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Polyammonium Co^jugates as Drug Delivery Systems
Richard Weaver

ABSTRACT

This thesis describes the novel synthesis of eight polyaniine-nitrogen mustard
conjugates and two polyam ine-nitroxide conjugates. The structure-activity
relationship of these compounds with DNA has been investigated.
The approach started with the regioselective BOC protection o f commercially
available norspermidine, spermidine and spermine plus the total synthesis o f protected
polyamines e.g. hom osperm idine and spermine. The nitrogen mustards chlorambucil
and m elphalan were conjugated to the polyamines at primary and secondaiy nitrogens
via a variable length amide linkage to give a structural range of differentially charged
polyam ine-drug conjugates .
The spin label 3-earboxy-proxyl was conjugated to a primary and secondary
nitrogen of spermine via an amide linkage to give two novel spermine-spin labelled
adducts. Electron param agnetic resonance spin exchange experiments in the presence
o f D NA gave an indication o f translational motion of spermine on the DNA.
The D NA cross-linking o f the polyamine-nitrogen mustards identified that:
(i) spacing betw een positive charges does not significantly affect the cross-linldng
efficiency, (ii) increasing the positive charge of the polyamine increases the crosslinldng ability of the conjugates (reflecting the trend in binding ability o f charged
polyam ines) and (iii) primary amino polyamine-drug conjugates are more efficient
cross-linkers than the corresponding secondary amino conjugates.
The polyam ine-nitrogen mustard conjugates also showed the same sequence
selectivity as the parent drugs i.e. chlorambucil and melphalan. The N’ position in the
m ajor groove o f D NA is alkylated. Runs of contiguous guanines provide sites of
highest alkylation for chlorambucil and the polyamine-drug conjugates. The results
imply that the initial site of alkylation is not dictated by the poly amine moiety binding
to specific sites on DNA.
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1.1 Introduction

Cancer remains a m ajor life-thi'eatening disease with m ajor social and
econom ic importance. A review of the current understanding of the causes of many
com m on cancers is beyond the scope o f this thesis, but it is clear that both genetic,
viral and environmental factors have all been implicated. For sufferers o f cancer it is
reassuring that survival rates have generally improved, and for some specific cancers
e.g. testicular cancer, very effective treatm ent regimes have been developed with good
prospects of complete cure.
Oncologists have three principal treatm ent options:
® surgery (suitable for solid localised tumours in accessible areas)
o radiation therapy (suitable for localised tumours in inaccessible areas)
e chemotherapy (suitable for métastasés, non-localised cancers such as leukaemias
etc.)

1.1.1 Chemotherapy

Chemotherapy began in the early 1940s with the developm ent o f therapeutic
uses for the nitrogen mustards that were originally synthesised in research relating to
chem ical warfare. D uring the next decade a wealth of promising new alkylating agents
and anti-m etabolites was discovered and a wide range o f com m on and rare
m alignancies was treated w ith these agents.

Principles of Chemotherapy
From experience gained in the last 50 years, we know that effective drugs or
drug combinations can extend life considerably or cure some malignancies. Children
with acute leukaemia, W ilm ’s tumour, soft tissue sarcomas, lymphomas and other
tum ours are curable. Adults with acute myelogenous leukaemia, lymphoblastic
leukaemia, non-H odgkin’s lymphoma, H odgkin’s disease and teratom a of the testes
are potentially curable.
The administration of chemotherapeutic drugs is lim ited by their inherent
toxicity. The toxic nature o f the drugs can lead to unpleasant side-effects for the
patient on a time-scale o f hours/days to months to years e.g. nausea and vomiting,
reduction in white blood cells, hair loss, diarrhoea, anaemia, sterility and second
malignancies. Before a drug or combination of drugs is administered to a patient, the
gain of clinical benefit must be balanced against these toxicities.

1.1.2 Administration of drugs

Combination Therapy
As certain tumours will not respond to a single chemotherapeutic dose,
adm inistration o f a second drug having a different toxicity can increase the anticancer
effect dramatically while unaltering toxicity. The administration of even more drugs,
in certain cases, has proved successful. This approach, or combination therapy, has
proved successful in a variety of cancers notably H odgkin’s disease and acute
lym phoblastic leukaemia in children. Another example, teratoma o f the testes may be

cured by a combination o f the chemotherapeutic agents vinblastine, bleom ycin and
cw-platinum.

High Dose Therapv
The clinical effects o f certain drugs e.g. alkylating agents is directly related to
the dose o f the drug given. There is also evidence that drug resistance is far less likely
to occur when an initial high dose is given early in the course of the disease. Further
studies in high dose therapy will be necessary before this technique can be assessed
for future use.

1.1.3 Drug Targeting

Generally, the anti-cancer drugs now in clinical use do not distinguish between
m alignant and norm al cells. The majority o f these drugs have an effect on rapidly
dividing cells and so not only is tum our cell growth inhibited but also the norm al cells
of

the

body

which

divide

frequently

e.g.

gastrointestinal

epithelium

and

haematopoietic cells of the bone marrow.
The goal o f drug-targeting is to deliver cytotoxic agents selectively to
m alignant cells, whilst exposing normal cells to low levels o f the drug. One relatively
new m ethod of selective drug targeting is the ADEPT (Antibody Directed Enzyme
Prodrug Therapy) program. This strategy involves the use an antibody (specific for a
particular tum our cell type) conjugated to an enzyme that will activate a relatively
inactive prodrug. The antibody-enzyrne conjugate is designed to locate at the tumourprior to the administration o f the prodrug, which will only be activated once it reaches

this site. For example, M ann et a l, (1990) synthesised a prodrug w hich can be
activated by treatm ent w ith the bacterial enzyme carboxypeptidase G2, thus releasing
the drug (figure 1 .0 ).
.OSOzMe

C arboxypeptidase G2

Ç O 2H
OH
H

Figure 1.0 Activation o f a prodrug via action o f an enzyme (from M ann et a l, 1990)

A similar approach has recently been applied to taxol, effective in the
treatm ent o f breast cancer. Taxol is very insoluble, which makes it difficult to get into
the blood stream and it also attacks healthy tissue almost as readily as cancer cells.
Blackburn et a l, (1995) have produced a prodrug by linldng taxol to cephem
sulphoxide. Once the prodrug encounters (3-lactamase (previously accumulated onto
cancer cells via an antibody) taxol is released (figure 1 . 1 ).

1.2 Structure of DNA

In 1953, James W atson and Francis Crick made the now classic proposal for
the secondaiy structure of DNA based on X-ray diffraction patterns (Crick and
W atson, 1953). The essential features o f their model are:

TAXOL
OAc
OH

NHBz G

HO,

HO
BzO

AcO

P-lactamase
p-lactamase and cephem sulphoxide
react and release taxol
p i 85 protein
CANCER CELL

Figure 1.1 Targeting o f taxol to a cancer cell following the ADEPT program (from
Blackburn et a l, 1995)

(i) A pair o f antiparallel nucleotide chains coiling around a comm on axis to form a
right-handed double helix.
(ii) The phosphate and deoxyribose units are on the outside o f the helix with the
purine and pyrim idine bases on the inside.
(iii) A denine (A) forms two hydrogen bonds with thymine (T) and guanine (G) forms
three hydrogen bonds with cytosine (C) (figure 1.2).
The general structure o f a single DNA strand is given in figure 1.3. X-ray
measurem ents conclude that the DNA double helix is 20 Â wide, that there are 10 base
pairs in each turn and each turn is 34 Â in height. A feature of the secondary structure
of D NA is the presence o f a m ajor and m inor groove.
The glycosidic bonds o f the bases are not diametrically opposite to one another
and this leads to im portant features on the D NA namely, the major groove (12 Â wide)

Major groove
N —H -------O

Suga^

H"

N f n !N
Y

Minor groove
Adenine (A )---------------------(T) Thymine

Major groove
H -N

Sugar"

iN -H
N -H

Sugar

H

Minor groove
Guanine (G)------------------- (C) Cytosine
Figure 1.2 The constituent bases o f DNA showing hydrogen bonding and groove
positions

and the m inor groove ( 6 Â wide). The m ajor groove contains N^-guanine and N’adenine, 0'*-thymine and O^-guanine, which are all hydrogen acceptors. The amino
groups attached to
m inor groove,

o f adenine and G* of cytosine act as hydrogen donors. In the

o f both adenine and guanine,

o f both thymine and cytosine are

hydrogen acceptors whilst the amino group at C^-guanine is a hydrogen donor. In

o

CH,
H

H

r O. o
o

X

o

e i

CHz

O.
X
o

O
o

CH 2
H

H

Figure 1.3 The general structure o f a DNA strand

general, proteins that recognise a specific DNA sequence bind to the more accessible
m ajor groove whereas polym erases and antibiotics use the minor groove.
O ther forms o f DNA include right-handed A-DNA, in which the A-helix is
w ider and shorter than the B-helix and the base pairs are tilted slightly, and Z-DNA.
This latter structure was found to have a duplex of antiparallel strands with W atson
and C rick base pairing but the striking feature was the observation of a left-handed

double helix (Rich et a l , 1979). Z-DNA is made possible w ith D NA fragments of
alternating purines and pyrimidines.

1.3 The Interaction of Polyamines with DNA

D NA is deprotonated at each phosphodiester at physiological pH and thus
exists as a polyanion. This hydrophilic exterior is in contrast to the hydrophobic
interior o f stacked bases. As expected from polyelectrolyte theory (Oosawa, 1971),
D N A should have a high affinity for polycations. The naturally occurring poly amines
putrescine, spermidine and spermine are indeed polycations at physiological pH with
charges of 2"*", 3'*' and Y respectively (figure 1.4).
The first physicochemical evidence o f the interaction o f polyamines with D NA
(Tabor, 1962) has prom pted a wealth o f further work into these interactions.
Poly amines are known to bind strongly with D NA (Braunlin <2t aZ., 1982) and have

HgN'
Putrescine

HgN'

'N '
H2
Spermidine

H 3N
w.,

' Spermine

Figure 1.4 Structures o f some naturally occurring poly amines

been shown to be excellent inducers o f the B to Z transition o f DNA (Behe and
Felsenfeld, 1981). Unlike flat D NA intercalators e.g. actinomycin, figure 1.5, which
slide betw een stacked base pairs or the hydrogen bonded sequence specific antibiotics
e.g. distamycin, figure 1.5, which binds in the minor groove, polyam ine-DNA
interactions are dominated by electrostatic interactions.
Sperm ine has been located in crystal structures with Z-DNA (Tomita et al.,
1989; Egli et al., 1991; Bancroft et al., 1994) and B-DNA (Drew and Dickerson,
1981). Theoretical studies based on computer modelling have shown that polyamines
may form stable interactions with DNA (Feuerstein et a l, 1986; Feuerstein et al.,
1990) and solution studies have also shown high affinity o f polyamines with DNA
(Plum and Bloomfield, 1990). These studies have shown that although the precise role
o f this DNA binding is far- from clear, there is a high affinity o f polyam monium
cations for DNA. It is usually assumed that the role of this interaction is to overcome
electrostatic repulsion of the phosphate diester backbone, thus introducing ‘bends’ in
the double helix and/or facilitate tighter pacldng o f the nuclear DNA.

1.4 Polyamine Biosynthesis

Nearly all eukaryotic cells contain significant amounts of the polyamines
putrescine, spermidine and spermine. Initiation o f growth in both prokaryotes and
eukaryotes is accompanied by an increase in the polyamine biosynthetic enzymes and
by an increase in intracellular polyamines (Pegg and McCann, 1982; Tabor and Tabor,
1984). The biosynthesis o f polyamines is a highly regulated process (reviewed by
Pegg, 1986). The biosynthetic pathways for putrescine, spermidine and spermine are

INTERCALATING DRUGS

IiYï)R()GIÜN]BCMNTMEDElItLK}S
Distamycin

Actinomycin

Me

NH-

Me
HN

PP = pentapeptide

Figure 1.5 Examples o f D NA directed drugs

given in figure 1.6 (Yeast and mammalian cells lack arginine decarboxylase and
therefore the pathway from arginine to agmatine to putrescine is absent in these cells).
In mammalian cells the polyamines are derived from the amino acids arginine
and ornithine. Putrescine, the precursor o f the polyamines, is formed by the catalysed
decarboxylation o f ornithine by the enzyme ornithine decarboxylase (ODC). The
ornithine used as a substrate can be derived from either the plasma (Pegg and
Williams-Ashman, 1981) or from intracellular arginine by means o f the enzyme
arginase (Pegg and McCann, 1982). An aminopropyl group must be added to
putrescine to form spermidine. M ethionine is converted to S-adenosylmethionine and
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NHz
COOH

C =N H

NHzCHzCHzCHzCHNHz

COOH

ye

NHCHzCHzCHzCHNHz

ORNITHINE

COOH

SCHzCHzCHNIt

ARGININE

METHIONINE

NHz
C=NH
NHCHzCHzCHzCHNHz
COOH

AGMATINE

Me

NHzCHC%CHzS
UREA

OH OH
/ S-ADENOSYLMETHIONINE

NHzCHzCHzCHzCHzNHz
PUTRESCINE

NHzCHzCHzCH^— 1^0
OH OH
DECARBOXYLATED S-ADENOSYLMETHIONINE

NHzCHzCHzCHz NHCILCHzCHzCHzNHz
SPERMIDINE
OH OH
5-METHYLTHIOADENOSINE

NHzCHzCHzCHzpiHCHzCHzCHzCHzNIf:HzCHzCHzNHz
SPERMINE
,
ENZYMES j

I

1 = ARGINASE
2 = ORNITHINE DECARBOXYLASE (ODC)
3 = SPERMIDINE SYNTHASE
4 = SPERMINE SYNTHASE
5 = S-ADENOSYLMETHIONINE DECARBOXYLASE (AdoMetDC)

Figure 1.6 Polyam ine biosynthesis

II

then decarboxylated with S-adenosylmethionine decarboxylase (AdoMetDC). Once
decarboxylated S-adenosylmethionine has formed, it is comm itted to polyamine
biosynthesis since no other metabolic pathway appears to involve this compound
(Pegg, 1984). The concentration o f decarboxylated S-adenosylmethionine is low and
this constitutes the rate limiting step in spermidine formation. The aminopropyl group
from decarboxylated S-adenosylmethionine is transferred to putrescine by the action
of sperm idine synthase, an aminotransferase. The addition of a second aminopropyl
moiety from the same donor to the remaining terminal amine o f the aminobutyl group
of spermidine is achieved w ith spermine synthase. These two enzymes are present
intracellularly in excess amounts and are not rate-limiting in polyam ine biosynthesis,
in contrast to both ODC and AdoM etDC which have very short half-lives, - 3 0
m inutes (Russell and Snyder, 1968; Janne et al., 1978) and are highly regulated. Thus
ODC and AdoM etDC have both been studied as targets for inhibition o f polyaminfe
biosynthesis.
The polyamines are converted back to putrescine by the action of two
enzymes,

spermidine/spermine

A*-acetyltransferase

and

polyam ine

oxidase.

Sperm idine or spermine are first acetylated by A^-acetyltransferase and then oxidised
by the latter enzyme which splits off the 3-acetamidopropanal. This acetylase/oxidase
system may be a regulatory response that reduces the intracellular polyamine
concentration when this becomes too high (Pegg, 1986). The putrescine formed can be
degraded by the action o f diamine oxidase or excreted by the cell (Pegg, 1988).
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1.4.1 Inhibition of Polyamine Biosynthesis

Inhibition of ornithine decarboxylase (ODC)
M ost

studies

on

the

inhibition

of

ODC

have

concentrated

on

difluorom ethylornithine (DFMO), an analogue of ornithine (W illiam s-Ashman and
Canellakis, 1979; Pegg and McCann, 1982; Tabor and Tabor, 1984; Porter and
Sulfrin, 1986). DFMO acts specifically on ornithine decarboxylase, irreversibly
alkylating the enzyme as a suicide substrate (Pegg, 1986). Application o f DFM O to a
wide variety of normal and neoplastic cells leads to a striking inhibition o f cell
proliferation (Pegg and McCann, 1982). This growth inhibition o f cells by DFM O is
attributed to depletion o f putrescine and spermidine (Mamont et a l, 1982). The in
vivo toxicity of DFM O is low (Tabor and Tabor, 1984).

Inhibition o f S-adenosvlmethionine decarboxylase (AdoMetDC)
The

most

characterised

inhibitor

of

AdoMetDC

is

methylgyloxal-

bisguanylhydrazone (MGBG) and this drug can be used to inhibit polyam ine synthesis
in vivo (W illiam s-A shm an and Schenone, 1972; Seppanen et a l , 1981). However,
M G BG is not specific and can inhibit other enzymes e.g. diamine oxidase. M GBG is
know n to use the same uptake m echanism as polyamines (Janne et al., 1983) and has
antileukaem ic effect although its use has been lim ited by its severe toxicity (W illiamsAshm an and Seidenfeld, 1986). A dministration of M GBG leads to depleted levels of
intracellular polyamines not only by inhibition o f AdoM etDC but also by induction of
the enzymes in the reversal of polyamine biosynthesis. The inhibition of polyamine
biosynthesis by DFM O and M GBG is demonstrated schematically in figure 1.7.
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NH,
COOH

COOH

L

A

;
S-ADENOSYLMETHIO>nNE

NH2CHCH2CH2S—T^Ox.

COOH
DFMO

w

*

OH OH
HN
PUTRESCINE

Me

MGBG

NH

Me

NHzCHzCHzCHzS

'X 7

OH OH
DECARBOXYLATED S ADENOSYLMETHIONINE

METHYLTHIOADENOSINE*
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MGBG = methylglyoxal-bis(guanyl hydrazone)
DFMO = difluoromethyl ornithine
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ODC = ornithine decarboxylase
AdoMetDC = S-adenosylmethionine decarboxylase
► = enzyme inhibitor

Figure 1.7 Inhibition o f polyam ine biosynthesis with DFMO and M GBG
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1.4.2 Polyamines and Cancer Therapy

The biosynthetic polyam ine pathway

is particularly

active in rapidly

proliferating tissue. M any tum our cells are in rapid growth and the presence o f a
tum our is often associated with an increase in extra-cellular polyam ine levels
follow ing excretion of polyamines by the organism (Tabor and Tabor, 1984).
Therefore, the m anipulation o f the biosynthesis of polyamines has been investigated in
cancer therapy using DFM O and M GBG to change the cytotoxicity of DNA-directed
drugs (M arton, 1987). The elevated polyam ine levels observed in cancer cells may in
part be due to the presence o f a specific active uptake system that has been
characterised in a wide vaiiety o f tum our cells (Porter et a l, 1982; Seiler and Dezeure,
1990). However, few studies have investigated the uptake of polyamines as a potential
route for the delivery of novel cancer therapeutic agents. D epletion o f intracellular
polyam ine levels by pre-treatm ent with DFM O followed by administration of a
polyam ine-drug conjugate could exploit the polyamine uptake system and selectively
deliver the conjugate to tum our cells.

1.5 The Polyamine Transport System

A n active polyam ine transport system has been characterised in a large variety
o f cell types including L1210 leukaemic (mouse), HeLa, rabbit reticulocytes, non
m am m alian erythrocytes, Ehrlich ascites tum our cells (EATC), cultured hum an
m yeloid leukaemic cells, human colonic tum our cells and certain histological types of
lung tum ours (Field et ah, 1964; Porter et a l, 1982; reviewed by Seiler and Dezeure,
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1990). Tissues w ith a high demand for polyamines such as prostate, tumours or
norm al but rapidly proliferating cells take up polyamines in increased amounts.
Polyam ine transport is energy and tem perature dependent and saturable indicating a
carrier m ediated transport. Judging from competition studies, m ost cells appear to
have a single transporter for putrescine, spermidine and spermine (Seiler and Dezeure,
1990). H owever some cells have different affinities for these poly amines suggesting
more than one pathway for polyamine uptake. The affinity for the carrier increases in
the order putrescine, spermidine and spermine. The Michaelis constants K,n for a
variety o f poly amines are in the order o f pM.

1.5.1 Effects of Polyamine Structure on Cellular Uptake

O ther polyamines including cadaverine, norspermidine, homospermidine and
hom osperm ine are assumed to be transported by the same system used by putrescine,
spermidine and spermine. Porter et al., (1982) reported that free amines in the
term inal primary sites are required to increase cellular uptake. The authors also
show ed that derivatisation at the secondary amine position of spermidine did not
significantly affect uptake. However, diacylated spermidine derivatives did not
compete w ith uptake (see data, figure 1.8; the inhibition of uptake is determined in
terms o f IQ. The sm aller the value, the greater the inhibition of uptake of the
polyam ine studied. The inhibition constant (IQ) is defined as the dissociation constant
o f the receptor-inhibitor com plex and is the concentration of inhibitor that will double
the IQn for the natural substrate). Later, Porter et a l, (1984) studied a series o f
putrescine and spermidine homologues and their ability to inhibit radio-labelled
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Figure 1.8 Inhibition of spermidine uptake into L I 210 cells by various spermidine
derivatives and analogues (taken from W heelhouse, 1990)
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putrescine and spermidine uptake. The results indicated that the triam ines were more
effective competitive inhibitors. M axim um inhibition was achieved with the
polyam ines which had chain lengths resembling spermidine or spermine.
Further w ork by Cohen et al., (personal communication) concluded that the
criteria for polyam ine derivatives which may be actively transported are:
(i) Secondary amine positions may be alkylated or acylated
(ii) Prim ary amine positions may be alkylated but not acylated
(iii) The cai'bon chain betw een the amines must rem ain flexible
W heelhouse (1990) synthesised a vaiiety o f methylated spermidines and
am ino-thiol-nitroim idazoles and the inhibition of spermidine uptake was measured
(figure 1.9). The results (i) demonstrated that méthylation is tolerated up to the
trialkylam ine level but the quaternary amm onium polyamine derivative is not
transported. W heelhouse proposed that cycling o f the cationic amm onium salt to the
neutral polyam ine in order to cross the hydrophobic membrane must be a requirem ent
o f the polyam ine uptake system i.e. the two terminal cations are available for
recognition at a receptor site and then the polyam ine is passed through the membrane
as the more lipophilic base. The polyam inothiol was designed to be transported into
cells i.e. N ^-ùee base, Af^-monoalkylated and

-monoalkylated and it showed a good

binding to the receptor w ith IQ = 31.9 |lM . The results of uptake for the polyaminenitroim idazole conjugates linked via a terminal thioether are presented in table (ii).
The terminally alkylated di- and tri- amines are both good inhibitors o f spermidine
uptake (Ki = 66.7 |iM and 54.3 p,M respectively). The monoamine is not recognised
by the transport system.
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(i) Inhibition o f spermidine uptake in EATC by M GBG and spermidine derivatives
STRUCTURE

HN,
Me
19.7
M G BG

NH:

31.9

\ +

+\

inhibition

■SH

31.9

(ii) Inhibition o f spermidine uptake in EATC (Km for spermidine was 1.6 pM )
STRUCTURE

Ki / pM
34.4

M GBG
.3HC1

66.7

Me
54.3

400

, , x ^ ^ ^ N H 2 •2HC1

Figure 1.9 Taken from W heelhouse (1990)
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The uptake results presented here lead to the conclusion that polyamines are
suitable molecules for delivering cytotoxic agents into tumour cells. For optimal
transport, the drug is best attached at a secondary amine position although terminally
alkylated polyamines are tolerated. Triamines are more effectively transported than
diamines and the 3, 3 and 4, 4 methylene bridged triamines are preferred.

1.5.2 Compartmentation of Poly amines

Once passed through the cell membrane, targeting of a polyamine-drug
conjugate to the cell nucleus will be necessary. Many studies have focused on the
compartm entation o f polyamines in m am malian cells, e.g. W illiam s-Ashm an and
Canellakis, (1979); Pegg and McCann, (1982); Pegg, (1986); Hougard et a l, (1986),
but these studies are not entirely convincing due to the possibility o f redistribution of
polyam ines during cell fractionation. Pegg (1988) speculates that a substantial fraction
of intracellular polyamines is present in a bound form and is not available for the
regulation o f polyam ine synthesis or stim ulation o f growth. In fact Davis et a l, (1983,
1985) demonstrated that more than 70% o f the total putrescine and spermidine content
is sequestered and not available for spermine synthesis. Polyamines aie known to have
a high affinity for nucleic acids and are known to precipitate DNA, induce B to Z
transitions, increase the melting temperature and stabilise DNA (reviewed by M arton,
1987). Being small basic molecules, polyamines are likely to be associated w ith
m em branes and microsomes as well as chromatin. Therefore total specificity o f a
polyam ine-drug conjugate for D NA may not occur but it is likely that a
proportion o f the drug will be directed to DNA.
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lai'ge

The target of many therapeutically im portant drugs is nuclear DNA. Two
m ajor problems limit the efficacy of these drugs, namely: (i) the degree o f cellular
penetration and (ii) the ability to locate the cellular target. By conjugating a cytotoxic
drug to a polyamine, a naturally occurring compound, we propose that these two
problem s can be addressed simultaneously. Firstly, many tumour cells possess an
active uptake system for polyamines and this may provide selective delivery of drugs
and secondly, polyamines are known to have a high affinity for DNA and so should
direct the drug to its cellular target efficiently thereby reducing host toxicity.
The studies to date on exploiting polyam ine active transport for delivering and
targeting cytotoxic agents have concentrated on a single polyam m onium carrier
(spermidine) attached to chlorambucil (a nitrogen mustard) (figure 1.10). A successful
synthetic strategy was developed by W heelhouse (1990) to yield a spermidinechloram bucil conjugate (5) (figure 1.11).

OH

HgN'

'N '
H
Spermidine

Chlorambucil
Figure 1.10 Chemical structures of spermidine and chlorambucil
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The spermidine carrier was initially derivatised through the

position based

upon evidence that considerable chemical modification at this position does not
appear to adversely affect its uptake (Porter et a l, 1982). The D NA cross-linlcing
ability, in vitro uptake, in vitro cytotoxicity and in vivo antitumour studies o f this
conjugate were presented by Holley et a l, (1992). The results were as follows:
(i) The ability of the spermidine-chlorambucil conjugate (5) to introduce interstrand
cross-links into linear plasm id DNA was assessed using an agarose gel technique. The
NH2

NH

HzN

HNBOC

BOC-ON
-------- >
71%

HNBOC

\
NH

>

N'

HNBOC

XN

'NH2
99%

99%

HNBOC

H2/Raney Ni

HNBOC

HNBOC
50%

(i) chlorambuciI/SOCl2
(ii) ü'ifluoroacetic acid

NH

Figure 1.11 The synthetic route in the synthesis o f 5 (Wheelhouse, 1990)
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conjugate was found to be 1 0 ,0 0 0 times more efficient at producing interstrand cross
links than chlorambucil. The spermidine-chlorambucil conjugate produced cross-links
w hich were clearly evident at 0 .0 1 |xM whereas cross-links were only observed with
chloram bucil under identical conditions at concentrations greater than 100 |iM . This
increase is attributed to the cationic nature of the polyamine carrier giving high D NA
affinity. Clearly the conjugation o f chlorambucil to spermidine had coupled binding
affinity for D NA with the ability o f the nitrogen mustard to locate the sites for suitable
cross-linking.
(ii) In vitro uptake determinations using A DJ/PC 6 plasmacytoma cells showed
com petitive inhibition o f [''^C]spermidine uptake by the conjugate w ith a low IQ
value, indicating a high affinity for the polyam ine uptake system.
(iii) In vitro cytotoxicity was assessed in A DJ/PC 6 cells by the ability to inhibit
[^Hjthymidine incorporation, à measure of DNA synthesis. The conjugate proved 35fold more toxic than chlorambucil with the IC 50 values o f 8.9 |i.M and 0.25 p.M
respectively after a 1 h exposure (IC 50 = concentration of compound giving a 50%
reduction in [^Hjthymidine incorporation). Treatment o f the cells with DFM O (a difluorom ethylornithine), an agent known to deplete intracellular polyamine levels
(Bey et al., 1987), resulted in a strildng 225-fold increase in toxicity for spermidinechloram bucil over chlorambucil. This value was obtained due to an increase in
toxicity for the conjugate compared w ith a decrease in toxicity for chlorambucil in
D FM O treated cells. The result is consistent w ith the suggestion that the conjugate
enters the cells via an active uptake system.
(iv) The in vivo antitum our activity of the spermidine-chlorambucil conjugate was
approximately 4-fold greater than chlorambucil when expressed on a molar basis, as
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indicated by the doses inhibiting tum our growth by 90% (EDgo), i.e. 2.83 |im ol/kg and
10.95 |lm ol/kg respectively. However, the conjugate had a low 50% lethal dose
(LD 50), LD 50 = 27.6 |im ol/kg, compared with chlorambucil, LD 50 = 1 2 5 |im ol/kg,
possibly due to acute central nervous system toxicity (CNS toxicity has also been
observed clinically in humans with chlorambucil). Therefore the therapeutic index for
the conjugate (9.7) was not significantly different from chlorambucil (11.4)
(Therapeutic index = LD 50 4- EDgo). The m inor increase in anti tum our activity for the
conjugate did not reflect the 35-fold increase in cytotoxicity observed in vitro with
A DJ/PC6 cells nor the 10,000 fold increase in reactivity with nalced DNA. The
reasons

for

this

are

unclear

but

may

include

alterations

in

metabolism,

pharm acokinetics, intracellular distribution and D NA binding effects in vivo.

These prom ising results have prom pted further studies in the optimisation of
polyam ine structure and site o f attachment o f cytotoxic agents in relation to in vitro
reactivity w ith DNA, sequence selectivity studies, cellular uptake, in vitro toxicity and
in vivo activity against appropriate tum our models.
A range of new polyam ine-nitrogen mustard conjugates has been successfully
synthesised based on the structural limitations discussed (section 1.5.1) and are
presented in this thesis (chapters 2 and 5). The polyamines norspermidine,
hom osperm idine, spermidine and spermine along with the nitrogen mustards
chloram bucil and m elphalan (figure 1.12) have been used in the synthesis of these
novel polyam ine-drug conjugates.
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P olyam ines
H ,N '

N

-NH.

H

Homospermidine

Norspermidine
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.N H ,

H2N '

N'
H
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N itro g en M u sta rd s
NH,
OH

Melphalan
Chlorambucil

Figure 1.12 Structures of the polyamines and nitrogen mustards used in the synthesis
of novel polyam ine-drug conjugates
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Chapter 2

Polyamine Synthesis

2.1 Introduction

Following the successful synthesis o f a spermidine-chlorambucil conjugate (5)
(W heelhouse, 1990) and its initial prom ising biological data (Holley et ah, 1992), a
study was undertaken investigating the effect of systematic changes in the polyamine
structure and point of attachment of a chosen drug. A series of novel polyaminenitrogen mustai’d drug conjugates has been synthesised and are presented in this
thesis (figure 2.0). These drug conjugates were compared in their ability to induce
cross-links in plasmid D NA and in their D NA cross-linking sequence selectivity.
The proposed structures of the final polyamine-drug conjugates required use of
polyam ine chemistry via high yielding regioselective intermediates. A brief review of
this synthetically challenging area follows.

2.2 Chemistry of Polyamines

The realisation o f the biological importance of polyamines in many varied
processes has prom pted an increase in the synthesis of polyamines and their
derivatives over the last 20 years. The m ajor problems associated with polyamine
syntheses are (i) developm ent o f appropriate protecting group strategies to allow
regioselective syntheses and (ii) separation and purification o f polar intermediates.
The first problem becomes more obvious following an inspection o f the structure of
spermidine (figure 2.1). The presence of two non-equivalent primaiy amine sites and a
secondary amine provides a challenge in regioselective synthesis.

26

Homospermidine-chlorambucil (26)
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Figure 2.0 The polyam ine-nitrogen mustards synthesised and presented in this thesis
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2.2.1 Total Synthesis of Protected Polyamines

D uring the 1980’s, methods for the selective modification o f spermidine and
its homologues were perfected by Bergeron (reviewed by Bergeron, 1986). These
synthetic strategies were developed by constructing polyamines from basic starting
materials

followed

by

appropriate

protection/deprotection

techniques.

These

approaches allowed selective chemistry on each of the nitrogen atoms in spermidine,
sperm ine and various homologues. For example, access to regioselective difunctionalisation of the

and

positions of spermidine was achieved in five steps

starting from benzylamine (figure 2.2).

HgN

N'
H

Figure 2.1 Spermidine

A tri-protected spermidine m olecule with three different protecting groups was
also described by Bergeron, figure 2.3 (Bergeron et al., 1984). The choice of
protecting groups offered access to regioselective mono-, di-, and tri- functionalisation
of spermidine for the first time. Bergeron demonstrated this by systematic
deprotection followed by acylation with a different reagent, figure 2.4 (Bergeron et al.,
1984). The benzyl group was rem oved by hydrogenolysis with palladium chloride and
hydrochloric acid in methanol. The
providing

the

A^-benzoyl

chloride

free amine was reacted w ith benzoyl chloride
derivatised

spermidine.

Removal

o f the

trifluoroacetyl group was achieved by heating w ith potassium carbonate in methanol.
The free

position was then derivatised w ith acetyl chloride. Finally, the BOC group
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was rem oved by acidolysis with brief exposure to trifluoroacetic acid. After
basification, the

free amine was further acylated with 2, 3-dimethoxybenzoyl

chloride to yield a compound with three different moieties attached to spermidine.
"CN
CN
.CN

.CN

NC

Raney Ni/NaOH

H2ÆIOH

BOC-ON/THP
BOCN

NBOC

NH-

PdClgmzmeOH
Hz

H
BOCN
H

,NBOC

'N '

Hz

Figure 2.2 Five-step synthesis to

A^-di(t-butoxycarbonyl) spermidine (1), from

benzylamine (from Bergeron, 1986.)

Later, Bergeron published conditions for the stepwise tetra-functionalisation of
spermine (Bergeron et a l , 1988). The reaction scheme is outlined in figure 2.5. The
tri-protected spermidine reagent (figure 2.4) was chosen as an appropriate starting
material. Removal o f the trifluoroacetyl group followed by M ichael-type addition with
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acrylonitrile led to the corresponding nitrile. A fter hydrogenation this adduct was
reacted w ith (trifluoroacetoxy)succinimide to obtain the primary amino derivatised

Raney Ni/EtOH

BO C-ONm iF

NBOC

cr ^

'CN

NazCOa/KI
BuOH
NBOC

NBOC

CN

NBOC

Figure 2.3 Synthesis o f a tri-protected spermidine molecule (Bergeron et al., 1984)

adduct. This reagent was chosen over trifluoroacetic anhydride in order to acylate the
less hindered primary amine to give the desired regioisomer. The 2, 2, 2- trichlorotert-butoxycarbonyl (TCBOC) was then introduced onto the final free secondary
amine w ith 2, 2, 2- trichloro-1,

1- dimethylethyl chloroformate to produce

differentially tetra-protected spermine. The TCBOC group is rem oved under mild
conditions by metal reduction employing zinc dust in dilute hydrochloric acid.
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H
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(i) CF 3COOH
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O
N

Figure 2.4 Deprotection and acylation of sperinidine
(Bergeron et al., 1984)
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Figure 2.5 Reagents for the stepwise functionalisation of
sperm ine (Bergeron et al., 1988)
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CP3

Bergeron again demonstrated the synthetic versatility of this reagent by stepwise
deprotection and refunctionalisation of this molecule.
B ergeron’s synthetic strategies lead to the desired products in m oderate to high
yields. However, the routes taken are often long and costly in terms of material and
time. For example, the synthesis o f the tetra-protected spermine molecule (figure 2.5)
starting from benzylamine is achievable in 9 steps. A more efficient method for the
desired functionalisation of polyamines is to exploit the different reactivities o f the
constituent amino sites in commercially available polyamines.

2.2.2 Regioselective Synthesis of Commercially Available Polyamines

The main problem associated with the functionalisation of spermidine is the
variety o f possible products. Owing to the presence of two non-equivalent primary
amines and a sccondaiy amine seven possible products, in theory, plus unrcacted
starting material can be envisaged for the acylation of spermidine i.e. three
possibilities each for monoacylation and diacylation and one triacylated product. For
exam ple Tabor et al., (1971) isolated the desired adduct (i) after two extraction
procedures and ion exchange chromatography in only 6% yield (figure 2.6).
AC2O
Mfi
^
H

pyridine
^
6%

CH 3 C O N '
H

'N '
H

(i)
Figure 2.6 The A acétylation o f spermidine
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Secondary amines aie usually more nucleophilic than primary amines. An
exam ple demonstrating this phenom enon was given by Bergeron et a l, (1980), who
reported the observed superior reactivity of the secondary amine o f spermidine over
the primary amine by comparing isolated products from the reaction between
sperm idine and cinnamoyl chloride (1:1.4 equiv.). The
produced in only 5% yield whereas the

A^-diacylated product was

N^- and N^, A^-diacylated product

accounted for the majority of the yield. This would imply that the secondary amine
site

is most nucleophilic.
Using a bulky electrophile should increase the regioselectivity o f primary over-

secondary amino derivatisation. In fact, W heelhouse (1990) reported that reacting
spermine w ith tosyl chloride (0.5 equiv.) resulted in complete selectivity for
protection at the primary amine positions with the isolated products being N^tosylspermine and N \ N^^-ditosylspermine.
Kikugaw a and co-workers managed to isolate N^, A® diacetylated spermidine
from direct reaction of spermidine with the bulky electrophile A-methoxydiacetamide
in 91% yield (Kikugawa et a l, 1990). M orin and Vidal (1992) synthesised N \ A^
di(p-methoxytrityl) spermidine from spermidine and p-m ethoxy trityl chloride in the
presence o f 4-dimethylam inopyridine (DMAP) in 65% yield. M ore im portantly,
W heelhouse (1990) used the sterically hindered agent BOC-ON in the protection of
spermidine giving N \ A®-di-(r-butoxycarbonyl)spermidine (1) in 71% yield from
direct reaction of BOC-ON with spermidine. Access to this compound in one simple
step highlights the use of bulky reagents for the exclusive protection o f primary
amines over secondary amines. Other syntheses of this com pound have been
previously reported (Bergeron, 1986 and Lurdes et a l, 1987, 1988). The synthesis
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described by Bergeron (figure 2.2) can be achieved in good overall yield but involves
five steps. Lurdes reported that a direct reaction between spermidine and the more
reactive and less sterically hindered BOC anhydride produces a mixture of derivatised
products. W heelhouse (1990) further demonstrated the synthetic versatility o f BOCON in polyam ine synthesis by isolating N^,

di-(r-butoxycarbonyl)spermine in

70% yield from reaction o f BOC-ON with spermine at 0 °C.
Golding and co-workers perform ed a regioselective synthesis of spermidine
w ith the trifluoroacetate group (Golding et a l, 1994). Reaction of spermidine w ith
ethyl trifluoroacetate in acetonitrile w ith

1 equiv. of water led to N \

di(trifluoroacetyl) spermidine in 89 % yield. This approach relied on the higher
basicity o f the secondary amine site compared with the primary amines o f spermidine.
These sum marised regioselective syntheses are depicted in figures 2.7a and 2.7b.

2.2.3 Purification of Polyamine Adducts

The problems associated with separating and purifying polyam ine adducts
stems from their inherent high polarity and the difficulties associated with
crystallisation arising from their hydrophilic nature. However, various purification
techniques have been used in the isolation of pure products. D istillation is a
convenient method of separation but its use is limited by the low volatility of most
poly amines. Bergeron et al., (1984) reported that protected polyamines with three or
more nitrogen atoms are non-distillable oils and W heelhouse (1990) noted that
distillation o f certain high m olecular weight polyamine derivatives under high vacuum
and high tem peratures resulted in decomposition. Conversion of an amine to an amine

35

TsN'
H

,NHz

HzN'

TsCI/THF

H
,NTs

TsN"
H

,NHz

HzN'

r

A
X

X
OMe

,NHz

HzN'

Py/DMAP/CHzCy
HN
Ph

"N
Ph

»

Ph

CH3O

-Cl

o

Ph

0CH3

Me
TsCl = Me

S—Cl

DMAP=

O

N— ((

k i/
py = pyridine

Figure 2.7a Examples o f regioselective primary derivatisation o f polyamines
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Figure 2.7b Examples o f regioselective primary derivatisation of poly amines

salt followed by recrystallisation is a useful purification technique. However, further
derivatisation o f the amine is hampered by the need to basify and extract the neutral
amine. M any polyamines, even when unprotonated, are highly water soluble and this
m ethod may be costly in terms o f yield. M oreover, care must be exercised in the
formation o f salts where an acid labile protecting group has been used e.g. BOC. Flash
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chi'omatography and ion-exchange chi'omatography have proved most useful in the
purification o f the majority o f compounds described in this thesis.

Flash Chromatographv
Polyam ines tend to bind strongly to silica gel which is acidic in nature. Care
m ust be taken to avoid the streaking of polyamines during elution, a problem also
eneountered for analytical TLC. This can be circumvented by the use of polar eluants.
For example,

Bergeron

butoxycarbonyl)sperm idine

et a l,
by

(1984)

flash

successfully

chromatography

purified A^-benzyl-#^-(^with

30%

m ethanol

in

chloroform as the eluant. Concentrated amm onia solutions (up to 20%) in ethanol
have proved effective in purifying tri- and tetra- amines. The polarity o f eluant
required depends on the degree and nature o f derivatisation o f the poly amine. The
order o f binding ability o f amines to silica gel are primary > secondary > tertiary. For
exam ple TLC analysis o f 2, a tertiary amine and the starting material 1, a secondary
amine, reveal Rf values o f 0.4 and ~0 respectively. Derivatisation of amines to
carbam ates by BOC-ON greatly reduces the polarity. NB silica gel is slightly soluble
in m ethanol thus contam ination can occur following chromatography leaving the
product adsorbed on residual silica after evaporation of solvent. Therefore whenever
m ethanolic solvents were required for flash chromatography the residue obtained was
dried on a vacuum line, triturated w ith chloroform, filtered and evaporated in vacuo
affording the desired product free from water and silica gel.
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Ion-Exchange C hiom atosraphv
The spermidine-chlorambucil conjugate (S) synthesised by W heelhouse (1990)
was purified by ion-exchange chromatography based on the technique described by
Tabor et a l , (1958) who used a linear' HCl gradient to elute various polyamines i.e.
amm onia, propanediamine, putrescine, cadaverine, spermidine and spermine from a
colum n containing DOW EX 50 cation exchange resin. Each charged species has a
characteristic eluting position in the H Cl gradient: I'*' (0.8-1.3 M), 3"^ (1.4-1.8 M) and
4"^ (1.9-2.4 M HCl). After removing the volatile eluant (HCl) the polyamines are
obtained directly as hydrochloride salts. The presence of aromatic substituents on the
polyam ine shifts the elution to a higher concentration, presumably due to hydrophobic
interactions w ith the solid support. M ethanol added to the eluant counteracts this
problem.

2.3 Proposals

2.3.1 Spermidine-Dichlorambucil Conjugate

A lthough the synthetic approach used by W heelhouse (1990) was successful,
Holley and co-workers, using HPLC and mass spectrometry, reported the presence of
a spermidine-dichloram bucil conjugate im purity contaminating the spermidinechloram bucil sample (Holley et al., 1992). The exact chemical structure and how this
com pound arose rem ains unknown, although by mass spectrometry the ratio of
chloram bucil to spermidine-aminopropyl linker was 2:1. This impurity could have
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accounted for the higher reactivity observed in the cross-linking assay as this impurity
contained two chlorambucil moieties for every spermidine molecule. The initial
priority o f the project was to investigate this problem. Possible explanations for the
origin and structure of this com pound include:
(i) In the introduction of chlorambucil to the spermidine linker an excess o f thionyl
chloride was used (W heelhouse, 1990). This increased acidity in the reaction m edia
may have been enough to partially deprotect the di-(BOC) spermidine molecule. At
this stage another chlorambucil molecule could have added to this free primary amine
site, figure 2.8i.
(ii) A fter a chlorambucil molecule had been added to form the conjugate another
chloram bucil acid chloride derivative could add at the amide linker to form an irnide
dichloram bucil-sperm idine molecule, figure 2.8ii.
To avoid the reoccurrence o f this impurity, each product presented here was
rigorously purified at every stage in the synthesis and the introduction o f chlorambucil
to the spermidine aminopropyl linker moiety was performed in the presence of
triethylam ine to avoid any excess acidity. Following these experimental procedures
described fully in chapter 5, no evidence for the existence o f the spermidinedichloram bucil conjugate or any other polyamine-dichlorambucil conjugate by HPLC
and mass spectrometry could be found.

2.3.2 Strategy for the Synthesis of Polyamine-Drug Conjugates

One of the principle aims is to harness fully the enhanced DNA reactivity
realised in the cross-linldng assays and transfer it to cellular systems. The objective in
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Figure 2.8 Possible structures o f a spermidine-dichlorambucil conjugate

this continuing program is to determine the effects o f the polyamine structure on D NA
reactivity, DNA sequence selectivity, uptake and cellular activity. Therefore, a range
o f polyam ine-nitrogen mustards were proposed to evaluate the effects of systematic
changes to the polyamine. The polyamine-drug conjugates successfully synthesised
and presented in this thesis are given in figure 2.0 (the naming of these compounds
has been deliberately trivialised to allow simple identification of each conjugate. The
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systematic names can be found in the experimental chapter). These compounds were
chosen to determine the optim al position on the polyamine to attach the cytotoxic
agent and also the optimal carrier. Therefore, from the series o f compounds with
chloram bucil conjugated to different nitrogen atoms of both spermidine and spermine
and w ith variable spacer groups, an evaluation o f the effect of these changes in
relation to cross-linldng and sequence selectivity was determined. A final spermidinedrug conjugate using the related anticancer drug melphalan (L-phenylalanine mustard)
was also studied. M elphalan was originally designed to enter the cell via the active
uptake system o f amino acids whereas chlorambucil accumulates in cells primarily by
passive diffusion.
Considering the structural requirem ents o f the proposed polyamine-drug
conjugates

(figure 2.0), regioselective

synthesis

with

commercially

available

polyam ines was considered the most efficient route for the majority of the proposed
structures i.e. 5, 7, 12, 17, 32 and 34. However, some of the proposed structures
dem anded the total synthesis of polyamines following strategies similar to Bergeron’s
syntheses i.e. 2 6 ,4 0 and 45.
The interaction and reactivity with DNA o f the new conjugates was studied
using the cross-linldng assay introduced by Hartley et al., (1991) to establish whether
there is a critical requirem ent for the structure of the polyamine in terms of promoting
or allowing reaction w ith D NA (Chapter 4). By conjugating the chlorambucil to
sperm idine it is possible that the m ajor site of cross-linking could change from the
position o f guanine to another site dictated by binding of the polyamine. A modified
M axam -G ilbert sequencing technique was to be used in order to evaluate the sequence
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selectivity for the spermidine-chlorambucil conjugate and the new polyam ine-drug
conjugates (Chapter 4).

2.3.3 Polyamine-DNA Interactions

b i order to study further the interaction of polyamines w ith DNA, two spin
labelled-sperm ine molecules were also synthesised. An electron param agnetic
resonance spectroscopic study o f these molecules with calf-thymus DNA is presented
in chapter 3.
Finally, in vitro transport, in vitro toxicity and in vivo activity will need to be
determined for the new conjugates in the hope o f optimising drug potency.
A discussion o f the strategies used in the synthesis of the polyam ine-drug
conjugates and the spermine-spin label compounds follows.

2.4 Structural Design of Polyamiue-Drug Conjugates

The criteria for the structure o f the polyamine-drug conjugates are (i) the
polyam ine moiety is recognised by the receptor o f the polyamine transport mechanism
thereby gaining access to the cell and (ii) the drug must retain its potency. One could
im agine that separation o f the polyamine and the drug by a linker group would be
advantageous in the design o f the drug conjugate. This would minim ise polyaminedrug interaction which could im pair transport and drug reactivity. Therefore seven
novel polyam ine-chloram bucil conjugates (7, 17, 26, 32, 34, 40 and 45) and a
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spermidine-m elphalan conjugate (12) have been synthesised following the criteria
outlined earlier in this chapter. The choice of an acid labile protecting group is
im portant because o f the chemical incompatibility o f the bis-(chloroethyl)amino group
of the nitrogen mustards m elphalan and chlorambucil with the free amino form of the
polyam ine moiety. Deprotection in acid leads directly to the protonated form o f the
polyamine. Therefore, the reagent BOC-ON was used throughout the syntheses to
introduce the t-(butoxycarbonyl) (BOC) group in high yields. D ue to the high
reactivity o f the nitrogen m ustard towards nucleophiles it is desirable to introduce the
drug at the latest possible stage o f the syntheses.

2.4.1 Introduction of a Linkage Between Polyamine and Drug

The polyamines were required to be derivatised at either a primary or
secondary nitrogen atom to enable simple connection via a flexible linkage to a
nitrogen mustard. Connection at these positions should retain cellular uptake, at least
in part, o f the parent polyamine. This flexible linkage was introduced as follows:

Aminopropvl Linkage
The aminopropyl linkage was introduced in high yields to partially protected
polyam ines by M ichael addition to acrylonitrile (W heelhouse, 1990) giving the
corresponding nitriles 2 ,1 4 , 23, 29 and 41. Cyanoethylation for secondary amines was
carried out using acrylonitrile as a solvent (15 times in excess) and heating to 90 °C in
a Y oung’s tube for -1 2 hours. Mono-cyanoethylation of primary amines was achieved
by stirring the amine and an excess of acrylonitrile at room temperature for -7 2 hours.
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Figure 2.9 The M ichael addition adducts with acrylonitrile

All nitrile adducts were successfully purified by flash chromatography in high yields.
The structures o f the adducts and yields are given in figure 2.9. These products
showed the characteristic nitrile band at 2270 cm'* in their IR spectra.
Reduction with hydrogen over Raney nickel gave the corresponding amines.
The use o f a high pressure (60 p.s.i. P air hydrogenator) in the reduction o f the nitriles
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Figure 2.10 Synthesis employed for the introduction of an aminopropyl link to a
protected spermidine molecule.

reported by Bergeron et a l , (1984) was not required. Excellent results (> 95% yield)
were achieved by reducing the nitrile on a hydrogenation apparatus plus sodium
hydroxide in ethanol at room tem perature and pressure (figure 2.10).

Propionate Linker
The spermidine-m elphalan conjugate (12) demanded a different linker (section
2.5.3). M ethyl acrylate (15 equiv.) was reacted directly with 1 at 90 °C in a Y oung’s
tube to afford the M ichael addition product in 98% yield. Saponification o f this ester
w ith m ethanolic sodium hydroxide gave the required product as the sodium salt
(figure 2.11).
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Figure 2.11 Introduction o f a propionate linker to

A^-di-(r-butoxycarbonyl)

spermidine

2.4.2 Attachment of Polyamines to Chlorambucil

In view o f the previous observations o f a 2:1 chlorambucil-spermidine
conjugate (Holley et al., 1992), the polyamine-drug conjugates with chlorambucil
presented here were synthesised by a modified method c ./ Wheelhouse (1990).
Thionyl chloride, triethylamine and dichloromethane were distilled and dried
immediately before each synthesis. A solution o f thionyl chloride (1.5 equiv.) in the
minimum volume o f dichloromethane was added dropwise to a stirred solution of
chlorambucil (1.3 equiv.) at -40 °C under an argon atmosphere. After warming to
room temperature the contents were stirred for 20 minutes. Removal o f the solvent in

vacuo left the acid chloride o f chlorambucil as a yellow solid. After redissolving the
acid chloride in dichlorom ethane, the solution was added dropwise to a stirred
solution o f the protected polyamine (1 equiv.) and triethylamine (1.75 equiv.) in
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dichlorom ethane at -40 °C under an argon atmosphere. This suspension was allowed
to w arm to room tem perature and stirred for a further Ih. The volatile materials were
rem oved by evaporation under reduced pressure and the crude solid was purified
im m ediately by flash chrom atography yielding, in each case, a yellow foam product in
> 8 5 % yield. It is som ewhat surprising that W heelhouse (1990) w ashed the crude
reaction m ixture w ith near saturated potassium carbonate solution as chlorambucil is
know n to decompose rapidly in basic aqueous solution.

2.4.3 Deprotection of t-Butoxycarbonyl-Protected Sites

Removal of t-butoxycarbonyl protecting groups is often achieved by acidolysis
w ith trifluoroacetic acid (Rappeler and Schwyzer 1961). During the deprotection a
tertiary butyl cation is formed and carbon dioxide is evolved. Several authors e.g.
Pearson et al., (1989) and W unsch et al., (1977) working in peptide synthesis have
reported side products during routine deprotection by acidolysis due to the trapping of
the t-butyl cation by nucleophilic centres in a peptide. W unsch reported that under
deprotecting conditions with trifluoroacetic acid, a t-butyl ester o f tryptophan was
alkylated at the V position of the indole ring by the t-butyl cation formed in the
reaction mixture. For the required acidolysis deprotection of the t-butoxycarbonylprotected polyam ine-diug conjugates presented here it is possible that a num ber of
nitrogen nucleophilic centres revealed by deprotection could be irreversibly alkylated
w ith a ?-butyl cation yielding unwanted side products. In fact, following deprotection
w ith trifluoroacetic acid alone, evidence for the addition o f a t-butyl group to the
poly amine conjugate was evident from the mass spectra o f some of the poly amine-

drug conjugates consistent with the findings of Pearson et a l, (1989) and W unsch et
a l, (1977). For example, the norspermidine-chlorambucil conjugate (17) gave the
expected FAB m olecular ion peak of (M + H) = 474 plus an additional peak at (M + H
+ 56), consistent w ith the addition of a t-butyl group. This additional peak also gave a
characteristic splitting pattern for a molecule containing two chlorine atoms.
Pearson and co-workers addressed this problem by carrying out trifluoroacetic
acid deprotection in the presence of triethylsilane. Under acidic conditions,
trialkylsilanes behave as carbocation scavengers, acting as hydride donors. 2methylpropane and triethylsilyl trifluoroacetate are the side products formed during
the reaction.

Using

a combination

of trifluoroacetic

acid

and

triethylsilane

deprotection conditions M ehta et a l, (1992) reported increased yields and decreased
reaction times (2-3 fold) compared with trifluoroacetic acid alone.
In view of these observations, the ^-butoxycarbonyl deprotections of the
polyam ine-drug conjugates were routinely carried out in the presence of triethylsilane.
Following the conditions described by Mehta, a typical experiment consisted of
stirring the protected polyam ine (1 equiv.) in the presence of trifluoroacetic acid (13
equiv.) and triethylsilane (2.5 equiv.) in dichloromethane (32 equiv.) at room
tem perature and under a nitrogen atmosphere. All reactions were monitored by TLC
and w ere found to be completed within an hour. Following im mediate ion-exchange
clnom atography

the

deprotected polyamine-drug

conjugates

were isolated

as

hydrochloride salts in near quantitative yield. This compares well with the 50% yield
quoted by W heelhouse for the deprotection o f the spermidine-chlorambucil conjugate
(S) in the presence o f neat trifluoroacetic acid. No evidence could be found for the

49

presence o f r-butyl alkylated products for any o f the polyamine-drug conjugates when
following this method.

2.5 Synthesis and Discussion of the Polyamine-Nitrogen Mustard
C o ^ ju g a te s

2.5.1 Spermidine-Chlorambucil Conjugate (5)

The synthesis o f N^, A^-di-(t-butoxycarbonyl spermidine) (1) paralleled the
m ethod described by W heelhouse (1990). Several modifications were applied to
further synthesis namely (i) the acrylonitrile adduct (2) was purified by flash
chrom atography eluting w ith ethyl acetate rather than being carried through as the
crude product, (ii) hydrogenation of this adduct was effected at room tem perature and
pressure in near quantitative yield rather than resorting to high pressure conditions,
(iii) triethylam ine was added to the spermidine-chlorambucil coupling reaction, (iv)
flash chromatography was required to purify the di-(BOC) spermidine-chlorambucil
adduct and (v) the acidolysis was carried out with trifluoroacetic acid and
triethylsilane in dichlorom ethane rather than in neat trifluoroacetic acid.
The above modifications led to the spermidine-chlorambucil conjugate (5) in
excellent overall yield and it was proved pure by NMR, mass spectrometry and HPLC
(see chapter 5 for experimental details).
All N M R and mass spectrometry data for the intermediates agreed with the
data reported previously (W heelhouse, 1990). However, W heelhouse noted that the
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Figure 2.12 FAB Molecular ion patterns of the conjugates 17 and 40

deprotected spermidine-chlorambucil adduct would not give a FAB mass spectrum.
This was not found to be the case. All o f the polyam ine-nitrogen mustards presented
here gave excellent results with both FAB

and electrospray

(ESMS) mass

spectrometry techniques. Accurate masses were determined from the FAB or ESMS
spectra. Each polyamine-drug conjugate gave a molecular ion pattern characteristic of
the presence o f two chlorine atoms with (M + H)^, (M + H + 2 Ÿ and (M + H -t- AŸ
peaks in the ratio 9:6:1. Two examples are given in figure 2.12 of the patterns
observed for the norspermidine-chloram bucil conjugate (17) and the terminally-linked
spermidine-chlorambucil conjugate

2.5.2 Shorter-Linked Spermidine-Chlorambucil Conjugate (7)

The effect o f changing the charge on the polyamine of the polyaminechloram bucil conjugates with respect to D NA cross-linking and sequence selectivity
was to be investigated. A dication polyamine and a tetracation polyam ine were
required to compare with the spermidine-chlorambucil conjugate (5) (trication). The
form er was synthesised from a modified spermidine molecule.
This conjugate was readily synthesised by direct reaction o f 1 with the acid
chloride of chlorambucil followed by deprotection with trifluoracetic acid and
triethylsilane (figure 2.13). The assignment o f this novel conjugate (7) and its
protected precursor (6) rests on the ‘H, '^C N M R spectra and high resolution mass
spectra. Elem ental analyses were not obtained as the former compound was a very
hygroscopic foam and the latter product was obtained as an oil from flash
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chromatography. Due to the inclusion o f an amide at the

position, the com pound

eluted from the column during ion-exchange chromatography in the region
characteristic o f 3^ cations. The

NMR o f this simple compound was complicated

by the presence o f unresolved doubled or broadened CHa features. This can be

(i) chbrambuca/SOCh
NEtg/CHzClz
N
H

BOCN

.NBOC
(ii) CF^COOHmgSiH/CHzCk

1

97%

Figure 2.13 Synthetic route to a shorter-linked spermidine-chlorambucil conjugate (7)

rationalised as contributions from the cis and trans forms of the central tertiary amide
due to restricted rotation about the N-C bond on the NMR timescale (figure 2.14).
H igh tem perature NM R experiments coalesced the lines into single CHa peaks.

‘" " N " '''
I-*)
O

R"

^R'

R"

O

Figure 2.14 Restricted rotation around the N-C bond in a tertiary amide

Therefore, whenever tertiary amides or carbamates were encountered in a compound,
the N M R ’s were routinely measured at elevated temperatures (< 343 K).
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Furtherm ore, the interpretation of the N M R of the conjugate (7) was helped by
correlated spectroscopy (COSY). Following heteronuclear correlated spectroscopy
(HETEROCOSY) the CHa atoms were individually assigned.

2,5.3 Spermidine-Melphalan Conjugate (12)

A spermidine-m elphalan conjugate was required to compare the effects of
changing the nature of the linkage between the polyamine and the nitrogen mustard.
Furthermore, this conjugate addresses the effects o f changing the nature o f the parent
drug.
In order to synthesise the structurally novel spermidine-melphalan conjugate
(12) described earlier in this chapter a different synthetic approach was required
com pared with the other polyam ine-chloram bucil conjugates.
The propionate

linker was introduced to n \

7/-di-(t-butoxycarbonyl)

spermidine in excellent yield to afford the novel intermediate 9 as the sodium salt
(figure 2.11) after saponification of the ester group. The ‘H N M R interpretation was
m ade easier by COSY. Hydrogens attached to C (l) and C(8) coincided as a triplet at
3.05 Ô. A t 2.77 5 another triplet was observed with J = 7.38 Hz (9-H). A m ultiplet
integrating to four hydrogens at 2.55-2.42

5 was

assigned to 3-H and 5-H. The triplet

at 1.32 5 ,1 = 7.38 Hz, was 10-H. The upfield shift of this signal compared with the
previous interm ediate is in agreement with the expected shift from a CHz a to an ester
to the sam e group a to a carboxylate anion. A multiplet from 2-H occurred at 1.721.55 Ô and 6-H and 7-H were masked in the large signal at 1.54-1.30 5 along with two
tertiary butyl singlets (structure-figure 2.15).
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Figure 2.15 The structure o f the spermidine-propionate linked molecule (9)
A DCC type coupling was envisaged for attachment of this carboxylate anion
to the primary amino group of melphalan. In order for this to be accom plished the
carboxylate group on m elphalan was required to be protected. Initial attempts with the
introduction of a methyl ester protecting group via reaction with diazomethane
resulted in three UV active products observed by TLC (EtOAc) with very similar- Rf
values. Separation on a chiom atotron and characterisation o f the compounds by N M R
and mass spectrometry revealed the desired 0-m ethylated compound (-30% ), plus the
N -methylated product ((-15% ) NMR: 2.4 5 (3H, s, NHMe)) and the N, Odim ethylated product ((-20% ) FAB: m /z 333 (MH‘^)). Therefore, an alternative
method for selective oxygen méthylation was used.
Following similar procedures described by Bodanszky and Bodanszlcy (1984),
m elphalan was treated w ith 2, 2-dimethoxypropane and concentrated hydrochloric
acid to afford the novel methyl ester derivative (10) as the dihydrochloride salt. Full
characterisation was provided by ^H, ^^C N M R spectra and a high resolution mass
spectrum. The proton N M R of this molecule showed two doublets for the aromatic
C H ’s at 7.15 and 6.82 Ô with J = 8.69 Hz, a doublet of doublets at 4.26 ô from the
hydrogen attached to the chiral centre at C (l) giving rise to three lines, a singlet
integrating to three protons from the methyl protecting group at 3.82 5, a multiplet
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Figure 2.16 Synthetic route for the spermidine-melphalan conjugate (11)

56

from 8-H and 9-H at 3.81-3.65 ô and two doublets of doublets from the diastereotopic
protons on C(2) at 3.19 and 3.10 Ô w ith coupling constants of
and

= 14.52 Hz,

= 14.52,

= 5.87 Hz

= 7.15 H z respectively (see figure 2.16 for numbering scheme).

C oupling of this com pound to 9 in the presence o f 1-(3-dimethylaminopropyl)3-ethyl carbodiim ide hydrochloride and triethlyamine (Sheehan et al., 1965) gave the
spermidine-m elphalan

conjugate

in

63%

yield

after

purification

by

flash

chromatography. The reaction scheme is outlined in figure 2.16. Correlated
spectroscopy was required to assign the individual proton peaks in the N M R spectrum
o f this compound. Acid deprotection followed by ion-exchange chromatography gave
the desired product in neai’ quantitative yield. The assignment o f this novel
sperm idine-m elphalan conjugate (12) rests on the ^H, ^^C N M R spectra and the high
resolution mass spectrum.

2.5.4 Norspermidine-chlorambucil Conjugate (17)
f
A norspermidine-chloram bucil conjugate (17) was required to address the
effect of spacing betw een charged centres on uptake and D NA interactions.
N orsperm idine has one less methylene group in the C4 carbon chain com pared w ith
spermidine, thus giving a symmetrical polyamine. Its synthesis parallels the route
taken for the spermidine-chlorambucil conjugate with similar yields obtained for each
stage o f the total synthesis. This route with yields are given in figure 2.17. Full
characterisation o f these novel protected norspermidine adducts and the final
norsperm idine-chloram bucil conjugate (17) rests on the *H,
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Figure 2.17 Synthetic route in the synthesis of norspermidine-chlorambucil (17)

resolution mass spectra for oils obtained from flash chromatography and elemental
analyses for solids. The proton and carbon NMR spectra of the norspermidine
interm ediates are simplified compared w ith the corresponding spermidine spectra due
to the symmetry in each o f the structures throughout the synthesis. The '^C and partial
‘H N M R spectra o f the deprotected norspermidine-chlorambucil conjugate (17) are
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(i) and partial ‘H (II) NMR spectra of the conjugate 17

presented in figure 2.18. In the proton N M R the bis(2-chloroethyl)aniino protons,
21-H and 22-H, resolve into two triplets at 4.00 Ô and 3.67 5 with J = 6.09 Hz due to
the protonation o f N(20). A multiplet and a triplet occur at 3.42-3.28 6 and 3.16 8 with
integration 8:4. The furthest downfield CH 2 must be 10-H which is a to an amide. In
the

series

of

protonated

amine

salts:

methylamine-,

dimethylamine-

and

triniethylam ine hydrochloride the methyl resonances occur at 2.6, 2.7, and 2.95 8
respectively i.e. the methyl resonance of the tertiary amine salt occurs furthest
dow nfield of TMS. U sing this analogy one can assume that the CHg's a to the tertiary
amine salt at N(4) i.e. 3-H, 5-H and 8-H will coincide with 10-H and the cheinically
equivalent CHz's 1-H and 7-H account for the triplet at 3.16 8. The benzylic protons
15-H give a triplet at 2.71 8 and the triplet at 2.34 8 arises from 13-H. The chemically
equivalent 2-H and 6-H which are [3 to two positively charged nitrogen atoms occur as
a m ultiplet at 2.29-2.15 8 and the 4H m ultiplet at 2.07-1.89 8 must be 9-H and 14-H.

2.5.5 Homospermidine-Chlorambucil Conjugate

To

compare with the spermidine-chlorambucil conjugate

(5) and the

norspermidine-chloram bucil conjugate (17), a further homologue was considered.
Hom osperm idine, a polyamine w ith one extra methylene group in the three carbon
chain com pared with spermidine, was chosen. A similar synthetic route was planned
to yield a hom ospermidine-chloram bucil conjugate. However, due to the high cost of
hom osperm idine

(7/-(4-aminobutyl)-l,

4-butanediamine)

the

N^,

butoxycarbonyl) hydrochloride derivative was prepared by similar methods described
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Figure 2.19 The synthesis o f N ', A^-di-(t-butoxycarbonyl) hydrochloride (Bergeron,
1986 and references therein)

by Bergeron, (1986) and references therein in moderate to high yields. The NM R data
for these intermediates were in agreement with the literature but revealed finer detail.
This successful synthetic route is shown in figure 2.19.
The crystalline salt (21) was basified w ith sodium hydrogen carbonate yielding

N \ IV^-di-(l-butoxycarbonyl) homospermidine (22) as the neutral amine. Subsequent
coupling to chlorambucil paralleling the syntheses o f the spermidine-chlorambucil
conjugate (5) and the norspermidine-chloram bucil conjugate (17) yielded the desired
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conjugate (26) in high overall yield. The assignment of the structure of 22, the novel
interm ediates and the hom ospermidine-chloram bucil conjugate (26) rests on ‘H,
N M R spectra, high resolution mass spectra and elemental analyses where applicable.
The proton and carbon N M R spectra o f the homospermidine intermediates following
these synthetic steps were again simplified compared with the corresponding
spermidine spectra due to the symmetrical nature o f homospermidine.

2.5.6 Spermine-Chlorambucil Conjugate

Conjugates based on spermine were required to assess effects o f changes in
charge o f the polyam ine and site o f attachment o f a drug. Therefore, a good route was
required

to

synthesise

tri-(BOC)

spermine

i.e.

N\

N^,

-tri-(?-

butoxycai'bonyl)spermine. This com pound would allow simple attachment o f a
chloram bucil molecule to the 7V^ position via an amide linkage. B ergeron’s published
route to a tetra-protected spermine was discounted because of the num ber of stages
involved (Bergeron and M cM anis, 1988). However, following the regioselective
synthesis of the terminally di-(BOC) protected spermine molecule from spermine and
BOC-ON, described by W heelhouse (1990), a tri-(BOC) protected spermine molecule
was considered a simple target from this compound. The synthesis o f a tri-(BOC)
protected spermine molecule was achieved by reacting 27 with BOC-ON (1 equiv.)
under high dilution conditions affording the required product 28 (37%) (figure 2.20).
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Monoacylation of Diamines

M onoacylation o f the diamines 27 and 37 (see section 2.5.9) with BOC-ON
was required to form the corresponding tri-(BOC) protected polyamine intermediates
(Agure 2.20) needed for further syntheses.
O
(C H 3 )3 C ^ ^ A ^ .
'N '
H

H

" y
O

^c(C H 3)3
(27)

BOC-ON
(j:(CH3)3
O

H
" y
o

^c(C H 3)3
(M )

C (C H 3 )3

H zN'
A
O

.

O
BOC-ON

C(CH3)3
C(CH3)3
o_

^O

y

HzN

^C(CH3)3 (38)

Figure 2.20 The requirem ent o f the tri-protec ted spermine molecules 28 and 38

63

Initial attempts to form the products with a 1:1 stoichiometry of diamine and
BOC-O N resulted in surprising amounts of tetra-(BOC) products (> 90%) and very
poor yields of the desired tri-(BOC) products (< 10%) compared w ith the statistical
prediction o f 50% yield and 25% yield o f both tetra-(BOC) and unreacted di-(BOC).
U sing an excess of diamine should greatly increase the yield of the
m onoacylated adduct. However, Bergeron et al., (1984) reported that acylation of 1,4diam inobutane (10 mmol) w ith benzoyl chloride (2 mmol) gave a 95% yield o f the
unw anted diacylated product. This peculiar reactivity was suggested by Jacobsen et
a l , (1987) to be purely a mixing problem. He states that “reaction is so rapid that the
initial monoam ide product, formed at the surface between the drop o f acid chloride
solution and the diamine solution, is acylated a second time at this surface before
m ixing can ensure effective dispersion at the molecular level.” Once the mixing
problem can be overcome, high yields of monoacyl products should be obtained. To
m axim ise this outcome Jacobsen employed high dilution conditions. Using this
approach the percentage of diacyl product formed from the reaction between 1,4diam inobutane and benzoyl chloride was reduced from 79% under standard conditions
(PhCO Cl in dichlorom ethane (5 ml) added to diamine in dichloromethane (15 ml)) to
35% under high dilution conditions (PhCOCl in dichloromethane (100 ml) added to
diam ine in dichlorom ethane (300 ml)). Jacobsen used a 5:1 ratio of diam ine to
benzoyl chloride to increase the statistical yield of monoacylated product. Using a
large excess of diam ine was inappropriate for the diamines 27 and 37 since these are
available in limited amounts and it is difficult to recover them from reaction mixtures.
Therefore a 1:1 ratio o f diamine to BOC-ON was used. Optimum yields should be
obtained by minim ising the concentration o f the BOC-ON solution and m aximising
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the concentration of diamine solution. The conversion of 37 to 38 for example used a
solution of BOC-ON (20 mmol) in THF (500 ml) added to 37 (20 mmol) in THF (30
ml). In order to maintain a concentrated solution of diamine, the BOC-O N solution
was added in three portions. A fter each addition the solvent of the reaction mixture
was rem oved in vacuo to leave -3 0 ml of THF. The next portion was added and the
process repeated. Ideally continuous evaporation should be used to maintain a small
volum e o f solvent in the reaction pot. Using the described conditions the novel tri(BOC) protected amines 28 and 38 were obtained in 38% and 41% yield respectively
com pared w ith the 50% predicted yield (statistical) for the 1:1 stoichiometry used.
The assignment o f these compounds rests on the ^H, *^C N M R spectra and
high resolution mass spectra. Elem ental analyses were not obtained for these
compounds as they were recovered as viscous oils from purification by flash
chromatography. The N M R spectra for 28 and 38 were recorded at 328 K. The partial
^^C spectra 28 recorded at 298 K and 328 K are presented in figure 2.21
dem onstrating the increase in resolution obtained at higher tem peratures. The
assignm ent o f the *H N M R spectrum o f this compound was made easier by assuming
that the CHg signals a to the tertiary carbamate group occurred upfield o f the
corresponding protons a to the secondary carbamate groups. The extra inductive
effect (4-1) of an additional alkyl group in the former case should render these CHz’s to
be less deshielded. A fter reacting 28 with acrylonitrile and reducing this product by
hydrogenation, formation o f the tri-(BOC) protected spermine-chlorambucil adduct
was achieved in 85% yield. After deprotecting with trifluoracetic acid, ion-exchange
chrom atography yielded the desired product 32 as a 5"^ cation essentially in
quantitative yield. ^H COSY and inverse mode ^H/^^C correlation N M R spectra
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Figure 2.21 The partial *^C NMR spectra o f 28 at (i) 298 K and (ii) 328 K
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enabled confident assignment o f the protons and the majority o f the carbon atoms
present in this novel spermine-chlorambucil conjugate (32) (see experimental
chapter). The

spectrum and the COSY spectrum of 32 are shown in figure 2.22.

2.5.7 Shorter-Linked Spermine-Chlorambucil Conjugate

In order to assess the effects o f variation in the nature o f the linkage betw een
polyam ine and alkylating agent, a spermine-chlorambucil conjugate was proposed
whereby chlorambucil was attached directly to the

position o f spermine. This

w ould give a conjugate with three positive charges but with a shorter linkage to
chlorambucil.
By direct reaction of tri-(BOC) spermine (28) w ith the acid chloride of
chlorambucil, the novel protected conjugate 33 was obtained in 89% yield.
Characterisation of this com pound rests on ‘H, '^C NM R spectra and the high
resolution mass spectrum. H igh temperature ‘^C N M R was required to resolve the 15
CHz’s in the molecule. D eprotection by acidolysis with trifluoroacetic acid and
triethylsilane followed by ion-exchange chromatography yielded the conjugate 34 in
near quantitative yield (figure 2.23).

2.5.8 Terminally-Linked Spermidine-Chlorambucil Conjugate (40)

In order to develop routes to conjugates with the mustard linked to the
term inal aminopropyl group in an unbranched polyamine, a new synthetic approach
w as required. As a spermidine molecule protected at n ‘ and
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Figure 2.23 Synthetic route to a shorter-linked spermine-chlorambucil conjugate (34)

BOC was needed to enable further synthesis, total synthesis of a protected spermidine
was proposed. The successful synthetic route to 38 is depicted in figure 2.24. The
dicyanoethylation o f

I, 4-diaminobutane was accomplished following the method

originally described by Schultz (1948).
The neutralisation o f the diam ine produced was performed in situ with
triethylamine whilst reacting with an excess o f BOC-ON to produce the dinitrile 36 in
74% yield after recrystallisation from diisopropyl ether. The '^C N M R spectrum of
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Figure 2.24 Synthesis of tri-protected spermine molecule with a free

NH2
38
amino group

this simple com pound was complicated by the presence of unresolved broad CH 2
peaks due to the presence of two tertiary carbamates (see section 2.5.2). The N M R
spectra o f the dinitrile 36 recorded at 293 K, 313 K, 323 K and 333K are shown in
figure 2.25 demonstrating the increased resolution obtained at high temperature.
A fter reducing this com pound to the diamine 37, a single BOC group was
introduced under high dilution conditions
spermidine molecule, A^, N^,

affording the tri-(BOC)

protected

-tri-(^-butoxycarbonyl)spermine (38), complete with

the aminopropyl linker required for the attachment o f ehlorambucil. This was effected
in 85% yield after purification by flash chiom atography. The desired

chlorambucil-

spermidine conjugate (40) was achieved in quantitative yield after deprotection and
ion-exchange chromatography (figure 2.26). Characterisation of the compounds 36 to
40 rests on ^H, ^^C N M R spectra, elemental analyses where appropriate and high
resolution mass spectra. In order to assist characterisation of the intermediates 36 to
39 inclusive, the N M R spectra were recorded at elevated temperature to sharpen the
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Figure 2.25 The '^C spectra o f 36 recorded at 293 K, 313 K, 323 K and 333 K
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Figure 2.26 Synthesis o f a terminally-linked spermidine-chlorambucil conjugate

CH 2 signals a to tertiary carbamate groups. Nevertheless, not all CH 2 ’s in the *^C
spectrum for 39 could be accounted for. This is probably due to the presence o f two
tertiary carbamates in chemically similar- environments thus leading to overlapping
signals in the NM R spectrum.
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2.5.9 Terminally-Linked Spermine-Chlorambucil conjugate (45)

The synthesis of a terminally-linked spermine-chlorambucil conjugate was
required to compare w ith the previously described spermine-chlorambucil conjugate
(32) to investigate the positioning of a nitrogen mustard on a pre-determ ined
polyamine. An

Ai^^ triprotected spermine molecule was needed and this

com pound had already been synthesised in the production o f a terminally-linked
spermidine-chlorambucil conjugate (40). Therefore, the synthesis o f 45 started with
the interm ediate 38. A fter reaction with an excess o f acrylonitrile (10 equiv.) at room
tem perature, the M ichael addition product 41, was obtained in 70% yield. A fter
simple introduction o f a final BOC protecting group, the synthesis was carried thiough
as before to yield the final drug-conjugate (45) in high yield (figure 2.27). The novel
com pounds 41 to 45 were characterised fully by ^H, ^^C NM R spectra and high
resolution mass spectrometry. However, not all the CH 2 signals were resolved in the
^^C N M R spectra. Again, this was due to the presence o f three tertiary carbamates in
these interm ediates and three secondary amines in the final deprotected molecule
leading to very similar chemical environments for several protons and carbons in
these moleeules.
In the FAB mass spectrum of the tetra-(BOC) protected-drug conjugate (44)
peaks o f m/z o f 945, 845, 745, 645 and 545, each with characteristic two chlorine
isotope pealcs, corresponding to the (M + H)^ molecular ion with successive loss of
the four BOC groups were observed. The N M R spectra of these intermediates were
reeorded at elevated tem perature to resolve the signals a to a tertiary carbamate.
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Although the synthetic strategy used in the production o f 45 was relatively
high yielding, it involves many stages. This route closely follows Bergeron's work
BOCNH
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77%
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Figure 2.27 Synthesis o f a terminally-linked spermine-chlorambucil conjugate (45)

(Bergeron, review

1986) i.e. building the desired polyamine with subsequent

protection and deprotection applied as desired. A key reaction to allow selective
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derivatisation of prim aiy amine sites in polyamines would avoid this usual approach
and provide a useful m odification in the synthesis o f poly amines. Prelim inary results
follow ing this approach are presented.

2.6 AT-Alkylation of Carbamates

The //-alkylation o f amides with alkyl halides is well precedented. However,
the addition o f amides or caibam ates to electrophilic alkenes e.g. acrylonitrile has
received only scant attention e.g. Batty et al., (1976).
The synthesis o f 42 required five steps starting from 1,4-diaminobutane.
A lthough the synthetic sequence is relatively high yielding, overall this approach is
time consuming. An easier approach to this product was envisaged by reacting one
equivalent of a strong base (sodium hydride, potassium f-butoxide or butyllithium)
directly w ith the tetra-(BOC) protected spermine molecule (48). The addition of
acrylonitrile to the nitrogen anion of the carbamate formed could yield 42 in one
simple step (figure 2.28). The advantage of this approach is that only prim aiy or
secondary carbamates are capable of being alkylated.
A^-di-(/-butoxycarbonyl)diaminobutane (46) synthesised in high yield as a
white crystalline solid was used as a model compound for the attempted synthesis of
47. Reacting 46 (1 equiv.) w ith a slight excess of butyllithium (1.6 M) and freshly
distilled acrylonitrile (1.5 equiv.) in toluene at -78 °C afforded the desired product,
purified by flash chromatography, in 20% yield. Polymerisation of some o f the
acrylonitrile was unavoidable and probably accounted for the low yield.
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Figure 2.28 Direct A-alkylation o f N ',

N^, A^^-tetra-(t-butoxycarbonyl)spermine

with butyllithium and acrylonitrile

This route was successfully applied in the conversion o f 48 into 42 using the
same conditions yielding the product in 2 0 % yield outlining the effectiveness o f this
strategy in future polyam ine modification.

2.7 Synthesis of Spermine-Nitroxide Spin-Labels

Following the requirem ents outlined in chapter 3, two spin-labelled spermine
nitroxide molecules were needed to probe the interaction of polyamines with DNA.
The tw o protected spermine derivatives, 30 and 43, were chosen to facilitate
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attachm ent o f a nitroxide via an amide linkage. 3-Carboxy-proxyl, a carboxylic acid
containing proxyl nitroxide radical, was chosen due to ease o f converting this
molecule to an acid chloride, which would allow simple conjugation to the primary
amino group of 30 and 43 and lead directly to the required products. Following similar
procedures described for the polyam ine-chloram bucil syntheses, the spin-labelled
products 51 and 49 were isolated after flash chromatography in 80% yield.
D eprotection of these molecules by acidolysis with trifluoroacetic acid was achieved
w ithout the use of triethylsilane. Initial experiments using this agent resulted in
reduction o f the nitroxide, presumably to the corresponding A-hydroxyamine. Afterevaporating several times from methanol the final spermine-nitroxide products 52 and
50 were isolated as the yellow trifluoroacetate salts. Figure 2.29 outlines the synthetic
strategy for 52.

Characterisation of the Spermine-Nitroxide Derivatives

(i) NMR Studies
Proton N M R
Characterisation of nitroxide adducts by NM R studies is hampered by the
broad lines observed in the N M R spectra arising from the param agnetic nitroxide.
Line broadening takes effect because the unpaired electron in the nitroxide group
interacts with nuclear spins thereby causing rapid intramolecular and interm olecular
relaxation o f nearby protons.
Lee and Keana, (1975) described an elegantly simple method for gaining
structural information of nitroxides by N M R spectroscopy. They demonstrated that
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Figure 2.29 Synthesis o f the spermine spin-labelled derivative (52)

the sam e structural information could be obtained from the NM R spectra o f the Nhydroxyam ines prepared from corresponding nitroxides. Thus, in situ reduction o f the
tem po, doxyl and proxyl nitroxides (I, ii and iii, figure 2.30) was accom plished
quantitatively by adding phenylhydrazine (0.5 equiv.) to the nitroxide (1 equiv.) in
CDCI 3 (0.3 ml). After 15 minutes at 25 °C the NM R spectra o f the corresponding Nhydroxyam ines were recorded. The nitroxides were recovered in 8 6 % yield by
evaporating off the CDCI3 and oxidising the residue with copper (II) acetate
monohydrate in methanol.
The ‘H NM R spectra o f the nitroxide 3-carboxy-proxyl in CDCI 3 in the
absence (i) and presence o f phenylhydrazine (ii) are shown in figure 2.31
demonstrating the use o f this elegant technique.
For the characterisation o f the novel spermine-nitroxide derivatives (49, 50, 51
and 52) a small drop o f phenylhydrazine, present in slight excess, was added directly
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Figure 2.30 In situ reduction of tempo (i), doxyl (ii) and proxyl (iii) radicals with
phenylhydrazine (taken from Lea and Keana, 1975)

to the nitroxide-CDCls solution and the N M R spectra were recorded after ~15
minutes. The absorption of the phenylhydrazine in the 5 - 7 .3 region did not interfere
w ith the characterisation of the products. A partial ^H N M R spectrum of 49 following
phenylhydrazine treatm ent is presented in figure 2.32.
The chiral centre at C(18) results in the CHg's at C(19) becoming
diastereotopic. Therefore the proton on C(18) gives rise to a doublet o f doublets at
2.55 5. Vicinal coupling w ith the two diastereotopic protons at C(19) produces
coupling constants of ^J = 11 H z and

= 8.1 Hz. Another doublet of doublets occurs

at 2.08 5 due to one o f the diastereotopic hydrogens on C(19). A geminal coupling of
= 12.9 H z as w ell as vicinal coupling of
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= 11.0 Hz to 18-H is observed. The other
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Figure 2.31 The ‘H NM R spectra o f 3-carboxy-proxyl in the absence (I) and presence
(ii) of phenylhydrazine
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Figure 2.32 A partial 'H N M R spectrum o f 49 recorded at 343 K

proton signal on C(19) is not observed but by comparing integration o f the signals it
must be concealed in the m ultiplet betw een 1.78 and 1.60 6 along w ith 2-H, 11-H and
14-H. The four f-butyl groups absorb at 1.45, 1.44 and 1.43 5 with heights of 1:2:1
indicating that tw o o f the groups are unresolvable at the magnetic field used. Finally,
four individual methyl singlets are observed at 1.23, 1.17, 1.10 and 0.97 5. This
assignment was confirmed by running correlated spectroscopy (COSY) on the BOC
deprotected molecule 50. The m ajor difference between the N M R spectra o f this
compound and the corresponding BOC protected compound 49, apart from the
obvious loss o f the t-butyl signals, is the upfield shift o f the protons that were a to the
carbamate groups (3.24-2.95 5) but are now a to positively charged amino groups
(2.95-2.66 5). This shift splits out the 15-H CH? protons, a to an amide, w hich occur
as a triplet at 3.13 6 with J = 6.35 Hz.
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For the internally nitroxide-labelled spermine molecule 51, the N M R spectrum
is som ewhat simplified (figure 2.33). The furthest downfield multiplet corresponds to
1-H, 12-H and 15-H at 3.1-2.92 Ô. Two overlapping triplets from 8 -H and 10-H
appear as 5 lines at 2.9-2.76 ô. A doublet of doublets from 18-H with

= 10.9 Hz and

= 7.97 H z occurs at 2.39 ô. A multiplet integrating to 6 hydrogens is observed
betw een 2.31 and 2.18 ô corresponding to CH 2 ’s a to a tertiary amine. One hydrogen
on C(19) gives rise to a doublet o f doublets with

= 12.3 Hz and

= 10.9 Hz. The

other hydrogen is masked in the m ultiplet between 1.55-1.35 6 along w ith 2-H, 6 -H,
7-H, 11-H and 14-H. Three t-butyl pealcs and 4 methyl peaks at 1.04, 0.98, 0.92 and
0.80 Ô complete the spectrum.
Carbon NM R
The carbon N M R for 49 was also recorded at elevated temperature (343 K) to
resolve the carbons a to tertiary carbamates which at room temperature appear as
variable broadened signals due to restricted rotation around the N-CO bond caused by
resonance. The C, CH and CHg carbon atoms are clearly seen in the spectrum.
However, only 10 CHz's are resolved compared with 14 CHa’s in the molecule.
Presum ably this is due to the similar- chemical environments o f many CHa’s and
therefore similar chemical shifts. For example there are 6 CHa’s a to tertiary
carbamates. A similar problem occurs for the deprotected molecule 50, where only 12
CHa’s are accounted for in the carbon spectrum.
13 CHa’s are resolved in the carbon spectrum for 51 and all 14 CHa’s are
resolved for the deprotected molecule 52.
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Figure 2.33 A partial *H 250 M H z N M R spectrum o f 51 recorded at 343 K

Mass Spectrometry

For the characterisation o f the spermine-nitroxide adducts the fast atom
bom bardm ent (FAB) technique was used. For each sample a (MH + H)^ ion peak was
detected com pared with the usual (M + H)* ion peak observed by FAB. Analysing
each sample by electron-im pact (El) gave the expected M* molecular ion. Therefore, a
hydrogen atom is added to the nitroxide adduct during the FAB process probably from
the glycerol/methanol matrix. An addition of a hydrogen atom to the nitroxide
functional group forming the corresponding N-hydroxyamine is easily envisaged.
Accurate mass values for the spermine-nitroxide compounds were determined from
the FAB spectra assuming a m olecular ion peak o f (MH 4 - H)^. Figure 2.34 shows the
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Figure 2.34 M olecular ion signals o f 3-carboxy-proxyi with E l (i), FA B+ (ii) and
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m olecular ion values obtained from subjecting the nitroxide, 3-carboxy-proxyl (Mr =
186), to the E l, FAB positive ion and FAB negative ion tecliniques.

2.8 Conclusion

This chapter began with a review o f the results of interstrand cross-linking, in
vitro uptake, in vitro cytotoxicity and in vivo anti-tumour activity of the original
spermidine-chlorambucil conjugate

(S) prepared by W heelhouse

(1990).

The

prom ising results prom pted the synthesis o f a variety of polyamine-nitrogen mustards
to evaluate further and understand the mechanistic action of these drugs. Fight novel
polyam ine-drug

conjugates

were

successfully

synthesised.

Several

im portant

modifications were developed to increase the overall yield and purity. The synthesis of
the spermidine-m elphalan conjugate ( 1 2 ) required a different strategy and this was
successfully applied to yield the desired conjugate in high purity and yield. The
hom osperm idine conjugate (26), terminally-linked spermidine conjugate (40) and
term inally-linked spermine-conjugate (45) demanded systematic building of the
polyam ines and these were also effected in high purity and yield. The cross-linking
and sequence selectivity results of the conjugates are presented in chapter 4.
Successful preliminary studies o f the A-alkylation o f a secondary carbamate
w ith a strong base in the presence o f an activated electrophile (acrylonitrile) provided
a shorter route to the desired com pound and highlighted the importance of this
synthetic route in future polyam ine synthesis.
The synthesis of two spin-labelled spermine molecules (50) and (52) was
accom plished by adopting the synthetic route used in the production o f the spermine
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conjugate (32) and the terminally-linked spermine conjugate (45), attaching the
comm ercially available nitroxide radical, 3-carboxy-proxyl. NM R characterisations of
these compounds proved possible by using the technique of in situ reduction of the
param agnetie nitroxide moiety with phenylhydrazine (Lea and Keana 1975). The spin
labelled compounds were used in an electron paramagnetic resonance spectroscopic
study to further investigate the interaction o f polyamines with DNA. The results are
presented in chapter 3.

Chapter

The Interaction of Polyamines
with DNA

3.1 Introduction

Polyamine - Nucleic Acid Interactions

During recent years, a great deal o f research has been undertaken to address
the nature o f the interactions between polyamines and DNA. Polyam ines exist as
organic cations at physiological pH and their binding is probably the m ost biologically
significant electrostatic interaction. This area is extremely im portant as intracellular'
polyam ine concentration can vary by orders o f magnitude as a function o f cell growth.
The precise role of polyamines in cell growth and differentiation rem ains unclear.
From a com bination of theoretical work. X-ray crystallographic data and solution
studies a picture is emerging o f complex and varied interactions o f polyamines with
DNA. The conflicting views o f the site and nature of polyam ine/DNA interactions
emerging from these various approaches is reviewed below.

3.1.1 Computer Modelling Studies

U sing m olecular mechanics based on the X-ray diffraction data for a double
stranded B-D N A dodecam er d-(CGCGAATTCGCG), Feuerstein et al., (1986) studied
the interaction o f spermine w ith B-DNA in alternating purine/pyrimidine and
hom opolymeric sequences. Four spermine binding positions were studied namely (i)
within the m inor groove (ii) within the m ajor groove (iii) bridging the m inor groove
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and (iv) along the phosphate backbone. The energy minimisation computer program
AM BER quantifies the bonded (covalent) and non-bonded (electrostatic and Van der
W aals) interaction of a group of atoms then calculates the energy as a function of
atomic position. A model is then created in w hich the atoms are placed in their lowest
energy, i.e. most stable, state. The calculations concluded that spermine docks best in
the m ajor groove o f alternating purine/pyrimidine sequences. Hydrogen bonds are
form ed w ith

’s and

’s o f purines,

’s o f pyrimidine and w ith the phosphate

oxygens. Hydrophobic interactions occur between the propyl and butyl carbons of
spermine and the methyl groups of thymine. The overall result is a bending of the
DNA, narrowing the m ajor groove and widening o f the minor groove. Feuerstein et
al., (1986) applied m olecular dynamics to the spermine-DNA model confirming that
spermine bound to bent D NA is more stable than spermine bound to unbent DNA.
The bent structure resembles A-DNA and Z-DNA in having a narrower m ajor groove
and reduced interphosphate distances.
Supporting this theoretical work, experimental evidence from Bloom field and
Thomas (1985) and Behe and Felsenfeld (1981) shows that at physiologically relevant
cationic concentrations, spermidine or spermine can induce B to Z transitions, induce
bends in DNA, and stabilise A-DNA. Feuerstein et a l, (1991) suggests that a
sequence specific bend may have im portant implieations in the regulation of genomic
tertiary structure.

3.1.2 X-ray Crystallography

In the presenee of m agnesium and spermine the self-complementary DNA
hexam er d(CGCGCG) crystallises in the left handed Z conformation. Tom ita et a l,
(1989) crystallised several polyam ine - Z-D NA hexamer complexes. Summarising
these results the characteristics of the polyam ine - DNA interaction are:
(i) On the convex surface (the Z-DNA equivalent of the major groove) amino protons
tend to form hydrogen bonds to the N^ positions of guanine.
(ii) A subset o f these simultaneously form hydrogen bonds to O'^ positions o f the same
guanine.
(iii) Am ino groups form hydrogen bonds with phosphate oxygens.
(iv) Term inal amino groups are located near the minor groove or penetrate it.
(v) The conformation of the poly amine molecule is not always trans.
(vi) Polyam ines interact simultaneously w ith two or three DNA molecules.
In 1991, Egli and co-workers successfully crystallised a magnesium -free pure
spermine form o f Z-DNA (Egli et al., 1991). Here a single interhelix spermine
molecule mediating contacts between neighbouring duplexes was observed. The
m inor groove was narrower and the base pairs were shifted from the m inor groove
into the convex surface eompared w ith the magnesium/spermine form previously
reported. Later, it was reported that a low-temperature crystal study of the pure form
o f Z-D NA revealed a bound spermine molecule within the minor groove (Bancroft et
al., 1994). This intrahelical spermine m olecule decreases cross-groove electrostatic
repulsion w ithin the Z-DNA helix thereby increasing its relative stability. Bancroft
and co-workers (1994) suggest that this increased stabilisation may account for the

role o f spermine as an effective inducer of the B to Z conformational change observed
w ith alternating dG dC sequences in solution (Behe and Felsenfeld, 1981).
Sperm ine has never been observed in a crystal structure with right-handed
DNA. Drew and Dickerson (1981) briefly described the identity of a spermine
m olecule w ith B-DNA. However, Bancroft et a l, (1994) comm ent that the spermine
molecules described in this study could have in fact been water molecules at the low
resolution diffraction range observed.
Before a series o f spermine B-DNA crystal structures are prepared and
evaluated the mode of action of this polyamine cannot be fully understood. The
disadvantage of the crystallographic studies is the requirement o f the crystalline state.
The nature of the interaction between the polyamines and DNA in a particular
conformation in a crystal study may differ from those in the solution state.

3.1.3 Solution studies

Braunlin et al., (1982) studied the binding of the polyamines spermine,
sperm idine and putrescine to calf-thymus DNA by equilibrium dialysis. For a fixed
sodium ion concentration of approximately 70 mM the binding constants were
1.1 X 10"^ M'*, 1.1 X 10^ M'* and 2.7 x 10^ M'^ for spermine, spermidine and putrescine
respectively. Therefore the polyamines can be assumed to be relatively strongly bound
to D NA at low salt concentration. Results o f ^^Na NM R studies also provide
convincing evidence for a strong interaction betw een polyamines and D NA (Burton et
al., 1981 and Besley et al., 1990). These N M R studies establish strong binding but
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give no information about possible sequence specific binding sites or non-specific
interactions.
In 1985 W em m er et al., showed by nuclear Overhauser effects (nOes) of
proton N M R spectroscopy that in the presence o f a small double stranded B-DNA
oligom er d(CGCGAATTCGCG) spermine behaves as if it were free to rotate while
interacting with DNA. This “loose” binding was interpreted as diffusion of the
polyam ines along D NA strands. This result was supported by EPR linewidth studies
(Besley et a l, 1990) with a spin-labelled norspermidine adduct (figure 3.0). There was
no detectable linewidth increase o f the characteristic nitrogen triplet in the absence
and presence of D NA expected for a tightly bound polyamine.

HgN
NH

O
Figure 3.0 N orsperm idine spin-labelled adduct (Besley et a l, 1990)

Banville et al., (1991) studied the binding of spermine to the Z form of
d(m^CGm^CGm^CG )2 by proton N M R spectroscopy. The mobility of spermine in this
Z-D NA com plex was found to be significantly less compared w ith W em m er’s
dodecam er which maintains the B form (W emmer et al., 1985). H owever results
comparable to those of W em m er (1985) were obtained by binding spermine to the B
form hexam er d(ATGCAT) duplex. In this case the mobility o f spermine bound to the
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hexam er was found to be close to that o f free spermine. These studies suggest that
polyam ine mobility depends on the conformation o f DNA.

3.1.4 Sequence Selectivity of Polyamines

A lthough there can be no doubt about the strong association o f polyamines
w ith DNA, structural information on these complexes is raie. Spermine has been
located crystallographically in A-DNA (Jain et a l, 1989), Z-DNA (Frederick et al.,
1990) and tentatively identified in B-DNA (Drew and Dickerson, 1981). Solution
studies using nOe effects in

N M R spectroscopy o f complexes fail to provide any

localised interaction, possibly as a result o f migration of the cation within the
complex. The lack o f hard experimental data has augmented theoretical work e.g.
Feuerstein et al., (1991). However, there are conflicting hypotheses w ith respect to
groove preference as well as binding sites (phosphate versus bases) or sequence
selectivity.
Spermine (ii)

Putrescine (i)
HgN'
HN

HN

Figure 3.1 Photoaffinity agents using putrescine (i) and spermine (ii) (from Behr and
Schmid, 1991)
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The sequence selectivity problem prom pted an elegant study in w hich Behiand Schmid, (1991) synthesised putrescine and spermine photoaffinity reagents
(figure 3.1) and incubated them with ^^P-labelled DNA restriction fragments to probe
the binding of polyamines to DNA.
Once the photoaffinity agent has docked with the DNA, photolysis with soft
UV light (320-400 nm) induces a strand break in the nucleic acid hy virtue o f the short
lived benzene carbocation generated by photochemical loss o f nitrogen. As the
restriction fragment had been 3 ’ or 5 ’ radioactively labelled with ^^P it was possible to
determ ine the sites of DNA cleavage using the M axam -Gilhert technique (M axam and
Gilbert, 1980). M inor groove preference binding was confirmed by com paiison of
cleavage patterns on opposite strands. This observation was confirmed when in the
presence of distamycin, an antibiotic known to bind to AT-rich regions o f the m inor
groove (Van Dyke et a l, 1982; Kopka et a l, 1985); cleavage by the spermine
photoaffinity adduct was completely inhibited in these regions. A slight AT selectivity
was found for both adducts. Schmid and Behr proposed a model in which the
spermine molecule is directed by the electronegative potential along the m inor groove.
Hydrogen bonds are form ed betw een

pyrimidine and N^ purine to the protons on

the amino and im ino nitrogens of spermine. The individual amm onium groups could
jum p betw een multiple equidistant and isoenergetic bidentate hydrogen-bonding sites.
This fast “crawling” along the m inor groove would break only one hydrogen bond at a
time and it was proposed that this could be a clue to the high degree of motion
observed for spermine by W em m er et a l, (1985).
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The solution evidence presented draws a complex picture in which both
localised

sequence-specific

interactions

and

non-specific

interactions

between

polyam ines and D NA are all possible.

3.1.5 Variation of the Polyamine and Implication in DNA Binding

A ^ N a N M R study of the interaction of various homologues of the polyamines
putrescine, spermidine and spermine by Burton et a l, (1981) with calf thymus DNA
revealed unexpected results with respect to the structure of the poly amines.
N orsperm idine

(his(3-aminopropyl)amine)

N-3-N-3-N

and

1,2

bis

(3-

aminopropyl)ethylenediam ine N-3-N-2-N-3-N were only capable of neutralising
approximately 50% o f D NA phosphates compared with spermidine and spermine.
Some o f the diamines, namely N-2-N, N-3-N and N-4-N were more efficient at
displacing sodium ions than the triam ine N-3-N-3-N. Basu et a l, (1990) reported that
the association constants for N-3-N-2-N-3-N and spermine, both 4"^ cations at pH7,
were 0.73 x lO^^M'^ and 5.70 x lO^'^M'* (50 mM Na"^ ion concentration) respectively
calculated

from

melting

temperature

measurements.

These

results

contradict

counterion condensation theory (Manning, 1978) which consider polyamines and
other m ultivalent ions as structureless point charges whose interaction with
polyanions such as D NA is based solely on charge.
A series of triamines H 3N(CH 2)3NH 2(CH 2)nNH 3

where n varies from 2 to 8

w ere investigated (Bloomfield and Thomas, 1984) regarding their ability to stabilise
calf-thymus DNA in its thermal melting transitions. W hen n > 4 similar melting
profiles were obtained. However, for the n = 2 and n = 3 poly amines, a somewhat
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reduced stabilisation of the DNA compared with spermidine (n = 4) was observed.
The geometiy of the n = 2 and n = 3 compounds may not allow full electrostatic
interaction with DNA.
Edwards et al., (1991) studied the binding properties of various polyam ines by
m easurem ent of the ability o f the analogues to displace ethidium brom ide from DNA
(figure 3.2). (IC 50 = the poly amine concentration level which leads to a 50% reduction
in the fluorescence intensity of the intercalated prohe ethidium bromide). However it
should be noted that there need not he a direct linear correlation betw een IC 50 values
and the binding/association constant Kb, as the stoichiometry for polyam ine displacing
ethidium brom ide may not be the same for each poly amine. These results show a
charge dominating factor in the ability to displace ethidium bromide. The values for
the spermine homologues do not vaiy significantly with change o f the central carbon

Polvamine

IC-^n (|LiM) C alf Thvr

2+

putrescine

4500

3+

norspermidine

220

3+

spermidine

130

4+

spermine

4.3

4+

N-3-N-7-N-3-N

3.8

4+

N-3-N-8-N-3-N

4.9

4+

N-3-N-9-N-3-N

12

4+

N-3-N-10-N-3-N

8

Charge

Figure 3.2

(talcen from Edwai'ds et al., 1991)
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chain (n=7 to 10). Results were measured w ith a sodium ion concentration of 9.4 mM.

3.1.6 B to Z Transition of DNA

H igh ionic strengths are needed to promote the left-handed conformation
of D NA (Z-DNA) in vitro. In contrast only low concentrations, similar to those found
in vivo, of certain polyamines aie required to induce the conformational B-Z transition
in solution. Basu and M arton, (1987) studied a series of pentamines and com pared
them w ith spermine as inducers o f the B-Z transition in poly(dG-me^dC) and the
aggregation and ‘m elting’ tem perature of calf-thymus DNA. All pentam ines caused
aggregation of the DNA at much low er concentration than for spermine and the B-Z
transitions were different for each pentam ine but comparable with the concentration of
spermine needed to cause the same effect. The pentam ine N-3-N-3-N-3-N-3-N would
not effect a complete B-Z transition. This was the only pentamine studied that did not
have a tetram ethylene bridge between the charged groups. From these results, Basu
and M arton, (1987) concluded “that the distribution o f charge along the back-bone of
long-chain polycations is im portant for their relatively higher efficiency in the
induction of the B to Z transition compared with point charges” . The position of the
tetram ethylene chain seemed to have little effect on the B-Z transition for the
pentam ines studied. Sim ilar studies by Bergeron et a l, (1987) using norspermidine,
hom osperm idine and spermidine demonstrated that increasing the chain length
betw een the secondaiy amine and one o f the primary amines decreased activity.
H owever, thermal stabilisation of DNA increased with chain length. Later, Basu et a l,
(1990) studied the effects o f variation in the structure of spermine and the induction of
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D NA conformational change. The B-Z transition o f poly(dG-me^dC) depended on the
length o f the central carbon chain of the tetraamines studied. Spermine induced the
transition m ost efficiently. The efficiency decreased with either an increase (N-3-N-8N-3-N) or decrease (N-3-N-3-N-3-N, N-3-N-2-N-3-N) in the length of the central
cai'bon chain.
This evidence suggests that the binding nature of polyamines is complex and
charge alone cannot explain the behaviour of various polyamines in their interaction
with DNA. Non-specific and specific interactions are probably both possible and both
equally important. Further solution studies o f the interaction of a spermine-based spinlabelled molecule with calf-thymus DNA, by studying spin exchange by electron
paiam agnetic resonance spectroscopy, are presented in this thesis. This experimental
technique has been used to address the problem o f “tight” or “loose” binding of
polyam ines to DNA.

3.2 Electron Paramagnetic Resonance Theory

Electron paramagnetic resonance (EPR) is a powerful technique for studying
param agnetic materials. These include biologically important free radicals and many
transition metal complexes.
An electron has a spin (S) with an associated magnetic mom ent which has
2S + 1 discrete states (e.g. an electron w ith S = 1/2 has 2(1/2) + 1 = 2 discrete states
i.e. ±1/2). In the presence o f a magnetic field (H) a single electron will align itself
either pai allel or antiparallel to the direction of the external field. Each orientation has
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a different energy and the difference is known as the Zeeman splitting (figure 3.3),
(Swartz and Swartz, 1983).
The extent o f splitting depends on the strength of the applied magnetic field
(H). E PR spectroscopy exploits the difference o f these energy levels in a magnetic
field to give rise to an absorption.

M s — +1/2

AE = hv = g(3H
H =0
M s = -1 /2

Figure 3.3 Zeeman splitting in EPR

The energy difference between the two energy levels is defined by the equation AE =
lit) = gl+BH where H is the applied magnetic field, |1 b is the magnetic mom ent of the
electron and g, the g value, measures the rate o f divergence o f the levels. EPR
spectroscopy exploits this phenom enon in order to study paramagnetic species. An
E PR experim ent consists of a param agnetic sample placed in a region of high
magnetic field in a microwave cavity sustaining stationary microwaves. The DC
m agnetic field is scanned until resonance is achieved.

3.2.1 Hyperfine Splitting

N uclei with magnetic moments {e.g. ^H,

can split the EPR line from

an electron into characteristic patterns of lines which provide inform ation about the
structure and electronic properties of the paiam agnetic species. This phenom enon
arises if the electron spends significant time close to the nucleus. M agnetic coupling
can occur betw een the spin of the unpaired electron (S) and the magnetic nucleus (I).
This hyperfine coupling is analogous to spin-spin coupling in N M R spectroscopy. For
exam ple, the nitrogen nucleus has a nuclear spin 1 = 1 leading to three spin states for
the nucleus M i= +1, 0, -1. This gives rise to three lines in the EPR spectrum (figure
3.4).

M s = + 1/2

Mi = - I
=

Ml = + 1

Figure 3.4 Nucleus with 1 = 1 gives three lines in the EPR spectrum
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3.2.2 Nitroxides

Nitroxides are param agnetic organic molecules. For the general structure
R 2NO', such nitroxides form stable liquids or solids at room temperature. Nitroxides
do not tend to dimerise as the electron density is extensively delocalised onto oxygen
in the it* antibonding orbital (Symons, 1978). Because of their intrinsic stability, e.g.
bis-r-butyl nitroxide (figure 3.5), nitroxides have been extensively studied especially
as environm ental probes. The vast majority of stable nitroxides have no hydrogens
attached to the a carbon atoms. This avoids disproportionation (Keana, 1978) which
leads to a nitrone and a iV-hydroxylamine.

Figure 3.5 Bis-f-butyl nitroxide

3.2.3 Nitroxides as Spin Labels

Stable free radicals, such as nitroxides, have heen widely exploited as spinlabels. Chemical attachm ent of nitroxides to a wide range o f molecular structures has
been extensively used to explore interm olecular interactions. A multitude o f spinlabels are now commercially available, the most common being the doxyl, proxyl and
tem po species (figure 3.6). M uch information can be gathered from the use of spinlabels including m otion o f the spin-labelled molecule and of the m olecular system to
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w hich it is bound (Leute et al., 1972). Information on environmental factors including
solvation and hydrophibicity plus local concentration of spin-labels can be gleaned.

O

N —O

N —O

7-

A
Doxyl

O

Proxyl

Tempo

Figure 3.6 Examples of nitroxide radicals

The chemical attachment o f a nitroxide (a 3-carboxy-proxyl derivative) to spermine is
discussed in chapter 2 .

3.3 Polyamiiie-DNA Binding

As described earlier Besley et a l, (1990), using a spin-labelled norspermidine
adduct (figure 3.0), suggested that this polyam ine was bound to DNA in such a
m anner that it experienced free motion along the DNA backbone at a near diffusion
controlled rate. EPR spectroscopy can probe times in the lO'*" - 10'*^ seconds range.
Therefore, on the EPR timescale, a biopolymer such as DNA can behave as a solid in
many ways since it diffuses slowly in solution. If a polyamine spin-labelled compound
was bound tightly to D NA the molecule would take on the correlation time o f DNA
and hence the EPR spectrum would resemble that of a solid nitroxide (figure 3.7).
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Figure 3.7 The EPR spectrum o f a solid nitroxide.

The authors exploited this phenom enon in order to evaluate the nature o f binding of
this polyam ine to calf-thymus D N A (Besley et a l, 1990). No linewidth increase in the
M i= -1 line was observed fo r the norspermidine-nitroxide adduct in the presence
of DNA. This was interpreted in terms o f loose binding i.e. that the complex retains
significant motion. Although the polyam ine was associated with DNA, by virtue of
the lai'ge binding constant, the m olecule had a correlation time sim ilar to that in free
solution. However, the spin-labelled polyam ine retained considerable conformational
flexibility and even if the norsperm idine adduct was bound tightly w ith a correlation
time close to that of DNA, the m otion in the flexible tether betw een the polyamine
and the nitroxide may have been large enough to keep the line sharp (Mi = -1) in the
EPR spectrum. Therefore further studies to probe the interaction of polyam ines with
DNA were undertalcen.
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3.4 SpinSpin Exchange

N itroxide

spin-labels

are

generally

studied

by

EPR

spectroscopy

at

concentrations < 10'^ M. Above this concentration Heisenberg spin exchange, in
w hich two free radicals exchange their spins during an encounter, may occur (figure
3.8). Spin exchange can be regarded as a simple chemical reaction requiring no
rearrangem ent or ti'ansfer o f masses. If two paiam agnetic solute molecules approach
closely enough for appreciable overlap o f their unpaired electron distributions, the
exchange interaction can occur. The spin exchange is strongly dependent on mean
separation between spins and it is assumed that spin exchange is effective only during
a collision. For a solution containing a nitroxide radical all three lines broaden then
collapse to a single line as concentration is increased. This is because each encounter
involves a molecule with nuclear spin of either Mi = +1, 0 or -1. As the molecule
encounters a different spin each time, a time-averaged picture emerges w hich results
in the observation o f a single line at high concentration. The Mi = 0 line is studied as it
is least sensitive to restricted rotation o f the radical and viscosity effects.

If polyamines are able to diffuse along the DNA as proposed by Besley et al.,
(1990) then a fixed concentration of a spin-labelled poly amine in the presence of
D N A should experience more spin exchange compared w ith the same experim ent in
the absence of D NA (figure 3.9) due to an increase in the number of collisions.
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Figure 3.8 Heisenberg Spin Exchange
As the concentration o f a param agnetic species (3-carboxy-proxyl nitroxide radical)
increases, all three lines o f the

EPR spectrum start to broaden (0.01 M). As the

concentration increases further the lines merge (0.06 M) until finally a single line is
observed (0.5 M).

Absence of DNA

KEY

Presence of DNA
= terminally-linked spermine-nitroxide (50)
= DNA fragment

Figure 3.9 Schematic representation of the interaction of a terminally-linked
spermine-nitroxide molecule in the absence and presence of DNA

H owever, if the poly amine is tightly bound and the DNA on/off rate is fast, then spin
exchange may still occur due to a local concentration increase around the DNA
molecules (due to coulom bic attraction between polyamines and DNA). Therefore two
spermine-nitroxide adducts were synthesised (figure 3.10), one terminally derivatised
(50) and the other derivatised on an internal nitrogen (52). If the polyamines
experience a correlated motion along the DNA, then 50 should experience the onset of
spin exchange before 52. In the latter case it is assumed that spin exchange can only
occur w hen the molecules interact in free solution as the inherent position o f the
nitroxide functionality in this structure would prevent exchange occurring on the DNA
even if the molecules were side by side (schematic diagram figure 3.11). Conversely
the positioning o f the nitroxide on the end o f spermine should enable spin exchange to
occur in an encounter betw een these molecules on the DNA.
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NH 3

HzN

N H terminally-linked spermine nitroxide 50

NH3

N H spermine nitroxide 52
O

Figure 3.10 Structure of spin-labelled spermine adducts

The binding constant for the spermine molecule will be approximately 1.5 x 10^ M'^
(calculated from Braunlin et a l, 1982) for the experimental conditions described in
chapter 5. Therefore the ratio o f bound to unbound spermine molecules will be large
and the phenomenon should be detected. The compounds were studied by EPR
spectroscopy and the linewidth o f the Mi = 0 line was measured as a function of
concentration for the two compounds (~3 x 10'^ M to -2 .5 x 10'^ M). The lines were
then m easured at the same concentrations but in the presence of a fixed concentration
o f D NA solution (Base pair : nitroxide = -500:1 to -5:1) and compared.
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In tern a lly -lin k ed S p erm in e-N itroxid e

no interaction as spatial distance
between radicals is too large

interaction only observed
— in free solution

T erm in a lly -lin k ed S p erm in e-N itroxid e

interaction now possible on the DNA

KEY:
= spermine-nitroxide (52)

= terminally-linked spermine-nitroxide (50)
= DNA
= guide to amount of polyamine bound
determined by the binding constant Kb

Figure 3.11 Schematic showing the spin interactions of 50 and 52 on DNA
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3.6 Results and Discussion

A qualitative study o f nitroxide linewidth has been used to investigate the
interaction of spermine with DNA. The plot o f log (concentration) vf. linewidth (G)
for the four experiments, (i) spermine-nitroxide (52), (ii) spermine-nitroxide + DNA,
(iii) terminally-linked spermine-nitroxide (SO), (iv) terminally-linked sperminenitroxide + DNA, shows that spin exchange occurs at a lower concentration for the
two adducts in the presence of D NA compared with in the absence o f DNA. The EPR
spectra o f 50 and 52 at 1.4 ruM plus added DNA are presented in figure 3.12,
dem onstrating the appreciable spin exchange occurring in the latter solution. More
im portantly, spin exchange for the terminally-linked spermine nitroxide (50) + DNA
occurs at a low er concentration (higher ratio of base pairs:nitroxide) compared with
the spermine-nitroxide (52) + D NA (figure 3.13 and figure 3.14). Taking an arbitrary
value for the concentration of nitroxide radical to induce a 2 0 % increase in linewidth
(LW 20) the results aie: spermine nitroxide (11.5 mM), terminally-linked spermine
nitroxide (10.3 mM ), spermine + DNA (2.29 mM) and terminally-linked spermine +
D NA (0.55 mM). This result can be interpreted as evidence for translational motion o f
a spermine molecule along a D NA helix. At the point in the graph where spin
exchange is non-existent i.e. at low concentrations the individual plots should, in
theory, converge to one line. This is not the case. The linewidths of the two sperminenitroxides in the presence o f DNA are slightly broader compared w ith the
corresponding solutions in the absence o f DNA. This may be due to either a viscosity
or a binding effect. Therefore a series o f dilute spermine-nitroxide - D NA solutions of
the sam e viscosity were m ade in the presence o f sodium chloride (500 m M Na'*' ions).
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(50)1.4mM + DNA

Figure 3.12 The EPR spectra o f 50 at 1.4 mM and SO at 1.4 mM plus added DNA
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This high concentration should release the bound sperniine molecules to free solution.
The observed linewidths were now in agreement with the corresponding solutions in
the absence o f DNA. Therefore, a binding phenomenon must account for the slight
increase in observable linewidth for the spermine-nitroxide solutions with DNA.

3.7 Conclusion

Crystallographic studies show that polyamines can be localised in a crystal
lattice and theoretical w ork implies that stable specific interactions are possible
betw een polyamines and DNA. Evidence from computer modelling studies predict
bends in nucleic acids and this may be relevant in the regulation of D NA tertiary
structure in vivo. However, solution studies show that non-specific interactions are
also possible. EPR experimental data presented here has suggested that although
spermine can be bound strongly to D NA it can still retain some translational m otion
along the D NA indicating “loose” binding. In order to fully understand the biology of
polyam ine-nucleic acid interactions, the in vivo nature of these interactions must be
determined. Sim plified interactions of polyamines with DNA using synthetic
polynucleotides and polydeoxynucleotides do not account for the secondary and
tertiary structure of DNA observed under natural conditions. During replication the
physical state o f DNA varies and specific proteins may play im portant roles in
determ ining the nature o f the polyam ine-DNA complex. It is likely that both non
specific and specific interactions are im portant in polyamine binding and nucleic acid
function.
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4.1 Introduction

The cellular target o f many therapeutically important anticancer drugs is often
nuclear DNA. The alkylating agents form a class of antitumour agents whose
m em bers include some of the m ost clinically useful drugs. These alkylating agents fall
into a num ber o f categories depending on the nature of the reactive leaving group {e.g.
nitrogen mustards, dimethanesulphonates, triazenes, chloroethylnitrosoureas and
aziridines, figure 4.0). Both pyrimidine and purine bases are susceptible to alkylation
at physiological pH and this action is generally believed to account for the biological
changes caused by these agents. Both nitrogen and oxygen atoms in the bases can be
m odified (Singer, 1976) but the N^ position of guanine is usually most readily
alkylated. Electrophilic moieties will react w ith the most nucleophilic sites on the
DNA. Calculations o f the m olecular electrostatic potential show that the most
negative potentials on the purine bases are situated in the vicinity of N^ and

for

guanine and N^ and N^ for adenine with the most electronegative site being the N^
position of guanine (Pullmann and Pullman, 1981).

4.1.1 Nitrogen Mustards

A fter 40 years o f drug developm ent programs, the nitrogen mustard
derivatives

are

still

among

the

most clinically

effective

anticancer

agents.

M echloretham ine (bis-(2-chloroethyl) methylamine) was the first clinically useful
antitum our drug (Gilman et al., 1946; Pratt and Ruddon, 1979) and is one o f the
sim plest members of the nitrogen mustard family (figure 4.1).
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The bifunctionality o f these agents render them more toxic than their
m onofunctional counterparts. In an attempt to explain this Goldacre and co-workers
postulated over 40 years ago that “two groups are required to perm it the molecule to
react at two distinct points, lying on a single surface or fibre or, more especially, on
two contiguous fibres” , (Goldacre et a l, 1949). The first evidence for the presence of
interstrand cross-links on D NA was reported by Geiduschek, (1961) who observed
that

m echlorethamine-treated

DNA

possessed

an

anomalously

high

rate

of

renaturation. An interstrand cross-link o f this nature may prove lethal to cells by
disrupting replication and transcription. In fact many reports have shown a direct
relationship between DNA cross-linking and cytotoxicity (e.g. Chun et al., 1969;
Ducore et a l , 1982; H ansson et al., 1987). The mechanism of reaction o f the nitrogen
m ustards has been contested. Proposals include SnI mechanisms in w hich the ratelimiting step is the slow formation of a primary carbocation in solution w hich can then
react rapidly with a nucleophile, Sn 2 mechanisms and internal Sn 2 mechanisms
involving an aziridinium intermediate. Convincing evidence for this latter m echanism
was provided by the observation that the hydrolysis o f ArN(CH 2CD 2Cl)2 was
accom panied by isotopic scrambling (Benn et al., 1970). Golding et al., (1987) also
observed isotopic scrambling during the course of the reaction of isotopically labelled
mechloretham ine M eN(CH 2 ^^CH2Cl)2 and the reactive nucleophile thiosulphate. An
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analogous m echanism involving neighbouring group participation is widely accepted
to be involved in the formation o f an interstrand cross-link as shown in figure 4.2.

N

Cl

Cl

Nuc

À

Nuc

cr
Nuc

Cl

Cl

'Nuc

Figure 4.2 Nitrogen mustard activation

Brooks and Lawley (1961) isolated a conjugate in which the mustard connects
the N ’ position o f guanine to the N’ position o f another guanine by direct reaction of
guanosine monophosphate w ith mechlorethamine (figure 4.3).
Me

N

HN

<

NH

N

Figure 4.3
Im portantly, the same adduct was also isolated from mechlorethamine treated
yeast R N A (Brooks and Lawley, 1961). W hether this adduct was formed via an
intrastrand, interstrand or interhelical cross-link was not established. Assum ing an
interstrand cross-link, it was proposed that the N’ spacing in the duplex DNA
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sequence 5 ’-d(GC) would accommodate a single cross-link by a nitrogen mustard
(Brookes and Lawley, 1961). In fact Ojwang et a l, (1989) and Hopkins et a l, (1991)
dem onstrated in vitro that it is the 5 ’-d(GNC) sequence which is in fact predom inately
cross-linked by the action of mechlorethamine on small, synthetic D NA fragments.
This was an unexpected observation as the mustard linker which attaches the two
guanines is several angstroms too short compared with the

to

distance at the

duplex D NA sequence 5 ’-d(GNC). Clearly a conformational distortion o f the double
helix m ust occur when an interstrand cross-links formed. An alternative explanation
m entioned by Hopkins et a l, (1991) suggests that a dimer o f mechlorethamine could
form the cross-link as oligomerization of mechlorethamine on the timescale of
minutes to hours is documented (Golding et a l, 1987). A cross-link of this nature at
5 ’-d(GNC) could form w ithout distortion o f the DNA. However, this theory was
discounted because isolation of the cross-link lesion and subsequent HPLC analysis
concluded that the adduct with a single mustard connecting two guanines was
responsible for the cross-link (figure 4.3).

4.1.2 Detection of Interstrand Cross-linking

M any techniques for measuring interstrand cross-links in DNA are reported in
the literature including caesium chloride (Verly et a l, 1969) and alkaline gradient
centrifugation (Fujiw aia et al., 1983), selective rem oval of single stranded DNA by S I
nuclease (Fujiwara et al., 1983), chemical analysis (Tomasz et al., 1974) and the
docum ented increased fluorescence of ethidium bromide in double stranded DNA

117

(Lown, 1984). However these methods are rather insensitive and often require large
amounts o f both drug and DNA.
Hartley and co-workers published a simple agarose gel electrophoresis method
for the determination of D NA interstrand cross-links (Hartley et al., 1991). This
m ethod is based on the principle that a DNA-drug interstrand cross-link prevents the
com plete dénaturation o f the two DNA strands. Therefore cross-linked DNA strands
retain their double stranded state whilst non cross-linked strands rem ain permanently
denatured and therefore single stranded. Separation in the agarose gel relies on the
differences in the electrophoretic mobility of the double stranded and single stranded
D NA (Figure 4.4). The sensitivity o f the method was observed by Ponti and co
workers who were able to follow the inefficient cross-link reaction o f the
dim ethanesulphonate busulphan (Ponti et al., 1991).
The agarose gel electrophoresis assay was used to determine the cross-linking
ability o f the initial polyam ine-chloram bucil conjugate (Cohen et a l, 1992) and has
been used to determine the interstrand cross-linking ability of the polyamine-nitrogen
m ustard conjugates presented here i.e. 5, 7 , 12 ,1 7 , 26, 32, 34, 40, and 45.

4.1.3 DNA Base Sequence Selectivity

Until relatively recently alkylating agents were thought of as being poorly
sequence specific because high concentrations of drug were needed to perm it
detection o f products in establishing the base pair specificities o f these agents.
However, as a result of adopting DNA sequencing technology it is now possible to
probe the alkylation of DNA at the base level. A modification at the N^ position of
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Denature (90° C)

Renature

Neutral Agarose Gel
Electrophoresis

Figure 4.4 Neutral agarose gel method used to detect DNA interstrand crosslinking. Linear D NA end labelled with
( * ) is used. In the control non
denatured sample (Lane 1) the DNA luns as double stranded (ds). In the control
denatured sample (Lane 2) the D NA runs as single stranded (ss). In the drug
treated sample (Lane 3) the presence o f cross-links prevents complete separation
o f the D N A strands during dénaturation. The DNA can therefore reanneal and
runs as double stranded
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guanine enables the im idazole part of guanine to ring open at high pH (Kohn and
Spears, 1967). Treatment w ith piperidine at 90 °C can quantitatively convert these
m odified sites into strand brealcs (Mattes et al., 1986) and this is the basis o f the
M axam -G ilbert sequencing technique (M axam and Gilbert, 1980). W hen D NA of a
know n sequence is radiolabelled at one end of one strand, the lengths of the fragments
produced after incubating w ith an alkylating agent and subsequent piperidine
treatm ent indicate the base position o f the original guanine

modification. After

loading onto polyacrylamide D NA sequencing gels DNA fragments can be separated
and sequences differing by a single nucleotide can be resolved. Provided that the drug
concentration produces no more than one alkylation per DNA molecule the intensity
o f each band on the dried gel after phosphorimagery indicates the extent of guanine N^
alkylation at that site. Using the modified M axam -Gilbert analysis. Hartley et a l,
(1986) first studied the sequence selectivity of the chloroethylating agents. Hartley,
(1986)

demonstrated

that

rather

than

being

non-sequence

specific,

the

chlorethylnitrosoureas showed a large preference for N’ alkylation at guanine, the
intensity being proportional to the num ber of adjacent guanines in the D NA sequence.
Later Sunters et a l, (1992) described the sequence specificity of a variety o f nitrogen
mustards including m elphalan and chlorambucil. These results again highlighted the
N^ guanine preference w ith the sites o f greatest alkylation found at runs of contiguous
guanines. The authors infer that the increased electrostatic potential in these regions
directs the positively charged aziridinium intermediate of the activated nitrogen
m ustard and alkylation occurs. This agrees with the work of Pullm ann and Pullm ann
(1981) w hich reveals that the site o f greatest electronegativity on DNA is the N^
position of guanine flanked by other guanines.
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The sequence selectivity of the polyamine-drug conjugates 5, 7 ,1 2 ,1 7 , 20, 32,
34, 40 and 45 were determined using H artley’s method (Hartley et al., 1986) and
com pared with chlorambucil.

4.2 Results and Discussion

4.2.1 Cross-linking Studies

The first polyam ine-nitrogen mustard conjugate (5) was reported by Cohen et
al., (1992) to be 10,000 fold more active than chlorambucil at forming interstrand
cross-links with nalced DNA using the cross-linldng assay developed by Hartley et al.,
(1991). However, in some samples a small amount of spermidine conjugate with two
chloram bucil molecules attached was detected by mass spectrometry and high
perform ance liquid chromatography (Farmer and Lim, personal communication). This
impurity could possibly have contributed to the higher reactivity. Therefore this
conjugate (5) was resynthesised to address this problem (see chapter 2). The
spermidine-chlorambucil conjugate (5) was also required to verify the observed crosslinking of D NA reported by Cohen et al., (1992) and in order to evaluate and compare
the cross-linking ability o f the new polyamine-chlorambucil conjugates described and
synthesised in this thesis.

Sperm idine-chlorambucil conjugate
No evidence o f a spermidine conjugate with two chlorambucil molecules
attached or any other polyam ine-dichlorambucil conjugate could be found in samples
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Spermidine-chlorambucil (5)

prepared by the synthetic methods developed and described in chapter 5. The
spermidine-chlorambucil conjugate (5) was confirmed to be 10,000 times more
efficient at cross-linking DNA than chlorambucil (figure 4.5) throughout the
concentration range of 0.001 |iM to 0.01 |xM. This increase in activity is attributed to
sperm idine’s high affinity for DNA by virtue of their complementary charge. The data
presented in figures 4.5 to 4.13 are as a result of incubating each conjugate with DNA
for 1 hour at 37 °C. All points are the mean o f at least three determinations.

Effects o f variation in the distance betw een the charges on the polvamine
In order to investigate the effect o f increasing or decreasing the spacing
betw een the positively charged nitrogens of the polyamine-chlorambucil conjugates in
the cross-linking assay, two conjugates (17 and 20) were synthesised using the
polyam ines norspermidine (N-3-N-3-N) and homospermidine (N-4-N-4-N), figure
4.6, w hich are closely related to spermidine. These polyamines both have a positive
charge of 3"^ at physiological pH.
H zN'

'N '
H

'N H ,

Norspermidine

H iN '

'N '
H
Spermidine
H
,N .

H ^N'

'N H z
Homospermidine

Figure 4.6 Polyam ines with 3"^ charge at physiological pH
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The two conjugates (17 and 26) were very similar in cross-linking ability
(figure 4.7) compared with the spermidine-chlorambucil conjugate (5) throughout the
concentration range 0.001 |iM to 0.1 p,M. The drug conjugate concentration that cross
links 50% D NA (CL 50 values) are: norspermidine 16 nM, homospermidine 13 iiM and
sperm idine 16 nM.

Effects o f variation of the num ber o f charges on the polvamine
Two polyam ine-chloram bucil compounds were synthesised to investigate the
charge effect o f the polyam ine w ith cross-linking ability o f the nitrogen mustard. A
spermidine-chlorambucil conjugate (7) where the chlorambucil molecule was attached
directly to the central nitrogen of spermidine forming an amide linkage at this position
afforded a polyam ine w ith an effective charge o f 2^. A 4"^ charged polyam ine (32)
was synthesised by attaching chlorambucil to an aminopropyl link on an internal
nitrogen o f spermine. The results o f cross-linking assays using these conjugates aie
presented in figure 4.8.
The CL 50 values for the spermine-chlorambucil (32), the spermidinechloram bucil (5) and the shorter-linked spermidine-chlorambucil (7) are 8.9 nM, 16
nM and 83 nM respectively. The CL 50 values reflect the trend of binding abilities for
the polyam ines spermine, spermidine and putrescine (3.98 x 10^ M '\ 2.82 x lO'^ M'^'
and 1.58 x 10^ M'* respectively, 20 m M Na"^ salt concentration, Braunlin et al., 1982).
The spermine conjugate (32) is more reactive than the spermidine conjugate (5).
However, the shorter-linked spermidine conjugate (7) is much less reactive than both
(32) and (5). This may be due to the laige spacing between the positive charges of this
com pound ( ~ 8 atoms) and a corresponding decreased DNA affinity and/or the shorter
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shorter-linked sperm idine (7)

tether betw een the poiyam ine and chlorambucil. In this case the nitrogen mustard may
not be able to target its cross-linldng site as efficiently as the more flexible mustard
conjugates. A n autoradiograph o f a typical cross-linking gel assay w ith shorter-linked
sperm idine-chloram bueil (34) demonstrating an increase in cross-linked (double
stranded) DNA as concentration of drug is increased is presented in figure 4.9.

Effects of variation in the nature of the linker between polvamine and alkylating agent
For a given num ber o f charges, the effect of changing the nature of the linking
tether betw een poiyam ine and the nitrogen mustard was studied. Spermidinechloram bucil

(S),

shorter-linked

spermine-chlorambucil

(34)

and

spermidine-

m elphalan (12) conjugates, all 3"*" polyamines at pH7, with different tether lengths
were eom pared in the cross-linking assay (figure 4.10). M elphalan is only slightly
more

reactive

than

chlorambucil

(M erson-Davies,

personal

communication).

Therefore the effect of changing the alkylating agent in this case was ignored. The
CLso

values

for

spermidine-chlorambueil

(5)

and

shorter-linked

spermine-

chloram bucil (34), the com pound with the shortest tether, were 16 nM and 19 nM
respectively, showing that for a defined charge the reactivity decreases with
decreasing tether length. However, spermidine-melphalan (12) (CL 50 = 1 0 0 nM) was
m uch less reactive than both (5) and (34). In fact this compound was less efficient at
eross-linking DNA than the 2^ eharged conjugate. This may be due to the reversing of
the amide linkage and the presence of another functional group (methyl ester) in the
linking chain and therefore an increase in steric bulk in the linker. Therefore this
conjugate may have low er internal degrees of motion in the linker group which could
lead to a decrease in cross-linking efficiency.
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shorter-linked spermidine conjugate (7)

J

DS SS
1 fiM

0.1 pM

L

0.01 pM

samples taken at 2 0 ,4 0 , 60 and 120 minutes

DS = double stranded control DNA
SS = single stranded control DNA

Figure 4.9 An autoradiograph o f 7 at various concentrations showing an increase of
double-stranded DNA with time
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sperm idine-m elphalan ( 12)

Effects o f variation in site attachment
To compare the site o f attachment of the nitrogen mustard the derivatised
adducts

terminally-linked

spermidine-chlorambucil

(40)

and

terminally-linked

sperm ine-chloram bucil (45) conjugates were synthesised. The results of cross-linking
assays using these conjugates are given in figure 4.11. The CL 50 values for 45, 32, 40
and 5 are 7.2 nM, 8.9 nM, 12 nM and 16 nM respectively. The trend o f 4"^ > 3"^ at
cross-linking ability is also observed for 45 over 40. Both terminally-derivatised
polyam ines are slightly more effective at cross-linking than their internally-derivatised
counterparts. This may arise from an increased accessibility of nucleophilic sites in
the D NA due to more rotational freedom o f the terminally-linked over internally
linked chlorambucil.
To compare the reactivity of all the polyamine-drug conjugates, figure 4.12
gives the percentage of cross-linked DNA for a fixed concentration (0.01 M) o f drug
at 1 hour for all the polyamine-drug conjugates. The C L50 values are displayed in
figure 4.13 showing the general trend of reactivity o f these conjugates.
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4.2.2 Sequence Selectivity Studies

The polyam ine-nitrogen mustard conjugates 5, 7 ,1 2 ,1 7 , 26, 32, 34, 40 and 45
show the same sequence selectivity as chlorambucil i.e. the

position of guanine in

the m ajor groove is alkylated. This is in agreement with previous studies with nitrogen
m ustards (Kohn et a l, 1987; Sunters et a l, 1992). For the projected sequence
selectivity of the spermidine-chlorambucil conjugate (5) Holley et a l, (1992) stated
that “as initial DNA binding will be dictated by the spermidine moiety, the major site
of interstrand cross-linking may not necessarily now be between guanine N ’ sites in
the m ajor groove characteristic of nitrogen mustards” . However, the sequence
selectivity results presented here imply that the initial site of alkylation with the
polyam ine-nitrogen mustard conjugates is not dictated by the poly amine moiety
binding to specific sites on DNA. In fact not only do the nine polyamine-drug
conjugates show the same guanine preference as chlorambucil but they also show very
sim ilar patterns o f sequence selectivity with respect to one another. This is
dem onstrated by comparing the DNA alkylation profile of the conjugates (figure
4.14). Figure 4.15 shows the polyacrylamide gel for the sequence selectivity of
chlorambucil, 45, 40, 2 6 ,1 7 , 34, 7, 32, and 5 in lanes 1-9 respectively, demonstrating
the similar sites and extents of alkylation are observed for the conjugates.
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V \/'A ’

chlorambucil

Figure 4.14 DNA alkylation profiles of the conjugates 32, 5, 7 and chlorambucil

G

5 32 7 34 17 26 40 45 C

I
G a

G a

G 4

G = dimethyl sulphate treated DNA
C = chlorambucil
Figure 4.15 DNA sequence selectivity o f guanine N7 alkylation by polyamine-drug
conjugates

4.3 Conclusion

In order to optimise polyam ine-nitrogen mustard cross-linking ability and
further probe the interaction of polyamines w ith DNA, a range of polyamine-nitrogen
m ustard conjugates were synthesised. A number of important trends were identified in
cross-linking ability and sequence selectivity of alkylation:
o Spacing between the positive charges does not significantly affect the cross-linking
efficiency
o An increase of positive charge o f the polyamine increases the cross-linking ability
o f the conjugates
o A longer tether betw een the polyam ine and the alkylating agent slightly increases
the reactivity for a defined charge
© Terminally linked polyamines are more efficient cross-linkers than internally
linked polyamines
® The

most

reactive

polyam ine

conjugate,

terniinally-derivatised

spermine-

chlorambucil (45), was approximately twice as reactive as the original spermidine
conjugate (5).
o G uanine N^ sequence selectivity o f DNA alkylation is preserved for the polyaminedrug conjugates
® The site and incidence o f alkylation is unchanged with different polyamines
connected to the nitrogen mustard
o Runs o f contiguous guanines provide sites o f highest alkylation for chlorambucil
and the poly amine drug conjugates
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The polyamine-drug conjugates synthesised (5, 7, 12, 17, 26, 32, 34, 40 and
45) provide m uch greater reactivity w ith DNA than the parent drugs from w hich they
were derived (chlorambucil and melphalan). The most reactive of these, terminallyderivatised spermine-chlorambucil (45), was only approximately twice as reactive as
the original spermidine-chlorambucil conjugate (5). In fact most of the conjugates
showed little variation in cross-linking ability. The CL 50 values reflect the trend in
cross-linldng ability expected for the charge effects of various poly amines e.g. 2^ to
4^, but they do not correlate directly w ith the reported binding constants o f these
polyam ines (1.58 x 10^

2.82 x lO'^ M'^ and 3.98 x 10^ M ‘* respectively, 20 mM

Na"^ salt concentration, Braunlin et al., 1982), i.e. more than a magnitude of difference
betw een each poly amine. However, the kinetic scheme for the cross-linking of D NA
by these drug-conjugates is complicated. A number of competing reactions can be
envisaged during the course of cross-linking. For example: (i) the poly amine-mustard
could hydrolyse before binding to D NA and (ii) once hound to D NA and
monoalkylated the conjugate may hydrolyse thus preventing cross-linking etc. Several
o f these possibilities are outlined in figure 4.16.
It is unlikely that the CL 50 values solely reflect the initial binding constants
(Ki) o f the polyamines to D NA owing to the complicated kinetics. However, the
values m ust contain some elem ent o f the binding constants as demonstrated by the
CL 50 values obtained for the shorter-linked spermidine-chlorambucil (7), the
sperm idine-chloram bucil (5) and spermine-chlorambucil (32) conjugates (83 nM, 16
uM and 8.9 nM respectively). Although similar cross-linking results have been
obtained for these conjugates, the transport, in vivo activity and neurotoxicity o f these
drug conjugates may be significantly different.
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Ki

DNA + PA-mustard

^alkylation

===

DNA:PA-mustard ---------► DNA:PA-mustard
monoalkylated

PA-mustard-OH
DNA cross-linked PA-mustard

K 2 + kaikylation + DNA

PA-mustard-(OH )2

KEY :

DNA:PA-mustard-OH
monoalky ated

K = binding constant
k = rate constant
PA = polyamine
OH = partially hydrolysed mustard
(0 H )2 = hydrolysed mustard

Figure 4.16 Scheme demonstrating the complicated kinetics in DNA cross-linking

The sequence selectivity results o f the polyamine-nitrogen mustard conjugates
w ould lend support to the idea that poly amines are not tightly bound to DNA in a
sequence specific manner, but are in rapid exchange between sites along the DNA
backbone. This m ovem ent along the DNA should allow the nitrogen mustard to
alkylate at preferred positions on the DNA. The greatest alkylation with chlorambucil
and the polyamine-drug conjugates occurs at sequences with high runs o f guanines
(G). Thus positively charged aziridinium ions should target these electronegative sites.
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In fact the GGGG sequence at bases 461-465 in the fragment of plasm id pBR322 used
in this assay is the most alkylated site. This is in agreement with the observation of
M attes et a l, (1986) who showed a preferential reaction of nitrogen mustards with
contiguous runs of guanines. This also agrees with the results of Pullm an and Pullm an
(1981) who revealed that the site of greatest electronegativity is the N ’ position of
guanine flanked by other guanines. A study by Kohn et a l, (1987) has shown that for
m ost nitrogen mustards a correlation exists between the extent of reaction at given
guanine sites and the calculated molecular electrostatic potential o f DNA.
The im plication these studies might present for the localisation of polyamines
on D NA are not straightforward. Although alkylation occurs at the N^ position of
guanine, le . in the m ajor groove, for all the polyamine-drug conjugates studied, this
does not necessarily mean that the polyamines are also located solely in the major
groove. O ther possibilities including location in the minor groove or along the
phosphate backbone m ust still exist owing to the length and flexibility of the linker
betw een the poly amine and the nitrogen mustard functionality. Computer modelling
studies could probe this problem and suggest possible sites o f location of the drugconjugates to D NA while allowing alkylation to occur at the N’ position o f guanine.
The next im portant stage of the program will be to study cellular uptake o f
these conjugates. The elevated polyam ine levels observed in many cancer cells may be
due in part to the presence of a specific active polyamine uptake system that has been
characterised in a wide range of tum our cells (Porter et a l, 1982, Seiler and Dezeure,
1990). The structures o f some of the polyamine-drug conjugates presented here may
be adequately recognised by the tum our polyamine receptor but poorly recognised by
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the polyam ine receptor found in normal cells, therefore allowing selective toxicity
towards cancer cells.
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Chapter

Expérimental

Sol General Comments

5.1.1 Methods for Chapter 3

Sample preparation
C alf thymus D NA was purchased from Sigma. The spin-labelled spermine
molecules (50 and 52 as trifluoroacetate salts) were synthesised and characterised as
described in this chapter.
The D NA was dialysed, freeze dried and redissolved in water (Super Q) to a
concentration o f 10 mg/ml (-3 0 niM phosphate). The viscous solution was sonicated
w ith a Soniprep 150 apparatus (4 x 30 seconds, 10 amps, 19 mm probe). A sample o f
the D NA was subjected to gel electrophoresis (0.8% agarose gel 50 V) co-running
w ith a 12 IcB and 25 ld3 DNA ladder. The sonicated DNA was found to have a range
spread betw een 0.5 kB to >20 kB. A stock solution of spermine-nitroxide (30 mM)
adjusted to pH7 with sodium hydroxide solution (1 M) was made for both compounds
(concentration determined by UV absorption: Xmax/nm 230). All final solutions under
investigation were at a DNA concentration of 5 mg/ml and a sodium ion concentration
<15 mM . Although the actual amount o f sodium ions was different in each sample the
effect o f the change in binding constant of spermine at these concentrations is
negligible. Even for the highest concentration of sodium ions (15 mM ), the binding
constant will be of the order o f 1.5 x 10^ M ‘‘ (calculated from data published by
Braunlin et ah, 1982).
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EPR Studies
EPR spectra were recorded on a Jeol JE S-R E IZ X-band spectrophotom eter
using a quartz flat cell. D ata was accumulated on an Archimedes com puter and the
spectra printed as the first derivative o f the absorption. The number o f spins for each
sam ple (proportional to concentration) was evaluated from double integration of the
first derivative spectrum. Absolute concentration of spermine-nitroxide for each
sam ple was calculated from the calibration curve for a standard o f carboxy proxyl (log
(spins) vs. log (concentration)) assuming the absorption coefficient of the sperminenitroxide adducts, 50 and 52, to be the same as for carboxy proxyl.

Linew idth Studies
Spectra used for linewidth m easurem ent had centre field and sweep w idth set
so that the

Mi = 0 feature filled the chart paper. Linewidths were measured at half

peak height on the first derivative o f the absorption curve. An accuracy o f ± 0.02 G
was obtained.

5.1.2 Methods for Chapter 4

A ll experimental work for the cross-linking assays and sequence specificity
alkylations were performed by Dr. L. A. M erson-Davies, University of Leicester.
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Cross-Linking Studies

Preparation o f DNA.
C aesium chloride-purified plasm id DNA (pBR322 - 4363 base pairs) was
linearised by digestion w ith H in d lll (Gibco BRL) and dephosphorylated by treatm ent
w ith calf intestinal alkaline phosphatase (Gibco BRL). The DNA was 5 ’-end labelled
w ith [y-^^P]ATP (3000 Ci/mmol) using T4 polynucleotide kinase (Gibco BRL).
Unincorporated ATP was rem oved by purification over a M icroSpin S-200 Column
(Pharm acia Biotech). Approximately 20 ng of labelled DNA was used for each
experim ental point.

Drug treatment.
Reactions with polyamine-nitrogen mustard conjugates were performed in 25
m M triethanolam ine, 1 mM EDTA, pH 7.2 at 37 °C for the times indicated.
Reactions were terminated by the addition o f an equal volume of 0.6 M sodium
acetate, 20 m M EDTA, 100 gg/m l yeast tRNA (Gibco BRL) and 200 pM spermine.
The D NA was precipitated by the addition of three volumes of 95% ethanol (chilled to
-20 °C) followed by incubation in a dry ice/IMS bath for 5 mins. The DNA was
recovered after a 5 minute spin (13,000rpm, Microfuge MSE) and dried under vacuum
(Savant Vac). The resulting pellet was resuspended in denaturing buffer (30% DM SO,
1 m M EDTA, 0.04% brom ophenol blue, 0.04% xylene cyanol).
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Electrophoresis.
Prior to loading, samples were denatured by heating at 90 °C for 2 min,
follow ed by im mersion in an ice/water bath. Control DNA was not denatured and was
loaded directly. Samples were loaded on a 0.8% submerged horizontal agarose gel (20
cm long) and run at 25 volts for 16 h in TAE buffer (0.04 M Tris-acetate, 1 m M
EDTA).

Quantitation.
Gels were dried at 80 °C onto one layer o f D E 8 1 filter paper and one layer of
W hatm an 3M M paper on a Speed Gel SG200 (Savant) drier. Q uantitation was
achieved by phosphorimagery o f the gel using a M olecular Dynamics Laser
Phosphorimagery system (Image Quant version 3.3). For each lane the amount of
single stranded and double stranded DNA was determined and the percentage crosslinked (double stranded) DNA calculated.

Sequence Specificity of Guanine-N^ Alkylation

The methods are based on the protocol originally described by Ponti et a l,
(1991).

Preparation of DNA
Briefly, caesium chloride purified pBR322 DNA was digested w ith BaiviHL
and 5 ’-end labelled w ith [y-^^P]ATP (3000 Ci/mmol) and T4 polynucleotide kinase
(Gibco BRL). U nincorporated ATP was rem oved by purification over a M icroSpin
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S-200 colum n (Pharmacia Biotech). The linear D NA was then digested w ith Sail,
producing a 276 bp fragment. This DNA fragment was recovered from a 0.8% agarose
gel slice using a M icropure Insert and a M icrocon M icroconcentrator (Amicon).

Drug Treatm ent
Alkylation reactions with polyamine-nitrogen mustard conjugates were
perform ed as before, at 37 °C, for one hour. Final drug concentrations were:
chlorambucil, 200 pM and all polyam ine-drug conjugates, 0.1 pM. After precipitation,
the D NA was treated with 1 M piperidine for 30 minutes at 90 °C to produce breaks at
sites of guanine N^ alkylation (Mattes et al., 1986). The DNA fragments were
separated on a 6% polyacrylamide gel containing 7 M urea and a Tris-boric acid EDTA buffer system.

Identity and Purity of Polyamine-Nitrogen Mustard Conjugates

The polyam ine-nitrogen mustard conjugates were purified by ion-exchange
chrom atography eluting w ith a linear hydrochloric acid gradient to afford the desired
products as white hygroscopic solids. High field proton

and carbon N M R

spectroscopy and high resolution mass spectrometry identified and characterised each
conjugate (chapter 5). Purity was assessed by HPLC, injecting onto a Gilson 712
system.
Typical run conditions:
W hatm an partisphere reverse phase C l 8 column
Flow: Im l/m in
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M obile phase: time (seconds) =

0

20

25

%B=

40

90

40

% A=

60

10

60

A = 1 M amm onium acetate (pH 7) : acetonitrile (9:1 v/v)
B = m ethanol : acetonitrile (9:1 v/v)
Ail conjugates showed purity greater than 95 %. A residual im purity of the
mono- hydroxy compound was present in the same amount in all the conjugates,
arising from hydrolysis o f one of the chloroethyl groups o f the nitrogen mustard.

5.1.3 Methods for Chapter 5

Solvents
All solvents were generally reagent grade. Methanol (HPLC grade) was used
in the ion-exchange chromatography purification o f the polyamine-drug conjugates.
Solvents were distilled and dried when required according to procedures found in
Perrin et al., (1980) or Vogel (1978).

Chromatography
Thin Laver Chromatographv
TLC plates were silica gel on alum inium 60 F 254 (Merck). A Phosphomolybdic
acid solution (phosphomolybdic acid (12 g) in ethanol (250 ml)) was used as a dip to
reveal non-UV active materials. Organic material in general appeared as blue-stained
spots after briefly heating the dipped plates w ith a heat gun.
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Flash Chromatographv
Flash chrom atography was routinely used to purify organic-soluble products as
described by Still et al., (1978).

Ion-Exchange Chromatographv
The conditions used for purifying all polyamine-drug conjugates was based on
those of Tabor and Tabor (1958) and optimised by W heelhouse (1990). Ten times
excess o f the acid form of DOW EX 5W 50X 2-200 cation exchange resin (Sigma) and
ten colum n volumes each of the low est and highest concentrations o f hydrochloric
acid w ere used to elute the desired com pound over a linear

concentration gradient.

The higher concentration was made in a 1:1 ratio of methanohwater. Columns were
run in all glass apparatus with teflon and polythene tubing. A P-1 peristaltic pump
(Pharmacia) delivered the eluent at a flow rate of 5 ml/minute. All fractions were
m onitored by UV spectroscopy at 258 nm.

Spectroscopic M easurements
N M R spectra were recorded on a Bruker AM300 NM R spectrometer (^H at
300 M H z, ^^C at 75 MHz) and a Bruker 250 ARX N M R spectrometer (^H at 250
M Hz, ^^C at 62 MHz). Chemical shifts o f peaks are quoted in ppm (integral,
multiplicity, coupling constant Hz, assignment), with respect to TMS (0 ppm) with
pealcs dow nfield of TMS being positive.
M ass spectra (low and high resolution) were recorded on a K iatos Concept IH
double focusing forward geometiy mass spectrometer. Electronic ionisation (El),
chem ical ionisation (Cl), fast atom bom bardment (FAB) and electrospray (ESMS)
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were all used as indicated. Theoretical values for accurate masses were calculated
from the M M CALC computer program.
Elem ental

analyses

were conducted by

Butterworth Laboratories

Ltd,

Teddington, M iddlesex.
IR spectra were recorded on an Perkin Elm er 16 PC FT-IR spectrophotometer,
and resonances are quoted in wavenum ber cm'*, intensity (s, m, w), assignment.
UV spectra were recorded on a Beckman DU 7500 spectrophotometer.
M elting points were recorded on a Kofler heating block and are uncorrected.
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5.2 Synthesis of Compounds

N^, A ^-di-(/-butoxycarbonyI)sperm idine ( 1 )^^^

H

^

H

^

8

A solution of BOC-ON (14.73 g, 59.8 mmol) in THF (40 ml) was added
dropwise to spermidine (4.33 g, 29.9 mmol) in THF (150 ml) at 0 °C under a nitrogen
atm osphere over a period of 1 h. The THF was evaporated in vacuo to leave a viscous
yellow oil. The oil was dissolved in diethyl ether (100 ml), washed w ith sodium
hydroxide solution 3 M (4 x 25 ml), followed by water ( 3 x 1 0 ml). The ether solution
was dried over m agnesium sulphate, filtered and evaporated down to a solid which
was recrystallised from diisopropyl ether to yield a white solid 1 (7.32 g, 71%), m.p.
85-86 °C (lit., 85.5-86.5 °C).^^

0h(300 M Hz; CDCI 3): 5.39 (1 H, br t, NHCO), 5.37 (1 H, br t, NHCO), 3.19 (2 H, m,
1-H), 3.11 (2 H, m, 8 -H), 2.65 (2 H, t, J 6 .6 , 3-H), 2.60 (2 H, t, J 6.5, 5-H), 1.65 (2 H,
m, 2-H), 1.52 (4 H, m, 6 -H, 7-H), 1.44 [(18 H, s, 2 x € ( ^ 3) 3); N(4)H]
El

345 (M+, 23 %), 272 (16), 216 (27), 201 (21), 187 (56), 171 (13), 145 (39),

131 (100), 117 (16), 84 (26), 70 (43)
A ccurate mass: [Found: M"*", 345.26336. C 17H 35N 3O 4 requires 345.26276]
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N \ A ^"di-(^-butoxycarbonyl)-A ^"(2-cyanoethyl)sperm idine (2Ÿ^^
O
(CH3 3 C
"

y

'" c (C H 3 )3

The partially protected polyam ine 1 (2.00 g, 5.80 mmol) was dissolved in
w arm acrylonitrile (5.72 ml, 86.9 mmol), transferred to a Y oung’s tube and heated at
90 °C for 24 h. The volatile components were evaporated under reduced pressure and
the residue purified by flash chromatography eluting with ethyl acetate to yield a waxy
white solid 2 (2.30g, 98%).

0h(250 M Hz; CDCI3): 5.10 (1 H, br t, NHCO), 4.85 (1 H, br t, NHCO), 3.28-3.25
(4 H, 2 X t, 6 lines, 1-H, 8 -H), 2.82 (2 H, t, J 6 .8 8 , 10-H), 2.58-2.51 (6 H, m, 3-H, 5-H,
9-H), 1.69 (2 H, tt, 5 lines, J 6.76, 2-H), 1.62-1.40 [(4 H, m, 6 -H, 7-H), including 1.50
(18 H, s , 2 X C(CHa)3 )]
E l m/t: 398 (IVE,

8 8

%), 358 (36), 269 (97), 254 (41), 224 (43), 198 (60), 184 (70), 140

(50), 97 (69), 84 (53), 57 (100)

iV*-(3-aminopropyl)-A^, A/^-di-(f-butoxycarbonyl)spermidme (3)^^^
O
(CH3)3C.

A

'C(CH3)3

NH 2
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T he nitrile 2 (1.80 g, 4.52 mmol) and sodium hydroxide (1.3 g) were dissolved
in ethanol (45 ml). Raney nickel (~1 g) was added and the stirred suspension was
hydrogenated overnight at room temperature and atmospheric pressure. The catalyst
was rem oved by careful filtration through celite. The volume o f the filtrate was
reduced in vacuo and water (45 ml) was added. A fter extracting with dichlorom ethane
(4

X

25 ml), drying the organic layer over sodium sulphate, filtering and evaporating

in vacuo a white waxy solid 3 (1.73 g, 95%) was obtained which ran as a single spot
on TLC (5% ammonia-methanol).

0h(250 M Hz; CDCI 3); 5.37 (1 H, br t, NHCO), 4.86 (1 H, br t, NHCO), 3.20-2.97
(4 H, m, 1-H, 8 -H), 2.74 (2 H, t, J 6.59, 11-H), 2.65-2.55 (2 H, m, 3-H), 2.38 (4 H,
2

X

[(6

Cl

t, 6 lines, J 6.47, 5-H, 9-H), 1.62-1.53 (4 H, 2 x tt, 6 lines, 2-H, 10-H), 1.47-1.30
H, m, 6 -H, 7-H, N H 2), including 1.37 (18 H, s, 2 x C(CH 3)3)]
403 (MET, 61%), 346 (45), 232 (21), 175 (44), 118 (33), 70 ( 1 0 0 )
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N \ A^"di"(^-butoxycarbonyl)-A^-[A^"(4"[p"bis(2"Chloroethyl)aminophenyl]butyryl)-3-am inopropyl]spei*m idine (4)^^^

O

NH

■R

22

Freshly distilled thionyl chloride (0.36 ml, 4.93 mmol) in diy dichlorom ethane
(10 ml) was added to a stirred solution of chlorambucil (1.30 g, 4.27 mmol) in diy
dichlorom ethane (10 ml) at -40 °C under an argon atmosphere. The solution was
allowed to w arm to room tem perature and stirred for a further 20 minutes. The volatile
components were evaporated under reduced presssure to give an off-white solid which
was redissolved in dry dichlorom ethane (10 ml). The solution of the acid chloride was
added dropwise to a stirred solution of the amine 3 (1.32 g, 3.28 mmol) and dry
triethylam ine (0.80 ml, 5.75 mmol) at -40 °C under an argon atmosphere. The solution
was allowed to warm to RT and stirred for a further 1 h. The volatile components
were evaporated in vacuo to give a crude solid which was purified hy flash
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chi'omatography eluting with 2 0 % methanol-diethyl ether to yield an off-white solid 4
(2.01 g, 89%).

5h(300 M Hz; CDCI 3): 7.07 (2 H, d, J 8.7, ArCH), 6.62 (2 H, d, J 8.7, ArCH), 6.60
(1 H, br t, N(12)H), 5.13 (1 H, br t, N (l)H ), 4.74 (1 H, br t, N ( 8 )H), 3.74-3.59

(8

H,

m, 22-H, 23-H), 3.29 (2 H, dt, 4 lines, J 6.4, 11-H), 3.18-3.09 (4 H, m, 1-H, 8 -H), 2.55
(2 H, t, J 7.55, 16-H), 2.44-2.34 (6 H, m, 3-H, 5-H, 9-H), 2.18 (2 H, t, J 7.50, 14-H),
1.91 (2 H, tt, 5 lines, J 7.4, 15-H), 1.66-1.55 (4 H, m, 2-H, 10-H), 1.46-1.35[(4 H, m,
6 -H,

7-H) including 1.44 (18 H, s, 2 x C(CH 3) 3)]

A^-[iV“(4-[p"bis[2-cM oroethyl]am ino-phenyl]butyryl)-3-am m opropyl]sperm idine
te tra h y d ro c h lo rid e (5) (sperm idine-chloram bucil)^^^

Trifluoroacetic acid (1.06 ml, 13.7 mmol) and triethylsilane (0.42 ml,
2.63 mmol) were added to a stirred solution o f

4 (725 mg, 1.05 mmol) in

dichlorom ethane (2.20 ml) under a nitrogen atmosphere. After 1 h all the starting
m aterial had disappeared as judged by TLC (10% methanol-diethyl ether). The
volatile components were evaporated in vacuo to give a solid. A m inim um volum e of
hydrochloric acid 0.5 M was added and the solution loaded directly onto a colum n
containing DOW EX 5W 50X 2-200 cation exchange resin (70 ml). The com pound
was eluted w ith a linear HCl gradient 0.5 M to 3.0 M methanol-water (1:1) w ith a
flow rate of

5 ml/min. Fractions were monitored by UV absorption spectroscopy

(^max/nm 258). The com pound eluted in the region of the HCl gradient characteristic
o f 4"^ cations (1.9-2.4 M). The product-containing fractions were pooled and the
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volum e reduced in vacuo to give a solid which was co-evaporated several times from
distilled methanol yielding a white hygroscopic foam 5 (600 mg, 90%).

0h(300 M Hz; D 2O): 7.54 (2 H, d, J 8.1, ArCH), 7.70 (2 H, d, J 8.1, ArCH), 4.07 (4 H,
t, J 5.76, 22-H), 3.59 (4 H, t, J 5.76, 23-H), 3.31-3.23 (8 H, m, 3-H, 5-H, 9-H, 11-H),
3.12-3.02 (4 H, 2 X t overlapping, 1-H, 8 -H), 2.70 (2 H, t, J 7.35, 16-H), 2.27 (2 H, t,
J 7.28, 14-H), 2.18-2.08 (2H, m, 2-H), 1.93-1.64 (8 H, m, 6 -H, 7-H, 10-H, 15-H)
FAB m/k: 488(MH+, 20%), 317 (42), 282 (44), 268 (100), 230 (55), 194 (54), 132 ( 8 8 )
[Found: MH+, 488.29212. C 24H 44N 5 0 i^^Cl2 requires 488.29229]

N \ iV^-di-(^-butoxycarbonyI)=A^-[A-(4-[p-bis(2-chloroethyl)aminop h en y l]b u ty ry l) sp erm id in e (6 )

N'
H

^

" C (C H 3 )3

O

-N.

18

D ried and distilled thionyl chloride (0.317 ml, 4.35 mmol) in dichloromethane
(10 ml) was added dropwise to a stirred solution o f chlorambucil (1.15 g, 3.78 m m ol)
in dichlorom ethane (10 ml) at -40 °C under an argon atmosphere. The contents were
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allowed to w arm to room temperature and stirred for 20 minutes. The volatile
com ponents were evaporated in vacuo to give an off-white solid which was taken up
in dichlorom ethane (10 ml). The solution of the acid chloride was added to a stirred
solution of the amine 1 (1.00 g, 2.90 mmol) and triethylamine (0.705 ml, 5.06 mmol)
in dichlorom ethane (10 ml) at

-40 °C under an argon atmosphere. The reaction

m ixture was allowed to w arm to room temperature and stirred for a further 1 h and
then evaporated to dryness. Chromatography on silica gel with 10% methanoldichlorom ethane as the eluent yielded an off-white solid 6 (1.77 g , 97%).

5h(250 M Hz; CDCI3): 7.27 (2 H, d, J 8.51, ArCH), 6.81 (2 H, d, J 8.51, ArCH), 5.63
(1 H, hr t, NHCO), 4.84 (1 H, hr t, NHCO), 3.92-3.77 (8 H, m, 18-H, 19-H), 3.57
(2 H, t, J 6.36, 3-H), 3.42-3.19 ( 6 H, m, 1-H, 5-H, 8 -H), 2.76 (2 H, t, J 7.41, 12-H),
2.48 (2 H, t, J 7.36, 10-H), 2.10 ( 2 H, tt, 5 lines, J 7.37, 2-H), 1.82 (2 H, m, 11-H),
1.70-1.50[(4 H, m, 6 -H, 7-H), including 1.63 (9 H, s, C(CH 3) 3), 1.62 (9 H, s,
C (C H 3 )3 )]

6c(75 M Hz; d® toluene 333K): C: 172.43, 156.67, 144.75 (C = 0), 131.60 (ArC),
78.59, 78.17 (C(CH 3 ) 3 )
CH: 129.92, 113.08
CHz: 53.76, 47.37, 45.52, 42.71, 40.66, 40.42, 37.99, 34.54, 32.12, 27.72, 27.38,
26.33
CH3 : 28.56 (C(CH 3 ) 3 )
FAB

633 (MH+, 22%), 531 (10), 286 (21), 194 (15), 154 (100), 57 (95)

Accurate mass: [Found: MH^, 633.33939. C 3 iH 53N 4 0 5 ^^Cp’Cl requires 633.33635]
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iV^-[7V“(4-[p-bis[2-chloroethyl]am ino-phenyI]butyryl)]sperm idiîîe
trih y d ro cM o rid e (7) (sh o rter-lin k e d sp erm id in e-ch lo ram b u eil)

6

(737 mg, 1.17 mmol) was dissolved in dichloromethane (2.40 ml) under a

nitrogen atmosphere. Trifluoroacetic acid (1.17 ml, 15.2 mmol) and triethylsilane
(0.466 ml, 2.92 mmol) were added and the resulting solution was stirred for 1 h. The
solid obtained after rem oval o f the volatile components was dissolved in the m inim um
am ount o f hydrochloric acid 0.5 M and loaded onto a colum n containing DOW EX
cation exchange resin (58 ml). The adduct was eluted with a linear- H Cl gradient 0.5 M
to 3 M m ethanol-water (1:1). Product containing fractions with A.max at 258 nm were
pooled and reduced in vacuo to a solid. The solid was co-evaporated several times
from dried methanol to give a pure white hygroscopic solid 7 (631 mg, 100%).

8H(250 MHz; CD 3 OD): 7.20 (2 H, d, J 8.64, ArCH), 7.13 (2 H, d, J 8.64, ArCH), 3.69
(4 H, t, J 6.02, 18-H), 3.24 (4 H, t, J 6.02, 19-H), 3.11-2.91 (4 H, m, 3-H, 5-H), 2.642.54 (4 H, m, 1-H, 8 -H), 2.38 (2 H, t, J 7.64, 12-H), 2.11 (2 H, t, J 7.25, 10-H), 1.591.56 (4 H, m, 2-H, 11-H), 1.38-1.24 ( 4 H, m, 6 -H, 7-H)
6c(62 MHz; CD 3 OD): C: 176.74 (C =0), 139.0 (Ar-C)
CH: 130.90, 120.05
CHz: 57.64 C(18), 47.96 C(3) or C(5), 42.87 C(3) or C(5), 39.52 C (l), 38.72 C(19),
37.27 C( 8 ), 32.20 (12), 32.05 C(10), 25.43 C(2) or C (ll), 25.35 C(2) or C ( ll) , 24.46
C(6 ), 24.23 C(7)
FAB m/z: 431 (MH+, 100%), 395 (9), 358 ( 8 ), 343 (5), 286 (11), 230 (15)
A ccurate mass: [Found: MH^, 431.23436. C 2 iH 37N 4 0 i^^Cl2 requires 431.23444]
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N^, A ^-di-(^-butoxycarbony!)-A ^-(m ethyI p ro p io n ate)sp erm id iiie (8 )
O

(CH3)3C

"y

^C(CH3)3

COoMe
The amine 1 (2.00 g, 5.80 mmol) was dissolved in acetonitrile (15 ml) and
transferred to a Y oung’s tube containing methyl acrylate (2.00 ml, 22.2 mmol). The
solution was stirred at 90 °C for 24 hrs. A fter removal of the volatile components
under reduced pressure a crude oil was obtained. Purification by flash chrom atography
eluting w ith 2 % methanol-diethyl ether gave the desired product as a clear' oil 8
(2.45 g, 98%).

0h(300 MHz; CDCI3): 5.25 (1 H, hr t, NHCO), 4.84 (1 H, hr t, NHCO), 3.61 (3 H, s,
OCH 3 ), 3.11-3.04 (4 H, m, 1-H, 8-H), 2.67 (2 H, t, J 7.06, 9-H), 2.38

(4 H, 2 x t

overlapping, J 6.80, 3-H, 10-H), 2.32 (2 H, t, J 6.58, 5-H), 1.55 (2 H, tt, 5 lines, J 6.49,
2-H), 1.45-1.30 [(4 H, m, 6 -H, 7-H), including 1.37 (18H, s, 2 x C(CH 3)3)]
8c(75 MHz; CDCI3 ): C: 172.89,155.80 (C =0), 78.68,78.54 (^(CHs)])
CHz: 53.10, 51.86, 49.18,40.17, 39.25, 32.08, 27.61, 26.73, 24.12
CH 3 : 51.37 (OÇH 3 ), 28.24 (C(CH 3 )3 )
FAB m/%: 432 (MH+, 100%), 358 (15), 273 (52), 231 (18), 130 (48), 70 (98)
A ccurate mass: [Found: MH^, 432.30701. C 21H 42N 3O 6 requires 432.30736]
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N^, iV^-dî-(^-botoxycarboiiyl)-iV^"(propionic acid)sperm idine, so d iu m sa lt (9)

Sodium hydroxide (120 mg, 3.00 mmol) was added to the ester 8

(1.29 g,

2.99 mmol) in methanol (10 ml) and stirred for 24 h. After evaporating several times
from m ethanol a foamy solid was obtained 9 (1.31 g, 100%).

0h(250 M Hz; D^O + CD3OD): 3.05 (4 H, 2 x t, 3 lines, J 6.27, 1-H, 8 -H), 2.77 (2 H, t,
J 7.38, 9-H), 2.55-2.42 (4 H, m, 3-H, 5-H), 2.32 (2 H, t, J 7.38, 10-H), 1.72-1.55 (2 H,
m, 2-H), 1.54-1.30 [(4 H, m, 6 -H, 7-H), including 1.42 (18 H, s, 2 x € ( ^ 3)3)]
6c(62 MHz; D 2 O + CD 3 OD): C: 181.05, 158.17, (C =0), 80.43 (C(CH 3 ) 3 )
CHz: 52.77, 50.35, 50.18,40.06, 38.61, 34.07, 27.49, 25.98, 22.94
CH 3 : 28.00 (C(CH 3 )3 )

M ethyl-2-am ino-3-[p-bis(2"C hloroethyl)am ino-phenyi]-propionate
d ih y d ro ch lo rid e ( 1 0 )

NH3
COzMe

M elphalan (470 mg, 1.54 mmol) was added to 2,2-dimethoxypropane (18 ml,
14.6 mm ol) and concentrated hydrochloric acid (2 ml) were added to the stirred
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suspension to afford a clear solution which was stirred for 24 h under a nitrogen
atm osphere at 4 °C. The volatile components were evaporated under reduced pressure
to yield a bright red oil w hich was dissolved in the minimum volum e of methanol.
Triturating with diethyl ether developed white crystals which were collected by
filtration and dried in vacuo (250 mg, 41%). The remaining oil was purified by flash
chrom atography eluting with 1 0 % methanol-dichloromethane to yield more solid
product 10 (300 mg, 50%). Total yield (550 mg, 91%).

6H(300 MHz; CD 3 OD): 7.15 (2 H, d, J 8.69, ArCH), 6.82 (2 H, d, J 8.69, ArCH), 4.26
(1 H, d d , 3 lin e s , 1-H), 3.82 (3 H, s, O C H 3), 3.81-3.65 (8 H, m , 8 -H, 9-H), 3.19 (1 H,
dd,

14.52, ^J, 5.87, 2-H), 3.10 (1 H, d d , ^J, 14.52,

7.15, 2-H)

Sc(75 M Hz; CD 3OD); C: 170.46 (C =0), 147.37, 123.11 (ArC)
CH: 131.58, 113.66 (ArCH), 55.34 C(1)H
CHz: 54.22, 41.59, 36.56
CH 3 : 53.53 (OÇH 3 )
FAB

319 (MH+, 54%), 259 (13), 230 (100), 194 (29), 168 (19)

A ccurate mass: [Found: MH^, 319.09802. CwHziNzOz^^Clz requires 319.09801]
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N \ A^-di-(^-butoxycarbonyl)-iV^”(A^-(methyl"2-amino-3-[p-bis(2ch lo roethyl)aniiiio-ph en y l]-p ro p io n ate)-3 -p ro p y ry l)sp erm id in e (11)

o
HN
COzMe

•N,
19

20

The amine 10 (200 mg, 0.51 mmol), the acid salt 9 (255 mg, 0.58 mmol) and
triethylam ine

(80

|il

57

mmol)

w ere

added

to

dichloromethane

(20

ml).

l-(3-dim ethylam inopropyl)-3-ethylcarbodiim ide hydrochloride (110 mg, 0.574 m m ol)
was added and the suspension stirred under a nitrogen atm osphere overnight. The
volatile components were evaporated under reduced pressure and the resulting crude
solid was purified directly by flash chromatography eluting w ith 5% methanoldichlorom ethane to give a sticky oil 11 (229 mg, 63%).

8H(250 MHz; CDCI3 ): 8.20 (1 H, br d, N(12)H), 7.10 (2 H, d, J 8.45, ArCH), 6.70
(2 H, d, J 8.45, ArCH), 5.03-4.90 (3 H, m, N HCO, 13-H), 3.84 (3 H, s, OCH 3), 3.813.72 ( 8 H, m, 20-H, 2 1-H), 3.15-3.03 ( 6 H, m, 1-H, 8 -H, 14-H), 2.81-2.68 (2 H, m.
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9-H), 2.54-2.41 (6 H, m, 3-H, 5-H, 10-H), 1.68-1.60 (2 H, m, 2-H), 1.59-1.40 [(4 H,
m, 6 -H, 7-H), including 1.54 (18 H, s, 2 x C(CH 3) 3)]
6c(75 MHz; CDCI3 ): C: 172.35, 172.00, 155.84 (C =0), 144.87, 124.93 (ArC), 78.93
(Ç (C H 3 )3 )

CH; 130.34, 111.76 (ArCH), 53.05 (C(13)H)
CHz: 53.27, 52.60, 50.49, 49.82, 40.32, 40.12, 38.65, 36.57, 32.84, 27.62, 26.49,
23.16
C H 3:

FAB

52.05

( O Ç H 3),

28.30 (C(ÇH 3 )3 )

718 (MH^, 21%), 432 (30), 89 (32), 57 (52)

A ccurate mass: [Found: MH^, 718.37224. C 34H 5gN5 0 7 ^^Cl2 requires 718.37133]

A ^-(A "(m ethyl-2"am ino=3-[p-bis(2-chloroethyI)am inO “p h en y I]-p ro p io n ate)“3p ro p y ry l)sp erm id in e te tra h y d ro c h lo rid e ( 1 2 ) (sperm id in e-m elp h aîan )

11 (354 mg, 0.49 mmol) was dissolved in dichloromethane (2 ml).
Triethylsilane (0.197 ml, 1.23 mmol) and trifluoroacetic acid (0.494 ml, 6.41 mmol)
were added and the solution was stirred for 1 h under an argon atmosphere. The
volatile components were evaporated in vacuo and the residue was taken up in the
m inim um volum e o f hydrochloric acid 0.5 M and loaded onto a colum n containing
D OW EX cation exchange resin (33 ml). The product was eluted w ith a linear gradient
0.5 M to 3.0 M H Cl w ater-methanol (1:1). The compound eluted in the region
characteristic of 4'*' cations (1.9-2.4 M) and was collected. Fractions with À.max at
258 nm were pooled and reduced in vacuo to give an oil. Evaporating several times
from m ethanol gave a pure white hygroscopic solid 12 (295 mg, 90%).
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Ôh(250 M Hz; D 2O); 7.31 (2 H, d, J 8.37, ArCH), 7.13 (2 H, d, J 8.37, ArCH), 4.66
(1 H, dd, 3 lines, 13-H), 3.91 (4 H, t, J 6.02, 20-H), 3.73 (3 H, s, OCH 3), 3.69 (4 H, t,
J 6.02, 21-H), 3.49-3.46 (2 H, m, 9-H), 3.38-3.24 (4 H, m, 3-H, 5-H), 3.17-2.99 (6 H,
m, 1-H, 8 -H, 14-H), 2.91-2.72 (2 H, m, 10-H), 2.24-2.12 (2 H, m, 2-H), 1.82-1.77
(4 H, m, 6 -H, 7-H)
ôc(62 M Hz; D 2 O): C: 172.2, 170.0 (C = 0), 136.1, 132.5 (ArC)
CH: 130.1, 117.6 (ArCH), 53.2 (C(13)H)
CH 2 : 55.3, 51.6,49.0, 47.5, 37.7, 35.4, 35.0, 27.9,

. , 20.5, 19.4

2 2 8

CH 3 : 52.0 (OÇH 3 )
FAB TM/z: 518 (MH+, 30%), 504 (32), 424 (10), 391 (30), 289 (53), 273 (9), 260 (7)
A ccurate mass: [Found: MH^, 518.26664. C 24H 42N 5 0 3 ^^Cl2 requires 518.26647]

n

\ iV ^-cli-(r-butoxycarbonyl)norsperm i£lm e (13)^”
O

O

H

^

H

H

BOC-O N (15.02 g, 61.0 mmol) and norspermidine (4.00 g, 30.5 mmol) were
reacted by the method described for 1 yielding a white solid 13 (7.07 g, 70%), m.p.
69-70 °C.

Elem ental analysis: (Found: C, 58.1; H, 10.05; N, 12.6. C 16H 33N 3O 4 requires C, 58.0;
H, 10.0; N, 12.7%)
IR: VrnaxCCHzCW/cm'^: 3450 m (NH), 3000 m, 1700 s (C =0), 1500 s (NHCO), 1370 s,
1280 s, 1170 s
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Ôh(300 M Hz; CD3OD): 3.09 (4 H, t, J 6.69, 1-H, 7-H), 2.58 (4 H, t, J 7.23, 3-H, 5-H),
1.66 (4 H, 5 lines, J 6.93, 2-H, 6 -H), 1.43 (18 H, s, € ( ^ 3) 3)
Ôh(300 M Hz; CDCI3): 5.4 (2 H, br t, NHCO), 3.20 (4 H, m, 1-H, 7-H), 2.65 (4 H, t,
J 6.5, 3-H, 5-H), 1.65 (4 H, tt, 5 lines, J 6.47, 2-H, 6 -H), 1.44 [(18 H, s, C(CH 3)3 :
N(4)H)]
6

c (75 MHz; CDCI3 ): C: 156.12 (C =0), 78.82 (Ç(CH 3 )3 )

CHz: 47.34, 38.84, 29.78
CH 3 : 28.43 (C(ÇH 3 ) 3 )
El

331 (M", 18%), 258 (11), 202 (21), 187 (41), 173 (17), 145 (28), 131 (100),

117 (35), 87(12)
Accurate mass; [Found; M'*', 331.24736. C 16H 33N 3O 4 requires 331.24711]

N^, iV ^-di-(r"butoxycarbonyl)-A^-(2"Cyanoethyl)norsperm idine

0
(CH3 )3 C

^^C (C H 3)3

The amine 13 (3.31 g, 10.0 mmol) in warmed acrylonitrile (10 ml, 150 mmol)
was transferred to a Y oung’s tube and heated at 90 °C for 24 h. The excess
acrylonitrile was evaporated in vacuo to give the crude product w hich was purified by
flash chromatography eluting w ith diethyl ether to yield a pure white solid 14 (3.57 g,
93%) m.p. 59-60 °C.
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Elem ental analysis; (Found; C, 59.4; H, 9.6; N, 14.6. C 19H 36N 4O 4 requires C, 59.35;
H, 9.4; N, 14.6%)
IR; VmoxCCHzCW/crn'^; 3450 m (NH), 3400 w (NH), 3000 m, 2270 w (CN), 1700 s
(C = 0 ), 1500 s (NHCO), 1370 m, 1280 m, 1170 s
0h(300 M Hz; CDCI3): 5.36 (2 H, br t, NHCO), 3.17 (4 H, m, 1-H, 7-H), 2.76 (2 H, t,
J 6.81, 8 -H), 2.48 ( 6 H, m, 4 lines, 3-H, 5-H, 9-H), 1.64 (4 H, tt, 5 lines, J 6.56, 2-H,
6

-H), 1.44 (18 H, s, C(CH3 )3 )

8c(75 MHz; CDCI3 ); C: 156.14 (C =0), 119.02 (C=N), 78.79 (C(CH3 )3 )
CH 2 ; 51.23, 49.43, 38.65, 27.39, 16.14 (CHgCN)
CH 3 ; 28.42
E l m/z: 384 (M+, 49%), 344 (16), 328 (19), 255 (64), 232 (39), 210 (74), 184 (67), 140
(52), 97 (100)
A ccurate mass; [Found: M ”*", 384.27344. C 19H 36N 4O 4 requires 384.27366]

iV^-(3"aminopropyl)"iV^, ^^-di-((-butoxycarbonyl)norspermidme (15)
O

O

(CH3)3C^^JL

^JL^^C(CH3)3
H

■NH2
The nitrile 14 ( 2.50 g, 6.51 mmol) was hydrogenated by the m ethod described
for 2 to give 15 (2.47 g, 98%), w hich ran as a single spot on TLC (5% ammoniamethanol).
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Elem ental analysis: (Found: C, 58.4; H, 10.5; N, 14.1. C 19H 40N 4O 4 requires C, 58.7;
H, 10.4; N, 14.4%)
IR: Vmax(CH2C l2)/cm-^: 3450 m (NH), 2950 m, 1700 s (C =0), 1500 s (NHCO), 1380
m, 1250 m, 1180 s
5h(300 M Hz; CDCI3): 5.45 (2 H, br t, NHCO), 3.16 (4 H, m, 1-H, 7-H), 2.73 (2 H, t,
J 6 .8 6 , 10-H), 2.43 (6 H, 2 X t, 3 lines, J 7.63, 3-H, 5-H, 8 -H), 1.67-1.54 (6 H, m,
5 lines, 2-H, 6 -H, 9-H), 1.44 [(18 H, s, C(CH 3) 3 ; N ( 1 0 )H 2]
8c(75 M Hz; CDCI3 ): C: 156.03 (C =0), 78.78 (C(CH 3 )3 )
CH 2 : 52.13, 51.64, 40.47, 39.41, 30.64, 27.00
CH 3 : 28.46 (C(CH3)3)
E l m/z: 388 (M+, 12%), 344 (16), 330 (39), 315 (34), 244 (59), 230 (50), 201 (47), 187
(43), 145 (100), 131 ( 8 6 ), 113 (41), 57 (90)
A ccurate mass: [Found: M"^, 388.30451. C 19H 40N 4O 4 requires 388.30496]
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N^, N -di-((-butoxycarbonyl)-jV^-[iV-(4-[p-bis(2“cM oroethyl)aminO"
p h en y l]b u ty ry l)-3 -am in o p ro p y I]n o rsp erm id in e (16)
O
NA'
H

,

NH

,N,
20

21

Thionyl chloride (0.325 ml, 4.46 mmol) in dichloromethane (10 ml) was added
to a stirred solution of chlorambucil (1.17 g, 3.85 mmol) in dichlorom ethane (10 ml)
at -40 °C under an argon atmosphere. The resulting solution was stirred for 20 minutes
and then at room tem perature for a further 30 minutes. The volatile components were
evaporated in vacuo to yield an off-white solid. The solid was redissolved in
dichlorom ethane (10 ml) and added dropwise to a stirred solution o f the amine 15
(1.15 g, 2.96 mmol) and triethylamine (0.725 ml, 5.20 mmol) in dichlorom ethane (10
ml) at -40 °C under an argon atmosphere and then stirred for 1 h at room temperature.
The volatile components were evaporated in vacuo to leave an white solid which was
purified directly hy flash chromatography ( 1 0 % methanol-diethyl ether) yielding a
foamy white solid 16 (1.74 g, 87%).
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Ôh(300 M Hz; CDCI 3): 7.05 (2 H, d, J 8.67, ArCH), 6.67 (1 H, br t, N (ll)H ), 6.60
(2 H, d, J 8.67, ArCH), 5.18 (2 H, br t, NHCO), 3.71-3.58

(8

H, m, 21-H, 22-H), 3.29

(2 H, dt, 4 lines, J 5.95, 10-H), 3.14 (4 H, m, 4 lines, 1-H, 7-H), 2.54 (2 H, t, J 7.6,
15-H), 2.43 (6 H, 2 X t, 3 lines, J 6.4, 3-H, 5-H, 8 -H), 2.20 (2 H, t, J 7.52, 13-H), 1.90
(2 H, tt, 5 lines, J 7.6, 14-H), 1.70-1.57

(6

H, m, 7 lines, 2-H, 6 -H, 9-H), 1.42 (18 H, s,

C (C H 3 )3 )

8c(75 MHz; CDCI3 ): C: 173.09, 156.04 (C =0), 144.19, 130.88 (ArC), 79.03
(Ç(CH3)3)
CH: 129.60, 112.11
CH 2 : 53.59, 51.78, 51.24,40.54, 39.17, 37.69, 35.97, 34.16, 2 7 .6 0 ,2 6 .9 6 ,2 6 .4 5
CH 3 : 28.43 (C(ÇH3)3)
FAB

674 (MH+, 100%), 618 (7), 574 (10), 474 (32), 343 (47)

A ccurate mass: [Found: MH^, 674.37952. CsgHggNsOg^^CH requires 674.38150]

iV^-[ZV-(4"[p-bis[2-cM oroethyl]ammo-phenyl]butyryl)-3am in o p ro p y l]n o rsp e rm id m e te tra h y d ro c h lo rid e (17) (n o rsp erm id in ech lo ram bucil)

Trifluoroacetic acid (1.47 ml, 19.1 mmol) and triethylsilane (0.586 ml, 3.67
mm ol) were added to a stirred solution o f 16 (990 mg, 1.47 mmol) in dichlorom ethane
(3 ml) at room temperature. A fter 1 h the reaction was completed (TLC 10%
methanol-diethyl ether) and the solution was evaporated in vacuo to a solid. A
m inim um volum e o f hydrochloric acid 0.5 M was added and the solution loaded onto
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a colum n containing DOW EX cation exchange resin (98 ml). The com pound was
eluted w ith a linear H Cl gradient. Product containing fractions giving a positive UV
absorption at 258 nm were pooled and evaporated down to a solid. The product was
co-evaporated several times from distilled methanol to yield a pure white hygroscopic
solid 17 (910 mg, 100%).

Sh(250 M Hz; D 2O): 7.43 (2 H, d, J 8.44, ArCH), 7.34 (2 H, d, J 8.44, ArCH), 4.00
(4 H, t, J 6.09, 21-H), 3.67 (4 H, t, J 6.09, 22-H), 3.42-3.28 (8 H, m, 3-H, 5-H, 8 -H,
10-H), 3.16 (4 H, t, J 7.55, 1-H, 7-H), 2.71 (2 H, t, J 7.41, 15-H), 2.34 (2 H, t, J 7.46,
13-H), 2.29-2.15 (4 H, m, 2-H, 6 -H), 2.09-1.89 (4 H, m, 9-H, 14-H)
8c(62 M Hz; D 2O): C: 177.1 (C =0), 144.9, 133.2 (ArC)
CH: 131.2, 122.1 (ArCH)
CHz: 59.1, 51.2, 50.2, 37.8, 36.8, 36.5, 35.4, 34.3, 27.0, 23.7, 22.0
FAB

474 (MH+, 18%), 343 (6 ), 286 (6 ), 230 (10), 194 (16), 144 (15), 70 (47), 58

(100)
Accurate mass: [Found: M H ’*', 474.27656. C 23H 42N 5 0 i^^Cl2 requires 474.27664]

N , W -bis(3“C yanopropyl)beiîzylam ine (18)^^

4-chlorohutyronitrile (17.2 ml, 192 mmol) in dry butanol (100 ml) was added
dropw ise to a stirred mixture o f

henzylamine (10.5 ml, 96.1 mmol), anhydrous
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sodium carbonate (30.5 g, 288 mmol) and potassium iodide (5.70 g , 34.3 mmol) at
115 °C. The resulting suspension was refluxed for -2 4 h under a nitrogen atmosphere.
A fter cooling and filtering, the salts were washed well with diethyl ether (-3 0 0 ml).
The filtrate and ether washings were combined and extracted with hydrochloric acid
solution 3 M (3

X

100 ml) followed by water (2 x 100 ml). The aqueous layer was

extracted w ith diethyl ether (4 x 25 ml), made basic with potassium carbonate and
extracted w ith diethyl ether (3 x 100 ml). A fter drying over sodium sulphate, filtering
and evaporating in vacuo a crude yellow liquid was obtained which was purified by
vacuum distillation to afford a clear oil 18 (12.97 g, 56%; 174 °C 0.3 mmHg).

5h(300 M Hz; CDCI3): 7.43-7.21 (5 H, m, ArCH), 3.53 (2 H, s, ArCHa), 2.54 (4 H, t,
J 6.64, 2-H, 8 -H), 2.34 (4 H, t, J 7.0, 4-H, 6 -H), 1.78 (4H, tt, 5 lines, J 6 .8 , 3-H, 7-H)
Elm /z: 241 (M+, 6 %), 187 (62), 91 (100)

A ^-benzylhom osperm idine (19)^^

The dinitrile 18 (3.58 g, 14.9 mmol) and sodium hydroxide (4.5 g) were
dissolved in ethanol (150 ml). Raney nickel (-1 g) was added and the resulting stirred
suspension was hydrogenated at room temperature and atmospheric pressure
overnight. The catalyst was rem oved by careful filtration through celite. The volum e
of the filtrate was evaporated in vacuo to give an oil which was redissolved in water
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(150 ml) and extracted with dichlorom ethane (4 x 30 ml). The organic extraction was
dried over sodium sulphate, filtered and evaporated in vacuo to a white waxy solid 19
(3.55 g, 96%).

6h(300 M Hz; CDCI3): 7.34-7.19 (2 H, m, ArCH), 3.52 (2 H, s, ArCHz), 2.63 (4 H, t,
J 6 .6 , 1-H, 9-H), 2.40(4 H, t, J 6 .8 , 4-H, 6 -H), 1.62 (4 H, br t, NHg), 1.47-1.40 (8 H,
m, 2-H, 3-H, 7-H, 8 -H)
EIm /^:249(M +, 5%), 191 (10), 177(11), 160 (11), 91 (100), 72 (55)
Accurate mass: [Found: M"^, 249.22064. C 15H 27N 3 requires 249.22050]

^-(benzyl)-A ^^, A ^-di(^-butoxycarbonyl)hom osperm idine (2 0 )^^
H
(C H ihC

Y

1

3

'

,

Y

BOC-O N (6.74 g, 27.4 mmol) was dissolved in THF (30 ml) and added
dropwise to a stirred solution o f the diam ine 19 (3.40 g, 13.7 mmol) in THF (30 ml)
under a nitrogen atm osphere and the resulting yellow solution was left to stir for 1 h.
The solvent was evaporated under reduced pressure to yield a yellow oil which was
taken up in diethyl ether (50 ml), washed with sodium hydroxide solution 3 M
(4

X

25 ml) and water (3 X 10 ml). The organic layer was dried over sodium sulphate,

filtered and evaporated in vacuo to yield a sticky oil which was subjected to flash
chrom atography eluting w ith ethyl acetate-dichloromethane ( 1 : 1 ) to give the desired
product as a clear oil 20 (5.22 g, 85%).
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Ôh(300 M Hz; CDCI3): 7.32-7.18 (5 H, m, ArCH), 4.91 (2 H, br t, NHCO), 3.51 (2 H,
s, CHzPh), 3.06 (4 H, m, 1-H, 9-H), 2.40 (4 H, t, J 6.48, 4-H, 6 -H), 1.60-1.35 [(8 H,
m, 2-H, 3-H, 7-H, 8 -H), including 1.44 (18 H, s, C(CH 3)s)]
El

449 (M^, 7%), 376 (15), 291 (100), 277 (41), 235 (45), 175 (48), 146 (35), 91

(100), 70 (6 6 ), 57 (90)
A ccurate mass: [Found: M ”*", 449.32511. C 25H 43N 3O 4 requires 449.32536]

A ^-di=(^-butoxycarbonyl)hom osperm idine h y d ro ch lo rid e (2 1 )^^

(CH3 )3 C -

y

,

T T Y "C(CH3)3

3

Palladium (II) chloride (230 mg, 1.29 mmol) and concentrated hydrochloric
acid (1.3 ml) were added to 20 (2.50 g, 5.57 mmol) in distilled methanol (30 ml). The
stirred contents were subjected to hydrogenolysis

at room tem perature

and

atm ospheric pressure overnight. The catalyst was rem oved by careful filtration
through celite and the volatile components evaporated in vacuo to yield a crude white
solid w hich was recrystallised from ethanol-diethyl ether to afford a white crystalline
solid 21 (1.70 g, 77%) m.p. 184-185 °C (lit., 179-181 °C)'°.

Elem ental analysis: (Found: C, 54.7; H, 9.85; N, 10.5. C 18H 38N 3O 4C I 1 requires C,
54.6; H , 9.7; N, 10.6%)
0h(300 M Hz; D 2O): 3.02 (8 H, 2 x t, J 6.81, J 7.70, 1-H, 4-H, 6 -H, 9-H), 1.70-1.59
(4 H, m, 2-H, 8 -H), 1.51-1.41 (4 H, m, 3-H, 7-H), 1.40-1.23 (18 H, s, C(CH 3)s)
FAB

360 (MH^, 100%), 304 (3), 248 (4), 201 (4), 145 (5)
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Accurate mass: [Found: M H ’*', 360.28631. C 18H 38N 3O 4 requires 360.28623]

Y , A ^-di-(^"biitoxycarbonyl)hom osperm idine (2 2 )

The recrystallised salt 21 (1.50 g, 3.79 mmol) was dissolved in water (30 ml).
A solution of 10% sodium hydrogen carbonate (15 ml) was added and the resulting
solution extracted with dichlorom ethane (4 x 25 ml), dried over sodium sulphate,
filtered and evaporated in vacuo to yield a clear oil 2 2 which slowly solidified on
standing (1.33 g, 98%) but would not recrystallise.

IR: Vniax(CH2Cl2)/cm-‘: 3400 w (NH), 2900 m, 1700 s (C =0), 1500 s (NHCO), 1380
m, 1370 m, 1280 m, 1180 s
5h(300 M Hz; CDCI 3): 5.44 (2 H, br t, NHCO), 3.10 (4 H, m, 1-H, 9-H), 2.60 (4 H, t,
J 6.45, 4-H, 6 -H), 1.52 (8 H, 2 x tt, 3 lines, 2-H, 3-H, 7-H, 8 -H), 1.50-1.43 [(18 H, s,
C (C H 3 )3 );N (5 )H ]

6c(75 M Hz; CDCI 3): C: 156.09 (C = 0 ), 78.57 (C(CH 3) 3)
CH 2 : 49.41,40.38, 27.86, 27.30
CH 3 : 28.44

N \ A ^-di-(^"bw toxycarbonyl)-A ^-(2-cyanoethyI)hom osperm idine (23)
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The amine 22 (1.32 g, 3.68 mmol) was dissolved in w arm acrylonitrile
(3.63 ml, 55.2 mmol), transferred to a Y oung’s tube and heated at 8 8 °C for 24 h. The
crude product was filtered through cotton wool and evaporated in vacuo to an oil.
Purification by flash chromatography eluting with ethyl acetate gave a pure sticky oil
23 (1.36 g, 90%).

IR: Vmax(CH2Cl 2)/cm ‘‘: 3400 w (NH), 2900 m, 2250 w (CN), 1700 s (C = 0), 1500 s
(NHCO), 1380 m, 1370 m, 1280 m, 1180 s
0h(300 M Hz; CDCI 3): 4.99 (2 H, br t, NHCO), 3.11 (4 H, m, 1-H, 9-H), 2.76 (2 H, t,
J 6 .8 , 11-H), 2.48-2.42 (6 H, 2 x t, J 6 .8 , J 6.58, 4-H, 6 -H, 10-H), 1.51-1.40 [(8 H, m,
2-H, 3-H, 7-H, 8 -H), including 1.44 (18 H, s, C(CH 3) 3)]
6c(75 MHz; CDCI3 ): C: 156.05 (C =0), 119.12 (C=N), 78.81 (C(CH 3 )s)
GHz: 53.20, 49.42,40.25, 27.78, 24.46, 16.21 (CHzCN)
CH 3 : 28.43 (C(CH 3 )3 )
El

413 (M+, 27%), 373 (16), 338 (15), 298 (17), 283 (31), 254 (40), 242 (31), 224

(24), 198 (74), 180 (97), 145 (30), 127 (24), 84 ( 6 8 ), 70 (100)
A ccurate mass; [Found: M'^, 412.30620. C 21H 40N 4O 4 requires 412.30496]

A^-(3-aminopropyl)=A^, iV ^-di-(A butoxycarbonyl)hom osperm icline (24)
^
.0 .
(CH3)3C

Y

2

1

4

6

8

Y

Y

"NHz
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H
,0 \

The nitrile 23 (1.24 g, 3.01 mmol) and sodium hydroxide (900 mg) were
dissolved in ethanol (30 ml). Raney nickel (~1 g) was added and the resulting stirred
suspension was hydrogenated

at room temperature and atm ospheric pressure

overnight. The catalyst was rem oved by careful filtration through celite. The filtrate
was evaporated in vacuo to yield a viscous oil. The oil was taken up into water
(30 ml), extracted w ith dichlorom ethane (4 x 20 ml), dried over sodium sulphate,
filtered and evaporated down in vacuo to give a colourless oil 24 (1.19 g, 95%).

IR: Vmax(CHzClz)/cm-^: 3400 w (NH), 2900 m, 1700 s (C = 0), 1500 s (NHCO), 1380
m, 1370 m, 1280 m, 1180 s
0h(300 M Hz; CDCI3): 5.15 (2 H, br t, NHCO), 5.65 (4 H, m, 1-H, 9-H), 2.68 (2 H, m,
12-H), 2.46-2.37 (6 H, 2 x t, 5 lines, 4-H, 6 -H, 10-H), 2.14 (2 H, br s, NHz), 1.641.44[(10 H, 2-H, 3-H, 6 -H, 7-H, 11-H), including (18 H, s, C(CH 3) 3)]
8c(75 M Hz; CDCI3): C: 156.04 (C =0), 78.77 ( £ ( ^ 3)3)
GHz: 53.65, 52.21, 51.77,40.47, 40.46, 28.05, 24.35
GH3 : 28.44 (G(CH3 ) 3 )
E l m/z: 417 (MH+, 7%), 387 (7), 373 (24), 360 (12), 343 (27), 258 (60), 201 (53), 145
(64), 114 (60), 84 (71), 70 (100)
A ccurate mass: [Found: MH^, 417.34502. C 21H 45N 4O 4 requires 417.34408]
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N^, A^^-di-(^"butoxycarbonyî)-A^^"[iV"(4-[^-bis(2-chloroethyl)aminoph en y l]butyryl)-3-am in o p ro p y l] h o m o sp erm id in e (25)

/O s. / N s
(CH3)3C

' Y

/N s
,

,

3

Y^ O s

Thionyl chloride (0.132 ml, 1.81 mmol) in dichloromethane (10 ml) was added
dropw ise

to

a

stirred

solution

o f chlorambucil

(475

mg,

1.56

mmol)

in

dichlorom ethane (10 ml) at -40 °C under an argon atmosphere. The solution was
warmed to room tem perature and stirred for 20 minutes. After evaporating to dryness
the solid was redissolved in dichlorom ethane ( 1 0 ml) and added to a stirred solution of
the amine 24 (500 mg, 1.20 mmol) and triethylamine (0.293 ml, 2.11 mmol) in
dichlorom ethane (10 ml) at -40 °C under an argon atmosphere. The yellow solution
was allowed to warm to room temperature and stirred for a further 1 h. The volatile
com ponents were evaporated under reduced pressure to give a crude solid.
Chromatography on silica gel eluting with 10% methanol-diethyl ether as the eluant
yielded a white foam 25 (717 mg, 85%).
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Ôh(300 M Hz; CDCI3): 7.38 (2 H, b r t, N(13)H), 7.07 (2 H, d, J 8.71, ArCH), 6.61
(2 H, d, J 8.71, ArCH), 5.03 (2 H, br t, NHCO), 3.72-3.59

(8

H, m, 23-H, 24-H), 3.36

(2 H, m, 12-H), 3.16-2.95 (10 H, m, 1-H, 4-H, 6 -H, 9-H, 10-H), 2.54 (2 H, t, J 7.65,
17-H), 2.27 (2 H, t, J 7.53, 15-H), 2.07 (2 H, m, 12-H), 1.95-1.82 (6 H, m, 2-H, 8 -H,
16-H), 1.60-1.51 (4 H, m, 3-H, 8 -H), 1.43 (18 H, s, C(CHs) 3)
6c(75 MHz; CDCI3 ): C: 174.03, 156.21 (C =0), 144.20, 130.83 (ArC), 79.34
(Ç(CH3)3)
CH; 129.62, 112.13 (ArCH)
CHz: 53.58, 52.13, 50.69, 40.59, 39.23, 36.30, 35.91, 34.22, 27.60, 27.32, 23.94,
20.43
CH 3 : 28.42 (C(ÇH3)3)
ESM S m/z: 702 (MH+, 100%)
Accurate mass: [Found: MH^, 702.41217. C 35H(52N 5 0 5 ^^Cl2 requires 702.41280]

A ^-[A -(4-[p-bis[2-chloroethyl]am ino-pàeïiyl]butyryl)-3-am inopropyl]
ho m o sp erm id in e tetra h y d ro c h lo rid e (26) (h o m osperm idine-chloram buctl)

Trifluoroacetic acid (0.350 ml, 4.54 mmol) and triethylsilane (0.139 ml,
0.873 mm ol) were added to a stirred solution of

25 (245 mg, 0.349 m m ol) in

dichlorom ethane (1 ml) under a nitrogen atm osphere and the solution was stirred for
1 h. The volatile components were evaporated in vacuo to give a solid which was
taken up in the minim um volum e of hydrochloric acid 0.5 M. The solution was loaded
onto a colum n containing DOW EX cation exchange resin (23 ml) and eluted w ith a
linear H Cl gradient 0.5 M to 3 M m ethanol-water (1:1). Product containing fractions
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giving a UV absorbance o f 258 nm were pooled and evaporated in vacuo to a solid.
The solid was co-evaporated several times from dried methanol to give a pure white
hygroscopic solid 26 (204 mg, 90%).

0h(250 M Hz; D 2O): 7.40 (2 H, d, J 8.48, ArCH), 7.27 (2 H, d, J 8.48, ArCH), 3.99
(4 H, t, J 6.24, 23-H), 3.71 (4 H, t, J 6.24, 24-H), 3.39-3.25 (8 H, m, 4-H, 6 -H, 10-H,
12-H), 3 .1 2 ( 4 H, t, J 6.94, 1-H, 9-H), 2.71 (2H, t, J 7.51, 17-H), 2.36 (2 H, t, J 7.42,
15-H), 2.06-1.83 (12 H, m, 2-H, 3-H, 7-H, 8 -H, 11-H, 16-H)
6c(62 MHz; D 2O): C: 177.1 (C =0), 144.0, 133.5 (ArC)
CH: 131.1, 121.7
CH2 : 58.8, 52.5, 50.9, 39.1, 37.9, 36.5, 35.4, 34.3, 27.0, 24.3, 23.7, 20.9
ESMS m/k: 502 (MH", 100%), 430 (48), 315 (6 ), 247 (12)
A ccurate mass: [Found: MH^, 502.30880. C 25H 46N 5 0 i^'”’Cl2 requires 502.30794]

W ^^-di-(^-biitoxycarbonyl)sperm ine (27)^^^

(CH 3 )3 C
" y

'"c(CH 3)3

A solution of BOC-ON (24.3 g, 98.9 mmol) in THE (80 ml) was added
dropw ise over 1 h to a solution o f spermine (10.0 g, 49.5 mmol) in THE (100 ml) at
0 °C under a nitrogen atmosphere. The solvent was evaporated to give a sticky orange
oil w hich was taken up in diethyl ether (150 ml) and washed with sodium hydroxide
3 M (4 X 25 ml). The basic aqueous layer was further extracted with dichlorom ethane
(4 X 25 ml). The combined organic layers were dried over magnesium sulphate and
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filtered. Evaporation of the solvent in vacuo left an off-white solid which was
recrystallised from diethyl ether to yield a white solid 27 (13.9 g, 70%), m.p. 92.593.5 °C (lit., 92.5-93.5 °C)^".

0h(300 M Hz; CDCI3): 5.41 (2 H, br t, NHCO), 3.48 (4 H, m, 1-H, 12-H), 2.66 (4 H, t,
J 6 .6 6 , 3-H, 10-H), 2.60 (4 H, t, J 5.70, 5-H, 8 -H), 1.64 (4 H, tt, 5 lines, J 6.55, 2-H,
11-H), 1.52 (4 H, m, 6 -H, 7-H), 1.46-1.35 [(18 H, s, C(CHs)3); N(4)(9)H)]
E l m/z: 402 (M+, 7%), 254 (80), 170 (16), 141 (65), 127 (73), 113 (100), 101 (27), 59

(100)

n

\ N^, iV '^^-tri"(/-butoxycarbonyl)sperm ine (28)
C(CH3)3

(CH3)3C
y

^c(C H 3)3

BOC-ON (8.47 g, 34.4 mmol) in THE (900 ml) was added dropwise to a
stirred solution of the diamine 27 (13.8 g, 34.3 mmol) in THE (50 ml) over a period
of 2 h. The solvent was evaporated in vacuo to yield a crude oil which was subjected
to flash chromatography eluting w ith 30% methanol-diethyl ether to give a colourless
oil 28 (6.54 g, 38%).

IR: Vmax(CH2C l 2)/cm'^: 3400 s (NH), 2900 m, 1700 s (C =0), 1500 s (NHCO), 1420 m,
1400 m, 1380 m, 1250 m, 1180 s

178

6H(300 MHz; CD 3 OD + DCl; 328K): 3.28-3.22 (4 H, m, 1-H, 12-H), 3.18 (2 H, t,
J 6.49, 10-H), 3.07-3.00 ( 6 H, m, 3-H, 5-H, 8 -H), 1.88 (2 H, tt, 5 lines, J 6 .6 8 , 11-H),
1.76-1.65

(6

H, m, 2-H,

6

-H, 7-H), 1.46 (9 H, s, € ( ^ 3)3), 1.45 (9 H, s, € ( ^ 3) 3),

1.44 (9 H, s, C(CH 3) 3)
8c(75 MHz; CD 3 OD + DCl, 328K): C: 159.01, 158.32, 157.41 (C =0), 81.18, 80.59,
80.03 (Ç(CH3)3)
CH 2 : 48.80,47.51, 46.56,46.05, 39.16, 38.13, 30.01, 28.01, 26.54, 24.60
CH3 : 28.64,28.62 (C(ÇH 3 ) 3 )
E l m/^: 502 (M", 72%), 429 (45), 372 (53), 258 (30), 227 (69), 187 (74), 171 (51),
131 (100), 84 (28)
A ccurate mass: [Found: M ’*', 502.37274. C 25H 50N 4O 6 requires 502.37304]

n

\ N^, iV'^^-tri-(/"butoxycarbonyl)-A^”(2-cyanoethyI)sperm ine (29)
Ç(CH3)3

(CH 3 3 C
y

""C(CH3)3

CN
The amine 28 (3.59 g, 7.15 mmol) was dissolved in acrylonitrile (7.06 ml,
107 mm ol), transferred to a Y oung’s tube and heated at 90 °C for 24 h. The volatile
components were evaporated in vacuo to give a crude oil. Flash chiom atography,
eluting w ith diethyl ether, gave a colourless oil 29 (3.18 g, 80%).
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IR: Vmax(CH2C l 2)/cm-‘: 3400 w (NH), 2900 s, 2250 w (CN), 1700 s (C = 0), 1500 s
(NHCO), 1420 m, 1400 m, 1380 m, 1250 m, 1180 s
0 h(300 M Hz; CDCI 3): 5.36 (1 H b r t, NHCO), 5.08 (1 H, br t, N HCO), 3.23-3.09
(8

H, m, 1-H, 8 -H, 10-H, 12-H), 2.76 (2 H, t, J 6.75, 14-H), 2.51-2.42 (6 H, m, 3-H, 5-

H, 13-H), 1.66-1.61 (4 H, ra, 2-H, 11-H), 1.51-1.35 [(4 H, m, 6 -H, 7-H) including 1.46
(9 H, s, C(CH 3 )3 ), 1.44 (18 H, s, C(CH 3 )3 )]
6c(75 MHz; CDCI3 ): C: 156.02 (C = 0), 118.96 (C=N), 79.51,78.89 (C(CH 3 )3 )
CH 2 : 53.3, 51.55, 49.53, 46.80, 43.70, 38.97, 37.54, 27.59, 26.39, 25.59, 24.29, 16.39
(C m C N )
CH 3 : 28.41 (C(CH 3 ) 3 )
556 (M lT , 41%), 149 (24), 84 (37), 69 (100)
Accurate mass: [Found: MH^, 556.40649. C 28H 54N 5O 6 requires 556.40741]

iV^-(3"aminopropyl)-7V^,

N^^-tri-((-butoxycarbonyl)spermme (30)

O

(CH3)3C^^JL

N'
H

"NH:
The nitrile 29 (2.31 g, 4.16 mmol) and sodium hydroxide (1.25 g) were
dissolved in ethanol (40 ml). Raney nickel (~1 g) was added and the stirred
suspension was hydrogenated at room temperature and atmospheric pressure
overnight. The catalyst was carefully rem oved by filtration through celite and the
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filtrate evaporated in vacuo to give a viscous oil which was taken up in water (40 ml).
A fter extracting w ith dichloromethane (4 x 25 ml), the organie layer was dried over
sodium sulphate, filtered and evaporated in vacuo to a colourless oil 30 (2.28 g, 98%)
w hich ran as a single spot on TLC (5% ammonia-methanol).

IR: Vmax(CH2Cl2)/cm-^: 3400 w (NH), 2900 m, 1700 s (C =0), 1500 s (NHCO),

1420

m, 1400 m, 1380 m, 1250 m, 1180 s
0h(300 MHz; CDCI 3): 5.52 (1 H, br t, NHCO), 5.18 (1 H, br t, NHCO), 3.24-3.08
(8

H, m, 1-H, 8 -H, 10-H, 12-H), 2.73 (2 H, t, J 6.83, 15-H), 2.46-2.36 (6 H, m, 3-H,

5-H, 13-H), 1.79 (2 H, br s, NH 2), 1.70-1.61 (6 H, m, 2-H, 11-H, 14-H), 1.59-1.35
[(4 H, m, 6 -H, 7-H) including 1.46 (9 H, s, C(CH 3)3), 1.44 (18 H, s, C(CH 3)3)]
8c(75 M Hz; CDCI 3): C; 156.01 (C = 0 ), 79.38, 78.54 (C(CH 3) 3)
CHz: 53.69, 52.50, 51.75, 46.89, 43.97, 40.53, 39.74, 37.45, 30.76, 26.95, 26.57,
25.93, 24.25
CH 3 : 28.43
m m/k: 560 (MH+, 10%), 502 (29), 401 (23), 372 (15), 244 (59), 227 (47), 187 (22),
171 (38), 127 (54), 98 (46), 84 (100), 70 (6 8 )
A ccurate mass: [Found: MH^, 560.43948. CzgHsgNgOo requires 560.43871]
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n

\ N^, iV^^-tri=(^-butoxycarbonyl)-A^-[A^-(4-I^-bis(2-chloroethyl)amiiniO-

p h en y î]b u ty ry I)”3-am inopropyl] sp erm in e (31)
C (C H 3 )3

O

(CH3)3CkQjLN'

''C(CH3)3

H

O

NH

■R

D ried

and

distilled

26

thionyl chloride

(0.290 ml,

3.97

mmol)

in

dry

dichlorom ethane ( 1 0 ml) was added dropwise to a stirred solution of chlorambucil
(1.05 g, 3.45 mmol) in diy dichlorom ethane (10 ml) at -40 °C under an argon
atmosphere. The solution was allowed to warm to room temperature and stirred for 20
minutes. The volatile components were evaporated in vacuo to give a yellow solid.
The solid was redissolved in dichlorom ethane (10 ml) and added dropwise to a stirred
solution of the amine 30 (1.48 g, 2.65 mmol) and distilled triethylamine (0.645 ml,
4.63 mmol) in dichlorom ethane (10 ml) at -40 °C under an argon atmosphere. The
resulting suspension was stirred at room temperature for Ih. After evaporation of the
volatile components a crude solid was obtained which was subjected to flash
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chrom atography (10% methanol-diethyl ether) yielding an off-white solid 31 (1,90 g,
85%).

5h(300 M Hz; CDCI3): 7.06 (2 H, d, J 8.65, ArCH), 6.79 (1 H, br t, N(16)H), 6.61
(2 H, d, J 8.65, ArCH), 5.34 (1 H, br t, NHCO), 5.03 (1 H, br t, NHCO), 3.72-3.58
(8

H, m, 26-H, 27-H), 3.29-3.08 (10 H, m, 1-H, 8 -H, 10-H, 12-H, 15-H), 2.54 (2H, t,

J 7.60, 20-H), 2.44-2.36 (6 H, m, 3-H, 5-H, 13-H), 2.19 (2 H, t, J 7.50, 18-H), 1.90
(2 H, tt, 5 lines, J 7.46, 11-H), 1.66-1.55 (6 H, m, 2-H, 14-H, 19-H), 1.52-1.26 [(4 H,
m, 6 -H, 7-H) including 1.46 (9 H, s, C(CH 3) 3), 1.43 (18 H, s, C(CH 3)3)]
6c(75 M Hz; CDCI3): C: 172.92, 156.06, (C = 0 ), 144.19, 130.84 (ArC), 79.48, 78.81
(C(CH3)3)
CH: 129.58, 112.11
CH 2 : 54.02, 53.56, 52.00, 51.77, 46.87, 46.40, 44.17, 43.77, 40.56, 39.34, 38.12,
37.55,36.00, 3 4 .1 9 ,2 7 .6 2 ,2 7 .3 1 ,2 6 .6 5 ,2 4 .0 8
CH 3 : 28.44
ESM S m/z\ 845 (MH+, 100%)
A ccurate mass: [Found: MH^, 845.50914. C 42H 75N 6 0 7 ^^Cl2 requires 845.50743]

7V^"[A^-(4-[p"bis(2"cMoroethyl)ammO"phenyI]biityryl)"3-amiîiopropyl] sp erm in e
p en tah y d ro cM o rid e (32) (sperm ine-cM oram bucil)

Trifluoroacetie acid (1.19 ml, 15.45 mmol) and triethylsilane (0.47 ml,
2.94 mm ol) were added to a stirred solution of 31 (1 g,

1.18 m mol) in

dichlorom ethane (2.4 ml). A fter 1 h the reaction was completed by TLC (5%
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methanol-diethyl ether). The solid obtained after evaporation o f the volatile
com ponents was dissolved in the m inim um amount of hydrochloric acid 0.5 M and
loaded onto a colum n containing DOW EX cation exchange resin (100 ml). The
com pound was eluted with a linear HCl gradient 0.5 M to 4.0 M m ethanol-water (1:1)
and flow rate 5 ml/min. Product containing fractions were monitored by UV
spectroscopy (À,max/nm 258). The com pound ran in the region o f the H Cl gradient
characteristic of 5"^ cations. The fractions were pooled and evaporated give a solid.
The solid was co-evaporated several times from distilled methanol to give a white
hygroscopic foam 32 (858 mg, 100 %).

6H(250 MHz; DgO): 7.44 (2 H, d, J 8.53, AiCH), 7.33 (2 H, d, J 8.53, ArCH), 4.03
(4 H, t, J 6.24, 26-H), 3.72 (4 H, t, J 6.24, 27-H), 3.40-3.15 (16 H, m, 1-H, 3-H, 5-H,
8 -H,

10-H, 12-H, 13-H, 15-H), 2.74 (2 H, t, J 7.5, 20-H), 2.38 (2 H, t, J 7.46, 18-H),

2.26-2.16 (4 H, m, 2-H, 14-H), 2.10-1.93 (8 H, m, 6 -H, 7-H, 11-H, 19-H)
5c(62 M Hz, D 2O): C: 176.7 (C = 0 ), 144.5, 132.8 (ArC)
CH: 130.8, 121.7 (ArCH)
CHz: 56.7 C(26), 52.2, 5 0 .7 ,4 9 .8 C(15), 46.9 C( 8 ), 44.5 C(10), 37.4 C(27), 36.5 C (l),
36.5 C( 8 ), 36.1, 35.0 C(18), 33.9 C(20), 26.6 C(19), 23.7 C(14), 23.3 C ( ll) , 22.7
C(7), 21.6 C(2), 20.5 C(6 )
ESM S m/z: 545 (MH+, 100%), 415 (85)
A ccurate mass: [Found: MH^, 545.34819. C 27H 5 iN 6 0 i^^Cl2 requires 545.35014]
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N^, iV^^-tri-(^biitoxycarbonyl)"A^-[iV-(4-[p-bis(2-chloroethyl)aii]iiinop h en y l]b ety ry l) sp erm in e (33)

H
N'
H

^

^C(CH3)3
O

-N.

22

Thionyl chloride (0.249 ml, 3.41 mmol) in dichloromethane (10 ml) was added
dropwise

to

a

stirred

solution

of chlorambucil

(897

mg,

2.95

mm ol)

in

dichlorom ethane (10 ml) under an aigon atmosphere at -40 °C. The solution was
stirred for 15 minutes, then for 15 minutes at room temperature. Evaporation o f the
volatile components under reduced pressure yielded a yellow solid. D ichloromethane
(1 0

ml) was added and the resulting solution was added dropwise to a stirred solution

of the amine 28 (1.14 g, 2.27 mmol) and triethylamine (0.555 ml 3.98 mmol) in
dichlorom ethane at -40 °C under an argon atmosphere. The solution was stirred for
1 h at room temperature. Evaporation o f the solvent in vacuo yielded a crude solid
w hich was purified by flash chrom atography eluting with diethyl ether to give an offwhite solid 33 (1.59 g, 89%).
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Ôh(250 M Hz; CDCI3): 6.96 (2 H, d, J 8.53, ArCH), 6.51 (2 H, d, J 8.53, ArCH), 5.32
(1 H, br t, NHCO), 4.61 (1 H, br t, NHCO), 3.62-3.47 (8 H, m, 22-H, 23-H), 3.27
(2 H, t, J 6.27, 3-H), 3.18-2.91 (10 H, m, 1-H, 5-H, 8 -H, 10-H, 12-H), 2.45 (2 H, t,
J 7.49, 16-H), 2.20 (2 H, t, J 7.55, 14-H), 1.80 (2 H, tt, 5 lines, J 7.25, 2-H), 1.55-1.50
(4 H, m, 11-H, 15-H), 1.40-1.20 [(4 H, m, 6 -H, 7-H), including 1.34 (9 H, s, C(CH 3) 3),
1.32 (9 H, s, C(CH 3 )3 ), 1.31 (9 H, s, C(CH 3 )3 )]
ôc(75 M Hz; d^ toluene; 333K): C: 155.61, 155.57 (C =0), 144.74, 131.64 (ArC),
79.21, 78.16 (Ç(CH3)3)
CH: 129.89, 113.08 (ArCH)
CHz: 53.76, 53.22, 47.45, 46.70, 45.37, 44.59, 42.67, 40.62, 38.28, 34.59, 32.18,
2 9.45,27.40, 26.52, 26.15
C H 3:

FAB

28.55, 28.49
788 (MH+, 100%),

6 8 8

(90), 632 (30)

A ccurate mass: [Found: MH*, 788.44959. CsgHegNsOv^^Cla requires 788.44958]

N ^.[7V-(4-[p-bis(2-chloroethyl)am ino»phenyl]butyryl) sp erm in e
te tra h y d ro c h lo iid e (34) (sh o rter-lin k ed sperm in e-eh lo ram b u cil)

Trifluoroacetie acid (1.27 ml, 16.5 mmol) and triethylsilane (0.507 ml,
3.17 mm ol) were added to 33 (1 g, 1.27 mmol) in dichloromethane (2.6 ml). The
resulting solution was stirred at room temperature for 1 h under a nitrogen
atmosphere. The volatile components were evaporated under reduced pressure to give
an off-white solid w hich was dissolved in the minim um amount o f hydrochloric acid
0.5 M. The solution was loaded onto a colum n containing DOW EX cation exchange
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resin (85 ml) and eluted with a constant HCl gradient 0.5 M to 3 M m ethanol-water
(1:1). Fractions were monitored by UV spectroscopy (A-max/nm 258). The compound
was eluted in the region chaiacteristic o f 4* cations. The solid obtained after pooling
the product containing fractions and evaporation in vacuo was dissolved in distilled
methanol and co-evaporated several times. A pure white hygroscopic solid 34 was
obtained (764 mg, 95%).

6h(250 M Hz; CD3OD): 7.21 (2 H, d, J 8.10, ArCH), 7.12 (2 H, d, J 8.10, ArCH), 3.69
(4 H, t, J 5.96, 22-H), 3.23 (4 H, t, J 5.96, 23-H), 3.11-2.90 (4 H, m, 3-H, 5-H), 2.812.52 (8 H, m, 1-H, 8 -H, 10-H, 12-H), 2.37 (2 H, t, J 7.29, 16-H), 2.10 (2 H, t, J 7.24,
14-H), 1.82-1.68 (2 H, m, 2-H), 1.65-1.45 (4 H, m, 11-H, 15-H), 1.40-1.15 (4 H, m,
6 -H,

7-H)

6c(62 M Hz; DgO): C: 176.8, 176.3 (C =0), 145.1, 134.2 (ArC)
CH: 131.1, 122.1 (ArCH)
CH 2 : 58.6, 48.1, 48.0, 45.8, 45.1, 45.0, 43.1, 38.4, 37.2, 32.3, 25.7, 25.6, 24.5, 24.3,
23.5
FAB

488 (MH", 100%), 452 (8), 419 (5), 343 (2), 286 (10), 257 (12), 230 (15),

194 (12)
Accurate mass: [Found: MH^, 488.29221. C 24H 44N 5 0 i^^Cl2 requires 488.29229]

N^, A^-di-(2-cyanoethyl)piitresdne dihydrochloride (35)^^
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Acrylonitrile (11.10 g, 210 mmol) was added dropwise to a stirred solution of
1, 4-diam inobutane (9.11 g, 104 mmol) in diethyl ether (10 ml). The solution was
heated for 1 h on a steam bath followed by 1 h at room temperature. Concentrated
hydrochloric acid (6 ml) in ethanol ( 1 0 0 ml) was added affording a precipitate which
was filtered and washed w ith cold ethanol (50 ml). The filtrate was evaporated in
vacuo to a yellow solid. Both crude solids were recrystallised from ethanol-w ater (3:1)
to give a pure white solid 35 (15.18 g, 55%). m.p. 230-231

°C decomp,

(lit., 232-233 °C).^^

5h(300 M Hz; D^O): 3.44 (4 H, t, J 6.81, 3-H, 10-H), 3.17 (4 H, m, 5-H, 8 -H), 3.02
(4 H, t, J 6.81, 2-H, 11-H), 1.82 (4 H, m, 6 -H, 7-H)
5c(75 M Hz; D 2 O): C: 120.20 (C=N)
CHz: 49.77,45.44, 25.29,17.61 (C m C N)
FAB

195 (MH+, 10%), 154 (100), 136 (83)

Accurate mass: [Found: M H \ 195.16132. C 10H 19N 4 requires 195.16097]

N^, A ^-[dli-(^"butoxycarbonyl)-di-(2-cyanoethyl)]putrescine (36)
C (C H 3 )3

C (C H 3 )3

BOC-ON (16.12 g, 65.4 mmol) in THF (80 ml) was added to a stirred
suspension o f 35 (8.74 g, 32.7 mmol) and triethylamine (20 ml) in THF (100 ml). The
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mixture was refluxed for 3 h. The volatile components were evaporated in vacuo to
give a yellow oil which was taken up in diethyl ether (1 0 0 ml) and w ashed with
sodium hydroxide solution 3 M (4 x 25 ml) and water (2 x 25 ml). The organic layer
was dried over sodium sulphate, filtered and evaporated in vacuo to give a crude solid.
Recrystallisation from diisopropyl ether gave a pure white solid 36 (9.54 g, 74%) m.p.
92.5-93 °C.

Elem ental analysis: (Found: C, 61.0; H, 8.85; N, 13.9. C20H34N4O4 requires C, 60.9;
H, 8.7; N , 14.2%)
IR: Vmax(CH2Cl2)/cm ' 3400 m (NH), 2250 m (CN), 1700 s (C=0 ), 1480 m (NHCO),
1420 s, 1380 s, 1180 s
0h(250 M Hz; d^ DMSG; 343K): 3.25 (4 H, t, J 6.63, 3-H, 10-H), 3.03 (4 H, t, J 6.62,
5-H, 8 -H), 2.50 (4 H, t, J 6.63, 2-H, 11-H), 1.29 (4 H, m, 6 -H, 7-H), 1.25 (18 H, s,
C (C H 3 )3 )

8c(75 MHz; d^ toluene; 333K): C: 154.84 (C =0), 117.84 (C=N), 79.84 (C(CH 3 ) 3 )
CH 2 : 47.79, 43.91, 26.07, 17.05 (CH 2CN)
CH 3 : 28.28 (C(CH3)3)
El

394 (MH+, 5%), 338 (9), 265 (26), 238 (35), 198 (30), 169 (22), 123 (91), 83

(100)
A ccurate mass: [Found: M'*', 394.25804. C 20H 34N 4 O 4 requires 394.25801]
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N^, -di-(/-butoxycarbonyl)spermine (37)
C (C H 3 )3

C ( C H 3 )3

The dinitrile 36 (9.00 g, 22.8 mmol) and sodium hydroxide (6.9 g) were
dissolved in ethanol (200 ml). Raney nickel was added (~2 g) and the resulting stirred
suspension hydrogenated at room temperature and presssure overnight. The catalyst
was rem oved by careful filtration through celite and the filtrate evaporated under
reduced pressure. The residue was taken up in water (200 ml), extracted with
dichlorom ethane (4 x 50 ml), dried over sodium sulphate and filtered. Evaporation of
the solvent in vacuo gave an oil 37 (8.72 g, 95%) which ran as a single spot on TLC
( 1 0 % am m onia-m ethanol).

IR: Vmax(CH2C l2)/cm'^ 3400 w (NH), 2900 m, 1700 s (C =0), 1480 m (NHCO), 1420
m, 1380 s, 1180 s
0h(300 M Hz; d^ toluene; 333K): 3.30-3.13 (8 H, m, 3-H, 5-H, 8 -H, 10-H), 2.52 (4 H,
t, J 6.50, 1-H, 12-H), 1.55-1.45 [8 H, m, 2-H, 6 -H, 7-H, 11-H), including 1.45 (18 H,
s, C(CH 3) 3)], 1.27 (4 H, br s, NHg)
0c(75 M Hz; d^ toluene; 333K): C: 155.47 (C =0), 78.66 (C(CH 3)3)
CHz: 47.00,44.71, 39.64, 32.89, 26.29
CH 3 : 28.50 (C(CH 3 ) 3 )
ESMS

402 (M+, 100%), 326 ( 8 ), 300 (32), 224 (6 )
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Accurate mass: [Found:

N*, N^,

402.31882. C 20H 42N 4O 4 requires 402.32061]

-tri-(^-butoxycarbonyl)sperm ine (38)
C(CH3)3

"'C(CH3)3

C (C H 3 ) 3

BOC-ON (4.90 g, 19.9 mmol) in THF (500 ml) was added dropwise over 2 h
to a stirred solution o f the diamine 37 (8.00 g, 19.9 mmol) in THF (30 ml) under a
nitrogen atmosphere. The volatile components were evaporated under reduced
pressure to give a crude oil which was purified by flash chromatography eluting w ith
acetone. The product was obtained as a colourless oil 38 (4.10 g, 41%).

IR: Vmnx(CH2C l2)/cm ' 3400 w (NH), 2900 m, 1700 s (C =0), 1500 m (NHCO), 1480
m (NHCO), 1420 m, 1380 m, 1250 m, 1180 s
5h(300 M Hz; d^ toluene; 333K): 3.33 (2 H, br t, J 7.08, 12-H), 3.24-3.16 (4 H, m,
8 -H,

10-H), 3.15-3.00 (6 H, m, 1-H, 3-H, 5-H), 1.89 (2 H, tt, 5 lines, J 7.06, 11-H),

1.59-1.38 [ (8 H, m, 2-H, 6 -H, 7-H, N H 2), including 1.46 (9 H, s, C(CH 3) 3), 1.45 (9 H,
s, C(CH3)3), 1.43 (9 H. s, C(CH3)3)]
6c(75 MHz; d^ toluene; 333K): C: 164.71, 155.75, 155.40 (C =0), 76.70, 76.45, 76.09
(Ç(CH3)3)
CH2 : 49.00, 47.15,47.04, 45.92,44.42, 36.08, 30.64, 29.53, 29.30, 26.28
CH 3 : 28.54, 28.45 (C(ÇH 3 ) 3 )
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El m/k: 502 (M+, 34%), 469 (42), 441 (18), 412 (23), 372 (100), 316 (28), 272 (17),
2 1 6 (2 7 ), 171(12)
Accurate mass: [Found: M"*", 502.37319. C 25H 50N 4O 6 requires 502.37304]

N^, N^,

-tri=(^butoxycarbonyl)-A^-[A ^-(4"[p-bis[2-chloroethyl]am ino-

p h en y l]b u try ry l)-3 -am in o p ro p y î]sp erm id in e (39)
Ç C H 33

.0 .
(CH3)3C^ ^

....
^

C (C H 3 )3

o

A solution of thionyl chloride (0.055 ml, 0.75 mmol) in dichlorom ethane
(10 ml) was added to chlorambucil (197 mg, 0.647 mmol) in dichloromethane (10 ml)
under an argon atmosphere at -40 °C. A fter warming to room temperature the yellow
solution was stirred for 20 minutes. Removal of the volatile components afforded a
solid w hich was redissolved in dichloromethane (10 ml). The solution was added
dropwise to the amine 38 (250 mg, 0.498 mmol) and triethylamine (0.122 ml.
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0.87 mmol) in dichlorom ethane (10 ml) under argon at -40 °C. The suspension was
allowed to w arm to room temperature and stirred for a further 2 h. The solvent was
evaporated in vacuo to give a crude yellow solid. Purification on silica gel eluting
w ith 2% methanol-diethyl ether gave the product as an off-white solid 39 (334 mg,
85%).

0h(300 M Hz; d® toluene; 333K): 7.10 (1 H, br t, N(12)H), 6.96 (2 H, d, J 8.58, ArCH),
6.40

(2 H, d, J 8.58, ArCH), 3.30-2.95 (20 H, m, 1-H, 3-H, 5-H, 8 -H, 9-H, 11-H,

22-H, 23-H), 2.53 (2 H, t, J 7.18, 16-H), 2.10-1.90 (4 H, m, 10-H, 14-H), 1.56-1.27
[(8

H, m, 2-H, 6 -H, 7-H, 15-H), including 1.44 (9 H, s, C(CH 3)s), 1.43 (9 H, s,

C(CH 3 )s), 1.42 (9 H, s, C(CH 3 )3 )]
6c(75 M Hz; d^ toluene; 333K): C: 171.75, 155.79, 155.70, (C = 0), 144.66, 131.66
(Ar-C), 79.20,79.10, 78.31 (C(CH 3 ) 3 )
CH: 129.87, 113.05 (ArCH)
CHz: 53.76, 47.11, 46.93, 44.53, 40.58, 38.16, 36.43, 36.01, 34.61, 29.37, 28.90,
27.80, 26.31
CH 3 : 28.53, 28.47 (C(CH3)3)
FAB m/t: 788 (MH+, 15%),

688

( 8 6 ), 588 (34), 488 (51), 343 (41), 286 (69), 250 (53)

A ccurate mass: [Found: MH^, 788.44946. CsgHsgNsOy^^Clz requires 788.44958]
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iV*-[iV"(4-[p-bis[2“cM o ro ethyl]am iiio-phenyl]butyryl)-3-am m opropyl]sperm idine
te trah y d ro cM o rid e (40) (term in ally -lin k ed sperm id in e-ch lo ram b u cil)

Trifluoroacetie acid (0.235 ml, 3.05 mmol) and triethylsilane (0.094 ml,
0.589 mm ol) were added to a stirred solution o f 39 (185 mg, 0.235 mmol) in
dichlorom ethane (1 ml) under a nitrogen atmosphere. After 1 h the volatile
components were evaporated in vacuo to give a solid. A m inim um amount of
hydrochloric acid 0.5 M was added and the solution was loaded onto a colum n
containing DOW EX cation exchange resin (16 ml). A linear HCl gradient 0.5 M to
3.0 M methanol-water (1:1) was required to elute the compound. Product containing
fractions giving Àmax at 258 nm were pooled and evaporated down to dryness. Co
evaporation from methanol gave the desired product 40 as a white hygroscopic foam
(148 mg, 100%).

8H(250 MHz; D^O): 7.29 (2 H, d, J 8.26, ArCH), 7.12 (2 H, d, J 8.26, ArCH), 3.89
(4 H, t, J 6.18, 22-H), 3.65 (4 H, t, J 6.18, 23-H), 3.32-3.26 (2 H, m, 11-H), 3.20-3.01
(10 H, m, 1-H, 3-H, 5-H, 8 -H, 9-H), 2.63 (2 H, t, J 7.42, 16-H), 2.28 (2 H, t, J 7.28,
14-H), 2.12 (2 H, tt, 5 lines, J 7.70, 10-H), 1.89-1.82 (8 H, m, 2-H, 6-H, 7-H, 15-H)
8c(62 MHz; D 2 O): C: 177.2 (C =0), 139.0, 136.5 (Ar-C)
CH: 130.40, 117.17
CHz: 58.3, 4 7 .3 ,4 7 .2 ,4 5 .4 ,4 4 .8 , 36.8, 36.3, 35.3, 25.9, 24.0, 23.1
FAB

488 (MH+, 100%), 443 (7), 414 (10)

Accurate mass: [Found: MH^, 488.29243. C 24H 44N 5 0 i^^Cl2 requires 488.29229]
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-trl-(^-butoxycarbonyl)-W '.(2-cyanoethyI)spermine (41)

N^,

C (C H 3 ) 3

"

y

'" c (C H 3 )3

C (C H 3 )3

38 (3.50 g, 6.97 mmol) was dissolved in acrylonitrile (4.50 ml, 68.4 mmol)
and stirred at room temperature for 3 days. The excess acrylonitrile was evaporated
under reduced pressure and the residual oil was purified by flash chromatography
(10% methanol-diethyl ether) to afford a colourless oil 41 (2.71 g, 70 %).

IR: Vmax(CH2Cl 2)/cm '‘ 3400 w (NH), 2900 m, 2250 w (CN), 1700 s (C = 0), 1500 m
(NHCO), 1480 m (NHCO), 1420 m, 1380 m, 1250 m, 1180 s
5h(300 M Hz; d^ toluene; 333K): 3.19-3.04 (10 H, m, 3-H, 5-H, 8 -H, 10-H, 12-H),
2.36
[(8

(2 H, t, J 6.67, 14-H), 2.33 (2 H, t, J 6.46, 1-H), 1.79 (2 H, t, J 6.67, 13-H), 1.56

H, m, 2-H, 6 -H, 7-H, 11-H), including 1.46 (9 H, s, C(CH 3)3), 1.45 (9 H, s,

C(CH 3 ) 3 ), 1.44 (9 H, s, C(CH3)3)]
6c(75 MHz; d^ toluene; 333K): C: 155.86, 155.74, 155.53 (C =0), 79.12, 78.87, 78.33
(C(CH3)3)
CHz: 47.28, 47.09,46.56, 4 5 .5 2 ,4 5 .1 9 ,4 4 .5 8 , 38.22, 29.46, 26.38, 18.57 (CHzCN)
CH 3 : 28.63, 28.57, 28.35
El

555 (M+, 28%), 382 (6 ), 282 (9), 227 ( 8 ), 207 (13), 171 (10), 131 (11), 98

(14), 84 (24), 57 (100)
A ccurate mass: [Found: M'*', 555.39918. C 28H 53N 5O 6 requires 555.39959]
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N^, iV^, N^, A'^^-tetra-(^butoxycarbonyI)-A^-(2-cyanoethyl)spermine (42)
C(CH3)3

(CH3)3C
"

CN

y

^ c (C H 3 )3

?C(CH3)3

BOC-O N ( 570 mg, 2.31 mmol) in THF (20 ml) was added to a stirred
solution o f 41 (1.28 g, 2.31 mmol) in THF (10 ml). After refluxing for 2 h, the solvent
was evaporated in vacuo to yield a yellow oil. Direct purification by flash
chrom atography eluting with 25% ethyl acetate-dichloromethane gave a colourless oil
4 2 (1 .2 8 g, 85%).

IR: Vmax(CH2 Cl2 )/cm ' 3400 w (NH), 2900 m, 2250 w (CN), 1700 s (C =0), 1500 m
(NHCO), 1480 m (NHCO), 1420 m, 1380 m, 1180 s
0h(300 M Hz; d^ toluene; 333K): 3.11-3.02 (14 H, m, 1-H, 3-H, 5-H, 8-H, 10-H, 12-H,
13-H), 2.05 (2 H, br t, 14-H), 1.64 (2 H, tt, 5 lines, J 7.26, 11-H), 1.55-1.31 [ ( 6 H, m,
2-H, 6-H, 7-H), including 1.43 (9 H, s, C(CH 3) 3), 1.42 (9 H, s, C(CH3 )3 ), 1.41 (9 H, s,
C(CH 3 )3 ), 1.38 (9 H, s, C(CH 3 )3 )]
6c(75 MHz; d^ toluene; 333K): C: 155.76, 155.54, 155.28, 154.76 (C =0), 117.75
(C=N), 79.88, 79.01, 78.93, 78.20 (C(CH 3 ) 3 )
CH 2 : 4 7 .1 2 ,4 6 .9 7 ,4 5 .1 3 ,4 4 .4 8 , 44.13, 38.16, 29.31, 26.26, 17.03 (ÇH 2 CN)
CH 3 : 28.53 ,2 8 .4 7 ,2 8 .2 9 (C(CH 3 )3 )
El

655 (M+, 5%), 602 (2), 554 (18), 498 (9), 426 (5), 372 (5), 280 (13), 227 (17),

171 (18), 127 (19), 98 (12), 84 (25), 57 (100)
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A ccurate mass; [Found: M"^, 655.45207. C 33H 61N 5O 8 requires 655.45201]

N^, A ^^-tetra-(^biutoxycarbonyl)=A ^-(3"am inopropyl)sperm ine (43)
C(CH3)3

I

I
0

^

6

8

10

12

II

°

0

-N H ,
42 (1.07 g, 1.63 mmol) was dissolved in ethanol (20 ml) with sodium
hydroxide (500 mg). Raney nickel (~1 g) was added and the stirred suspension was
hydrogenated at room temperature and atmospheric pressure overnight. The catalyst
was rem oved by careful filtration through celite. The filtrate was evaporated down to
give an oily residue. W ater (20 ml) was added and the resulting solution was extracted
w ith dichlorom ethane (4 x 25 ml). The organic fraction was dried over magnesium
sulphate, filtered and evaporated in vacuo to yield a colourless oil 43 (1.02 g, 95%).

IR: Vn,ax(CH2C l 2)/cm-^ 3400 m (NH), 3350 m (NH), 2900 m, 1700 s (C = 0), 1500 m
(NHCO), 1480 m (NHCO), 1420 m, 1380 m, 1180 s
0h(300 M Hz; d® toluene; 333K): 3.22-3.03 (14 H, m, 1-H, 3-H, 5-H, 8 -H, 10-H, 12-H,
13-H), 2.52 (2 H, t, J 6.05, 15-H), 1.74 (2 H, tt, 5 lines, J 7.22, 11-H), 1.54-1.41 [(8 H,
m, 2-H, 6 -H, 7-H, 14-H), including 1.44 (27 H, s, 3 x C(CH 3 ) 3 ), 1.41 (9 H, s,
C(CH3)3)]

197

ôc(75 M Hz;

toluene; 333K): C: 155.77, 155.66, 155.37, 155.28 (C = 0), 78.97,

78.76, 78.74, 78.15 (Ç(CH 3 )3 )
CHi: 47.1 2 ,4 7 .0 0 ,4 5 .4 2 , 4 5 .2 7 ,4 4 .8 3 ,4 4 .4 8 , 39.66, 38.12, 32.92, 29.32, 26.28
CH 3 : 28.53, 28.47 (C(ÇH 3 )3 )
E l 7M/k: 659 (M+, 7%), 602 (2), 555 (2), 502 (5), 429 (3), 372 (4), 227 (11), 171 (12),
131 (13), 84 (24), 57(1 0 0 )
A ccurate mass: [Found: M'*', 659.48290. C 33H 65N 5O 8 requires 659.48331]

N^, N^, A''^^-tetra=(^“butoxycarbonyI)-A''^-[A -(4-[/;-bis(2-chloroethyl)am inoph en y l]butyryl)-3-am in o p ro p yl] sp erm in e (44)
Ç (C H 3 )3

H
'C(CH 3 ) 3

o
NH

A

solution

o f distilled

thionyl

chloride

(0.118

ml,

1.62

mmol)

in

dichlorom ethane (10 ml) was added dropwise to chlorambucil (425 mg, 1.40 mmol) in
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dichlorom ethane (10 ml) at -40 °C under an argon atmosphere. The yellow solution
was wai'med to room tem perature and stirred for 20 minutes. After evaporating to
dryness the solid was redissolved in dichloromethane (10 ml) and added dropwise to a
stirred solution of the amine 43 (710 mg, 1.08 mmol) and triethylamine (0.263 ml,
1.89 irnnol) in dichlorom ethane (10 ml) at -40 °C under an argon atmosphere. The
solution was stirred at room temperature for 1 h. Evaporation of the solvent gave a
crude yellow solid. Chromatography on silica gel eluting with 2% methanol-diethyl
ether gave 44 as an off-white solid (815 mg, 80 %).

5h(300 M Hz; d® toluene; 333K): 7.07 (1 H, br t, N(16)H), 6.96 (2 H, d, J 8.58, ArCH),
6.41 (2 H, d, J 8.58, ArCH), 3.28-3.04 (24 H, m, 1-H, 3-H, 5-H, 8-H, 10-H, 12-H,
13-H, 15-H, 26-H, 27-H), 2.53 (2 H, t, J 7.24, 20-H), 2.07 (2 H, t, J 6.97, 18-H), 2.011.94 (2 H, m, 14-H), 1.75-1.63 (2 H, m, 11-H), 1.60-1.30 [(8 H, m, 2-H, 6-H, 7-H,
19-H), including 1.44 (9 H, s, (C(CH 3)s), 1.43 (18 H, s, 2 x (C(CHs) 3), 1.42 (9 H, s,
(C(CH3)3)]
6c(75 M Hz; d® toluene; 333K): C: 171.77, 155.81, 155.31, (C = 0), 144.67, 131.66
(ArC), 7 9 .2 9 ,7 9 .0 5 ,7 8 .9 2 ,7 8 .2 6 (C(CH 3 ) 3 )
CH: 129.87, 113.05 (ArCH)
CHz: 53.77, 47.18, 46.99, 45.39, 44.53, 40.62, 38.15, 36.50, 36.00, 34.62, 29.38,
27.80, 26.33
CH 3 : 28.55, 28.49 (C(CH 3 ) 3 )
FAB m/z: 945 (MH+, 15%), 845 (8 8 ), 745 (20), 645 (20), 545 (38), 343 (28), 286 (71),
230 (100)
A ccurate mass: [Found: MH^, 945.55946. C47H83N60g^^Cl2 requires 945.55986]
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7V^.[iVo(4-[p"bis(2"Chloroethyl)am mO"phenyl]butyryi)-3-aminopropyI)spermine
p en tah y d ro cM o rid e (45) (term in ally -lin k ed sperm in e-ch lo ram b u cil)

Trifluoroacetie acid (0.583 ml, 7.56 mmol) and triethylsilane (0.232 ml,
1.45 mmol) were added to a stirred solution of the chloramhucil adduct 44 (550 mg,
0.582 mm ol) in dichlorom ethane (2 ml) under a nitrogen atmosphere. A fter 1 h, the
volatile components were evaporated in vacuo to give a crude solid. A m inim um
volum e o f hydrochloric acid 0.5 M was added and the solution loaded onto a colum n
containing DOW EX cation exchange resin (50 ml). The compound was eluted w ith a
linear H Cl gradient 0.5 M to 4 M m ethanol-water (1:1). Fractions giving lma% at
258 nm were pooled and evaporated down to give a viscous oil. Co-evaporating
several times from methanol gave a white hygroscopic foam 45 (381 mg, 90%).

8H(250 MHz; DgO): 7.37 (2 H, d, J 8.63, ArCH), 7.15 (2 H, d, J 8.63, ArCH), 3.97
(4 H, t, J 6.40, 26-H), 3.77 (4 H, t, J 6.40, 27-H), 3.41 (4 H, m, 13-H, 15-H), 3.33-3.16
(12 H, m, 1-H, 3-H, 5-H, 8-H, 10-H, 12-H), 2.72 (2 H, t, J 7.54, 20-H), 2.39 (2 H, t,
7.46, 18-H), 2.31-2.18 (4 H, m, 2-H, 14-H), 2.09-1.95 (8 H, m, 6-H, 7-H, 11-H, 19-H)
8c(62 MHz; D 2 O): C: 177.10 (C =0), 139.2, 137.5 (ArC)
CH: 130.58, 117.48 (ArCH)
CHz: 56.06, 47.38, 45.74, 44.92, 44.85, 39.74, 36.93, 36.41, 35.56, 34.10, 27.33,
2 6 .0 0 ,2 4 .1 1 ,2 3 .1 4
FAB

545 (MH+, 100%), 510 (5), 471 (8), 417 (11), 343 (10), 293 (9), 230 (14),

194 (20), 118 (28), 84 (50)
A ccurate mass: [Found: MH^, 545.34970. CayHsiNgOi^^Cla requires 545.35014]
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N^, A^-di-(^-biitoxycarbonyl)diaminobutane (46)
O

TT

H

2

4

II

o

BOC-ON (10.00 g, 40.6 mmol) in THF (50 ml) was added to

1,4-

diam inobutane (1.79 g, 20.3 mmol) in THF (40 ml). The stirred solution was refluxed
for 1 h after which time a white precipitate had formed. After evaporating to dryness,
the yellow solid was recrystallised from diisopropyl ether to afford a pure white solid
46 (5.21 g, 89%) m.p. 138-139 °C.

Elem ental analysis: (Found: C, 58.3; H, 10.0; N, 9.8. C 14H 28N 2O 4 requires C, 58.3; H,
9.8; N, 9.7%)
IR: Vmax(CH2 Cl2 )/cm ' 3400 w (NH), 2900 s, 1700 s (C =0), 1500 s (NHCO), 1400 m,
1380 m, 1250 m, 1380 s
5h(300 M Hz; CDCI 3): 4.67 (2 H, br t, NHCO), 3.12 [(4 H, hr t, (CD 3OD J 6.32), 1-H,
4-H)], 1.50 (4 H, m, 2-H, 3-H), 1.44 (18 H, s, C(CH 3)3)
6c(75 MHz; CDCI3 ): C: 155.98 (C =0), 79.09 (C(CH 3 )3 )
CH 2 : 40.22, 27.41
CH 3 : 28.42
FAB

289 (MH+, 49%), 233 (30), 177 (100), 133 (72), 114 (20), 89 (12), 72 (36),

57 (94)
Accurate mass: [Found: MH^, 289.21361. C 14H 29N 2O 4 requires 289.21273]
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N \ A^-di-(^"butoxycarbonyl)-A^“(2-cyanoethyI)diaminobutane (47)
O

o

46 (630 mg, 2.19 mmol) was dissolved in dry toluene (10 ml) at -78 °C under
an argon atmosphere. Butyllithium 1.6 M (1.56 ml, 2.50 mmol) was introduced via a
syringe. A fter 2 h, freshly distilled acrylonitrile (0.230 ml, 3.50 mmol) was added and
the suspension was stirred for 30 minutes at -78 °C then for a further 2 h at room
tem perature. Acetic acid (0.143 ml, 2.50 mmol) was added to the orange suspension.
A fter evaporating to dryness, chromatography eluting with diethyl ether-petroleum
ether (40-60 °C) (7:3) afforded the product 47 as a clear oil (149 mg, 20%).

IR: Vmax(CH2C l 2)/cm-^ 3400 w (NH), 2900 s, 2270 w (CN), 1700 s (C = 0), 1500 s
(NHCO), 1400 m, 1380 m, 1250 m, 1380 s
6h(300 MHz; d^ toluene; 333K): 4.26 (1 H, br t, NHCO), 2.96 (4 H, 2 x t, 3 lines,
1-H, 5-H), 2.90 (2 H, dt, 4 lines, 4-H), 1.48 (2 H, hr t, 6-H), 1.42 (9 H, s, C(CH 3)3),
1.37 (9 H, s, C(CH 3)3), 1.33-1.11 (4 H, m, 2-H, 3-H)
0c(75 MHz; d^ toluene; 333K): C: 155.78, 154.79 (C =0), 117.68 (C=N), 79.78, 78.42
(C (C H 3 )3 )

CHz: 4 7 .7 9 , 43.87, 40.31, 27.55, 25.93, 16.90 (CH iCN)

CH 3 : 28.50, 28.27
E l 7M/^: 341 (M+, 28 %), 229 (46), 212 (26), 185 (37), 168 (58), 145 (40), 123 (56), 83
(95), 70 (100)

202

A ccurate mass: [Found: M"^, 341.23140. C 17H 31N 3O 4 requires 341.23146]

N\

N^, 7V ^^-tetra"(^-butoxycarbonyl)sperm ine (48)
C(CH3)3

C C H 3 )3

BOC-O N (14.6 g, 59.4 mmol) was added to a stirred solution of spermine
(3.00 g, 14.9 mmol) in THF (50 ml) under a nitrogen atmosphere. The resulting
yellow solution was refluxed for 2 h. Evaporation o f the solvent left a viscous yellow
oil w hich dissolved in diethyl ether (150 ml). Extraction with sodium hydroxide 3 M
(4

X

30 ml) left a nearly colourless organic layer. After drying over magnesium

sulphate, filtering and evaporating down, a pale yellow oil was obtained. Flash
chrom atography eluting w ith 2 0 % ethyl acetate-dichloromethane afforded the desired
product as a clear sticky oil 48 (8.05 g, 90%) which slowly solidified on standing m.p.
78-79 °C.

Elem ental analysis: (Found: C, 59.8; H, 9.9; N, 9.3. C 30H 58N 4O 8 requires C, 59.8; H,
9.7; N , 9.3%)
IR: Vmax(CH2Cl 2)/cm '' 3400 w (NH), 2900 m, 1700 s (C =0), 1680 s (C = 0 ), 1500 m
(NHCO), 1420 m, 1380 m, 1250 m, 1180 s
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Ôh(300 M Hz;

toluene; 333K): 5.09 (2 H, br t, NHCO), 3.18-2.90 (12 H, m, 1-H,

3-H, 5-H, 8 -H, 10-H, 12-H), 1.50 (4 H, tt, 5 lines, J 6.62, 2-H, 11-H), 1.46-1.50 [(8 H,
m, 6 -H, 7-H), including 1.42 (18 H, s, C(CH 3) 3), 1.40 (18 H, s, C(CH 3) 3)]
6c(75 MHz; d^ toluene; 333K): C: 155.80, 155.63 (C =0), 79.02, 78.23 (Ç(CH 3 ) 3 )
CHz: 46.96,44.50, 38.15, 29.34, 26.20
CH 3 : 28.53,28.46 (C(ÇH 3 ) 3 )
El

602 (M+, 26%), 502 (71), 429 (37), 401 (20), 372 (31), 329 (23), 227 (100),

171 (82), 131 (69), 84 (76), 57 (87)
A ccurate mass: [Found: M"*", 602.42518. C 30H 58N 4O 8 requires 602.42547]

N\

W'^^-tetra-(^-butoxycarbonyl)-iV'^-(2“C yanoethyl)sperm ine (42)

48 (1.05 g, 1.74 mmol) was dissolved in dry toluene (15 ml) at -78 °C under an
argon atmosphere. Butyllithium 1.6 M (1.09 ml, 1.74 mmol) was introduced via a
syringe and the solution was stirred for 2 h. Freshly distilled acrylonitrile (0.132 ml,
2.0 mm ol) was added and the suspension stirred for 30 minutes then for 2 h at room
tem perature. Acetic acid (0.100 ml, 1.74 mmol) was added and the orange solution
was evaporated to dryness. Chromatography on silica gel with diethyl ether-petroleum
ether (40-60 °C) (7:3) as the eluent yielded 42 (228 mg, 20 %) as a clear sticky oil.
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N^,

N^, A^^^-tetra"(^"butoxycarbonyl)-[7V^-(3-aminopropyl)-iV-(3"methanoyl-2,

2, 5, 5 -tetra m eth y l-l-p y rro !id in y lo x y , free rad ical)]sp erm in e (49)
C(CH3)3
H

'Y " '"C(CH3)3
O

NH

Thionyl chloride (0.186 ml, 2.55 mmol) in diy dichloromethane (5 ml) was
added to a stirred solution o f carboxy proxyl (206 mg, 1 .1 0 mmol) in dichlorom ethane
(10 ml) at -40 °C under a nitrogen atmosphere. The yellow solution was stirred for 15
m inutes then allowed to w arm to room temperature. After 10 minutes the volatile
com ponents were evaporated in vacuo to leave a bright yellow solid. The solid was
taken up in dichlorom ethane (10 ml) and added to a stirred solution of the amine 43
(560 mg, 0.850 mmol) and triethylamine (0.415 ml, 2.97 mmol) in dichloromethane
(10 ml) at -40 °C under nitrogen. After stirring for 20 minutes, the reaction mixture
was w armed to room tem perature and stirred for a further Ih. Evaporating to dryness
left a crude solid which was purified by chromatography on silica gel eluting w ith 2 %
methanol-diethyl ether to afford the desired product 49 as a yellow foamy solid
(562 mg, 80%).
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Ôh(250 MHz; d® DM SO + phenylhydrazine; 343 K): 3.24-2.95 (16 H, m, 1-H, 3-H,
5-H, 8 -H, 10-H, 12-H, 13-H, 15-H), 2.55 (1 H, dd,
dd,

12.4,

11.0,

8.1, 18-H), 2.08 (1 H,

11.0, 19-H), 1.78-1.60 (7 H, m, 2-H, 11-H, 14-H, 19-H), 1.52-1.40

[(4 H, m, 6 -H, 7-H), including 1.45 (9 H, s, C(CH 3)3), 1.44 (18 H, 2 x s, C(CH 3) 3),
1.43 (9 H, s, C(CH 3)3)], 1.23 (3 H, s, CH 3), 1.17 (3 H, s, CH 3), 1.10 (3 H, s, CH 3),
0.97 (3 H, s, CH 3)
ôc(62 M Hz; d® DM SO + phenylhydrazine; 343 K): C: 171.49, 155.91, 155.16, 155.13,
155.05 (C = 0 ), 78.83, 78.69,77.88 (Ç(CH 3)3), 64.99, 60.81
CH: 50.1
CHz: 46.7, 45.00 ,4 4 .9 1 ,4 4 .8 4 , 38.94, 36.90, 29.13, 28.87, 28.03, 25.89
CH 3 : 28.62, 28.47 (C(ÇH 3)3), 28.21, 28.19, 27.05, 20.17
FAB yn/z: 829 ((M+1)H^, 100%), 729 (35), 629 (40), 529 (49), 429 (50), 355 (23), 307
(32), 227 (62)
A ccurate mass: [Found: (M + 1 )H \ 829.60303. C 42H 81N 6O 10 requires 829.60142]

[(V^-(3-aminopropyI)-A(-(3-methanoyl-2, 2, 5, 5 -tetram eth y I-l-p y rro îid in y lo x y ,
free rad ical)]sp erm in e tetra h y d ro c h lo rid e (50)

Trifluoracetic acid (0.363 ml, 4.72 mmol) was added to a solution o f the spinlabel 49 (300 mg, 0.363 mmol) in dichloromethane (1 ml) and stirred for 1 h. The
solution was evaporated in vacuo then co-evaporated several times from methanol to
afford a yellow solid 50 (320 mg, 100%).

206

Ôh(250 M H z ; CD3OD + phenylhydrazine): 3.13 (2 H, t, J 6.35, 15-H), 2.95-2.66
(14 H, m, 1-H, 3-H, 5-H, 8 -H, 10-H, 12-H, 13-H), 2.51 (1 H, dd,

10.70,

7.90,

18-H), 2.02-1.81 (5 H, m, 2-H, 11-H, 19-H), 1.81-1.69 (2 H, m, 14-H), 1.61-1.56
(5 H, m, 6 -H, 7-H, 19-H), 1.11(3 H, s, CH 3), 1.06 (3 H, s, CH 3), 0.99 (3 H, s, CH 3),
0.88 (3 H, s, CH 3 )
ôc(62 M Hz; CD 3OD + phenylhydrazine): C: 174.3 (C =0), 66.3, 62.3
CH: 50.3
CHz: 4 7 .4,45.6, 45.2, 45.1 ,4 5 .0 , 38.1, 37.0, 36.2, 26.6, 24.6, 23.7, 23.6
C H 3:

26.8, 26.5, 26.2, 19.5

FAB m/t: 429 ((M+1)H+, 100%), 355 (4), 329 (10), 289 (5), 256 (4), 215 (9), 176
(53)
A ccurate mass: [Found: (M-t-l)H'^, 429.39177. C 22H 49N 6O 2 requires 429.39170]

N \ N^, iV ^^4ri"(ï-butoxycarbonyl)-[iV^-(3-am mopropyl)-iV-(3-m ethanoyl"2, 2, 5,
5-tetra m eth y l-l-p y rro lid in y lo x y , free rad ical)]sp erm in e (51)
Ç (C H 3 )3

Y

(CH3)3C

"

19

18

207

y

'" c (C H 3 )3

A solution o f thionyl chloride (0.403 ml, 5.53 mmol) in dichlorom ethane
(10 ml)

was

added

dropwise to carboxy

proxyl (1.20

g,

6.44

mmol)

in

dichlorom ethane (10 ml) at -40 °C under a nitrogen atmosphere. A fter 15 minutes the
solution was allowed to warm to room temperature and stirred for a further 10
minutes. The volatile components were evaporated and dichloromethane (10 ml) was
added to the solid. This solution was added dropwise to a stirred solution o f the amine
30 (1.03 g, 1.84 mmol) and triethylamine (0.90 ml, 6.45 mmol) in diehlorom ethane
(10 ml) at -40 °C under nitrogen. A fter stirring for 20 minutes the contents were
allowed to warm to room temperature and stirred for a further 1 h. Evaporating to
dryness gave a erude yellow solid. Purification by flash chromatography eluting with
8%

methanol-dichloromethane gave the desired product 51 as a yellow solid (1.07 g,

80%).

0h(250 M Hz; d® DM SO + phenylhydrazine; 343 K): 3.1-2.92 (6 H, m, 1-H, 12-H,
15-H), 2.90-2.76 (4 H, 2 X t, 5 lines, J 6.82, 8 -H, 10-H), 2.39 (1 H, dd,

10.9, ^17.97,

18-H), 2.31-2.18 (6 H, m, 3-H, 5-H, 13-H), 1.92 (1 H, dd,

10.9, 19-H),

12.3,

1.54-1.35 (11 H, m, 2-H, 6 -H, 7-H, 11-H, 14-H, 19-H), 1.25 (18 H, s, 2 x C(CH 3) 3),
1.24 (9 H, s, C(CH 3 ) 3 ), 1.04 (3 H, s, CH3 ), 0.98 (3 H, s, CH 3 ), 0.92 (3 H, s, CH3 ), 0.80
(3 H , s, CH 3)
6c(62 M Hz; d*^ DM SO + phenylhydrazine; 343 K): C: 175.0, 172.1, 156.5, 155.7
(C = 0), 7 9 .2,78.5, 78.3 (C(CH 3 ) 3 ), 65.6, 61.4
CH: 50.6
CHz: 54.4, 52.5, 5 2 .4 ,4 7 .4 ,4 5 .3 , 39.7, 37.0, 38.2, 29.6, 28.1, 27.9, 27.0, 24.9
CH 3 : 29.2, 29.0 (C(CH 3 )3 ), 28.7, 28.5, 27.6, 20.7
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FAB ,?%/%: 729 ((M+1)H+, 100%), 713 (13), 697 (5), 655 (3), 629 (18), 560 (15), 529
(5), 503 ( 6 )
Accurate mass: [Found: (M + 1 )H \ 729.54850. CsyHysNgOg requires 729.54899]

[ Y “(3-am inopropyl)=/V -(3-m ethanoyl-2, 2, 5, S -tetram eth y l-l-p y rro lid in y lo x y ,
free rad ical)]sp erm in e (52)

Trifluoraeetic acid (0.689 ml, 8.94 mmol) was added to a stirred solution of 51
(500 mg, 0.688 mmol) in dichlorom ethane (10 ml). After 1 h the solution was
evaporated in vacuo. Co-evaporation several times from methanol afforded the
product as a yellow solid 52 (607 mg, 100%).

0h(250 M Hz; CD 3OD + phenylhydrazine): 3.51-3.30 (2 H, m, 15-H), 3.2-3.08 ( 8 H, m,
3-H, 5-H, 13-H, 10-H), 3.00-2.76 (6 H, m, 1-H, 8 -H, 12-H), 2.52 (1 H, m, 18-H), 2.42.15 (3 H, m, 11-H, 19-H), 2.04-1.70 (9 H, m, 2-H, 6 -H, 7-H, 14-H, 19-H), 1.44 (3 H,
s, CH 3), 1.43 (3 H, s, CH 3), 1.36 (3 H, s, CH 3 ), 1.24 (3 H, s, CH 3 )
5c(62 M Hz; CD 3OD + phenylhydrazine): C: 173.2 (C =0), 67.2, 63.4
CH: 50.3
CH 2 : 52.9, 51.3, 51.2, 47.4, 44.7, 38.5, 38.1, 37.5, 36.9, 26.3, 24.4, 24.2, 23.6, 23.0
CH 3 : 26.5, 26.1,25.9, 19.6
FAB m/z: 429 ((M+1)H+, 58%), 372 (5), 329 (15), 301 (9), 176 (100)
A ccurate mass: [Found: (M + 1 )H \ 429.39172. C 22H 49N 6O 2 requires 429.39170]
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