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ABSTRACT

Some new aromatic nitrogen mustards have been
synthesized for possible chemotherapeutic use as anti-
tumour agents. The work has been mainly concerned with
the modification of known nitrogen mustards in order to
make them more biologically specific in their action.
With this object in view, some amino-acids which take part
in metabolic pathways (glycine, glutamic acid, methionine
and tyrosine) have been attached to.an arqmatic nitrogen
mustard, NN-di-2-chloroethyl-p-phenylenediamine (RNHz) or
p~(NN-di-2~chloroethylamino)phenol (ROH) via a peptide,
urea, ester or carbamato linkage to give compounds of the

types (&), (8), (€) or (D). 1In order to produce extra

R.NH.CO.?H—Y R.NH.CO.NH.CH.CO0X
I
NHX Y
(A) where X = H or (B) where X = alkyl.

protecting group.

R.O.CO.?H.NI{X RO.CO.NH.?H.COOX
Y Y
(C) where X = (D) where X = alkyl,

protecting group.
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selectivity, the amino group of the amino-acid moiety in
some of the compounds of types (A) and (C) was protected
with enzymically fissionable groups such as formyl,
carbamato, dichloroacetyl or acetyl. Some analogous
derivatives were also synthesized from the antimetabolite,
ethionine.

Compounds containing other known or potential anti-
netabolites attached to nitrogen mustard moieties have also
been prepared, including a number of sulphonamides. Some
Schiff base derivatives of NN-di-2-chloroethyl-p-phenylene-
diamine, and@ the bifunctional nitrogen mustard, methyl
B—hydroxyfg—(Eg—di—z—ohloroethylamino)benzoate, were also

synthesized.



CONTENTS
Chapter Page

Preface . 8
1 Chenotherapy of Cancer, 10
Drug Design. 11
Enzyme Activation of Drugs. 12
Active Transport. 14

Exploitation of Adaptation and
Resistance. 16
Solubility and Polarity. 17
Variation of B-halogens. 19

Variation of substituted groups in
the aromatic ring and on the

nitrogen nustard chain. 19

Mono or Difunctional Nitrogen

Mustards . ' 20
IT Chemotherapeutic Agents ., 23

Antimetabolites . 23

Biological Alkylating Agents, 26

I1I The chenistry of the nitrogen nustards, 35

Preparation. 35
Reactions of the nitrogen mustards, 40
Aliphatic. 40
Aronmatic. 43

Reaetions in Biological Systems in vitro. 47



Chapter ~ Page
IV Some nmethods of forning the peptide

linkage . 50
Protection of functional groups. 50
Coupling methods. ‘59

v The synthesis of amino-acid nitrogen

nustard derivatives designed to be

potentially selective for tumours. 75
Some ethionine derivatives. 77
Some glutamic acid derivatives. 81
Some glycine derivatives. 91
Some methionine derivatives, 95
Some tyrosine derivatives, 100
Experimental Section, 113
Biological Results, 146
VI Some syntheses of nitrogen mustards of

the Sulphonanide, Sulphonhydrazide,
Sulphonyloxy and Schiff base type. 149

Sone new difunctional aronmatic nitrogen

nustards. 165
Experinental Section. 169
Biological Results, 189

References., 199



PREFACE

'And their teaching will eat its way like cancer

or spread like gangrene'

2 Timothy 2:17.

St. Paul was of course referring to the heresy being
preached by Phygelus and Hermogenes but the fact is that
cancer had been known and recognised for a long time.
Hippocrates (4609-377 B.C.) likened the visible form of the
tumour to that of a crab; hence the name cancer, By
300 B.C. it was differentiated from carbuncles etc., and
treated by surgical means wherever possible. Ointments such
as of the arsenical family, and of strong corrosive action,
have been used. With the advent of X rays, which were
found to have anti-tumoural effects, has come a very powerful
2ally in the therapy of cancer,. Chemotherapy has only
become a force, and that a junior one, in the last two or
three decades. The observation by Yard® and Prelog 21_31.2
that tri-2-chloroethyl amine (HN3) and methyl di—2—chloroethyl;
amine (HNZ2) respectively, were vesicant and analogous to
mustard gas (of World War I fame) led to a large amount of

research into nitrogen mustards being conducted during the

Second World War. It was found that besides their vesicant
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action the mustards also attacked the haemopoietic organs

and produced a drop in the white blood cell level (leucopenic
effect). This effect led to clinical trials of various
nitrogen mustards for the treatment of leukaemia. From
these results, and the fact that nitrogen mustards attack
rapidly dividing cells; a surge of interest in them was
produced for the treatment of cancer. Today a large number
of them are being prepared and tested in the hope of reducing
their toxicity and increasing their specificity, and this
thesis will record some attempts by the author to attain

these ends.
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CHAPTER 1

CHEMOTHERAPY OF CANCER

Chemotherapy is simply the use of chemicals to cure or
prevent disease. In cancer, chemotherapy involves the
administration of chemicals to a2 host bearing a tumour,
such that the tumour is affected (i.e. inhibited or regressed)
while the host is not.

The superiority of one drug over another is frequently
measured by its Chemotherapeutic Index (C.I.) which is the
ratio of the | 7Letha1'Dose (LD50) to the Median Effective
Dose (MED). Thus the larger the C.I. of a drug when con-
pared to another the better it is, other things being equal.

That there are very few differences between normal and

3

cancerous cells has been shown by Warburg” who in a
biochemical investigation concluded that all the known
chemical constituents of normal tissues were also present in
cancerous tissues. No single morphological feature.
specific to the cancer cell has been demonstrated by optical
and electron microscopy, although one must inmediately say
that certain features when taken together are characteristic
of tumour cells, However, it has been found that there are

4

alterations”, always compared with the corresponding normal

cell, in the levels of enzymic activities or in the
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funotionally available amounts of coenzymes and co-factors
in tumour cells,

Because these differences are small selective cyto-
toxiecity is very hard to achieve. Thus if the anti-tumoural
drug depends on only one difference the agent will not show
a very great specificity. But should a drug be designed
in such a way that its action depends on two or more différ-

ences, it will show a greater specificity.

DRUG DESIGN.

There are many biological variables concerned in
determining the selectivity of a drug, and these must be
fully exploited to obtain the highest degree of therapeutic
efficiencys.

Among such variables are: enzymic constitution,
permeability properties, facilitated diffusion, active
transfer, chromosomebfﬁéméw y protein synthesis, nucleic
acid synthesis, gene reproduction, adaptation to drugs,
resistance to drugs, etc. However,; due to a lack of
knowledge of many of these variables the only fields which
can be exploited are limited to enzymic constitution,

permeability properties and certain small areas of knowledge

in connection with other variables.
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Enzyme Activation of Drugs,

The principle is to use an active nitrogen mustard in
an inert form, such as a derivative, from which, by
enzymic action, the free active nitrogen mustard will be
liberated.

If we consider the nitrogen mustard (I)

C1.CH, where X = H (1)

<NHEX
C1. .CH

the N-acetyl compound, due to the electron withdrawing

Acetyl (11)

= Benzoyl (III)

effect, as predicted, lowered the toxicity and produced more
damage to the tumour, for a given toxicity, than the parent
compound (I);the N-benzoyl compound was even less toxic

but had little action on the weight of the animal or size

of the tumour, even when the dose was sufficient to kill

the animel, This was explained when the enzymic content of
the tumour was investigated, for it was found to contain an
enzyme which would liberate the nitrogen mustard (1) from
(I1I) but not from (III). Thus it can be seen that should a
tumour possess enzymes at levels higher than in normal
tissue then they can be used to liberate an active nitrogen
mustard from its inactive derivative. However in a large
nunber of cases these higher levels of enzymes have not

been found and so only partial selectivity has been obtailned,

but should a non-toxic substance when used in pre-treatment
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of 2 tumour cause formation of an adaptive enzyme, then it
could be used to potentiate the action of the drug designed
to be activated by the adaptive enzyme6’7 (see p.16).

If in the general design R, .N(CHz.CH2.X)2, group
R is chosen to incorporate a substance which when released
will be toxic, then two toxic substances instead of one will
be released when the coﬁpound is activated in vivo.

A large number of compounds have been designed to be
activated by enzymic hydrolysis, reductiom and oxidation,
and also by the formation of more effective partially
alkylated products, somelwhich may function as irreversible
antimetabolites. Hebborn and Danielli8 have shown that
the Walker tumour contains enzymes capable of hydrolysing
_}he acetate and benzoate ester of the nitrogen mustard (IV).

Cl.CH2.CH2

>N. .OH (Iv)
€1.CH, .CH,
Aliphatic nitrogen mustard amides are also hydrolysed
in vivog, but the analogous sulphonamides were found not to
be readily attacked by hydrolytic enzymes and so they were
inactive. Two aromatic nitrogen nmustard phosphoramides
have been described by Ross et all’ but only the aiethyl
ester showed any anti-tumour activity.

Compounds activated by reduction are the N-oxides

(Witromin) and the S-oxides. Azobenzene derivatives (V)
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have been used and these are presumably reduced in vivo

<::>.N : N.<i:>.N(CH2.CH2.Cl)2 (V)

to the nitrogen nustard I. Enzymic oxidation activation

: lia
was shown with the compound (VI), which is oxidized to the

(01.0H2.CH2)2N.( \>.CHO (VI)

carboxylic acid derivative, and presumably exists as the
anionic form at physiological pH. The chemical reactivity
of (VI) measured by its rate of hydrolysis was very lowll,
but it showed moderate anti-tumour activity which can only
be explained by theoxidation of the aldehyde group occurring
in vivo. The siople urethane derivatives (VII) and (VIII)
inhibit the growth of the Walker tumour. Aithough of low

chemical reactivity, they probably owe their anti-tumoural

activity to the formation of nor HNZ2 in vivo.

Eto.oc.N(0H2.0H2.01)2 EtO.OC.N(CHZ.?H.Cl)z
Me
(viz) (VIIT)

Nor HN2 could be derived by the hydrolysis of the C-N bond

or by reduction of the ethoxycarbonyl group.

Active Transport (Facilitated Diffusion).

Insufficient knowledge is Ikmown about the ability of
molecules to diffuse into cells by thermal agitation, to

be of use in drug design. However it is known that patches
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of cell membranes selectively facilitate the passage of
sugars and amino-acids without expenditure of energy.

In this laboratory a number of sugar derivatives have
heen madelz’13 in order to obtain the extra selectivity
afforded by facilitated diffusion of carbohydrates, but these
compounds have shown disappointing results. A large number
of amino acids have been attached to nitrogen mustards; one
of the first being (IX), the L-form of which is known as

Melphalale’ls.

(Cl.CHz.CHQ)zN.<::>.CH2.CH:::iiiH | (1X)

The D-form (Medphalan) of (IX) was much less active than
the L-form and the DL~form (Merphalan) or Sarcolysine16
had an intermediate activity. It would seem reasonable that
the carboxyl and a-amino groups of the amino acid portion
should be free as in (IX), if only that the metal-pyridoxal
complex with the a-amino group, which is the diffusing entity,
can be formed. However; some Japanese Workers17 have made
derivatives involving the amino group of glycine and alanine,
e.g. (X), which have inhibited the growth of several animal
tumours.,

Cl.CH,.CE

2772,

>N.CE
2

g +C0.0H (X)
C1.CH, .CH



- 15 -

Then Melphalan (IX) is condensed with optically pure
amino acidsls’19 to give simple peptides there are
indications that the C.I. of the compounds is increased.

Other amino acid derivatives which have been prepared

are those of serine and threoninezo’gl.

Exploitation of Adaptation and Resistance.

Cells may become adapted to drugs by various mechanisms,
naimely by developing an enzyme or enzymes to detoxify the
drug, develop an active transport system which removes the
drug from the site as fast as it gets there, or by eliminating
the activating enzyme or enzymes.

If the adaptability or resistance of a tumour cell to
a drug is due to changes in the enzymic constitution and, or,
active transfer, thcen these effects can he made use of in
designing drugs. Thus Danielli22 suggested that compounds,
such as ethyl carbamate, to which the tumour had becone
resistant due to the foxrmation of an adaptive enzyme, could
be replaced by the nitrogen mustard carbamate. Thus the
adaptive enzyme would then release the nitrogen mustard in
an active form; the enzyme would in fact be acting as an
activating enzyme. This principle has beon used extensively
with the drugs synthesized in this laboratory. An exanmple

is afforded by Daniel1i®?7723,
.NZ.C0.0 Pri (Cl.CHZ.CH2)2N<<:3>NH.CO.O pri

(X1) (X11)
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Benn24

made a number of compounds similar to (XII) which
gave growth inhibition of the Walker tumour. The simple
carbamate (XI) when administered alone gave little

decrease in tumour growth. However, if after adminis-
tration of (XI) for several days, the nitrogen mustard (XII)

was given, complete regressions were obtained.

Some other factors to be considered in Drug Design.

We have considered the biological factors which can
influence the suitability of a nitrogen mustard for selective
anti-tumoural effects. However other factors such as
solubility, hydrolysis rate, substituents in the aromatic
nucleus, mono or difunctional nitrogen mustards and
polarity, etc., might increase the alkylating power of a

nitrogen mustard.

Solubility and Polarity.

Obviously a drug which is soluble at physiological pH
should be more useful than one which is insoluble.
However, there is at least one proviso, namely that if
slow release of the drug is required injection in an oil
will be preferable and for even slower release implantation
of the drug may be necessary.

However, for rapid transfer of the drug to the site
of action ‘a‘ﬂflite25 prepared a series of nitrogen mustard

carboxylic acid derivatives which could be easily
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administered intraven}ously at pH .7.5. it was found that
some were better than others and this apparent anom?iy can
be explained by the degree of ionization, Work and Work26
have stated that the undissociated form of a carboxylic
acid would diffuse through a cell membrane more easily than
the anionic form. Eowever once inside the cell an
equilibrium is set up between the dissociated and undisso-
ciated forms, and so the more reactive anionic state will be
available.

Although Warburg3 observed no differences in the
chemical constituents between normal and cancerous tissues
he did find that lactic acid was being produced by cancerous
cells even in the presence of oxygen. Thus there could
be an accumulation of lactic acid and so the pH of the cell
would be lowered. It has been found to be the case, for
when glucose is administered to a tumour its pH is reduced
from 6.9 to 6.3, Because the rate of diffusion of ions
through a cell membrane is far less than that of the non-
ionic species, the more basic nitrogen mustards, which would
bed in the cationic form at this pH, would not be expected
to be so effective from this point of view. However,
nitrogen mustards with a suitable pka value have been
prepared, and their anti-tumoural properties enhanced by

prior administration of glucose.
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Variation of 3 halogen atoms and change in hydrolysis rate.

Ross27 has correlated the rate of hydrolysis, under

standard conditions, of a nitrogen mustard with its effec-

28 inat

tiveness as an antitumoural drug. It would appear
a compound having a 'rate of hydrolysis" of 20% or more has
the ability to stop the growth of the Walker tumour, but
those compounds with a lower rate of hydrolysis show little
or no activity.

One of the ways to increase the rate of hydrolysis is
to use bromine instead of chlorine as the 3 halogen atoms
of a nitrogen mustard. If iodine is used instead of
bromine there is, however, a decrease in the hydrolysis

27 24

rate ', Benn prepared the bromo analogue of (XIII) and

found it had a hydrolysis rate of 70% compared with 15% for

HS,<::>.N(CH2.CH2.CI)2 (XI11)

the chloro compound; it was also much more biologically

active.

Variation of substituent groups in the aromatic ring and

on the nitrogen mustard chain.

The hydrolysis rate is lowered by the normal electron
attracting groups when substituted on a2 benzene ring.
This is in keeping with chemical theory, e.g. nitro and

carboxylic acid groups. The electrons are withdrawn from
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the tertiary nitrogen atom of the nitrogen mustard. The
hydrolysis rate is raised by the substitution of electron
donating groups such as methoxy or methyl groups.

The reactive side chain of the nitrogen mustard can
be varied, and this can have very large effects on the rate
of hydrolysis. An increase in the alkyl chain length of
the nitrogen mustard, i.e. from 2 to 3 carbons as in (x1Vv),
reduces the rate of hydrolysis. However, an introduction

of a methyl group as in (XV) increases its hydrolysis rate

<::>.N(CH2.032.CH2.01)2 <::>.N(CH2.fH.Cl)2
CH

3
(X1IV) (xXv)

from 20%, for the unsubstituted analogue, to 90% for (XV).
However, the derived carbonium ion from such a compound has
reduced alkylating properties to nucleophiles other than

Watergg.

Mono or Difunctional Nitrogen Mustards.

Haddow, Kon and Ross30 have shown that monofunctional
aromatic nitrogen mustards, i.e. those carrying one
2-haloethylamino group, had no effect on the Walker tumour,
whereas the difunctional (di-2-haloethylamino) nitrogen
mustard had. However, increasing the number of alkylating
groups beyond two does not seem t0 cause any corresponding

increase in effectiveness, Thus [AN3 was no more effective
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than ENZ.
- )
N(CH2.0H2.01)3 CH3.N(CHQ.CH2.01,2
HN3 HN2

It was the requirement of difunctionality which prompted
Goldacre, Loveless and R05531 to put forward their cross
linking hypothesis. It is found that administration of a
nitrogen mustard results in characteristic anti-mitotic
effectssz, chromosome alteration, such as fragmentation and
bridging at anaphase occurring as well as mitotic arrest.
Thus it seemed possible that the nitrogen mustards were
cross-linking the chromosomes. However, the exceptions
found to this theory rendered it insufficient as a total
explanation. Ross35 had in mind the possibility that one
arm of the agent could first react with an exposed receptor
and then the second arm could seek out and react with a more
screened group.

The nitrogen mustards, like radiation, appear to act
during the resting stage between cell divisions, when D.N.A.
(deoxyribonucleic acid) is being synthesized. It would
be tempting to think of the nitrogen mustards interfering
with the synthesis of D.N,A. or with the D.N.A.-protein

association which comprises the chromosome.
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The reader is directed to the American Association for
the Advancement of Science's publications "Approaches to
I3a 34a
Tumour Therapy! and "Antimetabolites and Cancer!'' for

further references.
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CEAPTER II

CHEMOTHERAPEUTIC AGENTS

The following is a very brief review of the two main
classes of drugs used in the chemotherapy of cancer; these
are the antimetabolites and the biological alkylating agents.

Consideration of the hormones is excluded.

The Antimetabolites.

Folic acid plays an essential part in the production
and maturation of red blood cells, and as a consequence has—
been used in the treatment of some forms of anaemia. The
folic acid antagonists, which have been used to produce
temporary remission of acute leukaemia, are drugs which
resemble the true vitamin chemically but are sufficiently
different to be able to interfere with essential metabolic
processes. Four of the antagonists to folic acid (XvV1)
are Aminopterin (XVII), A-methopterin (XVIII), Aminofol

and Dichloromethotrexate (XIX).
X

|
N :]_,CH N.~<ij> CO.NH. ?H.CHZ.CH .COOH
L\' Y A CCOH
BN N |

(XVI) when X = OH; Y =H and % = H
(Xvii) " X = Ni,; Y=Hand 2 = H
(XvIII) X = NHp; Y = CH; and Z = H
(X1x) " X = NHg; Y = 033 and Z = Cl
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Reports on the first two of these antagonists show that
they prevent conversion of folic to folinic acid in various

organisms, They have also caused remissions in children

with acute 1eukaemia34. A review from the chemical point

35

of view is given by Timmis-”~,

Purine Antagonists and antipyrimidines.

| Cell divisions depends upon the synthesis of D.N.A.,

which is required for the duplication of the chromosomes

during interphase. Thus purines or pyrimidines are required

as precursors, and so if the cell is fed with modified

precursors mitosis of the cell may be hindered or stopped.
Anti-tumour activity has been found to be most

prominent in compounds containing a 3,4-dihalophenyl group

attached to the 5-position of the pyrimidine ring36. This

and other similar compounds have been studied extensive1y37.

6-Mercaptopurine (XX) has been used extensively

M N
~ I > (%X)
NS jN’/

SH:

S)a
Heidelberger has prepared a series of antagonists

of pyrimidines, e.g. 5-fluoro-uracil; and its compounds with
ribose and deoxyribose, In animal tumours 5-fluoro-uracil

has been shown to inhibit the synthesis of D.N.A. For
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further information on these types of antagonists Delmonte
and Juk9534 have just recently produced an excellent

review.

Amino Acid Antagonists.

Because protein synthesis must be an essential factor
in the continual growth of tumours, Connors 23_§1.59 have
recently prepared a-~methylated methionine, ethionine and
other amino acids in an attempt to produce antagonists
for the naturally occurring amino acids. The a-methyl
compounds were chosen because it is believed that these
derivatives are strongly concentrated intracellularly.
However, no useful tumour inhibiting drugs were found. As
a logical extension of the work some cyclic compounds,
which could be considered as having been derived from

a-alkylated amino acids were prepared?o

It was found that
l-amino~cyclopentanecarboxylic acid, although toxic,
produced tumour inhibition. In order to reduce the
toxicity of the compound derivatives have been prepared,
but the biological results are not available. It is
interesting to note that l-aminocyclohexanecarboxylic acid
has no anti-tumoural effectsl.*1
Azaserine (XXI), an antibiotic, was found to act as a

glutamine antagonist.

N,CH.CO,0CH, .?H.COOH (XX1)
NH

2
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The structure of Azaserine has been modified by
replacing the serine moiety with various hydroxyamino
acidsqz, and also by variation of the diazoacetic acid
portion with various acids?3 However, none of these

modifications have produced compounds which have appreciable

activity in the regression of growth of tfumours.

Other Antimetabolites,
L4

Baker has produced a class of non classical anti-
metabolites of irreversible inhibitors that operate by

exo-alkylation. Thus 4-iodoacetamidosalicylic acid

ICH, .CO.NH GH
C0.0H

can complex reversibly with an enzyme and then become
irreversibly bound within the complex by formation of a
covalent bond adjacent to the active site. They inhibit

lactic acid dehydrogenase and various other enzymic systems.

Biological Alkylating Agents.

These are simply chemiczl compounds which act as

alkylating agents under physiological conditions.

Alkyl halides.

Alkyl halides react essentially by the SN2 mechanisn
except for the tertiary alkyl halides which react by the
SNl mechanisn, Thus

3I and 033000(‘)——-> CHBCOOCHB and I(')

CH
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The tertiary alkyl halide is of little interest as a
biological alkylating agent, because the carbonium ion is
nore likely to react with the water of the c¢ell rather than
with other nucleophiles. Benzyl halides, which in general
are more reactive than simple alkyl halides, tend to react

by a mixed mechanism but for details see Griceqs, Grice and

Owen46.

Sulphonic Acid Esters and Sulphuric Acid Esters.

The alkylating action of these esters is due to the
alkyl-oxygen bond fission. A spectrum of reaction
mechanisms has been observed for these compounds, namely SN2
for the methyl sulphonic esters to SN1 for the isopropyl

esters. Myleran (XXII) has been found to be useful for

CH .soz.o(CHg)4 0.0 (XX11)

.C
3 S.CH

2 3

the treatment of chronic myeloid 1eukaemia?7

In ordexr to
increase the ability to alkylate, the disecondary compound

(XX111) was prepared, but although its hydrolysis rate was

(ZX111)

'l'- . L ] ZT I 0 L ] - B
Cﬁ3 §05.0 Cq(Cﬂg)n ?q 92 S CnB

CH3 CH3

increased it was not so reactive towards other nucleophiles,
It is still active, when n = 4, against myeloid leukaemia.

Two other sulphonic acid esters, namely ethyl methane-

L47a

sulphonate , and l,6-dimethanesulphonylmannitol are
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active towards the Walker tumour.

2-Chloroethyl sulphides.

These compounds, of which the original '"mustard gas"
is a typical example, are highly reactive in water, the
mechanism of reaction being wholely SN].’ and they are
capable of alkylating a large variety of groups. Sulphur
mustard gas, like X rays, was found to inhibit mitotic

activity in the vaginal epithelium in micel.*8

However, it
is highly reactive, toxic; and vesicant, and because the
sulphur mustard gas molecule is less suited to modifications
than the nitrogen nmusterd structure, few attempts have been

made to do this.

Nitrogen Mustards.

Reference has already been made in earlier sections to
& few examples of these compounds, many hundreds of which
have been synthesized by various groups of workers. All
that can be done here is to mention some which bear
reference to the work of the present writer, and to some of
those which have had successful clinical trials.

The two prototypes HNZ2 and HN3 were found to have
powerful anti-tumoural effects although they were highly
toxic.

CH3..N(CH2.CE~12.CI)2 N(CH2.0H2.01)3

HN2 HN3
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17

Nitromin™', an oxidative product of HN2 has been used by

the Japanese., It has a lower toxicity than HN2, and no

053.ﬁ(032.CH2.01)2
0

vesicant action, but it has been reported to cause complete
regressions of the Yoshida sarcoma, It would seen

17 and

probable that the N-oxide has to be reduced in_ vivo
release the free EN2 before any anti-tumoural effect is
shown.

The Russians have used Novoembichin, Dopan, and
Sarcolysine (which is similar to Melphalan but with the

phenylalanine residue in the DL-form).

CHS.?H.CHz.N(CHQ.cHZ.01)2
Cl
_ Novoembichin
e -
N J.N(CHQ.CHQ.Cl)z
207 SN7CE,
Dopan

(Cl.CH2.0H2)2N4<::>.CHb.fH.GOQH Melphalan
NHQ Sarcolysine
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14,15 caused conplete inhibition of the Valker

Melphalan
tumour. The D-form, known as Medphalan, was far less
active (see p.15). It has been shown recently that the
n-isomer and the o-isomer of Sarcolysine were even more
effective than the p-isomer. m-Sarcolysine is four times
more active than Melphalan ageinst adené%rcinoma. The
o-Sarcolysine will coumpletely inhibit the Walker tumour and
cause 80% inhibition at a dose of 0.1 mg. per kg?g

Although Melphalan has this very pronounced anti-
tumoural activity, it also affects the blood forming organs,
circulating blood elements, and has a generally high toxicity
as well. In order to increase the C.I. of this compound
Bergel and Stock19’50 have recently produced derivatives of
melphalan, e.g. N-acyl, amide, ester, di, tri peptides and
one tetra peptide. It was found that the compounds which
exhibited the greatest anti-tumoural activity were those
having a free amino group, even if the free amino group was
two or three amino acid residues from the Melphalan molecule.
However, these compounds still had the highest general
toxicity and haemotoxicity. Acylation reduced the
biological activity although the C.I. was the same as
Melphalan. It was found50 that for 2 whole series of
optically pure N-acetyl-L and D-aminoacyl derivatives of
Melphalan ethyl ester, e.g.

R',CO.NH.CH.C0.NE.CE.C0.0EY

| |
RN 032©.x(6}12.cr~12.01)2
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that there were considerable variations in anti-tumoural
effects and toxicities, alfhough the chemical reactivity
of the nitrogen'mustard was virtually constant. Some of
the compounds, e.g. acetyl-L-alanyl-L-leucyl, and glycyl
and formyl-L-phenylalanyl residues had better C.I. values
than the parent Melphalan. One of the results of this
work was the large differences in anti-tumoural activity
between the L-L and D-L stereoisomeric pairs, the L-L pair
being more active than the D-L pair by a factor of up to
100. Melphalan was always in the L-form in these compounds.
This work was extended51, because of the effect of the
carrier portion of the dipeptide, to the preparation of a

pentapeptide prolylglycylvalylphenylalanyl-melphalan, i.e.

Cd4.C0.NH.CH,.CO.NE.CH.CO.NH.CH.CO.NH

/N 2 ] t |
. NH ca CH,Ph. CH.CO.0Et
| /\ _ i

Me Me CH2

N(CH2.0H2.01)2

This conmpound markedly inhibited the growth of the Walker
rat carcinoma 256, in a single dose of 5 mg./kg. which is
approximately one tenth of the toxic dose. It is active
against the mouse sarcoma S.180. Johnson and Stock also
prepared a Melphalan derivative containing a basic peptide,

i.e. L-arginylmelphalan,
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H

2N.ﬁ.NH. (CH2)3.(|3H.CO.NH.(l3H.CH2.© .N(CH, .CH,.C1),

NH NH COOEtL

2

It showed similar activity to that of the pentapeptide,
comnpletely inhibiting the Walker tumour at a single dose
of 2 mg./kg. which is approximately one twelfth of its
toxic dosage.

The Chester Beatty Research Institute has synthesized
and tested a large number of compounds besides those of
Melphalan and its derivatives. Chlorambucil was one of

these (when n = 3),.

(c1 .CHZ.CH2)2N.© (cH,) ,CO0H

52

A series of compounds was prepared where n = 0, 1, 2,
3 and 4; the best was when n = 3, Chlorambucil has been
found to be a valuable agent in the treatment of chronic
lymphocytic leukaemia which was resistant to T.E.M. (see
later), and has also given promising results in the treatnment
of ovarian carcinona. It has been found that chlorambucil
affects predominantly the lymphoid system whereas Myleran
(XXII) exerts its depressant action on myeloid elements and
has little effect on lymphoid components. For further
details of these and other compounds of the nitrogen mustard
class see Ross Eﬂ;ﬁl?s and Bergel gﬁ_g;?q and for the

biological results see the "Annual Reports of the British

Empire Cancer Campaign?®.
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Ethyleneimines.

Because aliphatic nitrogen nmustards undergo cyclization
on solution to give the ethyleneimines, interest was
evoked in drugs with a related chemical structure. Their
reactions would be expected to be similar to those of
ethylene oxide55 except for those reactions in which the
greater basicity of the nitrogen atom, as compared to that
of the oxygen atom, becomes important. One of the first

to be used was T.E.M. triethylenemelamine2®

T.E .P',I.

The results for Hodgkin's disease and chronic myeloid
leukaenia were similar to those obtained with HN2 but were
somnewhat better for lympHFarcoma and chronic lymphatic
leukaenia. The related phosphoramides,; triethylenethio-
phosphoramide®® (thio T.E.P.A.) have also proved to be of
clinical benefit in Hodgkin's disease, in neuroblastona

and in some cases with dissenminated melanonma

0 s
i i

[:N-* f—~iN<] [:N-—-P —-N:]
% N

AN PAAN

T.E‘P.A. Thio T.E'P.A.
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O0ther alkylating agents.

g-lactones, diazoalkanes, activated ethylenic compounds,
halogenonethyl ketones and esters, and esters of haloketones,
chloro-methyl ethers, ammonium and sulphoniun compounds,
epoxides, and of course phosphoric esters are all compounds
which can cause alkylation, and the majority of them have
been used at one time or another. The reader can find more
information on these conpounds in !'Biological Alkylating
Agents! by W. C. J. Ross (1962). A review of the more
important chemotherapeutic agents is given by Farber et al.

in "Advances in Cancer Research! 1956, 4, 20.
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CEAPTER TII

THE CHEMISTRY OF THE NITROGEN MUSTARDS

Methods of preparation.

The nitrogen mustards are usually prepared from the
corresponding di-2~hydroxyalkylamine by halogenation of the
diol with various halogenating compounds. There are three
principal methods of preparing the dialkanolamines, of
which the first is the most generally used.

a) The reaction of an amine with an epoxide.

Epoxides react with amines as follows:

RNH +. CH

- : 1
9 9 CER! ——> RNH.CHz.?HR

\0/

CH

CHz -~ CHR!

R.N(CHz.?HR')g & \\f/
)31
Ethylene oxide reacts with alkylamines under anhydrous c¢on-
dition859, and also in agueous solutionéo. The speed of
reaction seems to depend on the basicity of the amine,
thus the more basic the amine the more readily
hydroxyalkylated it is. Ethylene oxide reacts with hydrazine

61

using acetic acid at room temperatures to give the NN-di-

2-hydroxyethylhydrazine compound. Aromatic amines,which
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are weaker bases; react with ethylene oxide when heated
together in a sealed tube at elevated temperatures62.
Everett et al. found that below 1500, large amounts of mono

29

substituted products were produced ~. Benzene can also be
added to the reactants for the sealed tube reactionSB.
Aryl-2-hydroxyalkylamines can also be produced at room
temperature from the aromatic amine in aqueous acetic acid
and excess ethylene oxide63. It is important to use the
theoretical quantities of the reactants when hydroxy-
alkylating aliphatic amines by the sealed tube method, other-
wise polymers are obtained. The writer always used the
aqueous acetic acid method, for the products are clean,
more suited to large scale preparation, and excess ethylene
oxide can be used.

Everett 53_21.29 found that propylene oxide in eXcess

could be heated with an aromatic amine without any polymeric

material being obtained. The ring opened so as to fornm

(XX1V)
! CH3
CHz—KCH—OH
RN\\\ (XX1v)
CHZ-Kiﬂ—OH
C
s

The product which contained two asymmetric centres was a

mixture of the various isomers.
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b) The reaction of an Amine with a Halohydrin.

Base is required to remove the halogen halide produced.

53

Ross used calcium carborate for this purpose while the

aromatic amine and ethylene chlorohydrin were boiled under

reflux,

2 + X, CH2.CH2 .04 =—> R,NH. C& CH LOH.HX

} X. CH .CH, . OH
R.N(CH - CH, . OF)p.HX

The yields using this method are lower than those using

R.NH

method a).

¢) Reaction of Diethanolamine with a compound containing

an active halogen.

Alkylation of diethanolamine can be performed by
componnds which have an active halogen, e.g. chloro-2,4-
dinitrobenzene64, or active mesyloxy or tosyloxy groups.
Lcid chlorides readily give the N-substituted amides at
room temperature65. Alkyl halides reguire heating and
aromatic halides are usually insufficiently reactive, with

the exception of the one quoted above, to alkylate

diethanolanine,

d) Other methods.

Diethanolamine will aminolyse esters to give the
66 ey 77 co
substituted amides ,Zespeclally when the acid chloride is

not too readily available.
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Mannich base type reactions are undergone by diethano-

lamine hydrochloride to give substituted diethanolamines§7

Halogenation of the dialkanolamines.

The normal halogenating compounds are used to convert
the dialkanolamine into the nitrogen mustard analogue.
However, some reagents are better tharn others in that cleaner
and more easily purified products may be obtained. The

aliphatic diol hydrochloride is usually used suspended in

dry chloroform and halogenated with thionyl chloride}’60

.
Phosphorus trichloride has been usedOO but it is definitely

inferior to thionyl chloride. Likewise the bromo-mustard

is best prepared with thionyl bromideé8

The aromatic nitrogen mustards are better prepared from

the free base of the diol, by boiling it under reflux in

5

dry benzene solution with phosphorus oxychloride.3 Phosphorus

9

“
pentachloride has been usedsB’U and constitutes a standard

method of preparation, but phosphorus trichloride cannot.
Thionyl chloride is not such a successful reagent for

aromatic nitrogen mustards, although it has been used for

54

carvoxylic acid or amino acid derivatives? Phosphorus
tribromide or phosphorus pentabromide reacts with these

aryl di-2-hydroxyethylamines in an inert solvent to produce

the bromo-nitrogen mustard analogue?z’24 The yields in

ﬂhuﬂnaéaﬁ
the halogenation step are usually poor and{can normally
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only‘be purified by chromatography on alumina. Bromo
nitrogen mustards can be obtained from the corresponding
chloro-mustards by an exchange reaction with excess lithium
bromide in a suitable solvent, Similarly 3odo-nitrogen
mustards can be obtained from the bromo-compounds by boiling
under reflux with sodium iodide53 tn acetone.

Other methods which do not employ the intermediate
diols but are of limited application only, are the reactions
of di-2~-chloroethylamine with reactive halogen compounds.

A number of NN-di-2-chloroethyl amides have been prepared65
by reaction of carboxylic; sulphenic and sulphonic acid
chlorides with di-2-chloroethylamine., Trichlorethyl amine
reacts with some alkanols to give 2-alkoxyethyl di-2'-

chloroethylamines7O

R.OH 4+ N(CH2.032.01)3——+ ROCHz.CHg.N(CH .CH2.01)2

The reaction of 1-bromo-2-fluoro-{or chloro~) ethane
with a powerful aliphatic amine gives a mixture of the

aliphatic nitrogen mustard71 and the mono substituted amine

eogo

R.NH, + 2F.052.CH2.B1-——> R.N(CHz.Cﬁz.F)z.H01

2
+ R.NH.GH2.CH2.F.N01

The two compounds were separated by fractional crystallisation

as their hydrochlorides,
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Reactions of the nitrogen mustards.

The reader is referred to an excellent review by

27

Ross on this subject.

Aliphatic Nitrogen Mustards

Hydro lysis

Golumbic gﬁ_g;?z found that when methyl di-2-
cirloroethylamine reacts with water there is a rapid
elimination of one equivalent of chloride ion but very little
liberation of hydrogen ion. This was interpreted as the
formation of an ethyleneimonium ion (XXV}.
*//CH2

N |
2.032.01 - RN“Cﬂz

CH2.CH2.CI

(Xxv)

R.?.CH

CHQ.CE C1

g
which was sufficiently stable such that derivatives of it,
e.g. the picrylsulphonate72’73 could be isolated.

After one equivalent of hydrochloric acid has been
produced60 hydrolysis ceases due to the formation of the
compound (XXVI) which is stabilized as the hydrochloride.
However'

R.N.CH,0H, .0H
i (XXVI)
CH2.0H2.01

in buffered solutions (XXVI) can be hydrolysed to completion,

Golumbic et al. found that there was a rapid reaction of a



- 4] -

solution of methyl- di-2-chloroethylamine with thiosulphate

and that a thiosulphate titre was sufficiently accurate to

give a nmeasure of the amount of quaternary nitrogen present
in solution,. A further proof of the existence of

S.0.
stabilized cyclic ions has been provided byARoss74

who
showed that (XXVII) gave the rearranged product (XXVIII)

which can only be explained by the formation of a cyclic iomn.

+//CH2
Et,N.CHy.CH.Cl —> Et,N — EtzN.?H.Cﬂz.OH
| -
. CH.CE -
CH3 3 C.QB
(XxXvII) (XXVIII)

Ring fission occurs in the opposite direction to ring
formation. The nucleophilic attack on the cyclic ethylene-
imonium ion is bimoleoulér in the simple aliphatic nitrogen
mustards, the rate depending only on the concentration of |
attacking nucleophiles. In the case of 2-chiloro-n-

propylamine the derived cyclic ion can open in two directions.

CH, + CH.CH; SN
R, N.CH_.CE —_ R N | - R_N,CH,.CH.CE
2 277 — 27\ —— 2 2° 3
Cl CH, -
2 A A
A~ SN ’ ~
2 /bH3
R,N.CH
2 N
CH, A

2

The way the ring opens depends on the mechanism of reaction,

Both methods of ring opening have been observed in aqueous

solution?4’75
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Reaction with Anions.

Substituted aminoethyl esters are formed when an
aliphatic nitrogen mustard is allowed to react with an
aqueous solution containing anions (A7) (XXVII). However,

they are readily hydrolysed to the diol (XXVIII)

R.N(CHz.Cﬁz.A)z R.N(CHz.CHg.OH)2

(XXVII) (XXVIII)

Thus Fruton et all’ allowed methyl and ethyl-di-2-chloro-
ethylamine to react with sodium acetate in slightly alkaline
solution to produce the diol, which was ascribed to the
ester being hydrolysed under these conditions. Tri-2-
chloroethylamine reacted in solutions containing sodium
acetate, hippurate, acetyldehydrophenyl alanine, and
acetyldehydrophenylalanyldehydrophenylalanrine under similar
conditions giving esters whioh were isolated and character-
ised in the case of the last two anions. It has been
proved that methyl and ethyl-di-2-chloroethylamine and tri-2-
chlorethyl amine react with anions of the following acids:
nicotinic, hippuriec, acetic, carbobenzoxy-L-glutamic
carbobenzoxy-L-aspartic, and DL-methionine. The sane
‘technique was used to confirm reaction with phosphate,
fructose 1- and G6-phosphate etec. Competition factors for

anions in their reactions with aliphatic chloroethylamines



have not been determined by the method which Ogston used
for chloroethyl sulphides, whereas they have for the

aromatic nitrogen mustards (see later).

Reactions with Amines and Thioethers.

Prelog gﬁ_gl% found that 4-alkyl-l-phenylpiperazines
were formed when alkyldi-2-chloroethylamines or bromoethyl-
amines were heated with various amino acids by estimation
of the decrease in amino nitrogen (Van Slyke method), and
found that at pHS8 glycine, L-alanine, L-serine, DL-threonine,
L-glutamic acid; L-arginine, L-~lysine, L-histidine,; and
B-alanine were alkylated. The pka of these amino groups
are in the region of 9-10 and so they will be largely fnionized
at pHS. Gurin gﬁ_g;?7 found that tertiary amines were more
reactive than secondary amines towards methyldi-2-chloro-
ethylamine, also compounds containing the nitrogen atom in a
cyclic structure were very reactive towards the ethylene-
imonium ion, Fruton gﬁ_gg?6 has shown that the methylthio
ether in methionine was unreactive towards methyl and
ethyldi-2-chloroethylamnine but showed signs of sulphonium

salt formation with tri-2-chloroethylanine.

Aromatic Nitrogen Mustards.

Hydrolysis.

The nitrogen atom is far less basic in an aromatic

nitrogen mustard, when compared to that of an aliphatic
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nitrogen mustard; - because of this the ethyleneimoniwm ion
is not formed. The hydrolysis of aromatic nitrogen
nustards has been extensively studied by Ross who, because
of their low solubility in water, performed their hydrolysis
in aqueous acetone%‘?’zg’53 During hydrolysis halide and
hydrogen ions are liberated at the same rate with no
tendency for formation of the half hydrolysis product. The

mechanism is judged to be SNl based on the following

evidence
(+) ( )
/,CHZ.CHQ.Cl ’,CHQ CH C1
R.N — RN
\\C CH,.Cl \\CH CH,.C1
Hz' 2. 2. 2.
(XXIX) (XXX)

/ N}H(-)
CH CH JA ’,CHQ.CHQ.OH

R.N R—N\
“SCH..CH..C1 CH

9 9 .CH, .C1

—2rvies

The kinetics are unimolecular, but the value of the rate
coefficient falls as the reaction proceeds due to the
increasing importance of the back reaction (XXX —> XXIX).
Addition of anions other than the halide ion derived fronm
the nitrogen mustard causes an increase in the velocity of
reaction, addition of the same halide ion reduces the rate

of reaction.



The relative amounts of ester and hydroxy compound
formed when NN-di-2'-chloro~ and bromo-ethyl-2-naphthylamine
are hydrolysed in aqueous solution containing added anions
are the same; this would be expected if the carbonium ion
(XXX) was the intermediate. The SN, rate determining step
is the separation of the halide ion and so electron repelling

substituents attached to the ring should, and do, accelerate

while electron attracting groups slow down this ionization
and decrease the reaction rate. This is the reverse of

that required if the reaction went by the SN2 mechanism.

Reaction with Anions.

R05829,78 has made a study of the relative reactivity
of aryldi-2-chloroalkylamines and various anions by a method
similar to that used by Ogston?9 Because anions vary in their
nucleophilicity a2 quantitative nmeasure of their reactivity

in ester formation with nitrogen mustards is the 'competition

factor! (FA) of the anion as defined by Ogston

P - [Amount of ester formed]
A [Amount of diol formed )L A-]

where [A™] is the concentration of the anion A™. The
competition factors for a number of anions have been found by
the reaction of aromatic nitrogen mustards in 1:1 aqueous

acetone with a2 known concentration of anions and then
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estimating the amounts of hydrogen and chloride ion liberated.
It was found that thiosulphate and iodide ions have very

high, while fluoride and nitrate ions low competition

factors. The formation of esters under the conditions used
to deternine conpetition factors has been verified by the
isolation and characterization of these derivatives in a

nutiber of cases,.

Reactions with Amines.

Aryldi-2-halogenoalkylamines react with primary,
secondary and teriiary amines (Ross78) 2-Naphthyldi-2'-
chloroethylamine reacts with aniline to give a good yield
of the piperazine; this is a general reacfion for the
preparation of NN-disubstituted piperazinesBO (XxXX1).
Secondary amines, e.g. methyl-aniline, gave both the cyclic
quaternary compound (XXXII) and also the di-methyl-anilino
compound (XXXIII). The double quaternary salt (XXXIV) is

the product obtained in the reaction with dinmethylaniline

Me
R.N W.Ph R.K ;:J+/
N/ { ph

C1~

(XxXx1) (XXXII)Cl-
+/Ph
/CH2.CH2.N(Me)Ph /CH2.0H2.N:II\\§e
R.N R.N e

N\ A N +

CH,.CH, .N(Me)Ph CH,.CH, .N ~ Me

2 Vo 2 2"
c1~\\ Me

Ph
(XXXIII) (XXXIV)
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The cationic fom of an anine (e.g. lygine) is not
nucleophilic and would not be expected to react with a
nitrogen nustard, However, if the zwitterion is broken by
preparing the ethyl ester then reaction occurs in unbuffered
aqueous acetone solution,

Thioethers react with the chloroethylanmines giving
sul phoniun comnpounds, When NN-di-2-chloroethyl-p-anisidine
is reacted with phenyl methyl sulphide and also with

dibutyl sulphide, sulphonium salts were obtained?l

Thio~-
phenol also reacts with aromatic nitrogen nustards, but it

is dependent on the pH of the solution, thus as the pH of the
solution rises there is an increase in the percentage reacted81
indicating that the thiol reacts with the aromatic nitrogen

mustard when it is ionized.

Reactions in Biological Systems in vitro,

The pH of a physiological system is about 7.5, and this
puts a severe limitation on the groups which can be
alkylated by biological alkylating agents. Thus a car-
boxylic acid nmust be in the anionic form to a considerable
extent before it could be alkylated. Thus in amino acids,
pka 9-10 and 2-3%, the carboxylic acid portion can be alkyl-
ated whereas only a small proportion of the a-anino

groups will be in the reactive uncharged forn. The pka
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of the hydroxyl groups of sugars is in the region of 12-13
and so at pH 7.5 the hydroxy group will not be in the
reactive form. However, the hexose phosphoric acids can be
alkylated to form di and triesters. The phosphoric acid
hydroxyl of groups (pka 1.5 and 6.2) will be readily
alkylated. Substances containing strongly basic groups
like adrenaline will not be reactive since they will be
protonated at pH 7.5. However, ring nitrogen atoms in
heterocyclic bases derived from pyridine, pyrimidine and
purine are capable of being alkylated. In nucleic acids
the constituents which will be capable of alkylation at
pH 7.5 are primary and secondary phosphoryljring nitrogen
atoms, e.g. guanine, and adenine. The reactive guanine

molecule is alkylated at the N. position giving a quaternary

7

derivative (XXXV), while the adenine molecule is attacked

at the N, and N, positions (XXXVI). Alkylation of nucleic

1 3

10

ik jg ¥,

N N N\
I LD

Su”ar

(XXXV) (XXXVI)
acids reduces their stability, such that degradation of the
macromolecule to products of lower molecular weight occurs

under mild conditions.
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Timmis has pointed out that difunctional alkylating
groups could react with a nucleic acid precursor giving a
product which still possessed a reactive group. The pre-
cursor would then be able to alkylate irreversibly the
enzymes required for nucleic acid synthesis. Craig and
Jackson82 have shown that the nitrogen mustard (XXXVII) was
not retained in tissues but found that there was a relatively

high concentration in red blood cells.
131

(CI..CH2.0H2)2N.®.I (XXXVII)

It has been reported that labelled HN2 with 140 in the
methyl group was widély distributed throughout the body of
mice into which it had been injected, the highest concen-
tration of radioactivity being found in thé blood serum,
However, the distribution of radioactivity does not
necessarily indicate the distribution of the alkylating
agent because it has been found that the N-methyl group is
demethylated within one hour after an intravenous injection
in a rat,

Fruton 32_21?6 have reported that an aqueous solution
of HN2 blocked some of the free amino groups of egg albumin
and gelatin. Klopp gﬁ_gl?S have reviewed the effects of
HN2 on skin, plasma, hematopoietic system, respiration,

gastrointestinal tract, liver, pancreas, kidneys, etc.



- 50 -

CHAPTER_ IV

SOME METHODS OF FORMING THE PEPTIDE LINKAGE

Part of the work in this thesis is concerned with the
preparation of nitrogen nustards containing peptide linkages.
A review of the nore usual nedhods of protecting the various
functional groups of amino acids, and of forming the peptide

bond, follows:-

Protection of functional groups.

Although the synthesis of a peptide only requires the
formation of the amide bond by condensation of the respective
compohents, this normally cannot be done with a free amino
acid. The proper function of the protecting group is to
prevent unwanted condensations occurring)to break the
zwitterion leaving a free a-carboxyl or a-amino group, and
to be capable of easy removal without rupture of the amide

bond after it has been formed.

Protection of a-carboxyl groups.

Protection of a-cerboxyl groups as their methyl and ethyl
esters is the most widely used method in peptide synthesis.
The oldest, and most usual, method of esterification is the
use of an alcoholic solution of the amino acid saturated

84

with hydrogen chloride. The classical method of liherating

esterified amino acids from their hydrochlorides is by
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means of ethanolic sodium ethoxide,” another way is the
treatment of the salt with a chloroform-ammonia solution,
followed by the removal of the ammonium chloride by
filtration86. Removal of the methyl or ethyl ester may be
performed by using alkaline or acid conditions, However,

in the case where there is & nitrogen mustard residue 'White25
has found that the methyl ester is more easily removed than
the ethyl ester without hydrolysis of the halogen atoms.
Other procedures which have been used for the formation of
the ester,??;om the free amino acid, methanolic thionyl
chloriae®? ana from the N-acylamino acids by the use of

methanolic sulphuryl chloride?8

ester interchange with methyl
0 ethyl formate or acetate?9 and esterification using an
ion exchange resih as catalyst.
Tertiary butyl esters have come to the fore in recent
91

years because of their ease of removal. Roeske obtained

these esters by the acid (H2SOQ) catalysed addition of the

amino acid to isobutene.

H2NCHRCOOH + MezC:CH2 e HQN.CHR.CO.O.C(CH3)3

The teytiary butyl esters are preferentially removed by
the action of hydrogen chloride in benzene in the presence
of N-benzyloxycarbonyl groups. However, both tertiary

butyl and N-benzyloxycarbonyl groups are removed by the

action of hydrogen bromide in acetic acid. Anderson92 has
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shown that tertiary butyl esters are removed by p-~toluene-
sulphonic acid, while N-benzyloxycarbonyl and trifluoroacetyl
groups are stable under these conditions. Eowever, under
alkaline conditions the N-trifluoroacetyl group can be
removed without the tertiary butyl ester being touched.
Tertiary butyl esters have been prepared by Vollmar and

Dunn93 from the acid bromide e.g.

ButOH
R.CH,.C0.0H ——> Br.CER.CO.Br —>  Br.CHR.C0.0 Bu,
lﬁaNs
Hy/Pt0,
d r )
NE, .CHR.C0.0 Bu, < N,CHR.C0.0 Buy

Tashner 23_2194 produced the tertiary butyl esters of various
amino acids by direct esterification using perchloric acid
as catalyst, and also produced these esters, of N-protected
amino acids, by an ester interchange with tertiary butyl
acetate, again using perchloric acid as catalyst?5

Benzyl esters are an exceedingly useful tool in this
work, for they can be removed by hydrogenolysis over 2
palladium catalyst at atmospheric pressure?6 Their use,
however, was limited until satisfactory methods of their
preparation were devised by direct esterification using
benzene sulphonic acia®7*?? ana p-toluene sulphonic acial?

98

Erlanger and Hall used polyphosphoric acid as the

catalyst and dehydrating agent for the production of benzyl
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esters of free amino acids. Usually the water produced by
these esterifications is removed by azeotropic distillation.

Schwarzloo’lOl

has been the advocate for p-nitrobenzyl esters
which he has prepared by the action of p-nitrobenzyl chloride
or bromide and triethylamine on the N-protected amino acid.
These esters are more stable than the unsubstituted benzyl
esters towards hydrogen bromide in acetic acid. They are,

how%%r, removed by catalytic (10% Pd/C) hydrogenolysis.

Protection of a-amino groups.

There are far more methods of protecting the a-amino
group than the a-carboxyl function, although it must be said
that the short review on the methods of protecting the
a-carboxyl group given above is not exhaustive. In this
section only the more common N-protecting groups will be

reviewed.

Benzyloxyecarbonyl and related derivatives.

This group is the most widely used amino protecting
group, and most probably will continue to be so.
N-Benzyloxycarbonyl derivatives are made by treating the

anino acid under Schotten-Baumann conditionsloz, with

benzyl chloroformate%o3

Bergmann and Zervasloz) found that the benzyloxycarbonyl

group could be removed by catalytic hydrogenolysis.,

However, this method of removal is unfortunately not
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selective between benzyloxycarbonyl and benzyl ester

derivatives,

H
9 -
PhoCH2.O.CO.NH.CIm.CO.OH ——9 Ph.CH3 + RCH.NH.C0.0H
Catalyst |
Co.0H
CO2 + R.CE.CC.CH J
‘ Y
N,
Another method of removing the N-benzyloxycarbonryl group is
reduction with sodium in liquid ammonia}o4 It can be
105,106

removed selectively with N-hydrogen bromide in acetic
acid at room temperature, for one hour. Under these nild
conditions most other sensitive groups, such as ethyl and

benzyl esters, thiol esters and anides are largely

&
unaffected%oB’lob
HBr
Ph.CHz.O.CO.NHR + 2HBr ———> Ph.CHz.Br + CO2 + NHz.R

The reaction is usually performed in glacial acetic acid,

107 has been used, and the progress of

although nitromethane
the reaction mey he. fo0lloved by dtha ‘evolution of carbon
dioxide. If one is lucky the hydrobromide of the free
amine may crystallize out of the reaction solution,

One of the disadvantages of this protecting group is
that it is not stable to alkali. Under quite strongly
alkaline conditions it ecyclizes to the éubstituted

imidazolidine derivative}o8
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R 0 R 0
4 ‘ 7
CH —— C\ Alkali CH—-—-—C\
| w- —— | e
, /
NH =~ O - 0,CH,. NE e
(‘)' C o Ph C%O

Recently Birkofer et a1}09 have used triethyl silane to

remove selectively the N-benzyloxycarbonyl group

R.CH.CO.0H : PACl, g . c@.co.0 SiEt,
| + (Czﬁs)SiH —_— |
NE.CO0.0 CH2.C6 H5 3 Et3N NE.CO0.0 CH2.C6 H5
CH QOH -y ~ J/’\ (“‘"
Et,Si0CH; + R.?H.C0.0H A - “'TH'VO'“ Silty

Another method of removal is t0 use anhydrous trifluoro-
acetic acid}lo Derivatives of N-~-benzyloxycarbonyl groups
have been used, the p-~nitro analogue having been -advocated

111 because the chloroformate used in its

by Carpenter
preparation is a stable crystalline solid, unlike benzyl
chloroformate. The p-nitrobenzyloxycarbonyl protecting
group is easily removed by hydrogenolysis.

112 have introduced the use of

Weygand and Hunger
p-methoxybenzyloxycarbonyl azide for the formation of the
carbamate by reaction with the amino acid. The azide 1is

prepared as shown,
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MeO.@..CHQ.OH - 01.00.0@——> MeO.@.CHQ.O.CO.O@

N2H4

MeO..CHz.O.CO.,N3 L MeO.@.CHz.O.CO.NH.NHZ

Amino Acid

Me0.©.CH2.O.CO.NH —_—

This protecting group is removed by anhydrous trifluoroacetic
acid at 0%, under which conditions the unsubstituted

benzyloxycarbonyl derivatives are stable.

Formyl Derivatives,

Although Emil Fischerl13 used the formyl group to pro-
tect the a-amino function of an amino acid it was not until

Sheehan et a1%14

studied it that the formyl group has been
used extensively for N-protection. The amino acid is
formylated by treatment with formic acid and acetic anhydride
to give an optically pure product. The group is readily
removed by alcohols containing a slight excess of
OZSQ-hYdroohlorio acid}l4 or by oxidation with hydrogen
peroxide].‘15 The formyl group is very resistant to alkaline
conditions used for removal of ester groups. It will be

remembered that the N-benzyloxycarbonyl group is cyclized

under these conditions. The main disadvantage of the
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formyl derivative is its tendency to racemize or even
decompose under the influence of many coupling procedures;

except the dicyclohexyloarbodiimide coupling method}14

Trityl Derivatives.

The group is introduced directly on thevamino acid, in
the presence of base, by the action of triphenylmethyl
chloride. Sometimes the amino acid ester has been used,
tritylated, and then the ester removed by alkaline hydrolysis,
or by hydrogenolysis in the case of benzyl esters. The
trityl group is easily removed by mild aoidic hydrolysis
e.g. 2 minutes at 100° in 50% aqueous acetic acid. It can
also be removed by calatytic hydrogenolysis. Three groups
of workers have thoroughly explored this field%16’117’118
The only disadvantage of this group is its large size which
‘may cause sufficient steric hindrance to give poor yields in

coupling reactions}l9

Tosyl Derivatives.

This group only became important when it was found
possible to remove it by the reductive action of sodium in
liéuid ammonia}20 The protecting group is introduced by the
action of toluene-p-sulphonyl chloride on the amino acid

under Schotten-Baumann conditions.
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The other way of removing the tosyl group is the action

of hydrogen bromide and phenol in acetio acid}21

Alkoxycarbonyl Derivatives.

The tertiary butyloxycarbonyl group has proved to be
the most useful protection group under this heading.

. Anderson and McGregor122

prepared them from tertiary butyl
p-nitrophenol carbonate which reacts with the free amino

group to give the carbamate.

N02.®.O.CO.CI + HO.C(CH), —> No2.@>.o.c.o.(3(0113)3

=0

0 NH2.?H.R
N02.<::>.0Na + (OHy)5C0.C.NH.CH.CO.0Na & C0.0 Na
 at

The tertiary butyloxycarbonyl group is removed by
hydrogen chloride in acetic acid. Schwyzer gj_gi%zB have
prepared a number of tertiary butyloxycarbonyl protected
amino acids by using the stable t-butyl azidoformate

(XXXVIII)

(cH C.0.CO0.N, + H

3)3 3 oN.R —> (cH

C.0.CO.NH.R + NH

3)3 3

(XXXVIII)

This protecting group is easily removed by the action of
trifluoroacetic acid, but not acetic acid. It is unaffected

by catalytic hydrogenation, or by sodium in liquid ammonia.
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Other protecting groups.

There are a large number of protecting groups for the
a—-amino function of an amino acid which have not been
mentioned above, e.g. the trifluoroacetyl, phthaloyl, etc.
groups. For further information on these and the other
protection groups the reader is directed to two excellent

reviewslizq’125

COUPLING METHODS.

Acid Chlorides.

This is the oldest method for the production of the
amide bond, but the method is falling into disuse because
of the risk of racemization, due to the spontaneous

formation of oxazolone hydrochlorides (XXXIX)

; +
NH-—-—(|L‘H———R ﬁn ICH R
A
— C0.C1 -C co c1”
AN .~
0 0
(XXX1X)

~

The oxazolone reacts with amines in the same way as do
acid chlorides but they are easily racemized. Cyeclization
of benzyloxycarbonylamino acid chlorides is slower, and the
oxazolone hydrochloride (XL) loses benzyl chloride forming

& N-carboxyanhydride
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+

c1” ﬁﬁ———?ﬁ+——n NH—————?HR
Ph.CH,.0 —C co —> Ph.CE,.Cl + ,_. //c;o
0 0
(XL)

However, the acid chlorides of ¥-tosyl and E—phthaloyl amino

acids behave satisfactorily and are still sometimes used%26

Acid Azides.

First introduced by Curtius127 60 years ago the method
has one disadvantage in that it is a multi-stage process.
However, its main advantage is that it is the only coupling
method which has not produced any racemization of either of

the two components involved in the coupling.

E+09 - | NoH,
X,N.CHR.CO.0H —> X,N.CHR.CO.0Et ——> X,N.CHR.CO.NH.NH,

HNO,,

NH2.CHR'002Et
X2N.CHR.CO.NH.CHR’CO.0Et < X

2N.CHR.CO.N36

~N

NH2CHB’CO.OEt

X2N.CHR.NH.CO.NH o o—— X2N.CHR.NCO

CHR!CO.0Et

(XLIT) (XLI1)
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It is necessary during this preparation to work quickly
because of the instability of the azide which deconposes to
form the isocyanate (XLI) which will then forn the urea
(XLII) as a by-product. Modifications to the above method
include the use of nitrosyl chloride and butyl nitrite in
place of nitrous acid to form the azide; and to ninimize

128

urea fornation, The sinple ester is not used but instead

the terninal resid::z is made a benzyloxycarbonyl—}29 or a
ﬂ-trity1-130 or a t-butoxy-carbonyl-hydz;azide%31 Hofmann

H
et a1].'29 used 4R-2-thio-5-thiazolidones, prepared from the

amino acid and carbon disulphide, and condensed them with
benzyloxycarbonylhydrazine, e.g.

R
|

CH
/"N
HN

=0 4 , H,N,NH,CO0.0,.CH,.Ph —> H2N.CHR.CO.NH

2 2

m—aQ

|
S=C

Ph.CHz.O.CO.NH

Hydrogenolysis gives the free hydrazino group which can
be converted into the azide etc. Unfortunately the
process for forming the S-thiazolidone causes racenization

and so the phthaloyl conpound was used instead.

2 0

®..Qm.co.01 + NH, ,NH.CO.OCH,.Ph — @:;N.cg;la

R N
{ L }
H,N.CH.C0.NH.NH,00,0CH, .Ph < Ph.CH,.0.C0.NK
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WéygandlSo prepared N-tritylhydrazine and coupled it with the
a-carboxyl group of an amino acid by means of dicyclohexyl-
carbodiimide; thus removal of the trityl group exposed the
free hydrazino group which would then be ready for the azide
method of peptide synthesis,

Klee and Brenner131 used the t-butoxy-carbonyl-hydrazide
grouping, e.g.

— 0 N 0
il Ve e - fl
l -C-NXN + (CH)C.OH-—-—>I ‘N - € - 0.C(CH,)

1l,lcarbonyldiimidazole

274

(cH

B)BC.O.CO.NH.NHZ 'é-—'J
+ Amino Acid

Dicyclohexylcarbodiimide

y V™~ CO.NH.NH.CO.0 C(CHB)

3

The teriiary butyloxycarbonyl group can be removed, by any of
the methods mentioned above, to reveal the free hydrazine

group ready for the azide coupling procedure.

Mixed Anhydrides derived from Carboxylic Acids.

This method of formation of the amide bond was pioneered
by Wieland132 who prepared mixed anhydrides by the treatment
of N-protected amino acids and benzoic acid, the former

with benzoyl chloride and a tertiary amine in an inert solvent,
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X,N.CHR.CO.0H + Ph,CO0.Cl —> XZN.CHR.CO.O.CO.Ph

2

H2N.CHR'CO.OEt

Ph.C0.0H £ XzNoCHR.CO.NH.CHR'C0.0Et

and showed that the mixed anhydride so formed reacted with
amino acid esters to form the peptide. Boissonnas133
found that mixed anhydrides (XLIII) derived from ethyl
chloroformate also could be used to form the peptide.

C1.C0,0Et
X2N.CHR.CO.OH et X2N.CHR.CO.O.CO.OEt

XLITT
H2N.CHR'CO.OEt

CO2 + EtOH + XzN.CHR.CO.NH.CHR'002Et

134 that isobutyl chloroformate is superior

It has been found
to the ethyl compound in a comparative study of the various
mixed anhydrides derived from various alkyl chloroformates.
It is possible to use the free amino acids as their
salts in aqueous solution as the amino component in the
coupling reaction but the yields are poor. To increase the
yield it is better to use the esters in a suitable inert
solvent. One of the disadvantages of this method is the
fact that racemization is quite prevalent. Racemization

usually increases as the time and temperature for anhydride

formation are increased, but the most important factor is
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the nature of the solvent. Racemization is reduced in

non polar solvents and in the absence of base; chloroform135
and dimethylformamide are poor in this respect, since both
of these solvents dissolve the triethylamine hydrochloride,
formed during the preparation of the mixed anhydride, which
may influence the rate of racemization. Another disadvantage

of this method is that the anhydride can disproportionate

e.g'

2R1.CO.NH.CH32.CO.O.CO.OR —_— (Rl.CO.NH.CHRz.CO)zO

3

+ (33.0)200 + 1 COy

Disproportionation is favoured by long reaction times during
the anhydride forming step, also low temperatures during
this stage lowers disproportionation.

Ester formation is also found to occur and it has been
suggested that this is due to the loss of carbon dioxide

from the mixed anhydride,

R, .CO.NH,CHR,C0.0.CO,0R, —> Rl.CO.NH.CHRz.C0.0R + CO

1° 2 3 3 2

An alternative explanation would be that the mixed anhydride
reacts with the alcohol liberated during amide formation.
Another explanation can be accommodated if there is some
base present with the mixed anhydride, for then a modified
Dakin-West reaction can occur, or by the intra-molecular

mechanism shown.



C6H5.CH2.CO.O.CO.OR & B —> C6H5

B + CGHS.CHZ.CO.OR + CO2

Urethanes are also sometimes formed, and this can be
interpreted by having some unreacted chloroformate present
which reacts with the amine, or by the amine attacking

carbonyl (b) below:

0 0
it ! -
C6E5.O.CO.NH.CH"C-—~O-——C.O CZHS + HZN.R —
(a) (b)
(a)
(b)
C6H50.CO.NHQCH.CO|NHR <
C,H.0.CO.NH.R & ~

275

With this reaction it can be seen that various spurious side
reactions can occur, but these can be kept to a minimum by
the correct choice of alkyl chloroformate, time of

formation of mixed anhydride, solvent, and temperature. All
these factors play an important part in order to get an

optically pure product in reasonable yield.

Mixed anhydrides derived from Inorganic Acids.

These include sulphuric acid anhydrides produced by the
treatment of the lithium salt of N-protected amino acids

with the dimethylformamide complex of sulphur trioxide%36’137
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+

N.CHR.CO.0H + SO _O.CH:NMez — X2N.CHR.CO.O.SO H

Xg 3 3

+ H.CO.NMe2

Sulphonyl chlorides have been used, and the scope, and the

yields obtained, appear to be comparable to those with the

chloroformate proeedure:.l38 Other inorganic acid derivative3159
which have been used are the a-acylaminoacyl phosphates
of general formula (XLIV).
0 ~ OR
VA
R,.CO.NH.CHR,.C,0,P—> 0 (XLIV)
\\OR
4
For fuller details of these methods and of others see
Albertson%Qo
Activated Esters,
This method is based on the observation that some
esters are unusually reactive towards amines. A large
141

number of different types of ester have been used. Wieland
used the phenyl thiolesters XzN.CHR.CO.SPh of N-protected
amino acids and showed that they coupled with the sodium
salts of amino acids in aqueous solution. The analogous
p-nitrophenyl thiolesters are more reactive than the
unsubstituted compounds. The method which has found

142

extensive use is due to Schwyzer who first used the

cyanomethyl esters, They are prepared from the N-protected
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amino acids by the action of chloroacetonitrile in the
presence of a tertiary amine. These esters couple readily

with amino acid esters, the reaction being catalysed by

acetic acid143

RNH.CHR!CO.0OH 4 C1.CH,.CN —> RNH.CHR'CO.O.CHZ.CN

2'

HZN.CHR".CO.OEt

HO.CH,CN ;- RNH.CHR'CO.NH.CHR".CO.OEt

However, the most popular activated esters used are

144

those due to Bodansky, namely the p-nitrophenol esters.

These are formed from treatment of N-protected amino acids

with p-nitrophenyl sulphite or phosphitez‘45

Et0.S0.C1 + HO.@.N02 + Et,N —> EtO.S0.0.@.NOz

R.NH.?HQ

R.NH.CHQ.CO.O.@,Noz ¢ Pyridine CC.0H

or

(N02@0)3 P #+ R.CO,0H —> R.CO.O.@.N02

The p-nitrophenol esters are also formed by the condensation
of p-nitrophenol and an N-acylamino acid using the mixed
anhydride or dicyclohexylcarbodiimide procedures%46 The

esters, which are usually crystalline solids, couple ensily
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under mild conditions with amino acid esters. Some
racemization has been reported but in spite of this they

are a very popular method of preparing peptidea.
RNH.CHR'CO.O.<::>.N02 + HyN.CHR',CO.OEt

e3> RNH.CHR!CO.NH.CHR*'.CO.O0Et + HO.C6H4.NO2

Other activated compounds which come into this class are the

propargyl, 0
: 1. i )'\
CH.C.CHZ.Br ¥ . HOOC.CHZ.N \| N.CHQ.CO.O.CH2
ECiC
0 HEN.CH2.CO.QEt
HCiC.CH,.0H + 7 .CH, .CO ,NH.CH, .CO.0Et ¢—
W
148 | 149
v1ny1, and the esters prepared from N-hydroxyphthalimide

(XLV ), e.g.

0
+ HO.OC, CHE.NH .CO, OCH2.Ph : :
\
// Dicyclohexy
carbodi-
(XLV ) /)g\ , inide
/
— \! .O.OC.CHQ.NH.CO.OCHzPh
R
NH2.CH.CO.OCH3

e Ph.CHz.O.CO.NH.Cﬂz.CO .NH.CHR.CO.OEt

+ (XLV ) 



- 69 -

Isocyenates.

The nmethod uses the fact that reaction between a carboxylic

acid and an isocyanate leads to a mixed anhydride of the

carboxylic acid and a carbamic acid, and that the mixed

anhydride decarboxylates when neateato0s 131

R R

I
- CO,0H , OCN,CH,.CO,0Et > - C€0,0,CO.NH,.CH.CO,0Et

- CO2

R

|
- CO.NH.CH.C0.0Et <

The isocyanates are prepared from the hydrochlorides of amino
acid esters by means of phosgene. The method is not widely

used but applications of the method can be found%52’153’154

Acylimidazoles.

NN'-Carbonyldiimidazole (XLVI) reacts readily with
a—-acylanino carboxylic acids to form a-acylaminoacylimidazoles
(XLVII) and these have been used in peptide synthesis}55
The yﬁ'—carbonyldiimidazdle is prepared from phosgene and
imidazole in dry benzene. The reagent is added to an
equinolecular amount of a-acylamino acid in an inert solvent
at room temperature, sufficient time is allowed for the

compound (XLVII) to form before the amino acid ester is

added,
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0
T:\ T /31
(XLVI)

N N
::\ .. . F_
_NE o+ 00y Cg s - CH, . 0. CO. NH. CH, CO. K ’e——

l H,N.CHR'CO.0Et

N
/‘::
.CO.NH.CHR'CO.0Et & HN ,

Racemization has been encountered with this method. g

Carbodiimides.

This method156’157 must surely be the most popular
coupling procedure used today. The coupling is performed
in an inert solvent although it may be carried out in the
presence of water, In general for one equivaleﬁt of
a-acylamino acid there are employed 1 to 1.25 equivalents
of the carbodiimide and 1 to 2 equivalents of amino acid
ester, The three reactants are dissolved in a solvent
(methylene chloride, acetoniq}ie are the best) and the
reaction allewed to proceed at room temperature usually for
4 to 18 hours., The insoluble dicyclohexylurea crystallizes
out. Although racemization has been encountered, it has
been found that there is 40% to 100% retention of configur-

ation, The other drawback of this method is the formation
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of acylureas. It would appear that the solvent plays a

part in the tendency to form acylureas. Khorana used dioxan,
tetrahydrofuran, chloroform and ether as solvents and always
obtained acylureas as by-products}56 but not in methylene
dichloride or acetonitrile%57 Low temperatures, it would

158

appear, suppress acylurea formation,

H-l-

+
RlN = 0 = NR2 e RlN = C = NHR2 ——————
(-)
R3C0.0
Rl.N.CO.NH.Rz e R1N=C—NH.R2 D —
I I
C =0 0
: 5o
3 P
R

an acyl urea

The relevant literature of this method can be found with the

following references156’159’160.

Isooxazolium Salt method.

Woodward and his co-workers161 found that enol esters

could be produced by the action of carboxylate ions with
isoxazolium salts. This reaction has been used for peptide

synthesis}62

N-Ethyl-S-phenyl-isoxazolium-3'-sulphonate
(XLVIII) reacts with N-protected amino acids to give the

enol esters, which are not isolated, but are reacted with the
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amino acid, The mild conditions and rapid reaction, little

racemization and good yields could make this method very

useful. -
S0,
‘/O\+ JKi,o
RQ'NH.CHR!COQO(-) + ' N‘Me —‘> N.Me
/ W
(XLVIII) \\
‘/) 0.CO. c& NHR A
R.NH.CHR!CO ,NH Lo (/
< \ .CO. CH.NHR

Et0.0C.CH.gp" Amino Acid ﬁ.NH Me

Ester

NH, .CHR".C0.0Et N Me

Protection of groups other than a-amino or a-carboxyl.

The mixed anhydride procedure for coupling interferes

with the phenolic group of tyrosine, so the tosyl163

carbobenzyloxy,l64 and acety1168 derivatives have been used.
With the dicyclohexylcarbodiimide method no protection is
required. Alcoholic groups are usually insufficiently
reactive to warrant protection When used in coupling
reactibns involving the carbodiimide, azide or activated
ester method. However, in the case of serine, the O-acetyl
compound157 has frequently heen prepared. Thiol groups
must be protected and usually the benzyl group is chosen%64
The benzyl group can be removed by using sodium in liquid
165

ammonia, Although, because of its acidity and
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oxidizability the thiol group has to be protected,the S.Me
group of methionine is stable. The only precaution that needs
to be taken is when removing N-benzyloxycarbonyl groups by

the action of hydrogen bromide, because of the possibility of
alkyl exchange with the benzyl bromide 1iberated}63 The

Ph,CH,.Br + _
-S.Me ~> Ph,CH,.S.MeBr~ ——> Ph.CH,.S + Me.Br

protection of amino groups is also essential. If both N-
protecting groups can be removed simultaneously after
coupling the a-carboxyl group, then the same group can be
used to protect the two amino functions., However, if only
one amino group is required to be protected then two ways are
open, namely monosubstitution, or disubstitution and then
removal of one of the protecting groups. It will have been
noted that several of the N-protecting groups, given in a
previous section, are stable in one medium while another was
not; obviously the correct combination of protecting groups
has to be worked out. Monoacylation of an amino group

other than the a-amino group is effected by the use of the
copper chelate; there are several examples of this method in
the literature. The y-carboxyl group of glutamic acid can
also be preferentially protected by using the copper complex,
with benzyl chloride}66 The yv-methyl ester of glutamic acid
has been prepared167 using methanol and thionyl chloride at

a low temperature.
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The above methods for protecting groups -other than the
a-amino or a-carboxyl functions are only some of the methods

available. The reader is directed to the reviews on this

and the coupling reactions by Fruton}08 Goodman et al%?4

Rydon}25 and Albertsony*O
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CHAPTER V

THE SYNTHESIS OF AMINO-ACID NITROGEN MUSTARD DERIVATIVES

DESIGNED TO BE POTENTIALLY SELECTIVE FOR TUMOURS

The experimental work described in this thesis is a
continuation and development of the previous studies made
in this Department by Owen 23_2122’13’169 for the preparation
of drugs with increased specificity towards tumours,

It has been noted in Chapter I that there are many
biological and chemical variables which can be exploited in
order to increase the specificity of a drug, onme of which,
facilitated diffusion, applies to amino acids, which are
actively transported through cell membranes. Because a
tumour usually loses its differentiation, and because its
rate of growth is faster and less controlled than that of a
normal cell, it would seem reasonable that the utilization
of amino-acids would be greater by a tumour cell than that
of a normal cell from which it had been derived. For these
reasons amino-acids cafrying a nitrogen mustard residue
have been prepared, since they might be absorbed in greater
quantities in the tumour than in the normal tissue in which
it is found. As mentioned in Chapter II, amino-acid
derivatives have already been described by other workers}éqa

but those prepared by the present author were generally of

a novel type.
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It is already known that the nitrogen mustards RNH2 and
ROH™ have good anti-tumoural properties, but suffer from

the disadvantage of béing highly toxic, i.e. their C.I. is

low.
Cl.CH2.CH2\
’ N .NH2 RNH2
Cl1.CH,.CH,”
g+ CHy
01.0H2.032\
N.@.OH ROH
01.CH2.0H2/

It will be recalled, however, that groups which withdraw
electrons from the tertiary nitrogen atom effectively reduce
their toxicity. Thus amino~acids attached to these two
nitrogen mustards via the peptide, ester, urea or carbamato
linkage would be expected to detoxicate the nitrogen mustard
and to be actively transported across cell membranes. At
the tumour site, enzymes present or induced by potentiation
might then split the linkage between the amino~acid and

nitrogen mustard and release the free alkylating agent.

®In this and the following Chapter, the aromatic nitrogen
mustard radical will be abbreviated to R, when it is the
normal di-{(2-chloroethyl) type. The analogous dibromo-

compounds will carry the abbreviation Rt,
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Further specificity was hoped to be attained by using various
protecting groups on the free a-amino function and so require
utilization of other enzymes to remove them. Because
carbamates are known to possess cytotoxic properties, formation
of this particular type of protecting group could be an
additional advantage. However, it was realized that any

such increased specificity would most probably be at the
expense of reducing the ability of the drug to be transported
preferentially across a cell membrane.

It will be remembered that various amino-acid antagonists
have anti-tumoural effects. Thus a compound containing both
a nitrogen mustard and an amino-acid antagonist could prove
useful, provided that the correct enzymes are present in the
cell to release the two active portions. Preparation of

several such compounds are described.

Derivatives of DL-Ethionine.

An amino acid is involved in a number of different
metabolic functions, and it is expected that its analogues
(e.g. ethionine is an analogue of methionine) are at least
potentially capable of exerting effects at several sites,
probably, however, with varying degrees of effectiveness,
and so there is no reason to suppose that they are absolutely
excluded from any pathways of amino acid metabolism,

Ethionine is known to be metabolized in the rat, and has been
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found to inhibit growth and/or protein synthesis, by taking
the place of methionine in a number of reactions. It has,
however, some toxic effects which are most probably due to
the formation of ethyl analogues of essential metabolites,
or may be due to synthesis of proteins containing ethionine
and so interfering with the pattern of the proteins. For
these reasons DL-ethionine was chosen to be one of the amino
acid carriers of the nitrogen mustard RNHQ.

As has been seen (Chapter IV) it is necessary to protect
one of the functional groups of an amino acid in order to
form the peptide bond with the other; here the N-formyl and
N-methoxycarbonyl groups were used.

N-Formyl-DL-ethionine (XLIX) was prepared from 90% formic
acid and acetic anhydride, the formylating agent probably

being the mixed anhydride (L).

0
L CH 0 CH
C i3/ o+ 3 -
: el ‘\~?:fjm = 0 ——> H-C-0-6-0
H 0 H o0
¢’= 0 C=0
Mok, éH
3 3
0 0 0 cH
Qu N i i 3vf\
H-C-0-C-CH, —— H-C-0-C YOH
( 3 ]
[ 1] J 60
CH,, . CH,, . CH.NH (L) i
| | 6 =0
3
> EtS.CH,.CH,.CH,NH.CO.H (XLIX)

CO0,0H
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The formylated derivative (XLIX) was obtained as an oil and
used directly in the coupling procedure. The mixed
anhydride method of preparation was not examined because of

the reported low yields,llll

and so the NN'-dicyclohexyl-
carbodiimide method was used. The formyl derivative was
dissolved in chloroform and had added to it the amino
nitrogen mustard (RNH,) which was in the form of its
hydrochloride. The nitrogen mustard was freed from its
salt in situ by the addition of 1 equivalent of triethylamine;
heat was evolved and it was necessary to cool the reaction
mixture to room temperature before addition of the NN'-
dicyclohexylcarbodiimide in orderlto suppress the acylurea
formation. Volunes were kept to a minimum in this and in
all subsequent preparations in which the carbodiimide method
was used. This is because the reaction of the free amino
group with the N-formyl-DL-ethionine-carbodiimide adduct
(LI) i~ intermolecular whereas the rearrangement of the
adduct to the azcylurea (LII) is intramolecular.  Thus
minimum volumes of the solvent should favour formation of

the peptide intermediate%70
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The crude product was chromatographed on alumina, a pro-
cedure always followed for all the compounds prepared by
this method, in order ﬁo renove any acylurea férmed as a
by~-product. In this way the purc compound (LIII) was
obtained. The yield from this particular reaction was not
very high, most probébly due to the impurity of the

N-formylated amino-acid.
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The conpound (LIV),containing the carbamate group,
was prepared as an o0il from DL-ethionine and methyl chloro-
formate, using standard Schotten-Baumann conditions. It
was characterized as the anilide (LV) which was ﬁrepared by

using the carbodiimide coupling procedure.

MG.O.CO.NH.CH.COOH Me.O.CO.NH.CH.CO.NH.C6H5
CHz.CHz.SEt CH2.CH2.SEt
(LIv) (Lv)

The nitrogen mustard derivative of (LIV) was also prepared

using this coupling procedure for formation of the peptide

bond, and gave (LVI) in 3%3%% overall yield calculated from

the starting quantity of DL-ethionine. This was higher

than that for the formyl derivative (LIII).
Me .CO,0.NH.CH.CO.NE.R

(LvI)
CH, . CH, .SEt

Derivatives of L-Glutamic Acid.

Folic acid (pteroylglutamic acid) is a vitamin which
plays an essential part in the production and maturation-

of red blood cells.

OH
= | N OH, . NH. <::> 0. NH. CH.CHz.CHz.COOH
1, NAN COOH
N =

Folic Acid (Vitamin Be)
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It has been found that replacement of glutamic acid by
aspartic acid affords pteroylaspartic acid, which is a
conpetitive antagonist of folic acid}71 Thus it can be seen
that L-glutamic acid is an important precursor of Folic
acid, and that if a nitrogen nustard residue was attached
tq the o~anino group of L-glutamic acid, sites which utilize
tﬁe amino acid for the folic acid synthesis might release
the free nitrogen mustard. It is, of course, realized that
L-glutamic acid is found in other organs, e.g. brain, kidney
and liver, but since the turnover of red blood cells is so
high it would seem reasonable to suppose that the chances of
administered L-glutamic acid or its derivatives of being
incorporated into folic acid would be quite high,

It is a known fact that the urea linkage is relatively
stable in the body, there being few naturally occurring
enzyizes for its hydrolysis; thus a nitrogen mustard linked
to the L-glutamic acid moiety via such a linkage, e.g.

(LVII) would probably have low activity, this perhaps being

RNH,CO,NHE.CH.COOH

CH,, . CH, . COOH (LVII)

20
an advantage in that the drug could have a better chance
of reaching its destination without premeture hydrolysis
occurring some distance away from the important site. For

such a drug to be activated, however, it would probably be

necessary to potentiate its action by prior induction of
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a suitable enzyme at the tumour site,.

Another important aspect of this type of compound is that
i® hes solubilizing grxoups available in the form of the a- and
yY-carboXyl groups, because drugs which are soluble at
physiological pH, or at the lower pH of neoplastic tissue,
could have advantages over those which are not, Thus they
could be rapidly transported to the site of action, althqugh
due to their ionized condition they may find difficultylgg
being transported through cell membranes, They would also bhe
less likely to be precipitated in vivo, and they would also be
more suitable for clinical administration.

Bearing these points in mind it was considered worthwhile
that the drug (LVII) should be synthesized.

The dimethyl ester hydrodhlorida of L-glutamic acid was

172

prepared by the method of Fischer and suspended in dry

chloroform saturated with carbonyl chloride. The isocyanate”3
(LVIII) was obtained by boiling under reflux for 12 hours;
the yield varied with the quantity of stayting material, which
could possibly be due to the formation of 5~-methoxycarbonyl-
2-pyrrolidone (LIX) the production of which appears to be
guite easy%73’l74 The isocyanate (LVIII) was characterized

as its methylurethane derivative, by reaction with methanol.
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CO.OCH3

(LVIII)
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CHZ.CO.OCH ——

3

:NH,R

¥V

CO.OCH3
NH
0

(LIX)

CO.OCH3

CH.NH.CO .NHR

CH2.CH2.CO.OCH3

(1x)

The isocyanate was reacted with the amino nitrogen

mustard (RNH2) in boiling ether-acetone (3.5:1) for 24 hours

to give the urea (LX).

Hydrolysis of this compound should

have given the required product (LVII), but when it was

boiled in a mixture of concentrated hydrochloric and glacial

acetic acids for 25 minutes the product had an equivalent

weight of 369 and was obviously not (LVII) which would require

only half this value.

occurred.

Cyclization of some kind had obviously
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The product was easily soluble in sodium bicarbonate
solution and so the structure (LXIII) is excluded. A |
molecular weight determination gave a value which was half
that required for the diketopiperazino compound (LXIV) so
this was also excluded. However, this still leaves structures
(LXI) and (LXII), both of which would fit the amalytical
figures. The infrared spectrum of the product showed bands
at 1770 em™} (- CO - N - CO - ) and 1713 om™} (COOH), but no
- bands in the region applicable to the secondary amide II band
(- NH -) or the urea (- NH.CO.NH -), but which occured in the
dimethyl ester (1660 cm-l). It is known that the amide II
band of a secondary amide is not seen in cyeclic structures
(i.e. LXI) but is seen in open structures (i.e. LXII); also,
comparison of the spectrum with hydantoin and sqbstituted
hydantoins confirms the structure as being of the form shown
by the compound (LXI). This is quite an interesting result
because there is no reason to think that the a-methyl ester
is pfotonated before the y-ester; thus it would appear that
the nitrogen atom (3) is more electronegative than the
nitrogen atom (1) due to the feed-back of electrons from the
benzene ring. There is, of course, no complementary donation
of electrons from the asgymmetric carbon atom to the nitrogen

atom (1).
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0
i

C
\N </o >9’ N
L\m +OH
CHBO\\C CH. CH2.CH2.C OCH,
3 +OH

(LXI1)

The compound was optically active and so no tautomerism had
occurred under the conditions employed, before ring ciosure

176 found that racemic

or afterwards; although Dbakin
hydant01ns could be prepared under acid conditions

It has been found177 178 that substituted hydantoins
can be converted by the body into their respective amino-
acids, It is hoped that this will apply to (LXI).

It has been noted that dimethyl ester glutamato compounds
have been easily hydrolysed, under alkaline conditions,
without cyclxzat10n175 Acid conditions were used here
because of the liability of the halogen atoms of the nitrogen
mustard residue to hydrolyse under alkaline conditions,
although there are exceptions to this general rule.

As has already been mentioned, the urea linkage 1is not
very susceptible to hydrolysis in the body due to the‘lack
of naturally occurring enzymes for this particular task.

Thus, in order to produce an adaptive enzyme to potentiate

the compound (LXI), the model (LXV) was produced by heating
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EtzN.<C::>.VH.CO.NH.?H.COOMe

CHZ.CHZ.CO.OMe

(Lxv)

the isocyanate-(LVIII) with Eﬂ—diethylig—phenylenediamine.

All the above compounds were optically active, but no
attempts were made to find if they were optically pure; it
would seem most unlikely that they were.

Another way of approaching this subject of utilizing
folic acid synthesis for the release of, or the incorporation
of, the cytotoxic agent one is using, would be to attach the
nitrogen mustard residue to the a-carboxy group of glutamic
acid. The o-amino group could be incorporated into the
folic acid molecule, assuming of course that there is not
any alkylation of the pteroyl system first, and so giving a
nitrogen mustard with folic acid as its carrier.

To achieve this aim it is necessary to protect the
Y-carboxyl and the a-amino functions of glutamie acid, and
then couple the a-carboxyl group with the amino nitrogen
mus tard (BNHZ). The y-benzyl ester of L-glutamic acid166
was prepared using copper carbonate to form a chelate with

179,180,181 leaving the

the a-amino and carboxyl functions
y-carboxyl group free to be esterified with benzyl chloride.
The copper complex was removed with hydrogen sulphide and

the a-amino group formylated using 90% formic acid and
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acetic anhydride (see p.78) to give the N-formyl-y-benzyl
ester (LXVI)%82 This was then converted into the mixed.
anhydride (LXVII), by reaction with ethyl chloroformate, and
a peptide linkage was then formed with the amino nitrogen
nustard (RNHZ), to give the required compound (LXVIII).
However, the product was impure, the yield, as previously

114 for N-formyl derivatives, was low, and optical

reported
activity had been lost. Albertson183 has found that
dimethylformamide, which was the solvent used in this case,
reacts with ethyl chloroformate, and one is led to think that

this occuxrred in this instance.

HCO.N4.CH.CG.0H
|
+ C1.C0.0Et
CH2.CH2.CO.OCH2<C::>

(LxvI)

] .
—_—> HCO.NH.CH.C\\ + NHZR
‘ 0.C0,0Et

H C.0.0C.CHz.CH

2 2

(LXVII)

—_— HCO.NH.?H.CO.NHR

CHZ.CHZ.CO.O.CH2.<:::>

(LXVIII)
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Racemization is very prevalent when the mixed anhydride

method is used, when forming peptides protected by N-acyl

group. Many examples can be found in the literature}84’185'186
and a review is given by Neuberger}87 It has been found that
racemization involves azlactonization, since Carter and
Stevens185 have managed to isolate the intermediate azlactone.
Thus the mixed anhydride (LXVII) is envisaged as forming the
azlactone (LXIX) which enolizes to (LXX) but which can still

react with the amino nitrogen mustard RNH2 to give (LXVIII)

B
|
H-—-—-C\C:O — H—C\/C:O
(\ZO \ 0
()IO.CO.OEt
‘ (LXIX)
(LXVII) ' :
(LXVIII) < H-C C - OH
\0/

(LxXX)

The first step is the formation of the azlactone, the
rate of which will depend on the activation of the carboxyl,
as well as the acyl functions attached to the a—amino
group. The use of mixed anhydrides derived from an N-formyl

amino acid and another acid stronger than carbonic, such as
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a carboxylic acid,would be expected to favour azlactonization.
The azlactone will most probably be opticelly active when it
is formed, but racemization will depend on the relative

rates of ionization and of hydrolysis of the ring. Thus
racenic products will be obtained if ionization is faster than
hydrolysis of the ring.

It has been found by some workers that proteins obtained
from malignant tumours contained a relatively large proportion
of D-glutanic aciat88s189:190 14 445 is so, it would seem
reasonable that the D-form of the racemic mixture of (LXVIII)
would tend to find its way to the tumour site and be rapidly
utilized, because normal cells use the unnatural isomer only
slowly.

The Y~benzyl ester was used because of its reported178
ease of removal by hydrogenolysis, but when this was attempted
with the nmustard derivative (LXVIII) over Adams' catalyst and
5% palladium-charcoal, the product was found to be starting
material. This was concluded from comparison of the infra-
red spectra of both starting and product materials, The

product was also insoluble in saturated sodium bicarbonate

solution.

Derivatives of Glycine.

The use of small molecules in the biosynthesis of many

of the complex substances found in living organisms is now
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well known. Glycine is a precursor of a wide variety of
nitrogenous compounds of great physiological importance; it
is known to be converted into serine, glutathione, proteins,
porphyrins, uric acid and nucleic acid purines.

In most animals the internal organs, with the exception
of the heart, are relatively rich in glycine, the greatest
concentration occurring in the liver, lungs and kidneys.

One of the metabolic pathways of glycimne is its inter-
conversion to serine by an active form of folic acid. Thus
it may be postulated that if the active form of folic acid
was alkylated then the interconversion of glycine to serine
could be stopped. However, since glycine is a precursor
for a large number of nitrogenous compounds, and because
nitrogen mustard derivatives of it may be actively transported
across cell membranes, a number of glycine derivatives have
been prepared. Various N-substituents have been used on the
a—-amino group, in order to confer more specificity to the
drugs.

N-Acetylglycine191 reacted with ethyl chlorofoxmate to
form the mixed anhydride. This in turn reacted with the
amine nitrogen mustard (RNH,) to form (LXXI). The solvent

used was NN-dimethylformamide which generally gives impure
products; the present case was no exception, although the
yield was 64%,

RNH,CO.CH,.NH.CO.CH (LXXI)

2 3



- 93 -

The reaction was repeated using NN'-dicyclohexylcarbodi-
imide as the condensing agent in dichloromethane but since
N~acetylglycine is only sparingly soluble in this solvent,
the heterogeneous reaction did not give such a good yield
(50%), although the product was far cleaner. The normal
precautions of cooling the mixture after the liberation of
the free amino nitrogen mustard from its hydrochloride with
triethylanine were taken, in order to reduce the amount of
acylurea formed. Another reason for the low yield could be
that the solvent volumes were comparatively large, and since
this reaction involves a competition between an inter- and
an intra-molecular process large volumes of solvents should
be avoided. A mixed melting point of the peptides made by
the two methods showed no depression.

N-Formylglycine was prepared by the method of Sheehan
gﬁ_gi}lk and condensed with the amino nitrogen mustard (RNHZ)
via the mixed anhydride formed with ethyl chloroformate in
NN-dimethylformamide to give the peptide (LXXII).
Recemization problems of course do not arise with glycine
and so the length of time (20 minutes) for the preparation of
the mixed anhydride does not matter from this point of view,
However, it is obviously long enough for some reaction with

183

the solvent to occur and lower the yield and give an

inpure product (cf. the N-acetyl compound).

RNH.CO.CH, .NH, COH (LXXI1)
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The reaction was repeated using EE'—dicyclohéxylcarbodi—
imide as the condensing reagent but due to the insolubility
of N-formylglycine in dichloromethane a mixture of solvents
was used, though the volume of reaction mixture was still
large. Although one of the solvents in the mixture was NN-
dimethylformamide, this method gave a far cleaner product and
a yield of 65%. Mixed melting points of the samples of the
peptide (LXXII) from both methods of preparation showed no
depression,

As already mentioned, the urethane group is of special
interest and it was comsidered worthwhile to include this
moiety in one of the glycine nitrogen mustard derivatives.

192 was prepared using normal

N-Methoxycarbonylglycine
Schotten-Baumann conditions, It was converted into the
mixed anhydride with ethyl chloroformate in NN-dimethylformamide
which was then reacted with the amino nitrogen nustard (RNHz)
to give the poptide (LXXIII). The yicld (77%) was better
than that for the N-acetyl and N-formyl derivatives prepared
by this method, even though the conditions were the same.

RNH.CO.CH, .NH.CO.0CH (LXXIII)

194

3
It has been reported that the N-dichloroacetyl
derivative of serine has some anti-tumoural activity, and so
it was thought interesting to produce the N-dichloroacetyl
derivative of glycine and couple it to the amino nitrogen

mustard RNHZ, via the peptide bond. Thus hydrolysis of the
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peptide bond (if this were to occur first) would release both
the mustard and N-dichloroacetylglycine which may have
comparable properties to that of the serine analogue. Or

the dichloroacetyl group might be hydrolysed off first,
leaving the free glycyl nitrogen nustard moiety to be actively
transported to the sites which utilize glycine, It is
interesting also to speculate whether dichloroacetic acid
could be incorporated into systems which use acetyl groups

as their precursors,and so cause the production of anti-
metabolites,

N-Dichloroacetylglycine was prepared by direct acylation
of the amino-acid with dichloroacetyl chloride in ethyl
ace’ca’ce!‘g3 This was then coupled to the amino nitrogen
rmustard (RNH2) by the use of NN'-dicyclohexylcarbodiimide as

the condensing agent, to give (LXXIV).

RNH. CO.CH, .NH.CO0.CHC1, (LXXIV)

Derivatives of DL-Methionine,

0f the various amino acids which have been used in this
work for carrying the nitrogen nustard moiety only methionine
is an 'essential' amino acid. Not only is it indispensible
but both the D- and the L-form can be wytilized by the rat.
Thus it would seem reasonable that if a nitrogen mustard

attached to DL-methionine was given to a tumour-bearing
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rat which had been fed on a diet deficient in DL-methionine
then the chances of the drug being utilized and of reaching
the required sites should be greater.

As already‘noted, the urea linkage is not easily hydro-~
lysed in the body, and so it was considered profifable to
prepare a nitrogen nmustard derivative of methionine containing
this linkage and attempt to potentiate it biologically with
a suitable precursor. Thus the compound (LXXV) was
synthesized. ”

RNH.CO.NH.CH.CO.OCH3

CH2.CHZ.S.CH3

(LXXV)

The methyl éster hydrochloride of DL-methionine was
prepared, using methanol saturated with hydrogen chloride.
The crude product was suspended in dry benzene saturated with
carbonyl chloride and boiled under reflux to give the oily

isocyanate (LXXVI) which was characterized as the urea

(LXXVII). )
1|vco | HQO Nﬁ.co.NH.02{5(0512)27scH3
CH.CHZ.QHZ.SCHS —_— (IJH(CHZ)Z.SCH3 CO.OCH3
€0.0CH, - 00.0CH,
(LXXVI) (LXXVII)

The isocyanate (LXVI) was then reacted with the amino

nitrogen nustard (RNHZ) in ether to give the urea (LXXV).
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The amino nitrogen mustard (RNH2) was also linked to
various N-substituted DL-methionine derivatives via the
peptide linkage in order to confer more specificity to the
resulting drug. Both the mixed anhydride and the carbodi-
inide procedures were used to perform the condensation,

194

N-Acetyl-DL-methionine was prepared and used to form

the mixed anhydride with methyl chloroformate in NN-dimethyl-
fornanide, 15 minutes being allowed for this. The nitrogen
mustard was then added, and the crude product was chromato-
graphed on alumina to give a 60% yield of the peptide
(LXXVIII).
RNH.CO.CH.NH.CO,CH

3

S.CH (LXXVIII)

l
CH2.CH2. 3
N-Formyl-DL-nethionine was prepared by the method of

Sheehan et al%lq and condensed, by formation of the mixed
anhydride with ethyl chloroformate, with amino nitrogen
mustard. The yield, as noted before for formyl derivatives

was poor, but analysis confirmed that the correct product,

i.e. (LXXIX) had been prepared.

RNH,.CO,CH,NH,COH

o (LXXIX)

2.CH2IS‘CH

3

N-Methoxycarbonyl-DL-methionine was prepared using
nornal Schotten-Baumann conditions from methyl chloroformate

and the amino-acid. The amino-acid now contains the
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inportant carbamato linkage, Further to enhance the action
of the nitrogen mustard derivative (LXXX) to be prepared from
this conpound it was thought to be of advantage to make the

model compound (LXXXI) for potentiation of (LXXX).

EtzN.<::>.NH.CO.CH.NH.C0.0.CH

5 (LXXX1I)
CH, .CH,.S.CH,
RNH.CO.CH.NH.C0.0.CH,
‘ (LXXX)
CH,.CE,.S.CH,

Both compounds were synthesized from the unpurified N-
protected DL-methionine, using the carbodiimide method to
form the peptide linkage. The model compound was prepared
in chloroform, the volume of which was kept small, but the
yield was only 40%, probably because crude starting
naterials were used. The nitrogen nmustard derivative was
prepared in dichloromethane and the nornal precautions were
taken but the yield was also low (39%).

The dichloroacetyl derivative of DL-methionine was
prepared193 because it may have properties similar to those
of N-dichloroacetylserine (see p.94). It was coupled with
the anino nitrogen nustard using NN'-dicyclohexylcarbodiinide
in nitronethane, The normal precautions were taken, and

yielded the product (LXXXII).
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RNH.CO.CH.NH.CO.CH012

(LXXXII)
2.0H2.5.0H3

|
CHz.CH
It seems likely that tumour tissue is composed of a
diversity of cell typeseach of which may require a specific

195 used a

kind of chemotherapeutic attack. Danielli
conbination of two aromatic nitrogen mustards and found that
very effective action on the tumours was obtained, and since
the toxic effect on the host was distributed the overall
danage was reduced. One of the compounds used was the
monofluoroacetate of RNH2 which caused fluoro-acetate poisoning
involving the central nervous system, and so it was thought
that the N-fluoroacetyl derivative of DL-methionine may be
useful in combination with other drugs.
N-Monofluoroacetyl-DL-methionine was prepared by fhe
action of monofluoroacetyl chloride on DL-methionine under
Schotten-Baumann conditions, to give an oil, the infrared
spectrun of which showed a band at 1680 cm~Y which is
characteristic of the amide group. It was sufficiently
pure to be coupled to the amino nitrogen nustard via the
peptide linkage, which was formed by the use of NN'-

dicyclohexylcarbodiimide, to give the required product

(LXXXIII) in 63% yield.

RNH,CO.CH.NE.CO.CH,F
l (LXXXIII)

S.CH

CH2.CH2. 3
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Derivatives of L-Tyrosine.

In the rat, phenylalanine is oxidized to tyrosine; the
reverse does not occur even in phenylalanine deficient rats,
and so tyrosine is not 'essential' if the phenylalanine
intake is adequate. Thus it would seem reasonable to
suppose that if a tumour bearing rat- was fed on a diet
deficient in phenylalanine it would most probably be deficient
in tyrosine as well, If then a nitrogen nustard derivative
carrying a tyrosine moiety was administered to the rat, then
one night obtain greater specificity.

Several groups39’197’198’199 of workers have prepared
nethylated forms of amino-acids in the search for anino-acid
antagonists in th; netabolisn of tumour cells, It would
seen reasonable that if some conmon amiﬁo-acids were nodified
to contain a portion of a natural antibiotic, antimetabolites
useful for cancer chemotherapy may result. O-Methyltyrosine
is a constituent of the antibiotic puronmycin and so it was
consideréd worthwhile to use this moiety attached to a
nitrogen nustard via the urea, carbamato, peptide, and ester
linkages. The amino nitrogen nustard was also linked to
N-protected tyrosine derivatives with free phenolic groups,
via the peptide linkage.

As nmentioned before the urea linkage is relatively
stable .in the body and so0 a L-tyrosine moiety linked to the

anino nitrogen nustard via such a linkage would probably have
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a low activity, but this could be overconme by potentiation
with the correct drug. Thus (LXXXIV) was prepared by the

schene shown,

NH, . CH.COOH CH, .CO.NH. CH,COOH CH3.CO.NH.?H.COOH
| l
Ac,0 . Me,SO
CH, 27 CH, 27 4, CH,
OH OH OCH,
(LXXXV) . (LXXXVI)
HC1
HC1 HC1
— NH,.CH.CoocH;  MOOF NHy - . COOH <
I
CH, CH,
coci, OCH, OCH,
(LXXXVIII) (LXXXVII)
— OCN.fH.COOCH3 RNH.CO.NH.?H.COOGH3
RNH =
CH,, 2__, CH,
OCH, OCH,

(LXXXIX) (LXXXIV)
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L-Tyrosine was selectively acetylated at the a-auino
position by the conditions used, which were to warm the anino
acid in the acetylating mixture on a stean bath, a few drops
of detergent being used to aid solubility. The product
(LXXXV) was obtained as a green gum, which was dissolved in
sodium hydroxide, and reacted with dimethyl sulphate. The
product (LXXXVI) was obtained by extraction into chloroform,
It was deacetylated with 6N hydrochloric acid to give

200 which was esterified by boiling under reflux

(LXXXVII)
with methanol saturated with hydrogen chloride. The crude
product (LXXXVIII) was suspended in toluene, saturated with
carbonyl chloride and boiled to give the isocyanate (LXXXIX),

which was characterized by reaction with aniline to yield

@ NH.CO.NH,CH,COOCH,
|

CH2

(x¢).

OCH3

(xc)

The anino nitrogen nustard (RNH,) was reacted with
(LXXXIX) by boiling under reflux for 1 hour in ether to give
the required product (LXXXIV). This was optically inactive
in acetone, although the intermediate (LXXXVII) could not

have been completely racemized because other optically
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active producte were obtained fronm it (see p.106).

As mentioned before, solubilizing groups attached to a
nitrogen mustard derivative confer certain advantages upon
it (see p.83). Therefore, an attempt was made to hydrolyse
the methyl ester, (LXXXIV), under acid conditions, to the
free acid (XCI).

RNH,CO.NH.CH.COOHE

CH
2 (xcI1)

0CH
3

However, the product obtained was insoluble in saturated

sodiun bicarbonate solution and had an infrared spectrun

|
1 (- co-XN-co-) and no

secondary amide IX band in the region 1500-1600 en” L, In

fact the spectrum between 1500 to 1800 cm-l was very sinilar

which showed a band at 1770 cn”

to that of the hycéantoin (ILXI) p.86. Thus the hydrolysis

product of (LXXXIV) was assigned the structure (XCII)

0CH
;2»
+
rnE: 7 N ¢ = % RN C =0
i AN
H = C CH
“~NH’/| AcOH \\NH,/l‘
CH, CH,
ocH
cHy 0cH,

(LEXXIV) (xCc11)
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Because hydantoins are usually hydrolysed in the body
to their respective amino-acidsl77 it is hoped that this will
apply to (XCII).
A nitrogen mustard derivative containing the carbamato
linkage can sometimes be potentiated should the drug prove to be
o

of low activity[the nitrogen derivative (XCIII) could be

interesting.
RO.CO.NH.CH.CO.OCH3
|
CH

[::f (XCIII)

C
0 H3

It was prepared by reacting the isocyanate (LXXXIX) with
the phenolic nitrogen mustard (ROH) for 3 hours at 130-150°
in a sealed flask. The resulting glass was very difficult
to crystallize, but finally was obtained as a solid from
benzene. Both this and the urea (LXXXIV) were found to con-
tain benzene of crystallization and so whenever possible the
succeeding derivatives of tyrosine were crystallized from
solvents other than benzene,

Because of the optical inactivity of (LXXXIV) and (XCIII)
and the ease with which the methyl ester of (LXXXIV) cyclizes
to the hydantoin upon hydrolysis, it was deccided to prepare
the benzyl ester of (LXXXVIII) and synthesize nitrogen
mustard derivatives from it, Hydrogenolysis as the final

stage should then remove the benzyl ester.
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HC1
NHZ.?H.COOH C6H50320H NHZ.?H.CO.OCH206H5
CH, , > CH,
OCH3 OCH3
(IXXXVII) (XC1V)
cocl,
RNH.CO.NH.fH.COZCH2.06H5 OCN.?H.CO.OCH206H5 &’
CH RNH CH
: 2 2 : 2
OCH3 OCH3

(XcvII) (xcv)
/ﬂ s

RO.CO.NH. ('3H. co .OCH2 'C6H5 C6H5032002(‘3H.NH.CO .NII.,(‘JT'~0020H206H5

CH, CH,, CH,
‘ 0
0CH, OCH, CH,

(XcvIIn) . (%cvI)
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The reaction sequence followed is shown on p.le.
p-Methoxy-L-phenylalanine was released from its hydrochloride
(LXXXVII) with ammonia, taken up in benzene and reacted with
benzyl alcohol using p-toluenesulphonic acid as catalyst,
to produce (XCIV) as the p-toluenesulphonic acid salt. The
water formed during the esterification was removed using a
Dean~Stark separator and the last traces by anhydrous silica
gel in a Soxhlet tube. The p-toluenesulphonic acid salt was
decomposed by washing with saturated sodium bicarbonate
solution to give an 0il which was taken ﬁp in chloroform and
treated with hydrogen chloride gas to give the hydrochloride.
This was suspended in toluene, saturated with carbonyl chloride
and boiled under reflux, to give the isocyanate (XCV), which
was characterized as the urea (XCVI) by reaction with water.
The isocyanate was optically active.

Reaction of the isocyanate (XCV) with the phenol nitrogen
mustard (ROH) in boiling chloroform gave the carbamate
(XCVIII). It was optically active and so the preceding
compounds must also have been so (e.g. (LXXXVII); see p.103).

The urea (XCVII) was prepared by the action of the amino
nitrogen mustard (RNH,) with the isocyanate (XCV) in boiling
ether.

Neither of these two nitrogen mustard derivatives (XCVII)
nor (XCVIII) was obtained in sufficient quantity to proceed
to the final stage, namely hydrogenolysis of the benzyl

ester.
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The nitrogen mustard moiety can also be attached to
p-methoxy-L-phenylalanine via the peptide or ester linkage
by first protecting the a-amino group with a fumction which
could be later removed without breaking the nitrogen mustard

linkage. The following reaction scheme was followed.

HC1
NH,, . CH. COOH CgH5CH, .0.CO. NH . CH. COOR
" Cgll5CH,.0.60.C1 |
N
CH, 5 CH,
OCH, OCH,
(LXXXVIT) (xcIX)
RN,
NH2.?H.CO.NHR , C6H50H20.CO.NH.?H.CO.NHR !
,/Pd-C
CH, 2 _ CH,
OCH, : 0CH,
(c1) (c)

p-Methoxy-L-phenylalanine was obtained from its hydrochloride
(LXXXVII) by the action of ammonia and reacted with benzyl
chlorofomate, under normal Schotten-Baumann conditions, to
)gOI

give the N-protected amino acid derivative (XCIX This

reacted with ethyl chloroformate in NN-dimethylformamide to
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give the mixed anhydride (15 minutes reaction time) which was
used to form (C) by reaction with the amino nitrogen mustard
(RNH2). Although the product was impure and the yield low
(48%), some optical activity had been maintained, because
when it was hydrogenolysed over 5% palladium charcoal catalyst
in ethyl acetate the product (CI) showed optical activity.
Unfortunately it was crystallized from benzéne; and as has
been mentioned before, these compounds tend to crystallize
with benzene of crystallization.

No nitrogen nmustards linked to the amino-acid moiety via
the ester linkage have been described so far; +the opportunity

was taken to correct this omission,

CgH5CHy0.CO . NH.CH. COOE CgH5CH,0.CO.NH.CH. CO. OR
or, _ROE b
C) O
0CH, OCH,
(XCIX) (c11)

The N-protected derivative (XCIX) was reacted with ethyl
chloroformate to form the mixed anhydride in NN-dimethylform-
amide, 20 minutes being allowed for this to occur. It was
then used to produce the compound (CII) by reaction with the
phenol nitrogen mustard (ROH). An extra equivalent of

triethylamine was used in this reaction in order to restrain
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the ethyl carbonate ion from breaking down to ethanol, which

would then react with the mixed anhydride, e.g.

c9 Et,N -
~ CH.C.0.00.0.C,H, —2 5 -~ CcH.C 4 CyT150.€0.0°
T '
oo R.O l
H -
-1
[C2H50.CO.0] [EtBNH]

This procedure of reducing unwanted side reactions has been
used by Johnson%02

The compound (CII) was found to be optically inactive,
which is not usual when the amino function is protected by
the N-benzyloxycarbonyl group?03’204 because of its reluctance
to form azlactones. Thus we have a situation where the
same mixed anhydride has been formed and it has been reacted
with RNH, to form an optically active product (C) and also
reacted with ROH to produce an optically inactive product (CII),
the latter condensing in a medium which is only different from
the former by the addition of one extra equivalent of
triethylamine, and being left for a further five minutes at
the stage at which the mixed anhydride is formed. The

mechanism by which the optical activity is lost could be

visualized as follows:
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o

" -
0 0
| ﬂf) i
-NE-~-C-~-C,0,C0,06t ——> ~ NH -~ C = C.0.CO,.CEL
ROH - g
- NH.CH.C0.0R /\ - NH hand C hand CoO.C0.0Et
(cxx)

B denotes a base., The solvent was NN-dimethylformamide which
should be sufficiently polar to allow some form of ionization.
The base is most probably the excess triethylamine which,
although not a good nucleophile, is a good extractor of
protons provided that they are sufficiently acidic, as it is
thought to be in this case.

A nitrogen mustard derivative of L-tyrosine where the
a-amino and the phenolic functions were both protected by
groups which would require specific enzymes to remove then,
(and thereby increase the specificity of the drug) was thought
worthwhile to prepare. Thus the compound (CIII) was
synthesized, the carbamato linkage being chosen for reasons

which have been expounded previously in this thesis,
CHB.O.CO.NH.CH.CO.NHR
|

CH,,
(c11r)

«C0,0C
0 H3

Bis--_Ig,_Q-dimethoxycarbonyl—L—tyrosine206 was prepared by

the action of methyl chloroformate on the amino-acid under
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Schotten~-Baumann conditions. The product was obtained as
an oil which was condensed with the amino nitrogen nustard
(RNH,) by the use of NN'-dicyclohexylcarbodiimide to produce
the compound (CIII) which was optically active.

In order to have tyrosine derivatives with a free phenol
group, which may aid facilitated diffusion, the production of
the peptide bond must be done using a method which does not
interfere with this group. The carbodiinide method is
ideal for this.

N-Formyl-L-tyrosine was prepared by Fischer's method207
using 98% formic acid which gave the derivative containing
1 mole of water of crystallization. Because production of
the peptide bond goes in better yield in anhydrous conditions
the compound was dehydrated by heating under vacuun. However,
the resulting product was very sparingly soluble in the usual
solvents employed for this coupling procedure, so the peptide
bond was formed in a heterogeneous system using NN-dimethyl-
formamide as solvent, The yield of (CIV) was low, but optical

activity had been maintained.

RNH.CO.CH.NH.CO.H
l

CH

2
@ (cIv)

OH
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The overall conciusions which can be drawn from this
work on amino-acid derivatives of nitrogen mustards containing
the peptide linkage confirm the general points already noted
in the literature, namely that the mixed anhydride method
can lead to racemization, and that the use of the N-formyl
derivative as the amino protecting group gives low yields
and racemic products. NN-Dinmethylformamide has been found
to be a solvent tending to give impure products,

The NN'-dicyclohexylcarbodiimide method has been found
to be far better for ease of synthesis, and cleanness oif
products, although care has to be taken over the removal of
acylureas which may have been formed. With the optically
active N-acylamino-acids which were used to be coupled to
the amino nitrogen mustard (RNHZ) by this method, optically

active products were obtained every tine,
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EXPERIMENTAL SECTION
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(yy—Di—2—chloroethy1)~2—pheny1enedianine hydrochloride
RNH2,HCl will be designated as nitrogen nustard A, and
p(NN-di-2~-chloroethylamino)phenol hydrochloride ROH,HC1
as nitrogen nus tard B, Two general methods were used on
releasing the free amine or phenol from their salts:

I. A suspension of the nitrogen nustard A or B in a
solvent, which will be specified in the following text, was
washed thoroughly with excess saturated sodium bicarbonate
solution, and then water, separated and dried (MgSO4).

II. The free amine or phenol was released in situ by
the addition of dry triethylamine (1 eq.).

The pertinent method used in each experiment will be
indicated by the numeral I or II, e.g. 'the nitrogen mus tard
A(I) in ether! etec.

When 'dry NN-dimethylformamide! is used in the text,
it neans NN-dimethylformamide dried with molecular sieves
B.D.H. type ia.

All concentrations of solutions were performed by
distillation under reduced pressure.

Numerals in brackets following sub-headings refer to

page numbers in the original laboratory notebooks,
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DERIVATIVES OF DL-ETHIONINE

N-Formyl~DL-ethionine (421)

Acetic anhydride (8% ml.) was added dropwise to ethionine
(3.26 g.) in 90% formic acid (50 ml.) at such a rate as to
maintain the temperature at 50-60°. After addition, the
mixture was stirred for one hour, and then concentrated to
give a yellow viscous gum (2.6%4 g.) which was used in the

next experiment.

N'-Formyl-DL-ethionyl-(gy-di—z-chloroethyl)fp—phenylenediamine

(423) R.NH.CO.?H.CHz.CH2.8.02E5
NI.COH

N~-Formyl-DL-ethionine (2.64 g.) was dissolved in chloro-
form (14 ml,) to which was added the nitrogen mustard A(II)
(3.73 g.). The reaction mixture was cooled to room tempera-
ture before adding NN'-dicyclohexylcarbodiimide (3 g., 10%
excess) in chloroform (5 ml.). It was shaken for 12 hours
and then glacial acetic acid (0.5 ml.) was added, and the
nixture was left for a further 2 hours. The precipitated
urea and triethylamine were filtered off, and the filtrate
was washed with dilute hydrochloric acid (2 x 50 ml.), water
(3 x 50 ml1.), dried (11gS0,), and chromatographed (alumina,
chloroform) to give the amide (2.1 g., 26% overall yield

oalculated from starting quantity of ethionine), which
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recrystallized from chloroform-petroleum (b.p.40-60°%), and
had m.p. 143° (Pound: N, 9.55; O, 16.19; S, 10.49.
014H20N2038 requires N, 9.45; O, 16.19; S, 10.82%).

N'-Methoxycarbonyl-DL-ethionyl-(NN-di-2-chloroethyl)-p-

phenylenediamine (426) R.NH.CO.CH.CH2.CH2.S.02H5

NH.CO.0CH

3
N-Methoxycarbonyl-DL-ethionine (2.86 g.) was dissolved
in dichloromethane (15 ml.) to which was added the nitrogen
mustard A(II) (3.49 g¢.) and the mixture was cooled to 21°
before NN!-dicyclohexylcarbodiimide (2.7 g.) in
dichloromethane (10 ml.) was added. It was shaken for
12 hours, the precipitated urea and triethylamine hydrochloride
were filtered off, and glacial acetic acid (0.5 ml,) was
added to the filtrate which was left for a further 2 hours.
The solution was washed with dilute hydrochloric acid
(2 x 40 ml.) and water (3 x 40 ml.), dried (MgSO4) and
‘chromatographed (alumina, chloroform) to give the amide
(2.5 g., 33% overall yield calculated on starting quantity
of ethionine) which was recrystallized from chloroform-
petroleum (b.p. 30-40°) it had m.p. 109-110° (Found:
C, 48.95; H, 5.99; €1, 16.36; N, 10.07. C,.H, Cl,N_0,S

18727°42"3"3
requires C, 49.54; H, 6.2%; Cl, 16.24; N, 9.66%).
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DERIVATIVES OF L-GLUTAMIC ACID

Dimethyl L-glutamate hydrochloridel’? (251)

L-Glutamic acid was esterified with boiling methanol

saturated with dry hydrogen chloride gas.

Dimethyl 2—isocyanatog1utarate%73 (252, 258)

CH3.O.CO.CH2.CH CH.NCO

2'!

.0
co CH3

Dimethyl L-glutamate hydrochloride (14.% g.) was suspended
in dried chloroform (170 ml.), stirred and cooled to 0°,
through which was passed carbonyl chloride, and then boiled
under reflux for 12 hours, cooled, concentrated, and distilled
(11 g., 80% overall yield calculated on starting quantity of
L-glutamic acid), b.p. 96-97°/9 x 10™% mn., n%7 1.4502,

[a]%z -41.6% (e, 7.5 in acetone). The isocyanate was

characterized as the methyl carbamate, b.p.109°/3 X 10—3mm.,

(Found: C€, 46.07; H, 6.60; N, 5.91. 09H15NO6 requires
C, 46.%4; H, 6.48; N, 6.01%).

Dimethyl 2-2—(yﬁ—di~2—ch10roethy1amino)phenylureidoglutarate

2 2° 3

Co.
0 OCH3

The nitrogen mustard (A(I) (2.1 g.) in ether (25 ml.)

(292) RNH,CO.NH.CH.CH,.CH,.CO.0OCH
|

to which dimethyl 2-isocyanatoglutarate (1.73 g.) in acetone

(7 m1.) was added, was boiled under reflux for 24 hours,
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the last half hour with charcoal. The mixture was cooled,
filtered, and concentrated to an oil, which was triturated
with ether, and crystallized from acetone-carbon tetrachloride
to give the urea (2.7% g., 85%), m.p.121°, [a]%9 -18.7°

(e, 1.2 in CHCIB). The infrared spectrum showed a broad

band at 1660 cm~ ! (- NH.CO.NH -) which had a well defined
shoulder which was interpreted as being the secondary amide II
band. (Found: ¢, 50.08; H, 6.30; Cl1, 16.25; N, 9.85.
018H25012N305 requires C, 49.77; H, 5.80; Cl, 16.32;

N, 9.68%).

3—[3—(yy—Di~2—chloroethylamino)phenyl]—5-carboxyethy1hydantoin
(430, 431)

&
- NH
~
RN
\\C“CH.CH .CH,.COCH
i 2 2
0

Dimethyl 2-p-(NN-di-2-chloroethylamino)-phenylureidoglu~
tarate (1.44 g.) was dissolved in glacial acetic acid (11.5 ml.)
to which was added concentrated hydrochloric acid (8.6 ml.).

The solution was boiled under reflux for 25 minutes, cooled
to 0° and diluted with water. The oily solid which was
thrown out was extracted into chloroform (3 x 25 ml,), dried
(MgSOQ), and concentrated down to give a2 white solid which
was crystallized from acetone~petroleum (b.p.30—40°) to give
a product (0.88 g., 68%) m.p. 162-163°, [a]%9 -32.4° (¢, 1.2

in chloroform). The infrared spectrum showed a band at
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1770 em™L (= CO - N - €O -) and at 1713 cm~t (- COOH).

There were no bands applicable to the secondary amide II band
region, The carboxylic acid was confirmed by the compound
being soluble in sodium bicarbonate solution. (Found:

C, 49.17; H, 4.92; C1, 17.97; N, 10.60; Eq.wt., 368.9;
M.wt., 403.9. ClGH C1i,N,0, requires C, 49.49; H, 4.93;

1974275y
cl, 18.27; N, 10.82%; Eq.wt., 388.3; M.wt., 388.3).

Dimethyl 2-p-(NN-diethylamino)phenylureidoglutarate (272)

(p) E¢2N.CGH4.NH.CO.NH.?H.CO.OMe
CH2.CH2.C0.OMG
NN-Diethyl-p-phenylenediamine (0.82 g.) and dimethyl
2-isocyanatoglutarate (1.0 g.), with pyridine (0.1 ml.) as
catalyst, were warmed for 90 minutes at 100° in a sealed
flask. The compound was decolourized with charcoal in
acetone (15 ml.), and finally chromatographed (alumina,
chloroform) to give the urea (1.2 g., 66%), m.p. 109-110°,
[a];g +15° (¢, 0.6 in chloroform). (Found: C, 59.13;
H, 7.03; N, 11.47. 018H27N305 requires C, 59.17; H, 7.40;
N, 11.50%).

y~Benzyl L—glutamate}66 (351)

Y-Benzyl L-glutamate was prepared by the method of
Banby, Waley and Watson using copper carbonate as a chelating
agent and benzyl chloride for the esterification of the
y-carboxyl group. It had m.p. 167—1680, [a]%z +20,1°

(e, 2.7 in glacial acetic acid). Lit, 169-170°.
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y-Benzyl y—formyl-lpglutamate%sz (362)

This was prepared by the method of Borek and Waelsch
using 90% formic acid and acetic anhydride. It had n.p.

132-1340, (Lit, 132—134§Z [a]%l +10° (c, 1.0 in acetone).

v-Benzyl N'-formyl-DL-glutamyl-{(NN-di-2-chloroethyl)-p-

phenylenediamine. (366) RNH.CO.CH.CH,.CH,.C0.0CH,.CgHy
NH,COH

Y-Benzyl N-formyl-L-glutamate (5.5g.) cooled in an ice
bath was taken up in dry NN-dimethylformamide (20 ml.) to
which was added triethylamine (2.86 ml.). Ethyl chloro-
formate (1.98 ml.) was then added and the mixture left for
20 minutes at 4°., The nitrogen mustard A(II) (5.38 g) in
NN-dimethylformanmide (20 ml.) was cooled to ice temperature
and then added to the mixed anhydride solution. The
mixture was kept at 4° for 48 hours. The triethyleamine
hydrochloride was filtered off, and the filtrate was
concentrated to give an o0il. This was dissolved in chloro-
form and washed with dilute hydrochloric acid (2 x 50 ml.),
water (3 x 50 ml.), dried (MgSO4) and chromatographed
(alumina, chloroform) to give the amide, m.p. 151°.  The
compound showed no optical rotation (c,0.%4 in chloroform)
(Found: ¢, 57.77; H, 5.82; Cl, 14.54; N, 8.76,
Coslly7ClyN-0, requires C, 57.49; H, 5.673 C1, 1k.7k;
N, 8.76%).
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Attempted preparation of g'-formyl-DL—glutamyl—(gg—di—z-

chloroethyl)-p-phenylenediamine . (391) RNH.CO.CH.CH,.CH,.CO00.
&H.CO.H

Y-Benzyl N'-formyl-DL-glutamyl-(NN-di-2-chloroethyl)-

p-phenylenedianine (0.63 g.) was dissolved in chloroform

(100 m1.) to which was added Adems' catalyst (0.0228 g.) and

5% palladium~charcoal (1 g.) and hydrogenolysed at atmospheric

pressure (85 ml. of Hz). The product had the same infrared

spectra as the starting material, also it waé insoluble in

sodium bicarbonate solution, n.p. 150—1510.
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DERIVATIVES OF GLYCINE

E—Acetylglycine}gl (332)

This was prepared from glycine and acetic anhydride by
the method according to Herbst and Shenin. It had
m.p. 206-7°.,  Lit: 207-8°.

y'-Acetylglycyl(gg—di—2—chloroethyl)fg—phenylenediamine.

(335) RNH. CO . CH, .NH. C0.CH,

a) Ethyl chloroformate (1.98 ml.) was added to an ice cold
solution of N-acetylglycine (2.3% g.) in dry NN -dimethyl-
formamide (15 ml.) and triethylamine (2.86 ml.) and left for
20 minutes at 4°. A cooled mixture of the nitrogen mustard
A(II) (5.38 g.) in NN-dimethylformemide (30 nl.) was added

to the mixed anhydride solution and then left for 4 days at
4° vefore filtering off the precipitated triethylamine
hydrochloride. The filtrate was concentrated to give an
0il which was taken up in chloroform and washed with dilute
hydrochloric acid (2 x 50 ml.), water (3 x 50 ml.), dried
(Mgso4), end chromatographed (alumina, chloroform) to give
the anide (4.2 g., 64%) which was recrystallized from acetone
and had m.p. 171-172° (Found: €, 50.65; H, 5.75; N, 12.74.

Cy,HygCloN-0, requires C, 50.60; H, 5.76; N, 12.65%).

b) N-Acetylglycine (0.585 g.) was suspended in dichloro-

methane (20 ml.) to which was added a dichloromethane
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solution (15 ml,) of nitrogen mustard A(II) (1.35 g.).

The mixture was cooled to 22° before adding a solution of
NN'-dieyclohexylearbodiimide (1.1 g.) in dichloromethane

(5 m1.), and shaken for 16 hours. The precipitated urea
and triethylamine hydrochloride were filtered off, and the
filtrate treated with glacial acetic acid (0.5 ml.) and left
for 2 hours at 22° before washing with dilute hydrochloric
acid (2 x 15 ml.) and water (3 x 15 ml.). It was dried
(Hgsoq), concentrated and then chromatographed (alumina,
chloroform) to give the amide (0.83 g., 50%), m.p. 172°.
There was no depression of the melting point when mixed with

a sample of the material made by method (a).

114

N-~Formylglyeine’, (333)

This was prepared by the action of 90% formicacid and

acetic anhydride on glycine by the method of Cheehan et =al.

It had m.p. 160°, Lit: 160°.

N'~Formylglyeyl-(NN-di-2-chloroethyl)-p~phenylenediamine.

(340, %406) RNH. CO.CH, .NH,CO.H.

a} N-Formylglycine (1.00 g.) was dissolved in dry NN~
dimethylformamide (10 ml.) and triethylamine (1.43 ml.),
cooled to 4°, and ethyl chloroformate (0.99 ml.) was added.
After 20 mins, the cooled solution of nitrogen mustard A(II)
(2.7 g.) in dry NN-dimethylformamide was introduced and the

mixture left at 4° for 24 hours. The precipitated
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triethylamine hydrochloride was filtered off, and the

filtrate concentrated to give an oil which was taken up in
chloroform, washed with dilute hydrochloric acid (2 x 30 ml.)
and then with water (3 x 30 ml.), dried (MgSO4) and
chromatographed (alumina, chloroform) to give the amide

(1.95 g., 61%) which was crystallized from chloroform-acetone,
it had m.p. 163°. (Found: <¢C1, 22.46; N, 12.91.

Cy5Hy7C1,H50, requires C1, 22.39; N, 13.08%).

b) N-Formylglycine (0.515 g.) was dissolved in NN-
dimethylformamide-dichl oromethane (20 mi., 1:1) to which was
added a solution (10 ml.) of the nitrogen mustard A(II)
(1.35 g.), using the same solvents in the same proportions.
To this mixture was added NN'-dicyclohexylcarbodiimide

(1.3 g.) and the solution cooled and shaken for 14 hours at
22°, The precipitate was filtered off, and the filtrate
concentrated to give an o0il which was dissolved in chloro-
form, washed quickly with dilute hydrochloric acid (2 x 10 nl.)
and then with water (3 x 10 ml.), dried (MgSOQ) and chroma-—
tographed (alumina, chloroform) to give the amide (1.04 g.,
65%), m.p. 163°, No depression of the melting point was

observed when mixed with an analytically pure sample from

(a).

E-Methoxycarbonylglycine%92 (342)

This was prepared from methyl chloroformate and glycine
according to the method of Leuchs. It had nm.p. 95—960,
Lit, 95-96°.
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§'-Methoxycarbonylglycyl—(gﬂ-di-2-chloroethyl)1g-pheny1ene-

diamine. (352) RNH.CO.CHQ.NH.CO.OCH3

N-Methoxycarbonylglycine (2.66 g.) was dissolved in dry
NN-dimethylformamide (20 ml.) and triethylamine (2.86 ml.),
cooled to 40, and ethyl chloroformate (1.98 ml.) was added.
After 20 minutes the cooled solution of nitrogen mustard
A(I1) (5.38 g.) in NN-dinmethylformamide (30 ml,) was added
and the mixture was kept for 48 hours at 4°. The precipi-
tated triethylamine hydrochloride was filtered off and the
filtrate concentrated to give an oil which was taken up in
chloroform, washed with dilute hydrochloric acid (2 ﬁ 50 ml.),
water (30 x 50 ml.) and dried (MgSOQ). It was chromatographed
(alumina, chloroforn) to give the amide (5.4 g., 77%) which
was crystallized from chloroform-petroleum (b.p. 60-800) and
had m.p. 169°. (Found: C, 48.32; H, 5.46; €61, 20,29;

N, 12.07. c N, 0, requires C, 48.27; H, 5.50;

14581 9C1loN504
c1l, 20.36; N, 12.07%).

_;I\I—Dichloroacetylglycine}93 (449)

This was prepared from dichloroacetyl chloride and

glycine by the method of Ronwin.

N'-Dichloroacetylglycyl(NN-di-2-chloroethyl)-p-phenylene-

diamine. (438) RNH. 0. CH, .NH.C0.CHCL,

2.
N-Dichloroacetylglycine (2.21 g.) was dissolved in

acetonitrile (25 ml.) to which was added the nitrogen
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mustard A(II) (3.21 g.), cooled to 22°C, before NN'-dicyclo-
hexylcarbodiimide (2.45 g.) in acetonitrile (5 ml.) was
added. The reaction mixture was shaken for 16 hours, after
which the precipitated urea and triethylamine hydrochloride
were filtered off. Glacial acetic acid (0.5 ml.) was added
to the filtrate which was allowed to stand for a further 2
hours, It was then washed quickly with dilute hydrochlorioc
acid (2 x 15 ml.) and water (3 x 15 ml). The precipitated
solid was filtered off and dissolved in chloroform, dried
(MgSOQ) and concentrated down to give a solid, m.p. 165-167°.
The filtrate was dried (MgSO4), and chromatographed (alumina,
chloroform) to give a solid, m.p. 170—1710. A nixture of
both fractions showed no depression of the melting point

and so the two crops were combined and crystallized from
chloroform-petroleum 40-60° to yield the amide (3.1 g., 65%),
m.p. 171°, (Found: C, 42.43; H, 4%.49; Cl, 35.12;

N, 10.71. c,,H,-.C1,N O, requires C, 41.91; H, 4.27;

14817770372
Cl, 35.%4; N, 10.48%).
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DERIVATIVES OF DL-METHIONINE

Methyl 2-amino-4-metihylthio-n-butyrate hydrochloride%72

(300)

This was prepared from DL-methionine (10 g.) and methanol

saturated with dry hydrogen chloride gas, and boiled under
reflux for 24 hrs, This was not purified but used in the

next experiment,

Methyl 2-isocyanato-4-methylthio-n-butyrate. (304)

CH .S.CH2.CH2.CH.NCO

3

CO.OCH3

Methyl 2-amino-4-methylthio-n-butyrate hydrochloride was
suspended in dry benzene (400 ml.) and saturated with
carbonyl chloride before being boiled under reflux for 24
hours, The benzene was distilled off under reduced pressure
and the resulting oil distilled (7.7 g., 66.5% overall
calculated from starting quantity of DL-methionine), b.p.
86°/1.35 x 10™2 mm. (Found: ©, 44.60; H, 5.89; N, 7.57.
C7H11N038 requires C, 44.41; H, 5.86; N, 7.40%). The
isocyanate was characterized as the urea, (which crystallized
from methanol-water) m.p. 92°. (Found: N, 8.11; 0, 22.78;
S, 18.28. C13H24N20582 requires N, 7.96; O, 22.70;

s, 18.20%). |
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Methyl 2—[3—(Eg—di—z—chloroethylamino)phenylureido]—4

methylthio-n-butyrate. (309) RNH.CO.NH.?H.CHZCHZSCHB

Co0.0C
0 H3

The nitrogen mustard A(I) (2.70 g.) in ether (25 ml.)
was reacted with methyl 2-isocyanato-4-methylthio-n-butyrate
(1.89 g.), with pyridine (0.2 ml,) added as catalyst, by
boiling under reflux for 3 hours. The reaction mixture
. was concentrated to give the urea which recrystallized from
acetone-petroleun (b.p. 60-80°) and had m.p.338%°. (Found:
€1, 16.93; N, 10.13.
N, 9.95%).

017H25012N3038 rquires Cl, 16.79;

_g--Acetyl--DL-mewi:hionine2‘9’i (329)

This was prepared from acetic anhydride and DL-methionine
according to the method of Birnbaum et al. It had m.p.

114-115%, Lit, 112°,.

N'-Acetyl-DL-methionyl-(NN-di-2-chloroethyl)-p-phenylene-

diamine. (330) RNH.CO.?H.NH.CO.CHB
CH2.0H2.80H3
N-Acetyl-DL-methionine was dissolved in dry NN-dimethyl-
formamide (10 ml.) to which was added triethylamine (1.43 nl.)
cooled to 4°, and then methyl chloroformate (0.8 ml.) was

introduced, After 15 minutes 2 cooled solution of the

nitrogen mustard A(II) (2.70 g.) in dry NN-dimethylformanide
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(30 ml.) was added, The mixture was left for 3 days at 5%,
after which the precipitated triethylamine hydrochloride was
filtered off, and the filtrate concentrated to give an o0il,
which was dissolved in chloroform, and washed with dilute
hydrochloriec acid (2 x 30 ml.), water (3 x 30 ml.,)}, dried
(MgSOA), and then chromatographed (alumina, chloroform) to
give the amide (2.4 g., 60%) which was recrystallized fronm
chloroform-petroleum (b.p. 60-80°), and had m.p. 181°.
(Found: C1, 17.75; N, 10.37. 017H25012N3025 requires

Cl, 17.49; N, 10.34%).

N-Formyl-DL-methionine:l*  (339)

Was prepared from DL-methionine, 90% formic acid and
acetic anhydride according to the method of Sheehan et al.

It had m.p. 103-104°. Lit, 103-104°.

N!'-Formyl-DL-methionyl-(NN~di-2-chloroethyl)-p~phenylene-

diamine. (343) RNH.CO.CH.CH, .CH, , SCH,
NH.CCH

N-Formyl-DL-methionine (3.45 g.) was dissolved in dxy
NN-dimethylformamide (40 ml.) and triethylamine (2.86 nl.)
cooled to 4° before adding ethyl chloroformate (1.98 ml.).
After 20 minutes a cooled solution of the nitrogen mustard
A(II) (5.38 g.) in dry NN-dimethylformamide (30 ml.) was
added to the mixed anhydride solution and kept for 48 hours

at 4°, The NN~dimethylformamide was distilled off after
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the precipitated triethylamine hydrochloride had been
filtered off, to give an oil, which was dissolved in chloro-
form and washed quickly with dilute hydrochloric acid (2 x
50 mi.), water (3 x 50 ml,), dried (Mgsoq), and chromato-
graphed (alumina, chlorofom), to give the amide, (which was
recrystallized from acetone-petroleum (b.p.60-80°)) m.p.160°.
(Found: C, 49.10; H, 6.07. Cy6Hp5C1loN0,S requires

C, 48.98; H, 5.91%).

N-Methoxycarbonyl-DL-methionine. (394)

DL-Methionine (14.92 g.) was dissolved in 4N NaOH
(50 ml,) and cooled to 0% with stirring. Methyl chlorofbrmate
(i3.5 nl.) was added slowly, the temperature being maintained
at 0° for 2 hours, then at 22°% for 12 hours. The reaction
mixture was acidified and the product extracted into
chloroform (3 x 30 ml.) dried (Mgsoq), and concentrated to

give an o0il which was characterized in the following compound.

N!-Methoxycarbonyl-DL-nethionyl-(NN-diethyl)-p-phenylene-

diemine.  (433) (p) Et,N.CgH,.CO.CH.CH,.CHy.SCH,

NH.CO.OCH3

N-Methoxycarbonyl-DL-methionine (2.07 g.) was dissolved
in chloroform (25 ml.) to which was added p-{(NN-diethyl)-
p-phenylenedianine (1.66 ml,). A chloroform solution

(10 nl.) of NN'-dicyclohexylcarbodiimide (2.06 g.) was
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added and the mixture was shaken for 16 hours after which
the urea was filtered off, and glacial acetic acid (0.5 ml1.)
added to the filtrate, which was left for a further 2 hours,
The nixture was washed with dilute hydrochloric acid (2 x

20 ml,), water (3 x 20 nl.), dried (MgSOQ), and concentrated
to an o0il, which was chromatographed (alumina, chloroforn)
to give the amide (1.4 g., 40%), m.p. 122°, (Founa:

N, 12.19; 0, 13.31. 017H27N3038 requirest, 11.89;

0, 13.58%).

y'—Methoxycarbonyl-DL-methionyl—(Eﬁ-di-z—chloroethyl)-2~

phenylenediamine. (396) RNH.CO.CH.CH, .CH,.SCH,

NH.CO.OCH3
N-Methoxycarbonyl-DL-methionine (1.04 g.) was dissolved
in dichloromethane (5 ml.), to which was added the nitrogen
mustard A(II) (1.36 g.) in dichloromethane (10 ml.). The
mixture was cooled to 20° before adding NN'-dicyclohexyl-
carbodiinide (1.3 g.) and the tenperature naintained whilst
vigorous shaking was performned. The nixture was left for
16 hours at this temperature before the precipitated urea
and triethylamine hydrochloride were filtered off. Glacial
acetic acid (0.5 ml.) was added to the filtrate, which was
left for 2 hours, after which it was washed with dilute
hydrochloric acid (2 x 20 nl.), water (3 x 20 ml.), dried

(MgSOQ) and concentrated., The buff coloured solid was
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crystallized from acetone-petroleum (b.p. 40-600) to give
the amide (0.81 g., 39%), m.p. 141°. (Found: €1, 16.67;

N, 9.77.  CpaHysCl,N, 0,8 requires C1, 16.79; N, 9.94%).

303

ngichloroacetyl-DL-methionine}93 (413)

This was prepared by the method according to Ronwin

fron dichloroacetyl chloride and DL-nethionine.

§'-Dichloroacetyl-DL-methionyl-(ﬁy—di—z—chloroethyl)fp—

phenylenediamine.  (413) RNH.co.fH.CHZ.oHQ.SCH3

NH.CO.CHCl2

N-Dichloroacetyl-DL-methionine (1.3 g.) was dissolved
in nitromethane (15 ml.) and the nitrogen nustard A(II)
(1.35 g.) was introduced, all the while maintaining the
temperature at 219, The solution was shaken for 16 hours
before filtering off the precipitated urea and triethylanine
hydrochloride. Glacial acetic acid (0.5 nl.) was added to
the filtrate, which was left for 2 hours before washing with
dilute hydrochloric acid (2 x 15 ml.), water (3 x 15 ml.),
drying (Mgsoq) and concentrated. The compound so obtained
was tzken up in chlorofornm and chromatographed on alumina to
give the amide, (which was crystallized fronm acetone-
petroleur (b.p.30-40°)) m.p. 172°.  (Found: C, 43.42;
B, 4,99; C1, 29.80; N, 8.73. 017H23014N3028 requires
C, 42.96; H, 4.88; C1, 29.83; N, 8.84%).
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N-Monofluoroacetyl-DL-methionine. (434)

DL-Methionine (3 g.) was dissolved in 8N NaOH (5 ml.)
cooled to 1% in ice and the monofluoroacetyl chloride (35 ml.)
was added dropwise, with stirring, at such a rate that the
temperature was maintained at 1 - 50 for 2 hours. The
solution was left for a further 12 hours before acidification
with dilute hydrochloric acid. The compound was extracted
into chloroform (3 x 30 ml.,, dried Mgsog) and concentrated
down to produce an o0il,. The infrared absorption curve
ahowed the presence of amide (- CONH -) (1680 cm—l). The
0il (2.08 g., 50%) was considered to be sufficiently pure

to be used in the next experiment.

N'-Monofluoroacetyl-DL-methionyl—(NN-di-2-chloroethyl)-p-

phenylenediamine.  (435) RNH.CO.CH.CH,.CH,.SCH,

H.CO.CH,F

2
N-Monofluoroacetyl-DL-methionine (2.08g.) and the

nitrogen mustard A(II) (2.7 g.) were dissolved in
dichloromethane (35 ml.). To this solution, with cooling
to 20°, was added NN'-dicyclohexylcarbodiimide (2.06 g.) and
left at 222 for 48 hours with shaking. The precipitated
urea, and triethylamine hydrochloride were filtered off and
glacial acetic acid (0.7 ml.) added to the filtrate. After

2 hours the solution was washed with dilute hydrochloric
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acid (2 x 30 nl.), water (3 x 30 nl.), dried (MgSOz!), and
concentrated to give a solid, which was chronatographed
(alunina, chloroform) to give the amide (1.8 g., 63%) which
was recrystallized from acetone-nretroleun (b.p. 30-40%) or
chloroforn-petroleun (b.p. 30-40°) and had m.p. 160°.
(Found: €, 48.08; H, 6.10; N, 9.91; M.wt., 412.7.
Cy7Hy FCLN,008 requires C, 48,123 H, 5.70; N, 9.90%;

27372
M.wt., 424.4).
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SOME DERIVATIVES OF L-TYROSINE

N—Acety1ﬁp-methoxy—L—phenylalanine%OO

(142, 175, 177)

This was prepared by the method of B., R. Baker using
L-tyrosine and preferentially acetylating the amino group with
acetic anhydride. Although the N-acetyl-tyrosine so produced
is a gum (due to the detergent added) it is sufficiently pure
to be used for the methylation of the phenol group with
dimethyl sulphate to give the product required (29 g., 50%),
m.p. 144-145°.  Lit, 144-145°.

200

Pp-Methoxy-L-phenylalanine? (144, 145, 178, 179)

This was prepared by the deacetylation of the compound
described in the previous section using 6N hydrdchloric acid.
The hydrochloride so produced was treated with ammonia
(d. 0.880) to give the free amino compound (16 g., 69%),
m.p. 250-252°, Lit, 250-252°,

Methyl 2-amino-3—(g-methoxyphenyl)propionate hydrochloride.

(128)
Was prepared from p-methoxy-L-phenylalanine and methanol

saturated with hydrogen chloride gas.

Methyl 2-isocyanato-3-(p-methoxyphenyl)propionate. (146,147)

CHEO.CO.CH.CHQ.06H40033(E)
NCO
Methyl 2-amino-3-(p-methoxyphenyl)propionate hydrochloride

(10,0 g.) was suspended in dry toluene (200 ml.), cooled to
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0° and saturated with carbonyl chloride. The temperature of
the solution was allowed to rise and it was boiled under
reflux for 7 hours. Any excess phosgene was blown off with
dry nitrogen, and the solution concentrated to give an oil
which was distilled (5.1 g., 53%) b.p. 126-128°/0.2 mm.
(Found: ¢, 60.57; H, 6.05; N, 5.85. 012H13N04 requires
C, 61.09; H, 5.58; N, 5.95%). The'isocyanate was
characterized as its anilide (which recrystallized from
methanol-water) m.p. 120°,  (Found: ©, 65.67; H, 6.26;

N, 8.68. C,gHo N0, Tequires T, 65.82; H, 6.13;

N, 8.53%).

Methyl 2-[p-(NN-di-2-chloroethyl-amino)phenylureido]-3-

(p-methoxyphenyl )propionate. (148)

G0.0CH
RNH.CO.NH.CH.CH,

C6H400H5(p)

3

The nitrogen mustard A(I) (1.0 g.) in ether (5 ml.) was
added to methyl 2-isocyanato-3-(p-methoxyphenyl)-propionate
(0.85 g.) and boiled under reflux, with (0.1 ml.) of pyridine
as catalyst, for 1 hour, The white solid which had been
thrown out of solution was recrystallized from benzene to
give the urea (1.21 g., 70%), m.p. 147°. (Found: GC, 57.57;
H, 6.43; Cl, 14.90. CppH, Cl,N;0, plus % mole of benzene
of crystallisation requires C, 57.84; H, 5.89; Cl, 14.57%).

No optical rotation was observed (¢, 1.4 g. in acetone).
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3-[2—(EE—Di-Z—ch1oroethy1amino)phenyl]—Sﬁg'—methoxybenzyl—

hydantoin.  (447)

. 0
C——NH
RN<C__,,('3H.CH2.06HQOCH3(B)
0

Methyl 2-[2—(gﬁ—di—2—ch10roethy1amino)phenylureido]-3—
(p-methoxypherol)propionate (100 mg.) was dissolved in
glacial acetie acid (3 ml.) and concentrated hydrochloric
acid (3 ml.) and boiled under reflux for 25 minutes. The
solution was cooled, and diluted with ice water (20 ml,), the
white solid so produced was extracted into chloroform
(3 x 10 ml.), dried'MgS0,) and concentrated. The solid was
chromatographed (silica gel, chloroform) to give the product
(0.06 g., 64%). The infrared spectrum showed a strong
absorption at 1770 om~} (= €O - N - CO -) with no bands in
the region which is usual for secondary amide II bands. No
optical rotation was observed (¢, 1.3 g. in acetome). It
had m.p. 75°. (Found: ©, 57.57; H, 5.18; 0, 10.83,

N,0, requires C, 57.79; H, 5.31; 0, 11.00%).

Cg1Hy5C1oN,0,

Methyl 2-[§'12—(Ey;di—2-ch1oroethylamino)phenoxycarbdnylamino]—

3-(p-methoxyphenyl)propionate. (152, 153)

RO.CO.NH.CH.CO0.0CH,
CH,.CcH 40033 (p)

The nitrogen mustard B(I) (1.5 g.) in chloroform was
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concentrated to an oil, to this was added methyl 2-isocyanato-
3-(p-methoxyphenyl)propionate (1.3 g.). Pyridine (0.1 ml.,)
was added as catalyst, and the mixture was heated for 3

hours at 130-1500. The resulting glass was extracted with
petroleum (b.p. 60-80°) which deposited an oil when concen-
trated. The 0il crystallized from benzene after being kept
at 4° for 7 weeks to give the carbamate, m.p. 67-70°. No
optical rotation was observed (¢, 2.7 g. in acetone).

(Found: ¢, 56.71; H, 5.91; C1, 1%.29, 022H26012N205 plus
% mole of benzene of crystallization requires C, 57.02;

H, 5.60; ©1, 14.33%).

Benzyl 2-amino-3-(p-methoxyphenyl)propionate hydrochloride.

(180, 181) CgHgCH,0.CO. CH. NH, HC1
CH2C6HQOCH3(B)

p-Methoxy-L-phenylalanine (12 g.) and p-toluenesulphonic
acid (17.5 g.) were boiled under reflux with benzyl alcohol
(50 m1.) and benzene (400 ml.). The water produced during
the esterification was removed by using a Dean-Stark
separator, and later a Soxhlet tube containing anhydrous
silica gel. On cooling, a solid appeared, which was
filtered off, washed with saturated sodium bicarbonate to
give an oil. The o0il was extracted into chloroform, dried
(Mgsoq) end treated with anhydrous hydrogen chloride in
order to precipitate the hydrochloride. The hydrochloride



- 139 -

was filtered off and washed with chloroform to give the

product (13.5 g., 68%), m.p. 200°,

Benzyl 2-isocyanato-3-(p-methoxyphenyl)propionate. (181,202)

06H5032000.CH.N00
CHyCgH,,0CHy (p)

Benzyl 2-amino-3-(p-methoxyphenyl)propionate hydro-
chloride (13.5 g.) was suspended in dry toluene (200 ml.)
and cooled to 0° before being saturated with carbonyl chloride.
The suspension was boiled under reflux for 90 minutes concentrated
to give an oil which distilled (9.05 g., 76%), b.p. 170°/0,195 m.
m.p. 36°, [m]gz -88° (e, 9.5 g. in acetone), n%g 1.5540,
(Found: ¢C, 69.10; H, 5.56; N, 4.52.  C,gH,,NO, requires
Cc, 69.42; H, 5.51; N, 4.50%). The isocyanate was
characterized as its urea, (which crystallized from alcohol)
m.p. 148-149°, (Found: €, 70.96; H, 6.25; N, 4.71.

Cy5HzgN50, requires C, 70.4%4; H, 6.08; N, 4.70%).

Benzyl 2-[§'ﬁp-(gg-di—z-chloroethylamino)phenoxycarbonylamino]—

3-(p-methoxyphenyl)propionate.  (20%)

RO.CO.NH.CH.CO.OCH206H5
052'06340033(2)
The nitrogen mustard B(I) (1.16 g.) was dissolved in

chloroform (15 ml) and benzyl 2-isocyanato-3-(p-methoxyphenyl)
propionate (1.30 g.) was added. The solution was boiled
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under reflux for 6 hours, The chloroform was distilled off
and the o0il extracted into petroleum (b.p. 40-60°) to give

a solid, m.p. 105—1060, [a]gz -10.9° (¢, 1.2 g. in acetone).
(Found: ¢, 61.55; H, 5.48; C1, 12.63. 028H30012N203
requires C, 61.65; H, 5.54; Cl, 13.00%).

Benzyl 2-(p-(NN-di-2-chloroethylamino)phenylureido-3-

(p-methoxyphenyl)propionate, (322) RNH. CO.NH. CH. 00, 0CH,CgHs

CH2.C6H4OCH3(p)
The nitrogen mustard A(I) (1 g.) in ether (20 ml.) and
benzyl 2-imocyanato-3-(p-methoxyphenyl)propionate (1.15 g.)
were boiled under reflux, with pyridine (0.1 ml.) as catalyst,
for 24 hours, An 0il was precipitated which crystallized
to give the urea. This was recrystallized from chloroform-
petroleum (b.p. 60-80°), and had m.p. 86-87°, [a]gz ~44°
(¢y 1.4 g. in acetone). (Found: ¢C1, 13.53; N, 7.52.

Cogls C1,N20, requires Cl, 13.02; N, 7.72%).

E-Benzyloxycarbonylfg—methoxy—L—phenylalanine?01 (158)

p-Methoxy-L-phenylalanine (10 g.) was protected with
benzyl chloroformate according to the method of Bovarnick
et al. to give the N-benzyloxycarbonyl compound (9.6 g.), 5.7%)
m.p. 106-109°, Lit, 104-109°,
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y'—Benzyloxycarbonylﬁg-methyl—L—tyrosyl—(ﬁﬂ—di-2-chloroethyl)—

p-~phenylenediamine. (169) RNH.CO.CH.NH.C0.0CH, .CHy,

CHZ.C6H4.OCH3(p)

N~-Benzylcarbamato-p~methoxy-phenylalanine (3.3 g.) was
dissolved in dry NN-dimethylformamide (22 ml.) and dry
triethylamine (1.43 ml.) oooled to 4° vetfore ethyl chloro~
formate (0.99 ml.) was added. After 15 minutes the formation
of the mixed anhydride was adjudged completed, so to this
solution was added the nitrogen mustard A(II) (2.69 g.) in
dry NN-dimethylformamide (17 ml.). The temperature of the
reaction mixture was maintained at 40, during the addition
and for the next 22 hours. The precipitated triethylamine
hydrochloride was filtered off, and the filtrate stripped
down to half its original volume. It was then washed with
dilute hydrochloric acid which threw out a buff coloured
solid, which was dried, and crystallized from benzene-
petroleum (b.p. 80-100°) to give the amide (2.5 g., 48%),
m.p. 150-151°, (Found: ©, 61.28; H, 5.90; C1l, 13.01,

CogHs1CLyN,0, requires C, 61.76; H, 5.74 Cl, 12.85%).

0-Methyl-L-tyrosyl{(NN-di-2-chloroethyl)p-phenylenediamine.

(193) RNH. CO.CH.NH,
CH206H400H3(p)
E'—Benzylcarbamatofg—methyl-L—tyrosyl—(ﬁy—di—2—chloro-

ethyl)-p-phenylenediamine (0.95 g.) was taken up in ethyl
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acetate (50 ml,) and hydrogenolized (40 ml. of H2) using 5%
palladium-charcoal catalyst (2.5 g.). The ethyl acetate
solution was filtered, and concentrated leaving a gum, which
was soluble in benzene, The free amino group was shown by

a small portion being subjected to a little hydrogen chloride
gas which precipitated the hydrochloride. The other portion
was crystallized from benzene to give the free amino compound
m.p. 104-105°, [a]2% +9.6° (c, 1.6 g. in glacial acetic acid).
(Found: €1, 1%.81; N, 8.74. CogH

012N 02 plus 1 mole

31 3
of benzene of crystallization requires Cl, 14.54; N, 8.60%).

p-(NN-Di-2-chloroethylamino )phenyl 2-N'-benzyloxycarbonylamino-

3-(p-methoxyphenyl)propionate. (186)

C6H5CBQ.O.CO.NH.CH.COOR
H206H400H3(p)

N-Benzyloxycarbonyl-p-methoxy-L-phenylalanine (3.3 g.)
was dissolved in NN-dimethylformamide (22 ml,). To this
solution, cooled in an ice bath, was added triethylamine
(1.43 ml.) and ethyl chloroformate (0.99 ml,). The solution
was kept for 20 minutes at 4° before the nitrogen mustard
B(II) (2.70 g.) dissolved in yg-dimethylformamide (30 nl.)
and 1 equivalent, in excess, of triethylamine was added.
The mixture was kept at 4% for 4 days. The triethylamine
hydrochloride was filtered off and the filtrate was concen-

trated to half its ariginal volume, diluted with chloroform,
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washed with water (3 x 50 ml.), dried (Mgsoq), and concen-
trated to give an o0il. It was chromatographed (alumina,
benzene) to give the ester, (which was crystallized from
chloroform-petroleun (b.p. 60-80°)) m.p. 72-75°. (Found:
01, 13.18; N, 4.98, C,gH,Cl,N,0- requires Cl, 13.00;

N, 5.13%). No optical rotation was observed (¢, 1.73% g. in

acetone).

Bisfg,Q—Dimethoxycarbonyl—L—tyrosine%06 (02)

Was prepared from L-tyrosine dissolved in 4N sodium
hydroxide and treated with methyl chloroformate according to
the method of Havestadt et al., [a]%g +25° (¢, 19.4 g. in

chloroform).

Bis—ﬁ,Q-Dimethoxycarbonyl—L-tyrosyl-(gy—di—z—chloroethyl)—

p-phenylenedianine. (405) RNEH.CO.CH.NH.CO.0CH,

CH2.C6H4.0.CO.OCH3(p)

Bis-N,O-Dimethoxycarbonyl-L-tyrosine (1.48 g.) was
dissolved in dichloromethane (10 ml.) to which was added the
nitrogen mustard A(II) (1.35 g.) in dichloromethane (15 ml.).
The temperature of the solution was kept at 22° while
NN'-dicyclohexylcarbodiimide (1.3 g.) was added. The
mixture was shaken for 16 hours, before the precipitated urea
and triethylamine hydrochloride were filtered off. Glacial
acetic acid (0.5 ml.) was added to the filtrate, which was

left for a further 2 hours, and then washed with dilute
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hydrochloric acid (2 x 25 ml.), water (3 x 25 ml1.), dried
(MgSOQ), and concentrated to give an oil. It was chroma-
tographed to give the amide (1.25 g., 50%) (which was
recrystallized from chloroform-petroleum (b.p. 30-40°)),
m.p. 168°, [a]2% 4 15.6° (c, 1.3 in CEC1).  (Found:

ci, 13.93; N, 8.27, ConilymCl,N,0, requires Cl, 13.84;

2372777273
N’ 8.20%) .

207

N-Formyl-L-tyrosine. (%20)

This was prepared from L-tyrosine and 98% formic acid
according to the method of E. Fischer to give the formyl
derivative monohydrate, m.p. 106°, The anhydrous compound
was obtained by heating and drying in vacuo. it had n.p.

175-175°,  Lit, 171-4°,

420) RNH.CO.CH.NH,COH
CH2.06H4.0H(p)

N-Formyl-L-tyrosine (1.94 g.) was suspended in dry XN-
dimethylformamide (30 ml.) to which was added the nitrogen
mustard A(I) (2.51 g.) in NN-dimethylformamide (20 ml.).
NN!-Dicyclohexylecarbodiimide (2.1 g.) was added and
the resulting heterogeneous mixture was shaken vigorously for
10 days. Unchanged N-formyl-L-tyrosine, urea and triethyl-
amine hydrochloride were filtered off. The filtrate was

concentrated to give a buff coloured solid, which was
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dissolved, not without diffioulty, in acetone and boiled under
reflux with animal charcoal. The clean solution produced

the amide, m.p. 191-192°, [a]2? 423.2° (¢, 1.5 g. in glacial
acetic acid). (Found: ¢, 56.65; H, 5.60; N, 10,08,

CooHp5C1oN-0, Tequires C, 56.,61; H, 5.46;5 N, 9.90%).
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BIOLOGICAL RESULTS
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BIOLOGICAL RESULTS

The biological results given in this chapter were per-
formed, under the direction of Professor J. F. Danielli, by
his co-workers at the University of Buffalo, U.S.A.

The toxicity is expressed as LD50 administered as a
single subcutaneous dose in Swiss mice, which were observed
for 14 days. As a number of the results are only

preliminary, no inferences will be drawn from then.
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LDSO Dose No,of |Effect on | Effect on | Anti-
COMPOUND mice mg./Ke./day |Route| Rats [|Tumour Rat tumour
mg./Kg. % wt.loss | activity
CHSCO.NH.CH.CHZ.SCH3 >1000 400,200 x 2 im 3 Nil 0 - E
CO . NHR
Me.O.CO.NH.(’}H.CHZ.SMe < 500 200 x 3 im 2 P.R. 0 -8 o
CO .NHR
: 18 x 5 im 2 CR 15 +4++
RNHCOCHZNHCOCH 30 12 x 5 im 1 ,TR 16 - 15
3 6 x 5 im 2 |rr{1)6I(1)] 10 - 15
® Preliminary Result.
PR = Partial Regression; GI = Growth Inhibition.

CR

im = intra-nmuscular,

Complete Regressiong
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CHAPTER VI

SOME_SYNTHESES OF NITROGEN MUSTARDS OF THE SULPHONAMIDE,

SULPHONHYDRAZIDE, SULPHONYLOXY AND SCHIFF BASE TYPE

One of the themes running through Chapter V was that it
was hoped to achieve extra activity by the use of nitrogen
mustards linked to known or potential antimetabolites., This
thene is to be amplified in this Chapter.

It has been found that sulphonamides are antimetabolitesz()5
effectively inhibiting utilization of p-aminobenzoic acid in -
the synthesis of folic acid. The nature of inhibition
appears to involve competition between the sulphonamide and
the p-aminobenzoate for the active site on the enzyme?08
However, once the sulphonamide competes favourably for the
active site it can apparently react with the pteridine
component to yield products which are inactive. Thus it was
decided to use substituted sulphonamides to carry the nitrogen
nus tard moiety (see fig. CV), in order to exploit cellular
active transport mechanisns, \Because a tumour is rapidly
dividing, active transport mechanisms are likely to be more
active in the tumour than in normal cells, The sulphon-

amides are somewhat analogous to p-aminobenzoic acid, and as

noted above they compete with this metabolite for enzyme



- 150 -~

sites and so it would seem reasonable to postulate that
sulphonamides would also be taken up at an increased rate by

tunmour cells,

BrCH2 . CH2 4 1
> N.<::>.502NHX = R'SO,NHX
BrCH,, . CH,
(cv)
:EW-CHQ.NH./ \ CO.NH.?H.COOH '
— =
N CH,, . CH, . COOH
(cvr)

Thus if compounds of the type (CV) were competitively
adsorbed on sites which are usually occupied by the p-amino-
benzoic acid or p-aminobenzoylglutanic acid moieties (see
fig. CVI), then the pB-bromoethyl residue (CV) would be in a
position to alkylate the pteridine component, most probably
at the ring nitrogen positions rather than at the free amino
group (the pka value of which could be’too high and so be
protonated at physiological or neoplastic pH) .

It has been found that for antibacterial action it is
necessary to have the p-amino group free, i.e. N(%) (see fig.
CV), or to have it protected by a group which can be removed

easily by the body, e.g. acetyl, methyl or benzyl%og Thus
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compounds of the type (CV) would not be expected to have
sulphonamide activity unless the N(4) atom was dealkylated
first. '

Bell and Roblin®1l

have put forward a hypothesis corre-
lating chemical constitution with the in vitro biologieal
activity of the sulphonamide drugs. These authors hase their
arguments on considerations of how closely a sulphonamide
molecule approaches p-aminobenzoic acid in shape and general
activity. As regards reactivity it was found that the
dissociation constants of the N(4) amino group did not vary
widely within & large group of sulphonamides studied, but the
dissociation constants of the - SOzNH - moiety did.
Comparison of the - SO2NH - and COOH moieties shows that the
latter group is more acidic than the former, However,
substitution on the y(l) atom can nake the acidity of the

- SOZNH - moiety epproach that of the COOH group, and,
according to the hypothesis, the greater will be the
bacteriostatio activity of the drug.

The postulated action of the nitrogen nustard sulphona-
nides, given above, requires that the sul phonamide portion
nust be actively transported, and must be able to conpete
effectively for the enzyme site,. Creighton210 prepared

the nitrogen mustard sulphonamide (CVII) and the sulphon-
hydrazide (CVIII), both of which were found to have good
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212, 214

anti-turnoural actiwvity, but were also toxic, showing
1 l
R'50,NH, RisogNH.NH2
- (CvII) (CcvIII)
2173

synmptoms resembling those of folic acid deficiency’
However, admninistration of folic acid proved to be of no
value. Thus these compounds were believed to be working by a
process which was different from that of the normal sulphon-
amide,action%l3
Thus if the compounds (CVII) and (CVIII) are compared
with respect to the Bell and Roblin theory then (CVIII)
would be expected to have a weaker sulphonanide action than
(CVII) because the (s -amino group would not withdraw electrons
from N(1) and therefore would not increase the acidity of the
proton con this atomn, In fact the ws -amino group is basic and
nost probably would have the reverse effect to that required |
by the Bell and Roblin iheory. However, both these conmpounds
have good anti-tumoural activity, although (CVII) was slightly
better, and so it was decided to prepare a nunber of nitrogen
nustard sulphonamides with suitable variations in X in order
0 discover any indications of a correlation between structure

and activity, and to throw light on the mechanism by which

these drugs work.
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The general method of preparation of these nitrogen
nustard derivatives was to add the nitrogen mustard sulphonyl

chloride (R'S0,01)%10

to the amino or hydrazino compound

using pyridine as solvent for both reactants. The temperature
W.':a.s not allowed to rise too appreciably otherwise an increased
formation of coloured products was obtained. It has been
clained that formation of coloured products was diminished by
using pyridine which had been dried over potassium hydroxide

" pellets and distilled%15 This, however, was not noticed to
any appreciable extent by the author, and normal comnmercial
pyridine was used in the majority of the syntheses. After
time had elapsed for reaction to occur (usually 12 hours), the
reaction mixture was slowly poured into an excess of 2N
hydrobronic acid with cooling. The product was filtered off
quickiy, so thét hydrolysis of the labile halogen atoms ofi

the nitrogeh rnustard would be kept to a minimun. The nmajority
of the compounds were chromatographed on activated alumina,
though this method of purification of the crude product
probably accounts to some extent for the low yields sometines
obtained. It was found for several conpounds that they
crystallized with benzene of crystallization when this
particular solvent was used. Benzene was therefore not used

for recrystallization whenever other solvents could be

enployed,



Creighton prepared the derivative (CIX) which showed

slight anti-tumoural activity so it was decided to prepare a

R'SOz.NH.© (cIX)

nunber of derivatives containing substituents on the benzene
ring in order to find out if there was any enhancenent of
the activity; these were:

C0.0H

R'SOzoNH.@ n'sczoNHo .OH
OH
(cx) (CXI)
R'SOZ.NH.©NH.CO.CH3 (CXII)
R'SOz.NH.©.802.NH2 R'SOZ.NH..CO.OH
(CXIII) (cx1Iv)

Compound (CX) ﬁas soluble in sodium bicarbonate solution
and so would be advantageous, when conpared to the insoluble
derivatives, for clinical adninistration. The ortho-
phenolic substituent on the benzene ring would be expected
to donate electrons to it as 'woudd the para-phenolic group of
the derivative (CXI). The compound (CXII) would be expected

to show some specificity due to the requirement of a



— /55~

deacetylating enzyme, thereby releasing the free amino group,

which would then be expected to donate electroms to the

benzene ring. The derivatives (CXIII) and (CXIV) both have

electron withdrawing groups on the benzene ring, (CXIV)

having the advantage of being soluble in sodium bicarbonate.
It was thought that the electronic effects of these

substituents on the benzene ring may be translated to the

- SOZNH - group, and so affect the ability of the proton to

be held or released. According to the Bell and Roblin theory,

the effectiveness of the sulphonanide depends, to sone extent,

on this ability of the - SOQNH - group to lose its proton

(see page 15D.‘ A compound which would be interesting fron

this point of view would be (CXV), in which two powerfully

electron attracting groups are present. An attenmpt was nade

NO,
R'SOzNH~<t:>>N02 (cxv)

to prepare it by reaction of the sulphonyl chloride with

2,4-dinitroaniline, but this failed probably because the

2,4~ dinitro-substituents make the amino group very unreactive.
The 'reverse sulphonamide! (CXVI) was prepared fron the

amino nitrogen nustard (RNH2) and B—acetylamidobenzenesulphonyl

chloride. This night well show some anti p-aminobenzoic

RNH.SOZ.<::>.NH.CO.CH3 (cxvI)
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acid activity once the acetyl group had been hydrolysed off-

leaving the free N(4) anino group.

R'SO2NH.CH2 R'SOQ.NH.CH

T//L~—~ H0
Q ‘

(CXvIiI) (CXVIIT)

The compounds (CXVII) and (CXVIII) were prepared to
exploit the facilitateddiffusion shown by sugar moieties.
6-Anino-6-deoxy-1,2,-3, 4-di-0-isopropylidene-~D~galactose was

216 and reacted in the

prepared from the 6-nesyl compound
normal way with the nitrogen mustard sulphonyl chloride to
give (CXVII). The protecting isopropylidene groups were
removed by the action of 5% hydrobromic acid in dioxan.

The reaction was followed by observing the change in optical
rotation; when a constant rotation was observed the reaction
nixture was worked up. The conditions nay seenm a little
severe, but the 'hydrolysis rate'! for these sulphonanmides was
found to be only 2-19%. It now appears that the precautions
taken to keep the previous ccrpounds from contact with wet
éolvents were unneéessary.

Derivatives of the compound (CVIII) were also nade,

i.eoz-
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R!soz.NH.NH.Q’\>.000H /R'sozNH.NH.<;:>.N02
NO, -

(CXIX) (CXX)

Both of these were ﬁrepared in exactly the same way as
the derivatives of (CVII), by adding the nitrogen nustard
sulphonyl chloride to the hydrazino derivative. The
derivative (CXIX) was soluble in sodium bicarbonate solution,
due to the carboxyl group which should deactivate the
benzene ring. The 2,4-dinitro derivative (CXX) has an
additional feature of interest when one remembers that
2,4 dinitro compounds are toxic. Again the benzene ring
would be expected to be highly deactivated due to the
electron withdrawing power of nitro groups.

In view of the interest in carbamato compounds, the

derivative (CXXI) was prepared.
B'SO,NHN(C0.0CH,), (CXX1)

The parent sulphonhydrazide (CVIII) was reacted with methyl
chloroformate using a suspension of potassium carbonate to
remove the hydrogen chloride produced. Nornal Schotten-
Baunann conditions could not be used because of the
liability of the bronine atoms to hydrolyse. Although the
intention was to produce a monosubstituted sulphonhydrazide

the resulting derivative could be very interesting.
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A few nitrogen nustard sulphonic acid esters were pre-
pared. It was hoped that hydrolysis of the ester linkage
would occur in vivo and that, if suitably chosen, the non-
nustard moiety would itself have some biological activity;
this would therefore be additional to any effect produced
by the nitrogen mustard sulphonic acid. These compounds were
prepared from the nitrogen mustard sulphonyl chloride
(R'SOZCI) and a substituted phenol, using the same conditions

as for the substituted sulphonamides and sulphonhydrazides.

R'SOz.O.@.NH.CO.CH3 (CXXII)

This compound (CXXII) was prepared because once it had been
deacetylated and the ester hydrolysed, the free aminophenol
nmay undergo oxidative deanination to give quinone, a type of

compound which has sone toxic properties.

R!S0,.0.// \\.CO.0CH (CXXI11)

2° 3

The methyl ester (CXXIII) was prepared because inmpure
products were obtained when reaction was carried out between
the sulphonyl chloride and free p-hydroxybenzoic acid.
Hydrolysis of this ester should have given the free acid

(CXXIV), which would be of interest because its pka value

would be higher than that of the sulphonic acid R'SOQ.OH

Rts02.0.©.COOH (CXXIV)
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The hydrolysis was attenpted using a mixture of concentrated
hydrobromic acid and glag¢ial acetic acid; however, this was
unsuccessful. Therefore the benzyl ester of p-hydroxy-

217

benzoic was prepared and reacted with the sulphonyl .

chloride (R'80201) to produce (CXXV).

R'SO2.O.@.CO.OCH2.'Ph (CXxV)

Hydrogenolysis over 10% Palladium~charcoal catalyst should

have given the free acid (CXXIV). The product was soluble

in sodium bicarbonate solution, but analysis showed it to be

(cxxV).
HO.CH, .CH, )
> N.</ '\>.soz.o.</ \>.C0.0H

(cxxv)

It has been noted (see page 19) that variation of the
B halogen atoms of nitrogen nustards cad alter the reactivity
of the nitrogen nustard moiety. This has been found to be
the case with the sulphonanides. The chlorine analoguesgz1
of (CVII) and (CVIII) are biologically less effective than
the bromo compounds, The iodo derivatives usually show a
decrease in activity. dowever, it was decided to prepare
two iodo-derivatives t6 sece if there was any advantage to

be gained from the use of this halogen with this particular

type of nitrogen nustard derivative.
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The compound (CXXVI) was prepared from the bromo analogue

by the use of sodium iodide.

(I.CH2.0H2)2N.<:::>.S02.NH2

(CXXVI)

The other iodo derivative made was an w-substituted
derivative of the iodo nitrogen nmustard sulphonhydrazide,

i.e. (CXXVII).

o //033

(I.CH2.CH2)2N.</ \>.502NHN = c\\ (CXXVII)
— cH

<

CH3 CH&
This was prepared from the bromo nitrogen mustard hydrazide
(CVIII) by the action of excess sodium iodide in methyl
isopropyl ketone.
It was hoped that potentiation of the nitrogen nustard
sulphonanides would increase their activity, and for this

reason the following compounds were nade:-
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H50301
Et,N. Et N. .50,.01 (CXVIII)
Et,N. .so Et,N, (__ .S0, JNH,
(cxxx) (CXXIX)
CH,)..co.CH3

N EtzN,<<_}>.SOZ.NHN:C(CHB)2

(CXXX1)

NN-Diethylaniline was reacted with chlorosulphonic acid in
carbon tetrachloride to give, in good yield, the sulphonyl
chloride (CXVIII) which was characterized as its eanilide.
The sulphonyl chloride reacted easily with ammonia, to give
(CXXIX) and hydrazine hydrate to give (CXXX). The sulphon-
hydrazide was further reacted with acetone to give (Cxxx1),

which may be a potentiator for (CXXVII).
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SOME SCHIFF'S BASES

Grice made a series of substituted benzyl halides one
of which, p-aldehydocbenzyl chloride, had some anti-tumoural
activity. It was decided to couple this with the amino
nitrogen nmustard via the Schiff base, With this in nind
it was decided to prepare a short series of these Schiff
bases, using various substituents on the benzene ring of the
aldehyde moiety in the hope of varying the activity of the
drugs.

218

Popp has prepared a few Schiff bases of the amino

nitrogen nustard (RNHz), of the general formula

RN:CH @’X where X = Br, Cl and OH.
He has reported that they are very toxic, although no con-
parative figures are given between the Schiff bases and the
free amino nitrogen nustard. However, all of his substituted
Schiff bases have electron donating groups on the benzene
ring of the aldehyde noiety and this nmay explain the high
toxicity. Although this was not the reason for preparing
the Schiff bases described in this thesis, the series does
include substituents of both the electron withdrawing and
donating type, so it could be interesting to conpare the
toxicities of these compounds with the unsubstituted one

(CxXxXX11).
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The general method of preparation was to add the
substituted benzaldehyde to the anino nitrogen mustard, which
had been previously liberated fron its hydrochloride salt,
using chloroform for both reactants. The mixture was left
at rooﬁ tenperature for a period of days, or, when it was
heterogeneous, shaken for several weeks, and then concentrated
and chromatograph?%n activated alunmina. The conpounds |

produced are shown below:-

RN:CH.¢ \ RN:CH.</ \>.N'Me2

(CXXX11) (CXXXIII)
RN:CH.</ \>.co.OCH3 RN:CH.@ .CO0.0H
(CXXX1IV) (CXxXXV)
RN:CH. NO, (CXXXVI)
NO,

The unsubstituted Schiff base (CXXXII) was prepared as a
reference standard in order to compare any changes in activity
of the substituted derivatives. If there is any correlation
between the type of substituent and the toxiecity then
‘conpound (CXXXIII) should be more toxic than (CXXXII) due

to the feed in of electrons to the benzene ring. The
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derivatives (CXXXiV) and (CXXXV) should be, by virtue of the
substituents withdrawing electrons fron the benzene ring,

the reverse of this. The compound (CXXXV) was also produced
in order to increase the solubility of the drug. Because

10 it was decided

the ~ N = C - linkage is easily hydrolysed
not to attempt to hydrolyse the nethyl ester derivative
(CXXXIV) to obtain the acid (CXXXV), but first to hydrolyse
the methyl ester of p-aldehydobenzoic acid and then condense
the free aldehyo-acid with the amino nitrogen nustard (RNHQ).
This produced (CXXXV). The 2,4-dinitro compound (CXXXVI)
should be a very deactivated compound, by virtue of the strong
electron withdrawing effects of these substituents on the
benzene ring. But because this moiety is in its own right

a toxic substance the derivetive (CXXXVI) could well be highly

toxic.
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SOME DIFUNCTIONAL AROMATIC NITROGEN MUSTARDS

In order to confer nore specificity to the aromatic
nitrogen nustard noiety it was decided to prepare a nunber
of difunctional nitrogen nustards, such that several groups
could be attached to the various functions in order that a
nunber of biological variables could be accommodated in one
drug. At the time of writing only one of these difunctional
nitrogen nustards has been conpletely synthesized; two
others, which will be mentioned, are in the penultimate stage
of their synthesis.

The completed one (CXXXVII) was prepared from orthocaine

CO.OCH3

(Cl.CH2.CH2)2N (CXXXVII)
OH
(nethyl 3-amino-4-hydroxybenzoate), by the action of ethylene
oxide in aqueous acetic acid, to give (CXXXVIII).

PO.OCH3

(H0.CH, .CH, ) N (CXXXVIII)

2° 2)2
0H

This was then halogenated using thionyl chloride in benzene,

by boiling under reflux for 20 ninutes to give (CXXXVII).

The methyl ester was found to be untouched by this treatnment

(c£.1%) because both (CXXXVII) and (CXXXVIII) showed strong
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infrared absorption peaks in identical positions, i,e.

1 and also the product (CXXXVII) was insoluble in

1700 en~
saturated sodium bicarbonate solution.

One of the difunctional compounds which reprssents the
penultinate stage of a synthesis is (CXXXIX).
CH, ) N.NE. {/ \}.No, (CXXXIX)

~——

(HO.CHQ.

3024
This was prepared fron EE—diethanolhydrazine61 and 2,4-
dinitrochlorbenzene in nethanol. The reaction mixture was
boiled under reflux; in the niddle of this process alcoholic
potash was added in order to neutralize the hydrogen

chloride produced by the reaction.

The other nitrogen nustard precursor produced was
(CXL) '

(HO.CH2.CH2)2N.©.NH2 (cxL)
NO,

This was prepared fron 2,4-dinitro-p-(NN-di-2-hydroxy-
ethylanino Ybenzene’> (CXLI) by the action of sodium
polysulphide which is known to preferentially reduce only
one of the two nitro groups of dinitrobenzene. The p-anino
function was thought to be the product, as shown in (CXL);
conclusive proof of this structure was obtained by

consideration of the N.M.R. spectrun.
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(C1.CH,.CH, )N (C1.CH,.CH, )N
H H
c - NO2 g~ \ X
H
b a Hf / \He
NO,
(CXLI) (cxL)
(CXL) a) X = NO,, Y = NH,
(CXL) b) X = NHy, Y = NO,

The lettered protons of (CXLI) and (CXL) can be
unambiguously identified from the N.M.R. spectra of the con-
pounds (measured on solutions in acetone). The chemical

shifts of these protons (as tau values relative to t.m.s.,)

are
Dinitro-conpound Anmino-nitro-conpound
Ha = 1.50 p.pom. He = 2.45 pop.no
Hb - 1.82 p.p.l:l. Hf - 2.52 p.p.D.
Hc = 2.50 p.p.m. Hg = 2084 p-p.mo

The correct structure will be found by comparison =¥
the shifts of H, and Hf with those of Ha and Hb' If group

X had been reduced then the ortho proton (He) would have



- 168 -

shifted far greater than that (Hf) of the para position219
when compared with H, and H of (cXL1). However, if

group Y was reduced then both the ortho protons (He and Hf)
would have been shifted by approxXinately the same amount when
conpared with Ha and Hb. It will be noticed from the table
above that the observed shifts were 0.95 and 0.70 p.p.n.
respectively. This difference is not too large and nost
certeinly not as large as would be required if X had been

reduced. Thus the structure (CXL)a was assigned to the

reduction product.
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EXPERIMENTAL SECTION
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The figures in brackets directly after the name of the
substance indicates the page number in the original
laboratory note books. .
The abbreviations R!' and R" stand for the bromo and
iodo analogue of B—(ﬂg—di—2—haloethy1amino)benzene respectively.
In the following tables the solvents employed for

recrystallization are denoted by letters. The key is as

follows: -
A = Acetone
= Benzene
C = Chloroforn
CT = Carbon tetrachloride

E = Ether

Pet = Petroleun



N
1.C. Recrystal- FOUND THEORY
COMPOUND M.Pt. (lization MOLECULAR E PAGE
No. _ solvent C H Br FORMULAE = C H NO.
(6] r
146 R'SOZNH@ OH |160-161 %I?f) 40.19|5.79|33.40 | CygH, oBroN,0,8 | 56 | 40.83 |4.53|35.57| 25
3 -196° -
147 [R'S0,NH(/\) SQNH, |195-196 A-CT 29.28 | Cy¢H) 0Byl 0,5 53 29 .44 ig,
R
| . ° . ‘ g o)
148 R'SOZBM@M{COCHB 222-228°| 4 42.33| 4.30|30.80 | C) gHy Brol 0.5 | 63 | 41.64|4.08|50.78) 47 |3
[}
(o]
149 R'SOQNH@COOH 216 %;)Petso_ 31.18 | C;H, (Brol,0,8 | 35 31,54 gg,
. L] ’
80°§ 363 .
(1:1)
COOH
150 2320 A-CT 39.68|3.99|30.53 | Gy H BroN 0.8 | 34| 39.10|3.47(30.60| 63,
R'SO,NH (1:1) 75 .
o




Recrystal- R
I.C. COMPOUND Moph. | ooryst FOUND MOLECULAR E, THEORY Page
No. Solvent S = 1 oo - FORMULAE B . =T o0 < | Wo.
R SO, NHCH, |
182 | ol %o 173~ |A-Pet 25.80 | 4.49 | ¢, H, Br,N.0.S | 35 95.66 |4.36 | 374,
A 174° | (b.n.40- 227327 2727 376.
S s
>
RS0, NHCE, o
183 o 205° | c-Pet 28.89 C. H, Br.N.0.S | 6 29.15 385
0 (5o 4o 1652, BToN, 0~
ol ),, 6005)
0H
Ho
£l c1
155 RNHSOz@NHCOCH3 203° |A-B 50.32 | 5.02 | 16.55 CygHy; CLoN058 | 50 | 50.13 | 5.11 | 16.44 94
(o]
154 R'SO2NHNH©COOH 194 B 51.79 | x.01 | 29.51 €178 9870, | 65| 4112 | 5.91 | 29.44 102
+ T]; mole of 115
benzene.

- 3L1 -



I.C

N
Recrystal- FOUND MOLECULAR e THEORY Page
COMPOUND M.Pt.jlization -
No. FORMULAE @ No.
‘ Solvent c q Br N Py c H Br N
NO,,
170 | R'SO,NHNH /N NO, 182 B 35.70) 3.32 | 27.061 1 50| 35.73 | 3.52] 27.26 101
+ 5 mole of
benzene
=
173 | R'SO,NHN(COOCH,) 171°% |cT-A-Pet 32.93| 3.77 1} 31.16 |8.26| C.,H BryN,0cS | 40| 32,50 | 3.70 30.96 | 8.13 | 327
2 32 (b.p.60- 1471977275
8053
(1:1:1)
o 57,
153 R'sozo®m00033 150 A 30.51 |5.38 | Gy gH,BroN,0,S | 58 36.71 | 5.39 2;6;,
’
328,
152 R18020©COOCH3 1323 A 30.56 018H19Br2N05S 40 30.66 3L
_ 259
185 318020©COOCH2Ph igg-o- B 50.25} 3.98} 25.52 |2.43 024H23Br2N05 431 49.654 4:00 25.88 | 2.27 265:
f#mdl¥5agaw~ 276.
.

For method of preparation see p. 175,
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SOME DERIVATIVES OF THE NITROGEN MUSTARD SULPHONYL CHLORIDE

The following method is one example of the general pro--
cedure adopted for some of the compounds described in this
thesis. For a list of compounds prepared by this method

with their physical constants and analysis, see the Tables

on p.l7l'l73

General Method of preparation

2[9—(yy—ni—2—bromoethy1amino)benzenesulphonamido]acetanilide.

(47) R'.50,.NH.CgH, .NH.CO.CH,(p)

To a solution of p-aminoacetanilide (3.75 g.) in
pyridine (25 ml.) was added dropwise with stirring a solution
of B—(§§-61—2—bromoethylamino)benzenesulphonyl chloride
(10.14 g.) in pyridine (20 ml.). The mixture was left at
room temperature for 24 hours, before being added dropwise,
with stirring, to an excess of ice-cooled 2N hydrobromic acid.
The precipitate was collected and dried, and the filtrate, after
being saturated with salt, was extracted with chloroform
(3 x 20 m1.). The solid was dissolved in this extract which
was then dried (MgSO4), concentrated to small bulk and
chromatographed (alumina, acetone). The eluate was evaporated

from acetone to give the sulphonamide (8.20 g., 63%)

m.p. 222—2230. Analysis: see Table.
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Other methods of preparation

The following compounds were not prepared by the general

method described above.

«s-NN-Bismethoxycarbonyl-p-(NN-di-2-bromoethylamino)

benzenesulphonhydrazide. (327) R'.SOZ.NH.N(CO.OCHB)2

(BfggrDi-Z—bromoethylamino)benzenesulphonhydrazide
(4.01 g.) was dissolved in chloroform (40 ml.) to which was
added, with stirring, finely divided potassium carbonate
(0.69 g.). Methyl chloroformate (0.8 ml.) in chloroform
(10 m1l.) was then introduced dropwise at such a rate that the
temperature did not rise above 300. The mixture was stirred
for 2 days, and left at room temperature for a further 3 weeks,
and then filtered. The filtrate was concentrated and
chromatographed (alumina, chloroform). The infrared absorption
spectrum of the major fraction had a band at 1738 en~t (ester)
and its melting point (169-170°) was depressed on addition of
the original hydrazide. Recrystallization from a mixture
of carbon tetrachloride, acetone, and petroleum (b.p. 60—800)

(in equal proportions) gave the cs-disubstituted sulphonhydrazide

(1.85 g., 40%) m.p. 171°. Analysis: see Table.

p-Lp-(N-2-Bromoethylamino-N-2-hydroxyethylamino)benzene~

sulphonyloxy |benzoic acid. (345)

HO.CH2.0H2

> N.C6H4.SOZ.O.C6H4.COOH(p)
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~ Benzyl p-[p-(NN-di-2-bromoethylamino)benzenesulphonyloxy ]
benzoate (1.37 g.) was dissolved in dry ethyl acetate (20 ml,)
with 10% palladium-charcoal catalyst (1 g.) and hydrogenolysed
at atmospheric pressure, After 24 hours the uptake of
hydrogen (54 ml.) ceased; the reaction mixture was filtered
and concentrated, to give a solid, which was soluble in
sodium bicarbonate solution. It was crystallized from a
mixture of acetone and petroleum (b.p. 60—800), or from

chloroform, to give the sulphonyloxy ocompound m.p. 196°,

(Found: C, 48.04; H, 4.25; N, 3.17; O, 18.56;5 S, 7.37.
C,-H,gBTNOS requires C, 47.68; H, 4.24; N, 3.27; O, 18.56;
Sy 7.37%).

6-p~(NN-Di-2-bromoethylamino)benzenesulphonamido-6-deoxy—

D-glhctose. (385) R'.S0,.NH,CH,
N
EHO .0

OH
0H
7 HO
6-p-(NN-Di-2~-bromoethylamino )benzenesulphonamido-6-
deoxy-1,2-3, 4-di-0-isopropylidene-D-galactose (0.2633 g.)
was dissolved in dioxan (7 ml.) and 5% hydrobromic acid
(3 ml.) and the optical rotation observed [a]%2 —18.50.

After six hours at room temperature no change in rotation

had been found, so the solution was kept for 3 hours at
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600, the rotation changing to a constant reading of [a]%z +26.6
calculated on starting material, The solution was saturated
with salt and extracted with ethyl acetate (3 x 10 ml.).

The extracts were dried (MgSOk), and concentrated to a gumn,
which crystallized from a mixture of chloroform and petroleun
(b.p. 40-60°) to give the sulphonamide (15 mg., 6%) m.p.
204-2050. Analysis: see Table. |

B—(EE-Di—2-bromoethylamino)benzenesulphonamideglo (290)

R'.Sog.Nﬂz

This was prepared by the method of Creighton in 74% yield,

and had m.p. 118-119°.  Lit., 74% yield, m.p. 117.5-118°,

p-(NN-Di-2-iodoethylamine)benzenesulphonamide. (414, 427)

Sodium iodide (20 g.) was dissolved in boiling methyl
isopropyl ketone (210 ml,), to which was added p-(NN-di-2-
bromoethylamino )benzenesulphonamide (5.0 g.) in methyl
isopropyl ketone (50 ml.) and boiled under reflux for 8% hours.
On cooling the precipitated sodium salts were filtered off
and the filtrate concentrated to give a yellow solid. It
was dissolved in acetone and passed through an ion exchange
column (Zeo-Karb 225), to give the  iodosulphonamide (3.2 g.,
51%) m.p. 165°, (Founa: c, 25.28; H, 2.89; I, 52.58;

N, 5.85. 010H1412N2028 requires C, 25.01; H, 2.94;

I, 52.84; N, 5.83%).
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p—(Ey—di—2—iodoethylamino)benzenesulphonhydrazone of methyl

isopropyl ketone. (417) CH

7

CH3
~c¢Z<_%m

~H 3

R".S80, .NH.Ne=C

2
Sodium iodide (8 g.) was dissolved in boiling methyl
isopropyl ketone (80 ml.) to which was added p-(NN-di-2-
bromoethylamino )benzenesulphonhydrazide (2 g.) in methyl
isopropyl ketone (20 ml.), and boiled under reflux for 90
minutes, On cooling the precipitated sodium salts were
filtered off, and the filtrate concentrated to give a brown
solid, which was dissolved in chloroform and the insoluble
material filtered off. The filtrate was chromatographed
(alumina, chloroform) to give the hydrazone, (which
crystallized from chloroform-petroleun (b.p. 40—600)) m.p.151°.
(Found: C, 32.40; H, 4.43; I, 45.14; N, 7.61.
015H2312N3028 requires C, 32.00; H, 4.11; I, 45.06;
N, 7.46%).

SBOME MODEL SULPHONAMIDES

p-(NN-Diethylamino)benzenesulphonyl chloride. (312)

EtzN.0634.soz.01(2)

Chlorosulphonic acid (60 ml.) was added dropwise to &
vigorously stirred, ice cooled solution of NN-diethylaniline

in carbon tetrachloride (20 ml.). TVhen the addition was
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complete, the reaction mixture was heated to 1300 for 4 hours,
cooled, poured into ice, and extracted into chloroform (total
1 litre). It was dried (Mgso4) and concentrated to give a

solid, which was dissolvedin benzene and shaken with alumina.
The yellow solution was filtered and concentrated to give the

sulphonyl chloride (36.7 g., 70%). It was recrystallized

from benzene-petroleun (b.p. 60-80°) and had m.p. 86°.

(Found: C, 48.63; H, 5.77; N, 5.74. C C1NO,S requires

1081 4
C, 48.49; H, 5.70; N, 5.66%). The acid chloride was

characterized as the sulphonanilide, (which was recrystallized

from chloroform-petroleun (b.p. 60-80°)) m.p. 176°. (Found:

c, 63.05; H, 6.42; N, B.97. C10H20N2S0, requires

c, 63.13; H, 6.62; N, 9.20%).

g:igE—Diethylamino)benzenesulphonamide. (314)
EtzN.Cﬁﬁq.SozNﬂz(p)

p-(NN-Dicthylanino)benzenesulphonyl chloride (6 g.) was
dissolved in a stirred solution of acetone (30 ml.), to
which was added ammonia (d. 0.880) (20 ml.). The mixture
was allowed to stand for 2 hours, before being poured into
water (500 ml.). The precipitate was collected, dried and
recrystallized from chloroform—petroleum'(b.p. 60-80°%) to

yield the sulphonamide (4.5 g., 81%), m.p. 141°. (Found:

C, 52.46; H,6,98; N, 12.19, CqoH14Ng09S requires
¢, 52.57; H, 7.07; N, 12.27%) .
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p~(NN-Diethylamino )benzenesulphonhydrazide. (315)

Et2N.06H4802NH.NH2(p)

p~(NN~-Diethylamino)benzenesulphonyl chloride was added
to a stirred solution of hydrazine hydrate (25 nl.), in
acetone (40 ml.), cooled in ice. The nixture was left for
12 hours and then was poured into excess water; the oily
precipitate crystallized on scratching and conling. It was
collected, dried and recrystallized from chloroform-petroleun

(b.p. 60-80°) to yield the sulphonhydrazide (7 g., 66%),

n.p. 130°. (Foumd: C, 49.79; H, 6.97; N, 17.53;
S, 12.89. 010H17N3028 requires C, 49.37; H, 7.05;
N, 17.28; S, 13.15%).

gj—y'—Isopropylidene—p—(gg—diethylaminobenzenesulphonhydrazide.

(381) Et,N.CgH,.SO0 .NHN:::C(CH3)2

2

p-(NN-Diethylanino)benzenesulphonhydrazide was dissolved
in acetone (20 nl,) and left to stand for 7 weeks. The
acetone was distilled off to leave an oily solid which was
chromatographed on alumina, using chloroform as eluent, to
give the hydrazone, (which was recrystallized from chloroform)
m.p. 182°.  (Found: C, 54.89; H, 7.56. Cy,H,;N;0,S
requires C, 55.08; H, 7.47%).



Recrystal~
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SOME_SCHIFF'S BASES

p-Aldehydobenzoic acid. (266)

Methyl p-aldehydobenzoate (0.5 g.) was boiled under
reflux with 2N hydrochloric acid (25 ml.) and glacial acetic
acid (1 ml.), for 2 hours. On cooling, white crystals were
deposited; +they were collected, washed and dissolved in
saturated sodium bicarbonate solution and reprecipitated
with dilute hydrochloric acid, The white saliﬁ was filtered
off, washed and dried, to give the free acid (0.34 g., 76%),
m.p. 254°, Lit, 256°.

The following method is one example of the general
procedure adopted for this series of compounds. For a list
of the compounds prepared, their physical constants and

analyses, see the Table on p.181,

N'-p-Carboxybenzylidene—p-(NN-di-2~chloroethyl)-p-

phenylenedianine. (357) RN:CH.CGHQCOOH(p)

Nitrogen mustard A(I) (0.6 g.) in chloroforn (10 nml.) was
added to a suspension of p-aldehydobenzoic acid (0.34 g.) in
chloroform (25 ml.). The mixture was shaken for 6 weeks
and the unreacted material was filtered off, The filtrate
was concentrated and chronmatographed (alumina, benzene),

to yield the Schiff's base (0.52 g., 64%) which was
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recrystallized from benzene; it had m.p. 1970. Analysis:

see Table.

A DIFUNCTIONAL AROMATIC NITROGEN MUSTARD

Methyl p-hydroxy-m-(NN-di-2-hydroxyethylamino)benzoate.

(397, 401) GOOCH,

(HO.CH

CH, ) N

2° 2)2

OH

Methyl p-hydroxy-m-aminobenzoate (3.34 g.) was suspended
in a mixture of water (15 ml.) and glacial acetic acid
(50 m1l.). To this suspension was added ethylene oxide
(16 ml.), and the nixture shaken for 24 hours. The acetic
acid was distilled off and the residue made alkaline with
saturated sodium bicarbonate solution, and extracted into
ethyl acetate (3 x 30 ml.). The ethyl acetate extracts were
conbined and dried (Mgsoq) and concentrated to give a gun
which crystallized from benzene to yield the hydroxyalkylated
enine (3.06 g., 60%), m.p. 79°, U, . 1700 cu™" (~COOCH
aromatic). (Found: ¢, 56.57; H, 6.80; N, 5.46,

3

CyoH)-NO5 requires C, 56.46; H, 6.71; N, 5.49%) .

Methyl p-hydroxy-m-(NN-di-2-chloroethylamino)benzoate.
(437, 439)
Methyl p-hydroxy-m-(NN-di-2-hydroxyethylamino)benzoate

(3.4 g.) was dissolved in dry benzene (25 ml.), to which
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was added redistilled thionyl chloride (12 ml.). The mixture
was boiled under reflux for 20 minutes, then the precipitated
solid was filtered off and added to ammonia (d. 0.880)

(100 m1.), and extracted into chloroform (50 m1.). The
extract was washed with water (3 x 50 ml.), dried (Mgsok) and
concentrated toan oil. This was dissolved in acetone and
decolourized (charcoal), then concentrated to an oil which
was chromatographed (alumina, chloroform) to give the

difunctional nitrogen nustard, (which crystallized from acetone

petroleum), n.p. 76°,z)max 1700 cm"l (- COOCH3 aromatic).
(Found: C, 49.46; H, 5.36; N, 4.34. 012H15012N03
requires C, 49.32; H, 5.18; N, 4.78%). It was insoluble

in saturated sodium bicarbonate solution.

Sonme precursors of difunctional nitrogen nmustards

NN-DiethanolhydrazineSl  (281)

This was prepared by the method according to Plisov,
from ethylene oxide and hydrazine hydrate. It had b.p.138°/

8.6 x 1072 nn.

2, 4-Dinitro-p-(NN-di-2-hydroxyethylhydrazino)benzene. (283)
N02
N.NE .// \\.NO

—

NN-Diethanolhydrazine (6.01 g.), 2,4-dinitrochloro-

2

benzene (10.13 g.) in methanol (70 ml.), were boiled under
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reflux for 2 hours. 1.4N Alcoholic potash (5 ml.) was then

added to the mixture which was boiled under reflux for a

further 2 hours. The ethanol was distilled off to give an

0ily solid which was recrystallized from water to yield the
o

trisubstituted hydrazide, m.p. 145 . (Found: ©€,41.73;

H, 4.67. ©C;,H,,N,0c requires C 41.94; K, 4.,92%.,)

2,4-Dinitro-.p—(NN--di-2—hydroxyethy1amino)benzene?3

(235, 286) NO

2
(HO.CH,.CH,) ,N ~<:>.N02

This was prepared by the method of Ross from ethanolanine

and 2,4-dinitrochlorobenzene, to give a yellow crystalline

conpound. It hed m.p. 98%; Y, 1.50, 1.82, 2.50 p.p.m.

2-Nitro-4-anino-p-(NN-di-2-hydroxyethylanino)benzene .

(280)

/ N\
(HO.CH2.0H2)2N _M-NH,

NO2
2, 4-Dinitro-p-(NN-di-2-hydroxyethylamino)benzene (5.66 g.)

was dissolved in vigorously stirred boiling water (60 ml.)

to which was added sodium polysulphide (5.57 g.). After

45 minutes the mixture was cooled and the precipitate

filtered off. The precipitate was boiled for 15 minutes

in 10% hydrochloric acid (40 ml.) and the sulphur filtered

off, Excess ammonium hydroxide solution precipitated the

required compound, which was recrystallized from water to
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yield the p-anmino compound, m.p. 1150;‘f . 2.45, 2,52, 2,.8%
P.p.a. (Found: ¢, 49.98; H, 6.16. 010H15N304 requires
c, 49.78; H, 6.24%). For proof of structure see page 167.
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'QUANTITATIVE HYDROLYSES

The standard conditions used by Ross were employed to
determine ‘the extent of hydrolysis of the nitrogen mustards
in the following table. The mustard (0.5 m.mole) was
dissolved in acetone (25 ml.), water (25 ml.,) was added and
the solution was boiled (66°) under reflux for 30 minutes,
then'coded quickly in ice and the liberated hydrogen ion
deﬁenmined by the use of standard sodium hydroxide, employing
‘methyl red (M) or phenolphthalein (P) as indicator.

In some cases these conditions were modified, due to lack
of material, or insolubility of the nitrogen mustard derivative.
Where the proportion of acetone used was higher than 1:1, then
the hydrolysis figures will be lower than those conducted

under standard conditions,
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1.c.| wt, Vol.| vVol.| E*%
COMPOUND No. | taken [Me,CO| H,0 | (iiaio.)
(mg.) |(nf.)| (B&1.) .
RlSOzNH@OH 146 | 239.1 | 25 25 | 5 (M)
R'SOzNH@.802NH2 147 | 270.7 25 25 4 (M)
R'sozNH@COOH 149 | 65.0 | 25 25 | 2F (M)
R'S0,0 / \ NHCOCHB 153 | 260 25 25 2 (m)
Rfsozm@coozz 154 95.5 11 9.2 16%(P)
RNHSO, @NHCOCHB 155 | 200.2 25 25 13 (M)

EPhis is a corrected figure, arrived at after allowing for

the sodium hydroxide required to neutralize the carboxylic

acid,
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BIOLOGICAL RESULTS
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BIOLOGICAL RESULTS

The biological examination of some of‘the compounds
produced was conducted under the direction of Professor
J. F, Danielli; at King's College, London, by his co-workers.
Special and grateful acknowledgment is made to
Dr. R. I. Hawkins for the full and concise information which

she has made available, and which is summarized below.

TEST CONDITIONS.

Animals. All the animals used in the experimental work were

VWistar albino rats.

Tumour . The tumour used was the Walker Carcinoma 256
which occurs in two forms, solid and ascites
(suspension of tumour cells). The ascites tumour
was not used for experimental work, but was used
to form the solid tumour after 5 days' growth

in the peritoneal cavity.

Administration of Drugs. This depended primarily on their

solubility. The drug was suspended in Arachis oil or
dissolved in saturated bicarbonate solution and the pH of the
solution adjusted to 7. The intramuscular route was used
when the volume to be injected was less than 0.5 ml. The

intra-peritoneal injections were given when the volume of
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material was from 0.5 ml., to 1.0 ml. The oral route was
used when even larger volumes of material had to be adminis-

tered,

Toxicity. This was determined on non-tumour-bearing rats,
and although the more popular toxicity is the LD50, which

is the dose at which 50% of the animals dié, here the nedian
lethal dose (M.L.D,) was determined. This is the mean
between the lowest dosage which would kill the rat and the

highest dosage from which it would recover.
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COMPOUND MLD No. of | % of tumour
given as I.C. | mg./100 g. Route rats | bearing
No. See p.l1l71 Rat Rats showing
GI
146 150+ im 7 Nil
147 100+ im and 7 Lo
ip
148 100+ im and 11 20
ip
149 50 im and 8 L5
ip
150 60+ im and 7 15
ip
153 100+ im and 10 30
ip
154 100+ im and 10 30
ip
170 100+ im and 6 16

ip




_]_93_

I3:1(.)0. CcoMPOUND | mALOgEN | ACUTE LDy | CHRONIC Lbg, | CHRONIC LDy,
’ (mice) (mice) (rats)
mg./Kg. ng./Kg. ng./Kg.
20+ RSO, NH, c1 600 450 > 400%
56+* R'SO,NH, Br 52000 225 80*
188  |RUSO,NH, I $2000 >600% >200%
EPreliminary Result only.
210

+Prepared by Benn?q ++Prepared by Creighton.

In the foregoing biological results the route chosen for
- administration of the drugs is given, where im = intramuscular;

ip = intraperitoneal and sc¢ = subcutaneous.




LDs4 Dose No.of | Effect | Effect | Anti-
COMPOUND mice mg./Keg./| Route| rats on on Rat tumour
mg./Kg. day. Tumour | % wt.loss | activity
40 x 5 im 2 PR 390
RN: CHCgH 60 24 x 5 im 1 eI 5 ++
12 x 5 im 2 &I 5
RN:CH-@-NOz 1000 | 400 x 3 sc 2 Nil _5 -
N02
RI\Y:CH‘@'I\IM(%2 < 500 100 x 5 im 2 PR 15-30 ++
CR = Complete Regression; PR = Partial Regression; GI = Growth Inhibition.

- %61 -



-~ 195 -

DISCUSSION

The success of the sulphonamide drugs R'SO,NH, (cvIiI)

210

and R!'SO,NH.NH, (CVIII) prepared by Creighton initiated a

programme of preparation of substituted sulphonamides which

was continued by White25

and subsequently extended by the
present writer,

When (CVII) and (CVIII) were administered in amounts
required to give 50% and 68% complete regressions of the
tunour a novel type of toxicity action was exhibited, since
many deaths occurred 12 to 102 days after the commencement of
treatment, To explain this action it was suggested that a
folic acid deficiency might be caused by these two drugs, by
showing similar activity to anfi-bacterial sulphonamides.
However, administration of folic or folinic acids failed to
produce any effect. A microbiological assay of the liver and
intestinal epithelium of rats with these apparent folic acid
deficiency symptoms showed that there was no lack of either
folic or folinic acids. Substitution of groups on the
sulphonarnido oxr sulphonhydrazido moieties resulted in a loss
of anti~tumoural activity. Thus it can be inferred thét a
similar action to anti-bacterial sulphonamides is unlikely?13

The loss of anti~tumoural activity in the substituted

sulphonamides and sulphonhydrazides is very interesting even

though it is not explainable, If comparison is made between
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(CVII) and (CV) it is obvious that no enzyme is present or

is produced which would cause fission (b), otherwise the free

a a b
] 1 T
R’802§NH2 Rtso2§NH§x
] ’ 1
(cviI) (cv)

sulphonanide would be avallable in vivo. Again the
sulphonenido linkage cannot be split by method (a), since
both drugs considered would produce the RSOQ' ion which would
produce in vivo R'SO,.0H. If this ocourred then all the
sulphonamide drugs would have comparable activity, which is
not the case. Thus it would appear that it is imperative to
have the free - 802NH2 group present.

Comparison of (CVIII) and (CXLII) leads one to similar

[ .
' 1

a ¢ a ¢ b
e | B
RS0 NH} Nil, RSO, }NH| NH} X

(cviiy) (CXLII)
conclusions. Fission at (b) would release (CVIII) in vivo,
but obviously this does not occur, otherwise a good anti-
tumour effect should be observed. Fission of (CXLII) along
(c) would give (CVII) but for the same reason one can conclude
that it does not ocecur, Similarly fission of (CXLII) at
(a) would give all the sulphonhydrazides a couparable

activity. Thus it would appear that it is imperative to
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have the free - SozNH.NH2 group. However, it is realised
that (CVIII) could split at (c¢) to give (CVII), the fact that
(CXLII) does not split at (¢) does not exclude the possi-
bility of (CVIII) doing so.

Chemically the ¢(J-amino group of both these compounds,
i.e. (CVII) and (CVIII) are very different, one (CVII) having
an aclidic nature compared with the highly basic character of
(cviiz). It has been found that whatever group is substituted
on these ¢J-amino positions there is a loss in biological
activity. Thus one is led to postulate that the substituted
sulphonamides and sulphonhydrazides are sterically incapable
of attacking alkylatable centres, whereas the unsubstituted
ones can, However, this does not explain the apparent folic
acid deficiency symptons éhown by (CVII) and (CVIII). For
if these compounds were alkylating pteridine components and
so competing with p-aminobenzoic acid for active enzyme sites
then there would in fact be a defiociency of folic acid.
This, however, is not the case,

The effect on the toxicity of these drugs when the
B-halogen atoms are changed is shown in the table,
It will be seen that the iodo compound, see p.193 is less
toxic than the bromo derivative.

The biological tests on the Schiff bases were conducted
in the University of Buffalo by Professor Danielli and his

co-workers; using Swiss mice to determine the LD50 figures.
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Two of the compounds showed reasonable ant{~tunour activity,
i.e. (CXXXII) and (CXXXIII). The toxicity figures are
interesting; (CXXXVI) was the least toxic, and by the hypo-
thesis quoted (p.162) this could be expected by the fact
that the 2,4 dinitro groups are removing electrons from the
system. Similarly the higher toxicity of (CXXXIII) can be
explained by the presunption that electrons are being fed
into the system. It would have been thought that the
toxicity of the compound (CXXXII) would have occupied an
intermediate position between those of (CXXXIII) and (CXXXVI);
unfortunately, only an upper limit has so far been recorded
for the toxicity of the dimethylamino-compound, and whether
it is in fact more toxic then the parent compound (CXXII)

has yet to be established.
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