz, CH3) ppm.

2



. ; ; . -
i y . - N
R T S S U e e a g .

o

- 195

y

] 2 ‘ﬂ"
2,4-bis (4-phenoxyphenyl)-1,3,2,4-dithiaphosphetane 2,4-disulfide (11

P,S;, (39.0,-:0.08 mmol) was added to phebyl ether (Aldrich) .

150 g, 0.88 mmol) and the mixture heated to 165-170°C under N2,
”ﬁdr 6 h. After this time, the heating was stopped and the hot

. solution decanted in an erlenmeyer and hexanes (150 mL) was

added slowly. The solution was allowed to crystallize at RT for
10 h and at 0°C for 20 h. The yellow crystals were filtered and
washed with\cold hexanes, and recrystallized from hot toluene

(550 mL) . After washing with hexanes and drying in vacuo, 35.0 g

o ' )
(0.066 mol, 75%, based on PZSS) of yellow crystals were obkained.
mp 187-190°C; IR (KBr) A___: 3100, 1588, 1493, 1300 cm *; 'H NMR

(290 MHZz, gDC13) § : 8.51 (d4d, 2H, JH_H=8.3 Hz, JP—H= 15.5 Hz,
ArH'iz;_;t_x_q), 7.50-6.90 (m, 7H, ArH) ppm.

31P NMR (THF) § (relative to H3PO4): 17.7 (s) ppm.

MS (70 ev) m/e: 443 (1), 410 (10), 411 (4), 348 (5), 66 .(10),
265 (17), 64 (100); Analysis calcd.: C 54.53, H 3.43, S 24.26,

P 11.72; Found: C 54.77, H 3.74, S 24.19, P 12.63.

2,4-bis (4-n-pentyl oxyphenyl)-1,3,2,4-dithiaphosphetane
2,4-disulfide (10)

Prepared as described for 11 with P4Slo (6.78 g, 15 mmol)
and n-pentyl phenyl ether (25.0 g, 0.15 mmol) and obtained a

yellow solid 9.42 g, (60% yield).

1

t
mp 135-137°C; "H NMR (60 MHz, CDCl3): 8.15 (dd, 2H, JH_H=9 Hz

JPH=18 Hz, ArH ortho), 7.21 (dd, 2H, JH—H=9 Hz, JPH=4Hz,
ArH meta), 4.10 (t, 2H, J=7 Hz, —OCHZ), 2.0-.95 (m, 9H,

CH,-CH

2~CH,=CH,=CH;) ppm.

2
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(:* S Thiobenzamide (13)

o

Benzamide (Fisher) (200 mg, 1.6 mmol) and the thiono -
phosphine sulfide reagent 11 (510 mg, 0.96 mmol) were
. dissolyed in dry THF (5 mL) and the mixture stirred at room
* temperature for 20 min. The reactidh mixture was diluted )
with EtOAc (20 mL) and washed with H,0, dried (MgSO,) and

evaporated in vacuo. The resulting solid was recrystallized

from ether to yield 190 mg (94% yield) of a pale yellow

.81 (EtOAc/hexane 2:1), mp 115-117°C; IR (KBr) vmax: 3500

1

(NH) , 3480 (NH), 3050, 1600 cm —; UV (EtOH) Amax: 238.5

log € 3.98; 'H NMR (60 MHz, CDCl,) 6: 8.05-7.00 (br, m, ArH,

C(S)NHZ) Ppm. . .

N-phenyl thiocacetamide (14)

Acetanilide (200 mg, 1.48 mmol) and the thiono phosphine
sulfide 11 (420 mg, 0.81 mmol) were dissolved in dry THF and
— stirred at room temperature gor 1 h. The reaction was diluted
with ether, and washed with Na‘HCO3 (10%), dried kMgSO4) and
- yevaporated in vacuo. The oily residue was then recrystalL&zed
from EtOAC/pet. ether to yield 190 mg (95% yield) of a white
solid.

A}

Rf .51 (EtOAc/pet. ether 5:3);

(m, 6H, ArH and NH), 2.58 and 2.26 (2 s, in a ratio of 6:4, 3H,

14 NMR (60 MHZ, CDC1,) § : 7.85-7.00

( ‘ CH3 E and 2 respectively). MS (CI): 152 (100, M+'+l), 151 (6.2,

+.

M), 136 (1.4, M+‘~CH3), 118 (1.4, M+'—HZS).
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Ethyl thionebenzoate (15)

Ethyl benzoate (200 mg, 1.3 mmol) and the thiono phosphine
o ’ -

sulfide 11 (825 mg, 1.56 mmol) were heated in dry toluene ~
(2mL) at 110°C for 24 h, under an argon atﬁoéphere. After
two purifications by flash chromathraphy on silica gel using

hexanes as, eluent 150 mg (68% yield)\ of a yellow oil was

"obtained.

IR (neat) Vv

max:~3200, 2990, 1600, 1510, 1280, 1240 (C=S)

‘em; i NMR (60 MHz, CDCl,) §: 8.28-8,06 (m, 2H, ArH ortho),

7.53-7.10 (m, 3H, ArH para), 4.75 (t, 3H, J 7Hz, CH,), 1.5

(tl 3H, CH3) ppm.

Ethyl'3-phenyléthylthiopfogionate (16)-

_Ethyl 3-phenylpropionape (200 nmg, 1.1 mmol) and thiono
phosphine sulfide 11 (580 mg, 1.3 mmol) in toluene (2 mL) were
heated to 110°C for 24 h. After this time, the crude mixture

was applied on a silica gel column and eluted with hexanes.

‘uAfter evaporation of the desired fractions 150 mg (75% yield

of a pale yellow oil was obtained.

L

IR (neat) Vmax 3200, 3100, 1600 (arene), 1500, 1460, 1300
1 -

(br, C = S), 760 em '; 'u NMR (60 MHz, cDCl,) 6: 7.21 (s, 5H,
ArH) , 4.5 (g, 2H, J 7Hz, 0-CH,), 3.03 (s, 4H, CH,-CH,),

1.33 (t, 3H, J 7Hz, CH;), MS (CI) m/e: 195 (100, MY e+1), 194

(80, M+'), 149 (33, M+'-0Et), 105 (85, M+'—C(SY-OEt), 91

!
)

i
(60, trop. ion).

4
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N-Boc-L-phenylalanine amide (17)

NfBoc-L—phenylglanine efhyl ester (5.0 g, 17 mmol) was
added to a saturated (0°C) solution of ammonia in MeOH. The
solution was left standing at RT for 48 hrs. The excess
amﬁonia and MeOH were removed in vacuo, and the resulting
solid recfystallized from EtOH/HZO giving 4.0 g;(84% yvield of

a white powder.

mp 179-180; [a]goi}&il,(c 1.0, EtOH), ly NMR (60 MuZ, cpel.) :

7.33 (s, 5H Arf), 6.49-6.09 (br, 2H, NH,), 5.19 (brd, 1#, NH

Boc), 4.44 (m, 1H, CHa), 3.09 (d, 2H, J = 7 Hz, CHZB)’ 1.4

(s. 9H, t-bu) ppm.

N-Boc-L-phenylalanine thiocamide (18) ‘

To N-Boc-L-phenylalanine amide (17) (1.5 g, 5.3 mmol)
dissolved dry THF (30 mL) were added the thionation reagent 11
and the mixture was stirred at 23°C, under a nitrogen atmosphere
forNBS minutes after which time the starting material was all
consumed (TLC). Evaporation of the solvent, and purification
by flash chromatography on silica gel (CH2C12) gave 1.35 g (9%?)
of a white powder which was recrystallizéd from EtbAC/hexanes.
mp 152-154°C; UV (EtOH: A__ : 268.8 log € 4.11 [a]20+29.0°
(c 1.0, MeOH); 'H NMR (60 MHz, cDCl,) §: 7.91-7.41 (br, 2H, NH,),
7.24 (s. 5H, ArH), 5.47 (br 4, 1H, J = 8 Hz, NH Boc), 4.8 (m,
1H, CHa), 3.11 (d, 2H, J = 7 Hz) 1.40 (s, 9H, t-bu) ppm.

MS (70 eV, 115°C) m/e: 280 (25, M - NH,), 224 (48, M ‘- t-bu),

220 (39, Mt - C(S)NHZ), 190 (36), 163 (263, M- Boc—NHz),

149 (240) 120 (650).




R

° -

Synthesis of N-Boc amino acid N-methyl amide

‘! .
(23, 25, 27, 41, 5la) , S

ARY

The Boc-amino acid (Bachem) and HOBt (1.1 eq) were
. , v e [ .-
dissolved in CH2C12 and temperature of the solution cooled
to 0°C. DCC (1.05 eq) was added and the mixture stirred at

0°C for 30 min. A 1% methyl amine (1.1 eq) solution in THF

was then added to 0°C and stirred for 1 h at that temperature

and 20-24 h at RT. The dicyclohexylurea (DCU) was filteréd

off, the solution diluted with CHZCIé and washed with citric

acid (5%),'NaHC03,(5%) and brine, dried (MgSO4) and evaporated

in vacuo. Isolated yields and physico-chemical properties.

-

-

are given in Table 24.

—~—THionation of Nlmethyl N-Boc amino acid amide

)

(24, 26, 28, 42, 51)

-

To the appropriate Nlmethyl N~Boc amino acid amide

(1 to 10 mmol) in dry THF (10% solution) was added the

thionation reagent 11 (0.6 eq) all at once and the mixture

stirred at 23 #+ 2°C under a nitrogen atmosphere. The reaction

progress was monitored by TLC and time of reaction were

obtained when no starting material could be detected (ninhydrin).
All these compounds were purified by flash chromatography on
silica gel. Time of reaction and yiélds are given in the

text in Table 2. Their physico-chemical properties are

summarized in Table 25.

P



24 Physico-chemibal(characteristtiés.of

N'-Methyl N-Boc amino acids.

-3

. Yield - Re mp o - ‘
(%) °c CNH CH t-bu_ others
ﬁ[; Boc-Gly-NHCH, 73. .19 75-76 6.73 3.78 1.46
23 : .
Boc-Ala-NHCH, . 74 .24 115-116 6.30 4.20 1.43
2 . “ .
Boc-Phe-NHCH, © 80 .39 7 138-139 6.0 4.13 1.43  7.23(s) ArH
19 ; .
Boc-Pro-NHCH,_ 1907 .19 93-94 “6.46 © 4.16 1.43  3.36(t) CHy
27 ) 1.8 (m) CH
Boc~Leu-NHCH, 75 - .42 119-121 6.50 4.15 1.43 1.75(m) CcH,
41 . 0.88(d) CH,
Boc-Met-NHCH, 75 - .31 - 6.50 4.26 1.43 2.5 (@) on,
5la ' 2.05(s) .SCH,
s a) EtOAc/ He)}anes. 2:1 )
b) 60 MHz, CBCl,, ‘ )
Table

.
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PSP
)

uv b

R mp 4 NMR
S ) = S . ,
) c L CNH - NHBec CH,  CHg Me  t-bu others
$ . : . . -
Boc-Gly=-NHCH, .54 109-110 261.5 8.33 . 5.60 4.16 - 3.70  1.48 ‘
24 :
g s ‘ -
Boc-Ala~NHCH, .59 125-126 - - 262.9 8.66 5.56 4.59 1.46 3.13 1.46
2 . . .
S . - ’ -
Boc-!’he-NHCHﬂ3 7] 112-113 264.4 8.23 "~ 5.8 4.70 3.16 3.16 1.40 7.23(bs) ArH
20 ’ ) '
g ’ : “
Boc-Pro=NHCH 4 .59 182-183. - 263,2 B.30 - 4.66 2.10 3.16 1.46 - 3.46(t} CH;
28 ‘ . 1.49(m) CH, -
g ' |
Boc-Leu~NHCH, .69 106-107 262.9 8.83 5.60 4.49 2.0 3.16 1.43 1.70(m) CH, .
42 . ¢ ‘ 0.90(d) cHg .
g ' "
Boc-Met~NHCH, .70 oil " 263.8. 8.90 5.90 4.66 2.2 3.13  1.43  2.50(t) CH,
51 2.11(s) SCHy - .
a) EtOAc/Hexanes 2:1 ) )
; b) EtoH, 1 x 1074 M - , ’ .
c) 60 Miz, CDCl,
\.\

Table 25 Physico-chemical characteristics of N'-Methyl N-Boc amino acids thiocamide.

-
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N-methyl N-acetyl phenylalanine £~

The#corresponding Boc derivative (600 mg, z.i,mmol)
was dissolved in a HCl/ether solution and left s?andiﬁg at
23°C for 12 h. The hydrochloride crystallized fromﬁthé |
solution; it was filtered and washed with anhydrous ether ’_
yiélding 559 mg (86%) of a white p?wdeé. Tgis hydrpchloridg
(370 mg, 1.7 mmol)°salt was then acetelated with acetic
anhydride and pyridine as described previously for- _ and tﬁe
crudedproduct recrystalllzed to glve 210 mg (56% yleld) of
whHite crystals.
> mp 204-205°C; (012%+22.0° (¢ 1.0, MeOH); 'H MMR (60 MHz,
. 'cnef;)a : 7.18 (s, 5H, ArH), 654‘}b;11ﬁ5 NH), 5.75 (br, 1H, Ngé,i
4.50 (m, 1H, CH), 3.03 (4, 2H, J, 6 Hz, 2CHy), 2.70 (4, 3H, ?g

NHCHB), i.98 (s, 3H, CH3) pPpm.

o

NlmethYI N-acetyl L-phenylalaninethioahiée (30) ; -

-~

The Boc group of (18) *(300 mg, 1.02 mhol) was removed N
with 2N HCl/ether and the hydrochloride aceéylated with acetic’
anhydride pyridine as described preéviously for (29). The c;gde‘
éompound was recrystallized from hexane-ether to yield (1.85 mg,
77%) o% white‘solid.
mp 110-111°C; [o ]§°+45 0° (c 1.0, MeOH), UV (EtOH) : A___
267.8 log ¢ 4.03; 'H NMR (200 MHz, CDCl,) & :8.2 (b, 1H, NH),
7.36-7.10 (m, 5H, ArH), 6.60 (brd, 1H, NH Boc, 4.92 (m, 1lH, CH),
3.22-2.98 (m, 2H, CH,g), 2.94 (4, 3H, J 4Hz), 1.96 (s, 9H, t-bu)
ppm; MS (70 eV) m/e: 294 (66, M'*), 238 (70, M' "= t-bu), 220

(81, M'"-C(S) NHCH,), 194 (M''-Boc), 177 (575), 120 (910).
4
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" N-trichloroethyl L-phenylalanine ethyl ester (37) !
7
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N-acetyl-L-phenylalanine thioamide (29)

c Re

' Boc-L~phenylalanine thioamide (18) (770 mg, 2.5 mmol)”
was added to a 2N HC1 solution in ;lry ether and the mixture
Was's left standing‘ht 23°C for 12 h.n The solvent was evapérated.
tor dryness and the white solid recrystallized from EtOH/EtOAC.
After filtration and drying in M_Jg 490 mg (87%) of white

-

powder was obtained. mp 210-212°C; UV- (EtOH) &} . 269.4
log € 4.03. This<hydrochloride salt (370 mg,. 1.8 mmol) was

dissolved in CH,Cl, (10 mL). Acetic anhydride (191 mg,

2
1.8 mmol) and pyridine (297 mg, 3.7 mmol) were then added and
the mixture stirred at 23°C, fo;: 3 h, Z'I"he.reaction Mmixture
was transferred to a separatory fﬁi}x\el and washed success:iVely
with citric acid (5%{) P briné,dried (MgSO4)“ and evaporated..

The resullting solid was ﬁ%ecrystallized from EtOAC/hex;nes P

affording 250 mg (68% yield) of the acetylated derivati{ye.

mp 156.5—160°C;’ [0‘];0
~log € 4.07; 'H NMR ( 60 MHz, CDCl,) §: 8.0-7.5 (b, 2H, NH,),

] . -
+40.2° (c 1.0, MeOH); UV EtOH) : ;\max 269.8

"%.5 (b, 1, NH), 7.21 (S, 5H, ArH), 5.0 (m, 1H, CH )~ 3.15

(d, 1H, J 8 Hz), 2.03 (S, 3H, CH3) ppm.

[

To L~phenylalanine ethyl ester hydrochloride‘ (12.0 g,
5.2 mmol) suspended in CH2C12 (200 mL) was added pyridine
(8.25 g, 10.4 mmol) and 2,2,2 trichloroethyl chloroformate

(Aldrich) (11.51 g, 5.2 mmol) and the mixture was stirred at
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23°C overnight. The reaction Tikture’was then transferred to
a separatory funnel and waghed wiéh'.l N HC1l (2x25 mL), Na2CO3
(2x25 mL) and brine. The organic layer was dried (MgSO4L and
evaporated in vacuo to give 18.25 g (95% of a clear oil. "

20
[a]D -19.9° (¢ 1.0, EtOH), IR (CHC13) Xmax' 3400 (NH), 3005
1 1

(ArH), 1735 (C=0) 1510, 1210 cm ', “H NMR (60 MHz, CDCl,) 6: 7.13

(m, 5, ArH), 5.79 (br d, 1lH, J=8 Hz, NH TCE), 4.89-4.40

(multiplet containing doublet, 3H, CH, and CH, TCE), 4.16 (q,

2H, J=8 Hz, CH,-CH,), 3.0l (4, 2H, J=7 Hz, CH,,), 1.19 (t, 3H,

J=8 Hz, CHZ-CH3).

P -

N-tfichloroetgyl L-phenylalanine thione ethyl ester (38)

N—TCE-L—phenylaianine ethyl ester (9.9 g, 24 mmol) and
thionation reagent 11 (15.2 g,. 29 mmol) were heated at 110°C
in dry toluene for 36 h. The solvent was evapored in vacuo,
the residue taken in CHCl, (5 mL) and applied to a silica gel
column for flash chromategraphy. Elution with hexanes/EtOAC
(9:1) gave 4.28 g of a mixture of thionoester and thionocarbam.ate~
and 3.78 g of unreacted starting material. Further purification
by flash chromatography with a gradient system, hexane/EtOAC
20:1+9:1 0of the mixture afforded pure thionoester 38 (2.06 g,
22.5%), Rf .35 (EtOAc/hexane 1:6) as a pale yellow oil and
1.26 g (13.4%) Re .31 (EtOAc/hexane 1:6) of the thiocarbamate 39.
a) thionoester 38: [a]gof70.0° (c 0.45, CHCl;), UV (EtOH) A ..
250.5, log € 3.97, IR (éHC13) Voax® 3400 (NH), 3050 (ArH), |

1

1745 (CO), 1510, 1220 "H NMR (CDCl 200 MHz) § :7.3-71 (m,  5H,

3'
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( . ArH), 5.56 (d, 1§, J 8.5 Hz, NH TCE), 4.85-4.45 (multiplet
containing 2 doublets centered &t 4.76 and 4.64, 3H J = 6.8 Hz,

' gem
CH2), 1.24 (t, 3H, J=7.05 Hz, CH3) ppm.

MS (70 eV, 30) m/e : 383 (1.3, M'"), 384 (.3, M'-+1), 385 (1.3 .

M T +2), 386 (.3, M °+3) 387 (.5, MT +4), 294 (41.7, MT--

C(S)OEt) , 190 (94.1), 91 (100).

20

b) thiocarbamate 39: [a]29+71.0° (c 1.0, CHC1,), IR (CHCL,)

Vmax® 3.370 (NH), 3010 (ArH), 1735 (C(O)), 1505, 1400, 1200,
1 .

1170 *H NMR (200 MHzZ, ébc13) : 7.4-7.0 (m, SH, ArH), 6.98 (d,

1H, J=8 Hz, NH), 5.2-4.95 (multiplet co:mtaining 2 doublets
centered at 5.14 and 4.96, J=11.7 Hz, 3H, 2CH TROC, CH,), 4.14

(g, 2H, J=7.2 Hz, CH,~CH,), 3.30 (dd, 1H, J=6.4 Hz, J=15.1 Hz,

o
o CHé), 3.20 (d4d, 1H, J=5.0 Hz, J=15 Hz, CHg'), 1.18 (t, 3H,

w7

-J=7.2 Hz) ppm.

N—acetyl L-phenylalanine thione ethyl ester (40)

-

N~Troc L-phenylalanine thione ethyl ester (530 mg, 1.37‘
mmol) was dissolved in‘Z}cOH (10 mL) and acetic ar.lhydride (4.6 g,
45 mmol) and zinc dust (Fisher) (1.0 g, 15 mmol) and the mixture
stirred at 23°C for 24 h. The zinc dust was then filtered
through celite. Evaporation of the solvents, and purification
by flash chromatography on silica gel (CHC13/EtOAc 3:1) yielded
. an 0il which was recrystallized from hexanes. After two

additional recrystallizations 204 mg, (58% yield) of white

needles were obtained.

(i\a
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Re .41 (CHC1,/EtOAc 3:1); mp 79-80°C; UV A '243.8 log € 3.96

£ ax

1285 em Y; 1y NMR (200 Mz, cpel,) § : 7.37-7.05 (m, 5H, ArH),

7.33 (b4, 1H, J 7.0 Hz, NH-C(0)), 5.03 (m, 1H, CHa)' 4,39

(dg, 14, J 7.1 Hz,, J=11.0 Hz, O-C§2CH3) 4,37 (dg, 1H, J=7.1 Hz,
{

J=11.0 Hz, O-CH,

3.05 (dd, 1H, J=6.9 Hz, J=13.4 Hz, CHB)' 1.25 (t, 3H, J=7.1 Hz,

CHZ—C§3) ppmn. 13C NMR (CDC13) :218.03 (C=S), 169.1 (C=0), 136,

‘129, 128, 127, (C Ar), 68.89 (0-CH,), 60.7 (C,), 41.6 (Cg),

34.3 (C(O)CH,), 13.3 (CH,-CH,); MS (70 eV, 31°C) m/e: 251
(5.1, M""), 192 (68.4) M' -NHZ-é(O)CH3, 120 (100, C H,-CH, ,-CH
NH) , Analysis: Caled. C 62.12, H 6.81, N 5.49, S 12.75, Found:

C 62.06, H 7.02, N 5.49, s 12.63.

- - f

Boc—LeuC (S)-Phe-OH (48)

Boc-LeuC(S)—Phe-OCH3 (67) (400 mg, 0.96 mmof?\yas

dissolved in a mixture of THF/HZO (2:1, 5 mL) and 1N sodium

hydroxiée (1.15 mL) (1.2 eg.) was added and the mixture was
stirred at room temperature for 1 h. After evaporation of the
THF in vacuo, the residue was diluted with H,0 (10 mL) and
acidified with citric acid (5%) and extracted twice with EtOAc
and the organic layer was washed with H20, dried (Mgso4) and
evaporated in vacuo to yield 170 mg (85% yield) of a foamy

solid.

/
Re .36 (CHCla/MeOH 9:1); UV (ETOH) : lmax 267.3 log € 3.95;
1

[a]go+67.3° (c 1.0, MeOH); "H NMR (200 MHz, CDC13) § : 8.95

—cns), 3.16 (4d, 1H, J=6.1 Hz, J=13.4 Hz, CHg),

1012%433.3° (c 1.0, EtOH), .IR (KBr) v___: 3120, 1655, 1540, 1380,

i
|
]
H
)
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(br d,.l1H, NH Phe), 7.30-7.08 (m, 5H, ArH, 5.44-5.14 (m, 2H,
Ch, Phe, NH Boc), 4.66 (m, 1H, CHy Phe), 3.02 (m, 1H, CH,r Phé),
1.80-1.20 (multiplet containing a singlet at 1.46, 12H, CHY’

CHZB Leu, t~bu), 0.90 (br s, 6H, 2CH3 § Leu) ppm.

Attempts to prepare Boc-LeuC (S)-Phe-Phe dCH,CH? from the

‘thiopeptide acid (48)

Boc-LeuC(S)-Phe~-OH (100 mg, 1.257 mmol), triethylamine
(25 mg, 0.25 mmol) and HOBt (35 mg, 0.25 mmol) were dissolved
in cnzciz (5 mL) and cooled to 0°C. DEC (53 mg, 0.25 mmol)
was adéed all ag once and the mixture stirred at 0°C for
30 min. TLC analysis indicated the disappearance of the
étaéting material and the formation of two new products: Major
product Re .47 (hexane/EtOAC 5:2) and minor product R .49.
The reaction mixture was diluted with CH2C12 (10 mL), washed

with citric acid (5%) H,0 and the resulting products were

purified partially on silica gel chromatography. The product

was obtained as an o0il and rapidly turned bright yellow on

standing.

lH NMR (200 MHz, CDC13) § + 7.36-7.06 (m, 5H, ArH), 4.96-4.10
(m, 3H, CHa Phe, CHa Leu, NH Boc), 3.44f2.80 {m, 2H, CH28 Phe),
1.70-1.24 (multiplet containing a singlet at 1.42, 12H, CHY

CH28 Leu, t-bu), 0.90 (m, 6H, 2CH; Leu) ppm.
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1:" N'-methyl S-methyl N-Boc-L-phenylalanine thioimidate

To the thloamlde 18 (500 mg, 1.7 mmol) dlssolved in dry
acetonitrile (10 mL) was added &ethyl iodide (482 mg,

3.4 mmol) and the mixture stirred under a nitrogen atmosphere
»

at 35°C for 28 h. The solvent and excess methyl iodide were
remoyed in vacuo to yield a brownish qily resi@ue. ‘Addition
of anhydrous ether ¥ielded a hydroscopic yeéllow solid which
was filtered rapidly and washed with anhyrous ether to give

595 mg (80%) of the“thioimidate 49 which was used-without ,

further purification.

20 1

H NMR (60 MHz,

‘ mp 124-127°C; [a][ +55.0° (c 1.0, CHCl,),

CDC1,/DMSO 1:1) 6 : 8.0-7.%8 (b, 1H, NH), 7.21 (s, S5H, ArH),

D6
6.1-5.9 (b, 1H, NHBoc), 4.8-4.4 (m, 1H, CH ), 3.3-3.0 (m, SH,
CH23’ CH3), 2.30 (s, 3H, S—C§3), 1.45 (s, 9H, t-bu) ppm.

MS (70 eV, 55°C) m/e: 295 (2, M''-CH,), 220 (M'"-C(S)NHCH;, ™ ..

T
205 (19), 164 (226), 120 (682).

‘ _ N-Boc-S-methyl-L-phenylalanine methyl dithioester (50)

The thioimidate (49) (2.0 g,‘4.58 mmol) was added all at
once to a saturated solution of H,S in dry THF (25 mL) at 0°C,
followed by the addition of dry pyridine (1.8 g, 22.9 mmol).
H,S was %Ptroduced in the reacfion mixture for an additional
20 min. After this was fluéhed out of the soluéion with a
stream ofenitrogen into traps containing lead (II) acetate

X

(f 1 and sodium hydroxide. The reaction mixture was then transferred
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to a separatory funnel diluted witﬁ ether (100 mL), washed »
with 5% citric acid (2x50 mL), 5%'NaHCO3 (2x50 mL, brine, P
dried (MgSO41 and evaporated in vacuo. Flash chromatography \
on-silica gel using hexanes/EtOAc (5:2) as eluent gave a
yellow solid which was recrystallized from hexanes and filtered
at 0°C to give 943 mg (66% yield) of bright yellow crystals.

mp 79-81°c;'(&]§°+84:5° (c 1.0, CHCl,;); UV (EtOH) A__ : 307.3
log € 4.13 'H NMR (200 MHz, CDC1,) 7.40-7.14 (m, 5H, ArH),
5.44-5.30 (bd, 1H, NHBoc), 5.2-5.0 (m, 1H, CH ), 3.30-3.05

(m, 2H, CH,g), 2.58 (s, 3H, SCH;3), 1.38 (s, 9H, t-bu) ppm.

MS (70 eV, 20°C) m/e: 311 (1.5, mt*), 200 (18.4, M+’7C(S)—SCH3),
164 (21.4, M+';C(S)-SCH3), 120 (51,2, C6H5-CH2=CH+‘L, 91 (35.0),
57 (100).

Elemental analysis calcd: C 57.84, H 6.79, N 4.49,.5 20.55.

Found: C 57.73, H 6.84, N 4.45, S 20.41.

N-Boe-methionine ethyl dithioester (54)

) N'-methyl Boc methioninethioamide (51) (781 mg, 2.8 mmol)
was dissolved in dry acetonitrile (2 mL) and methyliodide

(400 mg, 5.6 mmol) was added and the mixture heated at 30°C
for 24 h. The solvent was evaporated and yielded an insoluble
mixture of products. This crude mixtuée was added to a THF
solutiop saturated with HZS at 0°C. HZS was then added for an
additional 20 minutes and the reaction mixture worked up as

described for the dithicester derivative 50. The two products

present were separated by flash chromatography on silica gel

SRR R S
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using ether/hexanes (5:2) as eluent and yield 200 mg (40%)
of the least polar component: Rf .4 (hexanes/EtOAc 5:2),
and 40 mg (7%) of the most polar component Rf .3 hexane

(EtOAc 5:2) as a yellow oil corresponding to the desired

Boc—Met—C(S)—SCH3.

[a]go+12.0° (¢ 1.0, CHCl,); UV (EtOH A___ : 306 log € 4.06,

'u NMR (60 MHz, CDCL,) 6 : 5.66-5.20 (m, 1H, NHBoc), 5.19-4.85
(m, 1H, CHG), 2.80~2.33 (multiplet containing a g!nglet at 2.60,
7H, (C(S)JEEH3, CHZ-S), 2.30—i.95 (multiplet containing a
singlet at 2.09, (5H,«S—CH3,CH8), 1.50 (s, '9H, t-bu) ppm.

MS (70 eV) m/e: 295 (M ", 55), 239 (M''-SCH,), 204 (M *-C(S)-
SCH,), 191 (55), 148 (339, 61 (526). Least polar identified

as N-Boc dithioester 55. mp 86-89°C decomp; [a]go 0.0 (c 1.0,

CHCl3)7 UV (EtOH) ) 3.0.3. log € 4.11, lH NMR (200 MHz,
p max
CDCl3) 6 : 5.30 (br, 1H, NHBoc), 4.40 (m, 1H, cu,), 3.50 (m, 1H,
CHB), 3.30 (m, 1H, CHB'), 2.04 (octet, 1H, J=7.1 Hz, J=12.4 Hz,
J=24.7 Hz, CH ), 1.44 (S, 9H, NHBocC) ppmq:
Y -~ RSN
MS (70 eV) m/e: 233 (M7, 19), 133 (284) ° 101 (697).

Boc-DL-PheC(S5)-Gly-OEt (58)

The dithioester of Boc-Phe .(50) (200 mg, 0.67 mmol) was
dissolved in dry THF (5 mL) together with glycine ethyleéter
hydrochloride (108 mg, 0.77 mmol), imidazole (48 mg, 0.70 mmol)
and ?riethylamine (80 mg, 0.77 mmol). After 6 h of stirring

at room temperature the solvent was removed in vacuo. The

or

[
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) residue was taken in EtOAc, washed with citric acid (5%),

brine, dried (MgSO4) and evaporated to give 205 mg (92%) of
/
pale yellow powder, which was recrystallized from CHC13/hexane.

\
.36 (héianes/EtOAc 5:2) i
O

20 ’ '
C; [@]5° 0.0 (c 1.0 CHCl,); UV (ETOH) : A___ 266.0
1

Re

mp 127-131

log € 4.02;| '8 NMR (200 MHz, CDC1,) 6§ : 9.0 (br, 1H, C(SINH),
8.40-8.14 (m, 5H, ArH), 5.32 (br, 1H, NHBoc), 4.6 (m, 1H, CH_

. Phe) 4.34-4.12 (m, 4H, CH, Gly, CH,-CH,), 3.16 (q, 2H, J=4.5 Hz,
CHyzPhe), 1.40 (s, 9H, t-bu), 1.26 (t, 3H, J=7.6 Hz, CH,~CH,)

ppm.

'Boc—DL—FheC(S)’Leu—OCH3 (59)

Boc-PheC(S)-SCH, (50) (50 mg, 0.16 mmol) dissolved in

3

dry THQ/{Z mL) with L-leucine methyl ester hydrochloride (32 mg,

0.17’Ehol) triethylamine (0.17 mmol) and imidazole (1l mg,

0.17 mmol) and the mixture stirred at room temperature for,

-
ey

4 days. After evaporation and purification by flash chro- .
matography on silica gel (hexanes/EtOAc 5:2) 59 mg (91%) of

white powder was obtained. Rf .44 (hexanes/EtOAc 5:2)

. 20_ o ;
UV (ETOH) = A . 268.1 log € 4.20, [a]f"~13.1° (c 0.95, CHCL,);

' NMR (60 MHz, CDCl,) 6 : 7.85 (br, 1H, NH Leu), 5.38-4.85

—

(m, 2H, NHBoc, CHaPhe), 4.85-4.35 (m, 1H, CHaLeu), 3.66-3.68

(28, 3H, OCH,), 3.16 (d, 2H, J=7 Hz, CHgPhe), 1.66-1.16

3
(multiplet containing a singlet at 1.40, 12H, CHB’ CHYLeu,

t-bu), 1.05-0.85 (m, 6H, 2CH3 8§ Leu) ppm.

P i ash st ez L i L

.
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Boc-DL-PheC (S) -Gly-Gly-OEt (60)
o)

This compound was prepared as described for Boc-PhecC(s)-
Gly-OEt 58 with Boc-PheC(S)-SCH4 (206 mg, 0.67 mnbl),
glycylglycine ethyl ester hydrophloride'(sigmai (139 mg,

0.73 mmol), imidazole (48 mg, 0.70 mmol) and triethylamine'

(80 mg, 0.77 mmol). The reactioanas stopped after lZ/h. After
identical work up as for 58 the product was purified by flash
chromatography on silica gel (hexane/EfbAc 1:1) to give 248 mg

(87% yield) of a waxy solid.

20
D

A ax.267-3 1og € 4.04, TH NMR (200 MHz, CDC1,) ‘6 : 8.9 (br, 1H,

NH Gly,) 7.40-7.12 (m, 5H, ArH), 7.06 (br, 1H, NH Gly,), 5.70

Rf .44 (hexanes/EtOAc 1:1); [«]Z° 0.0°, (c 1.0, CRCl;) UV (ETOH)

(br, 1H, NHBoc), 4.70 (m, 1H, CH, Phe), 4.40-4.24 (m, 2H, CH,
GIy,), 4.18 (g, 2H, J=7.6 Hz, CH,~CH,), 5.08-4.86 (m, 2H, CH,
Gly,), 3.20 (m, 1H, CH, Phe), 3.04 (m, lH, CH,, Phe), 1.36
(s, 94, t-bu), L.27 (t, 3H, J=7.6 Hz, CHZ—C§3) pPpm.

MS (70 eV) m/e: 423 (6.1, M °), 367 (7.6, M '- isobutylene),

349 (10.8), 306 (47.6), 273 (19.0), 215 (11.5), 120 (51.3).
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N'-Methyl leucinethioamide hydrochloride (43)

N'-Methyl N-Boc leucinethioamide (300 mg, 1.15 mmol) was
dissolved in anhydrouslether (5 mL). This solution was then
added to a HCl/ether solution (2N) ande left standing at room
temperature overnight. The solvent was evaporated and anhydrous
ether was added and a white precipitate formedﬂ :This powder
was collected by filtration and washed with ether to yield
215 mg (95% yield) of a white powder.
mp 197-198°C; UV (EtOH) }\m'ax 264.8 log € 4.02; [oc]"xz)0+43.4°

(c 1.0, MeOH); "H NMR (60 MHz, DMSO) & : 8.8-8.2 (br, 3H, NH, ,

\
/

NH), 4.4-4.0 (m, 1H, CH ), 3.0 (s, 3H, NH CH,), 1.83-1.40 (m,

3H, CH28

m/e: 160 (343, M'"),. 161 (27, M''+1), 144 (10, M'"-CH,), 104

CHY Leu), 1.1-0.86 (bd, 6H, 2 9536) ppm. MS (70 ev)

!

(557, M- isobutylene), 86 (100).

N-Acetyl-L-phenylalanine methyl dithiocester (57) -

The Boc-PheC(S)~SCH; 50 ([012%+80.5° (c 1.0 CHCL,))

3
(160 mg, 0.51 mmol) was dissolved in a HCl/ether solution (2N)
and left standing at room temperature for 2 h and 0°C overnight.
The resulting yellow crystals were filtered and washed with
anhydrous ether and dried in vacuo to give 120 mg (90% yield)

of bright yvellow crystals (mp 168-170°C). This hydrochloride
salt (100 mg, 0.4 mmol) was dissolved in CH,C1,. Acetic
;nhydride (43 mg, 0.4 mmol) and pyridine (32 mg, 0.4Jdumol).-were

then added, and the mixture was stirred at room temperature

.-
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o

(:} ' . for 3 h. The reaction mixture was then diluted with CH,C1,

(10 mL) and transferred to a separatory funnel, washéd with

citric acid (5%) and Hzo, dried (Mgso4) . Evaporation of the

solvent gave an oil which was crystallized from ether/hexane

to yield 72 mg (75% yield) of bright yellow compound.

mp 134-135°C; [a]2%+76.8° (c 0.5, CHClg); UV (BtOH): A___ 310.3

( - log € 3.98; 'H NMR (200 MHz, CDCl,) § : 7.34-7.08 (m, 5H, ArH),

| 6.40-6.24 (m, 1H, C(O)NH), 4.54-4.39 (m, lH,"CHa) , 3.24-3.03

(m, 2H, CHy,), 2.57 (s, 3H, SCHy), 1.98 (s, 3H, C(0)-CH,) ppm.
MS (70 ev) m/e: 253 (137, M'°), 220 (55, M'*-HS), 205 (133,

M" -cH, -SH), 194 (122, H'"- NH,-C(O)CH,), 162 (359, M’ '-C(S)-

3
SCHB) 120 (100).

s
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‘"added and the reaction mlxture stirred at 0°C overnight.’ Thg .

Chagter 2

‘
>,

BogELeu:Phe-OCH3 (62) ‘

-

Boc-Leu (Bachem) (5.0 g, 23 mmol), phepyla’lénine metéh'yl,
ester hydrochloride (4.96 g, 23 mmol), triethylamine (2.32 gy

23 mmol) and HOBt. (3.10 g, 23 mmol) were dissolved in CH,Cl, -
(50 mL) and cooled to 0°C. DCC (4.75 g, 23 mmol) was then
solvent was removed in vacuo, and the residue suspended in EtOAc/
(106 mL) and fjilt_gred. The filtrate was tran_s%ferred into a
separatory funnel and washed successively with citric acid D_(.S%) © e
2x25 mL), NaHCO, (2x25 mL) and brine (2x25 mL). The organic' -
layer was drieq/4'£d§§04), and evaporated in vacuo. ‘The oily

residue was crystallized from EtOAc/hexanes giving 7.2 g (86%

-

-
i ot e e s m

yield) of a white solid.

20

Re .51 (CHC1,/EtOAc 3:1); mp 83-85°C; [a] "-24.2° (c 1.0, MeOH) ; E

B NMR (60 MHz, CDC1;) & : 7.53 (4, 1H, J=7.0 Hz, C(O)NH), y
7.6~7.0 (m, 5H, ArH), 5.13-4.66 (m, 2H, CH, Phe and Ngsdé),
4.16 (m, 1H, CH, Leu), 3.72 (s, 3H, OCH3), 3.05 (¥, 2H, J=8 Hz),

cH, g Phe), 2.1-1.64 (m, 3H, C,, CH, Leu)-1.40 (s, 9H, NHBoc),

.9' (4, 6H, J=7.0 Hz, 2CH,, Leu) ppm.

Boc-Met-Leu-Phe-OCH, (63)’ , .
» . 3

. ' & . Q
Boc-Phe-Leu-OCH, (3.0 g, 7.6 mmol) was dissolved in formic .
% . ‘ .

3
acid 98% (25 mL) and stirred at room temperature for 2 h. The




M”“Wwv x
v

A
2
" . -
( : 7

@G

.excess ac1d was removed J.n vacuo at 30°C.

8 mmol) and the mixture stirred at 0% for 1 h.

. Met),

J=8 Hz), 2.54. (t,
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\ : b < 9
The xesulting

fomate salt is then neutrallzed by the addition of NaHCO3 (5%)

(20 mL) and_ extracted with CH2C12, (2x50 mL) . The organic layer.

was dried (MgSO,), filtered and cohcentr‘a‘ted in vacuo to a

volume of approximat’ely 10 mL. '\To‘ a solution of Boc-methionine

7.6 mmol) and HOBt (1.14 g, 8.4 mmol) in

(Bachem) (1.89 g,

CH:ZC]_—2 (20 mL) and DMF (5 mL) at 0°C was added DCC (1.65 g, )
After “this

time, the so,lutuion of LeurPhe-OéH3 previously cooled at ‘0°C was
added axiud the fesulting mixture sti;'red at 0°C for 1 h, and .

room temperature for 15 h.

and the. residue sﬁspended in EtOAc and filtered. The filtrate
e .

was washed with citric acid (5%), NaHCO3 (5%) and brine. After

drying (MgSO4) and evaporation, the resulting solid was re-
s C -

crystallized from EtOAc~hexanes giving 2.6 g (65% yield) of a .

white powder homogenous by TLC.

H

20-39 20

mp 126.5-127.5°C; [a]

7.3-71 (m, 5H : ArH) , 6.

1

C(O)NH) , 5.14

R, .26 (CHC13/ETOAC 3:1) ; (c 1.0, »

f
MeOH) ; 1

H NMR ,(60 MHz, CDC13) S 56

(d, 1H, J=7 Hz, c(0)NH), '6.43 (4, 1lH, 5=6.2 Hz,

(d, 1H, J=7 Hz, NHBoc), 4.8l (m, 1H, CH  Phe), 4.38 (m, lH, CH,

4.18 (m, 1lH, Ch, Leu), 3.67.(s, 3H, OCH;), 3.09 (d, 2H,

5,

2H, J=7.4 CH,. Met), 2.09 (s, 3H, S-CH,) ,

2y

7

The solvents were evaporated in vacuo,
N L4

2.07-1.83 (m,

2H, CH

1.45 (s, 9H, NHBoc),

ppn.

28

Met), 1.70-1.52 (m, 3H, CH28 CHY Leu),

.88 (dd,

6H, J=3.9 Hz,

J=4.3 Hz,

2CH

36

Leq)

H

E
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HC (O) ~Met-Leu-Phe-OCH., (64)

3

Boc—Me1!:--I_|eu-Phe-().CH3 (1.0 g, 1.9 mmol) was dissolved 5@“

formic acid 98% (20 mL) for 3 h. Evaporation of formic acid’

i

in v_ég_t_l_g gave an.oil which was dissolved in CHCl3 (25 mL),

EEDQ (505 mg, 20 mmol) was then added. The reaction mixture

was stirred at room temperature for 4 h. !The solvent was
evaporated in vacuo. The residue was dissolved ln EtOAc (100 mL) K
washed w1th citric acid (5%) (2x25 mLi 5% NaHCO, (2x25~mL) ’ br:Lne
,‘(2x25 mL). The organic layer was dried (MgSO4) and filtered.

. Evaporation of th; solvent gave a solid whict; was precipitated

2
_homogenous by TLC.

& from MeOH-H,O yielding 800 mg (95% yield) of a white powder ; .

Physico-chemical data are given in Table 5.

lH NMR chemical! shift* and c&upling constants (200 MHz, .

acetone-D. in Tables 6 and 9.

6
HC(S) ~Met-Leu-Phe-OCH, (66) ' ) N
- HC(O)—Met-Leu—Phe--OCH3 (300 mg, 0.66 mmol) was disso‘lved‘
in dry THF (10 mL) and the solution cooled to 0°C. The
>
\

thionation reagel:lt 11 (175 mg,.KO.f33 mmol) was added all at

once and the mixture was stirred at 0°C for 0.5 h. The solvent’
was evaporated }_r_1_ vacuo, and the residue dissolved in CIjICl3 N
(¢ mL) and applied on a silica gel column. Rapid elution using
CHCl‘3/MeOH (9:1) as eluent affoz.;ded a solid which was recrys-
tallized from EﬁOAc/ﬁexax;es giving 220 mg (73% yield) of a _

white powder.

-

Aat
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Physito-chemical characteristics are given in Table 5.

Y

lH NMR chemical shift and coupling constants (écetone—DG) are
given in Tables 6 and 9. 13C NMR chemical shift (acetone-DG)
are given in Table 7.

+.

MS (70 ev) m/e: 468 (.8, M'°), 422 (.3, M'"-HCZS), 318 (2.5),

303 (70, M'"-Phe OCH,), 162 (14.1), 120 (42.7), 86 (30.4),

¢

61 (26.4).

9

Boc—LeuC(S)—Phe--OCH3 (67)

. The thionation reagent 11 (1.3 g, 1.75 mmol) was added to
a solutign of Boc-—Leu-Phe--QCH3 (L.0 g, 2.5 mmol) in dry THF
(25 mL) and stirred under nitrogen for 24 h. The solvent was
evaporated in vacuo. The oily residue was dissolved in CHC1,
(2 mL) and purified by flash chromatography on silica gel with
‘ﬁexanes/EtOAc 5:1 as eluent. After evaporation of the desired
fractions, 890 mg (87% yield) of an oil, which solidifies on
standing, was obtained.
R, .49 (EtOAc/hexanes 2:5). mp 73-76°C; [a]§0+39.3°(c 1.0,
MeOH); UV (EtOH) : A__ 267.4 log & 4.08; “H NMR (200 MHz,
CDC13) § : 8.2 (d, 1H, J=7.4, C(S)NH), 7.3-7.06 (m, 5H, ArH),
5.36 (ddd, 1H, J=6.1 Hz, J=4.8 Hz, J=7.3 Hz, CH, Phe), 5.0l
(br s, 1H, NHBoc), 4.42-4.32 (m, 1H, CHa Leu), 3.74 (s, 3H, OMe),
3.41 (44, 1H, J=6.13 Hz, J=13.9, CHg Phe), 3.2 (44, 1H, J=4.66
Hz, J=13.9 CHB' Phe), 1.68-1.58 (m, 3H,‘CH28-~CHY Leu), 0.92._

(d, 6H, J=6.1 Hz), 2CH35 Leu) ppm.

s /& ‘ -

- oy
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MS (70 ev), m/e: 408 (22, M'*), 352 (71, M''- isobutvlene),

335 (27), 223 (161), 162 (1983, 130 (212), 120 (297), 91 (581).

Desulfuration experiment of Boc-LeuC(S)-Phe—OCH3 (67)

To Boc-LeuC(S)-Phe~-OCH; (88 mg, 0.21 mmol) in dry THF
13

(2 mL) was added silver nitrate (81 mg, 0.47 mmol) and the

mixture was stirred for 1 h at room temperature. The reaction
mixture was diluted with EtOAc and filtered through celite.

The solvents were evaporated and the product purified by f;ash
chromatography on silica get using EtOAc/hexanes (5:2) to

yield 43 mg (50%) of a white powder which had identical properties
to those previously described Boc—Leu—Phe-OCHB.

20

R, .51 (CHCl3/EtOAc 3:1); [Ot]D -24.1° (c 1.1, MeOH).

£

Boc-Met-LeuC (S) -Phe-OCH., (68) Method A.

3

Boc~LeuC (S) -Phe~OCH, (500 mg, 1.22 mmol) was dissolved in

3
formic acid 98% (5 mL) and left standing at room temperature for

i

2 h. The excess formic acid was removed in vacuo. To the oily

residue was added NaHCO., (5%, 10 mL) and the agqueous solution

3
imn@diately extracted with EtOAc (2x25 mL) and the organic layer,
dried with Mgso4 and evaporated EE.XQEEQ- The resulting o0il was
di%solved in CH,Cl, (5 mL) and added to a solution of Boc-Met-

HOBt at 0°C. This solution had been prepared from Boé-methionine

$304 mg, 1.22 mmol) HOBt (181 mg, 1.3 mmol) and DCC (251 mg,

1.22 mmol) in CH2C12 (5 mL), DMF (2mL) at 0°C as for 64.

T
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The resulting mixture was stirred at 0°C for 1 h, and at room
temperatﬁre for 4 h. The DCU was filtered and the filtrate
washed successively with citric acid (5%) (2x25 mL), NaHCO3
(5%) (2x25 mL), and brine. The organic layer was dried (MgSO4)
and e\;aporated in vacuo to yield a solid which was recrystal-
lized from CHC1'3/hexanes giving 376 mg (73% yield) of white

crystals.

R, .23 (Hexanes/EtOAc 532), mp 131-133°C; [a120-17.4 (c 1.0,

£
MeOH); UV (ETOH) : A _  268.4 log € 4.01; 'H NMR (200 MHz, CDCI,)
§ : 8.32 (br 4, 1H, J=6.4 Hz, C(S)NH), 7.3-7.1 (m, 5H, ArH),

6.80 (d, 1H, J=8.0 Hz, C(O)NH Leu), 5.36 (m, 1H, CH, Phe) , 5.22

g
- (d, 1H, J=8.0 Hz, NHBoc), 4.70 (m, 1H, CH Leu), 4.25 (m, 1H,

CHOL Met), 3.73 (s, 3H,*OCH3), 3.34 (d4d, 1H, J=6.2 Hz, J=14.8 Hz,

CH, Phe), 3.19 (d4dd, 1H, J=5.3 Hz, J=14.8 Hz, CHB’ Phe), 2.54 (t,

B
2H, J=7.21 Hz, CH2Y Met), 2.10-1.80 (multiplet containing a

' singlet at 2.10, 5H, S-CH CH, Met), 2.76-2.50 (m, 3H, CHyg

=37

CHY Leu), 1.44 (s, 9H, t~bu), .91-.88 (24, 6H, J=2.6 Hz, 2CH,35

Leu) ppm.

HC (Q) -Met-LeuC (S) -Phe-OCH, (69)

3

Boc-Met-LeuC (S) ~Phe~0CH, (200 mg, 0.37 mmol) was dié\solvéd
ih formic acid (10 mL) and left standing at room temperature
for 2 h. The formic acid was removed in vacuo, ‘and the residue
was/dissolved in CHCl3 (5mL) and EEDQ (100 mg, 0.040 mmol) was
added and the mixture was stirred overnight at room temperature.

Evaporation of the solvent yielded a solid which was recrystal-

——
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@
lized with CHC13/hexanes to give 140 mg (31% Xield) of a
‘white., powder.
Physico~chemical characteristics are summarized in Table

5. lH NMR chemical shifts and coupling constants are given

13C NMR chemical shifts are given in

in Table 6 and Table 9.
Table '7.

MS (70 eV) m/e: 467 (7.3, M' "), 411 (79.8, M "~ isobutylene),
344 (2.9), 291 (14.8), 248 (11.7), 180 (19.0), 120 (6.6), 104

(14.4), 91 -(13.0), 86 (100), 61 (59.6).

Boc-DL-MetC (S) -Leu-Phe-OCH, (70) (via the dithioester)

3

!

Boc-MetC(S) —SCH, (54) (30 mg, 0.11 mmol) was dissolved in

THF (2 mL) with HCl.Leu-Phe-OCH, (38 mg, 0.12 mmol) triethyl-

3
amine (12 mg, 0.12 mmol) ahd imidazole (7 mg, 0.12 mmol) and

the mixture stirred at room temperature for 3 days. The solid

was filtered and the filtrate evaporated in vacuo to yield an

' 0ily residue which was purified by flash chromatography on

silica gel (hexanes/EtOAc 5:2) 38 mg of an oil (67% yield). y
20 _
D

H NMR (200 MHz, CDCly) § : 9.40-9.20 (m, 1H, C(S)NH), 7.30-7.00

[0] 56.5° (¢ 0.72, CHCl,); UV (EtOH): A 268.8 log € 4.01;
3 X

ma

(m, 5H, ArH), 6.64 (m, 5H, C(O)NH), 6.48 (m, 5H, C(O)NH, ArH),

5.40 (m, 1H, NHBoc), 5.0 (m, 1H, CHa Leu) , 4.78 (m, 1H, CHa Leu) ,

<

4.52 (m, 1H, CH, Met), 3.64 and 3.66 (2s, 3H, OCH3), 3.14-2.98

(m, 2H, CH Phe) , 2.58-2734 (m, 2H, CHY Met), 3.20-2.74 (multiplet

2
containing 2 singlets at 2.08 and 2.06, 5H, SCH3, CH

& et s

28 Met,

!

‘ . 1
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2.78-2.46 (m, 3H, CH, CH_ Leu), 1.38 (s, 9H, t-bu), .92-0.84

B Y
(m, 6H, 2CH35 Leu) ppn.

Boc-MetC(S)~LeuC(S) -Phe-OCH3 (73)

To Boc—Met-—Leu-Phe—OCH3 (600 mg, 1.14 mmol) dissolved in
dry THF (10 mL) was added the thionation reagent 11 (720 mg,
1.36 mmol) and the reaction mixture was stirred at room
temperature for 24 h. The solvent was evaporated in vacuo and
the resulting o0il dissolved in CHCl3 (2mL) and purified by flash
chromatography on silica get using hexanes/EtOAc (5:2) as eluent
to give a white solid 518 mg (82% yield).

Rf .55 (hexanes/EtOAc 5:2); [a]50—36.5°(c 1.0, CHC13); UV EtOH) :
1

Amax 272.2 log e 4.27; H

J=7.9, C(S)NH Leu), 8.01 (d, 1H, J=6.75 Hz, C(S)NH Phe), 7.32-7.18

NMR (200 MHz, CDCl3) § : 8.47 (4, 1H,

(m, 5H, ArH), 5.42 (m, 3H, NHBoOC, CHa Phe, CHa Leu), 4.54 (m, 1lH,
CHa Met), 3.75 (s, 3H, OMe), 3.32 (dd, 1H, J=6,1 Hz, J=13.2 Hz,
CHB Phe), 3.23 (a4, 1H, J=5.3 Hz, J=13.2 Hz, CHB' Phe), 2.53

(m, 2H, CH Met), 2.1 (s, 3H, SCH3 Met), 2.05-1.98 (m, CHZB Met).,

2Y
1.85-1.5 (m, 3H, CH, CH,, Leu), l.44 (s, 9H, t-bu), 0.90 (dd,

6H, J=6.4 Hz, J=4.7 Hz, 2CH,; Leu) ppm.

MS (70 ev) on ethyl ester derivative m/e: 569 (27.0, m+'), 496
F(G.l), 480 (39.9), 419 (73.7), 333 (19.1), 306 (13.8), 264 (15.5),
263 (16.7), 262 (19.3), 194 (6.8) 120 (18.0), 104 (28.4), 86

(12), 61 (57). e

S o S o e
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Hc(0)-MetC(514LeuCLS)-Phe—ocn3 (76)

Boc—-MetC(S)-LeuC(S)—-Phe—O—CH3 (300 mg, 0.54 mmol) was
dissolved i1:1 formic acid 98% (10 mL) and stirr;éd at room ‘tem-—
perature for 3.5 h. The excess formic acid was removed in
vacuo to give an oil which solidified on standing. This
formate salt was dissolved in CHCl3 (10 mL) and EEDQ (151 mg,

0.61 mmol) was added. After stirring at room temperature for

: \ . .
‘4 h, the solvent was removed in vacuo and the resulting oil

purified by flash chromatography on silica gel. An oil was
obtained from evaporation of the desired fractions. This oil
was precipitated from MeOH-HZO giving 198 mg (76% yield for :
both steps) of a white powder.

The physico-chemical characteristics are given in Table 5.

1H NMR (200 MHz) chemical shifts and coupling constants are

given in Table 6 and Table 9. l3C NMR chemical shifts are

given in Table 7.

MS (70 ev) m/e: 483 (24.6, M+'), 449 (100, M+' - st), 405
(55.4, M- H,S - HC(O)NH), 388 (17.8), 360 (74.0), 346 (11.8),
319 (6.8, Mt - Ph—CHz-CH;C(O)OCH3), 155 (3.1), 122 (3.8),

91 (16.7).

Simultaneous pfeparation of monothiocoamide 71 and 72 and

dithioamide 73 from Boc-Met-Leu—Phe-OCH, (64)

Boc—Met—Leu-;Phe—OCH3 (2.0 g, 3.8 mmol) was dissolved in

dry THF (60 mL) and cooled to 0°C. The thionation reagent 11

E]




TRkt .
’ P T e s e s

225

(1.51 g, 2.8 mmol) was added and the reaction mixture stirred

in a sealed flask at 0°C for 3 days. The solvent was removed

'in vacuo. Flash chromatography on silica gel using a gradient

solvent system hexanes/EtOAc 5:1 —~ 5:2 gave after evaporation

of the different fractions 360 mg (18% yield) of the least

polar component Boc—MetC(E})—LeuC(S)-Phe—OCH3 and 1.350 g (66%

yield) of the most polar component and 100 mg of unreacted

starting material.

HPLC (silica gel, hexanes/CHCl3/MeOH 800:50:4) was used -

to separate the mixture of monothio Boc-tripeptide and these

@

were found to be in a ratio 65:45 least polar/most polar

a)

Boc-MetC(S) -Leu—-Phe~OCH; 71 (least polar) HPLC retention
time 9.0 min, oil, UV (ETOH) : Xmax 268.8 log € 4.00;

[a]go-47.4°(c 1.0, CHC1,); 1y aMr (200 MHZ, cpely) 6

8.13 (br 4, 1H, J=7.60 Hz, C(S)NH), 7.31-7.1 (m, 5H, ArH),

6.4 (br 4, 1H, J=7.3 Hz, C(O)NH Phe), 5.4 (br 4, 1H,

J=7.8 Hz, NHBoc), 5.02 (m, 1H, CHa Leu), 4.82 (m, 1H, CHa
Phe) , 4.52 (m, ilH, CH, Met), 3.72 (s, 3H,-OCH3), 3.12 (4,
1H, J=2.8 Hz, CH8 Phe), 3.09 (d, 1H, J=3.1 Hz, CHB' Phe) ,

2.4 (m, 2H, CH Met) , 2.10 (s, 3H, S—C§3), 2.05-1.97 (m,

2y

2H, CHZB Met), 1.43 (s, 9H, t-bu), 1.8-1.6 (m, 3H, CHZB'
CH2Y Leu), 0.90 (dd, e6H, 2CH3ﬁ\i?u) ppm.

MS (of the corresp%niing ethylester) (70 eV) m/e: 553
(10.9, M+'), 520 (3.0), 300 (14.3), 194 (100), 186 (21.0)

120 (33.9), 104 (27.4),°57 (67).

T
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(:?x J b) ° most polar
' retention time 9.5 min.
- physico chemical properties identical to those described

previously for 68. . ]

-

HC (O) -MetC (S) -Leu-Phe-OCH, (74) and HC (0O)-Met—-LeuC (S)-Phe—OCH, (75)

3 3

fhe mi;ture of Boc monothiotripeptide 71 and 72 (830 mg,
15.9 mmol) were dissolved in formic acid 98% (20 mL) and left
standing at room temperature for 2 hr. After evaporation of
the formic acid)ig vacuo, CHCl, (20mL) and EEDQ (598 mg, 16.3
mmol).were added and the mixture was stirred at room tem-
perature for 4 h. The solvent was evaporated in vacuo and the
products were isolated by flash chromatography on silica gel
using a gradient elution (EtOAc/hexanes 1l:1 - 2:1) to give
374 mg (50% yield) of least polar 74 and 270 mg (36% yield) of
the most polar 75. Their,physico-chemical characterictics are
summarized in Table 5; lH NMR chemical shifts and coupling

13

constants are given in Table 6 and Table 9; C NMR chemical

shifts are given in Table 7. \
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Observed NH chemical shift (ppm) vs temperature (DMSO-dg) .

o0 I
>

T (°C)

20
30
40°
50
60
70
¢0

20 °
30
40
50
60
70
80

20
30
40
50
60
70
80

NH Met

/N

8.03

7.98.

7.93
7.88
7.83
7.79
7.74

8.30
8.25
8.21
8.17
8.14
8.11

. 8.07

8.27
8.24
8.20
8.16
8.12
8.07
8.04

NH Leu

8.27
8.23
8.18
8.13
8.09
'8.06
8.00

10.04
10.00
9.95
9.90
9.85
9.79
9.75

8.12
8.07
8.01
7.95
7.90
7.84
7.79

-

s

NH Phe

&

8.34
8.27
8.22
8.16
8.10
8.03
7.96

8.47
8.41
8.35
8.28
8.23
8.15
8.10

10.42
'10.35
10.29
10.22
10.16
10.10
10.04
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8.8
0.936
0

-

ﬁi Anglesvﬂ and ¢ calculation:

J
NH(;HOl

1]

L}

N ' . 228

= 8.8 Hz : .

9.4 cos® 6 - 1.4 cos 6 + 0.4

2 9 - .117 cos 6 + 0.42

1.0 cos
1.0 cos? & - .117 cos 6 - 0.894

0.117 % (0.117)2 - 4(1-0.894)

"153°

¢~ 60°
-9, -147°(213)

C) Rotamer population analyses:

e.g.:

JoH -cH. © 6.1 Hz

o B (
J = 8,1 Hz
“CH ~CHg ,
= 2.6 PI + 11.8 PII + 3.3 PIII
= 11.8 PI + 2.6 PII + 3.0 PI;I
= 1= Prr= Prog

v

= 2.6 + 9.2 PII + 0.7PIII
= 11.8 - 9.2 PII - 8.8 PIII
= 0.38 - 9.2( 0.38 - 0.076 PIII) - 8.8 PIII
= 0.28
= 0.36
= 0.36 ’
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Chapter 3

Boc—Phe-Leu-OCH, (82)

pce (3.73 g, lé mmol)'was added to a mixture of Boc-Phe-OH
(4.38 g, 16.5 mmol), leucine methyl ester hydrochloride (3.0 gb.
16.5 mmol) and triethylamine (1.66 g, 16.5 mmol} in CH,C1,
(25 mL) at 0°C. The reaction mixture was stirred at 0°C for 1 h

and at room temperature for 4 h. The solvent was removed in

~vacuo and the residue suspended in EtOAc (100 mL) and filtered.

The filtrate was washed successively with citric acid (5%),

NaHCO. (5%), and brine. After drying (MgSO4) the solvent was

3
removed to yield a solid which was recrystallized from EtOAc/

hexanes giving 5.3 g (83%) of white powder.

R, .29 (EtOAc/hexanes (5:2)); mp 105-107°C; [a;g°-25.0° (c 2.0,

1

MeOH), "H NMR (60 MHz, CDC13) § : 7.26° (s, 5H, ArH), 6.29 (bd,

1H, J=8.0 Hz, C(O)NH), 5.06 (bd, 1H, J=9.0 Hz, NHBoc), 4.79-4.15
(m, 2H, CH, Phe, CH Leu), 3.68 (s, 3H, OCH)), 3.06 (d, 2H,’

J=7.0 Hz, CH Phe), 1.75-1.18 (multiplet containing a singlet

28

at 1.42, 12H, NHBoc, CHCH Leu)

Leu), .90 (4, 6H, J=5.0 Hz, CH

2 36

ppm e o

Boc-Gly~Gly-OH

-

Di-tert-butyl dicarbonate (9.07 g, 41 mmol) was added to

glycyl-glycine (5.0 g, 38 mmol), dissolved in THF/HZO 1:1
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3

(40 mL) and followed by the addi£ion of triethylamine (7.63 g,
75‘mmol). The mixture was stirred for 3 h at room teﬁperature.
After removal of the THF in vacuo, the aqueous phase was Qashed
with etper: _The organic layer &as extracted with 1IN NaOH
solution (5 mL) and the aqueous ﬁhase then-acidified withlo.lN
HCl .to pH 3.0. The agueous layer was extracted several times
with EtOAc and the combined oéganic extracts were washed with
5rine (3x), dried’(MgSO4),‘filtered and the solvent removed
in-vacuo to.yield 6.33 g (71.5%) of a white solid.

mp 135-136°C decomp. s ,
i NMR (60 MHz, DMSO) § : 8.05-7.75 (b, 1H, CO,H), 7.0-6.5
f%, 1H, NE.Gle)r 6.5-5.8 (b, 1lH, NHBoc), 3.90-3.20 (b, 4H,

CH2 Gly, CH2 Gly2 ), 1.3 (bs, 9H, t-bu) ppm.

Boc-Gly~-Gly-Phe-Leu-OCH., (83) .

3

i

'

Boc-Phe-Leu-OCH, was deprotected by treatment with formij

3
acid for 1.5 h followed by evaporation of the excess acid
in vacuo. Boc-Gly-Gly—-OH (1.0 g, 4.3 mmol). and HOBt (640 mg,

4.7 mmol) were dissolved in a mixture of CH2C12 (10 mL) and

-
R S

. 4
DMF (3 mL) and cooled to 0°C. DCC (887 mg, 4.3 mmol) and triethyl-

amine (434 mg, 4.3 mmol) were added. The mixture is stirred
overnight at 0°C and RT for 2 h. Evaporation of the solvents
and usual work up gave a solid which was crystallized from
THF/ether giving 1.98 g (91.5%) of a white po&der which was

homogeneous by TLC.

/
;

!
H

i
i

i
7
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{E‘ " * R. .34 (MeOH/CHCL;"1:9); mp 134-136°C; [a]§3l12.7° (¢ 2.0, 4 ..
MeOH) , 'H NMR (200 MHz, CDCl,) §: 7.37 (bs, 1, C(O)-NH, 7.28-7.06 ¥
] . . ?; )
{m, 7H, ArH (Phe), 2c(o)-NH), 5.58 (m, 1H, NHBoc), 4.91. (m, 1H, ¢
K

CH, Phe), 4-57 (m, 1H, CH  Leu), 4.1-3.8 (m, 4H, CH, Gly,,
. CH, Gly,), 3.70 (s, 3H, OCH,), 3.12 (dd, 1H, J=5.86, J=13.6,
CHg, Phe), 3.96 (dd, 1H, J=7.51, J=13.6, CHg, Phe), 2.70-2.40

(m, containing a singket at 1.45, 12H, NHBoc, CHY CHyg Leu),

Id
0.88 (4, 6H, J=5.86, CH36 Leu) ppm. 3 .
O,N-bis~(Boc)~-Tyr—-OH (84) R~

Q

Di-tert-butyl dicarbonate (13.2 g, 59 mmol) ,» triethylamine
(5.95 g, 59 mmol) and dimethylaminopyridine (320 mg, 2.7 mmol)

were added to L-tyrosine (5.0 g, 27 mmol) in THF/H20 (1:1),
&
(60 mL) and the resulting solution stirred at room temperature

’
»
<

- for 3 h. After removal of the splventashe residue was dissolved
"in EtOAc (100 mL) and washeéi with citrig acid (5%) and HZO'

After drying (MgSO4) the sqlvent\was remqved in vacuo éo yield

a foamy solid which was crystallized from CH2C12/hexanes to give

7.23 g (70%) of a white ‘Solid. . , :
_ R .51 (CHCl,/MeOH (9:1)); mp 96-98°C; 1ite®®? 92-94°c (a12%+10.5¢
(c 2.0, MeOH), 'H NMR (60 MHz, CDCly) 6 : 9.6 (bs, 1H, COH), -

7.38-6.9 (m, 4H, ArH), 5.24-4.83 (m, 1lH, NHBoc), 4%;0—4.73

(m, 1H, CHy), 3.30-2.96 (m, 2H, CHg), 1.56 (s, 9H, Q-Boc), 1.36 .

(s,, 94, NH-Bogc). ’ - {.

L8

h
H
4
+
&
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0,N-bis- (Boc) ~Tyr~Gly-Gly-Phe-Leu-OCH, (85)."

3

Boc-Gly~Gly~Phe-Leu-OCH (1.‘0 g, 1.9 mmol) was éeprotected

3
by'.treatment with formic acid (98%) (20 mL) at room temperaturé

for 1.5 h. The excess acid was removed in vacuo. DCC (432 mg, ~

2:1 mmol) was added to a mixture of 0O,N-bis-Tyr-OH (724 mg,
1.9 mmol) and HOBt (282 mg,- 2.1 mmol) in CH,Cl, (5 mL) and dry

THF (2 mL)  at 0°C. The reaction mixture was stirred at 0°C.
. , "

l}fte*r 1 h, a solution of the formate salt in CH:,_,Cl2 (5 mL)

containing triethyl.;min‘e (191 mg, 19 mmol) was, added and the

mixture was stirred at 0°C for 18 h and room temperature for 4’h'. '
T'h'e solvents were evaporated, the residue suspended in CHCl3 and
filtered. The filtrate was washed with citric acid (5%), H,0,

the organic layér was dried with MgSO4 and the solvent removed

in vacuo. The residue was dissolved in CHC1, (5 mL) and

L)

filtered. After removal of the CHC13, the resulting oil was
‘precipitated from THF/ether yielding 950 mg of a solid with two

minor impu::'ities,Rf .58, and .20. These were removed by flash

“

chromatography on silica gel with CHC13/MeOH 9:1 as eluent.

The combined fractions were evaporated and the residue crys-

~

" tallized from THF/ether to give 700 mg (61%) of white powder.

Re .45 (CHC1,/MeOH 9:1); mp 136*138°C;[a]go—12.l° (c 1.0 CHCL,).

S = lH NMR (200 MHz, CDCl:;) fresonances are given in Table 17.

13C NMR (CDC13) chemical shifts are given in Table 18.
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' Thionation reagent 11 (1.34 g, 2.5 mmol) was added to
Boc-Phe—Leu--OCH3 (2.0, 51 mmol) in dry THF and the solution .

stirred at room temperature under a nitrogen atmosphere for
j)

24 h. The solvent was evaporated, the residual oil taken in .
CHCl3 (2 mL) and applied on a silica gel column. Elution with
hexanes/EtOAc 5:2 gave after evaporation of the combined

desired fractions 1.68 g (81%) of hygroscopic white solid.

o

R, .54 (hexanes/EtOAc 5:2); [a]§Q+9.o (c 2.0, MeOH): UV (ETOH) :

1
Amax' 268.1 log € 4.02 3

1H, C(S) NH), 7.22 (bs, SH, ArH Phe), 5.54 (bs, 1H, NHBoc),

H NMR (200 MHz, CDC1,) & : 8.68 (bd,

P
£

5.04 (m, 1H, CH Leu), 4.75 (m, 1lH, CH, Phe), 3.68 (s, 3H, OCHBy,

3.14 (44, 1H, J=5.8 Hz, J=15.5 Hgz, CHB Phe), 3.04 (dd, 1H,

g Phe), 1.74-1.56 (m, 3H, CH CHZB Leu) ,

1.40 (s, 9H, t-bu), .91 (4, 3H, J=3.8 Hz, CH36 Leu), .88 (4,

J=7.8 Hz, J=15.5 Hz, CH

3H, J=4.0 Hz, CH36 Leu) .

MS (70 ev) m/e: 408 (45, M'"), 352 (28, M' '~ isobutylene),

335 (34.7, M'°- 0-C(CH.).), 296 (33.8), 235 (38.1), 16 (13.8),

3) 3
120 (34.3), 91 (16.7), 57 (100).

O,N-bis-(Boc) -Tyr-Gly-Gly~OEt (88)

DCC (2.11 g, 10.5 mmol) was added with stirring to a
solution of O,N-bis-(Boc)~Tyr-OH (4.0 g, 10.5 mmol) and HOBt
(1.43 g, 10.5 mmol) in CH2C12 (25 mL) and -THF (15 mL) at 0°C.
Aféer stirring for .5 h at 0°C, glycylglycine ethyl ester
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1

hydrochloride (2.04 g, 10.4 mmol) and triethylamine (726 mg,
10.4 mmol) were added. The reaction mixture was stirred at
0°C for 18 h and 1 h at room temperature. The solvents we.re

evaporated, the residue suspended in EtOAc and filtered. The

. filtrate was washed successively with citric acid (5%),

0. After drying (Mgso,) and removal of EtOAc

NaHCHO (5%) and H

3 2
in vacuo a solid (5.19 g) was obtained which contained a minor

impurity (Rf .12). Recrystallization from hexanes/EtOAc gave

4.3 (80%) of a white powder homogenous by TLC.

20
£ D

'H NMR (60 MHz, CDC1,) § : 7.5-6.75 (m, 6H, ArH Tyr and 2C(O)NH,

+7.65° (¢ 2.0, MeOH),

R. .45 (CHC13/MeOH 9:1); mp 140-142°C; [a]

5.3 (bd, 2H, J=7.0 Hz, CH —CH3), 4.6-4.0 (m, 5H, CHOL Tyr,

2

CH Glyz, CH Gly3), 3.15-3.0 (m, 2H, CHB Tyr), 1.66-1.0

2 2

multiplet containing 2 singlets at 1.56 and 1.36, 21H, OBoc,

NBoc, CHZ—C_H3) PpPm.

O ,N-bis- (Boc) -TJyr—Gly—Gly—P\heC (S) ~Leu-OCH, (90)

The Boc group of Boc-—PheC(S)—Leu--OCH3 (1.68 g, 4.1 mmol)
was deprotected using formic acid (98%) (10 mL) for 2 h at room
temperature. Evaporation in vacuo of the excess acid yielded
the formate salt which was used without any purification.
O,N-bis- (Boc) -Tyr-Gly-Gly—~OH (1.78 g, 3.6 mmol) was mixed with
HOBt (741 mg, 5.4 mmol) in_CH2C12 (10 mL) and THF (5u ml) . The
solution was cooled to 0°C and DCC (740 mg, 3.6 mmol was added.

After stirring at 0°C for 1 h, the formate salt of PheC(S)—Leu—

a

\
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OCH3 (1.23 g, 3.6 mmol) and triethylamine_ (364 mg, 3.6 mmol)

were added and the resulting solution stirred at 0°C for 1 h

1
and room temperature for 20 h. The solvents were evaporated,

the residue taken up in EtOAc (50 mL) and filtered. The -

filt£§te was washed successively with citric acid ; NaHO3
(5%) and brine, dried (MgSO4), filtered and evaporated. The
solution is concentrated by removal of EtOAc in vacuo and
addiﬁion of ether gave a white precipitate 1.88 g (66% yield)
which contained a small contaminant R .64, Purification by
flash chromatAgraphy on silica gel with EtOAc/hexanes (4:1)

gave 1.63 g (58%) of a white powder.

mp 168-169°C decomp. Other physico-chemical characteristics

1

are given in Table 16. H NMR resonances are given in Table 17,

13

and C NMR resonances summarized in Table 18.

BocrGly-Phe-Leu-OCH; (92) T

//

[ o

The for@q;e/saIE/gf Phe-Leu—QCH, was obtained as described
previously. To a solution of Boc-Gly-OH (1.33 g, 7.65 mmol)
and HOBt (1.13 g, 8.4 mmol) in a mixture of CH?_Cl2 (10 mL) and
THF (5 mL) cooled to 0°C, DCC (1.73 g, 8.4 mmol) was added and
the mixture stirred at 0°C for 12 h and 4 h at room temperature.
After evaporation of the solvent in vacuo, suspension of the
residue in EtOAc (50 mL) followed by filtration, the filtrate
wa; washed successively with citric acid (5%), NaHCO3 {(5%¢) and

brine. After drying (MgSO4) and evaporation of the solvent

in vacuo, the oily residue is crystallized from CH,Cl,/hexanes

a0
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- / to give 3.20 g (93%) of a pinkish powder homogeneoué by TLC.

) ‘ 20 °
o . R £°-21.8° (c 1.0,

CHCL ) Iy NMR (60 Muz, cpCly) 6 : 7.21 (s, 5H, ArH Phe), 6.77

.40 (CHC1,/MeCH 4:1); mp 104.5-106.5°C; [a]

(d, 1H, J=8.0 Hz, C(O)NH), 6.95 (4, 1H, J=8.0 Hz, C(O)NH),
o 5.16 (t, 1H, J=6 Hz, ngoc); 4.95-4.15 (multiplet containing

. a gquartet at 4H, CH, Phe, C Leu, OCH3), 3.82-3.69 (multiplet

o

containing a singlet at 3.70, m, 5H, CH2 Gly, OCH3), 3.10 (d,
2H, J=7.0 Hz, CH2B Phe), 1.66-1.33 (multiplet containing a

singlet at 1.12, 12H, t-bu gnd CHB-CH2Y Leu), .89 (4, 6H,

J=5.0 Hz, 2 CH36 Leu) .

Boc-GlyC (S) ~Phe-Leu-OCH, (93)
) -

ToO Boc—Gly—Phe~Leu—OCH3§(1.0 g, 2.2 mmol) in dry THF
(15 mL) at 0°C was added thionation reagentkéi (754 mg, 1.32 mmol)
‘and the solution was stirred under N, for 30 min. at 0°C and an
additional 1 h after warming to room temperature. After
evaporation of solvent the remaining oil was purified by flash
chromatography on silica gel with EtOAc/hexanes 2:1 as eluent

and yielded 835 mg (83%) of a colorless oil.

. 5 o1
3) uv (ETOH).)\max 265.3 log & 4.01; "H NMR

(200 MHz, CDC13): 9.64 (bd, 1H, J=7.5 Hz, C(S)NH Phe), 7.38-7.1

[a]%0-38.8° (c 1.0, CHC1

(m, 5H, C(O)NH Leu, ArH Phe), 5.90 (bd, 1H, J=6.9 Hz), 5.14 -
) (m, 1H, CH, Phe), 4.46 (m, 1H, CHa Leu), 4.16 (bd, 2H, J=5.8 Hz,

CH, Gly) 3.68 (s, 3H, OCH3), 3.36 (d4d, lH,.J=6.6 Hz, J=13.8 Hz,

2

CH, Phe), 3.04 (44, 1H, J=8.6 Hz, J=13.8 Hz, CHB' Phe), 1.66-1.30

. B
~(;% . (multiplet containing a singlet at 1.40, 12H, CHY CHZB Leu and
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. Vi
t-bu), 0.88 (d, 6H, J=6.0 Hz) ppm. ~°C NMR (CDCl) § : 199.58
(C(S)), 172 (C(0)=-0, 169 (C(O)NH), 155.9 (C(0)Boc), 135.8, 129 A
128.2, 127.2 (C-Arom), 80.8 (O-C Boc), 59.25 (C_, Phe), 52.2

(c, Gly, ogH3), 51.2 (C, Leu), 41.2 (cB Leu), 36.9 (C, Phe),

B
28.1 (CH; Boc), 24.6 (CY Leu), 22.6 and 21.8 (C, Leu) ppm.

O,N—(bis)—Boc-Tyr—ély—OEt (94)

; To O,N-bis~-(Boc)~-Tyr-OH (3.0 g, 7.8 mmol) and HOBt (1.1l1 g,

8.6 mmol) in CH2C1 (15 mL) and THF (5 mL) at 0°C was added DCC

2
(1.77 g, 8.6 mmol). The resultihg solution was stirred at 0°C

for 1 h. Glycine ethyl ester hydrochloride (1.14'g,’8.2 mmol)
was added and stirred for~2 h at 0°C and 4 h at géom temperature.
The solvents were evaporate&, the residue was sugpended in EtOAc
(100 mL) and filtexred. The filtrate was washed successively

with citric acid (5%), NaHCO, (5%) and brine. Evaporation of

3

EtOAc in vacuo gave an oil which was purified by flash chro-
matography on silica gel (EtOAc/hexanes 1:1) to give 3.17 g of

a hygroscopic solid.

R .70 (CHC1,/MeOH 9:1); [u]§3~8.3 (c=1.0, DMF) ,+litt 463
1

H NMR (60 MHz, CDC13), 7.33-6.92

£
[012%-7.8° (c 1.0, DMF);
(m, 4H, ArH Tyr), 6.72-6.33 (m,'4H, C(O)NH Gly), 5.1 (4, 1H,

5=7.5 Hz, NHBoc), 4.42 (m, 1H, CH, Tyr), 4.20 (q, 2H, C§2—CH3),
3.98 (d, 2H, J=5.6 Hz), 3.05 (4, 2H, CH, Tyr), 1.36-1.0 (multiplet.
containing 2 singlets at 1.52 and at 1.40 and parts of a triplet,
CH,) . e

21 H, O-Boc NHBoc and CH2
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3 y .
t 0,N-bis- (Boc) -Tyr-Gly-GlyC (S) -Phe--Leu—OCH3 (95)

v

Boc-GlyC (S)~Phe~Leu-OCH, (900 mg, 1.94 mmol) was dissolved

3
in formic acid (98%) (10 mL) and left standing at room tempera-

ture for 2 h. The excess acid was removed ig.zgégg to yield
the formate salt which was used without any further purification.
To a mixture of O,N—EEEJ(BOC)—Tyr-Gly—OH (850 mg, 1.9 mmol) and
HOBt (288 mg, 2.1 mmol) in CH2C12 (10 mL) and THF (5 mL) at 0°C,
" was added DCC (433 mg, 2.1 mmol) and the mixture was stirred gt
0°C for 1 h. After this time, the formate salt obtained
previously dissolved in CH2012 (5 mL) containing triethylamine
(1L.96 g, i9.4 mmol) was added. The mixture was stirred at 0°C
for 2 h and at room temperature for 18 h. The solvents were
evaporatged, and the residue suspended in EtOAc (50 mL) and
filtered. The filtrate was washed successively with citric
acid (5%), NaHCO3 (5%),\and brine. Thé solvent was evaporated
and the residue purifi?d by flash chromatography (CHClB/MeOH 9:1)
giving 1.0 g (75%) of a waxy solid.

Physico-chemical characteristics are given in Table 16.

1 1

H NMR resonances are summarized in Table 17 :and the 3C Nﬁh

resonances given in Table 18.

Boc-GlyC(S)—Gly—Phe-—Leu—OCH3 (99)

Boc~-Gly-Gly-Phe-Leu-OCH, (462 mg, 0.91 mmol) was dissolved

3
in dry THF (25 mL) and the temperature lowered to 0°C. To this
solution, was added dropwise a solution of thionation reagenf

(; 1l (286 mg, 0.53 mmol) in 15 mL of dry THF. After stirring 3 h
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}
at 0°C, the reactigk\@ixture was allowed to warm to room
temperature and stirrea\and an additional 1 h (no starting
material by TLC). The éb}vent was evaporated, the residue
dissolved in CHCl3 (2 mL). Purification by sili¢a gel chro-
matography EtOAc/hexapes (3:1) yielded an amorphous solid
(373 mg, 80%). u |
R, .49 (CHCl,/MeOH 9:1); mp 134-136°C; [a];0—26.5° (c 1.0,
MeOH), UV (ETOH) : Amax 263.7, log € 3.99, lH NMR (200 MHz,
CDCl, 8 : 9.1 (bs, 1H, C(S)NH Gly,), 9.4-7.1 (m, 7H, 5 ArH,
Phe,2 C(O)NH, Phe, Leu), 5.0-4.84 (m, ;H, NHBoc) , 5.12—&.94

(m, 1H, CH, Phe), 4.72-4.52 (m, 1H, CH, Leu), 4.38 (dd, 1H,

‘J=5.6 Hz, J=16 Hz, CH, G1y3), 4.20-4.10 (multiplet containing

part of dd and a doublet, 3H, J=5.6 Hz, CH Gly3, J=5:1 Hz,

CH, Gly,), 3.71 (s, 3H, OCH,), 3.10 (dd4, 1lH, J=5.37 Hz, J=15.2
2 3

2

Hz, CHB Phe), 2.9 (dd4, 1H, J=8.0 Hz, J=15.2 Hz, CHB' Phe) ,

1.74-1.7 (multiplet containing a singlet at 1.47, 12H, CHY

CHZB Leu O-Boc, CH 2 CH Leu), .89 (d, 6H, J=5.67, 2 CH

Y 28 38
MS (70 ev), m/e: 522 (25.2, M'*), 466 (50.0, M''- isobutylene)

405 (22.6), 334 (41.9), 321 (68.9), 293 (78), 219 (52.3),

146 (37.2), 120 (100). Amino acid analysis: Gly 1.88, Phe .97,

Leu 1.00; Elemental analysis: Calcd: C 57.45, H 7.33, N 10.7,

S 6.12. Found: C 57.41, H 7.23, N 10.41, S 6.18

-~

Leu) .

—~ azd
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0,N—bis~(Boc)—Tyr-GlyC(S)-GiX—Phe—Leu—OCH (100)

3
—
Boc—GlyC(S)—Gly-Pﬁ?—Leu—OCHB (273 mg, 0.54 mmol) was

dissolved in formic acjd (98%, 10 mL) and left standing at
room temperature for 2 h. Excess formic acid was removed in
vacuo to yield the formate salt. DCC (127 mg, 0.6l mmol) was
added to a solution of O,N-Eig-(Boc)—Tyr—OH (228 mg, 0.159 mmol)
and HOBt (80 mg, 0.65 mmol) in CH,Cl, (2 mL) and THF (1 mL) at
0°C and the resulting solution was stirred at 0°C for ; h.
After this time, the formate salt and trieth&lamine (54. mg,
0.54 mmol) were added and the resulting solution stirred at 0°C
for 1 h and room temperature for 24 h. The solvents were
evaporated, the residue suspended in EtOAc (20 mL). After
filtration, the filtrate was washed successively with citric

acid (5%) NacCHO (5%) and brine. Evaporation of EtOAc, and

3
purification by flash chromatography on silica gel with EtOAc/

hexanes 3:1 gave 423 mg (81l%) of a waxy solid.

Physico-¢hemical data are given in Table 16, H NMR

13

resonances are summarized in Table 17, C NMR resonances are

2

given in Table 18.

C,N-big- (Boc)-Tyr-GlyC (S) -Gly-Phe~Leu-OCH_, (100)

3
(thionation of the protected pentapeptide)

Thionatfgn reagent 11 (60 mg, 0.1l mmol) was added to O,N-

(150 mg, 0.19 mmol) in dry

bis-(Boc)—Tyr-Gly--Gly—Phe—Leu-—OCH3

THF (10 mL) at 0°C. The reaction mixture was stirred at 0°C

9
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E:E‘ for 1.5 h, after which time the solution was allowed to warm up
to room tsmperature and was stirred an additional 1 h. Evapo-
ration of the solvent followed by flash chromatography on silica
gel using a gradient elution system (EtOAc/hexanes 3:1 » 5:1)
yielded 112 mg (75%) of the waxy solid.

1

Ry .51 (CHCL,/MeOH 9:1); [a]§°-14.3° (c 1.95, CHCL,), TH NMR

f
* 200 MHz) identical with sample prepared by the coupling reaction.

Deprotection of [Leus] enkephalin and thioamide analogues. ]

Synthesis of 86, 91, 97, 101, 108 .

The 0,N-bis~(Boc) pentapeptide ester (100 mg) was dissolved Cg
Zin a mixture of THF[Hzo (2:1, 3 mL) and 1N NaOH (0.15 mL) was ]
aaded and the mixture was stirred under nitrogen at room
temperature until disappearance ?;zthe starting material on TLC
(1.5 - 3 h), éxcept for analogue/igg where a 20 h period was
required. A citric acid solution (5%, 10 mL) was then added to H
the reaction mixture and the sglution extracted with EtOAc

(2%x20 mL) , washed with H20 (2x10 mL), dried (MgSO4) and evaporated

to yield a foamy solid in all cases. 1H NMR\(CDC13, 60 MHZ)

confirme% the disappearance of the methyl ester.
This solid was then dissolved in formic acid and allowed
- to stand aé room temperature for 2 h. After removal of the
excess formic acid in vacuo, the mixture was purified by semi-
preparative HPLC using a uBondapak column ({Waters Associates)

with an isocratic elution using a mixture of MeOH/H20 buffered

- with ammonium acetate 0.1M, ph 7. Relevant fractions were

P
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collected and extensively lyophilized. Overall yields of

=
45—55% were obtained for 86, 91, 97 and 101 and 10-15% for 108.

. -—

Analytical data for these deprotected enkephalins are given in

Table 19 and the lH NMR (200 MHz, DMSO) resonances summarized

in Table 20. ‘;

)
e TR e,

DCC (1.74 g, 5.2 mmol) was added to a stirred solution of
0,N-bis-(Boc) -Tyr-OH (2.0 g, 5.2 mmol) and OBt (283 mg,

5.7 mmol)} in CH2C12 (10 mL) and THF (5 mL) at 0°C. After

n

PP UL ROy

stirring for 1 h at 0°C, methylamine hydrochloride (394 mg,

5.7 mmol) and triethylami;e (570 mg, 5.7 mmol) were added and .
th9 mixture stirred at 0°C for 1 h and then at room temperature
for 20 h. The sol%ent was evaporated and the residue suspended

in EtOAc (100 mL). The organic layer was washed with citric

acid (5%), Nqupj/TS%), brine, dried (MgSO4) and the solvent \ l

removed in vacuo. The residue was crystallized from ether/hexanes

!

affording 1.24 g (61%) of a white powder.

Rp .63 (CHCl /MeOH (9:1)); mp 130-132°C; [a3g°+13.0 (¢ 2.0,
cHCl,) ; i NMR (60 MHz, CHCl,) 6 : 7.33-7.0 (m, 4H, ArH), 5.82
J(b, 1H, C(O)NH), 5.13 (bd, 1H, 8 Hz, NHBoc), 4.45-4.06 (m, 1H,

CH

o), 3-06 (d, 2H, 7.0 Hz, CHy,), 2.66 (d, 3H, 5.0 Hz, CH,),

1.56 (s, "9H, NHBoc). ‘
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O,N-bis- (Boc) -TyrC(S) =NHCH, (103)

3

Thionation reagent 11 (1.15 g, 2.1 mmol) was added to a
solution of O,N—bis—(_Boc)-Tyr—C—NHCH3 (1.4 g, 3.6 mmol) in dry /
THF (30 mL) and the mixture stirred at room temperature for

3.5 h. Solvent evaporation followed by flash chromatography

"on silica gel using hexanes/EtOAc (3:1) as solvent gave 1.27 g

R

(85%) of a white solid.

¢ -26 (EtOAc/hexanes 5:2), R, .81 (CHCL,/MeOH, 9:1): [a]g°+50.5
1

(c 1.0, CHCly); UV (EtOH) : Amax 264.4 log & 4.11, "H NMR (200 MHz,

R

CDC13): 8.66 (bs, 1H, C(S)NH), 7.2 (d, 2H, 8.3 Hz, ArH); 7.06

4
e

(d, 2H, 8.3 Hz, ArH), 5.72 (d, 1H, 8.7 Hz, NHBoc); 4.65 (m, 1H,

CH ), 3.14-2.84 (m, 5H, CH, , CH3), 1.54 (s, 2H, OBoc), 1.35

2
(s, 9H, NHBoc); MS (70 eV) m/e: 410 (9.3, m'*), 354 (1.8),

293 (4.7), 193 (22.1), 107 (15.4), 57 (100).

N-bis- (Boc-TyrC (SCH ) =NHCH ,-HI (104)

Methyl iodide (692 mg, 4.8 mmol) was added to a solution
of\Ehe precgding Q,N—Eii—(Boc)—Ter(S)—NHCH3 (IV) in acetonitrile
(10 mL) and the mixture heated to 35°C under N, for 24 hr. The
solvent was evaporated in vacuo to give a foamy yellow solid
which was used without further purification. lH NMR (200 MHz,
cDCly) 6§ : 7.34 (d, 2H, 8.2 Hz, ArH), 7.1 (4, 28®8.2 Hz, ArH),
6.74 (4, 1H, 7.8 Hz, NHBoc), 4.15 (m, 1H, CH ), 3.6-3.4 (m, 2H,
CHg), 3.29 (s, 3H, NCHj), 2.84 (s, 3H, SCH)j, 1.55 (s, 9H, OBoc),

1.39 (s, 9H, NBoOC).

ey

TP

Sl
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3 (105)

A THF solution saturated with H,S at 0°C (20 mL) was
added to the preceding S-methyl, N'-methyl imidate salt of the
protected tyrosine (980 mg, 1.75 mmol). Following the addition
of dry pyridine (692 mg, 8.7 mmol) the mixturelwas stirred at
0°C for 20 min. Citric acid (1.68 g, 8.7 mmol) was then added

and excess st was flushed out with a stream of N2 (5 min) at

0°C. The solution was placed in a separatory funnel containing-

ether (25 mL) and washed with citric acid 5%, H,0 and with
brine. After drying (MgSO4), the solvent was removed in vacuo
and the residue flash chromatographed on silica gel (EtOAc/
hexane 5:2 as eluent) to yield a bright yellow solid 500 mg
(67%) and 125 mg of thioamide precursor. The dithiocester was

recrystallized from hexanes. Additional recrystallization did

not increase its mp or rotation.

Rf .56 (hexane/EtOAc 5:2) mp 109.5-111°C; [a]go= + 60.5 (¢, 1.0,

CDC1,), UV (EtOH) A _ : 308.3 log € 4.10; 'H NMR (200 MHz, -
cpcl,) § : 7.17 (4, 2H, J=8.7 Hz, ArH), 7.07 (d, 2H, J=8.7 Hz),
5.40 (4, 1H, J=8.0 Hz, NHBoc), 5.25-5.05 (m, 1H, CHa), 3.28~2.97

(m, 2H, CH,.), 2.58 (s, 3H SCH3), 1.55 (s, 9H, OBoc), 1.39 (s,

28
9H, NHBoc), MS (70 eV) m/e: 427 (3.5, M "), 336 (21.0), 280

(9.4), 236 (10.8).

(3

«

oz

o

Removal of the Boc group from 83 (284 mg, 0.56 mmol) was

accomplished with formic acid 98% (5 mL). After standing

“
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*  Mixture 106 (D,L Tyr): [a]

- : “
at room temperature for 2 h, the excess acid was removed in
vacuo tojyield the formate salt as an 6il. It (83a) was h
dissolved in DMF (5 mL) and after addition of triethylamine
(56l mg, 0.56 mmol) the mixture was stirred for 30 min. To this

was -added O,N-bis- (Boc)~TyrC(S)SCH, (200 mg, 0.46 mmol) and

3
imidazole (33 mg, 0.46 mmol). After stirring for 13 h at room
temperatu;:e, the solvent was evaporated, the residue suspended
in EtOAc and the ordanic layer washed with citric acid (5%),

NaHCO., (5%) and brine. The organic layer was dried (MgSO4) '

3

G \ . .
.the solvent removed in vacuo and the residue purified by flash

chromatography on si'lica gel using a solvent qradient system
(EtOAc/hexane (2":lh » 5:1)) to give 328 mg (89%) of product.
Analytical HPLC (silica column, 3 mL/min, EtOAc/hexane 3:1) of
this latter material showed 2 peaks of equal intensity with
retention times of 113.7 and 14.3 min, respectively.

20_ 2b:o°(é 1.0, cDcl,)™ Other

D
physico-chemical data are given in Table 16, 13C NMR . (CDC13)

are summarized in Table 18.

a) Least polar 106a (L-Tyr): [a]go+l.689 (¢ 1.25, CHC1,)
14 NMR (200 MHZ, CDC1,) 8 : 9.90 (b, 1H, C(S)NH Gly,), 7.36-6.90

(m, 12H, ArH Phe, ArH Tyr, 3 C(O)NH Phe, Gly3, Leu), 5.44 (b,

1H, NHBoc), 4.88 (m, 1H, CH, Tyr), 4.70 (m, 1H, CH, Phe), 4.58
(m‘,)lH, QHO: Leu), 4.25 (bs, 2H, CH2 Glyz), 4.01 (44, 1H,

J=5.3 Hz, J=17 Hz, :CH, Gly3), 3.80-3.70 (multip;Let 3H, CH,

Gly,, OCH;) 3.30-2.90 (m, 4H, CHy Tyr, CHy Phe), 1.86-1.46
(multiplet containing a singlet at 1.44, 12H, NHBoc, CHYCHZBQ Leu) ,

1.34 (s,&QH, O-Boc), .88 (4, 6H, J=6 Hz, CH,, Leu) ppm.

&




o

P >
Tiogr! R T 0, 9. * ’
AL I A i e arnin v e m e n PR 2 2 R T o e e et b o 4 o

¢

L3

'b)  Most polar 106bh (D-Tyr): [o]

0.88 (bd, 6H, 2 CH
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20
D

¥ NMR (200 MHz, CDCl,) § : 9.92 (bs, 1H, C(S)NH), 7.44-6.98

=3

~35,6° (c 1.15, €DCL,)

(m, 12H, ArH Phe, ArH Tyr, 3 C(O)NH, Gly3, Phe, Leu), 5.42 (b,
1 4
1H, NHBoc), 4.88 (m, 1H, CH, Tyr), 4.76 (m, 1lH, CH, Phe),

4.58 (m, 1H, CH, Leu), 4.38 (dd4, 1H, J=5.15 Hz, J=17.7 Hz, CH,

Q

Gly,), 4.11 (dd, 1H, J=4.06, J=17.7 Hz, CH,, Gly,), 3.32-2.90

0.'
{m, 4H, CHB Tyr, CHB Phe), 1.7071.136 (multiplet containing a

singlet at 1.48, - 12H, NHBoc, Cﬂy- CHyg Leu), 1.36 (s, 9H, OBoc),

"

35 Leu) ppm.

I3
- .

0,N-bis~(Boc)~TyrC(S)~-Gly~-Gly-OEt (107)

To a solution of O,N-bis-(Boc) -Tyrd(S)—SCHB. (600 Mg,
l.4/mmol) in dry THF was added ethyl glycylglycinate hydro=-
chloride (412 mg, 2.1 mmol) followed by triethylamine (212 mg,

Z.1 mmol) and imidazole. (95 mg, 1.4 mmol). The reaction

mixture wds stirred under N, for 4.5 h. ° The solvent was .

2
evaporated, the residue dissolved in EtOAc and washed with

citric acid (5%) and HZO' After evaporation of the sol\“/ent,

the crude product was purified by flash chromatography on silica ~

gel (EtOAc/hexanes l1l:1) giving 680 mg (90% yield) of a white

solid.
¢ -38 (EtOAc/hexanes 1:1); (¢]2%=0.0° (¢ 1.0, CHCl,) UV (ETOH):
A\ .y 267-4 log € 4.02, 'HNMR (200 MHz, CDCl)) & : 8.8 (bs, 1H,

C(S)NH), 7.17 (4, 2H, J=8.5 Hz, ArH Tyr), 7.17-7.00 (multiplet
containing a doublet J=8.6 Hz, ArH Tyr, C (O)NH Gly,), 5.45-5.55
(bs, 1H, NHBoc), 4.85-4.75 (m, 1H, CH, Tyr), 4.4-4.1 (multiplet

o

w3

3w TG v
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C;i" *containing a quadruplet J=7:2 Hz, 4H, CH,-CH,, CH, Gly,), 3.94 ’ ]
(bs, 2H, CH, Glyy), 3.18 (dd, 1H, J=6.0 Hz, J=14.0 Hz, CHy Tyr), 3

3.0 (ad, 1H, J=5.24, J=14.0 Hz, CHy, Tyr), 1.49 -(s, 9H, OBoc),
1.31 (s, 9, NBoc) ppm. MS (70 ev) m/e: 439 (5.4, M '~ .C(0)-O-

C(CH,) 4), 322 (100, M'* - OBoc - C(O)-0-C(CH 289. (59.8),

3)3) r
215 (18.7), 136 (25.0), 107 (30.2), 57 (79.8). 1

-

O,N-bis-(Boc) -TyrC (S) -Gly~Gly-OH (107b)

[

O ,N-bis~(Boc) ~TyrC (S)=Gly—Gly-OEt (500 mg, 0.92 mmol) was

[N

dissolved in a mixture of THF/H,O0 (2:1, 4 mL). A solution of
1IN NaOH (9.1 mL) was then added and the reaction mixture was ;
stirred under N2 for 50 min. The mixture was diluted with EtOAc
(50 mL) and washed with citric acid (5%, 2x25 mL) and brine.

The organic layer was dried (MgSO4) and evaporatec'i to yield

423 mg (85% yield) of a foamy solid. :

v MR (60 MHZ, CDC1,): 9.14 (b, 1H, C(S)NH), 8.80 (b, -2H,

C(O)NH, CO,H), 7.22 (4, 2H, J=8.2 Hz, ArH Tyr), 7.04 (d, 2H,
J=8.2 Hz, ArH), 5.60 (b, lH, NHBoc), 4.72 (b, 1H, CH, Tyr),
4.34-4.18 (m, 2H, C§_2 Glyz), 4.0"5-23.96 (m, 2H, C_I:I_2 Gly3),

3.28-2.74 (m, 2H, CH, Tyr), 1.56 (s, 9H, OBoc), 1.24 (bs, 9H, )

, B
NHBoc) ppm. - : <

.

-—f‘\\’ ! .

0,N-bis- (Boc) ~Tyr-GlyC(S) -GlyC{S) -OEt (109)

~O,N—bis—(Boc)—’J.‘yr—Gly--Gly-OE'I‘ (500 mg, 0.95 mmol) was

*

dissolved in THF (15 mL) and the thionation reagertt 11 (§'06.mg, J

(- ; 1.15 mmol) was added. After stirring overnight, the solvent

y - S~ . s
1
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g * .
° was evaporated and the residue purified by flash chromatography

on silica gel with hexanes/EtOAc 3:2. Evaporation of the
fraction gave 369 mg (74% yield) of a pale yellow oil,.

R
1

£ .44 (hexanes/EtOAc 3:2) i UV (ETOH) )\ma’x 267.5 log € 4.25

H NMR (200 MH=z, CDC13) § = 8.80 (bt, 1H, C(S)NH), 8.42 (bt,

.

1H, C(s)NH), 7.14 (4, 2H, J=8.4 Hz, ArH), 7.00 (d, 2H, J=8.4 Hz,

\

S

ArH), 5.21 (b4, 1H, NHBoc), 4.62-4.43 (m, 3H, CHOL Tyr, CH2 Gly2),

4.42-4.19 (m, 2H, CH, Gly,), 4.18-4.09 (q, 2H, J=7.1 Hz,

CH,-CH;), 3.15 (dd, 1H, J=6.0 Hz, J=15.0 Hz, CHg Tyr), 3.0
*ad, 1, J=7.5 Hz, J=15.0 Hz, CHg, Tyr), 1.45 (s, 9H, 0-Bog),” . ;
1.29 (s, 9H, NHBoc), 1.17 (t, 3H, J=7.1 Hz, CH,-CH,) ppm. :

Attempts to prepare O,N-bis-(Boc)-Tyr-GlyC(S)-~Gly—OEt from

oxidative desulfuration of 109.

To the dithiotripeptide 109 (87 mg, 0.16 mmol) dissolved |

in CH.C1l. (3 mL) at 0°C was added a solution of meta-

° " 2772
chloroperbenzoic acid (33 mg, 0.19 mmol) in CH2C12 (5 mL) . 3

All starting material was consumed after 5 min following the

addition. Several spots appeared on TLC. One component

(Rf .37 hexanes/EtOAc 3:2) was puvrified by flash chromatography
on silica gel to yield a pale yellow oil (74% yield) which
decomposed rapidly (turning bright yellow) when exposed to air
at room temperature.

lH NMR (200 MHZ, CDC1,) § + 7.24-7.0 (m, 1H, ArH), 6.80 (s, lH,
NH from Gly,), 5.27-5.00 (m, 2H, NHBoc, NH G1y3), 4.43-4.09

(‘, (multiplet containing a quadruplet, 3H, J=7.1 Hz, C{-I_z-CHBI CH, Tyr),

,
o
. . - 4

o
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(«% 3.78 (bs, 2H, CH, Gly3, sharpens with addition of D20) '
3.32-3.06 (m, 2H, CH26 Tyr), 1.51 (s, 9H, NHBoc), 1.37 -(s,

9H, 0O-Boc), 1.27 (t, 3H, J=7.1 Hz, CHZ—CH3) ppm.

-

§
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Boc-I~leucineamide (115)

. To L-leucineamide hydrochloride (Sigma) (1.50 g, 9.0 mmol)
dissolved in HzO/diOxane (1:2, 15 mL) was added di-t-butyl-
dicarbonate (Aldrich) (2.22 g, 9.9 mmol), followed by
triethylamine (2.26 g, 22.5 mmol). The mixture was stirred at
room temperature for 3 h. Most of the solvent was evaporated
in vacuo and the residue taken in ether (100 mL), washed with

citric acid (5%, 2x25 mL), brine (2x25 mL), dried (MgSO and

4)
evaporated in vacuo. Recrystallization of the resulting solid

in ether/hexane gave 1.49 g (72% yield) of a white powder.

mp 144-146°C, [a]g°-9.7° (c 1.0, MeOH); IR (KBr) v_ 3400 (NH),

ax:

3380 (NH), 3200, 2960, 1680 (C(0)Boc), 1650 (C(O)NH), 1540 cmfl

4 NMR (60 Mz, CDCl,) 8 :6.49-6.19 (br, 1H, C(O)NH), 6.00-5.61
(br, 1H, C(O)NH), 5.09 (br 4, 1lH, J=7.5 Hz, NHBoc), 4.29-4.0
(m, 1H, CH,), 2.79-2.46 multiplet containing a singlet at 1.46,

12H, CH,g CH{,.E—bu), 0.92 (d, 6H, J=5.6 Hz, 2 CH,, Leu) ppm.

L

’

Boc-L-leucinethioamide (116)

>
.

-Boc-L—Leucineamide (115) (1.40 g, 6.0é mmol) was dissolved
in dry THF (40 mL) followed by the addition of the thionation
reagent 11 (1.92 g, 3.6 mmol) and left stirring for 40 min.
After\&vaporation of the solvent, flash chromatography on silica
ge} using CHC13/EtOAc (3:1) as eluent gave 1.3 g (87 yield) of
a colorless oil. // . )

.
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O

Rf .69 (EtOAc/hexane 2:1), | ]go= -51.2° (c 2.5, CHCl3), lH NMR

(60 MHz, CDCl3) §

8.79-8.46 (br, 1H, C(S)NH), 8.39-8.16 (br,
1H, C(S)N{{_) , 5.52 (bd, 1H, NIiBOC), 4,79-4.36 (m, 1lH, CHa),
1:92-1.39 (multiplet containing a singlet at 1.42, 12H, CHZS

CH, and t-bu), 0.95 (d, 6H, CH, ) ppm. MS (70 ev) m/e: 246

36
(10, M™*), 190 (119, Mt - i +-
' ; P - isobutylene), 186 (M "~ - C(S)NHz),

154 (20), 134 (571), 119 (663), 91 (3909), 86 (282).

2 (117)

Boc~LeuC (NHOH) -NH

Boc-L-leucinethioamide (115) (1.19'g, 4.9 mmol) was
dissolved in CHC1 4 (15 mL) and hydroxylamine hydrochloride
(386 mg, 5.6 mmol) followed by triethylamine (561 mg, 56 mmol)
were added. The mixture was stirred at room temperature for

20 h. The reaction mixture was evaporated to dryness, taken

‘'up in ether and filtered. After iyaporation of the solvent

in vacuo, the residue was purified by flash chromatography on
silica gel with a gradient elution (CHClB/EtOAc 3:1 »~ 1:1).
The amidoxime was.obtained as a pale yellow 0il (745 mg, 62%

a

yield) . The other component was identified as the corresponding

nitrile
a) amidoximé 117
S - 20
Rf‘;lJJ/CHCl3/EtOAc 1:3; mp 56-58°C; [cx]D -63.3° (c 0.75,
CHCl3); IR (CHC13) vmax: 3600 (OH), 3500, 3440, 3400-3100, 3020,

2880, 1720 (c(0)), 1670, 1580, 1520. /lH NMR (60 MHz, CDC13)

6§ : 7.56 (br, 1H, OH), 7.52 (bd, 1H, NHBoc), 4,96 (br, 2H, NH,,

4,39-3.92 (m, 1lH, CHa)' {}5941739 (multiplet containing a {

-

-

-
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R

singlet at 1.46, 12H, CH, CH, , t-bu), 1.92 (d, 6H, J=5.6 Hz,

2y’
ZCHBG)‘ ppm. Resopances at 7.56, 5.42 and 4.96 disappeared with

,

the addition of D,0. MS (70 ev) m/e: 245 (.2, vy, 189 (17.8,

M' - isobutylene - OH), 133.(94.6), 116 (48.2), 57 (100).
t 3

Elemental analysis Calcd: C 53.85 H 9.45 N 17.12

Found: C 53.84 H 9.72\ N 16.97

b) nitrile 117b

\
A

.74 _(CHC15/EtOAc, 1:1), IR (CHCl,) \v__ : 3420 (NHBoc),

R
ax
1

£

2280, 2260, 1730, 1500. TH NMR (60 MHz, CDCl\) & : 5.0-4.33

(m, 2H, NHBoc, CHOL) . 2.12—1.\1‘0\ {multiplet containing a singlet

, t-bu), 6.98 (d, 6H, 2CH36) Ppm. ’

\

. at 1.50, 12H, CI-IB CI—I2Y

L-Leucineamidoxime hydrochloride (118)

\
N—Boc-leucineamidoxime (600 mg, 2.44 mmol) was added to a

HC1l solution in ether (2N, 10 mL). After 3 h, the crystals

were filtered and washed with .small portions of anhydrous ether,
-and dried in vacuo yielding 452 mg (93%) of a hygroscopic white
solid. N

20 1
[ou]D +21.9 (¢ 1.0, H,0),

H NMR (200 MH_, D,0) & : 4.15 (dd,
1H, J-6.45 Hz, J=6.56 Hz, CH ), 2.04-1.74 (m, 2H, CH2 ), 1.70-1.40
(m, 1H, CH’), 0.96 (d, 6H, J=6 Hz, 2CHg4) ppm. MS (70 ev) m/e:
146 (3.9, M'"+1), 145 (1.5, M*), 129 (1.6), 88 (51.8), 89 (32.3),
86 (86) . ' ’

Elemental analysis: Calcd for é6Hl7N3C12: C 33.03 H 7.8 N 19.2
Cl 32.49, Found C 35.52 H 8.95 N 19.62 Cl 32.49.

N
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Boc-PheC (NHOH) —=NHCH., (ll9a)

3

Hydroxylamine hydrochloride (22 mg, 0.32 mmol) and
triethylamine (64 mg, 0.64 mmol) were added to the thioimidate
of Boc Phe {49) (140 mg, 0.32 mmol) and the mixture was stirred
under a N, atmosphere for 24 h. The reaction mixture was
filtered and the filtrate evaporated in vacuo. Flash chro-
matography (EtOAc/hexanes 3:1) gave 81 mg (88% yield) of a
white powder.
mp 115-116°C, [d]§0+49.5 (c 1.0, CHC13) » IR (KBr) Vnax® 3440,

3420, 1670, 16507 1

H NMR (200 MHZ, CDCly) §-: 7.4-7.1 (s, 5H,
ArH), 5.60 (bd, 1H, NH), 5.26-4.54 (m, 3H, CH_, NH), 3.20-2.84
(m, 2H, CH28), 2.80 and 2.74 (24, 3H, r_atio 2:3, J=5.3 Hz,

J=5.0 Hz, N-CHj) ppm. MS (70 ev) m/e: 293 (4.3, Mty, 237 (11.3,

M' - isolutylene), 220 (9.6), 177 (10.3), 164 (5.6), 120 (17).

Boc-=PheC (NHOH) —NHCH3 (119b)

To Boc-PheC(S)-NHCH, (150 mg, 0.51 mmol) disgsolved in dry

3
THF (5 mL) was added hydroxylamine hydrochloride (42 mg, 0.61
mmol) and TEA (154 mg, 7.05 mmol). A&After 1 h at room temperature
no reaction occurred as indicated by TLC‘analysis. Mercuric
acetate (195 mg, 0.61 mmol) was then added and t}.1e mixture
stirred overnight at room temperature under L\az atmosphéré. ’Ithe
reaction mixture was diluted with EtOAc (10 mL) and filtered
through celite. The solvents were removed in vacuo and the

residue dissolved in EtOAc (20 mL), washed witl} citric acid

(5%) solution) and brine. The solution was dried (MgSO4) to

3

vt
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give 150 mg (75%) of the amidoxime derivative. This compound
had the same characteristics (including the E/Z ratio) as
previously described in 119%a.

j L4

Cyclic amidoxime 121

Boc-LeuC(S)-Phe-OCH, (67) (100 mg, 0.24 mmol) was dissolved

3
in THF (5 mL) and hydroxylamine hydrochloride (20 mg, 0.29 mol)

and triethylamine (73 mg, 0.73 mmol) and mercuric acetate

(94 mg, 0.29 mmol) were added in that order. After stirring
under N2 for 2 h, the reaction mixture is diluted with EtOAc
(10 mL) and filtered through celite to yield 90 mg of a crude
solid. Purification by flash chromatography on silica gel
(EtOAc/hexanes 2:3) yielded two products

least polar 67 : (3 mg, 3% yield) : Rf .68

1

(EtOAc/hexanes 1:1), "H NMR (200 MHz, CL-13) 8§ : 8.14 (bd, 1H,

NH Phe), 7.34-7.0 (m, 5H, ArH), 5.4 (m, 1H, CH, Leu), 5.0 (br,
1H, NHBoc), 4.32 (m, 1H, CHa Phe), 3.73 (s, 3H, OC§3), 3.40

Phe) , 3.20 (dd, 1H, CH

(dd, 1H, CH ' Phe), 1.78-1.11 (multiplet

B B

containing a singlet at 1.39, CHY CH28 Leu, t-bu), 0.90 (4, 6H,

.
’

2CH36) ppm.

most pelar 121: 44 mg (44% yield): Rf .57 (EtOAc/hexanes 1l:1)
1H NMR (200 MHz, CDC13L § + 7.41-7.0 (m, 5H, ArH), 5.96 (b, 1H,
NH Phe), 4.81 (bd, 1H, J=5 Hz, NHBoc), 4.26-3.98 (m, 2H, CH, Phe,

Phe), 2.91 (4d, 1lH, CHB' Phe),

CH, Lew), 3.26 (dd, 1H, CH,
1.77-1.43 (m, 3H, CH,, CH Leu), 1.34 (s, 9H, t-bu), 0.84 (m, 6H,
2CH,, Teu) ppm. MS (70 ev) m/e: 319 (13, M"*~ isobutylene),

*

2
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i; ' 279 (27), 259 (44, M - NHBoc), 241 (62), 189 (15, M''- Boc-Leu),
186 (41, Boc-Leu''), 129 (500), 120 (229), 91 (283), 86 (1000). .

Cyclic amidrazide 123

Boc-LeuC (5) -Phe-OCH; (67) (200 mg, 0.5 mmoi) was dissolved
in dry THF (10 mL) followed by the addition of ﬁydrazine
hydrochloride (62~mg, 0.52 mmol), triethylamine (168 mg, 1.7 w/ﬂﬁ
mmol) and mercuric acetate (171 mg, 0.51 mmol) and the mixture
stirred at room temperature for 2 . h. After filtration through
celite and evaporétion.of the solvent, the residue was purified
by flash chromatography on silica gel to give two products.

least polar 62 : 21 mg (10% yield) Rf .34 (EtOAc/hexanes 5:2),

1

IR (KBr) Vmax' 3440, 3400, 2800, 1740, 1680, 1660, 1530 cm .
1

H NMR (200 MHz, CDC13)6 : 7.34-7.06 (m, 5H, ArH), 6.52 (bd,

1H, NH Phe), 4.92-4.74 (m, 2H, CH, Phe, NHBoc), 4.06 (m, 1H,
CH, Leu), 3.70 (s, 3H, oggé), 3.22-3.0 (m, ZHLVCHB Phe), 1.76-1.26
—{(m, 3H, CH28 CHY Leu), 1.42 (s, §H, t+bu), 0.92 (m, 6H, 2CH36 Leu).
MS (70 ev, 250°C) m/e: 392 (.5, MT*-15), 336 (8.3), 319 (9.28),
305 (1.0, M'"~ C(0)-OC(CH,) ), 259 (6.33), 186 (11.4), 130 (100),
120 (28.7). . |
most polar 123: 110 mg (55% yield) R; .18 (EtOAc/hexanes), ’
IR (KBr) v__ : 3400-3150 (br, NH), 2880, 1720, 1680, 1640,
1500 cm™%, g NMR (200 MHz, cnc;3{ § : 8.65 (br, 1H, NH Phe),
7.38-7.14 (m, S5H, ArH), 5.42 (br, 1, NH-NC (0)), 5.1 (bd, 1H,
J=5 Hz, NHBoc), 4.28-4.00 (m, 2H, CH, Phe, CH  Leu), 3.22

":g (m, 1H, CHg Phe), 2.86 (m, 1H, CH; Phe), 2.74-2.20 (multiplet

.
v . \ g
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C )
‘ containing a singlet at 1.40, CHZB CI«IY Leu), 0.88 (26[, 6H,

2CH35 Leu) ppm. MS (70 ev) m/e: 374 (15.6, Mt

), 318\ (8,
M'* - isobutylene), 301 (15.1, M ‘- O-t-bu), 283 (10.8), 258

(M+'- NHBoc) , 262 (8.3), 227 (87.3), 183 (44.5), 166 (1QO0).

'
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ENZYME ASSAYS
4

«A) General

a—Chymotrypsin (E.C. 3.4.21.1) from bovine pancreas
(3X recrystalliz.ed) and leucine aminopé‘ptidase (E.C. 3.~4.ll.l)
from porcine kidney, (chromatographically purified, suspension
in .75 M saturated ammonium sulfate, 0.1 M TRIS, 0.0005 M MgCl,,
pPH 8) were purchased from Sigma. L-leucine p-nitroanilide was
purchased from Sigma‘ an%N-—Cbz—L—Tyr-g—-nitrophenylester was ..
prepared as described bi/ Martin et _a_xl494.
Spectrophotometric assays were performed on a Varian Cary
210 interfaced with an Apple IIyplus microcomputer . 'I:hermostated
~cuvettes of either 1.35 mL, or 2.5 mL were used. All enzymes
runs were blanked with the corresponding buffer solution.

0

B) Assay with a-Chymotrypsin

' Stock solutions of a—-chymotrypsin (4 x 10_6M) were prepared
by dissolving the enzyme in a THAM-Hcl buffer (0.02 M) at pH 7.9
éontaining KC1 (0.2 M) and maintained at 0°C until used. The
thiocarbonyls 30, 40, and 57 were initially dis;olved in aceto-
nitrile (1 mL). Aliquots (100 ul) of these solutions were added
to the enzyme solutions to bring the final conéeintration of these
derivatives to = 1 x 10_4 M. These experiments were done in

thermostated cells (quartz 2.5 mL) at 25.0 %.2°C. )

.

5
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Hyd.@lysi% of these thiocarbonyls: substrates was monitored

. . at the following wavel&ngth-A : :
° 270 thioamide 30
253 thionester;- 40
’ 319 dithiocester 57 v

Under these conditions no change in absorbance was seen when

»

the assay period was exte‘?ded to 3 h. Similar incubation of

ryo Cbz—L—Tyr—E_—nitro)phenyl ester (1 x 10_4 M) resulted in complete
hydrolysis within seconds as monito)red by an increase in ab-
sorbance at 400 mm which is proportional to the formation of the
p_:-nitrophenolate anion. ’

- ‘. ~ Inhibition studies using Cbz-L-Tyr-p-nitrophenylester as
;ubstrate and the thionester as inhibitor were attempted, but
hydrolysis of the substrate was t;:oo rapid anFI thus did not give
reproducible results. '

&

C) Assays with Leucine Aminopeptidase (LAP)

The leucine aminopeptidase solutions were prepared by

<

dissolving 2.5 mL of the commercially available suspension of

3 «
leucine® aminopeptidase ' (Sigma) in 0.05 M Tris buffer (100 mL)

@
e

containg 5 mM MgCl,’at pH 8.5. This solution was kept at 4°C

2
overnight to allow full activation. of the enzyme by MgClz.
’ Different batches of the, commercial enzyme were used for the

study of the thiocamide and amidoxime deriwvatives. ] ‘

7 - ey XL P
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Both thiocamide 43 and amidoxime 118 derivatives of L-leucine
were initially dissolved in acetonitrile and added .to thesbnzyﬁé

solutions.

o

To evaluate the behavior of the thioamide compound 43

4

as a substrate, ‘a 100 uL aligquot (final concentration = 1 x 10 7 M)

of 43 was added to 2.5 mL of the enzyme buffer solution in a 1 cm

[

Q
quartz cuvette and allowed to incubate at 30 C for 1 h. The
reaction was monitored spectrophotometrically at 288 nm; no signifi-
cant change in absorbance was detected in these conditions.

-

Inhibition studies were performed ﬁsing L-leucine p-nitro-
anilide ashgﬁbstrate. The rate of enzyme-catalysed hydrolysis
was measured spectrophoﬁémetrically by recording the rate of p-
nitroanilide formation at A=405 nm. A typical assa§ fé} the

/

studies'éomprised the incubation of 100 pL of inhibitor (43),

and 2.5 mL of the enzyme-buffer solution at 30°C for 20 min in a
1 cm cuvette followed by addition of 10 uL of L-leucine p-nitro-
%pilide. The velocity was derived in units of absorbance per
minute for the period of 4-10 min to ensure linearity. In all the
runs, no more than 10% of the substrate was hydroly:zed. The
reaction was followed for several different substrate concentra-
tions at each of the three inhibitor concentrationl‘ The data are
summarized in Table 26 and 27 for the thiocamide 43 and amidoxime
118 respectively. Reciprocal plots according to Lineweaver—quk
were cohstructedtfor°both compound§ an& are illpétrated'in the text.
Plots of K vs inhibitor concentration were maae and are also

app -
shown in the text. The KiHValues were estimated from these plots.

3 ’ . 4
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(S} (11 v 1/ 1S] 1/v K,
x 10°  x 10° (ba/min) x 103
> 5.36 - .082 1865 12.2
6.7 - .098 1492 10.2
10.0 - .128 1000 7.8
13.4 - .174 746 5.7
16.75 - .200 611 5.0 3.5
5.16 2.11 .047 1937 21.27
6.45 2.11 .055 1550 18.18
9.37 2.11 .089 1034 . ' . 11.23
12.9 2.11 112, 775 -8.92
16.1 2.11 .140 621 7.14 8.9
3.11 4.08 .021 3215 50.1 .
6.22 4.08 .038 1510 23.5
19,32 4.08 .060 1073 16.7
D 12.44 4.08  .078 806 12.8
P15.0 - 4.08 L1201 645 10.0  15.0
4.8 5.90 .026 2083 38.5
5.90 .044 1111. 22.7
12.0 5.90 .056 833 17.8
15.0 5.90 .070 666 14.2  20.0
o
Table 27 tiocities (Abs/min) and Km (M) of LAP-catalyzed

1

Ca

hydrolysis owa—leucine p-nitroanilide in the presence

of fixed concentration of L-leucine amodoxime (118) .
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. [s1 (1] v 1/1S] 1/v Ko

x 10°  x10°  (sa/min)

0.65 - .073 1504 13.63

1.32 - .119 758 8.40

1.98 - .155 505 6 .45

2.30 - .167 434 5.99

2.63 - .183 . 380 5.44.

4.54 - .225 220 4.43 2.57
0.64 1.94 .061 156 4 16,10

1.27 1.94 .113 785 8.85

1.90 1.94 .147 525 6.76

2.50 1.94 .167 396 5.98 .
3.15 1.94 .498 317 5.18

4.98 1.94 . 233 200 4.30 2.79
1.28 3.72 .098 815 10.22 ,
1.83 3.72 .135 546 7.39

2.44 3.72 .162 411 6.17

3.03 3.72 .180 330 5.55

4.80 3.72 .229 208 4.37 3.50

©1.13 7.20 .080 882 12.50

1.69 7.20 .108 590 9.20

2.20 7.20 .137 444 7.31

2.80 7.20 .157 356 6.42

4.41 7.20 .189 225 5.31 4.00

Table 26 Velocities (Abs/min) and K. (M) values

[

of fixed concentration of N'-methyl L-leucinethioamide (43).

+
1
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of LAP-catalyzed

ydrolysis of L-leucine p-nitroanilide in the presence
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LYSOZYME RELEASE ASsay 29°

r

~

Blood from healthy human donors was drawn by venipuncture:
into 10 mL vacutainer tubes with 143 U.S.P. units sodium

heparin and was used within 2 h of collection. The blood in,

3-3.5 mL aliquots was layered over 3 mL of Mono-Poly Resolving

Medium (Flow Laboratories, Virginia) in 16 x 102 mm posyallomer

7

tubes (Beakman). The tubes were then centrifuged at 300 x g -

et

for 30 min in a swinging bucket rotor at room temperature

(15-30°C). From this point on, all manipulations were carried

on at 4°C unless specified otherwise. The PMN layer was drawn

\

B e i

off with a pasteur pipette and washed once in Gey's solution

with .2% bovine serum albumin (Gey's BSA). This was centrifuged

at 275 x g for 10 min and resuspended for 30 min in erythrocyte

Ccl, .37 g/L Na

lysing solution (8.29 g/L NH EDTA, lg/; KHC03) ’

4 2

and washed twice with Gey's BSA. The

centri fuged for 10 min,
cells were resuspended with Gey's BSA to 107/mL and used

o4
within 1 h.

The cell suspension was preincubated with
cytochalasin B (5 pg/mL (Sigma Chem. Co., St. Louis,‘Mo.) at
37°C for 5 min. Reaction mixtures contained 100 uL of the
treated cell suspension (treated cells) and 100 uL of the
approériate compounds, in sterile 5 mL polypropylene tubes
(Sarstedt, St. L:;urent, Quebec) . Controls were run ;i~aily

Total lysozyme release

containing treated cells and Gey's BSA.
was obtained by incubating treated cells with 1% Triton X~100

(Calbiochem, La Jolla, Ca.) in .067 M phosphate buffer pH 6.25.
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A
vsozyme was measured in supernatants of reaction mixtures
after 15 min. of incubation at 37°C.

. The assays for lysozyme were conducted at room tempera-

N "

ture and all runs were performed 3 times in duplicate. The

substrate used was freeze—dried Micrococcus Lysodeikticus

(Sigma Chem. Co., St. Louis, Mo.), which was diluted in .067 M

phosphate buffer pH 6.25 (10 mg/100 mL) to give an A o

45
between .6 and .7 against a buffer reference. The #&blution
was discarded after use. The reaction mixture consisted of:

-9 mL substrate
. .05 mL 1% Triton X-100
.05 mL enzyme supernatant/standard

FRS
in a 1.5 mL quartz cuvette with a light path of 1 cem. The

cuvette was stoppered and inverted 2-3 times and the change in
absorbance was' read immediately\for 3 min.) Three concentra-
tions of egg white lysozyme standard splution (Sigma Chem. Co.,
St. Louis, Mo.) were run daily to ensure that the standard
curve did not vary greatly frém day to day.

The lysozyme-inducing activity for each peptide was
obtained from the dose~response curve ;s its EDSO’ the molar

concentration of peptide causing 50% of the maximal release of

lysozyme. In order to correct for changes in the responsiveness

o

of different cells, the dose response curve of the standard

peptide, f-MLP-OCH, (64) was also measured so that the activity

3
or potency relative to the standard could be also calculated.
— .
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Figure 75 Dose response curve for the release of lysozyme by f—MLP--OCH3

and thioamide analogues: OCH3=§5, 1-5=66, 2-5=74, 3-S=75.
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Evaluation of the Biological Activity of the Enkephalin Analogues
%

A

A) Smooth muscle assays

The;depression of electrically—én&uced contractions of the GIP
/o e

and MVD was measured as described (475). Guinea pigs (200-300 q)

ahd mice (20-30 g Swiss Webster) were obtained from the Canadian

&

Breeding Farm (St-Constant, Québec). They were sacrificed by a

‘blow in the neck. The tissues were rapidly dissected and mounted

on a 10-ml double jacketed organ bath inr tyrode solution (pH 7.4)
at 37°C. Tensions of 0.15 g (vas deferns) and 1.0 g (ileum) were
applied and contractions were recorded wfth a force displacement
transducer (FTO03C) that Qas coupled to a Grass polygraph. The

parameters for the electric;l stimulation were as f&ilows: 10%ms
d;lay, 80 volts, 0.1 Hz, 1 ms duration and double pulsation for

tﬁe vas deferns; 10 mg delay, 30/yolts, 0.1 Hz, 1 ms duration and

monophasic pulsation for the ileum. Dose-response curves were

effected with the synthetic peptides and the concentration of the

opiate that caused 50% inhibition (IC_,) was obtained from log-

50
probit plots of six increasing concentrations, each representing

the mean + SEM of 6 different tissues.

B) Opiate binding assays)
3

The opiate binding assays were based on the ability of the synthetic

peptides to inhibit [3H]-etorphine 6r‘PH]-dibydromorphine binding

to rat brain homogeﬁates as described (476). Assays were performed

" ?
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at room temperature (22°) for 30 min with 2 mL aliquots of the

_tissue homogenate (1 mg, wet weight) and.Q.7 nmole of 3H -ligand '

(40-50 Ci/mmol, New England Nuclear, Boston, MA). The bound
ligand was separated from free by filtration through cjlass filters
(GF/B, Whatman, England). .The IC50 v}rere derived flrom log-probj;,éw
plots of six concentrations of the compounds, each representing

the mean + SEM of 3 sets of duplicated data.

C) Behavorial Testing

Male hooded rats obtained from Canadian Breeding Farm (St-Constant/,
Québec) and weighing apbroximately 300 g were used. They were
housed in a terﬁperature-controlled room having a 12 hr light/dark
cycle. Food (Purina rat chow). and water were a:railable ad liBitum.
Under pentobarbital anesthesia, animals were implanted with an
indwelling stainless steel cannula into the left cerebral ventricle
according to a previously published procedure (477). Following
surgery, animals were allowed at least 72 hrs recovery before
initiation 6f experimental procedures. On test day, reactivity R

of animals to a noxious stimulus was examined by means of a hot

plate (35 x 35 cm) with a surface temperature of 54°C. Latencies

in seconds for responses tg occur, either paw licking or leaving

the plate, were recorded. Animals were tested immediately prior

to and at 2, 4, 6, 8, 10, 15, 30 and 60 min following intracerebro-

ventricular injections. Individual groups of animals (n=8) were

administered 360 ug.of either Leu-Enk, [Gly>-C(S)]1-, [Gly>-C(S)]

\ |

S

e b s & oty

e A o wn b ML E aren YW




v

267

'

or [ Phe4—C(S)]—Leu—Enk. All peptides were dissolved in 0.9% NaCl

and injected in a volume of 10 ul over a 30 sec period.

Another

group of eight control animals received the same volume of 0.9%

NacCl.

administered increasing doses

!

dose capable of significantly

animals on the hot plate.

Following this first exp'eriment, additional groups were

of either Leu-Enk or [Glyz—C(S)]—

Leu-Enk in order to find for each of these peptides, the minimal

N .
enhancing response la¥encies of

!

-\
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APPENDIX A “

NOTE ON«NOMENCLA TURE

In aﬁ e¢ffort to clearly indicate the position of the
thiocarbonyl in the various analogues of amino acids
peptides in this thesis, we have found it advantageous to
employ the two following symbolisms:

a) C(S) succeeding the name of the amino agyl ~

s residue bearing the thiocarbonyl function as in:
y ~

Tyr-Gly-GlyC (S)~-Phe-Leu

S
b) " between the two amino acyl residues joined by a

thicamide as in:
5
Tyr-Gly-Gly*Phe—Leu

These thiocarbonyl analogues can also be referred to by

v

the specific peptide name preceeded by the modified residue

in square brackets as:

b

[Gly3C (S), Leu’ ]-enkephalin

The previous nomenclature for thiopeptide, also referred
to as "endothiopgptides", consisted of writing a small "t" at

the residue bearing the thiocarbonyl function 497, e.g

Tyr‘-—Gly-Glyt-‘Phe—Leu
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~

Another nomenclature( used to describe backbone modifi-

N | “
cation of peptides has been recently introduced by Morley498

and Spatola499. The anaiogues in which the CO-NH group is

replaced by another functionnality are written by placing a
psi (y) with the substitutuion in square brackets before the

name of the peptide. The y is placed between superscripts
]

indicatidg the modified residues. Thus, the same compound

o-

N
as above would be named:

y [3y4,csNH ] Leu-enkephalin

“and written:

Tyr—Gly-Gly-¥ [CSNH]|-Phe-Leu ¢

After completionof this thesis this latter nomenclature

has been recently recommended by the IUPAC-IUB Joint

Commission on Biochemical Nomcvenclature500 .

e it e e
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C’ ' ‘ . APPENDIX B. .

A) Derivation of the Lineweaver-Burk Equation.125'17o

‘The central feature of the Michealis—-Menten kinetic model
for enzymatic catalysis is based on the premiée that an enzyme (E)
interacts yith a substrate (S) to form the non-covalent ES complex,
v ’ @
* which can either undergo chemical reaction to products (P) or
physical™dissociation. *
K K K
E + § ==—i==ES =—=2=pp === + P
: Ko1 Koo o Ky
Under initial velocity conditions, that is)before a significant

amount of P has accumulated, the back reaction can be ignored.

Thus, the actual réaction under consideration becomes:-

~

N K k
E + 5§ —tL—=pgs —<

K-1

AL >E + P

@

- In rapid equilibrium conditions, where E, S and ES equili-

brate rapidly in comparison to the rate at which ES breaks down

? to E + P, the instantaneous velocity at any time depends on the

concentration of ES:
p
v = kcat[ES]

where kC is the catalytic rate constant. The total enzyme is_

at
distributed between E and ES as follows:

[El, = [E] + [ES]
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V4

Dividing the velocity-dependence equation by [E]T where [E] + [S]

is used on the right-hand side reduces the equation to:

v kcat[ES] .

(ET, (E]w (&S]

o
S

Because of the' equilibrium assumption, [ES] can be expressed in

terms of [S], [E] and Kq where Kg is the dissociation constant

S

i

of the ES complex:

[E] 5] K [S] [E]
Kg = = ms = ——

S
[ES]  K_; Kg"

Substituting for fES]:

. kcatlgl[E]
2. S ‘
o [El, [E] + [S][E] .
. K.
S
Cross multiplying by kcat and cancelling: o
s}
v _ KS
- (s] )
kcat[E]T 1 +
S
If-v = Fcat[ES], the kcat[E]T = Viax which is the maxiamal velo-
city that would be observed when all the enzyme is present as ES.
[sl~ '
v - Kg -
Vméx l§+ [‘I%]-
! S

This equation can be rearranged to yield the more familiar Henri-

Michealis-Menten equation:

.
ne v amate— e % S
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Vma;c ’ KS + 8]

The equation gives the initial velocities relative to Vmax

at-a given substrate concentration. The equation is valid only

if v is measured over a short enough‘ time period so that [S]

remains essentially constant. This requires that no more than

<

5% of the substrate be utilized over the assay period.

P

Using the steady state approach (Briggs and Haldane) in

whi'ch the concentration of ES remains essentially constant with

time, the following equations apply:

-

1 alesl _ , .
dt . '
K [E] [S] = (K_; + k. .) [ES]
(es] = 5 [F1ES]
(K-l M kcat) '

The group of three rate constants can be defined as a single

Michealis constant, K¢

-1 + kcat

(O 14

K
m

.- K
K —

m._

which upon substitution into the velocity dependence equation

yields: , o

/

[s1

: - Ko - [s]
= or =
Vmax L+ -—-——[f(] Vmax Km + [s]
| Fa
0 A/ [s]
] v = _max

Km + [S]‘

e A e N

L el




' This last equation can be rewritten iﬁ the more f?&mi'liar form,
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-

as follows: ’ ' Ql ( .
K 1 1
S S
v Vmax (51 Vmax ' : .

«

Thus, by piotting 1/v versus 1/1[8], the glope of the line

i's er/Vmax and the intercept on t?fe y @xis is l/vmax‘ When lg/vu .

N

is equal to 0, then 1/{S] equals :'l/Km.

) 3
L}

3

)

N
_A competitive inhibitor is a substrate that combines, with

-

free enzyme in a manner that prevents substrate binding. This

signifies that the inhibitor and}the substrate are mutually ex-
. N - A
clusive, and thus compete for the_same site on the enzyme. This
J u
énzymic reaction can be ‘described“in“)the following manner:

[

d

H

T o
I‘s/' " . 1 »
E+ S ———=ES cat,g + p Co
. Y -
( + | |
t I ’ ’
“ K, - x, = EL1]] .
[EI] oo
ET :

~

5 o .

o * )
The Kinetic expression for the above reaction is: ° -

v =k lES] . v keat LEST
[E]T [E] + [ES] +3 [EI}
‘ _ IsllE " xkm ¥ - .
[ES]——-—I-{-S———:, [EI] = KI?‘ﬂ
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A4 = [s e - »
1 1]
kcat[E] T [E] + [E] + "RE—[E] )

. = )
/// * ‘/ Vhax L+ 1+ 111 - g .
S I -
The velocitd equation for competitive inhibition in reciprocal
form is:
K D
1. L I%l 2y 1
v max I 8] Vmax
The increased apparent Km (or Km ) results from the distri-

app -

X 4
/,bution,of available enzyme. The factor (1 + [I]/K ) may be

considered as an inhibitor concentrat%on-dependept sta*istlcal
factor describing the d:Ltribution of enzyme between E and EI
forms. When plotting l/; vs 1/[8], the slope is increased by
the factor (1 + [I]/K ) whlch is a multiple of the origjnal K,
yet the y=-intercept is unchanged The apparent Km value is a
lgnear function of inhibitor concentration. This felationship

. A
is described ‘by the following equation:

Km .
K =—[I] + K
S mapp ‘.KI m
The absolute value.of KI can be éb;ained from the graph of this
eéuation by reading the x-coordinate when Km equals 0.
app o
£
& - °
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