S-TRIAZOLO[3,4-A]PHTHALAZINES:

IMPLICATIONS FOR C-TERMINAL PEPTIDE SEQUENCING

by

CARL STANLEY ALLEYNE

B.Sc.(Hons.), University of British Columbia, 1970
M.Sc., University of British Columbia, 1973

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

in
THE FACULTY OF GRADUATE STUDIES

Department of Chemistry

We accept this thesis as conforming

to the required standard

THE UNIVERSITY OF BRITISH COLUMBIA
September, 1977

© Carl Stanley Alleyne, 1977



In presenting this thesis in.partial fulfilment of the requirements for
an advanced degree at the University of British Columbia, | agree that
the Librafy shall make it freely available for refefence and study.

| further agree that pemission for extensive copying of this thesis
for s;holérly purposes hay be granted by the Head of my Department or
by his representatives, It is understood that copying or publication
of this thesis for financial gain shall not be allowed without my

written pemission,

Department of Chemistry

The University of British Columbia
2075 Wesbrook Place

Vancouver, Canada

V6T 1W5

Date _ 3rd, Qctober 1977 .

/



ii

ABSTRACT

The syntheses of s-triazolo[3,4-alphthalazines (15, 3-R-TAP)
by reaction of hydralazine (12, 1-hydrazinophthalazine) with N-protected
amino acids and dipeptides under homogeneous (solution) and heterogeneous
("solid-phase") conditions are reported. Transition metal complexes
containing the TAP Tigand were prepared and their spectral properties
investigated. The use of metal-ions and a cation-exchange resin (H+ form)
‘were considered for the mild hydrolysis of side-chain amide bonds in TAP
derivatives. The objective of these studies was to determine the feasibi-
lity of reacting the carboxyl gfoups inlamino acids with hydralazine to
afford the TAP derivatives as a method for peptide sequencing from the
C-terminal residue.

Hydralazine reacts with carboxylic acids to form an amide
intermediate which undergoes ring closure with elimination of water to form
the s-triazolo[3,4-a]phthalazine derivative. To promote the initial binding
of hydralazine to the acid, coupling reagents were used to activate the
carboxylate group towards nucleophilic attack.

N-Ethy1-5-phenylisoxazolium-3'-sulfonate (17, NEPIS), 1-ethoxy’ -
carbonyl-2-ethoxy-1,2-dihydroquinoline (22, EEDQ), various phosphorus
compounds, carbodiimides, and chloroformates were carboxyl activating agents
used to synthesize TAP derivatives.

In solution studies, the carbodiimides (EDC, 16 and DCC, 51),
NEPIS (17), and a combination of triphenylphosphite with imidazole are the

most successful procedures for TAP synthesis.



In solid-phase studies, the best procedures for activating
immobilized amino acids are with isobutyl chloroformate, NEPIS (27), and
DCC (51).

Transition metal complexes were synthesized with the general
formula: [M(3-H-TAP)n(H20)6_n](C104)m (nh=4,m=2, M= Co, Ni, Cu;
n=2,m=2,M=Ni; n=6,m= 3, M=Co). The infrared and visible
spéctra of these complexes are reported.

[Co(trien)(3-(N-Ac—g1y)-TAP)J(C104)2 was also prepared and under
acidic conditions, no hydrolysis of the side-chain amide bond was observed.
There was also no'significant hydrolysis of the side-chain with free

+ + s .
2 2 under acidic conditions,

3-(N-Ac-gly)-TAP in the presence of Co“ and Cu
or when it was eluted through a cation-exchange (H+ form) column.

The decomposition of hydralazine in non-aqueous media was
investigated and a major product of the decomposition was identified as
diphthalazinylhydrazine (82).

The implication of our studies is that the modification of amino
acids with hydralazine is not yet a viable method for C-terminal peptide
sequencing. Improvements are required for improving the yields of the
coupled product, and the lack of a mild and selective method for hydrolyzing

the C-terminal peptide bond limits the method at present to determination

of the C-terminal residue only.
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CHAPTER 1

PROTEIN SEQUENCE DETERMINATION

1.1 INTRODUCTION

Protein sequence analysis has, with justification, been described
as one of the most important research activities of today.! The information
contained in protein sequence is something eésentia]]y_new. The data.repre—
sent the covalent chemical structure of the protein molecule and are of
immediate use and importance in many different disciplines. |

It is certain that the importance of sequence information on
proteins will continde to increase in the same way as the body of informa-
tion itself will increase. Sequence data on proteins are being amassed.at
an ever increasing rate. This can be seen from the phenomena] growth of
the "Atlas of Protein Sequence and Structure", which approximately doubles
every year.? .

The rapid deve]opmenf of appropriate analytical procedures has
been one of the factors ehab]ing sequence data to be accumulated at the
present rate. However, at the present time, the determination of the amino

acid sequence of a protein may still require a major effort and can not be

considered a routine matter. In 1943, Synge stated:



...1t seems that the main obstacle to progress in the

study of protein structure by methods of organic chemistry
18 inadequacy of technique rather than any theoretical
difficulty. It is likely that new methods of work in

this field will lead us to a very much clearer wnderstanding

of the proteins.3

Today, thirty-four years later, that statement is still valid.

1.2 PROTEIN STRUCTURE AND NOMENCLATURE

The protéins are chains of long unbranched polymers with
L-a-amino acids as the monomeric units, only twenty of which are commonly
found as the building blocks of proteins. The names and structures of
these common amino acids are given in Table 1.1. The amino acids are
Tinked together in a head to tail arrangement through amide bonds called
peptide bonds, which arise by elimation of the elements of water from the
carboxyl group of one amino acid andAthe a-amino group of the next. The
peptide bond is the repeating unit in proteins. The characteristic bond

structure is enclosed in the dotted area:

r==,
Ho10 ' 0
~N-CHRC-NLCHR' ~C-

A

Lo.d

Such polymer chains.are called polypeptides.

In peptide nomenclature, the amino acid residues are written as
they occur in the chain starting from the free a-amino grodp, which is
conventionally shown at the left-hand part of the structure. The terminal

residue with the free amino group is referred to as the N-terminal residue.



Table 1.1
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The "amino acid wheel". The structures of the amino acid

residues are shown as they normally occur in a polypeptide
chain. i




Similarly, the terminal residue with the free carboxyl aroup is referred
to as the C-terminal residue. The sequence of the amino acid residues in
the polypeptide chains which make up the proteins is frequently called the
primary structure of the protein.

In general, the polypeptide chains of proteins usually have
between 100 to 300 amino acid residues (mol. wt. 12,000 to 36,000). A few
proteins have longer chains, such as serum albumen (¢550 residues) and
myosin (m1800 residues). Usually, any protein having a molecular weight

exceeding 50,000 can be suspected to have two or more chains.

1.3 PROTEIN SEQUENCE ANALYSIS

The approach generally used in determining the primary structure
of proteins is, in principle, that devised by Sanger in his epoch-making
determination of the amino acid sequence of the polypeptide chains of
insulin, for which he was awarded a Nobel prize in 1958. Since that
accomplishment, many refinements have been added, and new procedures have
been developed. Although each protein offers special problems, the
following sequence of steps is generally used, though ndt necessarily in

the order shown."

a. If the protein thain contains more than one polypeptide
chain, the individual chains are first separated and purified.
b. A11 the disulfide groups are reduced, and the resulting
thiol groups alkylated.
c. A sample of each polypeptide chain is subjected to total
hydrolysis, and its amino acid composition is determined.

d.  On another sample of the polypeptide chain, the N-terminal



and C-terminal residues are identified.

e. The intact polypeptide chain is cleaved into smaller
peptides by enzymatic or chemical hydrolysis.

f. The resulting peptide fragments are separated, and their
amino acid composition and sequence are determined.

g. .Another sample of the original polypeptide chain is partially
hydrolyzed by a second procedure to fragment the chains at
points other than those cleaved by the first partial hydrolysis.
TheSe peptide fragments are separated and their amino acid
coﬁposition and sequence determined.

h. By comparing the amino acid sequences of the two sets of
peptide fragments, particularly where the fragments from the
first partial hydrolysis overlap the cleavage points in the
second, the peptide fragments can be placed in the proper
order to yield the complete.amino acid sequence.

f. The positions of the disulfide bonds and the amide groups in

the original polypeptide chain are determined.

A discussion of all the steps involved in the complete structure
of a protein is beyond the scope of this thesis. For reviews in these
areas, readers are referred to other works.5»6

Of direct relevance to our studies are the methods for elucidating
the primary sequence of peptides, i.e., determining the amino acid sequence

from the N-, and C-termini.



1.4 AMINO TERMINAL PEPTIDE SEQUENCING AND END-GROUP IDENTIFICATION

The general principle for amino end-group determination is based
on the introduction of a marker group (coiored; fluorescent, UV absorbing,
etc.) onto the amino function, followed by the quantitative isolation and
characterization of the derivatized amino acid. |

In recent years, methods of N-terminal analysis based on dansyl
chloride (1, 1-dimethylaminonaphthalene-5-sulfonyl chloride, DNS-C1) have
found wide application, largely because of the ease with which one can
i study minute amounts of peptides and, proteins.”

Dansyl chloride, which is itself non-fluorescent, gives a strong
yellow fluorescence upon su]fonamfde formation with the amino group of

proteins and peptides as shown in Equation 1.

NMe, ‘ NMe,,

O —— QY= o

so,Cl SO,NHR

Hydrolysis of the DNS-peptide with acid produces free amino acids and the
.dansyl derivative of the N-terminal residue. After separation from the
untagged amino acids, the dansyl-amino acid may be identified by electro-
phoresis or thin layer chromatography and visualized by fluorescence.

The most important and widely used labelling reaction for the
N-terminal residue of a peptide or protein is the Edman degradation.8

Since its introduction over 25 years ago, this procedure has undergone



almost continual modification, culminating in the development of two auto-
mated versions for sequence analysis.®

The first step of the Edman ﬁrocedure (Scheme 1.1) involves
reacting the peptide or protein N-terminus with phenyl isothiocyanate (2) at
alkaline pH. After removal of excess reagents, the resulting phenylthio-
carbamyl peptide (3, PTC-peptide) is treated with acid, which causes cycliza-
tioﬁ and cleavage of the N-terminal amino acid as a 2-anilino-5-thiazolinone
(4). 'After separation from the peptide, the thiazolinone is éonverted to
the isomeric 3-phenyl-2-thiohydantoin (5, PTH); which can be identified by a
number of physica1'techniques. Usually, the Edman procedure is not restricted
to determining the N-terminal residue, and the peptide or protein is subjected
to additional cycles of the Edman degradation, thus effecting a sequential
N-terminal analysis.

In favourable cases, one may expect the manual technique to produce
about 30 degradation cycles with clearly interpretable results. To perform
one degradation requires the best part of a working day.

In 1967, Edman and Beggl? reported the development of an automatic
Edman Sequenator. Since that time, machines based on their design have
become such an integral part of the methodology used for sequence analysis
that less emphasis is now being placed on manual determination of N-terminal
sequences of proteins. The sequence analyzer is ideally suited to degrada-
tion of proteins and large peptide fragments, the optimal size being 100-150
residues. Typically, one may expect the unambiguous elucidation of between
30 and 70 residues of amino acid sequence with the Edman Sequenator, as
opposed to about 15-20 residues with the manual method in not unfavourable

cases. 1!



1

0 |

PRNCS + NH,~CHR-C-NH--~--PEPTIDE

(2)
pH 8-9
S 0
PhNH~C-NH-CHR=C-NH=----PEPTIDE
(3)
B
He NOH
Pw’Nﬂ(_Z%R + NH,=----PEPTIDE
S |
0 -
(4) ‘PhNCS, pH 8-9
HY, H,0 'H+
etc.
/
N H
S%IR
N
pn/ O

Scheme 1.1 The Edman Degradation




A complementary automatic method is the solid-phase sequencer of
Laursen.12,13 With this technique, the peptide is attached to a solid
- support and subjected to the Edman degradationvwith radioactive phenyl
isothiocyanate. TheAefficiency of the solid-phase method only bermits the
determination of up to about 30 residues,ll.and in this respect is inferior
to the Edman Sequenator. However, the solid-phase instrument may be used
with small peptide fragments (up to 30 residues), and is considefab]y cheaper
in cost and maintenance.

The use of enzymes for N-terminal analysis of prdteins is still in
a fairly incipient state. Two enzymes are commercially available for this
purpose: leucine aminopeptidase and aminopeptidase'M. - These enzymes
catalyze hydrolysis of‘the peptide bond of the N-terminal residue Qf proteins
and peptides, releasing a free amino écid. Hydrolysis proceeds sequentiai]y
from residue to residue, for the degradation continually produces a new
N-terminus. A partial sequence of a protein may thus be deduced from a
kinetic ana]ySis of the amino acids releaséd. |

The N-terminal residues of gll_aminovécids are cleaved by amino-
peptidase M and leucine aminopeptidase, with the exception of proline for
the latter enzyme. Rapid hydrolysis is obsefved with aliphatic and aromatic
amino acid residues, slower rates with all others, with individual differ-

ences spanning a range of several orders of magnitude.l¥

1.5 CARBOXY TERMINAL PEPTIDE SEQUENCING AND END-GROUP IDENTIFICATION

While the procedures for N-terminal analysis of proteins and
peptides are among the best and most useful methods that have been applied
in sequence determinations, methods for the identification of C-terminal

residues have been Tess successful. Only two methods, a chemical and an



10

enzymatic one, have been applied to any great extent.

_ The hydrazinolysis method is based on the discovery of Akabori
et al.l5 that C-terminal residues of a protein are liberated as free amino
acids by treatment of the protein with anhydrous hydrazine. A1l other amino
acids in peptide linkage are converted to amino acid hydrazides as shown in
Equation 2.

HZN-CHR —CO---NH-CHRn_I-CO-NH-CHRn-COOH + N2H4 —

1

H N-CHleCONHNH + oo 4+ HZN-CHRn_l-CONHNH2'+ H2N-CHRn—COOH (2)

2 2

Although the hydrazinolysis method is simple in principle, its
application is fraught with difficulties. Thevyields of C-terminal amino
acids are only moderate, necessitating the application of high correction
factors. The quantitativeness of the method also suffers from the rather
complicated methods for isolating and estimating the free amino acids.

The technique of Braun and Schroederl!®, however, appears to be the best
“improvement of the original procedure. In this method the reaction of the
peptide with anhydrous hydrazine is catalyzed by Ahber]ite CG-50 in the
hydrogen form. -After removal of catalyst and excess hydrazine, the amino
acids are separated from hydraziqes on a cation-exchange resin column, and
subsequently analyzed by automatic amino acid analysis.

The hydrazinolysis method fails when the C-terminal residue is
arginine, cysteine, cystine, asparagine, or glutamine, and may fail when the
terminal group is aspartic acid. As with all methods for the identification
of end-groups in macromolecules, potential causes of error are sufficiently
numerous with hydrazinolysis to "justify reservations about any results

unless it is corroborated by other methods.
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Carboxypeptidases act on proteins and peptides to release L-amino
acids one residue at a time from the C-termini of peptides and proteins.
Several types of enzymes have been characterized according to their substrate
specificities. Carboxypeptidase A (CPA) shows a marked preference for
C-terminal residues with an aromatic or branched aliphatic side chain,

(Table 1.2).

Table 1.2 Approximate Relative Rates of Release of Amino Acids by
Carboxypeptidase A7

Rapid Release: Tyr, Phe, Tky, Leu, Ile, Met, Thr, Gln, His, Ala,
Val, Homoserine

Slow Release: Asn, Ser, Lys, MetSO2

Very Slow Release: Gly, Asp, Glu, CySOBH, S-carboxymethylcysteine
Not Released: Pro, Arg '

Note: The presence of a "very slow" or "not released" amino acid as

penultimate residue will generally decrease the rate of release
of the C-terminal amino acid.

Carboxypeptidase B (CPB) exhibits a narrower specificity, and
cleaves the basic amino aeids lysine, and arginine very much faster than any
of the other common amino acids. In common with all carboxypeptidases, the
rate of release of C-terminal residues is greatly influenced by the struc-
ture of the adjacent residue.l8

AnotHer enzyme gaining popularity for C-terminal analysis of
peptides is carboxypeptidase C (CPC).1% This enzyme has a broad specificity
for acidic, neutral and basic amino acids. A great advantage of CPC is its

ability to hydrolyze both peptide Tinkages on either side of proline.
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A new commercially available exopeptidase is carboxypeptidase
Y (CPy).20 'Lfke CPC, its specificity is broad for all common amino acids.
In general, when the penultimate and/or C-terminal residues have aromatic
or aliphatic side chains catalysis is high, but when glycine is placed in
the penultimate pésition, the release of the terminal amino acid is extremely
slow. In contrast to CPA and CPB, C-terminal proline is a rather good
substrate. However, the rate of splitting of the peptide bond on either
side of proline depends extensively upon the structure of the adjacent
amino acids.

The enzymes of choice for C-termings determination of proteins and
peptides have traditionally been CPA and CPB. In a typical end-group deter-
mination, these enzymes may be incubated separately, or in combination with
the protein substrate. However, with the increased availability of éPC
and CPY, these latter exopeptidases will find wider use in view of their
broader specificitieé, and their ability to cleave proline.

| In practice, the rate of release of amino acids from a peptide
by carboxypeptidase is followed by analyzing the entire reaction mixture
with an amino acid analyzer. In favorable circumstances, the kinetic
measurement can give a fairly reliable indication of the C-terminal sequence.
However, the chances of misinterpretation are large, and the results should
be confirmed whenever possible.

The method of Stark2!,22 for C-terminal sequencing of peptides
and proteins is based on the reaction of the C-terminal amino acid with
ammonium thiocyanate and acetic anhydride (Scheme 1.2).

The C-terminal amino acid is activated to nucleophilic attack by
formation of a mixed anhydride (6) by reaction with acetic anhydride.

Attack by the thiocyanate anibn, after cyclization of the product, gives
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A. Addition

RO RO It
| (CH,C),0
NH,CHCNHCHCOH ————

1 [ 1
CH,CNHCHCNHCHCOCCH,

Peptide N-Acetyl mixed anhydride (6)

| / Nes
i g
R O—C “NCS O RO HC—

D T .
CH,CNHCHC _CHR’ CH,CNHCHC—HN N ya'

Oxazolinone I

Mixed anhydride with
isothiocyanic acid

/

¥ o3
g} gu—e
CHSCNHCHC-—N\C/NH

I}
S

Aminoacylthiohydantoin ( 7)

B. Cleavage
o ! HO"
R R i B O T
skt
CH,CNHCHC—N. _NH CH,CNHCHCONHCCH,

]
S

“OH or H*\\ / ro9
R O HC——C

IR + [ [ (8)

CH,CNHCHCOH HN<__NH

Scheme 1.2 ‘Stark's Method for C-Términal Sequencing of
Peptides and Proteins
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the peptidyl thiohydantoin (7) which can be cleaved with aqueous acid or
base, or with acetohydroxamate. A hydantoin (8) is liberated which is
characteristic of the C-terminus, and the remaining acetylated peptide or
protein possesseé a free carboxylate group at the new C-ferminus. Degrada-
tion of peptides may be followed subtractively by amino acid analysis of the
peptide product after each cycle or alternatively, the thiohydantoins may
be determined.direct]y by thin-layer chromatography. The thiohydantoin
method is somewhat Timited in that C-terminal aspartic acid and proline are
not removed. Thé rather extreme conditions required for cleavage of the
acyl thiohydantoin (e.g. 12M HC1) limit the method to 2 or 3 cycles for
most peptides because of non-specific hydro]ysis.of internal peptide bonds.
The tritiation method of Matsuo and co-workers22 for the deter-
mination of C-terminal amino acids involves selective exchange of the

hydrogen on the asymmetric carbon of the C-terminal amino acid with tritium

as in Scheme 1.3

i'?' $n-l $n
H;N~CH-CONH-~---CONH-CH-CONH-CH~CO;H
Ac,0 'f'
R i D
AcNH-CH-CONH---—CONH~CH 0
base
= ~Ra
LA A
1 3H,0 (or H,0)
3 s
ACNH—CH—CONH--'-CONH—CH-CONH—(I)—COZH
Jﬁ (2!_1)
hydrolysis
F‘{, $n-l Ra
HzN"'CH‘CO)H‘*" R HzN‘CH‘COzH + HzN—(';"COzH
3
H

Scheme 1.3 The Tritiation Method for C-Terminal Sequencing
of Peptides and Proteins
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In the presence of acetic anhydride, C-terminal amino acids of peptides and
proteins selectively undergo cyclization to form oxazalones. The oxazalones
contain an active hydrogen and'read11y incorporate tritium when treated with
3H,0 and-pyridine. Hydrolysis with 18% HC1 produces a mixture of émino
acids which can be sepafated by paper chromatography. The tagged amino acid
js identified by its radioactivity. Difficulties with the procedure of
Matsuo et al.23 are that C-terminal aspartic acid and proline dolnot incorp-
orate tritium, and acid-catalyzed conditions must be used. Problems may
also arise with serine, threonine,?* and non-terminal aspartic acid.?>

A step-wise degradation of peptides from the carboxyl end based
on N,0-migration of acyl groups in conjunction with a reduction procedure
was described by Bailey.2® In this scheme, peptide esters are reduced to
the corresponding alcohols, which, in the presence of POClj3 or SOCI,,
rearrange to yield the g-amino ester, which can be further reduced to give
the free amino alcohol and residual peptide in a form prepared for further
‘rearrangement (Scheme 1.4).

Y-NH-CHR'~CONH-CHR"-COOR"" L Y-NH-CHR'-CONH-CHR"~CH,0H

2
POCT
Y-NH-CHR'~CH,0H + HO-CH,-CHR"-NH,, —H Y-NH-CHR" -C-0CH,,~ CHR"-NH 5

0

L3

Scheme 1.4 C-Terminal Peptide Sequencing by Reduction

The most stringent requirement in this method is for a mild and selective
reduction of the C-terminal ester bond without any accompanying reduction of
peptide bonds. Thus, LiBH4 is preferable, while L1'A1H4 is unsuitable.

Difficulties in establishing optimum reaction conditions for the selective
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reduction of ester groups have limited its application in peptide
sequencihg.

In a modification of Bailey's procedure, Hamada and Yonemitsu?27
'FECent]y described the reduction of peptide esters with NaBH4 in aqueous
so]ution'f011owed by hydrolysis of the peptide bonds wfth 6N HC1. Because
of the non-specific hydrolysis of the peptide alcohol, the method is Timited
to determination of the C-terminal residue‘on1y.

A new method for determination of the C-terminal residue in
peptides described by Loudon and co-workers2® involves formation of an
O-substituted hydroxamic acid (9) by reaction of the peptide C-terminal
carboxyl group with a water-soluble carbodiimide (WSC) and an O-substituted
hydroxylamine., The O-substituted hydroxamié acid undergoes, at higher pH,
a Lossen rearrangement to the 1socyénate (10) leading to degfadation of the

C-terminal residue (Scheme'l.S).

0 | 0 0 0 0
] 1] " it n
Pep-C-NH-CHR-COOH + H,N-0-C-Bu-t —r Pep-C-i‘JH-CHREC—NH—O-C-Bu-t
| 5
OH™
0o 0
t-Bu-C-0”  +  Pep-C-NH-CHR-N=C=0
(10)
, ; H ,H 0 ;
Pep-C-NH, + RCH + NH, — Pep-C-NH-CHR-NH,  + CO
2 3 EiE: 2

Pep = N-terminal portion of a peptide

Scheme 1.5 Peptide C-Terminus Determination via Lossen Rearrangement
of an O-substituted Hydroxamic acid
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Hydrolysis of the carboxamide bond to generate a new carboxyl terminus

would make a sequential procedure possib]e. However, the N%aminomethy]amide
(Ji) formed on degradation of the isocyanate, decomposes unéer vigorous
hydrolytic conditions to the corresponding peptide-amide and aldehyde.
Identification of the C-terminal residue depends on the difference in amino
acid analysis of the peptide before and after degradation. This restricts
the method to relatively small peptides of a size for which this analytical
technique is applicable. The method fails when aspartic orjglutamic acids
are the C-terminal residues. Interferences in the method ane the low

degradation yields of asparagine and glutamine and the partial Toss of

1nterna1 tyrosine and tryptophan.

1.6 OBJECTIVES AND OUTLINE OF THE PRESENT WORK

From the preceding presentation of methods currently in use, or
proposed for determining the amino acid sequence of peptideé and proteins,
it should be obvious that while some procedures have reached a state of
maturity (e.g. Edman degradation), there are others which are as yet
unsatisfactory. The statement by Stark seven yearsvago tha£ no entirely
satisfactory chemical method of carboxyl-terminal analysis éxistszg stiil
applies. Of the several C-terminal methods that have been proposed (vide
supra), all suffer limitations, .and few have been useful 1ntactua1 practice.
Vigorous conditions, solvent restrictions, and failure at certain amino
acid residues have all contributed to their lack of general utility.

It would be highly advantégeous to have a method of sequencing

peptides from the carboxyl end similar in sensitivity, convenience, and

applicability to the Edman degradation from the amino terminus.
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The work described in this thesis has as its objectives the inves-
tigation of a reaction specific for carboxylates which could be used as a
method for C-terminal residue analysis or C-terminal peptide sequencing.
. The concept of the method which we envisaged for determination of

the C-terminal residue in peptides is shown in Scheme 1.6.

NH—NH,

0 XN

-C- - |

Pep-C-HCHR _ CONH-CHR COOH  + i

(12)
Pep-CONH-CHR _, CONH- CHR + 2Hy0
(Z23)

N
Pep-CONH-CHR__1COOH @:E :
‘ (14)

Further Degradative Cycles
Pep = N-terminal portion of a peptide

Scheme 1.6 Proposed C-Terminal Peptide Sequencing
via s-Triazolo[3,4-a]phthalazines

The reaction involves the coupling of l-hydrazinophthalazine (12) with the
C-terminal amino acid of peptides to afford a peptidyl-s-triazolo[3,4-a]-
phthalazine derivative (13). Hydrolysis of the terminal peptide bond

removes the C-terminal residue as a 3-aminomethyl-s-triazolo[3,4-a]phthalazine

(14) derivative which is characteristic of the terminal amino acid. The
)
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remaining peptide contains a free carboxylate which can undergo further
degradative cycles with 1-hydrazinophthaTazine., The choice of 1-hydrazino-
phthalazine as the reagent for modification of the C-terminal amino acid
arises from several considerations:
a. 1-Hydrazinophthalazine reacts with carboxylates to form an
amide 1nterhediaté which spontaneously cyclizes with loss
of water to form an s-triazolo[3,4-alphthalazine (TAP). The
formation of this cyclic product is specific for carboxyl
groups among those functionalities which are commonly found
~in amino acids, and tﬁere can be no ambiguity in results
arising from possfb]e reaction of 1-hydrazinophthalazine
with other classes of electrophiles.
b. An advantage of the TAP system is that it exhibits a strong
blue fluorescence when irradiated with short‘wave1ength ultra-
violet Tight. This property of TAP derivatives should permit
identification and detection of the TAP-modified amino acid
with high sensitivity,}ana]ogous to the Dansyl method for
N-terminal amino acids.
c. The essential components for formation of a fused 1,2,4-triazole
ring are a carboxyl component and a hydrazino compound with the

structure:
' NH-NH,
¢
-~ ‘%w
We chose the hydrazino derivative of phthalazine since its

chemistry is well known, and in almost all of its reactions with carboxylic
acids, the fully cyclized products are formed, unlike those of other

ring systems which may stop at the amide product.
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The major thrust of this work was in delineating the conditions
necessary for coupling 1-hydrazinophthalazine with N~protected amino acids
and dipeptides. 1-Hydrazinophthalazine does not react with carboxylic acids
under mild conditions, hence we explored several methods of bromoting this
reaction. In view of the possible application of our reaction for peptide
sequencing, we also explored the solid-phase synthesis of TAP derivatives.
We considered the use of metal complexes to promote the hydrolysis of
peptide bonds. In this context, several transition metal coordination

complexes of s-triazolo[3,4-alphthalazine derivatives were synthesized.
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CHAPTER 2

REACTION OF 1-HYDRAZINOPHTHALAZINE WITH N-PROTECTED AMINO ACIDS

2.1 INTRODUCTION

The reactions of hydralazine (12, 1-hydrazinophthafazine,
Apresoline) | NH—NH,
NN

|
=N

(22)
have been studied only sinceql950.3° Studies with this chemical were
prompted by the dfscovery that in hypertensive man, hydralazine lowers blood
pressure by reducing vascular resistance through direct relaxation of
arteriolar smooth muscle. These characteristics made it an {dea] agent for
the treatment of severe arterial hypertension.3! The effect on blood
pressure was so striking that interest in the drug surged, and within 8
years, there were some 920 references to hydralazine in the 11terature.
Today, despite the advent of many other drugs, hydralazine is‘stili widely
used for the treatment of high blood pressure, and is frequently administered

in combination with sympathetic-inhibiting and/or diuretic antihypertensive

agents.32 The cellular mechanism responsible for the relaxation of vascular
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smooth muscle remains unknown, but the ability of hydralazine to chelate
certain trace metals perhaps required for smooth-muscle contraction may be
important, 33

Hydralazine was first synthesized and tested in the Ciba Labora-
tories at Basle by Gross, Druey, and Meir as one of a series of experimental
~antihistaminic agents containing a hydrazino group.3? As it turned out,
this compound was not an antiﬁistamine, but its injection into animals
caused Jong acting vasodepressor responses unlike those of any hitherto
known drug.

In response to the potentialities of such an agent,istudies were
immediately initiated into the chemical and biochemical reactions of
nydralazine with the intention of elucidating its mode of action

Druey and Ringier made the first systematic study of the chemistry
of hydralazine.3% They found that acylating agents, such as carboxylic
acids, acid chlorides, anhydrides, and esters, did not give tha expected
N-acyl derivatives with hydralazine. Instead of the amide product being
isolated, ring closure occurrad with elimination of water and a new type of

compound, the s-triazolo[3,4-aJphthalazine (TAP) derivative was always

obtained.
NH—NH r NH—NH-CO-R N—N
0 —NHy § | )l\
RC-X  + SN oA N . N7 R
=N ~ZN ~N
(12) (15)
Hydralazine A 3-R-TAP

X = -0H, -OR', -0COR', halide
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Subsequently, two reports appeared which identified N-acetyl-
hydralazine as a major metabolic product of hydralazine injected into
animals. 35,36 These identifications were later shown to be erroneous, and
the metabolite isolated was in fact, B-hethy]-s-triazo]o[3,4-a]phtha1azine
(15, R=CH3).37:38 Other metabolites of hydralazine identified since fhat

time include the compounds shown in Chart 2.1.39-%2

Ry = H R2 = H, CHZOH, COOH,_C02C6HQQ

6
Ry = OH R, = H, CH,
0 NH-N=C-CHg
|
R/l NH /|\I}I l}'coon
T AN AN _N

Chart 2.1' Metabolites of 1-Hydrazinophthalazine

The non-enzymatic conversion of hydralazine to 3-CH3-TAP was shown
to occur in the presence of acetyl CoA in human plasma ultrafiltrate.“3

Independently of the pharmacological and clinical studies on
hydralazine and its metabolites, Lovelette and Potts investigated the
synthesis and chemical properties»of various s-triazolo[3,4-a]phthalazine
derivatives as part of a general program on the study of bridgehead nitrogen

heteroaromatic ring systems,“!s45
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While the work described {n this thesis was in progress,. Zimmer
and co-workers reported their investigations on the reaction between
hydralazine and a variety of acylating ageh’cs.‘*6 Their objective was to
determine whether the ring closure to give 3-substjtﬁted-TAP derivatives
was a characteristic of acylation reactions only. In every reaction they
studied, the cyclized product was obtained. The ranée of reactions from
which TAP derivatives may be formed are shoWn in Table 2.1.

The reaction mechanism for the coupling and fing closure suggested

by Druey.and Ringier is shown in Schene 2.1.34

H
| R
NH-NK, , N—NH,. . . , N \940
SN , NH RIOOH ¢ nH R
=N ZN A /l\ll

N—N ‘ C
| | OH i
r‘q/kn Lho _ !ykn o | NH R

~N ) ZN =N

(28)

A

Scheme 2.1 Reaction Mechanism for Formation of s-Triazolo[3,4-alphthalazines

It has been shown with the 1-hydraéinophtha]azine system, that
once the acid component was coup]ed,'the amide‘intermediate cyclized
spontaneously, even in those cases where attempts were made to synthesize
the acylhydralazine,38:4%,45 The ease by which this cyclization occurs
seems to be unidue for the phthalazine system. In other cases, e.g. the
acylation of 2-hydrazinopyridine, the amide derivatives could be obtained

as stable and isolable compounds“” which cyclize under dehydrative condi-



“"Table 2.1

25

Reactions of Hydralazine with Various
Carboxylic Acid Deriyatives

\
/,N
Acid Derivative R .Reference

HCOOH H 45
CH3COOH CH3 45
CC13C00H _CC13 46
HSCHZCOOH CHZSH 46
PhCH(OH)COOH CH({OH)Ph 46
COOH H 45
COOH

(CF3CO)20 CF3 46

0 v
Qo (CH,) ,COOH 46
0

(CH3)3C-C0C1 C(‘CH3)3 46
CC]3CN CC]3 46
HC(OEt)3 H 45
CH3C(OEt)3 CH3 45
C52 iH 44
CNBr NH.Br~ 44
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tions, such as, refluxing with phenol or phosphorous oxychloride.*7=%9

The first goal of this work was to delineate the conditions
required for coupling hydra]azine with carboxylic acids under as mild
conditions as possible. Literature methods call for this coupling to be
effected at reflux temperatures with neat 1iquid carboxylic acids, or undek
melt conditions for solid acids.%5,46

If the coup]iﬁg reaction is to be applied to amino acids or to
peptides, such severe conditions are not appropriate. The first step in
the coupling reaction is the formation of an amide bond from carboxyl and
amine components. Amide formation'is an endoergic’ reaction so that energy
must be supplied, e.g. in the form of heat. An alternative is that one of,
the reaction components is introduced in an activated form.  Most of the
published applications of this reaction are derived from this common
technique: they occur through an activated form of the carboxyl group, in

general through acyl derivatives such as halides, anhydrides and esters.>?

2.2 NOMENCLATURE

The following naming and numbering'systems, both IUPAC and

trivial, are used in this work.

1-Hydrazinophthalazine (Hydralazine)

NH-NH»
8
7 \I\l|2
6 _N 3

5 4
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s-Triazolo[3,4~-a]phthalazine (TAP)

1 2
)
10
3
9 I’ilfl
8 —N¢
7 6

The naming of the side-chain in the 3-position follows normal procedures
when the TAP derijvative is derived from hydralazine and a simple carboxylic

acid, e.g.,

Hydralazine + HCOOH ———— s-triazolo[3,4-alphthalazine (3-H-TAP)

Hydralazine + CH3COOH —— 3—methy1-s—triazo]o[3,4-a]phthé]azine (3-CH3TAP)

When the TAP derivative is derived from an amino acid, we depart from IUPAC
rules and give the side-chain substituent the same name as the parent
carboxyl component. The naming of TAP derivatives is illustrated in

Table 2.2.

2.3 PRELIMINARY RESULTS

The coupling reaction of hydralazine hydrochloride with neat
glacial acetic acid to give 3-methyl-s-triazolo[3,4-a]phthalazine hydro-
chloride requires up to 4 hours under ref]hx conditions to be completed.
Carboxylic acids are not always liquids however, and the question arises
whether the coupling can still occur when the reactants are diluted in a
solvent medium. In aqueous acetate buffer solutions (pH 2.9-4.8), no

coupling reaction occurred after 9 hours at 100°C which suggested that the



Table 2.2 Nomenclature for the Side-chains of s-Triazolo[3,4-ajpntiialazines

Parent Carboxylic Acid

Accepted Hame of
3-Substituent on TAP

Trivial Name of
3-Substituent on TAP

TAP Abbreviation

Formic Acid
HCOOH

Acetic Acid
CH3COOH

H-Acetyl-glycine
CH3CONHCH2COOH

N-t-Butyloxycarbonylglycine
(CH3)3COCONHCH2COOH

N-t-Butyloxycarbonylalanine
(CH3)3COCONHCHCOOH

CH3

N-Acetyl-methionine
CH3C0NHCHCOOH
]
(CHy),
SCH,

Methyl

- Acetamidometnyl

N-t-Buty]oxycarbohy]aminomethy]

1-(N-t-Butyloxycarbonyl)amino-
ethyl

1-Acetamido-3-methylthiopropyl

N-Acetyl-glycyl

N-t-Butyloxycarbonyl-
glycyl

N-t-Butyloxycarbonyl-
alanyl

N-Acetyl-methionyl

3-H-TAP

3-Me-TAP

3-(N-Ac-giy)-TAP

3-(N-B0C-gly)-TAP

3-(N-BOC-ala)-TAP

3-(N-Ac-niet)-TAP

8¢
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coupling of a carboxylic acid with hydralazine was unfavourable under dilute
conditions. The alternative mode of action, that of activating the carboxyl
group was then considered.

The approach taken was to generate the activated carboxyl interme-
diate in situ by means of a 'coupling reagent,' and to react the activated
species directly with the amine component without prior isolation of the
intermediate.  The coupling reagent used for exploratory studies was
1-ethy1-3-dimethylaminopropyl carbodiimide hydrochlorideS! (16, EDC).

+
Et—N=C=N—(CH2)3r:IMe2 c1”

H
(16)

The carbodiimide reacts with carboxylic acids to form an O-acylisourea which
is attacked very readily by amine nucleophiles to form the amide product
(see Section 2.4.4).

The first trials were performed with hydralazine HC1 and aqueous
acetic acid in the presence of EDC at ambient temperature. The reaction was
monitored by UV spectroscopy (Figure 2.1). The molar absorptivity (e) of
the most intense absorptiun of 3-CH3-TAP is almost four times greater than
that of hydralazine. Thus, as the coupling reaction proceeds, it is possible
to monitor the growth of the 231 nm band of 3-CH3—TAP, concomitant with the
decrease in intensity of the hydralazine bands.

In aqueous solution, the reaction did proceed with the formation
of 3-CH.-TAP. However, the reaction is slow, and after two weeks there was

3
still a significant amount of unreacted hydralazine HCI.

Coupling occurred much faster using dry methanol as solvent, the

reaction being essentially complete within two days.
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Absorbance

I ' |
200 - 250 300 350
Wavelength (nm)

Figure 2.1 Ultraviolet Spectra of Equimolar Amounts of (a) 'Hydra]aiine,
(b) 3-Me-TAP, and (c) a Mixture in H_0 Solution

2
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Although the reaction time was not yet satisfactory, these
experiments showed that with carboxyl activating agents milder reaction
conditions than previous literature methods could be used. This set the
stage for the coupling of hydralazine with N-protected amino acids.

In principle, the problems faced in this work were similar to
those found in peptide synthesis. The synthesis of peptides requires
activation of the carboxyl group of an N-protected amino acid such that
it will react with the amino function of another C-protected amino acid
molecule to give a new peptide link. In our case, the nucleophile is the
amino group of a monosubstituted hydrazine, rather than the amino group of
an amino acid. Previous work has shown that once the carboxamide linkage
is formed with hydralazine and carboxylic acids, ring closure is immediate
to form the s-tr1a2010[3,4-a]phtha]azine derivative.*3:%6 (Qne expects
~ therefore, that coupling methods used in peptide synthesis should be "
applicable to the formation of TAP compounds from hydralazine and amino
acids. |

Because of the multitude of coupling methods used in peptide
synthesis®2=5% it is necessary to be highly'selective in the choice of
methods for coupling the amino and carboxyl components. ‘In peptide
synthesis, the choice of coupling reagents is frequently dictated by the
ease of racemization produced by the ﬁethod. Racemization is unimportant
in our system.

In view of the promise of coupling reagents'r for effecting TAP

formation under mild conditions, we directed our attention to finding

t In peptide synthesis, coupling reagents are generally considered to be
reagents added to the amino and carboxyl components to effect amide bond
formation in a one-pot reaction, without isolation of intermediates.
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appropriate coupling reagents. The use of coupling reagents simplifies the
synthetic procedures considerably, and makes the method more amenable to

possible automation of the procedure.

2.4 RESULTS : , )

2.4.1 The Isoxazolium Salt Method

N-Ethyl-5-phenylisoxazolium-3'-sulfonate (17, NEPIS, Woodward's

Reagent K) was first used as an amide-forming reagent in 1961.55556

SO,
Q +
| /\N-—E_t
(27)

This reagent reacts with carboxyl groups to form active enol esters which
condense with amine nucleophiles with amide bond formation as shown in
Scheme 2.2.

Reaction is initiated by the base induced abstraction of a proton
in 17 with a concerted ring opening rearrangement to form the highly reactive
ketoketenimine (18). The reaction of this species with free carboxylic acid
produces an iminoanhydride (19b) which is converted to the enol ester (20).
This intermediate can react with amine nucleophiles to form the amide product,
or it can undergo 0 — N acyl migration to yield the unreactive keto-
amide, 21,57

The enol ester is a good acylating agent towards nucleophiles
since the leaving group is stabilized as the anion of a g-ketoamide. Some

additional stabilization of the leaving group might be derived from intra-
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A
| 0\'; E Base - r o
il - c
H ~
NN -
(17) (18) N-Et
RCOOH
Ar (o) Ar OH
-CO-R I 0-CO-R
Ho X ~0-CO-R Hj;(
NH-Et N-Et
(150) 1<wb>
Ar_ _0o Ar 0-CO-R
A |
. N ' NH-Et
H N R H
' o) o) o)
(20)
21 Y
(21) lR NH,
Ar
R-CO-NH-R

Ar = m-SO306H4

Scheme 2.2 Mechanism of

o
o)

(22p)

Amide Formation with NEPIS
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molecular hydrogen bonding to the forming O-anion during attack by the

nucleophile (:N).

The high reactivity of the active enol ester intermediate together
with its facile generation in situ, recommended the isoxazolium salt method
for facilitating the coupling of hydralazine with amino acids. Another
factor in favour of this method was the reputed ease of separation of
by-products from the desired coupled product.

NEPIS was designed by incorporating a sulfonate group onto the

phenyl substituent to provide an ionic ketoamide by-product (22).

+
SO  HNEts

(22)

The procedure recommended for product isolation in peptide
synthesis involves simple trituration with water to remove the water-soluble
impurities.>® Any unconsumed enol ester or side-reaction products connected

to the sulfonated framework would be removed from the coupled product along

with 22.
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Literature procedures for synthesis of peptides call for initially
suspending the isoxazolium salt with the acid component in the presence of
Et3N, in either acetonitrile or nitromethane solvent until the jsoxazolium
salt dissolved completely. At this stage, the carboxylic acid is assumed
to be completely converted to the enol ester. The amine component is then
added and the acylation reaction is usually allowed to proceed overnight
(15-18 hours) before work-up of the reaction mixture.

For our trials with the isoxazolium salt method, NEPIS was the
coupling reagent used. The amine component was hydralazine as the HC1 salt
. because of the instability of the free base (cf. Chapter 5). Initial experi-
ments were conducted with N-acetyl-DL-methionine because of its solubility
in acetonitrile and also because, at this early stage of the work, there
were few other N-protected amino acids on hand. The reaction of the above

components is shown in Scheme 2.3.

NH-NH, N—N 4
1o N o
! 3
SNy CH3CONH-CH-COOH _ NEPIS N hig
_N ! CH.CN : ZN 0
(CHy) 5 3
(12) : SCH, (23) .  SCHs
SO3H
H
NEt
0 O
(22)

Scheme 2.3 Formation of 3-(N-Ac-met)-TAP with NEPIS
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The reaction conditions used initially were similar to those
recommended for peptide synthesis, with addition of hydralazine HC1 and Et3N
in acetonitrile suspension after formation of the enol ester. However,
it became apparent that strict adherence to literature procedures was
impractical. In the first instance, high concentrations of all reagents
could not be used to promote the coupling reaction because of the low solu-
bility of the hydralazine salt in acetonitrile. A yellow precipitate was
formed during the coupling reaction which appeared to be a decomposition
product of hydralazine.

Isolation of the TAP derivative was not spectacularly successful.
Trituration of the reaction mixture with water after the precipitate was
filtered off? and the solvent removed, not only dissolved the sulfonated
by-products, but also some TAP product as well. Extraction of a CH2C12
solution of the reaction mixture with water also resulted in loss of product
into the aqueous phase. On an encouraging note however, the CHZCT2 solution
after extraction showed clean UV spectra characteristic of the TAP
chromophore. The identity of the product isolated from the CH2C12 solution
was confirmed by hass spectrometry to be the desired 3-(N—acéty1-methiony1)—
TAP (23).

In an effort to improve the reaction conditions, the next series of
experiments were conducted with N-butyloxycarbonylglycine (N-BOC-gly). The
expected reaction product is 3-(N-BOC-gly)-TAP (24).

N—N
1) N
N 0

=N 0

(24)
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N-Butyloxycarbonylglycine is very soluble in acetonitrile, and is
thus suitable for our needs. Of more importance, the TAP derivative should
be relatively insoluble in water, thus facilitating isolation of product;

Coupling reactions were performed under the same conditions as
previously, with the product isolated by extraction of CH2C12 solution with
water. As expected, 3-(N-BOC-gly)-TAP showed Tow solubility in water, and
very Tittle TAP was lost in the aqueous phase during extractions. The
iso]atioh procedure was also modified by extracting the CH2012 solution first
with dilute HC1 to expedite removal of unreacted hydralazine, and then with
agueous NaHCO3 solution and water. The extractions were usually monitored
by recording the UV spectra of the organic and aqueous phases, and extractions
were repeated until the UV spectra of the aqueous phases showed no UV
absorbing material. However, during the extractions with 5% HC1, some
compound remained in the aqueous phase in approximately constant concentra-
tion even after most of the sulfonated products were removed. This compound
showed a different UV band structure from the TAP chromophore.  When an HCI
extract was titrated with base, the characteristic TAP band structure was
generated. Thus, protonation of one of the ring nitrogeh atoms occurred, and
the protonated product was more soluble than the basis TAP mo]ecu]e'in aqheous
media. When IN or 1% HC1 were used for extractions, no protonation of TAP
was observed.

To obtain more homogeneous conditions for amide-bond formation, the
solvent system was modified. As before, the enol ester of the N-protected
amino acid was prepared in acetonitrile solution. Hydralazine HC1 and Et3N,
were added in DMF suspension. When the reaction mixture wds stirred overnight
almost all the hydralazine HC1 had dissolved. An attempt was made to isolate

the TAP derivative by sonicating the reaction mixture with 0.5N HC1 after
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ofganic solvent had been removed. The soniéation procedure accelerated the
extraction of water-soluble materials into aqueous solution, leaving TAP as
a solid. |

When this mixture was Tleft standing, a gas was liberated and all
solid gradually dissolved. Very little of the dissolved product could be
extracted into CH2C]2 or Et0Ac. Evidently the work-up procedure deblocked
the butyloxycarbonyl group from 3-(N-BOC-gly)-TAP with liberation of CO

2
(Equation 3). The deblocking of.the BOC- group under such mild conditions

. | A b
‘ N 0 NH, CI
vll\\” U CMeg dit Hel § 3 + €O, + Me,COH
_ 3)

(24)

is in contrast with the observed stability in 1N HC1, and the usual deblock-
ing procedure with HBr in glacial acetic acid. 58

When the coupling reaction was done entirely in DMF solution, all
hydralazine HCT dissolved on overnight reaction, but its disappearance was
masked by the simultaneous precipitation of Et3N.HC]. Monitoring the
reaction by TLC showed significant unreacted reagents after 5 hours, but the
reaction appeared to be essentially complete within 22 hours. The product
was obtained by extraction with 1IN or 2N HC1 and H20 of a methylene chloride
solution of the reaction after DMF was removed. This procedure removed
almost all impurities. Recrystallization of the product from methaho] gave

3-(N-BOC-gly)-TAP pure by TLC criteria.
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In contrast to their recommended use in peptide synthesis, aceto-
nitrile and nitromethane were unsuitable for the synthesis of TAP derivatives
due to the low solubility of hydralazine HC1. Incomplete dissolution of
hydralazine HC1 has an obviously detrimenta]Jeffect on TAP yields, and
delayed or proTonged addifion of the amine component to the réattion.so]ution
encourages competition of rearrangement and side—reactions.56

N,N-Dimethylformamide was used as a solvent medium With some
reservations in view of its reported unsuitability for carboxamide formation
with NEPISS® and the instability of hydra]aziné in DMF solution. Water and
ethanol are not recommended as solvents because they react with the keten-
imine intermediate (18). Low coupling yields in dioxane, tetrahydrofuran
(THF)'and ethyl acetate are attributed to incomplete enol ester formation.
Lowered yields are found with DMF and dimethylsulfoxide (DMSO) probably due
to an increase in the rate of ketoamide formation caused by the increased
polarity of the solvent.

Our results show that whereas the occurrence of the side-reaction
(20-21) discourages the use of polar solvents, polar solvents are required
to solubilize hydra]azine HC1. Indeed, it is possible that the yield-
limiting factor for TAP formation in DMF solution is the rearrangement
- 20»21. No extensive efforts were made to optimize the reaction conditions,
and our maximum bbserved TAP yieid of 73% does not represent an optimum
value. Certainly, the yield should be improved with a mixed CH3CN/DMF
syétem by decreasing the extent of competing 0-N acyl migration. Substitution
of DMF with dimethylacetamide (DMA) should decreése the extent of hydra]ézine
decomposition in solution (cf. Chapter 5).

Another means of improving the coupling reaction is to use an

isoxazolium salt with less tendency to undergo rearrangement of the enol
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ester. HWoodward and Woodman showed that substituting the N-alkyl substi-
tuent with a bulkier group slowed down the rearrangement.®® They succeeded
in blocking the enol ester rearrangement completely in N-t-butyl-5-methyl-

isoxazolium perchlorate (25) which bears the bulky N-t-butyl group.

0.+ -
DN-BM Ci0,

(25)

Me

Unfortunately, the isolable t-butyl ketenimine (26) derived from this cation
was so unreactive that it did not easily yield enol esters with peptide
acids; the activation step was so slow that side reactions became

significant.60,61

Me 0
H::K:C
§§N-Bu4
(26)

2.4.2 The EEDQ Coupling Reagent \

1-Ethoxycarbony1-2-ethoxy-1,2-dihydroquinoline (27, EEDQ) was
originally developed by Belleau and his associ_ates62 as a depressor of the
central nervous system. EEDQ was also shown to be an efficient and
selective coupling reagent. Belleau and Malek proposed the mechanism for

amide bond formation shown in Scheme 2.4.63
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X
+ RCOOH
N OEt

/ N\
EtO \O

(1)
N ,
N .

EtOH + C02

N O

| |
Y oL 2N
EtO g o°~r

(2)

Scheme 2.4 !Mechanism of Amide Formation with EEDQ




42

The carboxylic acid replaces the ethoxy group of EEDQ to form an
intermediate (28) which is converted to a mixed carbonic anhydride in situ.
This mixed anhydride (30) reacts with amine nucleophiles to form the amide
compound. The by-products of the reaction (quinoline, ethanol, and carbon
dioxide) are reported to be readily removed by flash evaporation of the
reaction mixture. The reaction may be carried out in solvents such as
benzene, absolute ethanol, or tetrahydrofuran. An attractive feature of
this method is the promise of easy isolation of the desired product.

| Trials with EEDQ were conducted with N-acetyl-glycine and
hydralazine in methanol solution. UV spectral analysis of the reaction
mixture showed very little of the TAP product when the reaction was a]Towed
to proceed at room temperature for_up to three days. The presence of
quinoline in'the reaction mixture indicated that the mixed carbonic
anhydride had been formed, but apparently much of the active intermediate
was lost through hydrolysis with water present in the solvent.

Other trials in acetonitrile solution were oﬁ1y mildly successful
due to the sparing solubility of N-acety]-g]yciﬁe in acetonitrile and the
tendency of hydra1azine\to precipitate from solution when EEDQ was added.
In spite of these problems, the yield of 3-(N-acetyl-glycyl)-TAP was higher
in acetonitrile than in methanol.

Using N-acetyl-L-alanine, which was more soluble in acetonitrile
than thg glycine derivative, formation of 3-(N-acety1-L-a1any1)—TAP was
much improved for overnight reactions at room temperature. Although some
hydralazine still precipitated from solution, the tendency to do so was
much less than with N-acetylglycine, notwithstanding the use of more
concentrated solutions with the alanine derivative.

Coupling reactions with EEDQ in THF or DMSO solution resulted in
Tittle or no TAP formed. Good amide formation was effected with N-BOC-L-

t
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alanine and hydralazine in methylene chloride solution. The product could
be isolated by extracting the methylene ch]oride so}ution with dilute aqueous

acid and base.

2.4.3 Acy]oxyphosphonium Cations

Acyloxyphosphonium derivatives (30) are very susceptible to
nucleophilic attack at the carbonyl carbon atom (Scheme 2.5), and such species
feature as intermediates in several recently deve]oped procedures for amide

bond formation.

0 0 R'NH, 0 _
w.oo + " + " - +
R-C-0" + R3P-X ————= R-C-0-PR; —— = R-C-NHR' + “0-PRj

(30)

Scheme 2.5 Amide Formation via an Acyloxyphosphonium Intermediate

Much effort has been expended in developing acyloxyphosphonium
salts as viaB]é acylating agenté in peptide synthesis with encouraging
success, and several methods show promise for practical use in peptide
synthesis, 5"

Phosphorus-containing reagents were consjdered for the foi]owing

reasons:

1. Reaction conditions are generally miid and suitable for
'eintopf verfahrenf of TAP derivatives;
2. Reagents are inexpensiye and readily accessible.
3. The reagents were deyeloped for peptide synthesis and 1itt1¢
is known about their more general applicability in CarboXamide

synthesis.
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In 1969, Kenner and associates reported on the resonance-
~stabilized acyloxyphosphonium salts derived from hexamethylphosphoramide
(31, HMPA) (the Kenner-Sheppard Reaction).®“s85 They showed amide formation

according to the sequence in Scheme 2.6.

: (MezN)SPO + TsCl -——-—Q~> [(MeZN)3;-0Ts]C1'
(31) - - (32)

|

+ 4+
| [(MezN)3P—O-P(NMe2)3]TSO'C1',
‘ (33)
lRCOOH
-
[RC-0-P(HMe,) ;1C17(0Ts ™)
(34)
lR'NHz
0

RC-NHR' + (MeZN)3PO

TS - = Me302-

Séheme 2.6 Amide Formation via an Acyloxydimethylaminophosphonium Salt

The addition of tosyl chioride to excess HMPA yields the dication
(33), presumably by way of the initialadduct.(32). The dication (33) is
relatively stab1e,rénd the crystalline di-tetrafluoroborate salt has been
used as a coupling reagent in peptide synthesis.®®

Two routes can be visualized for thé acylation step. This step
can proceed either by direct attack of the amino component at the activated
carboxyl group with anchimeric assistance by a hydrogen-bonded cyclic

transition state (35) or via the addition of the amino component to the



45

a | b
n ]

HR-';% —0\*_NMe, HR"\;,E—O\-r,NMeZ'
P ~ y “SNMe
Rl/ \H" N/ NM82 l/ \'Il\( . 2
Me, R Me,

(35)

phosphorus atom of 34 to form 36, which then-decomposes to the amide and

¢-0
R=L=0\
R=

H

P(NMe, ),
(36)

HMPA in a manner not dissimilar to the Wittig reaction.®> ‘Activation of
HMPA can also be achieved with tosic anhydride or thionyl chloride in place
of tosyl chloride. | _

In a trial with HMPA and tosyl chidride, we used N-acetyl-glycine
as the carboxyl component_and hydré]azine HCT with Et3N as the amine
component with reaction at room temperature. TAP was detected in the reac-
tion mixture within two hours, but after oveknight-reaction, there still
remained a fair amount of undissolved hydralazine HC1. Efforts at isolating
the TAP product were unsuccessful. Extraction of the HMPA solution with
benzene, petrd]eum;ether, dicthyl ether, and methylene chloride was
unsatisfactory because of the high solubility of 3«(N-acetyl-glycyl)-TAP
in HMPA. The high boiling point of HMPA (~290°C) preé]uded removal of

.solvent by distillation.
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No further work was done with this system because of the problems
of isolating the product from HMPA solution. Also discouraging any recon-
sideration of this mgthod for TAP synthesis, was a report that HMPA is a
potential carcinogen.®’

Since the Kenner-Sheppard method proved to be unsatisfactory for
TAP synthesis, we considered an alternative means of generating acyloxy-
phosphonium intermediates, i.e. the coupling reagent, azido-tris(dimethyl-
amino)phosphonium hexafluorophosphate (37).68

+
[(MeZN)BP-N3]PF6'
(57)

In solution,37 reacts rapidly at -10°C with triethylammonium
salts of carboxylic acids to give the acyl azide (39) via an acyloxy-
phosphonium azide (38) which is not isolable. The active intermediate

reacts with amines to form the carboxamide (Scheme 2.7).

0

[(Meoh) P-N3IPF s + RCOOH + Et,N ;L(ﬂ:—-»[R-E-O-P(I\lI'erZ)3]N3 + [EtNHIPF
(37) (38)
0
R=N=C=0 + N, ~———— [R-C-N,] + (Me,N) 3P0
(20) (39)
RN, -10° | RN,
0

R-NH-CO-HH-R" RC-NHR'

(41)

Scheme 2.7 Amide Formation via an Acyl Azide
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At higher temperatures, the acyl azide may undergo the Curtius rearrangent
to the isocyanate (40) which will condense with the amine component to give
 the urea (41).

Our effofts'with the coup]ing'reagent (37) involved reaction of
N-BOC-glycine with hydralazine at -15°C in DMF solution. After oné hour,
TLC analysis of the reactionimixture indicated only a Tittle TAP-pkesent,
and UV spectra showed mainly unreacted hydra]azine in solution. Overnight
reaction at room temperature did not ngnificant]y increase the yields of
TAP. ~Coupling reactions in Methy1.Celloso]ve solution under the same
conditions also gave Tow yields :of 3—(N-BOC-glycy1)4TAP.

The coupling reaction with [(MezN)3P N3]PF was not pursued
further because of the low TAP yields and d1ff1cu1t1es in ma1nta1n1ng Tow
temperatures to minimize the Curtius rearrangement.

Another coupling method used was the so-called "oxidation-
reduction condensation" reactioh of Mukaiyama and co-workers,69,70 in which
the dehydration reaction involved in amide synthesis is coupled with

oxidation of an aryl phosphine and reduction of a disulfide (Scheme 2.8).

R : =N
e O 0 — L, O
' NTNS-s 7N NZs-PPhg | SNZs

(42)

(23)

[rcoon
0

[R-E-o-ﬁph3]ﬂj::Ls_

o : (¢4)

lR NH

RCO-NHR  + Php=0 4 [:N:l [jﬁ:L

(¢5a) (45b)

Scheme 2.8 Amide Formation via an Acyloxytriphenylphosphonium Salt
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The effectiveness of this combination of oxidant and reductant can
be envisaged as arising from formation of ar acyloxyphosphonium thiolate
(44) as the active acylating intermediate. This salt, by virtue of the
electron withdrawing properties of the phosphonium entity, reacts rapidly
with incoming amino- components to afford amides, triphenylphosphine oxide

and the thione as depicted below.

0 i
0 g R o/c\\ 1
2 MNH-R
Ar;P\ R'—NH; Ang\ ~H
S S N

—> R—CO-NH-R' + Ar;P=0 + EfiL

N™°S
H

A deciding factor in using 2,2'-dithiodipyridine (42, 2-DTP) as
the oxidant is the isomerization in solution of the hydrogenated product
(45a) to the thione form (45b). In the absence of this isomerization, the
thiol formed would react with the acyloxyphosphonium salt intermediate to
give undesirable side products thus necessitating the addition of a thiol
scavenger to the reaction mixture.

A coupling reaction with the Mukafyama procedure was attempted
using N-acetyl-glycine and hydralazine HC1 (+ Et3N) in dioxane solution.
After overnight reaction at 40°C, UV spectral and TLC analysis of the
reaction solution showed only a Tittle of the TAP derivative in sclution.
A solid precipitate during the reaction showed Et3N.H01 and a decomposition

product of hydralazine.
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The oxidation-reduction condensation reaction showed little
promise for our purposes although the yield of TAP would probably be
improved by conducting the reaction in a solvent where hydralazine decom-
.position_is less pronounced. No further action was taken with this system
because more encouraging results were being obtained elsewhere.

Continuing our efforts with phosphorus-containing reagents, we
considered the method developed by Mitin7l for the one-step synthesis of

peptides from suitably protected amino acids (Scheme 2.9).

/= =\
P(PhO) 4 + HN N ——— (PhO),P-N_N  + PhOH
(¢6)
l RCOOH
/=
(Ph0) ,P-NCONH  RC-0™
(47a)
R-C-0Ph = RC- N (PhO) ,p-07
(48) (47p)
R*NH, R'NH,
0
> RC-NH-R'

Scheme 2.9 Amide Formation via an Acylimidazolium Salt

On the basis of indirect data only, Mitin et al.72 assumed the
reaction mechanism shown. The reaction sequence is considered to consist of

initial formation of imidazolyl diphenylphosphite (46), which on reaction
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with the carboxyl component gives the activated compound of the latter
(47a =~ 47p). The acylimidazolium intermediate (47b) reacts with the amino
component to afford the carboxamide. In the absence of the amine component,
the active intermediate (47b) reacts with the phenol formed at the first
stage to give the phenyl ester of the carboxylic acid. |

Qur first experiment with the Mifin procedure 1nv01yed the
coupling of N-BOC-glycine with hydralazine HC1 suspended in dioxane with
Et3N added to neutralize the salt. When the reaction was carried out in
the presencé of triphenylphosphite and imidazole for one day at 40°C, UV
spectral analysis of the reaction solution showed a high concentration of
the desired TAP product. This result was most gratifying; unfortunately, a
significant amount of hydralazine HC1 remained undisso1ved;

The sihg]e trial with this procedure showed more promise than any
of the previous reactions involving other phosphorus—containing reagents.
We therefore set about to optimize the conditions for TAP formation.

The reaction of carboxylic acids with triarylphosphites leads to
the formation of aryl esters, but high temperatures (150°-200°C) are
‘required. In the presence of tertiary amines, however, the reaction
proceeds rapidly at room'temperature.73
| A series of coupling reactions wére performed in which the base
was varied. It became apparent that the initial choice of bases in the
exploratory experiment Was the optimUm one. The efficiency of bases in

promoting TAP formation follows the sequence:

Imidazole + Et_N >> DBU, Imidazole, Et3N >> Morpho]iné, 2,4,6-Collidine,

DABCO, t-Bu

3

3N, Proton Sponge

where DBU = 1,5-diazabicyclo[5.4.0]Jundec-5-ene |
DABCO = 1,4-djazabicyclo[2.2.2]octane _

Proton Sponge = 1,8-bis(dimethylamino)naphthalene
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One conclusion from the above sequence is that it is not based
on base strength alone, since the étrong]y basic Proton Sponge (pKa 12.37)
is ineffective in the coupling reaction, whilst ihidazo]e (pKa 6.95) in
combination with triethylamine (pKa 11.0 ) is satisfactory.

Coup]ing reactions were performed at ambient température (¢23°C),
40°C and 70°C to determine the_effect of temperature on the yield of TAP.
Not surprisingly, higher yields of TAP were obtained at the higher tempera-
tures. However, some deblocking of the BOC-group from 3-(N-BOC~-gly)TAP was
observed at 70°C. _ |

The efffciency of TAP formation was highly solvent dependent. A
series of experiments was conducted with various solvents using imidazole
and triphenylphosphite as the carboxyl activating agents. and Et3N,to
neutralize the hydra]ézine HC]; The most Suitab]e of the solvents tried
was DMF. Acetonitrile, THF, and dioxane gave good to moderate yields of

-TAP with dissolved hydralazine, but werellimited'because of incomplete
solution of hydralazine HCl even after one day's reaction. Dimethyl-
sulfoxide, water and Methyl Ce11osoive were unsuitable even though hydra-
lazine HCI dissolved’comp]ete]y in:the solvents.

An expected consequence of slow or incomplete solution of
hydralazine HC1 is formation of the phenyl ester (48) of the N-acylamino
acid., 1In fact, when the amino component is absent, this proceduré may be
utilized for the synthesis of phenyl es'ter's.-";2 Thus, in those solvents
where release of hydra]azine.into solution is élow, acylation of hydralazine
via the active phenyl ester.should become more prominent,

In the coupling reaction of -carboxylic acids with amines, promoted
by triphenylphosphite in the presence of imidazole, Mitin et al.7!»72

reported the by-products of the reaction to be diphenylphosphite and pheno]Q
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Théy did not consider the possibility of further coupling reactions with
the diphenylphosphite.

Yamazaki and Higashi’" re-examined the reaction with triphenyl-
'phosphite and determined the effect of various tertiary bases on the
synthesis of an amide. In agreement with our results, they found that
imidazole was significantly more effective than other bases. An unexpected
result was the reaction with diphenylphosphite, in which pyridine was the
superior‘base. As a consequence, Yamazaki and Higashi explored the use of
diphenylphosphite and pyridine for peptide synthesis.”’* They showed that

the coupling reaction proceeds as shown in Scheme 2.10

HO-P(OPh)2 0 @

coon 0¥ R'WH, 0 ;
I e R-C-0-P-H "0Ph ———2—= R-C-NHR' + H-P-OPh + PhOH
]
H-P(OPh),, ( 2‘)’ OPh (;';
1] 4
0 (HO) ,P-0Ph

Scheme 2.10 Amide Formation via an Acyloxyphosphonjum Salt

from Diphenylphosphite

The acyloxyphosphonium salt of pyridine (49) is formed first, with
release of a phenolate anion from the phosphite. In the presence of an
amino component, this active ingredient reacts readily to form the amide
derivative. When no amino component is present the phenyl ester of the
carboxylic acid is formed By interamolecular reaction with the phenolate
anfon released from the phosphorus atom.

If triphenylphosphite is used in the reaction, then only half an
equivalent amount is required, siﬁce the pyridinium salt of diphenyl-

phosphite (50) is formed which can undergo further reaction (Scheme 2.11).
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oPh
® . ©
py W 2. Y
P(0Ph) 3 + RCOOH ———= R-C-0-P-H  — < - T0-p-H
[
PhO OPh ot \ov ooy PhO OPh
(50)
(jj] “OPh
RCOOH N RUNH, O 0
(50) v R-C-0-P-H ———L = RC-NHR' + PHOH + H-P-OPh
]
HO OPh OH

Scheme 2.11 Amide Formation via Acyloxyphosphonijum Salts

from Triphenylphosphite

The reaction mechanism proposed by Yamazakf and Higashi for the
coupling reaction with phosphites is at variance with that of Mitin, which
assumes that the active intermediate is an acylimidazolium salt. It would
be interesting to test these assumptions to determine which is the actual
activé acylating agent: acyloxyphosphonium salt or acylimidazolium salt.

To complete our investigations with phosphorus-containing reagents,
we attempted a coupling reaction between N-BOC-alanine and hydralazine HCI
with diphenylphosphite in pyridine suspension, following the procedure of
Yamazaki and Higashi.’* After two days,lthe reaction solution showed no
trace of the desired 3-(N-BOC-alanyl)-TAP. The fajlure of this reaction
was attributed partly to the ineffectiveness of pyridine in neutralizing
hydralazine HC1. No further trials were attempted hnder more effective

conditions.

2.4.4 Carbodiimideé

In 1955, Sheehan and Hess,”> and Khorana’® working independently

showed that suitably blocked amino acids could be joined thkough an amide

linkage under the influence of dicyc]oheiy]carbodiimide (51, R=C6H]], DCC).
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Since that time, DCC has become perhaps the most useful and popular
coupling reagent in peptide synthesis, and it has also gained great
importance as a versatile reagent in organic synthesis.””?

The accepted mechanism for amide bond formation is shown in
Scheme 2.12.78 The first step of the reaction sequence involves the
addition of the carboxyl QPmponent to a carbodiimide to form an 0-acyl-
isourea (52) which is highly reactive. If the external nucleophile is
dilatory then internal nucleophilic attack may occur to produce an

N-acylurea (53). For amide formation, two pathways are possible:

a. Direct attack of the amino component on the reactive
intermediate with formation of the amide bond.
b. Attack by the carboxyl component to give a symmetrical

anhydride (5¢4) which in turn acylates the amine.

Delayed addition of the amine component decreases the importance of path (a)
and increases the extent of anhydride participation.’9-81

In contrast to many other methods for carboxyl activation, the
carbodiimide reaétion is repo;ted to be relatively insensitive to moisture.
The coupling reaction may even be cafried out in aqueous solution, albeit
with Towered yield. The by-product of the reaction, dicyclohexylurea
(55, R=C6H]], DCU), has low solubility in host organic and aqueous solvents,
and is usually removed by filtration. However, the dissolved DCU is
sometimes troublesome to remove, and to overcome the problems of separating
the by-product, the water-soluble carbodiimides, 1-e£hy1-3-(3—dimethy1-
aminopropyl) carbodiimide hydrochloride, (16, EDC) and 1-cyclohexyl-
3—(2-morpho1inyl-4-ethy1)carbodiimide metho p-toluenesulfonate (56, CMC)

may be used.>!»82 The corresponding urea and acylurea derivatives are
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R'COOH + R-N=C=N-R

(51)
0
I;J;C\I:J/R
(52)
0 0
(1] (1]
R-C-N-C-N-R
] ]
R'COOH R H R"NH
b a 2
. (53)
0
20 R"NH .
RS 2 e R'C-NHR"
> .
R'—ch
(54) +
+
0 0
H "
RHN-C-NHR RHN-C-NHR
(55) (55)

‘Scheme 2.12 Mechanisms of Amide Formation with a Carbodiimide
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+
Et-N=C=N-(CH,) ;NHMe, C1
(16)
’ i} -
O—N—C~N-(CHZ)ZI:I\_JO 0Ts
(586) Me

usually soluble in water and may be removed by extraction with dilute acid
or water.

The extent of the carbodiimide-mediated coupling of hydralazine
with N-protected amino acids was determired from UV spectra and TLC of the
reaction mixtures, usually after overnight reaction. Figure 2.1 shows the
UV spectra of equimolar amounts of 3-Me-TAP and hydralazine, and a mixture
of the two ingredients. The spéctrum (c) shows a spectrum of a reaction
mixture in which hydralazine has been half converted to the TAP derivative.
If no other components in the reaction mixture show significant UV absorp-
tions.in the useful wavelength region, then the intensity of the most
intense TAP band (~230-240rm) relative to those of hydralazine (~270 nm)
can be used as a qualitative guide to the relative proportions of TAP and
hydralazine in the reaction mixture. In'genera], the components of the
carbodiimide coupling reaction show 1ittle interferences in the UV region

of interest. The only significant interferences in the 250-290 nm region

arise from degradation products of hydralazine. These decomposition products

have higher molar absorptivities than hydralazine itself and can make the
coupling reaction appear less complete than it actually is, the extent
depending on the degree of hydralazine decomposition.

The first series of experiments with the carbodiimide method

involved a comparison of coupling reactions run under identical conditions
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Figure 2.1 Ultraviolet Spectra of Equimolar Amounts of (a) "Hydralazine,

(b) 3-Me-TAP, and (c) a Mixture in'H20 Solution
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(hydralazine :'N-BOC-glycine :DCC =1 :1 ﬁ 1; 0.05M) except for the
solvent. used. Six solvents were compared under these conditions. Good

yields of TAP were obtained when CH2C12, CHC1 CH3CN, and THF were used.

3>
Methyl Cellosolve, dioxane, and DMF gave poor yields of TAP. Other experi-
ments with N-acetyl-glycine as the carboxyl component showed methanol to be
capable of mediating good yields of TAP. Water on the other hand, gave poor
results, especially under basic conditions, because of the oxidation of
hydralazine to phthalazine which was detected in the reaction mixture.
Reaction in DMA solution gave a moderate yield of TAP.

These. results are-consistent with the observations of Sheehan
et al.”75:83 who found that rearrangement of the O-acylisourea intermediate
(52) to the inactive N-acylurea (53) is suppreSsed in solvents like methyl-
ene chloride and acetonitrile. Khorana’® showed that when dioxane, tetra-
hydrofuran, and chTorofofm were solvents in peptide synthesis, N-acylurea
was always obtained. Isdebski,®% in a study of the formation of N-acylurea
in the reaction of N-benzyl-leucine with glycine ethyl ester, found that
reaction in DMF gave’22% of the side—produét while reaction in THF and CH2C12
gave 4 and 2% N-acylurea, respectively. In the synthesis of TAP derivatives,
we also isolated significant amounts of the N-acylurea from CH2C12 solution.

Two sets of comparisons were made to determine the effect of
elevated temperature on the formation of TAP. The coupling of hydralazine
HC1 with N-BOC-g]yciné using DCC in methand] solution 1in the rétio 1T :1:1
and 1 : 5 : 5 respectively were studied at ambient and at reflux temperatures.

The comparisons indicated that there were little advantages.to be
gained from pursuing the carbodiimide reaction at high temperature. Ihdeed,
the accepted practice is to initially lower the temperature to 0°C in order

to minimize N-acylurea formation.85 When hydra]aZine HCT in the presence of
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Et.N is the amine component in solvents where the salt has only limited

3
solubility, there is a significant increase in the rate of TAP formation
at higher temperature, presumably because of increased solubility of
nydralazine HC1. To compensate for the greater probabi]ity of N-acylurea
formation at elevated temperature an excess of carboxylic acid and
carbodiimide nmust be used. Another danger associated with elevated
temperatures is the increased decomposition of free base hydralazine.

In view of the low solubility of hydraiazine HC1 in most organic
solvents, we wished to determine the effect of varying fhe proportion of
Et3N in solution. The first series of comparisons involveda 1 : 1 : 1
reaction mixture of hydralazine iiC1, N-BOC-glycine, and EDC in methanol,
with either 0, 1, 1.3, 1.6, 3.4, 5.3, 16, or 50 equivaTents of Et3N added
to the reaction mixture.

Coupling reactions containing more than 5 equivalents of Et3N
showed little evidence of TAP formation. Inhibition of the reaction by
excess Et3N arises in several ways. In the mechanism for reaction of

carboxylic acids with carbodiimides (Scheme 2.13), the first step involves

formation of the protonated carbodiimide (51a) which is added to a

H* N R'C00-
R-N=C=N-R ===—=== R-NH=C=N-R ————— R-NH-C=N-R
R'C00
(51) (51a) (52)
+ 0 0
(52) e ReiH-CoR —RoCO0T L R EL0-C-R + R-NH-C-HH-R
R'COO | 0
(52a) (54) (55)

Scheme 2.13 Reaction of Carboxylic Acids with Carbodiimides
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carboxylate anion to form the O-acylisourea (52). In the presence of exceés
aciq, a similar protonation equilibrium i% set up, and the protonated species
(52a) reacts further with carboxylate to give an anhydride (5¢4).78

When hydralazine HC1 is the amino component in the coupling
reaction, it reacts optimally only when its amino group is unprotonated.
This requirement conflicts with the initial need to protonate both carbo-
diimide and the O-acylisourea. As a result, the yield of the coupled
product should be very pH-dependent, and addition of a tertiary base will
redqce the concentration of the protonated carbodiimide (51a) and the
adduct (524), and thereby reduce the rate of reaction.

Another consequence of excess tertiary base is the increased yield
of N-acylurea. For example, reaction of N-protected amino acids with DCC
in the presence of pyridine or triethylamine may afford the N-acylurea as
the main product.86,87 We detected substantial amounts of N-acylurea
by-products in reaction mixtures containing excess triethylamine.

A distressing feature of reactions conducted in the presence of
excess triethyliamine is the ready decomposition of hydralazine catalyzed by
the tertiary base. This decomposition is characterized in UY spectra by an
absorption band centered at 278 nm (cf. Chapter 5).

Carbodiimide coupling reactions performed with 1.3, 1.6, or 3.4
equivalents of triethylamine éhowed good fdrmation of TAP. In a coupling
reaction of N-acetyl-glycine with hydralazine HC1 and one equivalent of
triethylamine in methanol solution, unreacted hydralazine HCl1 was isolated
from the reaction mixture after 2 days. Thus, in practice, an excess of
tertiary base is needed when EDC is the carbodiimide used. The effect of
excess triethylamine on the yield of TAP in carbodiimide-mediated reactions

is evident in Figure 2.2.
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Figure 2.2 Effect of Excess Tricthylamine on Carbodiimide-mediated
Coupling Reactions. Hydralazine : acid : Carbodiimide : Et.N

(a) 1:5:5:5, (b) 1:5:5:1.3 Spectra normalized with resﬁect3
to bands at 270 nm.
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The reaction between hydralazine HC1 and N-acetyl-glycine in
methanol so]&tion is slower without added triethylamine but is unexpectedly
facile considering that hydralazine is present in the protonated form.
| ~ The rearrangement of O-acylisourea to the inactive N-acylurea is
always a danger in carbodiimide coupling reactions. A consequence of the
rearrangement is loss of the carboxyl component to the inactive by-product
and hence a loweriny of the yield of the desired product. Figure 2.3 shows
coupling reactions with stoichiometric and with excess amounts of the
carboxyl component and carbodiimide. The superiority of the reaction with
excess reagents is evident. Similar results are also obtained in comparison
reactions with added triethylamine.

Since the reaction of hydra]azine‘with the WN-acylamino acid-
carbodiimide adduct (52) is intermolecular, whereas the rearrangement of the
adduct to the N-acylurea (53) fs intramolecular, keeping the volume of the
solution to a minimum favors formation of the desired TAP product. The
concentration effect is evident in a comparison of coupling reactions at
different concentrations (Figure 2.4).

Since hydralazine was often used as the hydroth]oride salt in the
carbodiimide coupling reactions, it was interesting to compare the effect
of different tertiary bases in thé reaction mixture. Two coupling reactions
were conducted under identical conditions of reagent concentration and
stoichiometry witn Et3N or pyridine as the added tertiary base. Fiéure 2.5
of UV spectra of the reactions after one day shows definitely superior TAP
formation with the triethylamine-containing reaction. Pyridine is a rathér
ineffective base for neutralizing the HC1 salt since the spectral features

at 300-320 nm in Figure 2.5(b) arises from protonated hydralazine.
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Figure 2.3 Effect of Excess Carboxyl Component and Carbodiimide on
Carbodiimide Mediated Coupling Reactions. Hydralazine : Acid :
Carbodiimide, (a) 1:1:1, (b) 1:5:5. Spectra normalized with
respect to band at 240 nm.
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. ‘Figure 2.4 - Effect of Concentration on Carbodiimide-mediated Coupling
Reactions. Hydralazine.HC1 : Acid : Carbodiimide : Et3N
= 1:1:1:1.5. Concentration (a) 0.016 M, .(b) 0.029 M.
Spectra normalized with respect to band at 240 nm.
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Figure 2.5 Comparison of Pyridine and Triethylamine in Carbodiimide-
Mediated Coupling Reactions. Hydralazine.HC1 : Acid :
Carbodiimide : Base = 1:1:1:1. (a) Et3N, (b) Pyridine.
Reaction for 1 day. Spectra normalized™with respect to
band at 240 nm.
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Figure 2.6 Comparison of Pyridine and Triethylamine in Carbodiimide-
Coupling Reactions. Hydralazine.HC1 : Acid : Carbodiimide :
Base = 1:1:1:1. (a) Et.N, (b) Pyridine. Spectra normalized
with respect to band at™240 nm. Reaction for 4 hours. ‘



67

The yield of TAP after one day can be readily exp]ainéd by the
re]ative base strengths of Et3N and pyridine, but the yield after 2 hours
of reaction can not. Figure 2.6 of the reaction after four hours shows a
different order of reactivity. Reaction with added pyridine is initially
faster than with EtsN. There is little change in the reaction with pyridine
bétween 4 and 24 hours whilst the reaction with added Et3N shows a slower,
more even growth of TAP.

The difference in reaction rates suggests somewhat different
reaction mechanisms in both cases. A possible explanation of ‘these observa-
tions is formation of an acylpyridinium derivative from the O—acylisoufea
and pyridine which condenses with hydralazine to form the TAP product.

Thefe is good evidence for the acetylpyridinium jon as an intermediate in

the pyridine-catalyzed hydrolysis of acetic anhydride.?88 IWhen the carboxyl
-component is in exéess relative to the amine component as in the case with
the pyridine reaction, in which hydra?ézine is relatively inaccessible as

the protonated base, then carbodiimide coupling may proceed via the mixed
anhydride patiway (Scheme 2.12).

If the abo&e speculations are correct, then this may be the first
case, to the author's knowledge, of amide formation proceeding via an acyl-
pyridine intermediate. Acy]ating agents derived from other bases such as
imidazole, pyrazole, 1,2,4-triazole, and tetrazole are well known.8°

Since the substituents on the carbodiimide molecule ére‘expected
to influence the reactivity of the O-acylisourea intermediate, we wanted to
compare the suitability of some carbodiimides (bcc, EDC, and CMC) for TAP
" synthesis.

Three pairs of comparison coupling reactions were made, each pair

_ under identical conditions of reagent stoichiometry and concentration. In
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the coupling of hydralazine HC1 with N-acetyl-glycine in methanol solution,
EDC is somewhat more effective than CMC in TAP formation. 1In the presence
of triethylamine, the reaction with CliC is much more susceptible to side-
reactions than with EDC. This may arise from increased N-acylurea formation
with CMC. Faced with a deficiency of the active 0O-acylisourea with which to
couple, hydralazine showed greater tendency to undergo base-catalyzed
decomposition. Comparison reactions with DCC and EDC show that the latter
carbodiimide gives superior yields of TAP. The efficiency of the carbo-
diimides in the formation of TAP derivatives thus follow the order:

EDC > DCC = CMC. A factor to be considerecd in the choice of carbodiimide
is that DCC is allergenic and should be handled with care. Cases of
dermatitis have been ascribed to its use.

There is little difference in the rate of formation of TAP whether
hydralazine is added to the reaction mixture as the free base, or as the
hydrochloride salt with one equivalent of triethylamine. Thus, from that
consiaeration, it matters little which form of hydralazine is used in the
reaction-free base or HC1 salt with added Et3N. One caution with the Tatter
system is that a large excess of tertiary base cannot be tolerated due to
hydralazine decomposition, but a slight_excess of Et3N is needed to ensure
complete neutralization of the hydralazine HC1 salt.

An unusual feature éf the carbodiimide coupling reaction was
observed when N-acetyl-glycine reacted with hydralazine in methanol or
aqueous solution. In addition to the expected product, 3-(N-acetyl-glycyl)-
TAP, another product was invariab1y formed which possessed typical charac-
teristics of a TAP derivative: blue fluorescence under short wavelength
UV Tlight, and similar UV spectrum. The side-product was identified by its

TLC behaviour, NMR and mass spectra to be 3-methyl-TAP. Its formation
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appears to be favored by EDC relative to DCC and CMC. It forms under acidic
and basic cohditions apparently simultaneous .with 3-(N-acetyl-glycyl)-TAP.
Pure 3-(N-acetyl-glycyl)-TAP is itself indefinitely stable in methanol
solution. The expected product from hydrolysis of the side-chain amide bond
is 3-aminomethyl-TAP and no evidence of this compound was found in carbodi-
imide coupling reactions. Authentic 3-aminomethyl-TAP appearé to be stable
in methanol solution. |

The following summarizesvthe results obtained for the reaction
of hydralazine with N-protected amino acids using carbodiimide coup]ihg

reagents. Appropriate solvents for the coupling reaction are CH2C1 CHC1

2° 37

CH.CN, THF, CH3OH, and DMA. The least polar of these solvents are preferred

3
as reaction media in order to minimize formation of the N-acylurea side-
product. Low reaction temperatures, high reageht concentrations and a slight
excess of carbodiimide and carboxyl component are advantageous for the same
reason. If the HC1 salt of hydralazine is used as the amino component, then

- a slight excess of a tertiary base such as Et3N is needed. However, to avoid
complications arising from the presence of excess tertiary base, freshly-
prepared, free base hydralazine is preferred. As far as coupling efficiencies

and ease of isolation of the TAP product are concerned, EDC is more suitable

than DCC as the coupling reagent. |
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2.5 DISCUSSION

We have shown that hydralazine will couple with N-protected amino
acids under a variety of reaction conditions to afford s-triazolo[3,4-a]-
phthalazine derivatives. The rate limiting step of this coupling is forma-
tion of an amide intermediate which undergoes spontaneous dehydrative
cyc]izatioh to yield the triazolo compound. We addressed ourselves primarily
to the problem of suitably activating the reaction components to give the
desired product.

To lend the properties of an acylating agent to an amino acid or
peptide, the electrophilic character of the carbonyl carbon of the reacting
. carboxyl group must be enhanced - usually by substitution of an electron-

withdrawing group on the carboxyl function:

0
Z-lH-CHR-C —= X
s+ 6~

This structural modification of a carboxyl group must raise its reactivity
to the 'right' Tevel so that couplings will occur rapidly and completely,
without the intervention of inter- or intra-molecular side-reactions.
Overactivation may lead to reaction with amino acid side-chains, while low
activation leads to low coupling rates. The coupling reagents and their
reactive acylating intermediates which were used in this work are shown in
Table 2.3. The reactive intermediates include such types as mixed and
symmetric anhydrides, activated esters, acyloxyphosphonium salts, acyl
azides, and heterocyclic amides.

In mixed anhydrides, the strong electron-withdrawing effect of the

carboxyl group activates the carbonyl carbon of the amino acid derivative.
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~Table 2.3 Coupling Reagents and their Reactive Intermediates used in Amide

Synthesis
Coupling Reagent , Reactive Intermediate
Isoxazolium Salt
- SO3H
S0
3 0
: R—Cfo
0.+ | . | nbege
N-ethyl1-5-phenylisoxazolium-3'-
sulfonate (NEPIS)
1-Ethoxycarbonyl-2-ethoxy-
1,2-dihydroquinoline (EEDQ)
(::jifij 0 0
N OEt R"C'O‘C"OEt
|
€=0
]
OEt
Acyloxyphosphonium Salts .
0
) 1} + - _
(i) [(CH3)2N]3PO + TsCl R—C—O-P[N(CH3)2]3 TsO™ (C17)
| Hexamethylphosphoramide (HMPA)
+ tosyl chloride
+ , 0
- - ] i .
(i1) [(CH3)2N]3P-N3 PF6 | R-gf 3 via
+
1 -
Azidotris(dimethylamino)- R-C—O-P[N(CH3)2]3 N3
phosphonium hexafliuorophosphate
0

w0 e OO
(111) pngp + UL N R-C-0-pPhy Kol

Triphenylphosphine + 2,2'-dithio-
dipyridine



(iv)

(v)

.(PhO)3P +
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Coupling Reagent

HN\’N .

Triphenylphosphite + imidazole

S
(PhO)ZP-OH + 'GT:J
PN

Diphenylphosphite + pyridine

4, Carbodiimide

(1)
(1)

‘(111)

R'-N=C=N-R"

{3 o ) ¢
R'=R ——C6HH

Dicyclohexylcarbodiimide (DCC)

+

R'=-C,H ——(CH2)3 H{CH C1~

25’ 3>2
1-Ethy1-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC)

/N
N 0 O0Ts

R"=-(CH.,)
202
Me—"

R' “C6H11’

1-Cyclohexyl-3-(2-morpholinyl-4-ethyl)
carbodiimide metho-p-toluenesulfonate

~(CMC)

Reactive Intermediate

R-C- NC)N or

0 Imid- Ht
R-C-0- P H
Phd OPh

“OPh

9

1

R-C—? or
R'NH-C=NR"

0 0
1 1]
R-C-0-C-R
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However, there are two electrophilic sites, and nucleophilic substitution at

0- 0

H 11
Z-NH-CHR-C-0-C-R'

44

a b

site » will result in the undesired amide product. To minimize this
competition reaction, an electron-donating strdcfure is required in the
'partner' acid. The ethoxy moiety in the mixed anhydride derived from EEDQ
fulfils this requirement. The 1sobuty]oxyvmixed anhydride, derived from
1-isobutyloxycarbonyl-2-isobutyloxy-1,2-dihydroquinoline (57, 1IDQ) has been

suggested to be preferable for reducing reaction at the activating group by

L
N 0-CH,CH (CHz3)

¢=0
0-CH,CH (CH3),

(57)

virtue of the steric hinderance of the isobutyl group.®% In symmetrical
anhydrides, the sites for nucleopnilic substitution are fdentica], and only
one amide product is possible.

The ester intermediates derived from carbodiimides and NEPIS
receive their activity from the electron-withdrawing nature of the multiple-
bonded C=N and C=C attached to the ester oxygen. The migration of electron
density from the carbonyl oxygen inacyloxyphosphonium salts is enhanced by

localization of a positive charge on the phosphorus atom.
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Although the azide group is not a powerful electron-withdrawing
group, the reactivity of acyl azides towards amines can be explained by
formation of a hydrogen-bonded cyclic transition state which enhances the

acylation reaction,3!

The high reactivity of N-acylimidazole is connected with the
éromatic nature of the heterocyclie. As a result of participation of the
electron-pair on the amide nitrogen in the w-system of the ring, this
nitrogen becomes more positive, exerting an attraction on the electrons of
the exocyclic bond towards the ring, thus enhancing the rate of nucleophilic
reaction at the carbonyl carbon of the acyl group.

of the.ten reagents investigated for activating the carboxyl group
of amino acids, four of these were sufficiently successful in TAP synthesis
to merit further consider;tion. These reagents are the carbodiimides - EDC
and DCC, the isoxazolium salt - NEPIS, ahd the combination of triphény]-
phosphite with imidazole. ' |

As we anticipated when this work was initiated, the use of coupling
reagents did permit the synthesis of TAP derivatives under relatively mild
conditions.

| The reaction of hydralazine with amino acids to afford TAP

compounds is specific for carboxyl groups, but some care must be taken when

reactive side-chains in the amino acids are present. These side-chains show
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differing sensitivities‘to coupling rgagents. Thus, the carboxyl groups of
serine, threonine, and tyrosine éan be activated by NEPIS without previous
protection of the side—chéin hydroxyl groups. Asparagine and glutamine can
be activatéd without serious problems;>® this is especfa]]y significant
since the w-amide group in these amino acids is the only reactive amino
acid side-grouping which cannot ordinarily be blocked.

No prob]emé are observed with histidine and arginine using the
triphenylphosphite and imidazole combination, but side reactions may
sometimes occuf with asparagine'and glutamine. ' The hydroxyl groups of
serine and threonine must be protected.’!

" When the carboxyl groups of N-protected asparagine or glutamine
~are activated by DCC, dehydration of the g- or y-carboxamide moiety to the
éorresponding cyano group occurs, asparagine being more susceptible to the
reaction. Dehydration does not occur when’these amino acids occur within
a peptide chain. In-addition, thé formation of adducts between the imidazole
ring of histidine and DCC has been observed.33 The successful use sefine,
threonine, and tyrosing in peptide synthesis is noteworthy,22 however, in
aqueous solutions carbodiimides have been reported to react with tyrosine and
serine side-chains in proteins.93

An unfortunate feature of the methods developed for coupling
hydralazine to amino acids is the long reactionltimes required; in periods
of less than 15 hours, coupling reactions were often incomplete. While times
of this duration are not unreasonable from a synthetic viewpoint, they do
impose limitations on the practicality of the reactiqn of hydralazine with
carboxyl groups as a method of peptide sequencing.

We have isolated pure TAP derivatives from the coupling reactions
in yields up to about 80% which are less than ideal for a peptide sequencing

method though satisfactory for a new synthetic procedure. Thus, assuming
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80% coupling yield in each cycle of a sequencing procédUre, the yie]d'of
TAP after 5 cycles is 33%.

Several modes of action are available for imprdving'the hydra-
lazine coupling reaction with amino acids. The coupling methods used in this
work are based on an increase in the reactivity of the carboxy] group of the
- carboxyl component due to enhanced e]ectrpphi]ic properties of its carbonyl
carbon.' A counterpart'of this approach wouid be enhancement of the nuc]éo-
philic propertfes of the amino group of hydralazine. This approach has been
considered in peptide synthesis, but only a few applications are known.
Although the available méthods,do involve a reactive derivative of the amine,
in the final ana]ysis; they proceed through an activated carboxyl component.
They are, in fact, special cases of the mixed anhydride method. An example
is the phosphazo ﬁethod which involves reaction of the amino component with
-PC]3 to give the phosphazd intermediaté which is present in a dfmeric

state,>2 (Scheme 2.14).. The reaction of the phosphazo compound with the

H
/
| RE-NG 4R"COOH
2PC1, + AR'-NHy ———m P-HH-R' —————e  4R'CO-NHR' + [PHO,],
' : R'-N ‘ -
\
P=N-R'

Scheme 2.14 Amide Formation by the Phosphazo Method

carboxy1l componént leads to formation of the amide product via a mixed
anhydride. The method presents the same problems with regard to possible

applications as direct mixed anhydride methods.
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A less direct method of increasing the reactivity of the primary
amino group in hydralazine is substitution of a m-electron donating group
onto the phthalazine ring system. Considered by itself, the substitution
may have only a marginal effect on the reactivity of the_hydrazino moiety,
but if suitably placed, it may also enhance the coupling reaction by
restricting the rotational freedom of the hydrazino group. Thus, placement
of a group on the 8-position of the aromatic ring system (58) e.g. alkoxy,
directs the hydrazino substituent into a favorable orientation for coupling
with carboxylates which is followed by dehydrative cyclization. The
hydrazino group can be "frozen" into a single conformation by hydrogen-

bonding to the alkoxy oxygen atom.

l
R\O.--H\N/N\H

=

2=

P

(58)

Cohen has shown that as a result of alkyl substitution in both
the aromatic ring and the side-chain (cf. 59), the rate constant for acid-
catalyzed lactonization of hydrocoumaric acid (60) is increased by factors

10.9” The rate-acceleration effects are attributed

as high as 5 x 10
primarily to a considerable 1n¢rease in the population of a conformer highly

favorable to the lactonization reaction.

0oc HooC
H{ H

J

(60) (59)
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The procedures we have deye]oped fdr the synthesis of s-triazolo-
[3,4-a]phtha1azine derivatives from hydralazine and N-protected am%no acids
have potential applications in the general synthesis of fused ring
s-triazole systems. The overall procedurés which we used in this-work for

phthalazine are applicable to other ring systems as well (Scheme 2.15).

NH=NH, + RC-X /’I\‘T—NH-E-R N—-—)N\
SN (a2) BN /k”

| B
= OH, OR, OCCR', .

‘Scheme 2.15 Synthesis of Fused s-Triazoles halide

If the carboxyl component is a carboxylic acid, reaction conditions
involve heating a mixture of the acid and hydrazino components to high
'temperatures. If the acid is a solid, melt conditions may be required.

Reactions with other more reactive carboxyl derivatives may also
involve elevated temperatures, but these are less common fhan with acids,
presumably bécause the derivatives are'generally less éccessib]e.

As a result of the severe reaction conditions and the Tow
availability of a large variety of carboxyl derivatives, the side-chain
substituent in fused s-triazole systems is often limited to groups such as
alkyls, haloalkyls and aryls.

Although we have not pursued the applicability of coupling
reagents to hydrazino derivatives of heterocycles other than phthalazine,
or to carboxyl components other than amino acids, there is no reason why
the mild reaction conditions made possible by our procedures should not
allow the synthesis of a much wider variety of fused s-triazoles with side

chain substituents than is now possible. Thus, a wide variety of carboxylic
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acids with, or without other sensitive functionalities can now be used,

and this opens up the possibility of side-chains in the triazole with

reactive groups (e.g. Scheme 2.16).

N——N ' N—~N

o Iy H A § J\/+
n N H NH
(61) + HO-C-CH,~NH-BOC —— *'}l/k/ ~80¢ —— ~ Y 3

Scheme 2.16 Synthesis of a Fused s-Triazole with an Aminomethyl Side-chain

Reaction of a hydralazino compound with N-BOC-glycine can give a
s-triazole derivative with an aminomethyl side-chain after removal of the
BOC-group. IWe have done this with 1-hydrazinophthalazine.

One might well ask what is the significance of extending the scope
of s-triazole synthesis, beyond that of a purely academic achievement. The
uses and potential uses of triazole derivatives are many and varied, and
even limiting our consideration to fused s-triazoles only, the number of _
applications remains considerab]e. Table 2.4 shows a sample of condensed
s-triazole systems and their properties and uses, taken from the recent
literature (mostly 1976-1977).

In many of the examples shown in Table 2.4 the triazofe ring was
formed by coupling a hydrazino derivative with a carboxyl compound and
subsequent cyclization of the resu]ting carboxamide. Other methods involve
a preformed s-trfazo]e which bind to reactive groups in the molecule to
form the multicyclic structure.

The triazole derivatives in fab]e 2.4 show properties and uses
which include applications as fungicides, in cancer chemotherapy, and a wide
variety of pharmacological uses. A significant aspect of these uses is that

most of them are described in the patent literature. Evidently, the
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y

Fused s-Triazole Properties v Reference
62 %-iji “Central nervous system and ‘95
f/L\w R respiratory system stimulants
(CHyly
63 ﬂ—ijt\ Anti-convu]sant and tranquil- 96
| N~ =R izer. Anti-inflammatory agent
~
64 N—N Anti-inflammatory, analgesic, 97
| ,ﬂ\ Y g
N7 SCFy and anti-pyretic activities
Z
65 N—N. Anti-inflammatory agent 98
| JL\ y agent
HERCE
PA\
66 ﬂ——]i\ Control of plant-pathogens 99a
i) R
N—N -
67 . | )L\ _ Control of plant-pathogens 99b
l N R
)
68 ﬂ‘“‘ﬁ Anti-inflammatory, analgesic 100
oA |

and anti-yiral activities
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Fused s-Triazole Properties o _Referen;e
69 ﬁ-——P Anti-tumor and anti-cancer 101
N*N*SH -
1 activity
20 M———P Anti-depressive and anxiolytic 102
' H\N*R e .
" activities. Hypothermia
\ .
é*"‘g::) antagonist, tranquilizer,
sedative, muscle relaxant
77 N—N Control of plant-pathogens. 103
{
AR
RI
72 /ﬁ:—nN Control of fungal foliar 104
$7 N Rm pathogens
RI
RII
73 N—N Sedative and analgesic 105

activities. Anti-hypotensive

action
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synthesis of these condensed s-triazoles are sufficiently important to
warrant protection of the procedures and applications under the patent laws.

An integral part of any screening program for biological activity
- of a compound is the synthesis of a series of compounds within the same
general class. Variation of the side-chain substituent on the triazole
ring is a common denominator in most of the examples shown in Table 2.4.
Our work would permit the synthesis of triazoles with a wider range of
side-chains than previously prepared, and hence, possibly fused triazd]es
with a broéder spectrum of activities.

Only a few of the biological properties of the condensed
s-triazoles have been described in any detai]. 3-Trifluoromethyl-
s-triazolo[3,4-a]isoquinoline (64) shows a pharmaéo]ogica] profile which
suggests that it would be useful in the treatment of edema, pain and fever
associated with inflammatory diseases, such as rheumatoid arthritis. The
minimal gastric activity in the rat indicates that it causes less gastric
distress than the antiinflammatory agents now in use. Its analgesic
'activity in mice is greater than that of acetylsalicylic acid.®?

3-Trifluoromethy1[3,4-alphthalazine (65) was fecent]y reported
to have a higher antiinflammatory effect than the corresponding isoquinoline
derivative (6¢).98 |

s-Triazo]o[4,3—a]quiﬁo11nes'(66) are used for the control of
plant patﬁogenic organisms. Thus, the methyl derivative (R=CH3) controlled
anthracnose of cucumbers and rice blast of rice.®°% Also active for the
control of rice blast are s-triazolo[4,3-a]quinoxaline (67), the parent
triazole (R,R,=H) being most effective against Piricularia oryzae?®P and

s-triazolo[3,4-b]benzothiazoles (71).103
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1-Mercapto-5-hydroxy-6,7-tetramethylene-s-triazolo[3,4-b]pyrimidine
(69) prevents metastasis of human epidermoid carcinoma and exhibits antitumor

-activity against primary human epidermoid carcinoma and other tumors, such

101

as adenocarcinoma and sarcoma.
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CHAPTER 3

SOLID-PHASE SYNTHESIS OF S-TRIAZOLO[3,4-A]PHTHALAZINES

3.1 INTRODUCTION

The process of assembling a peptide chain in a step-wise manner
while it is attached at one end to an insoluble support is knbwn as the
"so]id-phasef method for polypeptide synthesis. The technique was first
used by two groups operating independently. The first application was by
Merrifield in 1963 to the synthesis of a tetrapeptide.l%® Soon after,
Letsinger reported the synthesis of a dipeptide on a "popcorn" polymer
support. 107 The.major difference in the two methods was that Merrifield
attached the polymer to an amino acid as the carboxylate ester while
Letsinger bound the amino acid Via the amino group as an amide.

Since its introduction, the so]id-phase method has been success-
fully applied to peptides of increasing size. These developments have been
crowned by the solid-phase preparation of ribonuclease A (124 residues)?108
and human growth hormone (188 residues),!%® both with a significant degree
of enzymic activity.

After the original successes of the solid-phase method in

polypeptide synthesis, parallel activity developed in the application of
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polymer attachment to non-peptide organic syntheses. Polymer supports have
now been applied to the synthesis of carbohydrates-and their derijvatives,
and to polynucleotides.!10,111 QOnly very recently have solid supports been
4u§ed in genera] organic synthesis unrelated to repetitive 'sequential-type'
syntheses of polypeptides, po]ynuc]eotides, and po]ysaccharides. It has now
been found that insoluble polymers can be used for many purposes to solve
specific synthetic problems.

We considered the coupling of hydralazine with N-protected amino
acids on an insoluble support for two primary reasons. The first stems from
synthetic advantages of the solid-phase method. Thé most appealing advantage
within the context of this work is that the solid-phase method allows
excesses of reagents to be separated from tﬁe reaction product by simple
filtration, thus avoiding tedious chromatographic or solvent extraction
procedures. For example, we have shown in Chapier 2 that s-triazolo[3,4-a]-
phthalazine (TAP) derivatives can be obtained by a variety of coupling
methods. Difficulties in some of these methods arose from isolating the
-desired product from sclution. Thus, efforts to isolate the TAP product
were frustrated when HMPA + tosyl chloride were used as a coupling method
(cf. Section 2.4.3). |

The other reason for considering the solid-phase method is connected
with the possible application bf the hydralazine reaction with carboxylate
groups of peptides as a C-terminal peptide sequencing method. Several

benefits are obtained by anchoring the peptide onto a polymeric support:

a. The peptide material, once attached to the solid support,
is not lost during the degradative procedures. This permits
sequencing to be performed with small amounts of‘peptide

samples or further into the peptide chain.
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b.  After each reaction step, excess reagents may be readily
removed by filtering and washing the support.
c. The solid-phase method is amenable to automation because

of the repetitive nature of peptide sequencing.

The first application to the step-wise degradation of peptides by
the solid-phase method was that of Stark,112 whose procedure involved
attaching the peptide at its N-terminus to an insoluble Edman reagent,
polystyryl isothiocyanate, cyclizing the adduct to form the thiochydantoin,
isolating and ana]yzing‘the residual peptide, and reattaching the peptide

to the support (Scheme 3.1).

0
[
P N=C=S + HZN-CHR-C-NH-pept1de-COOH
HS 9
PS N-C-NH-CHR-C-NH-peptide-COOH
+
H

¢S\g0 + H, N-peptide-COOH
N‘zn
H
repeat degradation
P. = copolystyrene-divinylbenzene support

S

Scheme 3.1 Stark's Method for Subtractive N-terminal Peptide Degradation
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Using a somewhat different approach, Laursen attached the peptide
by its C-terminal amino acid to a polystyrene support and then perform§ﬁ§
the degradation in the usual manner with phenyl isothiocyanate. The
liberated thiazolinone is removed in each cycle by filtration. After the
thiazolinone is converted to a phenylthiohydantoin it is identified by a

number of procedures (Scheme 3.2).13 1In keeping with the success of solid-

0
X-NH-CHR-C-NH-peptide-COOH
PS-NH2
0

X-NH-CHR-C-NH-peptide-CONH-Ps

deblock

0 ¥
NHZ-CHR-C-NH—peptide-CONH-PS

PhNCS
S 0

4

' n M :
PhNH-C-NH—CHR—C-NH-pept‘ide-CONH-PS

H+

H
S
Phi-N~" 0 NH.,-pept ide-CONH-P
N—g | s
H
repeat degradation

PS = copolystyrene-divinylbenzene support

Scheme 3.2 Laursen's Method for N-Terminal Peptide Sequencing
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:phase peptide synthesis, peptidg sequencing by the Laursen method has been

automated and commercial versions of the solid-phase sequencer are avail-
able 113 |

Although the principles of determining the amino acid sequence of
a peptide attached to an,inert support were described by Laursen over 10
years ago,!1% the method is still not as commonly used as the liquid-phase
techniques of Edman and Begg.l® The reasons for this arise mainly from the
development oflon]y a few suitable supports, and the problems associated
with the proceduresvfor coupling peptides to .supports. Some progress is
being made in overcoming these problems, and the solid-phase sequéncing
method is rapidly increasing in popularity.

While solid-phase N-terminal peptide sequencing is still in its
infancy, sequencing from the C-terminus is barely past the embryonic stage.
-During the time that this work was in progress, two C-fermina] solid—phase
methods were reported based on Stérk's’thiocyanate reaction and using

copoly(styrene-divinylbenzene) or porous-glass supports (Scheme 3.3).1145115

0 0
1] i
P-C~NH-peptide-C-NH-CHR-COOH

acetic anhydride

| NH4NCS
: 0
P-C-NH-peptide-C— N-i
Wt
0 ' H
" : . HN—-R
P-C-NH-peptide-COOH + s:l\ 0
repeat )
P = polymeric support degradation

Scheme 3.3 Solid-phase Peptide Sequencing by Stark's Thiocyanate Reaction
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3.2 RESULTS

The choice of an appropriate support material and the means of
attaching the substrate onto the support in the solid-phase method of
organic synthesis are major decisions affecting the success of the
synthesis. In spite of the enormous polymer technology which has developed
in recent years, a very limited amount of polymer types have been examined
for use in solid-phase synthesis. The most widely used polymer, and the
one used in this work, is the copolymer of styrene and divinylbenzene
(DVB).106 The resin’ used was a polymer in the form of small (200-400 mesh)
beads with 1% cross-=linking by divinylbenzene. The low degree of cross-
‘Tinking allows the polymer to swell in non-polar solvents and permits
penetration of reagents in solution to react with substrate molecules bound
to internal surfaces of the polymer.

For the synthesis of s-triazolo[3,4-a]phthalazine derivatives on
insoluble supports, either hydralazine or the amino acid may be anchored to
the sbpport. If hydralazine is attached to the support, the hydrazino group
must remain free for reaction with amino acids; The attachment is most
readily achieved via a functionality introduced onto the aryl ring of the
phthalazine mojety. However, synthesis of ring-substituted hydralazine
suitable for solid-phase synthesis is ndt a trivial undertaking, and the
more direct a1ternativé of imﬁobi]izing the amino acid via its a-amino
group is preferred.

Several options are available for anchoring amino groups onto a

polymeric matrix. The method used by Letsinger,!?7 and by Merrifield!!®

t+ The solid-phase terminology which has become established for derivatives
of copolystyrene-DVB and for various linkages with amino acids or
peptides.
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was adopted in this work. Commercial chloromethylated copolystyrene-1% DvB
was treated with potassium acetate. The product was converted to the
hydroxymethylated resin by saponification with aqueous sodium hydroxide.
Treatment of this resin with phosgene in benzene afforded the methyl-

chloroformylated resin (Scheme 3.4). By this procedure, complete conversion

L}

0
' KOAc NaOH cocl, X
P-CHyC1 ———= P -CH,0Ac ———= P_-CHOH ——%> P_-CH0C-Cl

PS = copolystyrene-divinylbenzene support

Scheme 3.4 Preparation of Methylchloroformylated Resin

of chloride to acid chloride groups was obtained to give a resin capacity
of 1.36 meq chloride per gram dry resin.

The functionalized polystyrene resin thus obtained can couple
readily to the amino groups of C-protected amino acids via an amide bond
which fs normally stabie to synthetic operations with the resin. Solvents
such as benzene, pyridine, DMF, and chloroform penetrate the polymer
effectively and are therefore good reaction media, whereas with water,
methanol, and ether, regions 6f the po]ymef appear to be inaccessible
since there is little swelling in these solvents.

Dahlmans suggested the use of a polystyrene resin containing
sulfonyl chloride groups which would bind amino groups by means of a
Schotten-Bauman reaction.117 A benefit of this method is the high
stability of the PS-SOZ-NH bond. The resin may be split off from the bound

amino acid by treatment with phosphonium iodide in trifluoroacetic acid.

This method however, has found very limited use in solid-phase synthesis.
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In our first efforts at coupling amino acids to the carboxyl
activated resin we used the procedure of Letsinger and Kornet.l07 The
methylchloroformylated resin was stirred with excess glycine ethyl ester
'hydroch1pr1de and triethylamine in dry DMF. The product was saponified
with base in methanol-acetone solution. The final resin product, expected
to be immobilized glycine ethyl ester, showed strong infra-red bands at

1

3580 cm™! and 3440 cm”! which were attributed to free and hydrogen-bonded

0-H groups, respectively. After ester hydrolysis, the lower wavenumber

1

v(0-H) band shifted to 3390 cm™'. The carbonyl bands were broad for both

1

products, and exhibited a shift from 1724 cm™' to 1718 cn” ! upon resin

hydrolysis. By comparison, free glycine ethyl ester hydrochloride exhibits

1

a sharp carbonyl stretching bend at 1746 cm ', and glycine shows a very

broad band about 1582 cm']. Letsinger and Kornet observed a shift of

similar magnitude from 1730 cn”! 1

to 1724 cm ~on ester hydrolysis of
PS-CH20-1eucine ethy1 ester. Hydro]ysﬁs of a sample of the acid chloride
resin with sodium hydroxide in methanol-acetone showed v(0-H) bands similar
‘to those obtained in the attachment reaction. However, there were no
carbonyl bands indicating that any acid which might have been formed by
hydrolysis of the acid chloride had decomposed further to the hydroxymethyl
resin. If hydrolysis of the acid chloride resin was carried out in the‘
presence of excess pyridine, infra-red spectra of the product showed bands
at 3575 and 3360 e, and 1738 cn™!, suggesting that both P ~CH,0C00H and
PS-CHZOH were formed. On thé basis of infra-red spectra, the coupling
reaction of the acid chloride resin with glycine ethyl ester was interpreted
as giving a‘mixture of PS-CHZOCOOH, PS-CHZOH, and the desired PS—CHZOCO-
glycine ethyl ester. The low intensity of the v(0-H) bands in the spectra

of the glycine ethyl ester resin from the initial attachment reactions

suggested Tow substitution yields. Further trials using chloroform in place
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of DMF as the reaction medium appeared to gfve somewhat better yields, and
this solvent was used in subsequent immobilization reactions.

The conditions ultimately used for attaching amino acids to the
support were stirring the methylchloroformyl resin (1.36 mmol Ci/g) with
two-fold excesses of the amino écid ethyl ester hydrochloride and triethyl-
amine in dry chloroform at room temperature for one day. After filtering
and washing, the resin was resuspended in chloroform and reacted with
excess diethylamine to block any unreacted acid chloride groups. The resin
thus obtained was saponified with potassium hydroxide in methanol-acetone
solution. Substitutions of up to 0.63 mmoles of amino acid per gram of
‘resin were obtained with alanine and g]yeine ethyl ester hydrochlorides.

A substitution of 0.19 mmol/g resin was obtained with glycylglycine ethyl
ester hydrochloride. These results compare with a substitution of up to
0.50 mmol L-Teucine BOC-hydrazide/g resin from PS-CH20C0C1 (0.72 mmol C1/g)
by Felix and Merrifield.!!® Substitution capacities up to about 0.6 mmol
dipepfides/g were obtained by Darbre and Rangarajan.l11!>

We focussed our attention on utilizing the immobilized substrate
once conditions for attaching amino acids to the support were established.
A search of the literature showed that the number of carboxyl activation
methods used in solid-phase synthesis was quite limited.

The first efforts af coupling hydra]aéine with immobilized glycine
were with the carbodiimide method (cf. Section 2.4.4). The glycine resin
was stirred with 2.5-fold excesses of hydralazine HC1, triethylamine, and
dicyclohexylcarbodiimide in dimethylacetamide suspension under an argon
atmosphere. After reaction overnight, the reaction products were cleaved
from‘the polystyrene support with HBr/CF3COOH. The desired product should
be obtained as the HBr of 3-amincmethyl-s-triazolo[3,4-a]phthalazine
(Scheme 3.5).
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NH—NH,

0 0 0 N—-N
P_~CH,0C-NH-CHR-C-OH + SN D b oy oC-mn-ruc-L_ !
sT2 ZN SDMA s T2 N
HBr'TFA VX
N—N
» PN ANH HBr
P,-CHBr + €O, + \
_N HR

Scheme 3.5 Solid-phase Synthesis of s-Triazolo[3,4-alphthalazines

Monitoring the progress of the reaction is a difficult problem,
as it is in solid-phase peptide synthesis.. In a developmental situation it
is important to know, at least qualitativaly, the rate of reaction and wnen
the reaction is completed. Unfortunately, we did not find any entirely
satisfactory monitoring method.

In principle, infra-red spectroscopy should be useful. Reaction
of hydralazine with the immobilized amino acid should show a disappearance
of the carbonyl band arising from the carboxylic acid. In practice, the
overlap of strong bands arising from amide carbonyls of the Tinkage bonds
makes any changes in shape and/or frequency of the broad carbonyl bands of
dubious diagnostic value. Infra-red bands arising from the tri-cyclic TAP
product are superimposed on the rather crowded spectrum exhibited by the
copolystyrene~DVB matrix. Furthérmore, in our ﬁands, po]ystyrene beads
almost invariably did not give translucent KBr discs.

A straightforward moniforing procedure is to measure tne decrease
of hydralazine in solution by ultra-violet spectroscopy. This procedure
however, is inaccurate and unreliable by virtue of the decomposition of

nydralazine, especially in the presence of triethylamine.
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In view of the difficulties, little effort was made to follow the
rate of the coupling reaction, although IR spectra of the resin, and UV
spectra of the solution were recorded routinely. Coupling reactions were
'usua1]y terminated after one day and the products examined for the presence
of TAP product.

Initial efforts with the carbodiimide method were totally
unsuccessful in detecting any TAP products. This is not surprising as
ample opportunities were available for failure at every stage of the solid-
phase procedure. A potentially serious difficulty with the carbodiimide
methods is the probability that some of the active 0O-acylisourea intermediate
might be shunted off to the inert N-écy]urea (Scheme 2.12). In solid-phase
peptide synthesis the side-reaction is rapid in DMF solutioni!® and this may
be a contributing factor to fai]ure'of the hydralazine coupling reaction in
DMA. Chloroform was used in subsequent.reactions since the side-reaction is
not favored in this solvent. However, the coupling reaction remained
’relative1y unsuccessful, presumably because of the low solubility of hydra-
azine HC1 in ch]oroforh.

Confronted with the lack of success with the'carbodiimides,
salvation was sougnht with the mixed-anhydride method used by Letsinger and
Kornet.107 The mixed anhydride intermediate may be prepared in situ by the
reaction of isobutyl ch]orofofmate with the carboxyl component, and then

coupled directly with the amino reagent (Scheme 3.6).11°

0
/4
0 R-C\ R'NH
C,H-0-C-C1 + RCOOH — 0 | ——5 = RCONHR' + C,H.OH + CO
49 / 49 2
C,H.0-C
479 \0

Scheme 3.6 Amide Formation with Isobutyl Chloroformate
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Isobutyl and other alkyl chloroformates react through similar
intermediates as the EEDQ and IIDQ coupling reagents (Sgction 2.4.2). In a
solid-phase peptide synthesis by extension from the C-terminus, Tilak and
Hollinder!20 reported that mixed anhydride coupling with_isobuty] chloro-
formate proceeded faster than with DCC and required shorter coupling
periods.

Mixed—anhydridevcoup1ing was effected by reacting an excess of
isobutyl chloroformate with the aminc acid resin in chloroform suspension
for an hour at -10°C. After the amino acid anhydride was freed of excess
éh]oroformate, the resin was immediately resuspended in a chloroform
solution of nhydralazine HCI and triethy]aminé. The product was cleaved
from the support after the reaction mixture was allowed to react for about
18 hours at room temperature.

Two undesired side-reactioné are associated with amide formation
by the mixed-anhydride method. First, anhydride (74) can disproportionate
to yié]d a symmetrical anhydride (75) and.-a dialkylpyrocarbonate (76)

(Scheme 3.7). The latter can irreversibly block the amino component

0 O 0 O
1 1 n 1
0 o ——233——> R-C-0-C-R + C4H90-C—O-C-OC4H9
0 9 (75) (76)
R-C—O-C-OC4H9 — 0
R'NH2 0
———>  (C,H,0-C-NHR' + R-COOH

Scheme 3.7 Side-reactions of Mixed-anhydride in Amide Synthesis

(route 7). In solid-phase synthesis, aminolysis of the symmetrical anhydride

results in lowered yield of the coupled product since half of the carboxyl
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component is lost as the free acid. This disproportionation reaction is
mininized by activating the amino acid at low temperature. Second, wrong
side aminolysis of the anhydride (74) can result in a mixture of products
(route 2). This reaction is made less favorable by using a bulky alkoxy
group, e.g. isobutyloxy.

We were finally successful with the mixed-anhydride method in
preparing the TAP derivatives by coup]ihg hydralazine with immobilized
glycine. Only one fluorescent product was isolated indicating that nucleo-
phi}ic attack by hydralazine at the isobutyloxy carbonyl carbon atom
(route 2) was insignificant. The product of the coupling reaction was
purified by preparative TLC on silica gel, and its identity was confirmed
by mass spectrometry. Coupling of hydralazine with alanine resin under
similar reaction conditions also gave the desired TAP product in moderate
yield.

Buoyed by the success with isobutyl chloroformate, we next tried
the coupling reagent, T-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ,
Section 2.4.2). EEDQ generates an ethoxy mixed carbonic anhydride on reac-
tion with carboxylic acids. Glycine resin in TiHF suspension was allowed
to react with excess EEDQ at room temperature for 45 minutes under a
nitrogen atmosphere, and then filtered free of excess reagents. After the
resin had reacted with hydra]ézine in THF solution for about 18 hours, the
product was cTeaved from the resin with HBr/HOAc. UV spectral analysis of
the product showed that TAP was successfully formed, but in relatively low
yield.

In solid-phase peptide synthesis and in this work, the usual
linkage of amino acids to the polystyrene resin is a benzyl ester bond.

For a long time, the standard procedure for cleaving this bond was treatment
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of the resin in trifluoroacetic acid suspension with HBr. However, tri-
fluoroacetic acid swells the polystyrene resin very poorly, and infra-red
spectra of the resin (after 4 hours treatment) showed incomplete cleavage
'of product. This has also been one of the more aggravating disadvantages
of the HBr/TFA cleavage in peptide synthesis.l2! When trifluoroacetic acid
was replaced by acetic acid, swelling of the polystyrene support was
improved, and the cleavage reaction appeared to be more complete by IR
criteria (absence of vw(C=0) bands). |

The experiments with dicyciohexylcarbodiimide as a coupling
reagent were performed at an ear1y'stage of this work when experience with
the so]id-phase procedure, and with interpretation of infra-red spectra of
the resins were limited. A coupling reaction in chloroform solution with
UCC was repeated under the same conditions as described previously except
for the change in cleavage procedure to treatment with HBr/HOAc. UV spec-
tral analysis of the product showed the desired 3-aminomethyl-s-triazolo-
[3,4-a]phthalazine! 'Thus, the apparent failure of the carbodiimide method
in eariier efforts probably resulted not 6n1y from the coupling step, but

from incompleteness of the cleavage reaction as well.

3.3 DISCUSSION

One facet of our stuﬁies on the solid-phase synthesisvof
s-triazolo[3,4-a]phthalazine derivatives that is clearly evident is the
interdependence of the various factors: support material, attachment,
coupling, and cleavage methods, in determining the success of the solid-
phase method for chemical synthesis.

The insoluble support is the backbone of the solid-phase method

itself. A good support should possess certain desirable physical and
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chemical characteristics. The support should be in the form of homogeneous,
relatively rigid, porous beads. An appropriate porosity permits rapid
diffusion of reagents into the reactive sites and easy removal of reagents
by filtration and washing. It also provides for a large effective surface
area which is desirable for obtaining a high degree of modification.

Ideally, the support should have good mechanical strength and
cnemical stability toward extremes of temperature and pH, and toward organic
solvents. The support should a];o be highly insoluble in the solvent media
of reaction.

The support must possess chemical characteristics which allow
introduction of reactive functionalities under mild conditions and permit
activation of the support without destroying its structural integrity.

Last, but not least, a good support should be reasonably priced,
otherwise large-scale syntheses would be economically prohibitive. Avail-
ability from either supply houses or from simple chemical synthesis is
advanfageous. The cost factor will be minimized if the active support can
be regenerated after use.

The support material which we used in this work was a copolymer
of styrene and divinylbenzene which is an amorphous gel with a random net-
work of loosely crosslinked polystyrene Ehains. le preferred the 1% cross-
linked polymer over the 2% crdss]inked resin used in the majority of solid-
phase reactions. Copolystyrene-1% DVB swells appreciably more in“non-po1ar
solvents than polymers with higher crosslinking, and can lead to more
complete reactions in peptide synthesis.22 1In highly crosslinked copoly-
styrene-DVB polyners, the beads are too rigid to permit easy penetration of
reagents, and slower and less complete reactions may result. The cross-

linked polystyrene beads are not a "surface support". Due to their
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swelling in organic solvents they are freely permeable to reagents. Merri-
field and Littaul23 showed by autoradiogfaphy of beads containing tritiated
peptides that the distribution is quite uniform throughout the bead. Recent
studies with polymer-bound transition metal catalysts and complexes strongly
suggest that the degree of swelling of the polymer lattice is an important
factor in determining the chemical reactivity of immobilized molecules, and
therein lies one of the main deficiencies of crosslinked polystyrene, 124,125
Supports are needed which are more compatible with polar solvents, or are
less affected by the swellability of the resin.

In N-terminal peptide sequencing with an insoluble Edman reagent,
Dowling and Stark!!2 synthesized a copolystyrene-0.25% DVB resin with
covalently linked glucosaminol to increase its-hydrophilic character.
Rangarajan and Darbre!l5 introduced methylthiocarbamoyl groups into the
benzene rings of copolystyrene-2% DVB to achieve the same end.  This
modified polymer approximately doubled its swelling in aqueous media and
showed improved attachment yields of tetra- and hexapeptides to the support.
The improvement was ascribed to the increased polarity of the polymer
allowing easier accessibility of reactive sites.

Affinity chromatography has in common with solid-phase synthesis
the use of insoluble supports for immobi]i;ing a ligand. In the.former
application, it is frequently advantageous to attach the ligand to the
support at a distance from the surface. Spacer arms provide more efficient
interaction between the immobilized ligand and the solute molecules due to
the increased steric availability of the ligand to the solute. The length
of the spacer is chosen empirically and must be optimized for each use.

The same principles also apply to the solid-phase reaction of

amino acids with hydralazine. The bifunctional molecules B-alanine methyl
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ester HC1 and g-alanine isopropyl ester HC1 were therefore synthesized to

be used as spacer arms as shown in Scheme 3.8.

0 0 0 0
. " ] " : "
PS-CH20C-C1 + HZN-(CHZ)Z-C-OR ———————*-PS—CHZOC-JH-(CHZ)Z-C-OR

R=CH,, C,H -

3* 37 OH™
| 0 0
n n

P -CH,0C-NH-(CH,) ,~C-OH

Scheme 3.8 Hodification of Polystyrene with a Spacer Arm

The advantages of a spacer arm were also apparent to Rangarajan
and DarbrellS who attached a y-amino-n-butyric acid methyl ester spacer arm
to a carboxylate polystyrene support. An improvement in the yield of
peptidevattachment was attributed to arise partly from this polymer modifi-
cation.

In a similar vein, Sparrow!2® modified a Merrifield resin by

introducing a long spacer arm for use in peptide synthesis. A three-fold

PS«<::>>CH2-[NH-CO-(CH2)]OJZ-NH-CO-CH2<<::>rBr

improvement in the overall yield of a 19-residue peptide was realized wfth
this support. EPR studies of a spin-label attached to the N-?erminus of a
peptide on this resin suggested an increased mobility of the N-terminal
residue over the unmodified commercial resin, and hence decreased peptide-
resin interactions.

In spite of modifications to the usual polystyrene matrix, the

'inherent hydrdphobicity and dependence on swelling by solvents of styrene
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'
based polymers limit their usefulness in peptide sequencing. An ideal
support should be capable of coupling effectively all sizes of peptides,
including proteins, and the functional groups should be accessible for
chemical reaction in a %ariety of aqueous and organic media.

Polyacrylamide appears to be an excellent matrix for solid-phase
synthesis. The beads are mechanically and chemically stable, and are
relatively hydrophilic. The neutral polyacrylamides are entirely synthetic
gels formed by copolymerization of acrylamide with the bifunctional cross-
linking agent, N,N'—methy]ene-bis-acry]amide. The ratio of the concentra-
tion of acrylamide in the reaction mixture to that of the crosslinking
.agent can be varied to give an infinite series of insoluble gel products
which differ in their average pore size.l27 Figure 3.1 shows part of a

polyacrylamide matrix. The principal advantage of polyacrylamide is that

-gH-CHZ-CH-CHZ-?H-CHZ—QH—

COtH, CONH,  CONH,
HN-CO
]
CH,
HN=CO
)
~CH~CHy~CH=-CH y~CH-
CONH, 0C-NH
CH,
0C-NH
)
~CHy~CH-CH,~CH~CH,~ CH-
CONH, CONH,

Figure 3.1 Partial Structure of a Polyacrylamide Matrix




102

it possesses a very abundant supply of modifiable carboxamide groups which,
together with a versati]ify in derivatization techniques, allows the
co?a1ent attachment of a variety of functionalities.27 Limitations of
polyacrylamide as an insoluble matrix are the low degree of porosity of the
beads currently available, and the shrinkage observed during the chemical
modifications required for attachment of functional groups.

Polyacrylamide gels have found their most frequent applications in
the immobilization of proteins and ofher bioorganic materials in affinity
chromatography, immunosorbent synthesis, etc.127-130 Applications in
synthetic organic chemistry are limited to the recent use of a polydimethyl-
acrylamide support in peptide synthesis.131 A notable feature of this
support is the large swelling of the resin in polar media such as DMF, HOAc,
and H20. Very much less swelling occur in methylene chloride and less
polar organic solvents. These properties are the reverse of those of poly-
styrene-based resins. In peptide synthesis, the polydimethylacrylamide
support gave results clearly superior to those obtained with the customary
polystyrene support. In N-terminal protein sequencing, polyacrylamide-based
supports are just beginning to attract attention. Preliminary results show
significant advantages over polystyrene resins.!32,133 (learly, polyacryl-
amide supports show sufficient promise to warrant further investigations in
a wider range of app]ications;

Bio-Gel CM-2 is a fully carboxylated polyacrylamide matrix avail-
able from Bio-Rad Laboratories with a capacity of 5 meq/gram. We used this
material to prepare the acid-chloride resin by reaction with thionyl
chloride, with the intentions of modifying the support with a g-alanine
ester spacer arm, and us%ng this support to evaluate its suitability for
the solid-phase synthesis of TAP derivatives. These experiments however,

remain incompliete, and they deserve consideration by other workers.
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Other types of supports are in use for solid-phase protein
sequencing and prominent among them are those based on controlled-pore glass
(CPG). The term controlled-pore refers to a rather narrow pore distribution.
This type of support was first introduced for Edman degradation of peptides
and proteins by Machleidt and co-workers in 1973.13% Porous glass is an
attractive support material for a number of reasons. It is rigid, with-
stands organic solvents, is regenerable, and is resistant to microbial
attack.

Porous glass may be activated by silanization with y-aminopropyl-
triethoxysilane.!3% The amino groups of the resulting alkylamine glass may
be succinylated to give an extension arm approximately 10 K long. The
carboxyl glass may be converted to the acyl.ch]oride with thionyl cnloride.

0 0
} 1 1]
-?1—(CH2)3—NH-C—(CH2)2—C—0H

This product can be used directly for coupling with the amino groups
-proteins. The succinylated CPG is commercially available from Pierce
Chemical Company, as are the N-hydroxysuccinimide and p-nitropheny1 esters.
For an excellent review on CPG, the reader is referred to the Pierce General
Catalog.136

Recent C-terminal péptide and protein sequencing studies have used
N-hydroxysuccinimide CPG beads.11%,115 Good attachment yields of lysozyme
and ribonuclease to the porous glass support were obtained. Williams and
Kassel1l1% achieved average attachment yields varying.from 49 to 85% with
eight different peptides possessing between ftwo and five amino acids.

Porous glass possesses many of the requisites for a good support
material, and it is gradually replacing the conventional polystyrene-based

support in protein sequencing. There are several inherent limitations in
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the support, however. The Si-0 bonds which>ho]d the ligand to the glass
are not completely stable to an acid (particularly aqueous acid) and small
amounts of peptide tend to be lost in each degradative cycle. Erosion of
the glass, especially at high pH is also a problem, and severe ligand
leakage can be encountered. A coat of zirconium oxide étabi]izes the glass
but this raises further the cost of an already expensive material. The
Corning CPG/thydroxysuccinimide ester distributed by Pierce costs $60/25
ml.136 A further liability of CPG is its rather low binding capacity
(CPG/N-hydroxysuccinimidé, m0.036 meq/m1)136 which makes it somewhat
impractical for preparative scale syntheses.

At the present s§§te of deve]opmeht, there are many deficiencies
in the solid-phase coupling reaction of hydralazine wfth amino acids.
Using dicyc]Ohexy]carboaiimide.as a coupling reagent, the desired TAP
product is formed, but yields are unsatisfactory. Perhaps one of the most
serious problems with the carbodiimide method is the possibility of forma-
tion of the inactive N-acylurea. A tactic used to reduce the amount of
N-acylurea is the addition of N-hydroxy compounds such as 1-hydroxybenzo-
triazole (HOBt)!37 (77) and 3-hydroxy-4-oxo-3,4-dihydro-1,2,3-benzotriazine

(78).138 These reagents are used primarily for the suppression of racemiza-

OH
e
NéN NsN
(77) (78)
tion in peptide synthesis with DCC. They combine rapidly with the carboxyl

component to form highly reactive esters which in turn coupTe with the

amino component. Formation of a complex between the amino component and
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the HOBt active ester was proposed to explain the properties of these

additives!3® (Scheme 3.9).

OH -
' . R'NH ?
n N‘ Lce " . ' Lot
R-C-0H + N4N L ReconMyy —2 s N’Q
hN =N
RI

RCONHR' + HOBt

Scheme 3. 9 Ahide Formation with DCC/HCBt

N-hydroxy additives are good nucleophiles and they compete with
the amino component for the acyl group of the O-acylisourea intermediate to
form active esters. Furthermore, the presence of the amine and of the
additive results in a higher concentration of nucleophiles, thus reducing
the lifetime of the O-acylisourea, and hence decreasing the probability of
intramolecular rearrangement. Single coup1ing reactions were attempted with
the HOBt additivé for both solid-phase and solution reactions. In botn
cases, results were inconclusive and no definite improvement in coupling
yields could be demonstrated.

The best coupling yields were obtained when isobutyl chloroformate
was used to activate the immobilized amino acid. This suggested that EEﬁQ
and I1IDQ (cf. Section 2.4.2) which also react via.m1xed-anhydride inter-
mediates should also be successful. Thus, Yajima and co-workers®? obtained
nearly quantitative coupling of a hexapeptide with H—G]y—A]a-PS after 43
hours reaction with IIDQ in DiMF. Good coupling yields with EEDQ were also

obtained by Sipos and Gaston in solid-phase peptide synthesis, !0
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The N-ethyl-5'-phenylisoxazolium-3'-sulfonate (NEPIS),
(cf. Section 2.4.71) coupling reagent was successfully applied to the
synthesis of TAP derivatives under conventional 1liquid-phase conditions.
‘However,.this reagent has attracted very little attentiqn for solid-phase
reactions, and it would be worthwhile to investigate its efficiency in
solid-phase TAP synthesis.

0f the other reagents used in this work for coupling hydralazine
with N-protected amino acids in homogeneous solution, only thg "oxidation-
reduction” reagents of Hukaiyama et al. (cf. Section 2.4.3) appear to have
been used in solid-phase synthesis. This method is particularly relevant
to our studies since there are very few exampies in the literature for
carboxyl activation of an amino acid or peptide attached to a support at
its amino group. These studies in ﬁeptide synthesis by chain elongation
from the N-terminal amino acid use isobutoxy mixed anhydride (from isobutyl
chloroformate)107 and azidell® intermediates. Matsueda and co-workers
succeeded in synthesizing porcine luteinizing hormone-releasing hormone
'(LH-RH, 10 residues) by coupling three fragments with excess 2,2'—djthio-
dipyridine and tripheny]phosphine.l“l This synthesis was accomplished
without the necessity of protecting the side chains of tryptophan, glutamine,
histidine, tyrosine and serine. In a further demonstration of the utility
of the oxidation-reduction mefhod, a 24 residue segment of adrenocortico-
tropin (ACTH) was synthesized in good yield by elongation from the N-termirus
in five fragment coupling steps.l"2 -

The superiority of the oxidation-reduction process certainly lies
in the advantage it possesses of minimizing side-reactions. By comparfson
the carbodiimide method, which is'by far the most widely used in solid-phase

peptide synthesis, is susceptible to (a) N-acylurea formation, and
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(b) nitrile formation from side-chain carbdxamidé groups during activation
of glutamine or asparagine derivatives.

While we were unsuccessful with the oxidation-reduction method
for Synthesis of TAP derivatives in solution, perhaps this was due to the
experimental conditions used, and not to the method itself. The‘oxidationF
reduction method certain}y deserves some consideration for the solid-phase
coupling of hydralazine with immobilized amino acids.

We have shown new avenues for:further development of our solid-
phase studies, but with the present system, a modicum of changes in the
reaction conditionsAcan bring about significant improvements in the reaction
efficiencies observed. The first change which suggests itself is the use of
freé base hydralazine rather than hydralazine HC1 with triethylamine. The
hydrochloride salt requires polar solvents for dissolution whereas poly-
'styrene-based supports are most efficient]y swelled by non-polar solvents.
With freshly-prepared hydralazine non-polar solvents such as methylene
chloride can be used. In addition, hydralazine decomposes rapidly in the
presence of excess EF3N. This is especially a problem when the dissolution
of hydralazine HCl1 is slow, and there is a low concentration of hydralazine
in solution relative to Et3N. If hydralazine decomposition is extensive,
any of the decomposition products containing primary or secondary amine
groups may couple with the amino acid to give undesired side-products. Our
observation of a yellow colour 1n-fhe resin during coupling reactions may
be evidence of this side-reaction.

Several approaches are available for improving the coup]ing‘
efficiency of any given coupling method. Reaction times of 15-18 hours
were generally used in these studies. Even these extended reaction times

may be insufficient. In solid-phase peptide synthesis, the standard
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reaction time is two hours. However, the application of increasingly longer
reaction times has been a noticeable trend. In some cases, reaction times
havé been extended to 24 hours or greatef.121 One of the intrinsic problems
with the solid-phase procedure is that the phase separatjon may often result
in slower reaction.

Application of larger excesses of hydralazine and coupling reagent
would seem to be an obvious remedy for incomplete coupling. We have
generally used'a two- to three-fold excess of these reagents in the coupling
reaction. In a solid-phase synthesis of cytochrome C, Sano and Kuihara used
amouﬁts of 30- to 70-fold excess of reagents in a routine manner through the
final eighteen steps of their synthesis.!*3 1In these cases, excesses of
‘reagents would be filtered off and reused.

The reactivity of any peptide carboxylate group is somewhat
dependent on the nature of the amino acid side-chain and the adjacent amino
acid sequence. This variability in reactivity advises against a standard
reaction time for hydralazine coupling with amino acids and peptides. There
must therefore be some means of monitoring the progress of the reaction.

The difficulties associated with application of infra-red spectroscopy to
polymeric materials have been previously discussed (vide supra). Feasible
alternatives include cleavage of the peptide from the support and subjecting
it to amino acid analysis to détermine the extent of TAP modification. The
amount of TAP present in a hydrolyzate of the peptide under study may also
be determined by quantitative fluorescence analysis of the TLC isolated
product. The extent of peptide modification by hydralazine can also be
monitored by microanalysis of the peptide resih. However, low substitution
of peptide on the support; and the presence of the support itself, can make

this a somewhat insensitive method.
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If the solid-phase method is to be used as a purely synthetic
procedure, then a cleavage of the benzyl ester bond is required by which
the TAP derivative is attached to the support. We have found that scission
‘of this bond is satisfactory under acidic conditions with HBr/HOAc.
However, if serine and threonine are present in the peptide chain, the
hydroxyl groups may be acetylated under these conditions.!!® This side-
reaction is avoided if acetic acid is substituted by anhydrous trifluoro-
acetic acid, but extended reaction times may be required since we observed
incomplete cleavage with HBr/TFA. Alternatively, anhydrous, liquid hydrogen
fluoride may be used.l18

Peptide sequencing from the carboxyl terminus by the solid-phase
method requires attachment of the N—terminai amino acid to the support at
the o-amino group. A frequently uséd method for producing peptides from
proteins is treatment of the protein with trypsin. This enzyme cleaves
peptide bonds at the C-end of lysine and arginine. A significant number of
peptides used in peptide sequencing may therefore contain lysine. If such
a peptide is attached to a support, binding will occur at the N-terminus
(a-amino group) and at the C-terminus (e-amino group). C-terminal sequenc-
ing of the peptides thus anchored will show gaps in the amino acid sequence
at the N-terminus and at lysines since these residues will remain bound to
the resin. Their identities may be déduced from the difference between the
amino acid composition of the peptide and the TAP derivatives detected, or
by hydrolysis and analysis of the support after degradation.

If basic amino acids are present in the peptides, attachment of
the peptide at the amino side-chains may be prevented by carrying out one
step of Edman N-terminal degradation on the free peptide.!1* This procedure

protects e-amino groups of lysine as their phenylthiocarbamyl (PTC) deriva-
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tive, and at the same time permits identifiéation of the N-terminal residue.
After this step, the a-amino group of the second residue is the only amino
group free for attachment to the support.

A possible complication in C-terminal residue ana]ysis is the
reaction of hydralazine with side-chain carboxyl groups of aspartic and
glutamic acids. This side-reaction may create difficulties where the
hydralazine modification reaction is used for C-terminal determination only.
Total hydrolysis of the modified peptide will yield TAP derivatives from
both the C-terminal amino acid and internal amino acids. The situation may
be more complex in ihe case of aspartic acid; the B-carboxyl group after
activation by coupling reagent can react with a neighbouring amide nitrogen
to form a g-lactam which may stop peptide degradation completely.
| Several solutions to the side-chain carboxyl group problem are
possible. Previero et al.!%" have shown that carbodiimides can effect both
protection of side-chain carboxyl groups and activafion of the C-terminus
under suitable experimental conditions (Scheme 3.10). Peptides containing
a carboxyl group only at the C-terminal reach a degree of activation which
remains constant as a function of time, while peptides containing a side-
chain carboxyl show an initial maximum of activation which subsequently
decreases. Thus, acidic peptides which were incubated with 1-ethyl-3-
diméthy]aminopropy] carbodiimide hydrochloride (EDC) for 90 minutes at 40°C
in the absence of nucleophiles before reacting with the amino component
showed coupling with only the C-terminal amino acid. During the incubation
period, the 0-acylisourea intermediate 1sqmerizes to the inert N-acylurea
derivative at the side-chain carboxyl, while the C-terminus remains activated

as an oxazolinone which subsequently reacts with the amino component.
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Scheme 3.10 Selective Amide Formation at the C-Terminus of Peptides
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A different approach to this problem is to esterify all the
carboxyl groups in the peptide, and then to liberate the C-terminal
a-carboxyl group with trypsin, which can act as a fairly specific esterase.
Mross and Doolittle have suggested converting peptide carboxyl groups to

amides and then cleaving the C-terminal amide selectively with trypsin.1%®

3.4 SUMMARY

We have investigated the reaction of hydralazine with amino acids
'attached to insoluble supports under a variety of conditions. Using a
copolystyrene~1% divinylbenzene matri* substituted with methylchloroformyl
groups, amino acid and peptide esters éan be attached to the support via
their a-amino groups. The immobilized amino acids react with hydralazine
to form the s-triazo10[3,4-a]phtha1ézine (TAP) derivatives when isobutyl
chloroformate, 1-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ), and
dicyclohexylcarbodiimide (DCC)‘are used for carboxyl activation. The TAP
derivatives may be cleaved from the resin under acidic conditions with
HBr-HOAC.

The work on solid-phase reactions is still in a preliminary state
of development, but we have demonstrafed the feasibi]ity of using the solid-
phase method for the synthesis of TAP derivatives. Under the present
reaction conditions, the proddcts of the coupling reaction are contaminated
with unreacted amino acids, and they require chromatographic techniques for
purification. The coupling reaction of hydralazine with amino acids is not
yet practical for solid-phase C-terminal sequencing of peptides because of

the unécceptab]y Tow coupling yields.
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CHAPTER 4

TRANSITION-METAL COMPLEXES WITH
- THE S-TRIAZOLO[3,4-AJPHTHALAZINE LIGAND

4.1 INTRODUCTION

Perhaps the most serious limitation which prevents the extension
of most peptide C-terminal amino acid determination methods to sequential
analysis is a satisfactory method of se1ective1y and quantitatively.
hydrolyzing the terminal peptide bond under mild conditions.

In the thiocyanate method of Stark,2!s22 (Scheme 1.2) the
thiohydantoin group thch is formed from the C-terminal amino écid is cleaved
by nucleophilic cata]ysiS with acetohydroxamate, or acid catalysis with _
12M HC1. The use of highly acidic conditions for cleavage of the thiohydan-
toin group is a risky propositioh, and c]eavége oflinterna1 peptide bonds is
also 1ike1y{ The probability of this occurring prompted Yamashital“® to
Took for a milder, more selective cleavage method. .He found that shaking
the peptidylthiohydantoin with the acidic form of a cation-exchange resin
was successful in hydrolyzing the bond between the peptide and thiohydantoin,
but not the other peptide bonds. With this modification, Yamashita was able |
to determine the amino acid sequence up to around 10 residues from the‘

C-termini of polypeptides,l?



114

The very nature of the hydrazino]ysfs method!> precludes its use
as a C-terminal séquential procedure since on treatment of peptides with
hydrazine, the peptide chain is split and all the internal amind acids are
converted to hydrazides, except the C-terminal amino acid which remains as
the free amino acid. | |

The tritiation méthod of Matsuo et al.22 (Scheme 1.3) and the
reduction method of Bailey26 (Scheme 1.4) rely on concentrated hydrochloric
acid‘to hydrolyze the terminal peptide bond. These methods suffer from
the same limitations as the Stark method.

In the method described by Loudon and co-workers28 (Scheme 1.5)
the N-aminomethylamide formed from the C-terminé] residue degrades under
hydkoiytic conditions (6N HC3) to the peptide-amide which prevents further
C-terminal amino acid analysis of the pepfide.

In anofher.C-terminaT aminq acid ana]ytfca] method, Maekawa and
Kumanol*8 converted peptides to the corresponding peptide-triazines by
reacting the carboxy] groups with dfmethy]biguanidine. However, in the
absence of a mild, selective method for cleaving the terminal bond they
resorted to total hydrolysis of the peptide with Streptomyces griseus
protease, and identification of the modified C-terminal derivative in the

hydrolyzate.

NMez

HN=( |

peptide-NH-CHR-COOH + NH  —— peptide-NH-CHR /NI NMe,
2 .

NH,
From the above exposition, it is clear that the 1ack of a

suitable method of hydrolyzing the C-terminal peptide bond is an impediment
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which is common to most of the C-terminal methqu. The approach which we
considered was the metal-ion assisted hydrolysis of the peptide bond.

The role that metal ions can p]éy in catalyzing the hydrolysis of
peptide bonds was long utilized by Nature in incorporating a zinc(II) ion
into the active site of carboxypeptidase A (CPA). This enzyme, as its name
implies, catalyzes the hydrolysis of the peptide bohds at the carboxyl end of
a polypeptide substrate. The zinc ligands have been identified as two
histidines, glutamic acid, and water in distorted tetrahedral coordinationl“?
In the presence of a peptide substrate, the carbonyl group of the C-terminal
peptide bond displaces the water ligand from the zinc ion in the complex.

A nearby arginine side-chain binds the terminal carboxyl group present in
the substrate.

A possible mechanism for the action of CPA given by Lipscomb and

co-workers,!5% jis shown in Scheme 4.1.

OH
Q
C::H—Co; ----- Arg-145
His - 69 NH-HO - Tyr-248
Ris-196—Zn--- o==c|:‘/\(-)\ o
GIi<72 CH, c
NH Glu-270
~ HiscB9 :o/—Hf?) - Tyr-248
His-1% 220 -- 060, 0y
Glu72 CH,
&H; Siu-270

Scheme 4.1 Possible Mechanism for the Carboxypeptidase A-
Catalyzed Hydrolysis of Glycyl-L-tyrosine
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‘ Lipscomb has suggested that coord{nation of the metal ion by the
carbonyl oxygen atom of the substrate results in polarization of the C=0
bond of the carbonyl group, rendering the carbon atom more susceptible to
nucleophilic attack. |

In addition to the 'zinc-carbonyl' mechanism, the 'zinc-hydroxide®
mechanism can also be considered, in which a zinc-bound hydroxide ion acts
as a nucleophile. The two mechanisms are illustrated in Figure 4.1.
Structural evidence from X-ray studies however, favors the zinc-carbonyl

mechanisn.

TR S

R—(CNH—R' . R,—Q—F‘NH—R’
[ LG
. G5
| ANy
0 0—l248 O--H H=-0—548
Sol< foF
270 \
. \\0 \o
o) ) (b

Figure 4.1 Diagrammatic Illustration of the Mechanism of Carboxypeptidase-
Catalysed Peptide Hydrolysis: (a) Zn-hydroxide Mechanism and
(b) Zn-carbonyl Mechanism

The effect of metal ions on thé hydrolysis of amide bonds has been
known for over twenty years. Lawrence and MoorelS! found that CoCl, almost
doubled the rate of acid hydrolysis of glycylgycine. Meriwether and
Westheimer!>2 examined the effects of copper(II), cobalt(II), and nickel(II)
ions on the hydrolysis of glycinamide and phenylalanylglycinamide. Copper(II)
ions were the most effective catalysts, and between pH 7.9 and 9.25 at 75°C,
they increased the rate of hyd;o]ysis of glycinamide by a factor of thirty
over the uncatalyzed hydrolysis. The mechanism of these hydrolysis reactions
is not yet estab]ishéd, but it is likely that the catalytically active species

is the carbonyl-bonded complex.
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The copper(II)-catalyzed hydrolysis of glycylglycine attains a
maximum rate at pH 4.2.1%3 The decrease in rate at higher pH values is
associated with the formation of a catalytically inactive complex produced

by ionization of the peptide hydrogen atom (Figure 4.2).1%%

R
1 O§C/ HR NG , /N\C/O
~. 7 — M j +HY
A g - N
2
active inactive

'Figure 4.2 "Ionization of Peptide Amide Hydrogen

Extensive work, mainly by the Buckingham and Sargeson groups in
Canberra, with kinetically inert cobalt(III) complexes has greatly clarified
the mechanistic pathways in metal-assisted amide hydrolysis.

It has been found that & number of cbmp]exes of the type
[C0L4(()H)(H20)]2+ (L4 = 2en, trien, tren, edda, eee)+ stoichiometrically
and specifically cieave the N-terminal amino acid from peptides.155,159

Buckingham et al.155 were the first to demonstrate the selective
N-termina] hydro]ysis of simple peptides by stoichiometric reaction with the
B-[Co(trien)OH(HZO)]2+ ion. The proposed mechanisms for the hydrolysis are
shown in Scheme 4.2,

The rate determining step ihvo]ves the rep]aéement of a coordinated
water molecule by the terminal amino group of the peptide. Then either the

carbonyl group is attacked by the adjacent coordinated hydroxide group

(path A) or the carbonyl group becomes activated to attack by external

t en = ethylenediamine, trien = triethylenetetramine, tren = 2,2',2"-tri-
aminctriethylamine, edda = ethylenediamine-diacetato, eee = 1,8-diamino-
3,6-dithiaoctane '
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‘Scheme 4.2 Proposed Mechanisms for Peptide Hydrolysis

hydroxide through prior coordination of the carbonyl oxygen (path B).
These mechanisms are analogous to the "zinc-carbonyl" and "zinc~-hydroxide"
mechanisms proposed for carboxypeptidase A. Buckingham, Sargeson, and their
collaborators have shown that both of these mechanisms contribute signifi-\
cantly to the hydrolysis reactions although the exact extent of their
contribution may depend on the reaction conditions employed.160,161

The acceleration of amide and peptide hydrolysis provided by
direct polarization of the coordinated carbonyl function by metal ion
(6arbony1 meéhanism) is 10" -105.over that found in the absence of the
metal. Intramolecular attack of bound hydroxide (hydroxide mechanism), in
the absence of buffers is somewhaf less effective at pH 7 (103 -10%), but
buffers (e.g. HP042') result in a tremendous rate enhancement, 1010 -1011at
pH7. Under slightly more acidic conditions (pH 4-5) where the bound aquo

group is involved, there is a similar rate increase (10!1), Such rates match,

or exceed, the turn-over number found in carboxypeptidase and trypsin
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proteases under identical conditions of pH and temperature, 162
Cis-p-cobalt(III) complexes are-appealing as catalysts for

N-terminal peptide sequencing because of the amino acid specificity and

the large rate enhancement effect. Indeed, tne hydrolysis of peptides and

proteins by cis-B-[Co(trien)OH(HZO)]2+ has been developed into an N-terminal

amino acid determination and peptide sequencing method by several

workers.163-167  Comparisons of the efficiency of various cis-[CoL4(OH)(H20)]2+

species indicated the order of L, for peptide hydrolysis: 16"
trien > tren > Z2en

In a comparison of trien and edda, Oh and Storm!>8 found that the
rates of hydrolysis of dibeptides were somewhat slower for edda complexes,
but that there was a smaller rate variation between different peptides.

The success of cobalt(III) complexes in selectively promoting the
‘hydrolysis of peptide bonds prompted us to consider the feasibility of using
metal complexes to facilitate the hydrolysis of s4triazolo[3,4—a]phtha1azine
modified peptides. The overall scheine envisaged for peptide sequencing with
hydralazine and cobalt(III) complexes is shown in Scheme 4.3,

In this scheme, -we a?ticipate displacement of the aquo and hydroxo
ligands in cis-s-[Co(trien)OH(Hzo-)]2+ by the Ny-nitrogen of the TAP ligand
and the deprdtonated amide'nitrogen of the C-terminal peptide bond. Acid

hydrolysis of the exocyclic imide bond should liberate the peptide minus the

C-terminal residue.
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Scheme 4.3. Proposed Peptide Sequencing with Pept1dy] TAP_and Coba]t(III)
ComE]exes

There are two likely sites in the TAP group at which the TAP-.
peptide can coordinate to the matal ion: N-2 of the triazole ring (i), or
N-5 of the phthalazine ring (II). CPK space-filling models of both coordina-
tion possibifities show that the t-o complexes are feasible and there is no
unduelsteric strain involved. Alkylation of s-triézo]o[3,4—é]phtha1azines
give only the N-2 alkyl product“® indicating that N-2 is the most basic

nitrogen atom and hence the most 1ikely to form a strong coordinate bond.
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Since our envisaged scheme for pepfide squencing involves metal
complexes with TAP 1igands, we saw our first task as studying the coordina-
tion properties of the TAP ligand since these are totally unknown. The
next‘priority was then’to-prepare metal complexes with a suitable TAP deriva-
tive to determine whether the presence of the metal fon actually aided in

hydrolyzing amide bonds in the TAP side-chain.

4.2 RESULTS

The following trénsition metal comp]exés containing the s-triazolo-
[3,4-a]phthalazine (3-H-TAP) ligand were synthesized:
[M(3'H'TAP)n(H20)6—ﬁ] (C104)é (n =4, M= Co, Ni, Cu; n =2, M= Ni) and
[Co(3-H-TAP) ] (C10,)5. |

[Co(3—H—TAP)6] (C104)3 was prepared from a 6:1 molar mixture of
s-triazolo[3,4-a]phthalazine and sodium tris(cérbonato)coba]tate(lII) ih
an ethanol suspension containing dilute perchloric acid. Na3[Co(C03)3] is
a-conQenient intermediate for the synthesis of cobalt(III) complexes since
it avoids the difficu]ﬁies associated with other methods of synthesis which
involve in situ oxidation of cobé]t(II) to cobalt(III).168 The hexakis-
(s-triazolo[3,4-a]phthalazine)cobalt(III) perchlorate complex is formed as
a light brown amorphous solid. |

. The octahedral spin-paired d6 Co3+ ion is suitable for nmr

studies of the coordinated ligand without interferences from paramagnetism
of the metal ion. [Co(3—H-TAP)6] (C104)3 was synfhesized primarily for nmr
studies. - 'On coordination of 3-H-TAP, perturbation by the metal ion of fhe
electron density about the protons‘is expected to be most evident in the

chemical shifts of protons adjacent to the locus of coordination on the

ligand. Thus, in 3-H-TAP, coordination of metal to N-2 should deshield
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the proton at the C-3 position which would show up in a shift of the nmr
resonance to lower field. There may be a smaller deshielding effect at
other positions arising from an inductive effect.

4-nmr studies of [Co(3-H—TAP)6](C104)3 are hindered by its low
solubility in suitable organic solvents. A Fourier-transform nmr spectrum
of a di_methy]su]foxide-d6 solution of the complex is shown in Figure 4.3, .
It is identical in appearénce with that of free 3-H-TAP. The sharp singlet
at lowest field is assigned to H-3 and the adjacent sharp resonance at
higher field arises from H-6. The chemical shifts of selected resonances

of free, complexed, and protonated 3-H-TAP are listed in Table 4.1.

Table 4.1 NMR Spectral Data for s-Triazolo[3,4-a]phthalazine in DMSO-d

6
Chemical Shifts, ppm a

8 § s P 8 ¢

3 6 10 75859

3-H-TAP 9.58 9.07 8.53 8.44 8.06

3-H-TAP.DC1 9.80 9.21 8.68 8.60 8.14

3-H-TAP,HC1 9.71 9.17 8.63 8.56 8.15

[Co(3-H-TAP) (1°* 9.77 9.16 - 8.54 8.46 8.12
a Chemical shifts for 6§ and ¢ are given for resonances indicated
10 7,8,9 in Figure 4.3,

b Doublet with superimposed fine structure.

e Multiplet
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Figure 4.3 100 MHz Fourier-transform NMR Spectrum of
: [Co(3—H-TAP)6J(C1O4)2 in DMSO-d6
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It is apparent from Table 4.1 that the greatest change in chemical
shifts on.complexation and protonation of 3-H-TAP occurs for H-3. This
suggests that complexation énd protonation do occur at the N-2 site. We cannot
state unequivbca]]y that coordination did not occur ét.N—S, but the small
shift of &¢ to lower fie]d~1ndicates that this is not very significant.

Small changes in the chemical shifts may arise from an inductive or concen-
tration effect.

[Co(3—H-TAP)6](C104)3 is not completely stable in DMSO or methanol
solution since free ligand crystallizes from a safurated solution of the
complex . The dissociation of ligands is not evident in nmr spectra of the
comp]ex wh1ch were obta1ned w1th1n one hour of solution preparation.

“For a sp1n pa1red d6 ion in an octahedra] field, two electronic
Mg < 'n, 4 and Ty '
reflectance spectrum of [Co(3—H-TAP)6](C1O4)3 is shown in Figure 4.4. Only

transitions are expected: The diffuse

one d-d transition is resolved in the visible spectrum, and this is super-
imposed on an intense background. A nujol mull absorption spectrum of the
complex has the same appearance as the diffuse reflectance spectrum. The

1

~band at 17.1 kK (584 nm) is assigned to the T]g < ]A transition. An

g
indication of the higher energy transition is apparent in Figure 4.4, but an
estimaté of the energy of band is not possible due to the intense background
absorptibn. For comparison, the absorption spectrum of the [Co(en)3]3+ jon
in aqueous solution shows bands at 21.4 kK (467 nm) and 29.4 kK (340 nm).!69
“The tetraaquobis(3-H-TAP) and diaquotetrakis(3-H-TAP) complexes
were all prepared by the same procedure.- The hexaquo metal(II) perchlorates

(metal = cobalt, nickel, copper) were dehydrated with 2,2-dimethoxypropanel?0

éccording to the equation:

(CH O)2C(CH3)2 + H20 — 2CH,O0H + CH3COCH

3 3 3
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The solutions of the solvated metal perch]orates thus obtained were used
directly for reaction with the stoichiometric amount of 3-H-TAP.

Infrared spectra of the 3-H-TAP complexes are shown in Figure 4.5.
In general, the infrared spectra of the complexes are not particularly
different from those of the free s-triazolo[3,4-a]phthalazine (allowing for
the peaks due to water and the anion). However, some of the TAP bands change
intensities on coordination or are split. A number of the vibrational modes
of TAP show significant shifts to higher frequencies, and these may be
- characteristic of coordination of the TAP ligand. These bands are the C-H
stretching modes ca. 3120-3030 cm—1, and also the bands at 1530, 1476, the
doublet 1356 and 1352, 1184, 776, and 625 cn™ !,

The two absorption bands between 3600 and 3400 may be attributed
to the antisymmetric and symmetric O0-H stretching modes of coordinated and
lattice-bound water. Analytical evidence supports the presence of lattice
water in all of the complexes except [Cu(S;H-TAP)4(H20)2](C]O4)2. The broad

1

band about 1640-1600 cm~ ' may be assigned to the HOH bending mode. Other

vibrations arising from coordinated water are not visible because of the
superimposed TAP Vibrations. The band structure about 630 cm'1 in
[Ni(3-H-TAP)2(H20)4](C104)2 may arise from overlap of a Ni-OH, wagging
vibration on a TAP ring deformation mode and the C'lO3 bending modes of
perchlorate.

The free perchlorate ion possesses tetrahedral symmetry and belongs
to the point group T, having nine vibrational degrees of freedom distributed
between four normal modes of vibration. . The assignments of these modes are
listed in Table 4.2.171

In the solid state infrared spectra of perchlorates, the non-

degenerate frequency, Vis which should be infrared inactive usually occurs
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Table 4.2 'Vibrations of the Perchlorate Group‘as a Function of Symmetry

State
of
Anion  Symmetry
C104_ T, 2 v, V3 vy
AR).  E(R) Fo(1,R) Fo(LLR)
sym.str. sym.bend asym.str. asym.bend
:-O—C]O3 Czs vy V6 2 vy V3 Vg
A](IgR) E(I,R) A(I,R) E(I,R) A(I,R) E(I,R)
* . - ’
C10 str.  rock sym.str. asym.str. sym.bend asyn.bend
0103 C]O3 C]03 C]O3

A, non-degenerate E, dbub]y degenerate F, triply degenerate I, infrared
active R, Raman active.

.as a weak absorption owing to distortion of the ion in a crystal field of
lower symmetry than itself.

Where the infrared spectra of perchlorates differ from those of
the free'ion, one bf three factors .is usually involved. These factors are:
lowering of the site symmetry of the anion, perturbation of the anion by
water molecules, and coordination of the anion to the metal.

The infrared data of the percﬁ]orate groups in the comp]exes are
~given in Table 4.3. Only in the copper(Il) and the cobalt(III) complexes do
the perchlorate groups show Td symmetry. In the other complexes there is a

-slight lowering of symmetry as evidenced by a small splitting of the

degenerate V3 band, and in one case, the vy band. Agreement of the band
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Table 4.3 Infrared Spectra of Perchlorate Groups (cm']) *

\)3 , \)~l \)4 ‘ \)2
[Cu(3-H- TAP)4( )»I\CIO4 Yo 1100vsb 931w 621s -
[Co(3-H- TAP)6](C1O ) ~ 1093vsb 950w 622s 448vwb
[Co(3-H- TAP)4(H20) ](C104)2 1110vsb 1070vsb 929w 623s 446vw
[N (3-H- TAP)4(H2 ) N C1O4)2 1110vsb 1070vsb 928w 619s 446vw
[Ni(3-H- TAP)Z(H2 ) ](C]04)2 1110vsb 1080vsb 935 6265 620; -
[Co(py) (c 104)2] 172 1137s  1034s 93Im  631m 617m 425w
cio,” 17t o 932 626 460

* Band assignments in terms of Td symmetry
Vs, very strong. s, strong. . m, medium. vw, very weak. w, weak.
b, broad.

frequencies with those of ionic C104"1ndicates that perchiorate is uncoordi-
nated in the complexes studied. The lowering of the perchlorate group
symmetry from leto Ca probably arises from distortion of the anion by the
crystal lTattice or from interaction with water molecules with which the
C]04' ion may form hydrogen-bonds. These effects are common in the spectra -
of metal perchlorates.!?3 By comparison, in the tetragonally distorted
[Co(py)4(C104)2] where the perchlorate groups are coordinated, there is
clear splitting of the V3 (103 cm']) and Vg (14 cm']) bands unlike the
complexes studied here wnich show incqmp]ete resolution of the split v3
band, and removal of degeneracy of the va band is observed in only one case.

The e]ectfonic spectra of the bis and tetrakis(3-H-TAP) complexes
in the solid state were obtained by diffuse reflectance and from nujol mulls
at foom temperature. Solution spectra were not obtained because of the

1imited solubility of the complexes in appropriate solvents.
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/

[Co(3—H-TAP)4(H20)2](C]O4)2.H20 is obtained as an amorpﬁous
tangerine solid. Nujol mull visible spectra of the complex are characterized
by a weak, very broad band centered at 10.5 kK+(950 nm) and a stronger
asymmetric band at 21.1 kK (475 nm) with a shoulder about 19.1 kK (523 nm),
(Figure 4.6).

Three spin-allowed transitions are expected for high-spin d7

cobalt(II) complexes in an octahedral field, and the observed absorptions in

the visible spectrum are given the assignments:

The shoulder about 19.1 kK probably arises from spin-forbidden

transitions to doublet states or from low symmetry splitting of the 4T]g(P)

: 4 4
term. The A29 <« T

By application of the Tanabe-Sugano diagram and Transition Energy

1g transition is not normally observed.l7%

Ratio diagram for ions with the T] ground state (Figure 4.7) to the elec-
tronic spectrum, it is possible to calculate the ligand field splitting
parameter, Dg, and the Racah electron repulsion parameter, B.17% The ratio
of the upper and lower bands,-v3/v] = 2.0, when fitted to a plot of transi-

tion energy ratio vs. Dg/B corresponds to

Dq/B = 1.50  and to

4 4
T, (F) <"1, (F
2g\F) < TyglF) .y
B
= 10,500
B

+ kK = kilokayser = 103 cm™?
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Whence, for [Co(3-H—TAP)4(H20)2](C]O4)2:
.B = 1780 cm“]
1009 = 11,800 cn”

Using the calculated values of B and 10 Dg the fit of the upper

and lower band to the Tanabe-Sugano diagram predicts that the 4A29(F) <«

4T19(F) transition should be at 22.1 kK (452 nm). This transition is not
observed in the visible spectrum because of the over]apping_4T]g(P) <
4

T]g(F) transition in this region.

The Racah electron repulsion parameter, B, is a function of ligand,
central ion, and stoichiometry. The larger the metal ion, the simaller is
the mutual interelecfrohic repulsion. Since the size of the ion is related
to the effective nuclear charge experienced by the d-electrons, B is not
only a measure of size, but also of effective nuclear charge. A comparison
of the B value for the Co(II) complex with that of the free ion
(BO = 971 cm']) shows a reduction in B upon complexation. A mechanism
responsible for this effect is covalency in the metal-ligand bond. Thus,
the greater fhe feduction in B, as represented by the ratio
_Blin complex _ B

B in free jon B P

the greater the covalency in the metal-ligand bond. The series obtained
for B with different ligands is called the nephelauxetic series. The ligand
field and nephelauxetic parameters for octahedral cobalt(II) complexes are

shown in Table 4.4.
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Table 4 4 Ligand Field and Nephe]auxet1c Parameters for
Octahedral Cobalt(II) Ions * -

Complex 10 Dq(cm']) B(cm_]) 8
[Co(3-H-TAP) ,(H,0),,]%* 11,800 780 0.80
[Co(Hy0) 12" 9,200 825 0.85
[Co(NH,) 15" 10,200 885 0.91
[Co(DMS0);T%* 8,480 824 0.85
[Co(Py0)(1%* 10,195 766 0.79
Cocl, 7,640 775 0.80
CoBr, 6,490 786 0.8

* Parameters for all complexes, except those of the TAP complex are taken
from reference 176.

The covalency of the metal-ligand bonds in [Co(3-H-TAP)4(H20)2]2+
thus appear to be similar to complexes containing C1~, Br~, and‘pyridine—N-
oxide.

The Tigand field parameter, 10 Dg(A) is a measure of the splitting

of the t and the eg d-orbitals-of a metal ion in an octahedral field. For

29
a given metal, and stereochemistry, a spectrochemical series of the ligands
can be established. There may be a nﬁmber of factors such as polarizability,
dipole moment, ligand charge or electronegativity which make up the 'strength’
of a ligand, and this makes it difficult to rationalize thelorder of ligands
in the series. However, the ligand field parameter for the TAP complex

probably reflects the extent of n-bonding of the ligand with the metal. In

a mixed ligand complex such as [Co(3—H-TAP)4(H20)2](C1O4)2 it is appropriate
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»

to apply the law of average environment, which states that the 10 Dg(a)
value is given by the weighted average of the 10 Dgvalues for each of the

individual Tiquids. Thus, for the complex [MA482] we have

A = 1/6[4AA +'2AB]

Using the éppropriate A values from Table 4.4 we obtain a A for

[Co(3-H-TAR) 12" of 13,100 cm'.

6
from the visible spectrum of the TAP complexes, it must be remembered that

When comparing the paraméters derived

the symmetry is not Oh’ but actually closer to D4h’ and thus the Tigand field
and nephelauxetic parameters are only approximations.

| The pale blue [Ni(3-H-TAP)4(H20)2](C]04)2 shows two clearly
resolved bands in the nujol mu]l electronic spectrum at 11.2 kK (890 nm) and
17.7 kK (564 nm) (Figure 4.8). The nickel(Il) ion has a 3d8 valence electron
configuration which gives rise to a 3F ground term. In an octahedral crystal

3F term is removed, and the visible spectrum

3

field, the degeneracy of the

involves three spin allowed transitions from the

3ng(F), 3T]g(F), and 3T]g(P) levels. The bands observed are assigned as

AZg(F) state to the

follows:

3 3
Tog(F) <

Azg(F) 11.2 Kk vy
35 (F) <« 3A, (F) 17.7 kK v
1g 29 : 2

i

3

The highest energy transition (v3) T]g(P)_+-3A29(F) appears as a shoulder

about 27.8 kK (360 nm). A weak absorption at 13.7,kK (730 nm) probably arises

frem a spin-forbidden transition to the ]Fg level.
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The accuracy of the nephelauxetic parameter, B, calculated from
incomplete spectral data may be suspect. Thus, using the Tanabe-Sugano
diagram for‘Azground state ions and the appropriate transition energy ratio

1

diagram (Figure 4.9)175 and the v; and v, bands, we obtain B = 826 cm ' and

- predict that vs [3T19(P) - 3A29(F)]'shou]d appear at 28.4 kK (352 nm). This
shows reasonable agreement With the shoulder about 27.8 kK observed in the
visib]e spectrum. A problem with using the v; and v, bands to calculate
the electron repu]sioh parametér is that a comparatively small error in
measuring the band maxima can cause quite a large change in the calculated
value of B. In a mixed'1igand complex such as»[Nf(3—H-TAP)4(H20)2] (C104)2
the Towered symmetry from'Oh may be reflected in a splitting of the v, band,
and pbssib]y of the v, and v; bands as well., These splittings are another
source of error. However, the visible spectrum of the TAP complex shows
Tittle splitting of these absorption bands, indicating that distortion from
Oh symmetry is small. By comparison, in the D, mo]ecu]es_[Ni(py)4(C104)2]
or [Ni(py)4(SO3 )2], definite splitting of all absorption bands are
observed. |

The crystal %ie]d parameter, 10 Dg, is eqUa] to the ehergy separa-

3

tion between the 3Azg(F) and the °T, (F) levels. The 10 Dg values for

29
various nickel(II) complexes are compared in Table 4.5.

Applying the law of average environment using the data from Table 4.5

the calculated 10 pq for [Ni(3-H-TAP),1** is 12,550 cn™!.

The nujol mull electronic spectrum of [Cu(3-H~TAP)4(H20)2] (C]04)2
consists of a single asymmetric band.centered at 18.3 kK (546 nm) which’

spans the entire visible region (Figure 4.10).
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Table 4.5 Crystal Field Parameters for Octahedral Nickel(II) Derivatives *

Complex 10 Dq(cm'])
[Ni(S-H-TAP)4(H20)2]2+ 11,200
. 2+ -
[4i (H0) ] | 8,500
[Ni(CH3OH)6]2+ 8,430

. 2+

[ii(NH5) 6] 10,800
[Ni(DMSO)5]2+ 7.730
[Ni(PyO)6]2+ 8,400
LNi(CH3NHZ)6]‘+ 10,000
[Ni(CH3CN)6]2+ 10,700
i (Bipy)51°F 12,650
[Ni(Bipyz)3]2+ 12,900

* Values taken from ref. 178 except for 3-H-TAP complex.

In an octahedral cubic Tigand field, the five-fold degenerate

g orbitals and the upper eg orbitals.

The single unpairéd electron in d° copper(II) could be in either of the

3d-orbitals split into the Tower t2

components of the e

g
dEg <« 2T29 in the absorption spectrum. The Jahn-Teller effect requires

state thus giving rise to a single transition

any non-linear system with a degenerate ground state to undergo such a
distortion as will remove the degeneracy. For coppér(II), the degeneracy
is often removed by elongated tetragonal distortions of the octahedron.

A single asymmetrical absorption band is freqﬁently observed for
copper(I1) compounds because the relative energies of the d-d transitions

involved generally occur within 5.0 kK of each other.179
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Hathaway!80 has observed that the 2Eg « 2B]g transition is the
most intense transition, and 1ies at the higher energies in tetragonal
compounds. The band maximum at 18.3 kK (545 nm) for [Cu(3-H-TAP)4(H20)2]

2

therefore probably represents a close approximation to the 2Eg < B

1g
transition with the remaining transitions hidden on the low energy side of

the band to give an asymmetric band shape.

The facile synthesis and spectral properties of transition meta]
complexes containing the 3-H-TAP ligand indicated that the Tigand possesses
a fairly strong and specific coordination to metal ions. We therefore turned
our attention to the bidentate coordination of the heterocyclic N-2 nitrogen
of TAP and the amide nitrogen of a side-chain at the C-3 position. In
Scheme 4.3 we envisaged complexation of a metal 1ph with a TAP-modified

peptide to give after hydrolysis, a compiex with the general structure:

N—N—Mlg

o\

~-N HR

As a model for the bidentate TAP ligand, we considered that 2-amino-
methylpyridine (2-AiPy) would possess similar coordination properties. Both
ligands possess heterocyclic and primary amine nitrogens similarly oriented
for metal coordination. By using the 2-AMPy ligand we were able to conserve
the precious supply of TAP tigand during preliminary studies on establishing
the protocol for the complexation reaction and isolating the product from

the reaction mixture.
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The reactions studied involving formation of a cobalt(III) - 2-AMPy

complex is shown in Scheme 4.4. The procedures of Bentley and Creaseri®®

+
B-[Co(trien)C03]+ L B-[Co(trien)(H,0

3+  OH®

B-[Co(trien)OH(H,0) 12"

2-AMPy

g-[Co(trien)(2-Anpy) 1Y

1

Scheme 4.4 Synthesis of B—[Co(trien)(Z—AMPy)]3+

for thé formation of [COIII(

trien) (amino acid)] complexes were modified to
our purposes. A solution of [Co(trien)C03]C104 was acidified to form the
red diaquo complex which was then converted to the hydroxoaquo complex.
After addition of 2-aminomethylpyridine to the solution and heating to 60°C
or being left at room temperature for.a couple of hours, the reaction mixture
turns orange. This is evident in absorption spectra by shifts of the two
bands visible for the hydroxoaquo-cobalt(III) complex to Tower wavelength.
On heating the solution, an intense purple complex precipitates which
dissolves in chloroform, acetone, and methanol to give a blue solution, and
in water to give a blue-violet-solution. Visible spectra of this complex in
various solvents are shown in Figure 4.11. No effort was made to identify
the purple complex.

After removing the purple precipitate by filtration, the components
of the reaction mixture were separated by ion-exchange chromatography on
Carboxymethy] Sephadéx CiM-25, eluted with sodium perchlorate solution

(0.7-1.5M). Four components were isolated by the cation-exchange column.

Visible spectra of these components are shown in Figure 4.12.
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The first complex e]uted frqm the cq]umn as a red band with
absorptions at 28.0 kK (357 nm) and'19.8 kK (505 nm) in the visible spectrum.
This was probably B-[Co(trien)OH(HZO)]2+, The next component of the reaction
mixture was a brown complex with a single absorption band at 28.2 kK (355 nm)
in the visible spectrum. Its identity was not determined, but by its elution
behaviour appears to be a 3+ charged species. Closely following the brown
complex was a major orange band in the ion-exchange column which split into
two well resolved components. The two orange components showed similar
visible sbectra, the first orange complex eluting exhibited absorption band
at 29.2 kK (342 nm) and 21.2 kK (471 nm); the other orange complex showed
bands at 29.5 kK (339 nm) and 21.4 kK (467 nm). These complexes were taken

to be the two isomers of the'E%-[Co(tv‘ien)(2-AMPy)]-3+ jon:

7 \
H,.H ' :
A N
L4C() L4C0/
N\
- N
N/

Infrared, UV, and mass spectra of the complexes indicated the
presence of both trieﬁ and 2-AMPy ligands in the orange complexes.

Chelation of 3-(N—Acfgly)—TAP to 8—[Co(tm‘en)0H(H20)]2+ was
effected in a manner similar to that of 2-AMPy, the main difference in
procedure being the addition of a]coﬁo] to the aqueous suspension to dissolve
3-(N—Aceg]y)~TAP completely. The reaction components were separated after
overnignt reaction by ion-exchange chromatography.

On developing an jon-exchange column with 0.1M NaC104, a red band -

was rapidly eluted which appeared to contain two metal components and
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uncomplexed TAP. Well separated from thg red bands were two orange components
| which were eluted with 0.2—0.3M NaC1Q4 and showed absorption bands atl21;2 kK
(472 nm) and 21.1 kK (475 nm) respect%ve]y. Other bands ~28.2 kK (355 nm)
were not resolved for both complexes beéause-of high absorption in the UV
region. UV spectra of the orange components showed band similar in shape to
protonated TAP, with maxima at 41.8 kK (239 nm) and 41.5 kK (241 nm) respec-
tiVe]y. A brown band was eluted with 0.5M NaC]O4 which showed an absorption
~at 28.5 kK (351 nm). This component did not appear to contafn any TAP by its
UV spectrum. In another attempt at chelation of 3-(N-Ac-g]y)-TAP,.on1y two
major coloured bands were obtained - a red band which cou]d‘be eluted from
the ion-exchange column with pure water with visible absorptions at 28.2 kK
(355 nm) and 19.8 kK (505 nm). An orange band was eluted with 0.2M NaC10,
with only one resolved band in the visible region at 21.1 kK (474 nm), and
a TAP-Tike band in the UV region at 41.8 kK (239 nm). The two orange compo-
nents were hot resolved in this case because a smaller column with less
resolving power was used for the latter separation. Some brown material
always remained firm]x stuck at the top of the ion-exchange column whiéh
could not be eluted even with 1M NaC10, solution (Fig. 4.13).

By comparison with the‘iso]étion of the B—[Co(trien)(Z—AMPy)]3+
isomers, the two okange bands separated from the reaction mixture were

identified as two isomers of the s-[Co(trien)(3-(N-Ac-g1y)-TAP]2+ jon:

H30>:=0

(trien)Co—N
| -\
N=§ T" |
N=N
hﬂuﬂCJL~N N= Y

=0

'H3C |
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A difference between the cqba]t(III) cqmp]exes of the two hetero-
cyclic ligands is that the complexes with 2-AMPy are obtaiﬁed és 3+ ions
whereas those with 3-(N-Ac-gly)-TAP are obtained as 2+ ions. This is evident
in their elution behaviour on an ion-exchange column.- Sodium perchlorate
solutions of cpncentration ca. 1.0M were needed to elute the
[Co(trien)(Z—AMPy)]3+ isomers, whereas [Co(trien)(3-(N-Ac-g]y)-TAP)]2+cou1d
be eluted with ca. 0.25M NaC10,.

o In [Co(trien)(3-(N-Ac—g1y)-TAP)j2f chelation of 3-(N-Ac-gly)-TAP
to the metal is expected to occur at N-2 ofAthe triazole ring, and at the
jonized amide nitrogen of the side-chain substituent. Coordination of an
amide or peptide nitrogen atom to a metal ion after deprotonation is well
estdb]ished.18¥ It seems 1ikely that the propensity of a coordinated amide
to lose a proton from the bound amido group is a fuhction of the combined
electron-withdrawing éapacity of the metal ion and:the C = 0 group.

With the conditions established for the chelation of 3-(N-Ac-gly)-
TAP to a cobalt(III) complex, and the presence of the desired product demon-
stnated‘by its isolation from the reaction mixture, we next considered what
would happen to the cémp]ex under acidfc or basic conditions.

Hydrolysis of an amide under acidic conditions involves attack

by water on the protonated amide:

0 R P 0
] H | 2 o+ : ]
R-C-NHR' —1—w R-C+ —= R—(‘I-OHZ ——= R-C-OH + R'NH,
NHR' NHR* ' 1
0

1] - \ 4
R-C-0 R NH3
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A similar mechanism may be applicable for metal complexes with a
chelating TAP ligand containing an amide side-chain, e.g. the hydrolysis, of

[Co(trien)(3-(N—Ac-g1y)-TAP)]2+ (Scheme 4.5). The most basic site in an

A

N = '
E)\/N:\‘:rCH?’ H+ @CS&N\(CHQ, .0 @Ci /k/NH
= 0 Z

Scheme 4.5 Metal-assisted Hydrolysis of 3-(N-Ac-gly)-TAP

amide linkage is the carbonyl oxygen so that protonation occurs at that atom.
This has been demonstrated in an X-ray crystal study of the protonated
product of the [CoIII(gly—g]y)zj' aﬁion (79) which showed that protonation
occurred at the amide oxygen atom to form the iminol tautomer of glycylgly-

III(g]y—g]yH)2]+ (80).182 Polarization of the iminol group in

cine, [Co
. protonated [Co(tr‘ien)(3-(N-Ac-g]y)—TAP)]2+ by the metal ion should promote
huc]eophi]ic attack at the iminol carbon by water. In this respect, the metal

ion is like a "super-proton" to enhance the hydrolysis reaction.

O\C""CHz - <ﬁ-—CH‘
3 33 F\H’
I<b

H H,C/N XY}
"5‘/ o 107 \ / .
h 3/ \«/’ * /4'
o= 156 C ° \\125
HN S=o N
""’N{a e o A

H

(79) (80)
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We anticipate that chelated 3-(N-Ac-gly)-TAP complex with
coordinating imide nitrogen would be inactive toward base hydrolysis due to

resonance stabilization of the coordinated imide group. A similar situation

N~N’C°m

/'k,‘NYCH:,;

|
N
J
=N 0

exists with Co(en)2(91yNHR).183 At high pH (~11) deprotonation of the amide
nitrogen occurs, and the deprotonated species does not undergo base
hydrolysis (Figure 4.2).

The peptide bond in B-[Co(tm‘en)(Z—g]yphe-H)]+ (821) has been shown

¢ ~CHy=NH-Z
(81)
to be stable under conditions (pH 7.5, 65°C) which rapidly hydrolyze the
amide bond in 8—[Co(tr1’en)(g]yphe)]2+ with coordinated amino terminus and
the amide carbonyl group (cf. Scheme 4.2).155
To investigate the metal-assisted hydrolysis of amide bonds under

acidic conditions, [Co(trien)(3-(N-Ac—g]y)—TAl5)](C1O4)2 was disso]véd in
0.05M HC1 and incubated at 50°C. Under these conditions of acidity and

temperature we expect hydrolysis of the amide bond in the side-chain
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acetamidomethyl group. The reaction was checked by TLC on a sample of the
solution treated with 1M NaCN which displaced the TAP ligand from the Co(III)
coordination sphere. Alternatively, the Co(III) complex was reduced with
solid NaBH4 to the more labile Co(II) complex. Thin layer chromatograms of
the ligands released by the metal were obtained after neutralization of the
solution. There was no evidence of 3-aminomethyl-TAP from TLC after
[Co(trien)(3-(N-Ac—g]y)—TAP)]2+ was heated for 4 hours.

In view of the apparent failure of Co(III) to facilitate the
hydrolysis of side-chain amide groups in TAP derivatives we a]séhconsidered
hydrolysis by in situ formation of metal-TAP complexes.

An equimolar mixture of 3-(i-Ac-gly)-TAP and CoC]é.GHZO solutions
(0.0125M) in 1.0M HC1 was incubated at 44°C. Another solution of
3-(N-Ac-gly)-TAP (0.0125M) in 1.0M HC1 was also heated to 44° as a control
experiment. After 3 hours at elevated temperature, the hydrolysis and
control reactions were neutralized and analyzed by TLC on silica gel. The
thin layer chromatograms showed that most of the 3-(N-Ac-gly)-TAP remained
unhydrolyzed with only a Tittle 3—NH2CH2-TAP present. The identities of the
TAP derivatives wére confirmed by comparison with standards, and by reaction
with ninhydrin. From visual inspection of the TLC's under UV light, we
concluded that there was no significant difference between the hydrolysis
mixture containing metal ions and the contrb] solution.

It thus appears that under the hydrolysis reactions with C0C12
3-(N-Ac-gly)-TAP is coordinated to the metal only at the N-2 site of the TAP
moiety. At low pH, the hydrogen on the amide nitrogen of the side-chain is
un-ionized and chelation does not occur, hence there is no metal-assisted
hydrolysis of the amide bond. Thus, cobalt(II) ion promoted ionization of
the amide hydrogens in peptides does not appear to occur below pH 10-11

(cf. pH 4-6 for copper(II) and pH 7-8 for nickel(II) ions).18%
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To ensure that chelation of 3-(N-Ac-gly)-TAP actually took place,
an hydrolysis reaction was conducted with equimolar amounts of 3-(N-Ac-gly)-

TAP and CuSO The mixture was adjusted to pH 10 to ionize the side-chain

4
amide hydrogen and then acidified to pH 0.8 for hydrolysis at 50°C. Compari-
son of the hydrolysis mixture with a control hydro]ysis solution without

Cu2+ after 5 hours showed that the solution contained predominantly unhydro-

lyzed 3-CH3CONHCH2-TAP. However, the concentration of the hydrolysis product
3-NHZCH2-TAP,_was slightly higher in the presence of Cu2+ than in the éontrol
solution.

Attempts to study the hydrolysis of 3-(N-Ac-gly)-TAP under basic
conditions with Co2+ and Cu2+ were frustrated by precipitation of the metal
hydroxides on addition of base to neutral solutions of the metal salt and
ligand.

In addition to our attempts with metal ions for assisting in the
hydrolysis of amide bonds we also considered the method of Yamashital“® in
which ion-exchangers in the hydrogen form were used to efféct the hydrolysis
6f peptides under mild conditions.

~ An aqueous solution 6f 3-(N-Ac-gly)-TAP was eTuted through a
chromatography Co]umn containing an excess of Dowex 50W-X8 (Bio-Rad, 200-400
mesh, 5.1 meq/dry g). The TAP compound bound strongly to the cation-exchange
material and was removed from the column with saturéted NaCl solution. UV
spectra of the solution eluted from the column 1nd1cated the presence of
protonated TAP [Figure 4.14(a)]. After neutralization of the solution, UV
spectra showed the band structure characteristic of the TAP chromophore
[Figure 4.13(b)] and thin-layer chromatograbhy of the product showed only
one product from ion-exchange chromatography which was identical with

3-(N-Ac-gly)-TAP standard. The product also showed no reaction with ninhydrin

confirming the absence of the hydrolysis product, 3-NH,CH,-TAP.
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Figure 4.14 Ultraviolet Spectra of 3-(N-Ac-gly)-TAP Eluted from
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From our investigations with metal ions we have shown that TAP

derivatives coordinate strongly with metal ions (Co3+, C02+,,Ni2+, Cu2+)

2+

to
forﬁ well defined complexes. Furthermore, Co3+ and Co~ ions do not promote
the acid-hydrolysis of amide bonds in side-chains of 3-sqbstituted TAP
compounds. Copper(II) ions show a slightly beneficial effect but not to any
great extent under fhe conditions studied. We therefore conclude that metal-
assisted acid-hydrolysis of peptide-TAP derivatives does not offer any
significant advantagesrfor selectively and mildly cleaving the C-terminal
peptide bond. Relevant to our studies is the observation by Buckingham that
the peptide bond in [Co(en)z(Z—g]ygly)]+ is stable to hydrolysis in 1M [H+]
over a period of weeks.185

Broader implications of our limited success with metal-assisted
hydrolysis are that our method for modifying carboxylates with hydralazine is
presently restricted to C-terminal amino acid analysis of peptides only.
Extension to a sequencing method awaits development of an appropriate

hydrolysis procedure.
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CHAPTER 5

" HYDRALAZINE DECOMPOSITION

5.1 INTRODUCTION

Hydralazine (12, ]—hydraziﬁophtha]azine) is commercially available
as a stable hydrochloride salt, the form in which it is usually used for
most of its applications, since the free base is unstable both in the solid
state and in solution.

Hydralazine is very unstable in basic solution with many factors

contributing to this behavior:

a. Oxygen is necessary for the breakdown to occur.
b. pH is a critical factor in the reaction.
c. Type and concentration of ions in aqueous solution are

important 123

Very 1itf1e hydralazine decomposition occurs at neutral or acidic
pH, whereas decomposition is rapid at basic pH, e.g., 30-50% decomposition
in 1/2 hr. in pH 7.4 Sgrensen buffer at 37°C."0 Phosphate buffer causes more
rapid disappearance of hydralazine than borate or glyciné buffers,193  but
NaZEDTA inhibits the decomposition in aqueous solution.“*? The rate of

breakdown is independent of the concentration of hydralazine.
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The major product obtained from degradation of hydralazine in
aqueous solution is phthalazine, which is hydralazine minus {ts hydrazine
side-chain.*%»193 (Qxidation of hydralazine with oxygen in ethanol alkali
or with copper su]féte at pH8 is also reported to furnish phthalazine,!9*%

In apparent conflict with other work (vide supra), Mclsaac and
Kanda observed a major product which does not appear to be phthalazine.36
Using 1-hydrazinophthalazine-1-C1*, they observed a new radioactive compound
which had a much lower Rf than phthalazine on paper chromatography with
n-BuOH-HOAc-H20(4 :1:5), and which did not give colour reactions with
diazotized sulfanilic acid or p-dimethylaminobenzaldehyde, indicating the
.absence of free amine or hydrazine gfoups. To explain the negative results
with the colour reactions, they speculated that the product might be

diphthalazinylhydrazine (82). However, in the vast literature on hydralazine

NH— NH

N N/
[

(82)

there is no further evidence to support this specu]atioﬁ.

The instability of free base hydralazine has plagued the work
described in this thesis from the beginning. While hydralazine degradation
in aqueous media has been amply described in the literature, nothing is
reported on degradation in non-aqueous solution, or in the solid state. We
therefore considered it to be a worthwhile digression to investigate the
decomposition procesé since it would be beneficial for determining appropri-
ate conditions for reactions involving hydralazine, and for interpreting

UV and NMR spectra.
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5.2 RESULTS AND DISCUSSION

" The decomposition of hydralazine in the solid state is character-
izéd visually by a change in cb]our froh Tight Temon-yellow to dark orange.
This change occurs gradually at room temperature within minutes of the
solid being exposed to the atmosphere, and very much slower (days) in vacuo.
Storage of the free base below 0°C retards the decomposition but does not
stop it completely.

The decomposition rate of hydralazine in solution varies with the
solvent. To compare these rates qualitatively, the UV spectra of freshly-
prebared hydralazine in various solvents were monitored at various time
intervals. The changes in the spectra observed were band shifts, band
shapes and intensities, and the appearance of new bands.

The solvents used in this investigation were: water (pH 7),
methanol, DMSO, DMF, DMA, THF, dioxane, acetonitrile, methylene chloride,
and chloroform. Hydralazine decomposition was monitored up to 42 hours
after the solutions were prepared, and care was taken to ensure that
conditions were standardized for all the solutions. The same batch of
freshly-prepared hydralazine was used for a]] the degradation studies.

Some general conclusions can be drawn concerning the suitability
of certain solvents as media for reactions with hydralazine. Hydralazine
showed the greatest stabi]ity>fn_CHC13 and CH2C12, and UV spectra of hydra-
Tazine in these solvents were essentially unchanged within the time period
studied. In aqueous solution at pH 7, hydralazine showed slight decomposi-
tion, presumably due to the formation of phthalazine. The decomposition
was indicated in UV spectra by a reduction in.relative intensity of the
263 nm band of hydra]aziné. A methanol solution showed s1ightly increased

absorption in the 240-250 nm region. This change was attributed to the
)
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formation of 1,2(H)-phthalazone with supporting evidence from TLC.  However,
‘the product was not isolated for definitive confirmation of its identity.
Hydfa]azine solutions in CH3CN, DMSO, DMA, and DMF showed the growth of new
bands at 286 nm and ~395 nm. These bands were most evident in DMF solution
where the 286 nm band became the strongest band in the UV spectrum. In
CH3CN, DMSO, and DMA solutions, the 286 nm absorption was only slightly
resolved above the background. Dioxane and THF solutions showed different

UV band shapes from the other solutions. In the UV spectra of the solutions,
an absorption at 286 nm appeared within one minute of preparation of the
solution as a shoulder on a more intense 272 nm band and gradually decreased
in intensity, and was replaced by a strong unresolved band ~278 nm. Dioxane
solutions showed the presence of this 278 nm band from the onset and, in
common with THF solutions, the 263 nm band of hydralazine decreased to a

weak shoulder on the 273 nm band.

Another series of studies on hydralazine decomposition in various
solvents using hydralazine HCl1 in the presence of excess Et3N under an argon
atmospheré gave sligntly different results from the one where free base
hydralazine was used with tertiary base absent. The UV spectra of the hydra-
lazine solutions all showed the 286 nm band to varying degrees with the
exception of a dioxane solution which, as before, showed a strong 278 nm
band, and a THF solution whicﬁ—in contrast with previous results, showed no
286 nm band at all. The variability of these results serves to demonstrate
that hydralazine degradation is dependent on factors other than the solvent.
Thus, decomposition occurs even under an argon atmosphere, and oxygen has

been reported to be essential for the degradation to occur.!?3

It appears
that dissolved oxygen in the solvent is sufficient. Presumably, impurities
in the solvent may also play a role in the decomposition, e.g. diethylamine

in DMF.
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Some conclusions may be drawn regarding the stability of hydra-
lazine in solution although different decomposition products may be formed
“in different solvents. The stability of hydralazine in various solvents

- appears. to follow the order:

0 ' DMSO THF
> CH3CN > "> Dioxane >
DMA DMF

272
CHC1

2
CH30H

CH,C1 H
>

3

Methyl Cellosolve (2-methoxyethanol) was not included in any of |
the series of hydralazine decomposition studies, bot-hydralazine showed
little tendency to decompose in this solvent, which may therefore bé placed
close to the chlorinated hydkocarbons in the stability order.

0f the solvents indicated above, dioxane, THF, and DMF are not
‘recommended as media for reactions involving hydralazine. The remaining
solvents are satisfactory orovided that the hydra1azine reaction is completed
within 1 day, or that an excess of hydralazine is used in the reaction.

‘Other solvents which are unsuitable as reaction:media are morpholine and
'N-methy1—pyrrolidone:

The decomposition of hydralazine in aqueous aﬁd organic solvents
is accelerated in the presence of a tertiafy base. In addition, the degrada-
tioo product responsible for the 286 nm band in the UV spectrum itself breaks
down further to ine a species absorbing at 278 nm in the UV spectrum. Thus,
in 1,5—diazabicyc]o[5.4.0]undec-5-ene (DBU) solution, the intensity of the
286 nm band grows to a maximum and-then decreases which is concomitant with
~growth of the 278 nm band. The UV spectra showed isosbestic points at 277
nm and 291 nm. In the presence of a large excess of strong base, e.g.,

EtBN, the species-absorbing at 286 nm has a very short lifetime since it was
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not observed, and UV spectra showed only the decomposition product absorbing
at 278 nm. Clean isosbestic points Were observed in the UV spectra.

Ffom the multiplicity of changes seen in the UV spectra of hydra-
lazine during solvent-induced decomposition, it is clear that the decomposi-
tion phenomenon is a complex one. Thin layer chromatography of the decom-
position products from DMF solution on silica gel with CHC13/MeOH (10:1)
showed at Teast five components, the major ones being a yellow compound at
Rf0.76, and fluorescent components at Rf0.47 and 0.18.

A large-scale degradation of hydralazine was performed in DMF
solution in order-to identify the major decomposition products. The products
were separated by preparative scale TLC on silica gel.

The major component of the decomposition was isolated as an
orange amorphous solid whose UV spectrum showed strong bands at 286 nm and
393 nm. However, it was unstable in chloroform and methanol solution, and
its UV spectrum changed even during the time it was being scanned. Nothwith-
standing these changes, the 286 nm band remained, and changes were mainly
of intensity, a red shift of the higher wavelength band, and the appearance
of two new bands at 255 nm and 265 nm. The UV spectrum of the major
decomposition product isolated by preparative TLC, and purified by column
chromatography on silica gel is shown in Figure 5.1.

A 100MHz Fourier-trénsform NMR spectrum of the major decomposition
product freshly obtained by column chromatography is shown in Figure 5.2.
The resonances between 0.8 and 2.0 ppm prbbab]y arise from degradation of
the f286 nm" species, since aged solutions show new bands in this region
and a growth of the bands evident in Figure 5.2.

Whilst it was difficult to obtain clean UV and NMR spectra, good

mass spectra of the major decomposition product were consistently obtained.
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- Figure 5.1 UV Spectrum of a CH2C12 Solution of the Major Product

“from Decomposition of Hydralazine in DMF
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High-resolution mass spectra showed a parent m/e at 288.]118 1nd1cafing a
composition of CygHioNg (calculated mass.288.1123). The low-resolution mass
spectrum obtained with a probe temperature of 200°C is shown in Figure 5.3.
The mass spectrum is characterized by intense fragment ions at m/e 273, 272,
and 171 in the higher m/e region. At probe temperatures below 200°C, the
m/e 171 ion is the base peak in the mass spectrum on the basis of high and
Tow‘feso1ution mass spectra, the principal decomposition product of hydra-
lazine was identified as diphthalazinylhydrazine (82). A fragmentation
scheme consistent with this assignment is shown in Scheme 5.1. The fragmen-
tation steps notated with an asterisk (*) were verified by the appearance of
metastgb]e peaks at the appropriate (mg/mp) values.

Diphthalazinylhydrazine is unstable in the solid state, and‘
appafent]y undergoes air oxidation. Preparative scale TLC of the oxidized
product on silica gel with CHC]3/MeOH (10:1) gives two components about
Rf's 0.12 and 0.22 which exhibit blue fluorescence under short wavelength
UV Tight. These components in CHC]3 solution show strong bands in their UV
spectra at 280 and 267 nm, respectively. Variability of the band intensities
in the UV spectré indicated that the components were not pure. The Rf 0.22
component showed fragment ions in the mass spectrum at m/e 149 (100),

167 (54), 185 (22), 200 (6), and 279 (48). The numbers in brackets corres-
pond to the relative intensit{és.of the ions. High-resolution mass spectro-
metry did not give unambiguous atomic compositiohs for these ions, but the
parent ion at m/e 279 appears to have the composition C14H2]N303 (observed
279.1569, calculated 279.1583); The mass spectrum of the Rf 0.12 component
showed the same fragment‘ions, but with different relative intensities:

m/e 149 (53), 167 (35), 185 (100), 200 (26), and 279 (37). No substantial .
effort was expended in attempting to obtain these secondary deéomposition

products in a pure state, or to determine their identities.
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We have therefore shown that diphthalazinylhydrazine is a major
decomposition product of 1-hydrazinophthalazine in non-aqueous solvents.
It therefore appears that the speculation by McIsaac and Kanda3® is correct
.after all. While we did not observe diphtha]aziny1hydrazine under the
conditions they reported, we have been able to isolate and characterize it
for the first time. |

The formation of an N,N'-disubstituted hydrazine from a N-mono-
substituted hydrazine is not without precederce. Isonicotinylhydrazine
(83, Isoniazid) is oxidized at alkaline pH to give diisonicotinylhydrazine
(84) as a major product.

CONHNH,

CONHNHCO

l N o) I'\\ N

NZ z NZ
(83) (84)

From our studies on the decomposition of hydralazine in solution
we can recommend certain conditions to minimize the degradation. If free-
base hydralazine is obtained by neutralization of the HC1 salt, it should be
freshly prepared immediately before use. CH2C12 and CHC'I3 should be used
as solvent media whenever possible since hydralazine shows little tendency
to decompose in these so1ven£s. Methanol, water (pH 7), acetonitrile,
dimethylacetamide and dimethylsulfoxide may also Ee used. Reactions should
preferably be conducted under an inert atmosphere, since hydralazine is
sensitive to oxygen, and the solutions should be de-oxygenated. An excess
of strong base ought to be avoided if possible since this promotes decomposi-
tion of hydralazine. Hydralazine in excess of that required for reaction
should be used to compensate for decomposed reagent if strong base cannot

be avoided.
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CHAPTER 6

EXPERIMENTAL

6.1 GENERAL METHODS

Electronic Spectroscopy

Cary recording spectrbphotometers flodel 17, 14 or 15 were used to
obtain ultra-violet, visible and near-infrared spectra. Solution spectra
Qere obtained with matched silica glass cells of 1 mm path length. Solid
state mull spectra were run using nujol mulls pressed between silica windows.
Light scattered by the mull was compensated for with a nujol-soaked filter
paper in the reference beam of the spectrophotometer. The light intensity
in the sample and reference beams were balanced by placing appropriate
attenuators consisting of metal screens of varying meshes in the reference
beam,

Diffuse reflectance spectra were recorded on a Bausch and Lomb
Spectronic 600 spectrophotometer equipped with a visible reflectance attach-
ment and a Sargent recorder, Model SR. Spectra were obtained over the wave-
iength range 740-350 nm. iMagnesium carbonate was used as the reflectance

standard.
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Infrared Spectroscopy

Infrared spectra were recorded on a Perkin-Elmer Model 457 grating
spectrophotometer covering the frequency range 4000-250 cm'1. The cell

windows used to contain the sample were KBr and NaCl. The cut-off points

]

with these cells were approximately 450 cm_] and 550 cm ' respectively.

Nujol and hexachlorobutadiene were used as mulling agents. IR spectra were

calibrated with polystyrene film at 1601.4 cm'1 and 906.7 cm-1.

Nuclear Magnetic Resonance

Nuclear magnetic resonance spectra were obtained at 60 MHz with a
Varian T-60 or Varién EM-360A spectrometer, and at 100 MHz with a Varian
HA-100 spectrometer for continuous-wave spectra and a Varian XL-100 or
Nicolet Model NIC-80 spectrometer for Fourier-transform spectra. The
chemical shifts are recorded in the &(ppm) scale with tetramethylsilane

(THMS) as an internal standard.

Mass Spectrometry

Mass spéctra were recorded on an Atlas CH-4 spectrometer or an
A.E.I. MS-902 spectrometer, high resolution measurements being obtained on

the latter instrument.

Melting Point Determination

Melting points of solids were measured with a Thomas-Hoover

capillary melting point apparatus and are uncorrected.

Elemental Analysis

Elemental analyses for carbon, hydrogen and nitrogen were performed

by Mr. P. Borda of the Microanalytical Laboratory, U. B. C.
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Chromatography

.Co1umn chromatography was performed using silica gel obtained from
1CN Pharmaceuticals (silica gel Woelm for Adsorption, Act. I) or Baker
(column chromatography grade).

Thin layer chromatography (TLC) was performed using Silica Gel GF
precoated plates (Analtech-Uniplate, 250u). Precoated plates 2000p thick
were used for preparative scale TLC. Drummond Microcap capillary tubes were
used for spotting samples to analytical TLC plates. Compounds were detected
by UV light (254 nm) or iodine absorption, or by spraying the plates with
ninhydrin solution in ethanql followed by warming at 1710°C. Unless specified
otherwise, the solvent system used for developing TLC b]ates was CHC13-MeOH
(10:1). |

Ion-exchange chromatography was performed using Carboxymethyl-

Sephadex CM-25 (Pharmacia) with a capacity of 4.5 meqg/g.

6.2 CHEMICALS

A1l chemicals were reagent grade unless otherwise indicated.
Spectral grade solvents were used in all solutions for ultra-violet and

visible spectra.

Triethylamine

Triethylamine was purified by distillation from sodium hydroxide
followed by double distillation with 2% 1-naphthyl isocyanate, and a single

distillation from sodium turnings.
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N,N-Dimethylformamide

N,N-Dimethylformamide was purified by distillation from anhydrous
copper(II) sulfate at reduced pressure under a nitrogen atmosphere. The
middle fraction boiling at 53°C at 20 nm pressure was collected and stored

over molecular sieves 4A in serum-capped bottles.

Tetrahydrofuran

Tétrahydrofuran was dried by refluxing over lithium aluminum
hydride for 15 hours and distilling. The fraction distilling at 64.9°C was
collected. To remove peroxides, THF was eluted through a column of Alumina

Brockman Act1v1ty I which had been dried at ]10°C

Hexamethylphosphoramfde

A Hexamethy]phdsphoramide (HMPA) was distilled .. from calcium
hydr1de at water-aspirator pressure (b.p. m]35°C) under an argon atmosphere.

The d1st1]]ed material was stored under argon.

Chloroform
Chloroform was refluxed over calcium hydride, fractiona]]y

~ distilled, and stored over molecular sieves 3A.

Ethanol 186

Absolute ethanol (1 z)iwas stirred with clean sodium turnings
(14 g) until the sodium had reacted completely. Ethyl formate (40 g) was-
added and the mixture refluxed for 3 hours before being distilled. The
first 25 ml of distillate was discarded. The dry ethanol was stored in a

tightly stoppered bottle with Parafilm wrapped around the bottle cap.
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N-Ethy1-5-phenylisoxazolium-3'-sulfonate (17, NEPIS, Woodward's Reagent K)S56

NEPIS (Aldrich) was dissolved in excess 1IN HC1, precipitated with
acetone, filtered, washed with acetone, and dried <n vacuo to give a fluffy
white product.

0

+ "
Glycine Isopropyl Ester Hydrochloride,87 H4NCH,COC 5H, c1”

Freshly distilled thionyl chloride (15 m1).was added slowly to

a stirred suspensioh of glycine (15.1 g, 0.250 mol) in isopropyl alcohol
(150 m1) which was maintained at 0°C. The suspension was heated to 80°C
for i2 hours protected from moisture by Driérite. The clear solution thus
obtained was concentrated to about 50 ml <n vacuo and ether added until the
solution became turbid. On cooling, the product crystallized from solution
and was collected by suction filtration, and recrystallized twice from
absolute ethanol/anhydrous ether. The twice-recrystallized product weighed
26.5 g (86%).

NMR (CDC13): 1.27 (doublet, J = 6 Hz, 6, 2CH3), 3.92 (singlet, 2,
CH2),'5.05 (septet, 1, CH), 8.40 (broad singlet, 3, NH3).

| 0

+
DL-Alanine Ethyl Ester Hydrochloride, H3NCHCOC2H5 ct”
CH

3
DL-Alanine (18.8 g, 0.211 mol) was suspended in absolute ethano]

(350 m1) and dry hydrogen chloride was bubbled through the stirred suspen-
sion until no more gas appeared to be absorbed. The clear solution thus
obtained was cooled to 0°C and re-saturated with hydrogen chloride. The
solution was stirred at room temperature'for 15 hours protected from the
atmosphere with a Driefite drying tube. The solvent was removed under

reduced pressure, and the resulting syrup was twice distilled with 200 ml
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absolute ethanol to remove water as thé a]cbho]—water azeotrope. On
triturating with dry ether, the syrup crysfa]]ized to a white solid. Yield
of crude product = 31.7 g (98%). The product was recrysta]]izéd from
ethanol-petroleum ether and dried under reduced‘pressure over Drierite.

0

L ‘ + [
Glycylglycine Ethyl Ester Hydrochloride, H3NCH2C0NHCH280C2H5

~ Glycylglycine (9.98 g, 75.5 mmol) was suspended in dry ethanol

c1™

(200 m])'and hydrogen chloride was bubbled thrdugh the stirred suspension.
w5thin 10 minutes, almost all the glycylglycine had dissolved and a white
précipitate appeared. Hydrogen chloride treatment was continued for 5
minutes before the reaction mixture was cooled to 0°C and resaturated with
HC1'for an additional 5 minutes. The mixture.wés stirred for 21 hours and
the solid was collected by suction filtration. Another crop of product
was obtained from the concentfated filtrate. The product was recrystallized
from absolute ethanol in 82 % yield.

0
N-Bufy16x¥carbony1—g]ycine,188 MeéCbENHCHZCOOH

A solution of butyloxycarbonyl azide (17 m1) in 150 mi dfoxane
was slowly added to a stirred solution of glycine (7.51 g, 100 mmol) in
150 m1 water and 42 ml triethylamine. After 2 hours, suspended material
was removed by filtration, and dioxane was distilled off from the solution
under reduced pressure. The aqueous solution was acidified wifh IN HC1 and
then extracted with ethyl acetate. The organic extract was dried with
aﬁhydrdds magnesium su]fate-and taken to dryness to give an orange sykup.
On cob]ing, the syrup crystallized. The crude product recryéta]]izéd %rom
~ethyl acetate/petroleum ethér'as large tréné]ucent neéd]es in 75% yield.
Caution: BOC-N3 is'shdck sensitive and has a thermal instability range of

100°-135°C and an autoignition temperature of 143°C.189
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NMR (CDC]3): 1.45 (singlet, 9, C(¢H3)3), 3.87 (doublet, J = 6VHZ,
2, CHZ)’ 5.32, 6.48 (broad singlets, 1, NH), 11.38 (singlet, 1, COOH).

Mass spectrum, m/e (Rel. intensity): Parent at 175 not observed,
Base at 120; 160 (3), 130 (9), 120 (100), 116 (3), 102 (5), 86 (1), 76 (17),
75 (6), 74 (8).

N-Trifluoroacetyl-glycylglycine, 190 CF 3CONHCH,,CONHCH,COOH

S-Ethyl thioltrifluorcacetate (1.60 ml, 12.5 mmol) was stirred with
glycylglycine (1.06 g, 8.00 mmo])‘dissolved in TN NaOH (8 m1) for 24 hours.
The reaction was quenched with conc. HCT (5 ml) whereupon a white precipitate
appeared. The product was collected by suction filtration after being placed
fn a refrigerator for 2 hours. Additional product was obtained by extracting
the filtrate with ethyl acetate.. Weight of the crude product was 1.53 g

(84%). Recrystallization from 95% ethanol gave small colourless crystals.

Azidotris(dimethylaminophosphonium) Hexafluorophosphate,68 (37)

Tris(dimethylaminophosphine) (10 g, 0.061 mol) was dissolved in

ice-cold anﬁydrous ether (250 ml1), and the temperature maintained at 0°C in
an ice-water bath. Bromine (10 g, 0.063 mol) was addad slowly and Qith
efficient mixing (Caution: this is én extremely vigorous reaction, and
appropriate safety precautions must be taken). After a few minutes, sodium
hexaf]uorophosphate (10.4 g, 0.061 mq]) in ZSQ il water was added. The
precipitate of [(MeZN)3P-Br]PF6 was fi]tered, and washed with water and ether
until all the excess bromine was removed. After the Tight yellow solid was
dried overnight in a vacuum desiccator. over P205, it was dissolved in 200 ml

acetone (distilled from KMnO4) and an excess of sodium azide (5 g) was added.

\
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The solution was stirred oyernight and Nan and excess NaN; filtered off.
After solvent was removed with a rotary evaporator, the product was obtained
as a white solid which was recrystallized from acetone/ether in 83% yield.

Melting point > 250?C.

IR‘(nujol mull): v(N3) = 2173 cm”! (1it. 2176 cm']).68

NMR (DMSO-dG): 2.82 (doublet, J = 11 Hz, 6, C-(CH3)2) (1it. 2.79

ppm, J = 11 Hz).68

‘1-Ethoxycarbony1-2-ethoxy-1,3-dihydroquinoline, 191 (27, EEDQ)

A solution of absolute ethanol (92 m1, 2.0 mol) and triethy]amine
(155 m1, 1.07 mol) was added dropwise to a stirred and well-cooled (-5°C)
mixture of ethyl chloroformate (97 ml, 1 mo})-and quinoline (tech. grade)
(130 g, 1.0 mol) in benzene (300 m1). After stirring for 1 hour more, the
mixture was washed wiéh water and the aqueous layer extracted with chloroform
(300 m1). The combined orgénic solution was evaporated to dryness under
reduced pressure. On the addition of ether (~50 ml) fo the residue, an
off-white solid sepérated and after standing in the cold, it was collected
and washed with cold ether. Recrysta]]ization frqm éther affqrded large

colourless crystals in 65% yield.
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s-Triazolo[3,4-a]phthalazine®"

A mixture of hydralazine.HC1 (5.668 g, 28.8 mmol), triethyl
orthoformate (60 ml), and triethylamine (4 ml) was refluxed for 3 hours, and
stirred at room temperature‘for 1 day. The solid was filtered off, washed
with triethyl orthoformate, and recrystallized from water and from methanol.
The product was obtained as Tong colorless needles. Anal. Calcd. for 3-H-TAP:
C, 63.5; H, 3.6; N, 33.0. Found C, 63.5; H, 3.6; N, 33.0.
| Melting point: 186.5 - 187.5°C. |

UV (CH C]Z), A

2 max
NMR (CDC13): 7.92 (multiplet, 3; H-7, 8, 9), 8.65 (singlet-multiplet,

(nm): 234 sh, 239, 246, 264, 274, 284 sh.

2, H-6, 10), 9.04 (singlet, 1, H-3).

X}
"

ass spectrum, m/e (Rel. Intensity): Parent and Base at 170;

170 (100),129 (2), 116 (4), 115 (33), 114 (9), 102 (2), 88 (15), 76 (4).

_ 0
. H
3-Aminomethyl-s-Triazolo[3,4-a]phthalazine . HOCCF3

N

—N
I N .
=N

3-(N-BOC-gl1y)-TAP (106 mg) was dissolved in 50% (V/V) trifluoroacetic
acid (2 ml) in CH,Cl,. The deprotection of the BOC-group was monitored by TLC
on silica gel GF with CHC]3—MeOH (10:1) developer. When deprotection was
completed (approx. 10 mins), the solution was concentrated, and the product
was precipitated by adding CH2C1 The yield was 95%.

0
uv (HZO)’vAmax (nm): 233 sh, 238, 244, 262, 271, 281.
Mass spectrum, m/e (Rel. Intensity): Parent and Base at 199; 199
(100), 198 (53), 183 (10), 171 (47), 149 (9), 145 (10), 129 (22), 117 (11),

115 (16), 102 (11).
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3-Methyl-s-Triazolo[3,4-a]phthalazine Hydrochloride“>

N-——-P.HC
N CHj
Z2N

1-Hydraz}nophtha1azine hydrochloride (0.485 g, 2.47 mmol) in
glacial acetic acid (50 ml) was refluxed for 4 hours. Excess acetic acid
was removed from the light blue solution under reduced pressure, apd the
product dried Zn vacuo for 18 hours. Yield of 3-Me-TAP.HC1 = 0.505 g (93%).

Melting point: 233 - 245°C dec.

NMR (DMSO—dB): &8.15 (multiplet, 3, H-7, 8,‘9), 8.59 (doublet,
Ja 7 Hz, 1, H-10), 9.17 (singlet, 1, H-6), 9.71 (singlet, 1, H-3).

3-Methyl-s-Triazolo[3,4-alphthalazine**

I
@NJ\C}Q
!
~N

1-Hydrazinophthalazine (0.993 g, 5.05 mmol) iﬁ triethylorthoacetate
(15 m1) was heated to reflux for 1 hour. The product separated from the gold-
colored reaction mixture as yej1owish needles and was recrystallized from
water containing a trace of NaOH, as colorless needles in 96% yield.
- Melting point: 167 - 169°C.
UV-(MQOH):,AmaX (nm): 236 sh, 240, 248, 265, 275, 285 sh.

NMR (CDCI 2.78 (singlet, 3, CHy), 7.84 (multiplet, 3, aromatic),

3):
8.58 (possible doublet, 2, aromatic).

Mass spectrum, m/e (Rel. Intensity): Parent and Base at 184;
184 (100), 156 (7), 155 (8), 129 (11), 116 (11), 115 (82), 114 (20), 102 (8),

88 (26), 76 (9).
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0

+ "
g-Alanine Methyl Ester Hydrochloride, H3N(CH2)2COCH3 c1”

Hydrogen chloride was bubbled through a suspension of g-alanine

(17.8 g, 0.200 mol) in dry methanol (300 m1) at 0°C .until the solid had
dissolved completely and the solution was saturated with HC1. The solution
was stirred at rdom temperature for 18 hours and then rotary evaporéted to
dryness. The product was recrystallized from ethanol-ether in 80% yield.

. 0
+ 1}
g-Alanine Iso-Propyl Ester Hydrochloride, H3N(CH2)2COCH(CH3)2 c1”

Hydrogen chloride was bubbled through a suspension of_B-a]anine
(17.8 g, 0.200 mol) in 1so¥propan01 (200 m1) at 0°C for 2 hours. The mixture
was then stirréd for 1 day at room temperature when all so]fd dissolved.
The solvent was removed by rotary evaporation and the product recrystallized

from ethanol-ether.in 85% yield.

1-Hydrazinophthalazine (Hydralazine)

1-Hydrazinophthalazine HCI1 (Hydra]aziné HC1, Apresoline HC1 ;
Sigma,. CIBA Pharm Co.) (washed with CHC]3 and recrystallized from CH3QH)
was dissolved in a minimum volume of hot water and neutralized with a
stoichiometric amount of 1N NaOH solution. The solution was immediately
extracted with chloroform under an inert atmosphere (Note: the extraction
procedure is not very efficient). The organic phase was dried with
anhydroﬁs NaZSO4 and concentrated to dryness by rotary evaporation with as
little heating as possible. Hydralazine decomposition products may be
sometimes seen as a dark band of material in the flask. The impurities
precipitate from solution before the bulk of hydralazine when the solution
is concentrated and may thus be separated easily from the hydralazine.
The free-base hydralazine was dried under reduced pressure and was used

immediately , or stored at 5°C in vacuo or under an inert atmosphere.
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6.3 COUPLING REACTIONS WITH THE ISOXAZOLIUM SALT METHOD

Synthesis of 3-(N-Ac-met)-TAP in Acetonitrile Solution

N-acetyl-DL-methionine (0.319 g, 1.67 mmol) was dissolved in warm
acetonitrile (10 ml) containing triethylamine (0.175 g, 1.72 mmol), cooled to
0°C and stirred with a suspension of purified NEPIS (17) (0.424 g, 1.68 mmol)
in ice-cold acetonitrile (10 m1). After all solid had dissolved (1 hour),
hydralazine HC1 (0.326 g, 1.66 mmo]) was added together with triethyjamine
(0.166 g, ].64 mmol), and the reaction mixture stirred at room temperature.
After 2 days a ligiht yellow solid was removed by filtration. UV spectra of
the solid in methanol showed bands at 263, 278, and 318 nm. The solution
was concentrated to an orange syrup which was dissolved in methylene chloride
and extracted with water. HMost of the colour is transferred to the aqueous
phase. On re-extracting the organic layer with water, some product is lost
into the aqueous phase. The CH2(312 solution was extracted with saturated
iNaCl solution, dried with anhydrous sodium sulfate, and concentrated to
dryness. The crude product was obtained in 50-60% yield.

Melting point: 166 - 167?C.

Uv (CH C]z),.x (nm): 237 sh, 243, 252, 264, 278,

2
Mass spectrum, m/e (Rel. Intensity): Parent at 315, Base Peaks at

max

223 (5), 211 (17), 198 (17), 197 (10C), 183 (9), 170 (25), 144 (5), 129 (11),

240 and 197; 315 (11), 253 (11), 245 (5), 241 (16), 240 (100), 229 (&),

1]7 (5), 115 (9), 102 (Z), 89 (8).

Hign resolution mass spectrum: Calcd. for C]5H17N505, 315.1154,

Found 315.1152.
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Synthesis of 3-(N-BOC-gly)-TAP in DMF Solution

A solution of N-BOC-glycine (0.300 g, 1.21 mmol) in dry, purified
DMF (2 m1) containing triethylamine (0.24 ml, 1.7 mmol) was stirred with a
suspension of purified NEPIS (17) (0.434 g, 1.71 mmol) in dry DMF (8 ml) at
0°C. After 1 hour, all the solid dissolved and hydralazine.HC1 (0.337 g,
1.71 mmo1) and triethylamine (0.24 ml, 1.7 mmol) was added to the reaction
mixture. The solution was stirred for 2 days at room temperature, and.then\
filtered. The white solid thus obtained was shown by nmr and mass spectro-
metry to be Et3N.HC]. The Tack of any UV absorptions indicated the absence
of undissolved hydralazine.HC1. After OMF was removed from the filtrate
under reduced pressure, the residue was dissolved in CHZCTZ, and extracted
with 1IN HC1 and water. The CH2C12 solution was dried over anhydrous MgSO4,
reduced to dryness, and the light yellow residue washed with ether to remove
most of the coloured impurities. VYield of crude 3-(N-BOC-gly)-TAP = 0.450 g
(88%). Recrystallization from methanol-hexane gave fluffy white flakes of
3-(N-BOC-gly)-TAP whjch showed only one spot by TLC on silica gel GF with
CHC]B/MeOH (10:1).

Melting point: 166 - 167°C.

UV-(CH2C12)’»Amax (nm): 238 sh, 243, 251.5, 267, 277, 288 sh.

NMR (CDC13): 1.47 (sjng]et, 9, C(CH3)3), 4.93 (doublet, J = 6 Hz,
2, CHy), 5.51 (broad singlet, 1, NH), 7.9 (multiplet, 3, aromatic), 8.66
(singlet-multiplet, 2, aromatic).

Mass spectrum, m/e (Rel. Intensity): Parent at 299, Base at 243;
299 (11), 244 (22), 243 (100), 226 (20), 199 (23), 198 (39), 183 (22),
172 (iO), 171 (16), 145 (9), 129 (10), 115 (9), 102 (5), 88 (5).

High resolution mass spectrum: Calcd. for C]5H17N502, 299.1442.

Found 299.1412.
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6.4 COUPLING REACTIONS WITH THE EEDQ COUPLING REAGENT

Synthesis of 3-(N-Ac-gly)-TAP in Acetonitrile Solution

EEDQ (27) (51 mg, 0.21 mmol) was added to a mixture of hydralazine
(32 mg, 0.20 mmol) and N-acetyl-glycine (27 mg, 0.23 mmol) in acetonitrile
(10 m1), and stirred at room temperature for 4 1/2 hours. The reaction
mixture was filtered to remove a yellow solid which showed UV absorption bands
at 265 nm and 278 nm, indicative of decomposed hydralazine, and bands at
239 nm and 248 nm indicative of the TAP chromophore. Due to the apparently
low concentration of TAP in so]ufion and in the solid, no effort was made to

work up the reaction mixture.

Syntheéis of 3-(N-Ac-DL-ala)-TAP in Acetonitrile Solution

EEDQ (70 mg, 0.28 mmol) was stirred with a solution of hydralazine
(45 mg, 0.28 mmol) and N—acety];DL—alanine (48 mg, .37 mmol) in acetonitrile
(10 m]). After 18 hours at room temperature, the solution was filtered to
remove -precipitated solid. UV spectra'of the solution showed a high concen-
tration of TAP in addition to the quinoline by-product. The solution was
reduced to dryness, the resultant residue dissolved in water, and extracted
with CH2C12. UV spectra and TLC showed both quinoline and TAP in the organic
phase.. Solvent was removed from the CH2C12 solution under,reduced pressure,
and the solid obtained was washed with cyclohexane to remove all traces of
quinoline. A small amount of yellow impurity was removed from the crude
3-(N-Ac-DL-a1a)-TAP by preparatiye scale TLQ on silica gel G with ethanol.

Melting Point: ~215° dec.

uv (CH,C1,) (nm): 237 sh, 243, 251.5, 267, 287, 288 sh.

272
Mass spectrUm, m/e (Rel. Intensity): Parent at 255, Base at 212;

A
> "max

255 (47), 213 (18), 212 (100), 198 (33), ]97 (12), 184 (7), 172 (12), 171 (79),
145 (6), 144 (7), 129 (26), 117 (10), 115 (14), 102 (11), 89 (11), 76 (6),
69 (7).
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Synthesis of 3-(N-B0C-L-ala)-TAP in Methylene Chloride Solution

8

EEDQ (0.136 g, 0.552 mniol) was stirred with a solution of hydrala-
ziné (0.088 g, 0.55 mmol) and N-BOC-L-alanine (0.7103 g, 0.546 mmol) in
CHZC]2 (20 m1). Within 4 hours the reaction mixture showed good formation
of TAP by UV spectroscopy, nevertheless, the reaction was continued for
23 hours at room temperature. The CH2612 solution was extracted with dilute
HCT until all quinoline was removed, then with 5% NaHCO3 solution, and
finally dried over anhydrous sodium sulfate. After solvent was removed,
crude 3-(N-BOC-L-ala)-TAP was obtained as a yellow solid.jm 50% yield.

uv (CHZCJZ), A (im): 237 sh, 243, 252, 268, 278, 283 sh.

max
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6.5 COUPLING REACTIONS WITH THE ACYLOXYPHOSPHONIUM SALT METHODS

6.5.1 The Kenner-Sheppard Reaction

A solution of N-acetyl-glycine (0.340 g, 2.91 mmo1) ih dry,
distilled HYPA (2.9 m1) was added to a solution of recrystallized tosyl
chloride (0.549 g, 2.88 mmol) in dry HMPA (4.64 g, 25.9 mmol) at 0°C.

After 10 minutes, hydralazine.HC1 (0.568 g, 2.89 mmol) and triethylamine
(0.51 g, 5.0 mmol) were added, and the mixture was allowed to warm to room
temperature. After 2 hours the reaction was checked by UV spectroscopy and
TLC on silica gel G with n-BuOH developer. Thin layer chromatograms showed
a large fluorescent spot indicative of the TAP product. The TAP bands in
UV spectra are partially obscured by strong absorptions of the tosyl group.
The reaction was allowed to proceed overnight before undissolved solid was
filtered. The solid was predominantly hydralazine.HC1 by its UV spectrum.
Attempts to extract the 3-(N-Ac-gly)-TAP product by extraction of the HMPA
solution with benzene, petroleum ether, and diethyl ether were 1arge1y
unsuccessful. On extraction of the HMPA solution with CH,C1, some TAP vas
transferred into the CH2C12 layer together witnh all the colored components
of the reaction mixture. Howevér, the extraction of TAP into CHZC]2 solution

was inefficient, and no further effort was made to isolate the product.
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6.5.2 The Azido- Tris(dimethylamino)phosphonium Hexafluorophosphate Method

[(MeZN)3P-N3]PF6 (32) (0.072 g, 0.21 mmol) was added over a period
of 1 - 1 1/2 hours to a stirred solution of N-BOC-glycine (0.036 g, 0.21 mmol)
and triethylamine (33 ul) in DMF (10 ml1) at -15°C. After 1 hour, hydralazine
HC1 (0.040 g, 0.20 mmol) and triethylamine (60 ul1) were added, and the
coupling reaction continued under an argon atmosphere for an additional
4 hours at -15°C and 15 hours at room temperature. Thin layer chromatograms
of the reaction mixture showed a low concentration of the fluorescent TAP
‘product. There was no evidence of 3-(N-BOC-gly)-TAP in UV spectra because of
the high UV cut-off of DMF. However, hydralazine decomposition products
were evident by absorption bands at 278 nm and 285 nm,
| A coupling reaction in Methyl Cellosolve was conducted under
identical conditions as the reaction in DMF and similar results were obtained.
However, UV spectra of the Methyl Cellosolve reaction showed very little

decomposition of hydralazine after z0 hours of reaction.

6.5.3 The "Oxidation-Reduction Condensation" Method

A suspension of N-acetyl-glycine (0.039 g, 0.34 mmol) and
2,2'-dithiodipyridine (42, 2-DT?) (0.077 g, 0.32 mmol) in dioxane (2 ml)
was stirred with a mixture of hydra]aziné.HC] (0.064 g, 0.32 mmol), triethyl-
amine (0.039 g, 0.38 mmoi), and.tripheny1phosphine (0.110 g, 0.419 mmol) in
dioxane (5 ml1) at 40°C for 20 hours. Precipitated solid was removed by
solution filtration and wvas shown by its UV spectrum to contain predominantly

decomposed hydralazine (a (nm): 267, 278, 317). NMR and mass spectra

max
indicated tnat the solid also contained 3-(N-Ac-gly)-TAP and Et,N.HCT.
TLC on Silica Gel GF developed with n-BuOH showed a low concentration of

TAP product in the solution.
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6.5.4 The Triphenylphosphite-Imidazole Method
In view of the large number (24) of reactions conducted with the
Mitin’7! procedure under similar conditions, only one coupling reaction

typical of those used in this study will be described.

Synthesis of 3-(N-Z-gly)-TAP

A mixture of N-Z-glycine (0.307 g, 1.47 mmol), hydralazine.HC]
(0.290 g, 1.48 mmol), triphenylphosphite (0.478 g, 1.54 mmol), and triethyl-
amine (0.21 ml) was diséo]ved in dry DMF (5 m1). A solution of imidazole
(recryst. toluene) (0.202 g, 2.96 nmol) in DMF (7 m1) was added to the other
reagents, and the mixture stirred at 40°C. TLC of the reaction mixture
showed the presence of TAP even before the solution was heated., After
heating for one day, the solution was filtered and reduced to dryness under
reduced pressure. UV spectra of the solid filtered from the solution showed
the presence of undissolved hydfalazine.HC] and a phosphorus derivative.
The syrup obtained from concenfrating the solution was dissolved in CH2C12
and extracted with 1M Na2CO3 and 0.7N HC1 respectively. The oily residue
which was obtained after CH2C12 was removed by rotary evaporation crystal-
lized on standing. The crude product was recrystallized from ethanol

solution.in 60% yield.
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6.5.5 The Diphenylphosphite-Pyridine Method

A mixture of N-BOC-L-alanine (0.289 g, 1.53 mmol), hydralazine.HC]
(0.301 g, 1.53 mmol), and diphenyl phosphite (practical grade) (0.362 g,
1.55 mmol) was stirred with pyridine (10 m1) for 2 days. Undissolved solid
(hydralazine.HC1) was filtered off and the gold solution concentrated under
reduced pressure. A solid which crystallized from sb]ution was shown by
UV spectroscopy to be predominantly hydralazine.HC1 after washing with

acetone. The acetone wash contained mostly phosphorus derivatives. There

was no evidence for TAP product in the reaction mixture.

6.6 COUPLING REACTIONS WITH THE CARBODIIMIDE METHOD

It would be impractical to describe all the coupling reactions
conducted with carbodiimides since they totalled some fifty in number.
Instead, several experiments will be described to illustrate certain features

and characteristics of the procedures involved.

Synthesis of 3-(N-Z-glycyl)-TAP with DCC in DMA Solution

Triethylamine (1.10 m1, 7.89 mmol) was added to a mixture of
N-Z-glycine (1.076 g, 5.141 mmol), hydralazine.HC1 (1.034 g, 5.257 mmol), and
dicyclohexylcarbodiimide (51) (2.137 g, 10.36 mmol) in dry dimethylacetamide
(50 m1) at 0°C. After 1 hour, additional hydralazine.HC1 (1.015 g, 5.162
mmol) and triethylamine (1.10 ml, 7.89 mmol) were added. The reaction
mixture was stirred at 0°C for 4 hours before being allowed té warm to room
temperature. The reaction was continued for 1 day at room temperature, and
5 hours to GOfC. On cooling the solution, dicyclohexylurea (DCU) crystallized
out, and was removed by filtration. Rotary evaporation of the DMA solution

gave a syrup which so1idiffqd when the last traces of DMA were removed by
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rotary evaporation of the syrup dissq]yed in methano] or CH2C12. The
residual so]id was dissolyed in CHZC]Z’ the insoluble DCU fi]tered off, and
the solution extracted with 2% HC1, 5% NaHCO3, and saturated NaCl solutions,
respectively. Hhen the CH2C12 solution was concentrated, more DCU crystal-
1ized from solution which was removed by filtration. The product was further
purified by column chromatography on silica gel with CHC13-MeOH (50:1) as the
developing solution. The crude 3-(N-Z-gly)-TAP thus obtained was leached
with benzene to remove all remaining colored impurities. Anal. Calcd. for
3-(N-Z-gly)-TAP: C, 64.9; H, 4.5; N, 21.0. Found C, 65.0; H, 4.5; N, 21.0.
Melting point: 147 - 148°C dec.

UV'(CH2C12),_A (nm): 236 sh, 242.5, 251, 266, 276, 287 sh,

max

NMR (CDC]3): 5.00 (doublet, J = 6 Hz, 2, CHZ)’ 5.15 (sing]et, 2,
CHZ(benzyl)), 6.08 (broad singlet, 1, NH), 7.32 (singlet, 5, C6H5), 7.95
(multiplet, 3, aromatic), 8.59 (singlet-multiplet, 2, aromatic).

Mass spectrum, m/e (Rel. Intensity): Parent at 333, Base at 198;
333 (63), 242 (15), 225 (17), 199 (22), 198 (100), 197 (47), 184 (95),
183 (32), 171 (28)3 155 (6), 129 (17), 115 (14), 108 (11), 102 (10), 91 (71),
79 (18), 77 (19), 66 (44), 51 (12).

High resolution mass spectrum:_ Calcd. for C]8H]5N502, 333.1226.

Found 333.1208.
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Synthesis of 3-(N-Ac-gly)-TAP with EDC in Methanol Solution

Triethylamine (0.071 m1, 0.51 mmol) was added to a mixture of
N-Ac-glycine (0.0899 g, 0.513 mmol), hydralazine.HC1 (0.100 g, 0.510-mm01),
and 1-ethy1-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (16, EDC) in
dry methanol (15 m1) at 0°C. A1l the solids dissolved to give a light yellow
solution. Reaction was continued for 4 hours at 0°C, and 18 hours at room
temperature. The solvent was removed from the solution by rotary evaporation
to give a dry solid. The residue was shaken and sonicated with CH2C]2 until
all TAP product was leached into solution. The CH2C12 solution was streaked
onto a silica gel TLC plate (2000 p) and developed with CHC14-MeOH (10:1).
Two well-separated fluorescent bands were obfained which were identified as
‘3—CH3-TAP (upper band) and 3-(N-Ac-gly)-TAP (Tower band) by their nmr and

mass spectra.

Synthesis of 3-(N-BOC-gly)-TAP with DCC in Methylene Chloride Solution

‘ Dicyclohexylcarbodiimide (51, DCC) (0.373 g, 1.81 mmol) was stirred
with a mixture of freshly-prepared hydralazine (0.255 g, 1.59 mmol) and
N-BOC-glycine (0.280 g, 1.60 mmol) in'dry CH,C1, (25 m1) at 0°C. The
reaction was allowed to proceed for 1 hour at 0°C and 18 hours at room
temperature before it was filtered to rehove dicyclohexylurea. The solution
was extracted with 1N HC1, 5%‘Na2603, and saturated NaCl solution, respec-
tively. After solvent was removed by rotary evaporation, the crude Tight-

yellow 3-(N-BOC-gly)-TAP thus obtained was recrystallized from methanol . in

76% yield.
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Synthesis of 3-(N-Ac-gly)-TAP with DCC in Methanol Solution

Triethylamine (0.85 mil, 6.1 mm51) was added to a mixture of
N-acetyl-glycine (1.444 g, 1.233 mmol), hydralazine.HC1 (1.176 g, 5.983 mmol)
and dicyclohexylcarbodiimide (51, DCC) (2.602 g, 12.61 mmol) in dry methanol
(45 m1) at 0°C. UV spectra of the solution after 15 minutés showed the
presence of protonated hydralazine. Excess triethy1amine (0;85 ml, 6.1 mmol)
was therefore added. The reaction was conducted at 0°C for 2 hours, and at
ambient temperature for 18 hours. During this time the color of the solution
changed from yellow to reddish-orange. When the reaction mixture was |
refluxed for 1 hour, UV spectra showed ~ 3x increase in the concentration
of TAP. However, TLC indicated that refluxing also effected the formation
of 3-CH3-TAP side-product. The solution was concentrated to dryness and
the residue suspended in CHC13. Undissolved dic&c]ohexy]ured (DCU) was
filtered off. The TAP product is only moderately soluble in CHC]3. The
chloroform solution was purified by column chromatography on silica gel
developed initially with pure CHC13, then with a CHC13-MeOH mixture whose
composition varied from a ratio of 50:1 to 20:1. Crude 3-(N-Ac-gly)-TAP was
bbtained as a light yellow solid. Crystallization from HZO-EtOH afford
white needles of pure 3-(N-Ac-gly)-TAP. Anal. Calcd. for 3-(N-Ac-gly)-TAP.
1/2 H,0: C, 57.6; H, 4.8, N, 28.0. Found C, 57.4; H, 4.8; N, 28.0.

Melting point: 209 - 210°C dec.

UV (CH,C1

2 2)’-Amax
NMR (CDC13): 2.11 (singlet, 1, CH3), 5.07 (doublet, J = 5 Hz, 2,

(nm): 236 sh, 242.5, 251, 267, 277, 287 sh.

CHZ)’ 6.78 (brodd singlet, 1, NH), 7.9 (multiplet, 3, aromatic), 8.67
(singlet-multiplet, 2, aromatic).

_ Mass spectrum, m/e (Rel. Intenéity); Parent at 241, Base at 198;
241 (77), 199 (16), 198 (100), 183 (7), 171 (32), 129 (11), 117 (4), 115 (4),
102 (4).
High resolution mass spectrum: Calcd. for C
Found 241.0965.

12H11N50 » 241.0964.
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Synthesis of 3-(N-BOC-gly)-TAP in Acetonitrile Solution

A solution of N-BOC-glycine (0.258 g, 1.47 mmol) fn acetonitrile
(10 m1) containing triethylamine (0.21 ml, 1.5 mmol) was stirred with a
suspension of purified NEPIS (17) (0.373 g, 1.47 mmol) in acetonitrile (10 ml)
at 0°C. After 1 1/4 hours, hydralazine hydrochloride (0.307 g, 1.56 mmol)
and triethylamine (0.22 m1, 1.6 mmol) were added and the mixture allowed to
warm to room temperature. Undissolved hydralazine HC1 was filtered after
18 hours, and thé solvent removed from the solution with a rotary eQaporator.
The residue -as dissolved in CH2C-12 and extracted with 5% NaHCOB, 5% HC1, and
H20, respectively. Extractions were repeated until the aqueous phases
showed no UV absorbing material. However, during extractions with 5% HCI1,
the TAP product was protonated and lost into aquecus solution. Yield of crude
product = 0.132 g (30%). The work-up procedure in which 5% HC1 was replaced
with 1% or 1N HC1 gave higher yfe]ds of 3-(N-Ac-gly)-TAP. |

Attempted Synthesis of 3-(i-BOC-gly)-TAP in CH3CN-DMF Solution

A solution of N-BOC-glycine (0.265 g, 1.5. mmol in acetonitrile
(5 m1) containing triethylamine (0.21 ml, 1.5 mmol) was stirred with a
suspension of NEPIS (17) (0.383 g, 1.51 mmol) in acetonitrile (7 ml) at 0°C,
and added after 1 hour to a suspension of hydralazine HC1 (0.299 g, 1.52 mmo1)
in DMF (8 m1) containing triethylamine (0.21 ml, 1.5 mmol). Almost all solid
dissolved after the mixture was stirred for 18 hours at room temperature.
Solvent was removed from the so]utiqn under reduced pressure, and the sticky
residue sonicated with 0.5N HC1 (40 ml1) to give an amorphous solid. However,
after a period of hours, a gas was evolved and most of the solid dissolved.
Litf]e TAP product could be extracted from the aqueous solution with CH2C12
or ethyl acetate. After the pH of the aqueous solution was adjusted to 7.5,

TAP was extracted into CHZCTZ. TLC of the CH2C12 solution showed predomi-

nantly 3-NH2CH2-TAP and only a small amount of 3-(N-BOC-gly)-TAP.
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6.7 SOLID-PHASE STUDIES

Hydroxymethyl-Resin,116 PS—CHZOH

Chloromethyl-poly(styrene-co-1% diQiny]benzene) (1.34 mmol of Cl/g,
200-400 mesh, Bio-Beads S-X1; 29.3 g, 39.2 mmol) was suspended in Methyl
Cellosolve (200 m1) and stirred with potassium acetate (10.0g, 102 mmol) at
135°C for 70 hours. The resin was collected and washed successive}y with
watér and methanol. The product was stirred with freshly prepared 0.51N
NaOH so]utioﬁ (200 m1, 101 imol) fof 72 hours, then filtered, washed with
water and methanol, and vacuum dried. The resin was used immediately for
the preparation ofimethylch1oroformy] resin.

IR (HCB mull): v(0-H), 3575 and 3385 cm'].(]it. 3610 and
3445 cn” '), 107

0
1
Methylchloroformyl-Resin, 116 P_-CH,0C-C1

Hydroxymethyl resin (27.9 g) was treated with 12.5% phosgene in
benzene solution (200 m1). The slurry was diluted further with benzene
(50 m1) and stirred for 6 hours, followed by filtration and washing with
benzene and ether. The resin tihus cobtained was dried in vacuo and stored in -
a vacuum desiccator over Drierite. Volhard titration for chloride indicated
a resin capacity of 1.36 mmol of chloride/g of resin.

IR (HCB mull): v(C=0), 1772 cm™) {1it. 1779 cm™}),107

0 0
Resin-Alanine, PS-CHZOCNHCHCOEt
[}
CHy

DL-Alanine ethy] ester hydrochloride (1.37 g, 8.94 mmol) and
triethylamine (2.0 m1, 36 mmol) were stirred for 23 hours at room temperature

with chloroformylmethyl resin (3.09 g, 4.20 nmol) suspended in dry chloroform

(50 m1). The resin was filtered, washed with chloroform, then resuspended in
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dry chloroform (50 m1) and reacted with diethylamine (0.50 m1, 4.9 mmol) for
4 hours. The resin was washed with a chloroform-ether mixture (concentration
gradient from 0 to 100% ether) and dried <n vacuo. The resin-a]aniqe ethyl
ester was saponified with 0.5N KOH (50 m1) in methanol-acetone (1:1) for

21 hours, filtered, acidified with dilute HC1, and washed with a methanol-
ether mixture with a concentration gradient of ethef varying from 0 to 100%.
The resin was dried.in vacuo for 18 hours. The carboxylate content by
titration with NaOH is 0.63 mmol/g resin. |

0 0
1l 1
Resin-glycine, P_-CH,0CNHCH,COH

Glycine ethyl ester hydrochloride (1.60 g, 11.5 mmol) and triethyl-
amine (5.0 m1, 36 mmol) were stirred for 21 hours at room temperature with
chloroformylmethyl resin (8.49 g, 11.5 mmol) suspended in dry chloroform
- (100 m1). The resin was filtered, washed with chloroform, then resuspended
in chloroform and stirred with diethylamine (1.0 m1, 9.7 mmol) for 5 hours
to block unreacted acid chloride groups. The product was washed -ith a
hixture of chloroform and methanol whose composition was varied from pure
chloroform to pure methanol. The resin was saponified With 0.5N KOH (100 m1)
in methanol-acetone (1:1) for 18 hours. After washing with a methanol-
chloroform-ether mixture (mixture composition varied from 100% CH3OH to 100%
Et20), the resin was suspended“in 75 m1 of a methanol-acetone mixture (2:1),
and stirred with 12N HC1 (1 m1) for 1 hour.. The resin-glycine was washed

with copious amounts of water, ethanol and ether, then dried <n vacuo. The

carboxylate content by titration with NaOH is 0.62 mmol/g resin.
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0 0
H i
Resin-glycylglycine, PS-CHOCONHCHZCONHCHZCOH

Glycylglycine ethyl ester hydrochloride (1.89 g, 9.63 mmol) and
triethylamine (5.0 m1, 36 rmmol) were stirred for 23 hours with chloroformyl-
methyl resin (3.50 g, 4.75 mmol) suspended in dry chloroform (100 m1). The
resin was filtered, washed with chloroform and ether, and dried in vacuo.

The product was suspended in chloroform (75 ml) and reacted with diethylamine
(0.50 m1, 4.9 mmol) for 5 hours to block unreacted acid chloride grbups.
After washing with chloroform and ether, the resin-glyglyOEt was dried by
pumping on a vacuum line. The resin was‘saponified with 0.5N NaOH (50 ml)

in methano]-acetone (1:1) for 17 hours, then washed with water, methanol, and
ether prior to drying <n vacuo. Analysis for carboxylic acid by titration
with NaOH gave a value of 0.19 mmol/g. The Tow value probably reflects the
glycylglycine substituent being present primarily as the sodium salt, and

not necessarily from low substitution of dipeptide onto the resin.

Coupling of Resin-glycine with Hydralazine using Iso-butyl Chloroformate

Isobutyl chloroformate (5 g, 37 mmol) was stirred at -8°C with a
suspension of resin-glycine (1.86 g, 0.689 mmol1) in dry chloroform (25 m1)
and triethylamine (5.0 m1). After one hour, the resin was filtered and
washed with dry chloroform. A cold mixture of hydralazine hydrochloride
(1.96 g, 10.0 mmol) in chloroform (100 m1) containing triethy]amine (1.56 m1,
11.2 mmol) was added. The suspension was stirred for 1 hour at -8?C and
for 19 hours at room temperature, filtered, and stirred with 75 ml water for
2 hours to remove any undissolved hydralazine hydrochloride. The resin was
filtered, washed with water, acetone, chloroform, and ether, and driéd uhder

reduced pressiire.
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Cleavage from the Resin: 2-Aminomethyl-s-Triazolo[3,4-alphthalazine from

the Coupling Reaction with Isobutyl Chloroformate as Carboxyl Activating

Agent for Resin-glycine

Hydrogen bromide was introduced for 3 1/2 hours into a suspension
of resin-3-glycyl-TAP in_trifluoroacetic acid (5 m1) and the suspension was
allowed to stand for 15 hours. The resin was removed by filtration and washed
with trifluoroacetic acid. Evaporation of the filtrate under reduced pressure
gavé a light orange syrup.

Purification of the residue by preparative scale TLC on silica gel
with CHCT3/CH,0H (10:1) gave a main fluorescent band at low Re which showed UV
spectra characteriétic of TAP, and a yellow non-fluorescent band at high Rf
which showed a prominent band at 278 nm in the UV spectrum reminiscent of
decomposed hydralazine (cf. Chapter 5). The fluorescent band was extracted
with methanol and purified two more times by preparative scale TLC. A yellow
impurity was removed by washing the product with chloroform. Comparison of
UV and mass spectra with those of authentic 3—NH2CH2—TAP_conf1rms the identity
of the product. |

uv (MeOH),_AmaX (nm): 235 sh, 241, 248, 265, 274, 285 sh.

Mass spectrum, m/e (Rel. Intensity): Parent and Base at 199;

199 (100), 198 (59), 184 (15), 183 (15), 171 (48), 149 (13), 145 (15), 129 (24),
117 (11), 115 (14).

Coupling of Resin-glycine with Hydralazine using EEDQ

1-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (27, EEDQ) (0.249 g,
1.01 mmol) was stirred at room temperature with resin-glycine (1.61 g, 1.0
mmol) suspended in dry tetrahydrofuran (25 ml). Triethylamine (0.40 m1) was
added to a suspension of hydralazine.HC1 (1.00 g, 5.09 mmol1) in dry, peroxide-

free THF (25 m1) under a nitrogen atmosphere and the suspension filtered.
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After the resin-glycine was activated for 45 minutes, the hydralazine solution
was added under a nitrogen atmosphere, and the mixture stirred for 21 hours.
From the weight of hydralazine.HC1 recovered, free-base hydralazine in THF
éo]ution_was estimated to be 0.10 g (0.51 mmo1). The resin was filtered, and

washed with THF, methanol, and ether,

Cleavage from the Resin: 3-Aminomethyl-s-Triazolo[3,4-a]phthalazine from the

Coupling Reaction with EEDQ as Carboxyl Activating Agent for Resin-glycine

Hydrogen bromide was bubbled for 4 hours into a suspension of resin-
3-glycy1-TAP in glacial acetic acid and the suspension was left standing for
24 hours. The resin was removed by suction filtration and washed with acetic
acid. Evaporation of the filtrate under reduced pressure gave a light orange
syrup which showed relatively c]ean'UV spectra in methanol solution charac-
teristic of the TAP chromophore: A (nm), 233 sh, 238, 245, 261, 271,

max
281 sh.

Coupling of Resin-glycine with Hydralazine using Dicyclohexylcarbodiimide (51)

Hydralazine hydrochloride (1.02 g, 5.19 mmol) was suspended in dry
chloroform (50 m1) under a nitrogen atmosphere, and stirred with triethylamine
(0.72 m1, 5.2 mmol) for 1 hour. The undissolved hydralazine.HC1 was removed
by filtration under N2 with Scﬁ]enk glass-ware, and the hydralazine solution,
after cooling to OfC was added to resin-glycine (1.60 g, 1.01 mmol) with
dicyclohexylcarbodiimide (0.286 g, 1.39 mmol). The mixture was stirred at 0°C
for 2 hours, and at room temperature for 15 hours. UV spectra of the solution
showed considerable hydralazine decomposition evidenced by a strong band at
278 nm after overnight reaction. Refluxing the reaction mixture for 2 hours
showed no change in the UV spectra of the solution. The resin was filtered,

washed with chloroform, methanol, and ether, and dried in vacuo for 4 hours.
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Cleavage from the Resin: 3-Aminomethyl-s=Triazolo[3,4-a]phthalazine from the
Coupling Reaction with DCC as Carboxyl Activating Agent for Resin-glycine

Hydrogen bromide was bubbled for 3 1/2 hours into a suspension of
resin-3-glycyl-TAP (1.63'g) in glacial acetic acid (10 m1). The suspension
was allowed to stand for 16 hours, filtered, and washed with acetic acid.
Evaporation of the solution Zn vacuo gave an orange syrup, which on triturat-
ing with chloroform, crystallized to a white solid. UV spectra of the solid
in methanol solution showed bands characteristics of the clean TAP chromo-

phore.

Polyacrylamide Acid Chloride

parboxypo]yacry]amide (Bio-Gel CM-2; 100-200 mesh, 5 meq/g, Na+
form) (50 g, 250 meq) was suspended in Dioxane/2N NaOH (3:1) (250 m1) for
2 hours, and in Dioxane/2N HCI (3:1) for 2 hours. The polymer was washed
with water, acetone, and ether,_and dried in vocuo for 19 hours. The polymer
thus burified was stirred for 3 1/2 hours in freshly distilled thionyl
chloride (containing 5% pyridine) (100 m1). The derivatized product was
filtered, washed with dry benzene and ether, and dried <n vacuo for 18 hours.

The polyacrylamide acid chloride was stored over drierite.

Chloride Analysis of the ChloroforiyimethylResin by the modified Volhard
Method 192

The chloroformylmethyl resin (200 mg) was hydro]yzed in pyridine
(3 m1) for 3 hours at 100°C. The solution was transferred quantitatively to
a 125 m] Erlenmeyer flask wifh 50% aqueous.acetic acid (30 m1), and acidified
with conc. nitric acid (5 ml). The chloride was precipitated with 0.T00N

AgNO3 (5.00 m1). The AgCl formed was coated with toluene (about a 1/4 inch
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layer of toluene on the water surface) and the excess AgNO3 back-titrated
with standard 0.100N NH4SCN solution, using a saturated ferric alum solution
as an indicator. A red color, due to the formation of Fe(SCN)3, indicated
that the end point has been reached.

Analysis for chloride content in PS-CH20C0C1 was done in dup]icéte,
and agreed within + 0.01 mmol C1/g resin. Hydrolysis of the resin was
inefficient with IN NaOH since the resin floated in this medium, and tended
to rise up the side of the container. In addition, the resin swelled poorly

in TN NaOH solution.

Analysis of the Resin-Amino Acid (peptide) by Titration with Hydrochloric

Acid

The resin (500 mg) was suspended in 95% ethanol (25 m1) and
standard 0.100N NaOH solution (25.00 m1) added. The mixture was heated to
reflux for 10 minutes, and cooled to room temperature. The excess base was
back-titrated with 0.700N HC1, using phenolphthalein as indicator. A1l
analyses were done in duplicate, and usda]1y agreed within + 0.02 mmol/g
resin. The titration for acid éontent is indirectly a measure of the amino

acid substitution on the resin.
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6.8 TRANSITION METAL COMPLEXES AND HYDROLYSIS STUDIES

Sodjum Triscarbonatocobaltate(IIl) Trihydrate,168 Na[Co(CO3)3].3H20

A stirred slurry of sodium bicarbonate (42.0 g, 0.50 mol) in 50 mI
of Hy0 was cooled to 0°C and a solution of CoCl,.6H,0 (23.8 g, 0.10 mol) and
30% H,0, (10 m1) in 50 m1 of H,0 was added dropwise over a period of 20 mins.
(Note: vigorous effervescence). The olive-green slurry was allowed to stand
at 0°C for 1 hour with continuous stirring. The product was filtered and
washed with three 10 ml portions of cold HZO' The complex w&s usually used
immediately for the preparation of cis-B-[Co(trien)OH(HZO)](C104)2, however,

it may be stored for future use if protected from moisture.

cis-g-Carbonatotriethylenetetraminecobalt(II1) Perchlorate Monohydrate

[Co(trien)CO3](C104) H,0

2" 2

Concentrated (60%) perchloric acid (15.2 ml) was slowly added to an
ice-cold solution of triethylenetetramine (12.5 ml1) in 75 ml of Hy0. The
complete batch of freshly prepared Na3[Co(CO3)3].3H20 was added and the
mixture stirred for 30 minutes at 0°C, (Hote: vigorous effervescence) and
then warmed to 60°C for 30 minutes. A light purple solid was removed from
the hot solution by suction filtration with a coarse, sintered-glass funnel,
The solution was concentrated to ~75 ml by rotary evaporation, and then placed
in the cold for 1 hour to comp]eté crystallization of the complex. The
'product was collected by suction filtration and washed with 95% methanol.

The red solid was dissolved in hot watery(35 ml), and sodium
perchlorate (8 g) and methanol (15 m1) were added. The product recrystallized
on cooling and was filtered and washed with 95% ethanol until the washing was
colorless. One further recrysta]]ization from water gave analytically pure
material. |

Absorption spectrum, A . (nm): 506, 359.
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Tetraaquobis(s-triazolo[3,4-alphthalazine) nickel(II) Perchlorate

[Ni(3-H-TAP)2(H 0

,0),41(C10

4)2

On stirring nickel(II) perchlorate hexahydrate (1.101 g, 3.01 mmol)
with 10 m1 2,2-dimethoxypropane a dense immiscible oily Tayer of the metal
salt was formed. Within an hour, the color changed from green to yellow.
After 1 1/2 hours, a solution 3-H-TAP (0.881 g, 5.18 mmol) in methanol was
added to the mixture. A pale blue solid precipitated slowly as a fine powder.
The reaction mixture was stirred overnight, filtered,and the solid washed
with methanol (slightly soluble). The product was dried <n vacuo at room

temperature for 18 hours over Drierite. Anal. Calcd. for [Ni(3-H-TAP)2(H20)4]-
(C104)é: C, 32.3; H, 3.0; N, 16.7. Found C, 32.2; H, 3.0; N, 16.7.

Diaquotetrakis(s-triazolo[3,4-alphthalazine) cobalt(II) Perchlorate Mono-

hydrate
Aycrate [Co(3—H-TAP)4(H20)2](C104)2.H20

Cobalt(II) perchlorate hexahydrate (0.391 g, 1.07 mmol) was stirred
with 20 m1 2,2-dimethoxypropane under a nitrogen atmosphere for 2 hours.
s-Triazolo[3,4-a]phthalazine (0.726 g, 4.27 mmol) wés dissolved in 20 ml warm
methanol and added to the solution of cobalt perchlorate. A tangerine
precipitate appeared slowly which was filtered after two hburs, washed with
dry methanol and ether, and dried under vacuum at room temperature for ]8
hours. The complex did not show any definite melting point, but turned
violet ca. 224°C. Anal. Calcd. for [Co(3—H-TAP)4(HéO)2](C]04)2.H20:' C, 43.6;

H, 3.1; N, 22.6. Found: C, 43.7; H, 3.0; N, 22.6.
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Diaquotetrakis(s-triazolo[3,4-ajphthalazine)nickel(II) Perchlorate

Mononydrate [Ni (3-H-TAP),, (H,0) ,1(C10,) . H,0
Nickel(II) perchlorate hexahyd;ate (0.156 g, 0.455 mmol) was stirred
in 5 ml 2,2-dimethoxypropane for one hour, during which time the suspended
solid changed from a pale green color to orange. Methané] (1.5 m1) was added -
to dissclve all the solid, and the deep orange solution was stirred for a
further period of one hour. s-Triazolo[3,4-a]phthalazine (0.308 g, 1.81 mmb])
was dissolved in 15 m1 warm methanol and added to the solution of nickel
perchiorate. The coior of the solution Tigntened untii it was almost
colorless, and a pale biue solid gradually precipitated from solution. After
two hours, the solid was filtered, washedeith dry methanol (the complex is
moderately soluble), and ether, and dried in vacuo at room temperature for
18 hours.  Anal. Calcd. for [Hi(3-H-TAP),(H,0),1(C10,),.H,0: - C, 43.6;
H, 3.1; N, 22.6. Found C, 43.8; H, 3.0; N, 22.5.

Diaquotetrakis(s-tfiazolo[3,4-a]phtha1azine)copper(II) Perchlorate

[Cu(3—H-TAP)4(H20)2](C]O4)2
Copper(II) perchlorate hexahydrate (0.245 g, 0.662 rmmol) was

stirred with 5 ml 2,2-dimethoxypropane for two nours. s-Triazolo[3,4-a]-
phthalazine (0.449 g, 2.64 mmol) was dissolved in 15 ml1 warm methanol and
added to the blue oil of copper perchlorate. . A 1ight blue precipitate‘@as
formed which immediately changed to purple. The precipitate was filtered,
and on washing with riethanol (the ;omp]ex is slightly soluble), the blue
color returned. On drying iz vacuo at room temperature for 43 hours, the

product was obtained as a purple amorphous solid. On exposure to moist air

or solvents, the colour changed to light blue. The interconversion between
the purple and blue forms appear to be readily reversible. Anal. Calcd. for
[Cu(3-H-TAP)4(H20)2](C]O4)2 “(purple form): C, 44.2; H, 2.9; N, 22.9.
Found: " C, 44.0G; }, 2.8; N, 22.9.
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Hexakis(s-triazolo[3,4-alphthalazine)cobalt(III) Perchlorate Monohydrate

6 4)3-H50

Sodium tris(carbonato)cobaltate(III) (0.749 g, 1.55 mmol) and

[Co(3-H-TAP) .](CT0
"s-triazolo{3,4-ajphthalazine (1.582 g, 9.30 imol) were suspended in 75 mi
95% ethanol and 10 m1 2 HC104. The suspension was heated to reflux for 3
hours, during which tine the color of the solid changed from dark green to
a light brown. Reaction was continued for an hour at room temperature.
The solid was filtered, washed with 95% ethanol and ether; and dried <n
vacuo at room temperature for 18 hours. Anal. Calcd. for [Co(3—H-TAP)6]-

(C]O4)3.H20 : C, 46.5; H, 2.7 i, 24.1. Found: C, 46.5; H, 2.9; N, 24.3.

cis-B-Z-aminomethylpyridine(triethylenetetramine)cobalt(II1) Perchlorate

[Co(trien)(2-AMPy)](C1O4)3

Two equivalents of 2i HC10, (2.8 m1) were added to B-[Co(trien)CO3]-
C104.H20 (1.045 g, 2.731 mmol) and the solution warmed at 70°C until C02
ceased to be Tiberated (10 min). On cooling, the pH of the solution was
adjusted to about 4 with 1M NaOH, and 2-aminomethylpyridine (2-AMPy) (0.296 g,
2.74 mmol) added. After heating the solution to 70°C for 15 minutes, the
solution was quenched to pH 4 witn 2M HC1O4, and a purple precipitate filtered
off. After the solution was concentrated by rotary evaporation, the product
vas loaded onto the top of a chromafogréphy column containing Sephadex CM-25
cation exchange resin, and eluted with sodium perchlorate solution (0.1-2.0M).
If a sufficiently Tong column is used, two isomers of the product can be
obtained as separate orange bands. Sodium perchlorate impurity was removed by
concentrating the eluents containing the complexes and crystallizing the NaCiO4
from solution while replacing the water with methanol. The solid thus obtained

alvays contained some HaC104'impurity, however.

(nm): 1st isomer eluted, 342 and 471.

Absorption spectrum, A
' 2nd isomer eluted, 339 and 467.

max
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cis-B-(3-Acetimidometnyl-s-triazolo{3,4-a]phthalazine)triethylenetetramine-
cobalt(III) Percihlorate

[Co(tm’en)(3—(N-Ac-g1y)—TAP)](C104)2

B—[Co(trien)603]C]O4.H20 (0.126 g, 0.329 mmol) was converted to
B-[Co(trien)(OH2)2]3+ with two equivalents of 2.0M HC1O4_(O.33 ml). After the
evoiution of CO, ceased, the solution was heated to 60°C for 10 minutes. On
cooling, the pH of the solution was adjusted to about 4 by addition of 1M WNaCH,
and 3-(N-Ac-gly)-TAP (0.080 g, 0.33.mm01) was added. The pH of the solution
was raised to 8.0 with NaOH solution. After heating the solution to 60°C,
metnanol was added to dissolve 3—(N—Ac—g1y)—TAR completely, and the reaction
continued for 1 hour at 60°C and 18 hours at room temperature. 3-(N-Ac-gly)-
TAP tended to precipitate from solution, so sufficient methanol was added to
prevent this from occurring. The solution was concentrated by rotary evapora-
tion, and the componerts of the solution were separated by ion-exchange
chromatography on Sephadex CM-25 using sodium perchlorate (0.1M - 0.5M) for
elution. Two orange bands which appear to be isomers of [Co(trien)(3-(N-Ac-
g]_y)-TAP)]Z+ were eluted with 0.2 - 0.3M NaC104. The products were contami-
nated with NaC1O4, and purified by fractional racrystallization from methanol
solution. However, it was difficuit to remove all traces of NaC]O4 from the
complexes.

Absorption spectrum, A (nm): 1st isomer eluted ~355 - 360 sh,

max
and 472. 2nd isomer eluted ~355 sh and 475.

Hydrolysis Study on 3-(N-Ac-gly)-TAP in the Presence of Co2+

A solution containing equimolar amounts of 3-(N-Ac-gly)-TAP and
C0C12.6H20 (0.0125 M) in 1.00 M HC1, and a control solution containing only
3-(H~Ac-gly)-TAP at the same concentration (0.0125 M) in 1.00 M HC1 were
incubated at 44°C. The progress of the hydrolysis reactions was monitored

by TLC on silica gel GF after neutralization of a sample of the solution
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with dilute NaOH. The concentrations of the spots on the TLC plates were

estimated visually. After 3 hours the degree of hydrolysis was small, and
there was no significant difference in the concentration of hydrolyzed product

2+ . . :
containing Co~ ions from the control solution.

Hydrolysis study on 3-(i-Ac-gly)-TAP in the Presence of Cu‘'

An aqueous solution containing equimolar amounts of 3-(N4Ac—gly)—TAP
and CuSO4.5H20 was adjusted to pH 10 with concentrated NaGH (Cu2+ precjpitates
as Cq(OH)Z), and then to pH 0.8 with 58 HC1. A control solution containing
only 3-(N-Ac-gly)-TAP at the same concentration (0.0125 M) was treated
similarly with base and acid. Both solutions were incubated at 50°C. The
rate of hydrolysis of the acetamidohethy1 group. was monitored by TLC with
silica gel on a neutralized sample. After 5 hours, TLC analysis showed a
relatively Tow concentration.of nydrolyzed product, which however, was slightly

. . . . L ~ 2% .
higher in the solution containing Cu 1ons.

Attempted Hydro]ysis of 3-(N-Ac-gly)-TAP with a Cation-exchange Resin

An aquedus solution of 3-(N-Ac-gly)-TAP was eluted through a
chromatography column containing cation-exchange resin (Bio-Rad, Dowex 50W-X8;
200-400 mesh, 5.1 meq/g, H form) (2.335 g, 11.91 meq) with water. The eluent
was monitored by UV spectroscopy and TLC on.si1ica gel GF. HNo UV—absorbjng
material passéd tiirough the column. The bound TAP was eluted from the column
with saturated WaCl solution. UV spectra were consistent with protonated
3-(H—Ac-g]y}—TAP. There was no evidence of nydrolyzed product in thin layer

caromatograms. The eluent gave negative results to the ninhydrin test for

amines after neutralization of the solution.



10.
11.
12.
13.

14,

15,

206

REFERENCES

P. H. Abelson, Science, 160, 951 (1968).

M. 0. Dayhoff, Ed., ﬁAt]as of Protein Sequence and Structure 1972",
Vol. 5, National Biomedical Research Foundafion, Washington, D.C., 1972.
R. L. M. Synge, Chem. Rev., 32, 135 (1943).

A. L. Lehninger, "Biochemistry. The Molecular Basis of Cell Structure
and Function", 2nd ed., Worth, New York, 1975, p. 98.

S. B. Needleman, Ed., "Protein Sequence Determination. A Sourcebook
of Methods and Techniques", Springer-Verlag, New York, 1970.

S. Blackburn, "Protein Sequence Determination. Methods and Techniques",
Marcel Dekker, New York, 19702

W. R. Gray, Methods Enzymol., 11, 139 (1967).

P. Edman, Acta Chem. Scand., 4, 283 (1950).

P. Edman in "Protein Sequence Determination. A Sourcebook of Methods
and Techniques", S. B. Needleman, Ed., Springer-Verlag, New York, 1970,
p. 211.

P. Edman and G. Begg, Eur. J. Biochem., 1, 80 (1967).

J. Bridgen, Biochem. Soc. Trans., 2, 811 (1974).

R. A. Laursen, Eur. J. Biochem., 20, 89 (1971).

R. A. Laursen in "Immobilized Enéymes, Antigens, Antibodies, and
Peptides - Preparation and Characterizationf, H. H. Weetall, Ed.,
Marcel Dekker, New York, 1975, p.567.

R. J. DelLange and E. L. Smith in "The Enzymes", Vol. 3, P. D. Boyer,
Ed., 3rd ed, Academic Press, Hew York, 1971, p. 81.

S. Akabori, K. Ohno, and K. Narita, Bull. Chem. Soc. Jpn., 25, 214
(1952).



17.
18.

19.
20.
21,
22,
23.

24.

25.

26.
27.

28.

29.
30,
31,
32.

33.
34.

207

W. A. Schroeder, Methods Enzymol., 25, 138 (1972).

R. P. Ambler, Methods Enzymol., 11, 155 (1967).

E. C. Wolff, E. W. Schirmer, and J. E. Folk, J. Biol. Chem., 237, 3094
(1962).

H. Tschesche and S. Kupfer, Eur. J. Biochem., 26, 33 (1972).

R. Hayashi, Methods Enzymol., 45, 568 (1976).

G. R. Stark, Biochemistry, 7, 1796 (1963).

L. G. Cromwell and G. R. Stark, Biochemistry, 8, 4735 (1969).

H. Matsuo, Y. Fujimoto, and T. Tatsuno, Biochem. Biophys. Res. Commun.,
22, 69 (1966).

G. N. Holcomb, S. A. James, and D. H. Ward, Biochemistry, 7, 1291
(1968).

T. Baba, H. Sugiyama, and S. Seto, J. Biochem. (Tokyo), 72, 1571
(1972).

J. Leggett Bailey, Biochem. J., .60, 170 (1955).

T. Hamada and O; Yonemitsu, Biochem. Biophys. Res. Commun., 50, 1081
(1973).

M. J. Miller, F. E.‘DeBons, and ' G. M. Loudon, J. Org. Chem., 42, 1750
(1977).

G. R. Stark, Adv. Protein Chem., 24, 261 (1970).

F. Gross, J. Druey, and é. Meir, Experientia, 6, 19 (1950).

J. Druey and J. Tripod, Medicinal Chemistry, 7, 223 (1967).

R. Zacest, E. Gilmore, and J. Koch-Weser, N. Engl. J. Med., 286, 617
(1972).

J. Koch-Weser, N. Engl. J. Med., 295, 320 (1976).

J. Druey and B. Ringier, Helv. Chim. Acta, 34, 195 (1951).

C. D. Douglass and R. Hogan, Proc. Soc. Exp. Biol. Med., 100, 446
(1959).



36.
37.

38.

39.

40.

41.
42.

43,

44,

45,

46.

47.

48.

49,

50.

°1.

52.

208
W. M. McIsaac and M. Kanda, J. Pharmacol. Exp. Ther., 143, 7 (1964).
S. Edwards and F.-~H. Marquardt, Hoppe-Seyler's Z. Physiol. Chem., 350,
85 (1969). |
H. Zimmer, J. McManus, T. Novinson, E., V. Hess, and A. H. Litwin,
Arzneim.-Forsch., 20, 1586 (1970).
S. B. Zak, T. G. Gilleran, J. Karliner, and G. Lukas, J. Med. Chem.,
17, 381 (1974).

J. M. Lesser, Z. H. Israili, D. C. Davis, and P. G. Dayton, Drug Metab.

Dispos., 2, 351 (1974).

M. Sano, R. Moroi, and K. Ono, Chem. Pharm. Bull., 22, 3006 (1974).

H. Zimmer, R. Glaser, J. Kokosa, D. A. Garteiz, E. V. Hess, and

A. Litwin, J. Med. Chem., 18, 1031 (1975).

D. E. Dreyer, B. Jones, A. Sandler, and M; M. Reidenberg, Fed. Proc.,
Fed. Am. Soc. Exp. Biol., 33, 534 (1974).

C. A. Lovelette, Ph.D. Tnesis, Rensselaer Polytechnic Institute, Troy,
New York, 1969.

K. T. Potts and C. Lovelette, J. Org. Chem., 34, 3221 (1969).

-H. Zimmer, J. M. Kokosa, and K. J. Shah, J. Org. Chem., 40, 2901 (1975).

K. T. Potts and H. R. Burton, J. Org. Chem., 31, 251 (1966).

J. D. Bower and F. P. Doyle, J. Chem. Soc., 727 (1957).

P. N. Helson and K. T. Potts, J. Org. Chem., 27, 3243 (1962).

A. L. J. Beckwith in "The Chemistry of Amides", J. Zabicky, Ed.,
Wiley-Interscience, New York, 1970, p. 73.

J. C. Sheehan, P. A. Cruickshank, and G. L. Boshart, J. Org. Chem.,
26, 2525 (1961). |

E. Schroder and K. Lubke, "The Peptides", Vol. I, Academic Press,
New York, 1965,



53.

54,

56.

57.
58.
59.
60.
61.
62.

63.
4.

65.

66.

67.
‘68.
69.
70.

209

M. Bodanszky and M. A. Ondetti, "Peptide Synthesis", 2nd ed.,
Interscience, New York, 1966, p. 85.

Y. S. Klausner and M. Bodansky, Synthesis, 453 (1972).

R. B. Woodward, R. A. Olofson, and H. Mayer, J. Am.. Chem. Soc., 83,

1010 (1961).

R. B. Woodward, R. A. Olofson, and H. Mayer, Tetrahedron, Suppl. 8,

Part 1, 321 (1966). |

R. A. Olofson and Y. L. Marino, Tetrahedron, 26, 1779 (1970).

F. C. McKay and N. F. Albertson, J. Am. Chem. Soc., 79, 4686 (1957).

R. B. Woodward and D. J. Woodman, J. Am. Chenm. Soc., 90, 1371 (1968).

D. J. Woodman and A. I. Davidson, J. Org. Chem., 35, 83 (1970).

D. J. Woodman and A. I. Davidson, J. Org. Chem., 38, 4288 (1973).

B. Belleau, R. Martel, G. Lacasse, M. Menard, N. L. Weinberg, and

Y. G. Perron, J. Am. Chem. Soc., 90, 823 (1968).

B. Belleau and G. Malek, J. Am. Chem. Soc., 90, 1651 (1968).

G. Gawne, G. W. Kenner, and R. C. Sheppard, J. Am. Chem. Soc., 91, 5669
(1969).

G. Gawne, G. W. Kenner, and R. C. Sheppard in “PEPfIDES 1969. Proc. 10th
Europ. Peptide Symp., Albano Terme", North-Holland, Amsterdam, 1971,

p. 23. -

A, Bates, G. W. Kenner, R. Ramagé, and R. C. Sheppard in "PEPTIDES 1972.
Proc. 12th Europ. Peptide Symp., Reinhardsbrunn", North-Holland,
Amsterdam, 1973, p. 124.

J. A. Zapp, Jr., Chem. Eng. News, Feb 2 1976, p. 3.

B. Castro and J. R. Dormay, Bull. Soc. Chim. Fr., 3359 (1973).

T. Mukaiyama, R. Matsueda, and M. Suzuki, Tetrahedron Lett., 1901 (1970).
T. Mukaiyama, Angew. Chem. Int. Ed. Engl., 15, 94 (1976).



/1.
72.

/3.

74.

76.
17.
78.

79.

80.

81.
82.

83.

84.
85,
86.
87.
88.
89.

90.

210

Yu. V. Mitin and 0. V. Glinskaya, Tetrahedron Lett., 5267 (1969).
Yu. V. Mitin, A. T. Gudkov, N. P. Zapevalova, and E. E. Maximov in
“PEPTIDES 1972. Proc. 12th Europ. Peptide Symp., Reinhardsbruhn“,
North-Holland, Amsterdam, 1973, p. 57.

B. Iselin, W. Rittel, R. Sieber, and R. Schwyzer, Helv. Chim. Acta,
40, 373 (1957).

N. Yamazaki and F. Higashi, Tetrahedron, §Q; 1323 (1974).

. J. C. Sheehan and G. P. Hess, J. Am. Chem. Soc., 77, 1067 (1955).

H. G. Khorana, Chem. Ind. (London), 1087 (1955).

F. Kurzer and K. Douraghi-Zadeh, Chem. Rev., 67, 107 (1967).

M. Smith, J. G. Hoffatt, and H. G. Khorana, J. Am. Chem..Soc., 80,
6204 (1958).

D. F. DeTar and R: Silverstein, J. Am. Chem. Soc., 88, 1013, 1020
(1966).

D. F. DeTar, S. Silverstein, and F. F. Rojers, J. Am. Chem. Soc., 88,
1024 (1966).

J. Rebek and D. Feitler, J. Am. Chem. Soc., 95, 4052 (1973).

J. C. Sheehan and J. J. Hlavka, J. Org. Chem., 21, 439 (1956).

J. C. Sheehan, M. Goodman, and G. P. Hess, J. Am. Chem. Soc., 78,
1367 (1956). }

J. Tzdebski, Rocz. Chem., 49, 1097 (1975).

B. Helferich and H. B§shagen, Chem. Ber., 92, 2613 (1959).

H. G. Khorana, J. Chem. Soc., 2081 (1952).

H. Schissler and H. Zahn, Chem. Ber., 95, 1076 (1962).

A. R. Butler and V. Gold, J. Chem. Soc., 4362 (1961).

P. Stelzel in "Houben-Weyl iiethoden der Organischen Chemie", E. Wiinsch,
Ed., Vol. 15, Part 2,-Georg Thiem Verlag, Stuttgart, 1974, p. 326.

Y. Kiso, Y. Kai, and H. Yajima, Chem. Pharm. Bull., 21, 2507 (1973).

\



211

91. Y. S. Klausner and M. Bodanszky, Synthesis, 549 (1974).
92. N. F. Albertson, Organic Reactions, 12, 157 (1962).""'
‘93.' K. L. Carraway and D. E. Koshland, Jr., Methods Enzymol., 25, 616
(1972). .
94. S. Milstein and L. A. Cohen, Proc. Natl. Acad. Sci. U.S.A., 67, 1143
(1970); J. Am. Chem. Soc., 94, 9158 (1972). | o
95. Farbenfabriken Bayer A.-G., Brit. Pat. 825,514 (16 Dec 1959);
- Chem. Abs., 55, 7450h (1961).
96. (a) J. B. Bicking (lMerck and Co., Inc.), U.S. Pat. 2,917,511
(15 Dec 1959); Chen. Abs.,.§ﬂﬁ 8854 (1960).
| (b) U.S; Pat. 3;050;5254(21 Aug 1962); Chem. Abs., 58, 1480e (1963).
97. P. R. Young, P. w."Dodge, G. W. Carter, and E. T. Kimura, Arch. Int.
Pharmacodyn. Ther., 212, 205 (1974).
98. N. Hirose, S. Kuriyama; and S. Souda (Eisai Co., Ltd.), Japan. Kokai
76 32,598 (19 Mar 1976); Chem. Abs., 85, 78]51; (1977).
99. (a) B. A. Dreikorn and K. E. Kramer.(Lilly, E1i, and Co.), U.S. Pat.
3,953,457.§27 Apr 1976); Chem;‘Abs.,.§§) 29564c (1976).
(b) B. A. Dreikorn and T. D. Thibault (Lilly, E1i, and Co.), U.S. Pat.
4,008,322 (15 Feb 1977); Chem. Abs., 86, 166387 (1977).
100. M; Yamamoto, S. Morooka,‘M. Koshiba, S. Inaba, and H. Yamamoto
(Sumitomo Chemical Co., Ltd.), Japan. Kokai 76 ]Ob,098 (3 Sept 1976);
Chem. Abs., 86, 121364f (1977). .
- 101, Y.-Y. Shen and C. 0. Gitterman (Merck and Co., Inc.), U.S..Pat.
3,991,192 (9 Nov 1976); Chem. Abs., 86, 50802 (1977).
102. (a) M. Gall (Upjohn Co.), U.S. Pat. 4,001,262 (4 Jan 1977); Chem. Abs.,
86, 155709n (1977):
(b) J. B. Hester, Jr. (Upjohn Co.), U.S. Pat. 3,994,941 (30 Nov 1976);
" Chen, Abs., 86, 121,383m (1977). - |



103.

104.

105.

106.
107.
108.
109.
110.
111.

112.
113.

118.
119.
120.

212

(c) J. B. Hester, Jr. (Upjohn Co.), U.S. Pat. 4,000,153 (28 Dec 1976);
Chem. Abs., 86, 140053v (1977).

C. J. Paget and J. H. Wikel (Lilly, Eli, and to.), U.S. Pat. 4,008,242

(15 Feb 1977); Chem. Abs., 86, 189959 (1977).

B. A. Dreikorn (Lilly, Eii, and Co.), U.S. Pat. 4,001,227 (4 Jan 1977);

Chem. Abs., 86, 155674x (1977).

J. P. Maffrand, D. Frehel, F. Eloy, D. Aubert, and J. C. Ferfand,

Eur. J. Med. Chem. -Chim. Ther., 10, 528 (1975). |

R. B. Merrifield, J. Am. Chem. Soc., 85, 2149 (1963).

R. L. Letsinger and M. J. Kornet, J. Am. Chem. Soc., 85, 3045 (1963).

B. Gutte and R. B. Merrifield, J. Biol. Chem., 246, 1922 (1971).

C. H. Li and D. Yamashiro, J. Am. Chem. Soc., 92, 7608 (1970).

C. C. Leznoff, Chem. Soc. Rev., 3, 65 (1974). '

C. G. Overberger and K. N. Sannes, Angew. Chem. Int. Ed. Engl., 13,

99 (1974).

L. M. Dowling and G. R. Stark, Biochemistry, 8, 4728 (1969).

J. ETion and D. Labkie in fSo]id—Phase Methods in Protein Sequence

Analysis: Proc. Ist Int. anf.f, R. A. Laursen, Ed., Pierce Chem. Co.,

Rockford, I1linois, 1975, p. 73.

M. J. Williams and B. Kassell, FEBS Lett., 54, 353 (1975).

M. Rangarajan and A. Darbre, Biochem. J., 157, 307 (1976).

A. M. Felix and R. B. Merrifield, J. Am. Chem. Soc., 92, 1385 (1970).

J. J. Dahlmans 1in ?PEPTIDES 1972. Proc. 12th Europ. Peptide Symp.,

Reinhardsbrunn?, North-Holland, Amsterdam, 1973, p. 171.

R. B. Merrifield, Adv. Enzymol., 32, 252 (1969).

J. R. Vaughan, Jr. and R. L. Ocato, J. Am. Chem. Soc., 74, 676 (1952).

M. A. Tilak and C. S. -Hollinder, Tetrahedron Lett., 1297 (1968).



213

121. J. Meienhofer in "Hormonal Proteins and Peptides?, C. H. Li, Ed.,
Vol. 2, Academic Press, New York, 1973, p. 45.
122, J. M. Stewart and G. R. Matsueda in "Chemistry and Biology of Peptides",
J. Meienhofer, Ed., Ann Arbor Sci., Ann Arbor, Michigan, 1972, p. 221.
123. R. B. Merrifield and V. Littau in "PEPTIDES 1968. Proc. 9th Europ.
Peptide Symp.", E. Bricas, Ed., North-Holland, Amsterdam, 1969, p. 179.
124. W. Dumont, J. C. Poulin, T. P. Dang, and H. S. Kagan, J. Am. Chem. Soc.,
95, 8295 (1973).
125, C. U. Pittman, Jr. and R, F. Felis, J. Organomet. Chem., 72, 385 (1974).
126. J. T. Sparrow, J. Org. Chem., 41, 1350 (1976).

127. J. K. Inman and H.. M. Dintzis, 8, 4074 (1969).

128. S. A. Barker and R. Epton, Process Biochem,.§} 14 (Aug 1970).

129. P. Cuatrecasas, J. Biol. Chem., 245, 3059 (1970).

130, T. Ternynck and S. Avrameas, FEBS Lett., 23, 24 (1972).

131. E. Atherton, D. L. J. Clive and R. C. Sheppard, J. Am. Chem. Soc., 97,
6584 (1975).

]32. E. Atherton, J. Bridgen, and R. C. Sheppard, FEBS Lett., 64, 173 (1976).

133. J.-C. Cavadore, J. Derancourt, and A. Previero, FEBS Lett., 66, 155
(1976). o

134. E. Wachter, W. Machleidt, H. Hofner and J. Otto, FEBS Lett., 35, 97
(1973). "

135? M. Lynn in "Immobilized Enzymes, Antigens, Antibodies, and Peptides.
Preparation and’Characterization“, H. H. Weetall, Ed., Marcel Dekker,
New York, 1975, p. 1. _

136. "Pierce General Catalog, 1977-1978", Pierce Chemical Co., Rockford,
ITlinois, p. 274,

137. W. Konig and R. Geiger, Chem. Ber., 103, 788 (1970).

138. W. Kdnig and R. Geiger, Chem. Ber., 103, 2034 (1970).



136.

140.

141.

142.

143,

144.

146.
147,
148.
149.
150.

151.

153.
154.

214

W. Kdnig and R. Geiger in fChemistry and Biology of. Peptides",

J. tleienhofer, Ed., Ann Arbor Sci., Ann Arbor, iiichigan, 1572, p. 343.
F. Sipos and D. W. Gaston in "PEPTiDES 1971. Proc. 11th Europ. Peptide
Syap.", H. Mesvadba, Ed., North-Holland, Amsterdam, 1973, p. 165. |

R. Matsueda, H. Maruyama, E. Kitazawa, H. Takahagi, and T. fukaiyama,
Bull. Chem. Soc. Jpn., 46, 3240 (1973).

R. Matsueda, H. Maruyama, E. Kitazawa, H. Takahagi, and T. Mukaiyama,
J. Am. Chem. Soc., 97, 2573 (1975).

S. Sano and M. Kurihara, Hoppe-Seyler's Z. Physiol. Chem., 350,

1183 (1969).

A. Previero, J. Derancourt, M.-A. Coletti-Previero, and R. A. Laursen,
FEBS Lett., 33, 135 (1973).

G. Mross and R. Doolittle, personal communication to R. A. Laursen

Ref., 12.

S. Yamashita, Biochim. Biophys. Acta, 229, 301 (1971).

S. Yamashita arid N. Ishikawa, Proc. Hoshi Pharm., 13, 136 (1971).

K. Maekawa and E. Kuwano, Z. Anal. Chem., 276, 121 (1975).

W. N. Lipscomb, Accts. Chem. Res., 3, 81 (1970).

W. N. Lipscomb, J. A. Hartsuck, G. N. Reeke, F. A. Quiocho, P. H. Bethge,
iM. L. Ludwig, T. A. Steitz, H. Mﬁirhead, and J. C. Coppola, Brookhaven
Symp. Biol., 21, 24 (1968).

L. Lawrence and W. J. Moore, J. Am. Chem. Soc., 73, 3973 (1951).

L. iHeriwether and F. H. Westheimer, J. Am. Chem. Soc., 78, 5119 (1956).
I. J. Grant and R. W. Hay, Aust. J. Chem., 19, 1185 (1965).

T. Nakata, #. Tasumi, and T. Miyazawa, Bu]]. Chem. Soc. Jpn., 48,

1599 (1975).
D. A. Buckingham, J. P. Collman, D. A. R. Happer, and L. G. Marzilli,
J. Am. Chem. Soc., 89, 1082 (1967).



215

156. D. A. Buckingham and J. P. Collman, Inorg. Chem., 6, 1803 (1967).

157. E. Kimura, S. Young, and J. P. Collman, Inorg. Chem., 9, 1183 (1970).

158. S. K. Oh and C. B. Storm, Biochem., 13, 3250 (1974).

159. J. H. Worrell and D. H. Busch, Inorg. Chem., 8, 1563 (1969).

160. D.hA. Buckingham, D. M. Foster, L. G. Harzi]]i, and A. M. Sargeson,
Inorg. Chem., 9, 11 (1970). |

161. D. A. Buckinghém, D. M. Foster, and A. M. Sargeson, J. Am. Chem. Soc.,
92, 6151 (1970).

162. D. A. chkingham in "Biological Aspects of Inorganic Chemistry",
A. W. Addison, W. R. Cullen, D. Dolphin, and B. R. James, Eds., Wiley-
Interscience, 1977, p. 141.

163. M. D. Fenn and J; H. Bradbury, Anal. Biochem., 49, 498 (19]2).\

164. K. W. Bentley and E. H. Creaser, Biochem. J., 135, 507 (1973).

165. K. W. Bentley and E. H. Creaser, Inorg. Chem., 13, 1115 (1974).

166. K. W. Bentley, Biochem. J., 153, 137 (1976).

167. E. Kimura, Inorg. Chem., 13, 951 (1974).

168. H. F. Bauer and W. C. Drinkard, J. Am. Chem. Soc., 32, 5031 (1960).

169. B. N. Figgis, “Introduction to Ligand Fields", Interscience, New York,
1966, p. 232.

170. K. Starke, J. Inorg. Hucl. Chem., 11, 77 (1959).

171. B. J. Hathaway and A. E. Underhill, J. Chem. Soc., 3091 (1961).

(qp]

172. . S. Alleyne, Unpublished Results.,

173. A. Hezel and S. D. Ross, Spectrochim. Acta, 22, 1949 (1966).

174. A. B. P. Lever, "Inorganic Electronic Spectroscopy", Elsevier,
Amsterdam, 1968, p. 318.

175. ibid., p. 392.

176. ibid., p. 324.

177. C. S. Alleyne, ¥.Sc. Thesis, Unjversity of British Columbia, 1970, p. 79.



178.

181.

183.

134,

—
[en)
Oi

—
0>
(@)}

193.
194,

216

A. B. P. Lever, "Inorganic Electronic Spectroscopy", Eisevier,
Ansteraam, 1968, p. 336.

B. J. Hathaway and A. A. G. Tomlinson, Coord. Chen. Rev., 5, 1 {1970).
I. ¥. Procter, B. J. Hathaway, and P. Nicholls, J. Chem. Soc. (A),
1679 (1568).

R. W. Hay and P. J. Forris in "Metal Ions in Biological Systems",

"

n. Sigel, Ed., Vol. 5, iarcel Dekker, New York, 1974, p. 129.

M. T. Barnet, H. C. Freeman, D. A. Buckingham, I-N. Hsu, and D. van der
Helm, Chem. Commun., 367 (1970).

D. A. Buckingham, C. E. Davis, D. M. Foster and A. . Sargeson,

J. Am. Chem. Soc., 92, 5571 (1870).

0. W. Margerum and Q. R. Dukes in "Metal Ions in Biological Systems",
H. Sigel, Ed., Vol. 1, Marcel Dekker, New York, 1974, p. 160.

0. A. Buckingham, personal communication.

A. I. Vogel, "A Textbook of Practical Organic Chemistry", lIst ed.,
Longmans, London, p. 168.

M. Brenner and . Huber, Helv. Chim. Acta, 36, 1103 (1953).

Z. Grzonka and B. Lammek, Synth. Comm., 661 (1974).

C & EN, 54(22), 3 (1976). _

E. E. Schallenberg and #. Calvin, J; Am. Chem. Soc., 77, 2779 (1955).
1. Fieser and L. F. Fieséf, "Reagents for Organic Synthesis", Vol. 2,
Ailey, New York, 1969, p. 19i.

J. M. Stewart and J. D. Young, "Solid-Phase Synthesis", Freeman,

San francisco, 1569, p. 27, 55. _

A. K. Scaulert, Arch. Intern. Pharmacodyn., 132, 1 (1961).

N. R. Patel in fThe Chesiistry of Heterocyclic Compounds", R. N. Castle,

ed., Vol. 27, Wi]ey—Interscience,'New York, 1673, p. 323.

A. Albert and C. Y. Rees, Biochem. J., 61, 128 (1955).



