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ABSTRACT

Preliminary studies have revealed that the 4-hydroxyphenethyl halides
possess the minimal structural requirements needed to mimic the DNA
alkylation profile characteristic to seco-CPl subunits.  Subsequent
assessment of the 4-aminophenethyl halides showed that these adducts
exhibit approximately four times the 7z vitro cytotoxicity demonstrated by
their phenolic counterparts.  The incorporation of these simpler
compounds into more complex molecules containing non-covalent
binding subunits was expected to increase both cytotoxicity and sequence

selectivity.

Biological assessment of the synthesized compounds established that the
simplest compound, 4-aminophenethyl bromide, was a potent antitumor
drug which exhibited selectivity for tumor cells over normal fibroblastic
cells. This makes 4-aminophenethyl bromide an interesting candidate for

further 7 vivo assessment.
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CHAPTER 1 - INTRODUCTION

1.1 CC-1065:

1.1.1 The Origin of CC-1065 -

CC-10065 is an exceptionally potent DNA interactive antitumor antibiotic belonging to the
alkylating class of anticancer agents. First isolated from the bacterium Streptonyces zelenis in
1978, CC-1065 was found to display remarkably efficient iz vitro and in vivo potency against
1.1210 and P388 leukaemic cell lines and B16 melanoma,"*’ with an 7z vivo cytotoxic activity 50
— 1000 times greater then other drugs in clinical use." The induction of delayed hepatotoxicity
by CC-1065 at therapeutic antineoplastic doses in nontumored mice**’, accompanied by
dramatic changes in hepatic mitochondrial morphology’, precluded clinical application. This
discovery led to the pursuit of modified agents, the most recent being Adozelesin (section
1.6.1), Carzelesin (section 1.6.2) and Bizelesin (section 1.6.4), all of which exhibit antitumor

activity without displaying such delayed toxic effects.”’

1.1.2 Structure —

Intensive NMR and IR investigations as well as chemical degradation studies allowed the
clucidation of the structure of CC-1065 in 1980" with confirmation arising from X-ray
crystallography in 1981.""  The CC-1065 molecule consists of three amide linked
benzodipyrrole moieties (Figure 1). The left hand cyclopropylpyrroloindole (CPI) subunit is
responsible for covalent DNA alkylation. The middle and right hand subunits, which
resemble the closely related phosphodiesterase inhibitors PDE-I and PDE-IL," are responsible

for noncovalent DNA interactions.’



OMe

Figure 1- The Structure of CC-1065.

Each of the moieties in the molecule are approximately planer. CC-1065, however, has a
partially twisted conformation resulting from an angle of approximately 16° between moieties
B and C and a larger angle of 55° between the CPI subunit and B."” An intramolecular
hydrogen bond between the hydroxyl group of B and the amide carbonyl of C constrains the
twist, producing within the molecule a contorted arrangement which mimics the pitch of B-
form DNA making the molecule well suited for positioning within the minor groove.>'*"
Further promotion of CC-1065 association with the minor groove of duplex DNA occurs

through the enhancement of noncovalent contacts by hydrogen bond donors and acceptors

which are found on the outer periphery of the curved molecule."



1.2 ALKYLATING MECHANISM:

1.2.1 Alkylating Mechanism and Sequence Selectivity of CC-1065 —

CC-1065 and its analogs exhibit their antitumor activity via irreversible alkylation of N-3 of
adenine in the minor groove of DNA (Figure 2).>>"* This alkylation proceeds in a sequence
selective manner within AT rich regions'* and is determined by both covalent and noncovalent
drug-DNA interactions which subsequently result in cell death via several mechanisms
(Section 1.6)."" The molecule overlaps with five base pairs with high sequence specificity
existing for the sequences 5-PuNTTA* (Pu = purine, N = any base) and 5-AAAAA* where
A* is the site at which alkylation occurs. The mechanism involves protonation of the quinone
carbonyl followed by S\2 attack by the N-3 nitrogen of adenine at the methylene group of the
cyclopropane ring. More recent studies have indicated that CC-1065 may crosslink DNA in
tumor cells (10-15% of all DNA lesions) and is proposed to occur through enzymatic

demethylation of o-methoxy-phenol moiety to o-quinone."

N
NH
Nj N\ /go N N/go
=y N L 0>
Adenine M- N'}f OH kN N OH
\
- \ N OMe Me \ NH OMe
4 o
N

OH

CC-1065 CC-1065-DNA Adduct

Figure 2 — Alkylation of DNA by CC-1065.



Strong reversible binding first occurs in the minor groove of double stranded DNA, followed
by covalent bonding at the appropriate adenine and concomitant cyclopropyl ring opening. '’
This covalent adduct formation results in bending of DNA into the minor groove by 17-
220'14,17

CC-1065 shows an obvious three base sequence preference of the order: 5-AAA*=5-
TTA*>5-TAA*>5-ATA*. Furthermore, the drug exhibits a strong preference for the fourth
5 base to be an A or a T and a weak preference for the fifth 5 base to be an A or a T." The
requirement for the first three base pairs to be either an A or a T results from the need for an
adenine for covalent drug alkylation as well as the facilitation of central and right-hand subunit

binding in the minor groove.

1.2.2 N-3 Adenine Versus N-3 Guanine Alkylation —

Alkylation by CC-1065 occurs primarily at N-3 of adenine, forming 86%0-92% of the alkylated
sites, however trace N-3 guanine alkylation has been observed under certain conditions. These
conditions include the absence of high affinity sites, the use of excess agent or the protection

of high affinity sites by compounds such as distamycin."*

1.2.3 Sequence Selectivity of (-)-CC-1065 —

The unnatural enantiomer, (-)-CC-1065, shows a markedly different sequence selectivity with a
preferential three base sequence of the following order: 5-AA*A>5-TA*A>5-AA*T>5-
TA*T." However, while the consensus sequences (i.e. recognition sites) are not identical,
nearly half of the adenines which are alkylated by each enantiomer are essentially the same."®
This allows the same space in the minor groove to be accessible to either enantiomer. One
such group of sequences contains a (-)-CC-1065 alkylated adenine 1-2 basepairs to the 5 side
of the adenine that is targeted by (+)-CC-1065, therefore generating overlapping sequences.'®

However, regardless of this similarity in adenine alkylation sites there are some exceptions:

(1) The very high affinity (-)-CC-1065 alkylation site, 5-AATT reacts poorly with
(+)-CC-1065.
(2) The highly (+)-CC-1065 accommodating sites incorporating 5-A/TA*A /T

are pootly reactive towards (-)-CC-1065.



(3) Sequences in which the target adenine is within or directly 5 to a ’AAG
sequence are highly reactive toward (+)-CC-1065 but not (-)-CC-1065."

Molecular modeling has shown that (-)-CC-1065 is orientated oppositely in the minor groove
to the natural enantiomer and lies to the 3’ side of the covalent adduct.'® However, despite the
differences in orientation, alkylation with either the natural or unnatural enantiomer leads to

occupation of corresponding or overlapping sequences in the minor groove.'®

Although the unnatural enantiomer of CC-1065 is similar to (+)-CC-1065 in that it
demonstrates the same preference for minor groove AT sites, exhibits similar DNA alkylation
efficiency and shows similar rates of DNA alkylation as well as indistinguishable 7z vitro and
comparable 7 vivo activity," the simpler analogues of (-)-CC-1065 fail to alkylate under the

same conditions and are therefore considered to be biologically nonpotent.]8

1.2.4 Ring Cyclisation of Seco Prodrug Analogues —

Uncyclised (seco) CPI containing prodrugs of CC-1065 also exhibit remarkable DNA binding
and antitumor activity comparable to the cyclised analogues indicating that the cyclopropane
ting is not obligatory for the observation of DNA alkylation."”*" This observation gave rise to
the proposal that ring closure must precede covalent bond formation (Figure 3) via the

following mechanism (where X = a leaving group):

X o)
) N—p N

N
N

H
H

& 19
AN
H
seco-CPI Subunit Activated CPI Subunit

13,14

Figure 3 - Ring Cyclisation of seco-CPI analogues.



The relative cytotoxicities of the seco agents is dependent on the relative leaving ability of the
group on the C3 methylene carbon where agents containing halide leaving groups have been
found to be more reactive then alcohols. Compounds bearing a methylsulfonyl leaving group
are even more potent then those bearing a chlorine, reflecting the relative leaving group
abilities of these two anions. A better leaving group increases the electrophilicity of the C3
methylene carbon, increasing the rate of cyclisation via Ar, ; participation.”” Furthermore, the
electron density of the benzene ring further influences the rate of cyclisation. Electron-
donating groups on the benzene ring promote cyclisation via an increase in the nucleophilicity
of C9 whereas electron-withdrawing groups (such as NO, or Br) impede cyclisation by the

opposite effect.”

Note: Studies with reactive agents that are not able to undergo ring closure due to the absence
of the hydroxyl group indicate that, in some molecules, the closure of the cyclopropane is not

essential for alkylation to proceed.”

1.2.5 Reductively Activated CC-1065 Prodrugs —

Two classes of reductively activated CC-1065 prodrugs have recently been reported which
exhibit AT-selective CC-1065 like alkylation and enhanced selectivity toward tumor cells. The
first group uses antibody-directed enzyme prodrug therapy (ADEPT). In this approach an
enzyme is conjugated to an antibody which targets a tumor-specific cell surface antigen.
Subsequent administration of the prodrug substrate results in the enzyme catalyzed release of
the free drug at the tumor site.” Importantly, a single enzyme is able to catalyze the release of

the active compound and as such only small amounts of antibody are required.

One such prodrug system under evaluation is the nitro substituted seco-CI class of compounds
(Figure 4) which are enzymatically reduced to the corresponding hydroxylamine by aerobic
nitroreductases.” Known substrates for this Esherichia coli B nitroreductase are actinomycin D
and mitomycin C which are activated by reductive fragmentation of the
nitrobenzyloxycarbonyl group, as well as dinitrobenzamide mustards and a 4-
nitrobenzyloxycarbonyl enediyne derivative.” Importantly, the presence of a cofactor (i.c.

NADH or NADPH) is required for enzymatic activation (Table 1).
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Figure 4 - Nitro Substituted seco-CI Analogues
Prodrug 1C;, (nM) Ratio®
Prodrug Alone | Prodrug + NADH | Prodrug + NADH + Enzyme
Carbamate | 15000 £ 3200 11300 £ 4500 598 = 140 232 %26
Amine 23.6 £3.4 26.6 £0.2 27.8 £8.8 09+£02
Nitro 2310 £ 300 237 £ 45 6.4 =*0.7 402 = 41

Table 1: ICsy Values Measured for the Prodrug Alone, Prodrug with NADH and Prodrug with NADH and the

Enzyme E.coli B Nitroreductase and Cofactor. (a) ICsy (prodrug) / ICso (Prodrug + NADH + Enzyme).

A second class of drugs also requiring reductive activation for DNA alkylation are the quinone

containing mitomycin related compounds (Figure 5).**” The mechanism of alkylation is

believed to involve bioreduction, followed by spirocyclisation and DNA alkylation.



These agents have been found to exhibit preferential selectivity for DT-Diaphorase (NQO1)
containing tumors (i.e. renal and melanoma cell lines) due to the reductive ability of this
enzyme, as compared to DT-Diaphorase deficient cell lines such as leukemia, nonsmall cell

. 27
lung cancer, colon, CNS, ovarian, prostrate and breast cancer.

(0] Cl
MeO
OMe
Me N 74
(6]
(e} N
H OMe
OMe
Mitomycin = A CC-1065 related Mitosane

Figure 5 - Quinone Containing Mitomycin Related Compounds

1.2.6  Selective Metal Cation Activation of the CPyI Alkylating Subunit —

The synthesis and evaluation of the CPyl alkylating subunit (ie. 1,2,9,9a-
Tetrahydrocyclopropa|c]pyrido[3,2-¢|indol-4-one-7-carboxylate) containing an 8-ketoquinoline
structure has revealed a unique selective activation of this compound via metal cation

. 28,29
complexation.”™

Studies involving the complexation of CPyl with 1, 10, 100 and 1000
equivalents of various metal cations has revealed that the reaction rate corresponds to the
relative stability of the resulting metal complexes (e
Cu*" >Ni*">Zn*" >Cr*" >Fe*"Mn* >Mg*" )™ with significant enhancement seen at 1 and 10

equivalents and marked effects seen at 100 and 1000 equivalents (Figure 0).
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Figure 6 — Metal Catalyzed Addition to N-Boc-CPyl

This enhancement in rate and efficiency however, was not observed with similar treatment of
the related N-Boc-DSA or N-Boc-CBI and is believed to be directly related to the absence of
the 8-ketoquinoline structure which is essential for metal cation complexation (Figure 7).
Furthermore, the natural (+)-enantiomer of CPyl proved more potent (3-30x)” than the

unnatural (-)-enantiomer.

The DNA alkylation efficiency of CPyl which normally occurs at concentrations of 10°M (as
for N-Boc-DSA and N-Boc-CBI) was markedly increased with the addition of Cu(acac), (100
x), Ni(acac), (100-1000 x) and Zn(acac), (1000 x) with no change in alkylation selectivity. In
particular DNA alkylation enhancement at CPyl concentrations as low as 10° M with the
addition of Zn(acac), (1000 equivalents) was exceptional (1000 x) and has previously not been
observed for simple alkylation subunits. The observation that the DNA alkylation selectivity is
unaffected by metal cation catalysis provides further evidence that the source of selectivity is
not necessarily related to acid catalysis but instead derived from the noncovalent binding

selectivity.

This increased enhancement with metal cation catalysis provides an exploitable mechanism for
tumor selectivity due to the significant differences in metal concentrations in cancerous and
non-cancerous tissues. For example, Zn is found in breast carcinoma at levels 700% higher
then normal breast cells while lung cancer showed a 10x difference. Ongoing studies will
reveal whether these Zn activated agents may be effective agents against both breast and lung

cancer .28’29



N-Boc-CPyl N-Boc-CBI N-Boc-DSA

Figure 7— N-Boc Analogues of CC-1065 and Duocarmycin

1.2.7 Catalysis of the Alkylation Mechanism —

Activation of the alkylating subunit via carbonyl protonation was initially thought to be
exclusively pH dependent. This theory was based on studies which disclosed that the CPI
group is remarkably stable within the pH range 5 — 7, but has been seen to promptly solvolyse
at pH 3 to give ring opened products which are equivalent to the ring opened adducts formed
during DNA alkylation.'"** Furthermore, it was believed that the activation of the carbonyl
occurred at a strategically placed phosphate in the DNA backbone two base pairs removed
from the alkylation site in the 5-direction.””””' More recent studies, however, have indicated
that certain analogs maintain activity even at pHs where the DNA phosphate backbone is fully

ionized (i.e. > 7.4).

This activity has been ascribed to a DNA binding-induced conformational change in the agent
which disrupts the stability brought about by vinylogous amide conjugation, thereby
promoting nucleophilic attack.” Evidence to support this originates from comparative studies
involving the simple amine and amide derivatives of CPI, CBI and CBQ (Sect. 1.3.1). While
the amine derivatives are stable at pH 7 and do not exhibit solvolysis, their amide counterparts
react rapidly with DNA. This is thought to be a consequence of “shape dependent catalysis”
involving  the  disruption  of  vinylogous  amide  stabilization =~ with  the
spirocyclopropylcyclohexadienone upon binding to AT rich sequences of DNA.” The
removal of the linking amide diminishes the capacity for DNA alkylation even in acidic media

providing further evidence for the shape dependent catalysis theory.”
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The evaluation of CBIn (Figure 8), a carbocyclic analogue of CC-1065 not containing the
amide has provided further evidence for this mechanism of catalysis. Removal of the nitrogen
and therefore the amide stabilization was found to increase the reactivity 3200 times (pH 3)
but did not alter the S\ 2 reaction mechanism.” As a result it is believed that the amide is
responsible for the stabilization and solvolysis reactivity, independent of pH providing further

evidence for the DNA binding-induced conformational change mechanism of catalysis.”

Figure 8 - CBIn

1.3 COVALENT AND NONCOVALENT BINDING STABILITY AND SEQUENCE

SPECIFICITY:

1.3.1 A Minor Role for Covalent Binding in Sequence Selectivity —
The alkylating subunit has been advocated by eatlier investigations as playing a role in defining

the sequence specificity of the molecule.'*

There are three steps via which covalent binding
occurs, beginning with noncovalent binding through the formation of van der Waals contacts,
hydrogen bonding and the displacement of water molecules from the minor groove. The
noncovalently bound molecules then facilitate a conformational change locally in the DNA
which facilitates bond formation by optimizing the distance and geometry between N-3 of

adenine and the methylene carbon of the cyclopropane. This conformational change is

followed by covalent binding between the alkylation subunit and N-3 of adenine.”

For the conformational change in the local DNA structure to occur a distortion energy is

necessary. This is the underlying mechanism by which covalent binding is thought to enable

11



sequence specificity. Those sequences having a lower deformation energy barrier, and
therefore an increased propensity to undergo the local conformational changes required for

bonding, are thought to be favored in the covalent reaction of adenine with the drug.””*

This premise is a result of studies involving analogues of the CC-1065 alkylating subunit linked
to zero, one or two indole subunits, designated CPI, CPI-I, and CPI-I, (Figure 9). The
specificity of CPI and CPI-I; was similar to that of CPI-I, indicating that the alkylating subunit

may play a role in mediating sequence selectivity.'®

NH

CPI CPI-ly

ZT
—

N

CPI-l,

Figure 9 — Synthetic Analogues Used in the Determination of Covalent Binding
Specificity.
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However, while this proposal was favored in earlier investigations, recent studies have
indicated that noncovalent binding plays the predominant role in the determination of

sequence selectivity.

1.3.2 Noncovalent Binding Dominates the Control of Sequence Selectivity and
Facilitates Stability -

The steric accessibility of noncovalent binding subunits to the alkylation site has recently been
proposed to dominate the control of sequence selectivity. Because alkylation requires that the
agents are allowed to deeply penetrate into the minor groove, larger agents containing
noncovalent subunits are unable to penetrate certain sites that are sterically hindered thereby
resulting in further sequence selectivity. This is the reason that alkylation selectivity occurs
primarily at A/T rather then G/C rich sites. The distended 2-amino group of guanine
interrupts the minor groove cleft preventing deep penetration as well as destabilizing

. . 1
noncovalent binding."*”

Furthermore, although the analogues CPI, CPI-1, and CPI-I, show similar sequence specificity,
more complex pyrroloindole subunits of CC-1065 have been seen to have a detectable
influence on the specificity for certain sites. Therefore, it seems evident that the hydrogen
bonding and van der Waals contacts of subunits B and C, also serve to fine-tune the sequence

specificity.”’

While covalent binding was believed (particularly by earlier groups) to play a minor role in
sequence specific recognition, it is unable to provide adequate biological activity due to the low
intensity of DNA alkylation facilitated by the alkylating subunit alone. Therefore, the
noncovalent interactions by the B and C subunits, as well as dominating sequence specificity

control, serve to appreciably increase the rate of alkylation of susceptible adenines.

The strong noncovalent binding forces which have been attributed to the central and right-
hand subunits have also been observed to stabilize the DNA-drug adduct and therefore

counter the reversibility of the alkylation reaction.'**"**

13



Although DNA-drug adduct formation is generally irreversible in aqueous solution due to the
extreme water insolubility of the drug, reversibility can occur via a retrohomologous Michael

. . . . . . 42
reaction. This occurs in aqueous/organic solvent mixtures at high temperatures.

1.4 STRUCTURAL ANALOGUES OF CC-1065:

1.4.1 Variation of the Alkylating Subunit —

1.4.1a CBI:

The discovery of CC-1065 and the subsequent disclosure that it induced delayed death in mice
illustrated the need for the synthetic development of analogues which had equivalent
cytotoxicity, without the undesirable characteristic of delayed toxicity.  Because of the
importance of the left-hand subunit in controlling the antitumor potential of the molecule,"
initial synthetic studies dealt with replacement of the left-hand CPI with the more stable CBI
analogues (Figure 10).” Both the 7 vivo and in vitro potencies of the CBI compounds
correlated very closely to those of CC-1065,* however they still retained the delayed effect of
toxicity exhibited by CC-1065. This delayed toxicity has been proposed to result from the
duplex winding effect that is associated with the noncovalently binding subunits of (+)-CC-
1065. Simplified CPI and CBI analogues lacking the noncovalent binding skeleton are free of
this delayed toxicity.

14



Figure 10— CC-1065 Analogues CBI, MCBI, CCBI and CPI

Like the CPI agents, the CBI-CDPI, analogues are stable in aqueous solution at neutral pH.
However, under more acidic conditions CBI analogues exhibit greater stability. Furthermore
the natural enantiomers proved to be approximately eight times more potent then the
unnatural enantiomers.”  The seco-1-chloro-methyl CBI containing agents possess an
indistinguishable activity to that of the CBI based agents. The relative cytotoxic potentials of
the CBI analogues compared to (+)-CC-1065 is as follows: (+)-CBI-CDPIL, ~ (+)-CBI-CDPI,
>> (-)-CBI-CDPI, >> (-)-CBI-CDPI, >> (+)-CC-1065."

The enhanced activity of analogues containing the CBI alkylating subunit, over the CPI
analogues is assumed to be associated with the decreased strain of six membered compared to
five membered aromatic rings.** This expansion results in a fourfold decrease in reactivity, as
well as a fourfold enhancement of stability and cytotoxic potency without altering sequence
selectivity."* Furthermore the increased rate of CBI DNA alkylation has been attributed to
the decrease in steric bulk surrounding the C7 centre of CPI due to the absence of the C7
methyl group. Interestingly, it has been found that a C7 methoxy (MCBI) or C7 cyano

substituent (CCBI) (Figure 10) have only a small effect on the reactivity of the agents."
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As a result of these observations, it was proposed that a direct relationship between functional
stability and cytotoxicity and an inverse relationship between solvolytic reactivity and
cytotoxicity existed.™ This supports the proposal that the observed enhancement of CBI
cytotoxicity over CPI containing analogues is due to the increased stability and therefore

enhanced delivery to the intracellular target."*"’

1.4.1b MCTFCPI:

The recent development of MCTFCPI derivatives (Figure 11), bearing methoxycarbonyl and
trifluoromethyl groups, has revealed more potent CPI analogues with increased antitumor
activity and decreased toxicity against murine leukemia than the known CPI derivatives,

including the clinical candidate Adozelesin (section 1.6.1).*

MCTFCPI Cl

Figure 11 — CPI Analogues, MCTFCPI and CI

1.4.1c CI:

CI (Figure 11) has been found to constitute the minimum, potent pharmacophore of CC-1065
and the duocarmycins.”>*" The Cl-based agents are extremely reactive electrophiles and show
similar alkylation selectivities to CC-1065 and the duocarmycins. However, they alkylate DNA
less efficiently and less selectively and exhibit decreased cytotoxic potency. This decrease in
selectivity was thought to result from the removal of the CPI C7 methyl group leading to the
speculation that the pyrrole segment (in particular the C7 methyl group) played an important
function in alkylation selectivity. ~ The CI alkylating subunits follow a similar alkylation
intensity trend to CBI analogues, ie. CI-CDPI,>CI-CDPI,>>N-Boc-Cl, with the natural

enantiomers possessing more potent alkylating activity.”
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1.4.1d CBQ:
The CBQ based agents (Figure 12) have been found to alkylate DNA at the same sites as the
corresponding enantiomers of agents incorporating CPI, CBI and CI. However, consistent

with their reactivity, they exhibit less selectivity and alkylate with lower efficiency.

CBQ

Figure 12 - CBQ

As previously discussed, agents showing greater solvolytic stability exhibit enhanced cytotoxic
potential,”** probably due to their more effective delivery to the target DNA."*** Solvolysis
reactivity has been shown to be influenced by the N2 substituent which determines the ease of
C4 carbonyl protonation required for solvolysis, where stronger electron withdrawing
substituents exhibit slower solvolysis rates and therefore greater stability and cytotoxic
activity.'** The correlation between the solvolytic reactivity (&

potential (ICy)) of CBQ analogues is shown (Table 2).

pH 3) and the cytotoxic

solvs
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R ksolv (Sil, pH 3) ICSO -

SO,Et 0.5x10° 24 nM o 2 N—g
COEt 20x10° 110 nM
CO,CH, 34x10° 140 nM
CONHMe 54x10° 200 nM

o

Table 2: Correlation Between Solvolytic Reactivity, Biological Potency and Electron-Withdrawing Properties of

the N2 Substituent of CBQ.#

X-ray crystallographic comparisons of CBI and CBQ agents have provided an additional
explanation for the observed variance in solvolytic stability, and, therefore cytotoxic potency.
The explanation stems from an elemental difference in the geometry and alignment of the
cyclopropane relative to the cyclohexadienone m-system (Figure 13). The orbital of the
cyclopropane bond bound to C9a in the CPI and CBI subunits is almost perpendicular to the
plane of the cyclohexadienone. As such, it overlaps with the m-system of the developing
solvolysis (phenol) product. However, the cyclopropane bond to the tertiary carbon is almost
in the plane of the cyclohexadienone and has an orbital orthogonal to the m-system of the
solvolysis product. Consequently, nucleophilic addition occurs almost exclusively at the least

substituted carbon, overriding any preference for ring expansion.”’

In contrast, the cyclohexadienone m-system of the CBQQ agents bisects the cyclopropane. As a
result of this bisection, the bonds extending to the secondary and tertiary carbons are equally
aligned with the 7-system allowing both cyclopropane bonds to be equivalently aligned for
cleavage and addition."” In summary, the increased reactivity and therefore decreased cytotoxic
activity of CBQ) based agents in comparison to the CBI and CPI based agents is related to their
heightened solvolytic reactivity, which results from nucleophilic addition occurring at both
cyclopropane bonds. Nucleophilic addition in the CPI and CBI agents occurs almost solely at
the least substituted carbon within the cyclopropane ring and as such, enhancement of

solvolytic stability results."*
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CBQ

Figure 13 — Comparison of the Alignment of the Cyclopropane with the
Cyclohexadienone in CBQ and CBI.

The CBQ cyclopropane bond lengths (1.528 and 1.543 A relative to the lengths 1.508 and
1.532 A of the CBI subunits) and weaker bond strengths also reflect this enhanced solvolysis
reactivity. It is thought the lengthening of these bonds may result from delocalisation of both

cyclopropane bonds with the cyclohexadienone mt-system."’
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1.4.1e CNA:

CNA is a seven membered analogue of the CC-1065 alkylating subunit exhibiting a reactivity
that is 4750x and 75x that of the corresponding CBI and CBQ subunits respectively. This
increased reactivity is related to a decrease in vinylogous amide stabilization upon N-acylation

(Figure 14) that results from an increase in the C-N bond length from 1.390 A (CBI) and 1.415

A (CBQ) to 1.428 A..
, <7 OMe
< - N N
Qi SO,
0 1.390
o 1428 o
N-CO,Me-CNA N-Boc-CBQ N-CO,Me-CBI

Figure 14 — Bond Lengths of CNA, CBQ and CBI

The decrease in vinolougous amide conjugation resulting from N-acylation is also
accompanied by an increase in length and therefore realignment of the reactive cyclopropane
bonds, allowing their favorable conjugation with the cyclohexadienone 7 system. Another
factor resulting in decreased vinylogous amide stabilization and therefore increased reactivity is
the increase in the y, dihedral angle of the N* amide (Figure 15). This angle is so large in N-
CO,Me-CNA that the acyl group is nearly perpendicular to the plane of the cyclohexadienone
7 system and vinylogous amide conjugation is virtually absent™. As a result of these three

factors, CNA-based agents exhibit a cytotoxicity that is more potent then the corresponding

CBQ, CBI and CI-based alkylating agents.
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Figure 15 — Stick Models Showing the y, Twist Angle of the Vinylogous Amide (Taken
from Reference 53)

1.4.1f C-4 Carbonyl Relocation:

Studies conducted by Boger ¢f a/. > looked at the effects of isomerically repositioning the C-4
carbonyl of CI and CBI adducts to the C-6 and C-8 positions respectively (figure 16).
Structural studies have indicated that the C-4 carbonyl of the natural DNA-agent adduct
projects out of the minor groove hence encouraging backbone phosphate protonation. This is

thought to activate the agent for DNA alkylation thereby influencing sequence selectivity. **
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In contrast, relocation of the carbonyl group to the C-6 and C-8 position would require that it
project into the minor groove placing it out of proximity to the phosphate backbone.
However, these studies indicate that these analogues retain sequence selectivity specific to their
C-4 carbonyl counterparts thereby suggesting that protonation of the C-4 carbonyl is not

. . . .. 54
mandatory in determining sequence selectivity.

1
N
3
R
o]
iso-CPI (C-6 Carbonyl) iso-CBI (C-8 Carbonyl)

Figure 16 — iso-CPI and CBI Analogues

1.4.1g Comparison of Alkylating Subunit Analogs.

The order  of  stability  of  the common  alkylating  subunits  is
CNA>CBQ>DSA=CBI=MCBI=CCBI >C7-MeCPI>DA>CI. This order can be ascribed to
the gain in delocalisation energy that accompanies aromatisation in systems that bear a fused
aromatic ring. The increased stability of DSA (Figure 17) over CPI, and DA (Figure 17) over
CI can be attributed to the conjugated electron-withdrawing group that diminishes C4
carbonyl protonation which is required for solvolysis.”® Furthermore, the increased stability of
CBI over CPI results from the decrease in strain that results with the substitution of a five

membered ring for a six membered ring.45

R
\\< MeO,C
o) D

MeOzC /
N
H
0] 0]
DSA DA

Figure 17 — DSA and DA.
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The development of a pyrazole analogue, Cpzl, (Figure 18) of the CPI alkylating class of
agents has recently been reported.”’ The rational for this investigation was based on the
proposal that the electron withdrawing nitrogen on the pyrazole functionality may play a
similar role to that of the carbomethoxy group of DSA. The presence of this electron
withdrawing group has been shown to effectively slow down C4 carbonyl protonation which is
required for solvolysis and cyclopropyl ring opening. As a result of this enhanced stability a

two-fold increase in cytotoxic potential over CPI was observed.”

CPzl

Figure 18 — CPzI.

1.4.2  Variation in the Noncovalent Binding Subunit —

1.4.2a CDPI ;:
An important role of the noncovalent binding subunits of the natural enantiomers is

16" An additional role includes the

stabilization of the potentially reversible covalent alkylation.
restriction of the number of accessible adenine alkylation sites through bonding in the sterically

. . . 57
more accessible A-T rich minor groove.

In order to examine this important contribution of the central and right hand units on
sequence selectivity, the CDPI analogue (Figure 19) which lacks the 4-hydroxy and 5-methoxy
groups was developed. Like its predecessor PDE-I, this agent was found to exhibit a
preference for A-T rich regions of DNA due to its stabilization within the narrow and more

. . . . 58
readily accessible A-T rich minor groove.
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CPI analogues bearing the CDPI noncovalent binding subunits were found to exhibit
indistinguishable properties to the CC-1065 precursor indicating that the 4-hydroxy and 5-

methoxy groups made no contribution to the alkylation efficiency or selectivity."”’

In fact, the CDPI, based agents were found to follow the pitch of the minor groove more
accurately than CC-1065. The absence of the C4 phenol in CDPI accounts for this
phenomenon, as the hydrogen bonding which occurs in CC-1065 between the phenol and
nearby carbonyl is thought to introduce an exaggerated pitch and prevent close association

with the minor groove of DNA."*”

The binding constant order for the CDPI, series, CDPI,>CDPI,>CDPI,>CDPI,, showed the
CDPI; trimer to possess optimum binding due to its ability to span the largest site accessible,
with synchronous binding of both ends of the agent."”” Because of the absence of functional
groups which could provide hydrogen bonding to DNA, most of the CDPI interactions occur

through van der Waals contacts."*”

A A

Iz
o
T

Iz

PDE-In CDPIn

Figure 19— PDE-I, and CDPI,

1.4.2b ACDPI,:

ACDPI (Figure 20) differs from CDPI only in that it possesses a C5 amino substituent.
However, this additional functionality proved detrimental to the molecules binding affinity
through the introduction of unfavorable electrostatic interaction with the negatively charged

41,58

phosphate backbone. The C5 amino group introduction however, did not alter the

selectivity for AT rich regions of DNA.”
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In spite of the reduction in binding affinity, the ACDPI series was found to possess a
corresponding binding constant order with the ACDPI; trimer possessing the most favorable
binding. Full structure binding was not possible as the size of the agent was increased beyond

three subunits, as the binding termini lie on opposite faces of the helix.”

5
OH

Iz

NH,

ACDPIn

Figure 20 - ACDPI,

1.4.2¢ TACDPI;

Following the discovery that electronegative substituents (such as the C5 amino group in
ACDPI) resulted in a decrease in binding affinity, analogues possessing an electropositive C5
substituent were developed. The TACDPI series (Figure 21) possesses an electropositive
trimethylammonium substituent which increases the DNA binding affinity via the stabilization
of electrostatic interactions.” Consistent with expectations, the binding affinity of the agents
in this series increased as the size of the agent increased (TACDPL>TACDPL>TACDPI,)).
The binding affinity of the TACDPI series significantly exceeds that of the ACDPI series and
surpasses that of the CDPI series. This observation was related to the favorable electrostatic
interactions between the electropositive trimethylammonium substituent and the negatively

charged phosphates in the DNA backbone.
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Figure 21 - TACDPI,

1.4.3 Variation in Linker and Terminal Amides —
Studies conducted by Wang ez 2% further support for the theory that hydrophobic interactions
and van der Waals contracts between the drug and DNA are vital in determining the potency

of CC-10065 class compounds.

This study reported the biological activity of CBI analogues possessing altered linkers and
terminal amides. Here it was shown that analogues comprising two indoles (B), or an indole
and benzofuran moiety (C), are more potent than analogues comprising a single indole (A)

(Figure 22).
Further comparisons between terminal amides supported this trend by showing a 50-fold

increase in potency for analogues bearing the more hydrophobic butyramino group (D)

compared to their acetamino counterparts (C). "
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Figure 22 — Terminal Amide and Linker Variation

1.4.4 Water Solubilised CPI Analogues Containing Polypyrole Minor Groove Binders -
In order to overcome the poor water solubility and limited sequence specificity of individual
alkylating subunits, Baraldi et al" has recently synthesized and evaluated a series of hybrids

which combine the simple CPI alkylating subunit with polypyrrole minor groove binders.

These lexitropin groove binders (consisting of either one or two N-methyl pyrroles) serve as

DNA binding vectors which can permeate cell membranes and have the potential to control
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specific gene expression, therefore enhancing delivery and sequence specificity of the reactive
group.””  Furthermore, the water solubility of the hybrid compounds overcame the

administration problems of previous CC-1065 derivatives.

The hybrids (Figure 23) were found to be between 8 and 70 fold more potent than the
alkylating subunit alone. Compound (n=3) was the most active (IC;, = 7.4 nM) and displayed
preferential sequence specific DNA alkylation at the third adenine in the sequence 5’-
ACAAAAATCG-3. Compounds (n=1) and (n=2) displayed slightly lower cytotoxicity at IC,

values of 58 and 19 nM respectively.”

Cl

OH
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I=z
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Figure 23 - CPI-Lexitropin Hybrids

1.4.5 Summary —

While the substitution of either the alkylating or nonalkylating binding subunits has a broad
range of effects with respect to solvolytic stability, reactivity, sequence selectivity, rate and
efficiency of alkylation and cytotoxicity, all agents consisting of these subunits alkylate within

A-T rich minor groove regions of DNA.

This concurrence results from the steric accessibility of A-T rich regions which permit the
deeper penetration that is required for stabilizing van der Waals contacts, hydrogen bonding
and hydrophobic binding to occur. Furthermore, X-ray crystallographic studies have shown
the A-T rich minor groove is constricted thereby enhancing the stabilizing van der Waals

contacts.
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Several trends can be observed within the DNA alkylating and non-alkylating subunit
analogues. As the alkylation subunit reactivity increases the efficiency of DNA alkylation

% Furthermore, as

decreases due to the detrimental expenditure of the more reactive subunits.
the number of noncovalently binding subunits increases up to three, there is a corresponding
increase in the DNA binding affinity. More recently, this same trend has been demonstrated
by CBI analogues containing dimeric monocyclic, bicyclic and tricyclic heteroaromatic
replacements.”’ As a result, the rate and efficiency of DNA alkylation is enhanced” with a
concomitant increase in cytotoxicity. Finally, the more electropositive the pendant substituent

on these subunits, the greater the interaction with the phosphate anions on the DNA

backbone and the tighter the binding.™

1.5 RECENT ADVANCES IN CC-1065 DEVELOPMENT:

1.5.1  Glucoronide derivatives of CC-1065 for use in ADEPT

As previously discussed in Section 1.2.5, the use of ADEPT is advantageous in that it enhances
the tumor versus non-tumor cell drug specificity. Recently, Wang e a/”* reported the synthesis
of several glucoronide derivatives of CC-1065 that are less toxic than their hydroxyl

counterparts (Figure 24).

The enzyme, 3-glucuronidase is responsible for the cleavage of the glucoronide group from the
prodrug and is abundant in breast tumors. As such, it was envisaged that this therapy would
be useful in the treatment of such cancers. Give that 3-glucuronidase levels in human serum
are relatively low, glucoronide derivatives are more likely to remain stable in blood following

i.v. administration.

When tested against U937 monocytic leukemia cells, the glucoronide analogues (Figure 24,
n=1 and n=2) were approximately 2- and 6-fold less toxic than their hydroxyl counterparts.
The IC;, values reported for these agents were however diminished (ICy,1.4nM and IC,,0.6nM
¢./- hydroxyl counterparts i.e. IC;,0.6nM and IC,,0.1nM).
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Figure 24 — Derivatives of CC-1065

1.5.2 The Relationship between Reactivity and Cytotoxic Potency —

Recent studies by Boger ez /"

upon N-aryl and N-alkenyl CBI derivatives (Figure 25)
indicate that a parabolic relationship exists between reactivity and cytotoxic potency. This was
determined by plotting the data from solvolytic and cytotoxicity studies (-log k, pH3 versus
IC,) on both natural and unnatural enantiomers of the aforementioned derivatives. As

expected, the unnatural enantiomers were 5- to 10-fold less potent than the natural

enantiomers.

As hypothesized, the parabolic relationship establishes that while alkylating compounds need
to possess sufficient stability to reach their target they also need to possess sufficient reactivity

toward DNA upon reaching their target to maintain their cytotoxicity.””
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Figure 25 - N-aryl and N-alkenyl CBI Derivatives

1.5.3 Achiral Compounds —

Seven achiral seco-amino-CBI analogues of CC-1065 were recently synthesized by Sato e# a/. and
evaluated for their anticancer and DNA binding properties (Figure 26).”" Each of these
compounds contained a substituted 2-chloroethylnaphthalene moiety and lacked a
stereocenter. The exposure of these drugs to several cell lines indicated that each compound

demonstrate significant cytotoxicity, with I1C;, values in the sub-micromolar range.

Like their seco-CC-1065 analogues, the achiral analogues exert their cytotoxicity through the
induction of apoptosis.”  Furthermore, several of these compounds lack the delayed 7 vivo
toxicity previously shown by their racemic counterparts, and as such may form a novel class of

antitumor CC-1065 analogues.
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Figure 26 — Achiral seco-Amino-CBI Analogues of CC-1065

1.5.4 The Synthesis of New CC-1065 Analogues Bearing Different DNA-Binding
Subunits
Substituents on the DNA-binding subunits of CC-1065 have been found to have profound
effects on the compound's antitumor potency and efficacy. A C5-acyl group was found to
increase the agent's potency by more than 1000-fold iz vitro.””” Recent studies have shown
that CC-1065 analogues bearing terminal C5-NO, and —F moieties on the DNA-binding
subunit demonstrate increased drug potency and antitumor efficacy. In contrast, the
substitution of C5-OCHj at this same site resulted in reduced potency and caused delayed

death in mice (Figure 27).™
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Figure 27 — New CC-1065 Analogues

The results from these studies demonstrate that an electron-withdrawing moiety at C5 leads to
increased cytotoxicity. As such, compounds bearing -NO, and -F at C5 on the DNA-binding
subunit are more potent than those bearing amido and -OMe groups at the same substitution

site. ™

1.6 SYNTHETIC ANALOGUES OF CC-1065 IN CLINICAL TRIALS:

1.6.1 Adozelesin —

The first clinical candidate developed within the CC-1065 class of DNA alkylators was
Adozelesin (U-73,975) (Figure 28). This agent exhibits comparable potency and antitumor
activity to CC-1065." The use of Adozelesin is preferable because it does not exhibit the
delayed toxicity characteristic of CC-1065 and its analogues.”™ Tt has been proposed that this
absence of delayed toxicity is related to the reversibility of the Adozelesin-DNA binding.
Furthermore, oxidation of the methoxy groups of the central and right-hand subunits to an
extended para-quinone imine is thought to contribute to the delayed toxicity of (+)-CC-1065."
The absence of these groups in Adozelesin and the following clinical candidates may be a

further reason for the absence of this delayed toxicity.

Adozelesin’s mechanism of cytotoxicity has been attributed to the inhibitory effect upon the
initiation”” and more recently elongation phases of DNA replication without affecting RNA or
protein metabolism.”” This mechanism has been exhibited by both UV radiation and the
widely studied methyl methane sulfonate and is believed to be a direct result of the activation

of an intra-S-phase DNA damage checkpoint upon Adozelesin binding.” Studies involving
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SV40 DNA indicate that this activation results in an increase in p53 protein levels, inactivation
of replication protein A (RPA) and therefore disruption of the p53-RPA complex that is
required for DNA replication.”

Although Adozelesin exhibits an unfavorably short half life of less then 1 hour” it exhibits
exceptional broad spectrum 7z vivo activity, exhibiting a curative response to P338 and 1.1210
leukemia as well as Lewis lung carcinoma with single administration. Phase I trials indicated

that Adozelesin was well tolerated at doses as high as 188mug/ m? and has been recommended

for phase 1 trials.”

Figure 28 — Adozelesin

1.6.2 Carzelesin —

Carzelesin (Figure 29) is a CPI derived prodrug which requires either chemical and/or
enzymatic activation for conversion to the active DNA alkylating product. Although similar in
structure to Adozelesin, differences include the presence of a chloromethyl substituent in place
of the cyclopropane and a diethylamino substituent on the right hand benzofuran moiety

which has been found to improve the efficiency of the agent against 1.1210 leukemia 7 vivo.”

The final and most significant alteration which is central to the longer half life of Carzelesin is
the presence of a phenylurethane moiety which is bonded to the phenolic oxygen. While the
principal purpose of the phenylurethane moiety is to modulate the rate of formation of the
cyclopropane containing drug, increased stability also occurs as a result of this modification. ®

Two steps are required for the conversion of Carzelesin to its active alkylating form. The first
step involves hydrolysis of the phenylurethane moiety either in the liver or in serum to form
the intermediate U-76,073. This is followed by ring closure of the chloromethyl substituent to

form the cyclopropane containing U-76,074.

34



cl
Me NH Y4
b nabl
va 5 N o © N(CH,CHa),
NH
OH"

N
O,
( Carzelesin
7—NHPh
(.

(e}

Me NH

YL
J b N o © N(CH,CHs),
NH

O%O[

NHPh
()
0 leo

cl
Me NH o
\ J / . NHPh
/ 0 °
b N o) N(CH,CH),
NH
COH

U-76,073

|

U-76,074

Figure 29 — Carzelesin and Major Degradation Products, U-76,073 and U-76,074

Carzelesin possesses an advantage in that it is more efficacious then Adozelesin against 1.1210
leukemia and pancreatic ductal adenocarcinoma which have been reported to be resistant to all
other agents tested.” Carzelesin also proved to be effective against Lewis lung carcinoma,

colon CX-1 adenocarcinoma, lung I.X-1 tumors and prostatic DU-145 independent of the

route of administration.”
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Even more promising was the ability of Carzelesin to induce 100% complete remissions in
studies of mice bearing early stage human ovarian 2780 carcinoma, with no tumor regrowth
even after treatment termination. This exceeds the results obtained in studies with Adozelesin

where tumor regrowth became evident shortly after termination of the agents administration.”

The increased therapeutic efficacy of Carzelesin is thought to be related to its slower rate of
clearance and therefore better cellular distribution, which is conferred by increased stability of

the prodrug mode of delivery.”

1.6.3 U-71,184 —

U-71,184 (Figure 30) is a potent antitumor agent, which demonstrates greater potency than
CC-1065 and does not exhibit delayed death in mice. Essentially, U-71,184 (which is very
similar in structure to Adozelesin) possesses similar dimensions and electronic features to CC-
1065, however it is a simplified model which confers the added advantage of being more

synthetically accessible.*

NH
HN

U-71,184
Figure 30 — U-71,184
1.6.4 Bizelesin —
Bizelesin (U-77,779) is an extremely cytotoxic CPI containing bisalkylator which has been

investigated in preclinical trials and shown to have high specificity, relative to Carzelesin,

toward all types of colorectal cancer. This compound differs from the preceding analogues in
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its ability to cross-link DNA (Figure 31). This cross-linking activity is enabled by the two

chloromethyl moieties that are connected by an indole-ureido-indole spacer.”
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Figure 31 - Bizelesin

CC-1065 and its later analogues, Bizelesin shows a preference for A-T rich regions of the
minor groove and both chloromethyl moieties interact covalently with adenine at N-3."” U-
77,779 was found to induce ISC at two major sequences. The first spans 6 nucleotides with
preference for two 5-TTA-3’sequences within the 5TAATTA-3" sequence.”® The second
prefers bent DNA tracts and spans 7 nucleotides.** The advantage of Bizelesin is that it lacks
the delayed toxicity of many of the preceding CC-1065 analogues and induces fewer lesions
than Adozelesin.”® Also favorable is the enhanced stability, sequence selectivity, antitumor
efficacy and cytotoxicity®’ of the interstrand cross-links (ISC) (Figure 32) formed by Bizelesin
over its monoalkylating counterparts.”’  Conversion of the chloromethyl moieties to

cyclopropyl intermediates is assumed to occur prior to covalent interaction with DNA.*
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Figure 32 — Bizelesin and ISC Formation By Bizelesin
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Bizelesin shows a high propensity for alkylation at the site 5-TAATTA** with initial
monoalkylation preference for sites which are found six basepairs to the 3’ side of thymidine.”
Alkylation at non-adenine bases (particularly at G) also occurs in a number of cases and is
thought to be due to the immobilization of the second alkylation arm by the first, at a normally
non-reactive base.”” This non-adenine alkylation has been shown to be the second step in the

formation of cross-links and occurs much slower then the first.

Unlike the corresponding monoalkylators, the binding of Bizelesin to duplex DNA does not
result in any net bending of DNA and has even been observed to eliminate the bending usually
found in A-tract containing DNA.'** The absence of any obvious conformational change in
Bizelesin cross-linked DNA is a consequence of drug induced bending into the minor groove
on opposite sites of the helix, effectively canceling out any net bending around the cross-linked

region.(’3 d

In nearly all cases, cross-links were found to form between one adenine and another six
basepairs away on the opposite strand.””™  Because interstrand cross links have been
proposed to form at sites at which minimal distortion energy is required,” it is thought that
ISC formation between one adenine and another (or a non-adenine base) six base pairs apart is
preferred due to the lower distortion energy provided by the more favorable cross link
conformation.”  Of all the clinical candidates currently in trial Bizelesin exhibits the most

promising attributes.

1.7 MECHANISMS OF CYTOTOXIC ACTION BY CC-1065 AND RELATED

STRUCTURAL ANALOGUES.

171 Overview —

CC-1065 is an exceptionally potent antitumor agent that is capable of inducing a growth
inhibition of up to 90 percent in certain cancer cell lines, at concentrations as low as 40
picograms/millilitre.”’  The mechanisms by which CC-1065 and its structurally related
analogues exert these biological effect are believed to include: inhibition of DNA processing

enzymes, activation of apoptosis and cell cycle intervention.
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1.7.2 The Inhibition of DNA Processing Enzymes —

CC-1065 and analogues of this agent have been found to exert an inhibitory effect upon
several DNA processing enzymes, including DNA polymerase, helicase, T4 ligase and S1
nuclease. Because of the importance of these enzymes in essential cellular activities, any

termination of their activity results in cell death.

1.7.2a Polymerase Inhibition:

CC-1065 and particular synthetic analogues of varying cytotoxicity are able to inhibit the
progression of E. Coli DNA polymerase, Klenow fragment and T4 DNA polymerase, resulting
in the termination of replication and subsequent cell death.*'*” This inhibition is thought to
result from the hindrance of base pairing around the lesion site (due to blockage of
polymerase progression by the drug-DNA adduct) rather than the repression of polymerase

binding.

The pause site of the polymerase is one base before the modified adenine within the sequence
5-GATTA* and two bases before the modified adenine in the sequence 5-AGTTA
suggesting an inherent difference in the conformation of these two sequences. As a result it
can be seen that the termination of polymerase progression is dependent on the

conformational distortion which occurs as a consequence of drug-DNA adduct formation.

CC-10065 is a powerful mutagen and is capable of inducing base pair misincorporation priof to
the modified adenine, particularly when alkylation occurs within the sequence 5-GATTA*.*
Usually this mutation involved the misincorporation of dA for dG before the modified

adenine.

1.7.2b Helicase Inhibition:
Helicase I plays an important role in replication, transcription, recombination and repair’*and,

as such, any inhibition of its unwinding ability results in subsequent cell mortality.

In addition to the bending and stiffening of the helix caused by CC-1065 and various related
analogues, a significant DNA winding effect of 1 base pair per adduct site has been observed

414,93

and is implicated in the delayed lethality of these drugs. This inhibition of unwinding by

select analogues has been found to result in inhibition of unwinding by helicase II and T4 dda
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helicases, due to entrapment of the enzyme and stabilization of the duplex, particularly when
the covalent modification takes place on the displaced strand.”’ Even more significant is the
unwinding inhibition with transmission of winding effects in a direction opposite to that of the

unwinding by helicase.

1.7.3 CC-1065 Cell Cycle Effects —

CC-10065 induces cellular death via inhibition at specific points of the cell cycle. The cell cycle
is divided into interphase (consisting of cellular division) and mitosis (M) incorporating G1
(the gap between M and S), S (the period of DNA synthesis) and G2 (the gap between
replication and M).”” CC-1065 blocks the progression of cells at G2 and M, with least cell
lethality within the S phase, although progression is slower.”'*”" In studies with CHO cell lines
1% survival was observed at mitosis and as the cells progressed through G1 (10-40% survival)

to S a significant survival rate of 80 — 100% was detected.”

While these observations correlate with those obtained in studies using other analogues of CC-
1065, an exception was noted with U-71,184 and U-66,694 (Figure 33). The lethality of CC-
1065 does not increase with the duration of exposure, but the lethality of U-71,184 and U-
06,694 does. Furthermore, in contrast to CC-1065, these distinct analogues are most lethal to

cells within the late G1 or early S cells.

Figure 33 — U-66,694

1.7.4  Activation of Apoptosis —

Studies involving the cytotoxic effects of CC-1065 on 1.1210 and Molt-4 cells have indicated
that apoptotic death is initiated at concentrations below that observed for cell death by
necrosis in nonsensitive cell lines."* Apoptosis characteristically results in condensation of

nuclear chromatin, fragmentation of genomic DNA, cell shrinkage and blebbing, compaction
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of cytoplasmic organelles, loss of surface features such as microvilli and desmosomes™ and
fragmentation into apoptotic bodies.” Elevation in Ca’" levels in lysosymes is also seen during
apoptosis. Furthermore, lysosomal fragility or damage due to DNA damaging agents causes
the release of acid hydrolases into the surrounding cytoplasm, resulting in the destruction of
cells. Although the mechanism via which CC-1065 initiates apoptosis is not yet thoroughly
understood, studies of other classes of antitumor active drugs indicate that the conformational
change induced by these drugs allows an endonuclease to access the DNA, causing DNA

fragmentation which subsequently triggers apoptosis.”

1.7.5 CC-1065 DNA adduct recognizing proteins —

1.7.5a uvrABC:

The uvr proteins A, B and C are involved in initiating nucleotide excision repair by the
recognition of DNA damage that is caused by alkylating agents such as CC-1065.” The
mechanism via which this occurs entails the initial binding of the (UwrA),UrB complex to the
damaged DNA. The subsequent binding of #C changes the tertiary structure of the DNA
resulting in activation of the phosphodiesterase excision function of z/B at the 3’end of the
DNA damage. This further alters the DNA structure causing initiation of the #/C 5

phosphodiesterase and consequential excision of the DNA adduct.”

1.7.5b DARP:

A final mechanism by which CC-1065 is thought to induce cytotoxicity is via the activation of
DARP (DNA adduct recognizing protein). DARP is thought to recognize the structural
alteration in DNA which is induced upon CC-1065 binding. This protein is thought to act by
either inhibiting the binding of repair enzymes or shielding the excision repair of CC-

1065/DNA adducts, leading to cellular death.”
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1.8 RECENT PRODRUG STUDIES

1.8.1 Background -

A prodrug is an active drug that has been chemically transformed into an inactive derivative
(referred to as drug latentiation) that is converted to the parent drug within the body before or
after reaching the site of action by virtue of chemical or enzymatic attack. Prodrugs are
prepared to alter drug pharmacokinetics, improve stability and solubility, decrease toxicity,
increase specificity and increase the duration of the pharmacological affect of the drug. By
altering the pharmacokinetics, the drug bioavailability is increased by enhancing absorption,

distribution, biotransformation and excretion of the drug,.

In designing prodrugs it is important to consider the following factors:

(a) The linkage between the carrier and the drug should usually be a covalent bond”

(b) The prodrug should be inactive or less active than the active parent compound. Tietze
et al"™"" have devised a model to evaluate the activity of prodrugs versus the active
parent whereby the drug should have a high cytotoxicity with an IC;, value of less than
10 nM and a QIC,, above 1000 (QIC,=IC;, prodrug/IC, (prodrug+corresponding
enzyme);

(¢) The prodrug has to be a reversible or bioreversible derivative of the drug'"'; and

(d) The carrier moiety must be non-toxic and inactive when released'”.

More recent studies (i.e. 2006 — current) involving CC-1065 and its analogues have focused on
antibody directed enzyme prodrug therapy (ADEPT) (Figure 34). As previously discussed in
Section 1.2.5, ADEPT is used for the selective treatment of cancer, whereby a prodrug is
enzymatically converted into a cytotoxic compound at the surface of malignant cells by

employing an antibody-enzyme conjugate."”
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Figure 34 — ADEPT Therapy (Taken from Reference 100)

The use of monoclonal antibodies in prodrug therapy (ADEPT) overcomes the lack of tumor

specificity displayed by CC-1065 and its analogues by targeting specific markers on the surface

102

of tumor cells.”™ While specific, monoclonal antibodies exhibit little or no cytotoxicity toward

tumor cells on their own, but may be efficacious when combined with anticancer agents.
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These monoclonal antibody-enzyme conjugates are stable in circulation and are virtually non-
toxic until they bind, via the antibody component, to the tumor cell."” Because many tumor
cells exhibit unique surface antigens, drug specificity is afforded as only cells displaying the

target antigen will be bound by the antibody-enzyme conjugate.

While earlier ADEPT studies demonstrated exceptional target-specific antitumor activity, such
analogues used in these studies are extremely water insoluable.'” Recent studies have

endeavoured to overcome such problems.

1.8.2 Overcoming Poor Water Solubility

Previous studies by Tietz ef a/'" utilized glycosidic seco CC-1065 antibody conjugates (Figure
35) bearing a bisindoyl carboxylic acid moiety that can be hydrolysed enzymatically with a
glycohydrolase, liberating the drug. These compounds were shown to have marked tumor

specificity but poor water solubility.

In order to overcome these insolubility problems, Tietze ez al.'""'"* recently designed a group of
indole-2-carboxylic acid derivatives with enhanced water solubility, that could be used as
DNA-binding units in CC-1065 analogues and their corresponding prodrugs'”' (Figure 35,
Table 3, Compounds a-e). Importantly, these compounds retained the C-5 alkoxy group as
shown to be required for high potency by Boger ¢f /™ Furthermore, their design was based
upon work by Denny e 2/ which showed that minor-groove binding side chains of the TMI-
type possessing a 5-alkoxy group and a solubilising dimethylaminoethyl group (as part of the 5-
alkoxy substituent or at another position), retain or enhance the cytotoxicity of the parent drug

. .y 101
and increase water solubility.

As predicted, these compounds were shown to have increased water solubility and as such
were subsequently used for the synthesis of prodrug analogues of CC-1065 in order to
overcome the problem of poor water solubility during biological testing within the ADEPT
approach (Figure 34)."” The results of biological testing involving compounds 1a-e and 2a-e

are shown in Table 3.
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Figure 35 — Recently Synthesized Galactosidic Prodrugs with Solubilising Sidechains

Compound Addition of 3-D- IC,, (nM) QIC,,
galactosidase
la - 3.6x 10° 4800
la + 0.75
2a - 0.75
1b - 9.4 x 10° 4300
1b + 0.22
2b - 0.20
1c - 7.7 x 10° 1300
1c + 5.9
2c - 3.8
1d - 1.5x 10’ 600
1d + 2.5
2d - 3.7
le - 8.3 x 107 1100
le + 0.75
2e - 0.80

Table 3: In vitro cytotoxicity of $-D-galactosidic prodrugs ((+)-la-e) in the presence or absence of §-D-

galactosidase and the seco-drug hydrochlorides ((+)-2a-¢) against human bronchial carcinoma cells (A549).100
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The results in Table 3 indicate that all prodrugs (excluding (+)-1d) meet the requirements for
use in ADEPT therapy (ie. IC;, value of less than 10 nM and a QIC,, above 1000). In fact,
compounds (+)-1a and (+)-1b are far superior to any of the compounds utilized to date in
ADEPT and as such are marked as clinical candidates. As well as the presence of the glycoside
protecting group, this supetiority in activity can be attributed to the increase in water solubility
afforded by the addition of the indole-2-carboxylic acid derivatives to the molecule. Both of

these factors can be utilized in future work.

1.8.2 Albumin Binding Prodrugs of CC-1065

A recently developed albumin binding prodrug of CC-1065 known as (+)-FDI-CBI (ICj,
(L1210 cell line) = 0.17 uM £ 0.06) has shown significantly improved antitumor efficacy in
animal models without causing delayed toxicity."”  This compound readily binds serum
albumin in animal models increasing it’s delivery to the tumor site. Given that human serum
albumin (HSA) is known to accumulate in solid tumors, the albumin bound drug (+)-FDI-
CBIM readily accumulates in solid masses (IC;, (L1210 cell line) = 25 pM * 8) where it is

104

converted by an esterase to the free drug , (+)-FDI-CBI (Figure 30).
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Figure 36 — Formation of the HSA conjugate and subsequent production of (+)-FDI-

CBI within a solid tumor mass.
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1.9 PROJECT OBJECTIVES

1.9.1 Preliminary Studies —

Preliminary studies have revealed that the 4-hydroxyphenethyl halides possess the minimal
structural requirements needed to mimic the DNA alkylation profile characteristic to sew
precursors.”’ Subsequent examination of the 4-aminophenethyl halides showed that these
adducts exhibit approximately four times the zz witro cytotoxicity demonstrated by their

3 105-107
phenolic counterparts.

The following project aims to extend this research, investigating
the DNA alkylation profile of 4-aminophenethyl halide derivatives following their exposure to
an extensive series of biological assays. The subsequent incorporation of these simpler
compounds into more complex molecules containing non-covalent binding subunits was

envisaged to increase both cytotoxicity and sequence selectivity.

1.9.2 Objectives —

On the basis of the preceding information the aims of my project were as follows:

(@) To determine the alkylation profile of 4-aminophenethyl halides and close derivatives
against a broad spectrum of biological assays including tumor and non-tumor cell lines. These
assays were conducted in conjunction with the Queensland Institute of Medical Research and
involved kinetic and drug stability studies together with reporter assays, cell cycle studies,
adenoviral assays and mouse model studies. Based on this information, structural changes

were incorporated in order to optimize the inverse relationship between solvolytic stability and

toxicity (Figure 37).

(b) Preliminary molecular modeling was employed to assess the size and configuration of
various heterocyclic systems intended to serve as minor groove binding ligands once linked to

simplified alkylating subunits i.e. seco-para-aminophenethyl halides.

(c) Based on this information, several monoalkylating and bisalkylating compounds were
designed to incorporate minor groove binding ligands including benzyl and pyridyl subunits
(Figure 30).
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Figure 37 — Mono- and Bisalkylating Compounds Incorporating
Benzyl and Pyridyl Subunits

The simple bisalkylating compound consisted of two 4-aminophenethyl halides joined with a
heterocyclic (2,6-pyridinedimethyl) linker. The low energy conformations of the ring closed
seco agent have been shown — to have an approximate distance between the reactive
cyclopropane units of 10 — 16 A which is sufficient to span two adenines separated by two or
three bases in the same strand (i.e. ANNA 11.50 A; ANNNA 14.88 A) or to bridge the gap
between two adenines on opposite strands (>7.9 A). It was envisaged that this compound
would exhibit enhanced DNA sequence selectivity and cytotoxicity relative to the

corresponding monoalkylating analogues as demonstrated by the bisalkylator Bizelesin'.
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CHAPTER 2 - RESULTS AND DISCUSSION:

ORGANIC SYNTHESIS
2.1 SCHEME 1: SYNTHESIS OF 4-AMINOPHENETHYL HALIDE
DERIVATIVES
o}
I OH X
/C\
H,C OH
a) b)
—_— —
NO, NO, NO,
1 0 (38)x=Br,57%
@) (2) 91% (5)x=Cl, 67%
(9) x = Mesylate, 85%
X X
-
NH5*CI~ NH,
(4) x = Br, 65%
(6)x=Cl, 71%
(10) x = Mesylate, 86%
X
e)
HN—ﬁ—CH3

(11) x = Br, 94%
(12) x = Cl, 75%

Reagents: a) BH3 SMe, b) PBr3 (X=Br), SOCI, (X=Cl), MeSO,CI (X= mesylate) c) Tin/HCI d)
Ether/HCI e) Acetic Anhydride

Scheme 1
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Scheme 1 details the synthesis of the 4-aminophenethyl halide hydrochlorides (4) and (6), and
their respective acetamides (11) and (12), together with 4-aminophenethyl mesylate
hydrochloride (10). It was envisaged that compounds (4) and (6) would possess antitumor
activity through their ability to alkylate DNA and impede DNA synthesis, thereby resulting in
cellular death.

Borane dimethyl sulfide in THF was employed in the selective reduction of the carboxylic acid
(1). Literature evidence revealed that this reagent demonstrates exceptional selectivity for
carboxylic acids in the presence of additional reducible groups, such as NO,.! The absence of
any amine product following reduction of (1) with 2.0 M borane dimethyl sulfide (BMS)

demonstrated this fact.

The initial reaction conditions employed 2 equivalents of BMS at room temperature for 12
hours. > The compound proved easy to isolate from residual borane dimethyl sulfide via the
addition of water and hence conversion of the latter to water soluble borane salts.
Recrystallization from ethanol provided the pure product (2) as yellow crystals. Relatively low
vields (30%) were obtained from this reduction method (Section 4.4.1(1)) and as such,

experimental variation was required.

While the initial reaction of BMS with (1) was slow, and yields were low, evidence from
literature suggested that carboxylic acids were rapidly and quantitatively reduced to their
corresponding primary alcohols when dimethyl sulfide was distilled out of the reaction mixture
as the reaction proceeded (Section 3.4.1(1). Brown and coworkers®® have previously
demonstrated that the reduction mechanism proceeds through a transfer of borane from its
complexes to the oxygens of the carboxylic acid group as illustrated in equations [1] and [2].
As such, a decrease in the rate of BMS reduction could be attributed to the accumulation of
dimethyl sulfide (b.p. 38°C) as the reaction proceeded, which would not only serve to repress
the transfer of borane to the carboxylic acid, but also result in a reduction in the temperature
of the refluxing mixture. As such, the advantages associated with the removal of dimethyl

sulfide from the reaction mixture were obvious.
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\ _H O—BH,
RCO,H + BH —> //O_>B\ — = R C/
2 3 —
R—C H \\ + Hp [1]
\ o)
O0—H
o)
/
R—C\ //O
RCOQH + BH3 JE— ?_H —_— > R—C + H2 [2]
H—B—H O—BH;
|

The modified method for the reduction of (1) utilized a flask equipped with a Vigreaux
column maintained under an inert atmosphere of nitrogen. A Vigreaux column was employed
because of its ability to separate compounds with similar boiling points at reduced pressures
(ie. dimethyl sulfide (38°C) and THF (67°C)).° A solution of (1) in THF (100 mL) and BMS (1
eq) was stirred at reflux until the distillation of dimethyl sulphide was complete (4 hours). The
reaction was quenched with water and extracted into chloroform to remove the borane salts.
The crude product was recrystallized from 10% water/ethanol and dried under high vacuum
to give (2) as yellow crystals. As expected, a much higher yield of product (91% c.f. 30%) was

obtained.

The bromination of (2) was carried out with phosphorous tribromide (1 eq, reflux, 4 hrs)
under an inert atmosphere of nitrogen.”® While HBr was recognized as a potential reagent for
this purpose, extensive studies previously conducted by Bennett ¢z 4/ indicate that (2) shows a
very slow rate of reactivity with HBr (£=1.65 x 10%.” As such, PBr; was chosen for its ability
to readily brominate primary alcohols under mild conditions (c.f. hydrobromic acid). Initial
attempts produced poor yields of (3) contaminated with starting material. In subsequent
attempts the reaction time was increased from 4 hours to 12 hours, providing satisfactory
yields of up to 57%. Purification by flash chromatography (10% MeOH/DCM) provided an

easy method for the separation of (3) as orange crystals from its starting material.

Thionyl chloride was utilized in the chlorination of phenethyl alcohol (2) to give (5) (67%
yield). Like the bromination of (2) with PBr;, this reagent employs mild conditions and is less
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acidic than HCL. Initial attempts involved the use of neat reagent at reflux for 2 hours."” This
procedure resulted in elimination of the alcohol and/or chloride group to give 4-nitrostyrene
as determined by 'H nmr spectroscopy. This presumably resulted from elimination of the
chlorosulphite as shown in equation [3]. In order to discourage elimination, the reaction
mixture was diluted with choloroform and performed over a longer period of time (i.e. 24

hours). Purification was readily achieved by flash chromatography (10% MeOH/DCM).

H, H
R—CH—C—O0—S—Cl ————» R—C==CH, + SO, + HCI 3]

H

The mesylation of 4-nitrophenethyl alcohol required two equivalents of methanesulphonyl
chloride in chloroform under nitrogen for 6 hours."" Purification by flash chromatography

(10% MeOH in CHCL,) yielded pure product (9) in 85% yield as an orange oil.

Reduction of the nitro groups of (3) and (5) was achieved using Sn/HCI in anhydrous diethyl
ether (reflux, 48 hrs).”” Initial low yields (<10%) were attributed to low concentrations of HCI
and/or the presence of H,O in the reaction. Studies conducted by Xing e7 /" indicate that the
rate of the reaction is dependent on the concentration of the reactants and therefore the rate

decreases as the reaction progresses [4].
u = KArNO,][SnCI,][HCl]s *° 4

While the addition of further tin catalyst throughout the reaction proved ineffective due to the
difficulty in removing the tin salts during workup, the addition of extra aliquots of diethyl
ether/HCI throughout the course of the reaction noticeably improved the yields of amine
product. Basification of the reaction at completion served to release the aromatic amine from
any complex amine chlorostannate which was formed during the reaction as shown in

equation [5].”

[Ar-NH3],* [SnClg]> + 8 OH ———— Ar-NH, + SnO3% + 6 CI° (5]
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Hydrogenation with 10%Pd/C was used to reduce the nitro containing mesylate compound
(9)."" 'This catalyst was chosen because of its heightened activity at slightly elevated
temperatures and pressures. Furthermore, the procedure provided a very clean reaction from
which the product was easily isolated.” A mixture of the nitro compound (9), 10%Pd/C and
THF were placed in a parr hydrogenator and left to agitate for 12 hours at 3 atmospheres."
The resultant product was filtered through celite and the solvent removed under high vacuum.
Flash chromatography (10% MeOH/DCM) was used to purify the compound which was then
converted to the hydrochloride salt (10) by the method outlined below, in 86% yield.

It was important that each of the target compounds synthesized were prepared as the
hydrochloride salt because of the advantage of a water-soluble compound in 7 vitro antitumor
testing. The hydrochloride salt of the amines was produced by reaction of (3), (5) and (9)
with anhydrous diethyl ether saturated with HCI gas.”

The ether/HCI solution was prepared by using the apparatus shown in Figure 37. A solution
of 38% HCI was added dropwise from a pressure-equalizing dropping funnel into a RB flask
containing 98% sulphuric acid, with rapid stirring. The liberated HCI gas was passed through
an oil bubbler, which was connected to the dropping funnel, into a conical flask containing
diethyl ether and solid MgSO,. This solution was filtered into a conical flask containing the
amine dissolved in chloroform. The resulting precipitate, as the hydrochloride salt, was filtered

and dried under high vacuum.
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Figure 37 — Apparatus Used in the Production of HC] Gas

Initially, the yield of amine hydrochloride produced was low, and may have been attributed to
the presence of water in the diethyl ether, or partial solubility of the end product in
chloroform/diethyl ether. The addition of a drying agent (MgSO,) during HCI saturation to
ensure minimal water absorption and the use of minimal amounts of chloroform/ether-HCI,
produced higher yields of the hydrochlorides (4), (6) and (10) in 65%, 71% and 86% yield
respectively. It was envisaged that these compounds would to some degree possess antitumor

activity via S\ 2 alkylation and subsequent inhibition of DNA synthesis.

The addition of acetic anhydride to the amine compounds (4) and (6) dissolved in CHCl, was
used in the synthesis of the acetamides, (11) and (12), to give yields of 94 and 75%
respectively.'® Acetic anhydride was employed because of its facile reaction with amines. The
acetamide formed readily in the absence of heating and precipitated with the addition of water.
The products were recrystallized in ethanol and isolated pure, as yellow crystals, without the
need for chromatography. The acetamides, (11) and (12), were synthesized in order to assess

the effect of the amide nitrogen’s decreased electron availability, on the SN, alkylation of

DNA.
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SCHEME 2: SYNTHESIS OF 4-AMINOPHENETHYL FLUORIDE

HYDROCHLORIDE (8)

OH F F

a) b)

NH, NH, NHz*CI
@) (8) 79%

Reagents: a) DAST b) Ether/HCI

Scheme 2

Scheme 2 details the synthesis of 4-aminophenethyl fluoride hydrochloride (8). Fluorination
of 4-aminophenethyl alcohol (7) was carried out using an equimolar amount of
diethylaminosulfur trifluoride (DAST) in CHCI; under nitrogen. 4-Aminophenethyl alcohol
was added at —78°C, the reaction warmed to room temperature and stirred for three hours."
Dilution with water, extraction with CHCIl; and flash chromatography produced pure
fluorinated compound which was converted to the hydrochloride salt via the methods
previously outlined. Recrystallization from ethanol gave (8) in an overall yield of 79% as
yellow crystals. This compound was envisaged to possess some antitumor activity through the

S\2 alkylation of DNA.
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2.3 SCHEME 3: 1°" ATTEMPTED SYNTHESIS OF 4-AMINOPHENETHYL

IODIDE HYDROCHLORIDE

OH
a)
—_— Polymer Products

NHz*CI

@)

Reagents: a) HI

Scheme 3

Scheme 3 outlines the attempted synthesis of 4-aminophenethyl iodide hydrochloride
following reaction of the hydrochloride salt of (7) with two equivalents of hydriodic acid at

60°C for two hours."

Attempts to isolate the title compound from the crude material included titration from
chloroform, followed by flash chromatography using 10% MeOH/CHCI; solution.
Unfortunately these attempts were unsuccessful given the propensity of the end product to

undergo polymerization, forming a multiple of products which proved very difficult to isolate.
Subsequent attempts employed decreased reaction times and temperature however gas

chromatography results had failed to detect appreciable quantities of the monomeric product,

4-aminophenethyl iodide hydrochloride, irrespective of these changes.
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2.4 SCHEME 4: 2"° ATTEMPTED SYNTHESIS OF 4-AMINOPHENETHYL

IODIDE HYDROCHLORIDE

Br
a)
—_— Polymer Products

NHz*CI

(4)

Reagents: a) Nal

Scheme 4

Scheme 4 outlines the attempted synthesis of 4-aminophenethyl iodide hydrochloride using the
hydrochloride salt of (4) together with 5 equivalents of Nal in acetone (40 mL). The solution
was stirred for 6 hours at 80°C under nitrogen. The reaction was reduced under pressure and
the residue extracted with two portions of ethyl acetate. The organic layers were washed with
brine and dried over magnesium sulphate. Reduction of the solvent under reduced pressure

afforded a black oil.

Unfortunately, analysis showed that these conditions did little to stabilize the end product
which again appeared to be a mixture of polymeric products. Given the obvious reactivity of
4-aminophenethyl iodide, it was suspected that the analogue if eventually isolated may still
demonstrate a propensity to undergo nonproductive solvolysis in serum thereby making it a

less attractive target.
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2.5 SCHEME 5: SYNTHESIS OF 2-44-[2,2,2-TRIFLUOROACETYL)

AMINO]PHENYL}-ETHYL TRIFLUOROACETATE (13)

I}
OH O-C—CF;
a)
—>
?
NH; NH—C—CF;
(7) (13) 74%

Reagents: a) Trifluroacetic anhydride
Scheme 5
Scheme 5 details the successful synthesis of (13) following reaction of (7) with 2.5 equivalents

of trifluoroacetic anhydride for ten minutes.”’ Titration of the crude material using diethyl

ether afforded the product as a white powder in 74% yield.
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2.6 SCHEME 6: SYNTHESIS OF 4-AMINOPHEN-2(2D,)-ETHYL BROMIDE

HYDROCHLORIDE (19)

I 1 Hy
VN /C\ /C\
H,C OH D,C OH D,C OH
a) b)
NO, NO, NO;
(1) (14) 93% (15) 74%
Ha H Hy
C 2 C
D,C” Br DZC/C\Br D,C” Br
e) d) C)
- -
NH3+Cl- NH, NO,
(17) 57% (16) 74%

Reagents: a) BuLi/ D,O (3.2 eq) b)BH3 THF c)PBrz d) 10% Pd/C e) Ether/HCI

Scheme 6

Scheme 6 outlines the synthesis of 4-aminophen-2(2d,)-ethyl bromide hydrochloride (17).
Preparation of the deuterated analogue of 4-aminophenethyl bromide began with selective
deuteration at the alpha carbon of 4-nitrophenylacetic acid. This was carried out via
deprotonation with Bulli (3 equivalents) at 0°C for 1.5 hours. The addition of deuterium oxide
for a further hour produced the desired product as a precipitate which was filtered to give (14)
as an orange powder in 93% yield.” These initial conditions provided an excellent yield of the

desired product (93%) and therefore experimental variation was not required.

Reduction of a solution of the acid (14) in diethyl ether was carried out with borane dimethyl
sulphide (3 equivalents) for 24 hours at room temperature under nitrogen.” The Vigreaux
column method previously discussed (Section 2.1) was employed in order to maximize product

yield. Quenching of the reaction with water, extraction of the product into chloroform and
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recrystallization in ethanol provided the pure compound (15) as yellow salts. A reasonable
yield of 74% was obtained in the initial reaction, and therefore experimental variation was not

required.

The reaction of (15) with three equivalents of phosphorous tribromide in chloroform at reflux
for 24 hours yielded crude material.” Purification using flash chromatography (10% Methanol
in DCM) provided the product (16) as orange crystals (74% yield).

Reduction of the nitro group of (16) was achieved via hydrogenation in THF using 10%
palladium on charcoal, at 3 atmospheres for 12 hours."* Easy purification was facilitated
through removal of the catalyst by filtration through celite, followed by evacuation of the
solvent to provide the product as an orange oil. Conversion of the free amine to the
hydrochloride salt was achieved by the addition of a HCI saturated solution of diethyl ether to
the compound dissolved in chloroform.” The precipitated HCl salts were dried and
recrystallized in ethanol to give pure product (17) as a white powder in 57% yield. The
moderate yield may be attributed to the presence of water in the ether and polymerization of
the non-protected intermediate. The experimental procedure was not repeated as sufficient

quantities of material were obtained for NMR kinetic analysis.
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2.7 SCHEME 7: SYNTHESIS OF 4-HYDROXYPHENETHYL HALIDES

O=

N,

OH
a) b)

OH OH OH

21) 79% (22) X =Br, 78%
(20) (21) 79% (23) X =Cl, 85%

Reagents: a) BH3 SMe, b) PBr3 (X=Br), SOCI, (X=Cl)

Scheme 7

Scheme 7 details the synthesis of 4-hydroxyphenethyl bromide (22) and 4-hydroxyphenethyl
chloride (23). These compounds were synthesized in order to conduct a comparative study of

the antitumor activity expressed by 4-hydroxy versus 4-amine analogues.

The alcohol was synthesized via reaction of 4-hydroxyphenylacetic acid with borane dimethyl
sulfide (2 eq) in ether at room temperature for 24 hours.” Aqueous workup and

recrystallization in chloroform yielded (21) in 79% yield as yellow crystals.

Bromination of 4-hydroxyphenethyl alcohol (21) was carried out with phosphorous tribromide
(7 eq, reflux, 48 hours) in chloroform.” Aqueous workup and purification via flash
chromatography (10% MeOH in DCM) provided the pure product (22) as orange crystals in
78% yield.

The preparation of 4-hydroxyphenethyl chloride was achieved via the reaction of (21)
dissolved in chloroform with thionyl chloride (3 eq, reflux, 24 hours)."” Aqueous workup,
extraction with chloroform and purification of the product via flash chromatography (10%

MeOH in DCM) yielded the product (23) as yellow crystals (85% yield).
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2.8 SCHEME 8: 1°" ATTEMPTED SYNTHESIS OF 4-(2-CHLOROETHYL)-N-

(3-PYRIDINYLMETHYL)ANILINE DIHYDROCHLORIDE (36)

NH,
OH

o)

i )
NN O o
- ' 3 2

C—NH N \ c—oO
NH,
/

(24 @) (25) 17% (26) 26%

Reagents: a) K,CO3 (s)/THF

Scheme 8

Scheme 8 details the initial step undertaken in attempting synthesis of 4-(2-chloroethyl)-N-(3-
pyridinylmethyl)aniline dihydrochloride. It was envisaged that this molecule and its
counterparts (see Schemes 12-15) would, similatly to CC-1065, confer antitumor activity

through both covalent and non-covalent interaction with DNA.

Initial attempts to synthesis the amide (25) employed the acid chloride (24) with 1 equivalent
of 4-aminophenethyl alcohol (7) in a heterogeneous mixture of solid K,CO, and THF (reflux,
72 hours) under nitrogen. This method is a modification of the Schottman-Bauman procedure

in which an aqueous solution of base is used in place of solid K,CO;.

Purification via flash chromatography provided the required amide (25) as yellow crystals,
together with ester, (26). Due to the low yield of amide (17%), an alternative scheme (Scheme
2.9) involving alcohol protection, reaction of the amine with acid chloride and subsequent
deprotection of the alcohol, was devised in order to minimize the loss of material in the initial

steps of the scheme.
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2.9 SCHEME 9: 2"°> ATTEMPTED SYNTHESIS OF 4-(2-CHLOROETHYL)-N-

(3-PYRIDINYLMETHYL)ANILINE DIHYDROCHLORIDE (36)

C—NH
NO, NO; NH, I1 ~
F

@) (27) 85% (28) 90% (30) 81%
Cl
OH 0
) e)
Polymer Product<€———— - -
? ?
N C—NH N7 C—NH
l F | F
(31) 82% (25) 82%

Reagents: a) Acetic anhydride b) 10% Pd/C c) K,CO3 d) K,CO3/MeOH e) SOCI, f) BH3 SMey

Scheme 9

Scheme 9 details the attempted synthesis of 4-(2-chloroethyl)-N-(3-pyridinylmethyl)aniline
dihydrochloride (36) which involved the protection and subsequent deprotection of the
hydroxy functionality of 4-aminophenethyl alcohol. As envisaged, this scheme minimized the

loss of intermediary products through a quick and efficient route.

Protection of the alcohol group of 4-aminophenethyl alcohol as the acetamide was via neat
reaction at room temperature for 24 hours with acetic anhydride (2 eq).'® Purification of
product to give an 85% yield of yellow crystalline solid (27), was via partitioning between
K,CO; and chloroform.
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Reduction of the nitro group of (27) to the amine was carried out with 10% palladium on
charcoal (w/w 1:10) using catalytic hydrogenation, over a period of 12 hours at 3 atmopheres.'*
Filtration of the resultant product through celite to remove catalyst together with flash
chromatography (10% MeOH/DCM) successfully separated the amine product (28) from the

starting material as an orange oil in 90% yield.

Reaction of the amine (28) with 1 equivalent of nicotinoyl chloride hydrochloride via the

modified Schottman-Banmann procedure discussed above®?

(reflux, 72 hours) produced the
target amide (30) in 81% yield as yellow crystals. Reaction conditions employed solid phase
K,COj; as an HCI trap, which was subsequently removed via filtration.”** Starting material
was removed from the reaction residue via flash chromatography (10% MeOH in DCM) to

give the amide in 81% yield.

Deprotection of (30) to give (25) in 82% yield was achieved via reaction with MeOH
(Wa0)/Vareon» 1:5) in aqueous K,CO5 (W /Wicacos, 1:1) at reflux for 24 hours.”  Extraction into
diethyl ether produced the target compound (25) as a white powder in 82% yield. This gave
an overall yield of the alcohol of 52% from (2), a substantial improvement from the former

synthesis (Section 2.8) of 17%.

Initial chlorination attempts of (25) utilised thionyl chloride (10 eq) in refluxing chloroform for
twelve hours under nitrogen. Extraction into chloroform provided the target product (31) as
yellow crystals however, the reaction residue contained starting material in significant amounts
(31%). A more desirable procedure involved the use of neat thionyl chloride (5 equivalents) at
reflux for two hours.”” Purification via flash chromatography (10%MeOH in DCM) gave
(31) in 82% yield.

The attempted synthesis of (36) was via reduction of the carbonyl group of (31) with borane
dimethyl sulphide (3 eq, room temperature, 24 hours).>> Aqueous workup, extraction into
chloroform and flash chromatography failed to isolate a single product. Mass spectroscopy

and NMR indicated the formation of polymerization products.
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2.10 SCHEME 10: THIRD ATTEMPTED SYNTHESIS OF 4-(2-

CHLOROETHYL)-N-(3-PYRIDINYLMETHYL)ANILINE

DIHYDROCHLORIDE (36)

OH OH

OH
OED a) b)
E—NH NH - = cr

@/ N O P HNTS NH,*Cl

l Z Z l =

(29) (32) 52%

c)

Polymer Products

Reagents: a) BH3z SMe, b) Ether/HCI c¢) SOCl,

Scheme 10

Scheme 10 outlines the attempted synthesis of 4-(2-chloroethyl)-IN-(3-pyridinylmethyl)aniline
dihydrochloride (36). It was envisaged that reduction of the carbonyl group of (25) prior to
chlorination would be a more efficient route to the target molecule (36). It was hoped that the
acidic environment of the chlorination reaction would assist in stabilizing the molecules as its

amine salt, thereby hindering polymerization of the molecule.

Reduction of (25) was carried out with borane dimethyl sulphide in diethyl ether (3
equivalents, reflux, 48 hours) under nitrogen.>> Aqueous workup, extraction into diethyl ether
and conversion to the HCI salt afforded the target compound (32) in 52% yield as a white
solid.

Subsequent chlorination of (32) with neat thionyl chloride for two hours at reflux under
nitrogen failed to produce a single target product.”>*’ Mass spectroscopy and NMR indicated

that polymerization had occurred.
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While small traces of the monomeric product were able to be isolated using flash
chromatography, the quantity isolated was insufficient for analysis and therefore further

synthesis was required.
Rather than trying to optimize the reaction conditions set out in Scheme 10, a decision was

made to employ starting materials which had become newly available and could provide the

title compound (36) following 3 simple synthetic steps (Scheme 11).
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2.11 SCHEME 11: SYNTHESIS OF 4-(2-CHLOROETHYL)-N-(3-PYRIDINYL-

METHYL) ANILINE DIHYDROCHLORIDE (36)

OH
OH cl
NS =) CIHNT Y b) + multiple
| - — | —> alkylation
F NH products

N
(33) (34) 90% l ~Z (35

o o

NH,*Cr
cr HN NH"Cr cr HN 2

/ /

(36) 38% (32) 32%

Reagents: a) SOCI, b) 4-aminophenethyl alcohol/K,CO3 c) SOCI,

Scheme 11

Scheme 11 details the alternative 3-step synthesis of  4-(2-chloroethyl)-N-(3-
pyridinylmethyl)aniline dihydrochloride (36). Chlorination of 3-pyridyl carbinol (33) was via

%7 Distillation of excess thionyl

the use of neat thionyl chloride (3 eq) at reflux for four hours.
chloride, titration of the reaction mixture with hexane several times and removal of residual
thionyl chloride under high vacuum provided crude product. The product was purified via
flash chromatography (1% TEA/10% MeOH/DCM) and converted to the hydrochloride salt
in 90% yield.

2324

Compound (34) was coupled with 4-aminophenethyl alcohol (7)

in a refluxing

heterogeneous solution of K,CO; and THF for 12 hours. The reaction mixture predominantly
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contained the tertiary and quaternary amines, yielding only a relatively small proportion of
compound (35). This was not unexpected due to the increased nucleophilicity of amines with
increased substitution. However, the monoalkylated product (35) was our preferred product

and purification (32% yield) was achieved using flash chromatography (10% MeOH/CHCL,).

Chlorination of the hydrochloride salt of (35) with thionyl chloride (10 equivalents, 2 hours,
reflux) yielded crude material”**" Cleanup via conversion to the HCI salt and recrystallization

of the salt in ethanol provided (36) as a pale brown powder in 38% yield.

Because of the simplicity and success of this synthetic route additional molecules of this type

were designed (Schemes 2.12 — 2.15).
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2.12 SCHEME 12: SYNTHESIS OF 4-(2-CHLOROETHYL)-N-(2-PYRIDINYL-

METHYL) ANILINE DIHYDROCHLORIDE (40)

OH cl
H*Cr
AN a) Ny
P —
-
37) (38) 87%
cl
H*Cr
N
| X
~
(40) 29%

OH
b) Ny NH
—> |
P
(39) 49 %
c)
-
NHy*Cr

Reagents: a) SOCI; b) 4-aminophenethyl alcohol/K;CO3) ¢) SOCI,

Scheme 12

The above scheme details the synthesis of 4-(2-chloroethyl)-N-(2-pyridinylmethyl)aniline

dihydrochloride (40). Chlorination of 2-pyridyl carbinol (37) was via reaction with three

equivalents of thionyl chloride at reflux for two hours under nitrogen.””*" Purification via flash

chromatography (1% TEA/10% MeOH/DCM) and conversion to the hydrochloride salt

afforded (38) in 87% yield.

The amine coupling reaction was carried out in a heterogeneous mixture of THF and

K,CO4(s) at reflux for 12 hours. The solid phase of the reaction was filtered off and the THF

removed under vacuum to give crude material which was purified via flash chromatography

(10% MeOH/CHCL) to provide (39) as a white powder in 49% yield.

75



Chlorination of the hydrochloride salt of (39) in chloroform was carried out using thionyl
chloride (10 eq) for 2 hours at reflux.”**" Basification with K,COs, followed by extraction into
chloroform and recrystallization in ethanol gave pure product (40) as yellow crystals (29%

yield).
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2.13 SCHEME 13: SYNTHESIS OF N,N’-BIS[4-(2-CHLOROETHYL)PHENYL]-

2,6-PYRIDINEDIMETHYLAMINE

OH OH cl cl HO. OH
= a AN b) N A\ N
|/ 2 |/ H/\E;lﬂH

(41) (42) 85% (43) 15%

c)

Cl Cl
HCr
N NS N
H;’EO/\ Hy*CI

(44) 24%

Reagents: a) SOCl, b) 4-aminophenethyl alcohol/K,COs) ¢) SOCI;

Scheme 13

Scheme 13 details  the  synthesis  of  N,N’-bis[4-(2-chloroethyl)phenyl]-2,6-
pyridinedimethylamine (44). Chlorination of the diol (41) employed thionyl chloride (4 eq) at
2,

" Trituration with hexane and column chromatography

(1% TEA/10% MeOH/DCM) afforded pure product (42) as a white powder (85% yield).

reflux for 4 hours under nitrogen.

Amine coupling via the use of a heterogeneous system employing (42) and (7) dissolved in
THF and solid K,CO; at reflux for 12 hours, followed with purification via flash
chromatography (10% MeOH/CHCL) afforded (43) in a yield of 15% as a white solid. As for
compound 43, the majority of the crude reaction material contained tertiary and quaternary
amine products, however as these were not the compounds of interest they were neither

isolated nor characterized in full.

Initial attempts at the chlorination of (43) employed thionyl chloride in chloroform, at reflux

for two hours. These conditions however, gave only small quantities of the desired product
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which proved difficult to isolate from the polymeric mass. Successful bischlorination of (43)
with thionyl chloride (10 eq) for four hours at room temperature under nitrogen provided the
desired product together with a reduced amount of polymer product.’*” The target
compound (44) was purified via flash chromatography (10% MeOH/CHCL) and precipitated
as the hydrochloride salt. The salt was recrystallized in ethanol to provide pure product as

yellow crystals in 24% yield.
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2.14 SCHEME 14: SYNTHESIS OF 4-(2-CHLOROETHYL)-N-[3-(2-

PYRIDINYL)PROPYL]JANILINE DIHYDROCHLORIDE (48)

OH
OH al
N H+CI
O a) N b) _
A § NH
(45) (46) 93% (47) 25%
Cl
c)

< ‘\IH+CI'
§ NH, CI

(48) 21%

Reagents: a) SOCI, b) 4-aminophenethyl alcohol/K2CO3) c¢) SOCl2

Scheme 14

Scheme 15 outlines the synthesis of 4-(2-chloroethyl)-N-[3-(2-pyridinyl)propyljaniline
dihydrochloride (48). Chlorination of (45) with neat thionyl chloride (4 eq) at reflux for four

26,27 : :
»*" The excess thionyl chloride was removed

hours under nitrogen afforded compound (46).
from the reaction via distillation. The crude material was triturated with hexane and converted
to the hydrochloride salt which was subsequently recrystallized in ethanol to provide pure

compound (46) as a pale brown powder in 93% yield.

The addition of the hydrochloride salt of 4-aminophenethyl alcohol (7) to (46) (1 eq), via a
modified Schottman-Bauman procedure, in a mixture of THF and aqueous K,CO; for 12
hours at reflux yielded (47).”>** Workup via extraction into chloroform and recrystallization in

ethanol yielded the pure compound in 25% yield as a white crystalline solid.
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Compound (48) was prepared via chlorination of (47) with thionyl chloride (10 eq) in
chloroform at reflux for 4 hours under nitrogen.””” Basification with K,CO; followed by
extraction into chloroform and recrystallization in ethanol provided (48) as yellow crystals in

21% yield.
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2.15 SCHEME 15: SYNTHESIS OF N-BENZYL-4-(2-

CHLOROETHYL)ANILINE HYDROCHLORIDE (51)

OH Cl

cl
©) a) NH b) NH, " CI
— O — U

(49) (50) 52% (51) 24%

Reagents: a) 4-aminophenethyl alcohol/K;CO3) b) SOCI;

Scheme 15

Scheme 16 details the synthesis of N-benzyl-4-(2-chloroethyl)aniline hydrochloride (51).
Compound (50) was prepared via a modified Schottman-Bauman coupling of (7) (1 eq) with
(49) in a heterogeneous solution of THF and solid K,COj at reflux for 12 hours.”>* Flash
chromatography (1% TEA/10% MeOH/CHCL,) afforded (50) as a pale yellow solid in 52%
yield.

The end product (51) was prepared via chlorination with neat thionyl chloride (10 eq) in
chloroform under nitrogen for three hours.**”  Basification with K,CO; followed by
extraction into chloroform and recrystallization in ethanol provided the target product as

yellow crystals in 24% yield.
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2.16 MECHANISTIC STUDIES OF 4-AMINOPHENETHYL-2D,-BROMIDE (19)

Research directed toward the development of prodrugs has uncovered that seco-CPI agents
demonstrate alkylation profiles identical to that of their putative (cyclised) counterparts. This
observation suggests that seco-CPI agents undergo facile ring closure, forming the cyclopropyl

28-30

intermediate (Figure 38) prior to the event of DNA alkylation.

/ R N—r

N N

H

H
8 o)
N (e)
H

seco-CPI Subunit Activated CPI Subunit

Figure 38 — Ring Cyclisation of the seco-CPI Analogues

Experiments performed by Winstein e a/”' have confirmed that 4-hydroxyphenethyl halides
undergo facile ring closure in a manner similar to sew-CPI adducts (Figure 39). More
importantly, these simple molecules are also known to exhibit alkylation profiles characteristic

of CPI-analogues and the natural product, CC-1065.

Br OCHj3

Figure 39 — Formation of an Intermediary Spirodienone via Reaction of 4-

Hydroxyphenethyl Alcohol with Sodium Methoxide

82



Previously, we reported that 4-aminophenethyl halides exert a 2.5 fold increase in cytotoxic
activity when compared to their 4-hydroxy counterparts. This has been attributed to an
increase in non-covalent adduct stabilization arising from interactions between the 4-amino

group and AT rich sequences within the minor groove.

The simplicity of the 4-aminophenethyl halide model makes it an attractive vantage point for
our current study, where structural modifications would enable us to distinguish features

pertinent to DNA-adduct formation.

Given the significance of this model, it was important to confirm that 4-aminophenethyl
halides undergo facile ring closure in a manner consistent with that previously observed for the
4-hydroxyphenethyl halides. Although formation of the spirocyclopropylcyclohexadienyl
imine intermediate is widely assumed, there has never been a study that was able to discount
that DNA alkylation occurred through direct S 2 elimination at the C,-methyl halide carbon

prior to ring cyclisation.

The current study has been able to determine this through a series of NMR experiments that
monitored the introduction of sodium azide to a solution 4-aminophenethyl-2(24,)-bromide

(19) in D,0.

Sodium azide was selected to represent the Nj-adenine function, as alkyl azides are poor
nucleophiles resulting in di- and trialkylated byproducts that could possibly lend to

misinterpretation of the results.

While adenine may have been a more appropriate nucleophile to use in this mechanistic study
it was not readily available in the lab. Hence, the lack of availability of adenine, coupled with
project time constraints, necessitated the substitution of sodium azide for adenine in this
project. (Note: The project has recently been assigned to another student and the results will

be published in due course).

The deuterium analogue served to distinguish the C, and C, centres without altering the
molecule’s symmetry about the vertical access, thus ensuring that nucleophilic attack at the C

and C, centres would remain indiscriminate should pathway B prevail (Figure 41).
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2.16.1 Pathway A: Alkylation via direct S\ 2 attack onto the C;-methyl halide carbon

Pathway A was expected to prevail in the event that 4-aminophenethyl-2(24,)-bromide (19)
demonstrated a poor propensity to undergo ring closure, or the C,-methyl halide carbon
proved particulatly susceptible to nucleophilic attack. The results here would indicate a large
product ratio, with exclusive formation of the 4-aminophenethyl-2-(24,)-azide (isomer A)

(Figure 40) following direct S\ 2 attack onto the C,-methyl halide carbon.

&Br N3

P! P
( D,C
N3-
pathway A
~ AN
H H H

(19) isomer A (>99%)

D,C

N
W

Figure 40 — Direct S\2 attack by Nj at C,

2.16.2 Pathway B: Ar, ; cyclisation followed by Sy 2 attack onto the C, or C, centre
Pathway B was expected to prevail in the event that 4-aminophenethyl-2(24,)-bromide (19)
readily underwent facile ring closure to form the cyclopropyl function, or the C;-methyl halide

carbon proved particularly stable to nucleophilic attack.
The results here would indicate a small product ratio, where almost equal amounts of the 4-

aminophenethyl-2-(2d,)-azide (isomer A) (Figure 41) and 4-aminophenethyl-1-(24,)-azide

(isomer B) (Figure 41) are expected to be produced.

84



D,C

%, ()

/1 N
D2G, D,C—CH, H h
isomer A (50%)
pathwayB
Ts
CD,
N‘3

Spirocyclopropylcyclohexa-
(19) dienyl imine intermediate

N
™ H

isomer B (50%)
Figure 41 — Ar, ; Cyclisation

2.16.3 Nuclear Magnetic Resolution Studies

Spectrum A (Figure 42) was recorded 15 minutes after the introduction of 4-aminophenethyl-
2(2d,)-bromide (~ 95% deuterium) to a solution of acetone-d, / D,O (5M, 10%) at room
temperature (Figure 39). The proton spectrum shows a singlet at & 3.43 ppm, indicating a
single analogue. The chemical shift is indicative of cyclopropyl methylene protons, however

the stable presence of 4-aminophenethyl-2(24,)-bromide (19) can not be discounted.

Spectrum B (Figure 43) was taken following the introduction of sodium azide (1M, 1 hr) to the
solution recorded in Spectrum A. Difficulties in shimming the reaction mixture due to the
rapidly proceeding reaction within the NMR tube resulted in a decrease in the quality of the
spectrum, however the spectrum recorded was considered sufficient to indicate what was

occurring within the reaction mixture. The spectrum clearly shows two singlets of equal
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intensity at & 2.85 ppm and & 3.57 ppm, indicating the presence 4-aminophenethyl-1-(24,)-
azide (Isomer B) and 4-aminophenethyl-2-(24,)-azide (Isomer A).

A comparison of these two spectra allowed us to deduce that the species in Spectrum A was in
fact the spirocyclopropylcyclohexadienyl imine intermediate, hence confirming that facile ring
closure precedes alkylation thereby generating the two expected isomers, (Isomer A) and

(Isomer B), in approximately equal molar amounts.

The propensity for 4-aminophnethyl halides to undergo facile ring closure can be attributed to
an increase in 4-amino Ar, ; participation compared to that of their 4-hydroxy counterparts.
This difference is believed to account for the superior activity observed for 4-aminophenethyl
halides, where ready conversion to the active intermediate is expected to render them more

susceptible to N3-adenine attack.
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CHAPTER 3 - ORGANIC SYNTHESIS:
EXPERIMENTAL

3.1 GENERAL PREPARATION

3.11 Experimental Setup for Moisture/Oxygen Sensitive Reactions
Reactions requiring the exclusion of moisture and/or oxygen were conducted under an inert

atmosphere of nitrogen or argon. All glassware was oven or flame dried prior to use.

3.1.2  Solvents

Tetrahydrofuran (THF), diethyl ether and dichloromethane (DCM) were distilled under a
nitrogen atmosphere. THF and diethyl ether were distilled from sodium/benzophenone.
DCM was distilled from calcium hydride. All deuterated solvents were supplied by Cambridge

Isotope Laboratories (CIL) and were used without further purification.

3.1.3 Reagents
Acetic anhydride was supplied by AJAX Chemicals. All other reagents were supplied by the
Aldrich Chemical Co. Thionyl chloride was distilled prior to use. All other chemicals were

used without any further purification.

3.2 INSTRUMENTATION

3.2.1 NMR Spectroscopy

Proton ("H) nmr spectra were obtained on a Gemini 200, Varian Unity 400, or Bruker 600
spectrometer at 200 MHz, 400 MHz and 600 MHz respectively. Carbon (PC) nmr spectra
were obtained on a Gemini 200, Varian Unity 400, or Bruker 600 spectrometer at 50 MHz,
100 MHz and 150 MHz respectively.
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All spectra were internally referenced to TMS (0.0). Chemical shifts were recorded in parts per
million (ppm) and peaks denoted as singlet (s), doublet (d), doublet of doublets (dd), doublet
of triplets (dt), triplet (t), multiplet (m) or broad (br).

3.2.2  Microanalysis
Microanalyses were performed by the Microanalytical Units of the University of Queensland,

the Australian National University and the University of Auckland.

3.2.3 Melting Points
Melting Points were determined on a Gallenkamp Electrothermal Digital Melting Point

Apparatus and are uncorrected.

3.2.4 Mass Analysis
Mass Spectrometry was performed on a VG PLATFORM2 Quadrupole mass spectrometer,

using Electrospray Ionisation (ESI).

3.2.5 UV Absorption
UV spectra wetre obtained on a BGBC 916 UV/VIS dual beam Scanning spectrometet,
recording within a wavelength range of 200 and 500 micrometres and employing a compound

concentration of 10* g/L..

3.3 CHROMATOGRAPHY TECHNIQUES

All thin layer chromatography (TLC) was performed on Merck TLC Aluminium silica gel 60
sheets (F,s,), visualized under ultraviolet light and the retention factors (RF) of individually

observed components recorded.

Flash chromatography was performed under positive air pressure using Kieselgel (200-430
mesh) 60 A silica using either 32 mm or 50 mm diameter columns and employing a silica to
sample ratio of approximately 25:1. A layer of clean acid washed sand was employed as a

silica stabilizer.
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High performance liquid chromatography (HPLC) was performed using a Waters™600 pump
and controller and a Waters™ 486 tunable absorbance detector at 282 nm. Components were
separated on a normal phase silica Waters PrepLC 25 mm column using a 1:1 mixture of

hexane and ethyl acetate at a flow rate of 15 mL/minute.

3.4 THE SYNTHESIS OF SIMPLE DNA ALKYLATING CPI ANALOGUES

3.4.1 Synthesis of 4-Aminophenethyl bromide Hydrochloride_(4)

i) 4-Nitrophenethyl Alcohol (2)

To a dry 250mL flask equipped with a septum cap and stirrer bar was added a solution of 4-
nitrophenylacetic acid ((1), 8.0g, 48.4 mmol) in THF (100mL) under nitrogen. The solution
was cooled in ice and 2M borane dimethyl sulfide in 2.0 M THF (48.4 mL, 96.8 mmol) was
added dropwise via a syringe. The reaction was stirred at room temperature for 12 hours."
After this time, the reaction was quenched with water and all solvents removed under reduced
pressure. The desired product was extracted into chloroform, dried (MgSO,), filtered and the
solvent removed under vacuum. The solid was recrystallized from 10% water/ethanol and
dried under high vacuum to give (2) as yellow crystals (2.46 g, 30% yield): mpt 63-65 °C (lit’
063°C).

dy, (CDCL,;, 200 MHz) & 1.72 (1H, s, OH), 298 2H, t, | , , 7.3 Hz, H-2), 3.93 2H, t, ] , ,7.3
Hz, H-1),7.43 2H,d, ] , ;. and J ; 5 8.4 Hz, H-2'and H-6"), 8.14 2H, d, / ;. , and | 5 ( 8.4
Hz, H-3'and H-5"). §. (CDCl,, 50 MHz) & 39.2 (CH,, C-2), 64.8 (CH,, C-1), 118.2 (2CH, Azx),
129.7 (2CH, Ar), 129.8 (quat., Ar), 154.8 (quat., Ar)

ii) Modified reduction of 4-nitrophenylacetic acid to 4-nitrophenethyl alcohol (2)

An oven dried flask (250 mL) containing a stitrer bar and capped with a septum was equipped
with a Vigreaux column and maintained under an inert atmosphere of nitrogen. The flask was
charged with a solution of 4-nitrophenylacetic acid ((1), 8.0g, 48.4 mmol) in THF (100mL).
The solution was cooled in ice and a 2M solution of borane dimethyl sulfide in THF (24.2 mL,
48.4 mmol) was added dropwise via a syringe and then stirred at reflux until the distillation of

dimethyl sulfide was complete (ie. 4 hours). The flask was brought to room temperature and
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the reaction quenched with water.*> The desired product was extracted into chloroform, dried
(MgSO,), filtered and the solvent removed under vacuum. The solid was recrystallized from
10% watet/ethanol and dried under high vacuum to give (2) as yellow crystals (7.37 g, 91%
yield): mpt 63-65 °C (lit’ 63°C). (Refer to section 4.4.1 (i)).

iii)  4-Nitrophenethyl Bromide (3)

To a dry flask equipped with stirrer bar and reflux condenser was added (2) (6.3 g, 37.7 mmol)
in chloroform (40 mL) under nitrogen. Phosphorous tribromide (3.58 mL, 37.7 mmol) was
added dropwise with stirring and the reaction refluxed for 12 hours.*” After this period, the
reaction was quenched with water and the aqueous layer extracted with further chloroform (3
x 30 mL). The combined organic layers were dried (MgSO,) and condensed under vacuum.
The residue was purified by flash chromatography (10% methanol in DCM) to provide (3) as
orange crystals (4.95 g, 57% yield): mpt 67 — 68 °C (lit* 68 — 70 °C, lit’ 68-69).

8y (CDCIL,, 200 MHz) 6 3.20 2H, t, J , , 7.0 Hz, H-2), 3.69 2H, t, J , ,7.0 Hz, H-1), 7.42 (2H,
d, /], yand ] ¢ 5 9.2 Hz, H-2'and H-6"), 8.21 2H, d, ]/ 5 , and J 5. . 9.2 Hz, H-3'and H-5"). d
(CDCl,;, 50 MHz) & 34.9 (CH,, C-2), 38.0 (CH,, C-1), 128.5 (2CH, Ar), 135.9 (2CH, Ar), 139.1
(quat., Ar), 141.6 (quat., Ar).

iv) 4-Aminophenethyl Bromide Hydrochloride (4)

To a flask equipped with a stirrer bar and reflux condenser was added (3) (4.9 g, 21.3 mmol) in
anhydrous diethyl ether (30 mL) under nitrogen. Tin powder (8.72 g, 73.5 mmol) was added
to the reaction with rapid stirring." Diethyl ether (30 mL) saturated with HCI was dried
(MgSO,) and filtered into the reaction vessel. The reaction was refluxed over two days.
During this period two additional aliquots of HCI in diethyl ether (30 mL) were added to the
reaction. After this time, the reaction was neutralized with a saturated solution of K,CO,(aq)
(2 mL) and filtered. The filtrate was extracted with chloroform (3 x 30 mL) and dried
(MgSO,). The solvent was removed under reduced pressure and the residue purified by flash
chromatography (10% MeOH/DCM) to give a light brown powder. To a dry flask was
added a solution of this compound (2.0 g, 9.99 mmol) in chloroform (10 mL). Diethyl ether
saturated with HCI was dried (MgSO,) and added. The precipitate was filtered to give (4) as
yellow crystals (3.3 g, 65% yield): mpt 208 — 210 °C (lit" 212 — 213 °C); (Found C 40.30, H
4.48, N 5.65, CH, BrCIN requires C 40.62, H 4.69, N 5.92).
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o, (D,0, 200 MHz) 6 3.23 2H,t,],,6.9 Hz, H-2),3.72 (2H, t, ] , ,6.9 Hz, H-1), 7.35 (2H, d,
J 2 yand ] 588 Hz, H-2'and H-6"), 7.47 2H, d, | ;. ,and J 5 ¢ 8.8 Hz, H-3'and H-5"). 6
D,0, 50 MHz) 32.1 (CH,, C-2), 43.1 (CH,, C-1), 116.1 (2CH, Ar), 127.3 (2CH, Ar), 135.2
(quat., Ar), 150.4 (quat., Ar).

3.4.2 Synthesis of 4-Aminophenethyl Chloride Hydrochloride (6)

i) 4-Nitrophenethyl Chloride (5)

To a dry flask equipped with a stirrer bar and reflux condenser was added (2) (4.76 g, 28.4
mmol) in chloroform (40 mL) under nitrogen. Thionyl chloride (6.21 mlL, 85.2 mmol) was
added dropwise and the reaction refluxed for 24 h.'”»" After this time, the reaction was
quenched with a saturated solution of K,COs(aq) (4 mL) and extracted with chloroform (3 x
30 mL). The extract was dried (MgSO,) and the solvent removed 7 vacno. The residue was
purified by flash chromatography (10% methanol in DCM) to give (5) as a brown oil (3.53 g,
67% yield).

8y (CDCL, 200 MHz) 3.17 2H, t, ], , 7.0 Hz, H-2), 3.77 2H, t, ] , , 7.0 Hz, H-1), 7.40 (2H, d,
J 2 yand J ¢ 5 8.8 Hz, H-2'and H-6"), 8.15 2H, d, ] ;. , and ] ;. , 8.8 Hz, H-3'and H-5"). 6.
(CDCl,;, 50 MHz) 38.6 (CH,, C-2), 44.2 (CH,, C-1), 123.8 (2CH, Ar), 129.9 (2CH, Ar), 145.8
(quat., Ar), 147.1 (quat., Ar).

ii) 4-Aminophenethyl Chloride Hydrochloride (6)

a)  To adry flask equipped with a stirrer bar and reflux condenser was added (5) (3.0 g, 16.2
mmol) in anhydrous diethyl ether (30 mL) under nitrogen. Tin powder (5.77 g, 48.6 mmol)
was added to the reaction with rapid stirring."” Diethyl ether (30 mL) saturated with HCI was
dried (MgSO,) and filtered into the reaction vessel. The reaction was refluxed over two days.
During this period two additional aliquots of HCl in diethyl ether (30 mL) were added to the
reaction. After this time, the reaction was neutralized with a saturated solution of K,COj;(aq)
(2 mL) and filtered. The filtrate was extracted with chloroform (3 x 30 mL) and dried
(MgSO,). The solvent was removed under reduced pressure to afford a brown oil which was
purified by flash chromatography (10% Methanol/DCM). To a dry flask was added a solution
of this oil (1.0 g, 6.42 mmol) in chloroform (10 mL). Diethyl ether saturated with HCI was
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dried (MgSO,) and added. The precipitate was filtered to give (6) as light yellow crystals (2.2 g,
71% vyield): 208 — 210 °C (lit'* 209 — 210 °C); (Found C 49.89, H 5.83, N 7.14, C;H,,CL,N
requires C 50.02, H 5.77, N 7.29).

3y (D0, 200 MHz) 3.07 2H, t, ] ,, 7.0 Hz, H-2), 3.80 2H, t, |, ,7.0 Hz, H-1), 7.27 (2H, d, ]
2.3 and J o 5 8.2 Hz, H-2'and H-6"), 7.41 (2H, d, J ;. , and ] 5 . 8.2 Hz, H-3"and H-5"). o,
D,0, 50 MHz) 52.2 (CH,, C-2), 60.2 (CH,, C-1), 137.8 (2CH, Ar), 143.4 (quat., Ar), 145.4
(2CH, Ar), 154.3 (quat., Ar).

3.4.3 Synthesis of 4-Aminophenethyl Fluoride Hydrochloride (8)
To a dry flask equipped with a stirrer bar and reflux condenser was added a solution of
diethylaminosulfur trifluoride (3 mlL, 22.7 mmol) in CHC, under nitrogen.” The flask was
cooled to —78°C and a solution of 4-aminophenethyl alcohol ((7), 3.11 g, 22.6 mmol) in DCM
(40 mL) was added dropwise. The reaction was warmed to room temperature and stirred for a
further three hours. After this time water was added to the reaction mixture (20 mL) and the
organic layer separated (CHCl; 3 x 30 mL) dried (MgSO,) and the solvent removed under
vacuum. The residue was purified by flash chromatography (10% methanol in DCM) to give a
brown oil. To a dry flask was added a solution of this oil (1.0 g, 6.42 mmol) in chloroform (10
mL). Diethyl ether saturated with HCI was dried (MgSO,) and added. The precipitate was
filtered and recrystallized in ethanol to give (8) as light yellow crystals (3.14 g, 79% yield): mpt
207 — 209 °C; (Found C 54.67, H 6.38, N 7.70 C{H,,CIFN requires C 54.71, H 6.31, N 7.98);
oy (D,0, 200 MHz) 6 298 (2H, t, ] ,, 7.2 Hz, H-2), 3.12 2H, t, ] , ,7.2 Hz, H-1), 7.33 (2H, d,
J 2 yand J ¢ 588 Hz, H-2'and H-6"), 7.42 2H, d, ] ;. , and ] ;. . 8.8 Hz, H-3'and H-5"). 6
D,0, 50 MHz) 51.4 (CH,, C-2), 55.3 (CH,, C-1), 138.2 (2CH, Ar), 140.0 (2CH, Ar), 142.8
(quat., Ar), 154.0 (quat., Ar).

3.44 1% Attempted Synthesis of 4-Aminophenethyl Iodide Hydrochloride

To a flask equipped with a stirrer bar was added the hydrochloride salt of (7) (2.0 g, 14.6
mmol). The flask was cooled to —10°C and aqueous hydriodic acid (57%) added (6.6 mL, 29.2
mmol). The reaction was slowly heated to 60°C and stirred for 2 hours."® After this time, the

reaction was quenched with a saturated solution of K,COs(aq) (4 mL) and extracted with
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chloroform (3 x 30 mL). The extract was dried (MgSO,) and the solvent removed i vacuo to

provide a viscous gel.

3.4.5 2" Attempted Synthesis of 4-Aminophenethyl Iodide Hydrochloride

To a flask equipped with a solution of (4) (3.5 g, 14.6 mmol) in acetone was added sodium
iodide (10.94 g, 73.0 mmol). The solution was stirred for 6 hours at 80°C under nitrogen."”
The solvent was removed by rotary evaporation and the residue dissolved in chloroform and
washed with brine (x 3). The organic layer was dried (MgSO,) and the solvent removed under

vacuum to provide a viscous gel.

3.4.6 Synthesis of 4-Aminophenethyl Mesylate Hydrochloride (10)

@A) 4-Nitrophenethyl Mesylate (9)

To a dry flask equipped with a stirrer bar and reflux condenser was added (2) (3.0 g, 17.9
mmol) in chloroform (40 mL) under nitrogen. Methane sulfonyl chloride (6.1 mL, 35.8 mmol)
was added dropwise and the reaction refluxed for 6 h."® After this time, the reaction was
quenched with a saturated solution of K,COs(aq) (4 mL) and extracted with chloroform (3 x
30 mL). The extract was dried (MgSO,) and the solvent removed 7z vacno. The residue was
purified by flash chromatography (10% methanol in DCM) to give (9) as an orange oil (3.72 g,
85% yield):

d;, (CDCL, 200 MHz) & 2.27 (3H, s, CH,SO,-), 3.03 2H, t,  , , 7.2 Hz, H-2), 3.75 2H, t, ] | ,
7.2 Hz,H-1),7.42 2H,d, ] , yand | ; 5 8.6 Hz, H-2'and H-6"), 8.12 2H, d, J 5 , and ] 5 8.6
Hz, H-3'and H-5"). . (CDCl,, 50 MHz) 6 37.6 (CH,), 38.7 (CH,, C-2), 45.6 (CH,, C-1), 123.2
(2CH, Ar), 130.8 (2CH, Ar), 140.1 (quat., Ar), 157.0 (quat., Ar).

(ii) 4-Aminophenethyl Mesylate Hydrochloride (10)

A suspension of (9) (3.5 g, 14.3 mmol) and 10% Pd/C (0.35 g) in THF was placed inside a
hydrogenation flask. The flask was fitted to a parr hydrogenator, evacuated, purged with
hydrogen (3 atm) and left to agitate for a period of 12 hours.” The resultant suspension was
filtered through celite, dried and reduced under pressure. The residue was purified by flash
chromatography (10% methanol in DCM) to give a yellow oil. To a dry flask was added a
solution of this oil (1.0 g, 6.42 mmol) in chloroform (10 mL). Diethyl ether saturated with HCI

97



was dried (MgSO,) and added. The resultant precipitate was filtered to give (10) as a white
powder (3.11 g, 86% yield): mpt 183 — 185 °C; (Found C 42.76, H 5.57, N 5.40, O 19.37
CyH,,CINO,S requires C 42.94, H 5.61, N 5.56, O 19.07).

3y (D0, 200 MHz) 2.74 (3H, s, CH,SO,-), 3.03 2H, t, ] ,, 7.0 Hz, H-2), 3.75 2H, t, ] , ,7.0
Hz, H-1),7.31 2H, d, J , yand | ; 5 8.8 Hz, H-2'and H-6"), 7.40 (2H, d, ] ;. , and ] 5. (- 8.8 Hz,
H-3'and H-5"). &. (D,0O, 50 MHz) & 37.6 (CH,), 38.7 (CH,, C-2), 45.6 (CH,, C-1), 123.2
(2CH, Ar), 130.8 (2CH, Ar), 140.1 (quat., Ar), 157.1 (quat., Ar).

3.47 4-Acetamidophenethyl Bromide (11)

To a solution of the free amine of (4) (2.56 g, 12.8 mmol) in CHCI; (10 mL) was added acetic
anhydride (5 mL, 53.0 mmol) with rapid stirring.”’ After 20 minutes the precipitate was
filtered, washed with ether. Recrystallization from ethanol gave (11) as yellow crystals. (2.92 g,
94 % yield): mpt 139 — 141 °C (lit* 140 — 142 °C); (Found C 49.55, H 4.98, N 5.65, O 6.49
C,,H,,BtNO requires C 49.61, H 5.00, N 5.79, O 6.61).

dy; (Acetone-d,, 200 MHz) 6 2.94 (3H, s, CH,CO-), 3.09 2H, t, ], , 7.7 Hz, H-2), 3.62 (2H, t, |
12 7.7 Hz, H-1), 7.14 2H, d, | , ; and ] ¢ 5 8.0 Hz, H-2'and H-6"), 7.58 (2H, d, ] ; sand ] 5
8.0 Hz, H-3'and H-5"), 9.08-9.31 (1H, br s, NHCO). . (Acetone-d;, 50 MHz) & 24.6
(CH,CO-), 33.3 (CH,, C-2), 38.9 (CH,, C-1), 120.5 (2CH, Ar), 129.3 (2CH, Ar), 135.0 (quat.,
Ar), 169.0 (quat., Ar).

3.4.8 Synthesis of 4-Acetamidophenethyl Chloride (12)

To a solution of the free amine of (6) (2.2 g, 14.3 mmol) in CHCI; (10 mL) was added acetic
anhydride (5 mL., 53.0 mmol) with rapid stirring.” After 10 minutes the precipitate was filtered
and washed with ether. Recrystallization from ethanol gave (12) as yellow crystals. (2.11 g,
75% yield): mpt 119 - 121 °C (lit” 123 — 124 °C). (Found C 60.71, H 6.05, N 7.24, O 7.94
C,,H,CINO requires C 60.76, H 6.12, N 7.09, O 8.09).

8y (OMSO, 200 MHz) 6 2.06 (3H, s, CH,CO-), 2.99 2H, t, ], ,7.4 Hz, H-2),3.84 2H,t, ], ,
7.4 Hz, H-1),7.25 2H, d, ] , yand ], 5 8.1 Hz, H-2'and H-6"), 7.51 2H, d, ] ; , and | . 8.1
Hz, H-3'and H-5"), 9.95 (1H, br s, NHCO). 6. (CDClL,, 200 MHz) 6 24.8 (CH,CO-), 33.7
(CH,, C-2), 48.1 (CH,, C-1), 120.0 (2CH, Ar), 127.1 (2CH, Ar), 135.7 (quat., Ar), 141.2 (quat.,
Ar).
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3.49 Synthesis of 2-{4-[2,2,2-Trifluoroacetyl)amino]phenyl}ethyl Trifluoroacetate
(13)

To a solution of (7) (2.0 g, 14.6 mmol) in CHCI; (10 mL) was added trifluoroacetic anhydride
(5 mL, 35.4 mmol) with rapid stirring.” After 10 minutes the precipitate was filtered, washed
with diethyl ether and dried under vacuum to give (13) as a white powder. (3.54 g, 74% yield):
mpt 122 — 124 °C; (Found C 43.91, H 2.73, N 4.28, O 14.34 C,H,FNO; requires C 43.78, H
2.76,N 4.25, O 14.58).

3y, (DMSO, 200 MHz) 6 3.00 (2H, t, J , ;6.6 Hz, H-2) 457 (2H, t, | , ,6.6 Hz, H-1), 7.29 (2H,
d,J, yand |, 5 8.8 Hz, H-2'and H-6"), 7.59 (2H, d, J ;. , and J 5 8.8 Hz, H-3'and H-5"),
11.22 (s, 1H, NH). 3. (DMSO, 50 MHz) 6 33.29 (CH, C-2), 68.47 (CH,, C-1), 111.63 (C=0),
11297 (CF,), 117.23 (HN-CO), 118.76 (CF,), 121.17 (2CH, Ar), 129.36 (2CH, Ar), 134.16
(quat., Ar), 135.11 (quat., Ar).
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3.5 MECHANISTIC STUDIES INVOLVING 4-AMINOPHENETHYL-2D,-

BROMIDE (19)

3.5.1 Synthesis of 4-Aminophenethyl-2d,-bromide (19)

@A) 4-Nitrophenyl-2d,-acetic Acid (14)

To a dry flask equipped with a stirrer bar and purged with nitrogen was added a solution of
butyllithium (36.75 ml, 59 mmol) in diethyl ether (60 mL). The solution was cooled to 0°C
and (1) (5.0 g, 30.3 mmol) was added and stirred for 90 minutes. After this time, deuterium
oxide (2.40 g, 120.0 mmol) was introduced dropwise and the resultant suspension stirred for a
further 60 minutes.”® The precipitate was filtered and dried under vacaum. Recrystallization
from ethanol gave (14) as an orange powder (4.71 g, 93%): mpt 152 — 154 °C (lit** 153 — 154
°C).

Oy ((10%) Actone-d, / D,O, 200 MHz) 6 7.37 (2H, d, J;- ,- and J;. ;- 8.8 Hz, H-3" and H-5'),
8.14 2H, d, J, 5 and J,- 5 8.8 Hz, H-2" and H-6'). 6. ((10%) Actone-d, / D,O, 50 MHz) 6
37.1 (CD,, C-2), 123.8 (2CH, Ar), 129.7 (2CH, Ar), 145.8 (quat., Ar), 147.1 (quat., Ar), 167.4
(CO).

(i)  4-Nitrophenethyl-2d,-alcohol (15)

To a dry flask equipped with a stirrer bar was added (14) (4.5 g, 26.9 mmol) under nitrogen.
The solution was cooled in ice and a 10M solution of borane dimethyl sulfide in diethyl ether
(7.65 mL, 80.7 mmol) was added dropwise via a syringe and then stirred at room temperature
for 24 h.' After this time, the reaction was quenched with water and all solvents removed
under reduced pressure. The residue was dissolved in chloroform, dried (MgSO,), filtered and
the solvent removed 7 vacuo. Recrystallization from ethanol provided (15) as yellow crystals
(3.39 g, 74% yield): mpt 63 — 65 °C (lit’ 63 °C).

dy; ((10%) Actone-d; / D,O, 200 MHz) 6 1.88 (1H, br s, OH), 2.74 (2H, s, H-1), 7.37 (2H, d,
Js-»and. J5. o 8.8 Hz, H-3" and H-5'), 8.17 (2H, d, ], ; and. J. 5. 8.8 Hz, H-2" and H-6"). 6
((10%) Actone-d, / D,O, 50 MHz) & 38.6 (CD,, C-2), 61.2 (CH,, C-1), 122.3 (2CH, Ar), 128.4
(2CH, Ar), 144.8 (quat., Ar), 146.3 (quat., Ar).
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(iii)  4-Nitrophenethyl-2d,-bromide (16)

To a flask equipped with stirrer bar and reflux condenser w as added (15) (3.0 g, 17.7 mmol) in
chloroform (30 mL). Phosphorous tribromide (5.13 mL, 54.0 mmol) was added dropwise with
stirring and the reaction refluxed for 24 h.” After this period, the reaction was quenched with
water and the aqueous layer extracted with further chloroform (3 x 30 mL). The combined
organic layers were dried (MgSO,) and condensed under vacuum. The residue was purified by
flash chromatography (10% methanol in DCM) to provide (16) as orange crystals (3.03 g, 74%
yield): mpt 66 — 68 °C (lit” 68 — 70 °C, lit” 68-69°C).

Oy ((10%) Actone-d; / D,O, 200 MHz) 6 2.94 (2H, s, H-1), 7.41 2H, d, ;. , and. J;. ;- 8.4
Hz, H-3" and H-5'), 8.15 (2H, d, ], ;- and. J;. ;- 8.4 Hz, H-2" and H-6"). &, ((10%) Actone-d,
/ D,0O, 50 MHz) 6 36.7 (CD,, C-2), 39.0 (CH,, C-1), 122.2 (2CH, Ar), 129.8 (2CH, Ar),
145.6 (quat., Ar), 147.0 (quat., Ar).

(iv)  4-Aminophenethyl-2d,-bromide Hydrochloride (17)

A suspension of (16) (3.0 g, 12.9 mmol) and 10% Pd/C (0.30 g) in THF was placed inside a
hydrogenation flask. The flask was fitted to a parr hydrogenator, evacuated, purged with
hydrogen (3 atm) and left to agitate for a period of 12 hours.”” The resultant suspension was
filtered through celite, dried and reduced under pressure. The residue was purified by flash
chromatography (10% methanol in DCM) to give an orange oil. To a dry flask was added a
solution of this oil (2.0 g, 9.9 mmol) in chloroform (20 mL). Diethyl ether saturated with HCI
was dried (MgSO,) and added. The resultant precipitate was filtered to give (17) as a white
powder (1.76 g, 57% yield): mpt 204 — 206 °C; (Found C 40.10, H 5.56, N 5.65, O 3.34
CHyD,BrCIN requires C 40.28, H 5.49, N 5.87).

dy; ((10%) Actone-d, / D,O, 200 MHz) 8 3.43 (2H, s, H-1), 7.23 (2H, d, /5. ,- and. J;. ;- 8.0 Hz,
H-3" and H-5"), 7.32 (2H, d, J,- ; and. J;. 5 8.0 Hz, H-2" and H-6'). 8. ((10%) Actone-d, /
D,0, 50 MHz) & 37.1 (CD,, C-2), 40.1 (CH,, C-1), 123.3 (2CH, Ar), 128.8 (quat., Ar), 130.2
(2CH, Ar),144.7 (quat., Ar).
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(v)  4-Aminophenethyl-1(2d,)-azide (18) and 4-Aminophenethyl-2(2d,)-azide (19)

To a 10 mL. RBF was added (4) (30 mg, 0.13 mmol). A solution of NaNj; (150 mg, 1.89
mmol), D,0 (1.8 mL) and acetone-d; (0.2 mL) was added with rapid stirring and gentle
warming for 1 hour. Evaporation of the solvent under reduced pressure followed by
aqueous workup afforded the title compounds, (18) and (19), in approximately equal molar

amounts (8.24 mg, 32% and 8.76, 34%).

(18): mpt 208 — 210 °C (lit" 212 — 213 °C); (Found C 48.29, H 5.62, N 28.15 C,H,,CIN,
requires C 48.37, H 5.58, N 28.20).
8y (10%) Actone-d, / D,0, 200 MHz) & 2.85 (2H, s, H-2), 6.82 2H, d, ], , and. J;. . 8.4
Hz, H-3' and H-5"), 7.11 2H, d, ], 5 and. ] 5 7.8 Hz, H-2" and H-6"). 8. ((10%) Actone-d,
/ D,0, 50 MHz) & 27.6 (CH,, C-2), 46.1 (CD,, C-1), 109.2 (2CH, Ar), 120.2 (quat., Ar),
122.8 (2CH, Ar), 138.0 (quat., Ar).

(19): mpt 208 — 210 °C (lit" 212 — 213 °C); (Found C 48.29, H 5.62, N 28.15 C,H,,CIN,
requires C 48.37, H 5.58, N 28.20).
8y (10%) Actone-d; / D,0, 200 MHz) & 3.57 (2H, s, H-1), 6.82 2H, d, ], , and. J;. . 8.4
Hz, H-3' and H-5"), 7.11 2H, d, ],  and. J. 5 7.8 Hz, H-2" and H-6"). 8. ((10%) Actone-d,
/ D,0, 50 MHz) 8 27.6 (CH,, C-2), 46.1 (CD,, C-1), 109.2 (2CH, Ar), 120.2 (quat., Ar),
122.8 (2CH, Ar), 138.0 (quat., Ar).

3.5.2 Synthesis of 4-Hydroxyphenethyl Bromide (22)

i) 4-Hydroxyphenethyl Alcohol (21)

To a dry flask equipped with a stirrer bar was added 4-hydroxyphenylacetic acid ((20), 4.0 g, 29.4

mmol) in chloroform (30 mL) under nitrogen. The solution was cooled in ice and a 10M solution

of borane dimethyl sulfide in ether (5.2 mL, 58.8 mmol) was added dropwise via a syringe and then

stirred at room temperature for 24 hours.! After this time, the reaction was quenched with water

and all solvents removed under reduced pressure. The residue was dissolved in chloroform, dried

(MgSO,) and filtered and removed 7z vacuo. Recrystallization from chloroform provided (21) as

yellow crystals (3.2 g, 79% yield): mpt 89-91 °C (lit*89-92 °C).
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8, (CDCL,, 200 MHz) & 2.55 2H, t,  , , 6.8 Hz, H-2), 3.50 2H, t, ] , ,6.8 Hz, H-1), 7.45 (2H, d, |
» yand ] o 5 8.3 Hz, H-2'and H-6"), 6.66 (1H, br s, OH), 7.00 2H, d, ] 5 , and J 5. . 8.3 Hz, H-
3'and H-5"). 8. (CDCL, 50 MHz) 8 36.2 (CH,, C-2), 59.5 (CH,, C-1), 118.0 (2CH, As), 129.7
(2CH, Ar), 154.3 (quat., Ar), 164.2 (quat., Ar).

if) 4-Hydroxyphenethyl Bromide (22)

To a flask equipped with stirrer bar and reflux condenser was added (21) (1.5 g, 10.9 mmol) in
chloroform (40 mL). Phosphorous tribromide (7.15 mL, 75.3 mmol) was added dropwise with
stirring and the reaction refluxed for 48 hours.” After this period, the reaction was quenched
with water and the aqueous layer extracted with further chloroform (3 x 30 mlL). The
combined organic layers were dried (MgSO,) and condensed under vacuum. The residue was
purified by flash chromatography (10% methanol in DCM) to provide (22) as orange crystals
(1.7 g, 78% yield): mpt 54-55°C; (Found C 47.71, H 4.76, O 8.04 CgH,BrO requires C 47.79,
H 4.51, O 7.96).

8y (CDCL, 200 MHz) 3.21 2H, t,],,06.9 Hz, H-2), 3.67 (2H, t, | , ,6.9 Hz, H-1), 6.92 (2H, d,
J > vand [ ¢ 5 82 Hz, H-2'and H-6"), 7.15 2H, d, J 5. , and ] 5. (. 8.2 Hz, H-3'and H-5"). 6.
(CDCl,, 50 MHz) 34.6 (CH,, C-2), 38.0 (CH,, C-1), 116.7 (2CH, Ar), 130.6 (2CH, Ar), 154.8
(quat., Ar), 166.6 (quat., Ar).

3.5.3 Synthesis of 4-Hydroxyphenethyl Chloride (23)

To a flask equipped with stirrer bar and reflux condenser was added (21) (1.5 g, 10.9 mmol) in
chloroform (40 mL). Thionyl chloride (2.40 mL, 32.7 mmol) was added dropwise with stirring
and the reaction refluxed for 24 hours.'>” After this period, the reaction was quenched with
water and the aqueous layer extracted with further chloroform (3 x 30 mL). The combined
organic layers were dried (MgSO,) and condensed under vacuum. The residue was purified by
flash chromatography (10% methanol in DCM) to provide (23) as yellow crystals (1.45 g, 85%
yield): mpt 54 - 56 °C; (Found C 61.33, H 5.82, O 10.25 C;H,CIO requires C 61.35, H 5.79, O
10.22).

dy, (CDCL,, 200 MHz) 6 3.09 2H, t, J , ;7.0 Hz, H-2), 3.69 2H, t, ] , ,7.0 Hz, H-2), 6.82 (2H,
d, ], yand ] 5 8.2 Hz H-2'and H-6"), 7.12 2H, d, | 5 , and J 5. . 8.2 Hz, H-3'and H-5"). d.
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(CDCl, 50 MHz) 6 38.5 (CH,, C-2), 45.5 (CH,, C-1), 115.6 (2CH, Ar), 130.16 (2CH, Ar), 154.4
(quat., Ar), 167.5 (quat., Ar).

3.6 SYNTHESIS OF MONO- AND BISALKYLATORS INCORPORATING

PYRIDYL/BENZYL NONCOVALENT BINDING SUB UNITS

3.61 1% Attempted synthesis of 4-(2-Chloroethyl)-N-(3-pyridinylmethyl)aniline
Dihydrochloride (36)

(i) N-[4-(2-Hydroxyethyl)phenyl]nicotinamide (25) and 2-(4-aminophenyl)ethyl
Nicotinate (26)

To a dry flask (250 ml) equipped with a stirrer bar and reflux condenser was added 4-

aminophenethyl alcohol ((7), 4.12 g, 30.0 mmol) in anhydrous THF (60 mL) and solid K,CO,

(6.0 @) under nitrogen. A solution of nicotinoyl chloride hydrochloride ((24), 4.23 g, 30.0

mmol) in THF (40 mL) was added dropwise to the reaction which was then refluxed for 72

2T After this time, the reaction was filtered to remove residual K,CO;, dried (MgSO,)

hours.
and the solvent condensed under vacuum to give a white residue. This crude material was
then purified by flash chromatography (10% Methanol/DCM) to give the requited compound
(25) as yellow crystals (1.24 g, 17% yield) and 2-(4-aminophenyl)ethyl nicotinate (26) as a white
powder (1.89 g, 26% yield).

25: mpt 156 — 158 °C; (Found C 69.44, H 5.96, N 11.71, O 13.37 C,H,,N,O, requires C
69.41, H 5.82, N 11.56, O 13.21).

dy; (Acetone-d,, 200 MHz) 2.74(2H, t, ], , 6.6 Hz, H-2), 3.37 (1H, br s, OH), 3.79 2H, t, ], ,
0.6 Hz, H-1), 7.19 (2H, d, /5. ,- and. J. (- 8.5 Hz, H-3" and H-5"), 7.53-7.58 (1H, m, H-5""),
7.74 (2H, d, ], 5 and J; 5 8.4 Hz, H-2" and H-6"), 8.27 (1H, d, ], 5- 6.6 Hz, H-4""), 8.74
(1H, d, ;- 5 44 Hz, H-6""), 9.11 (1H, s, H-2""), 10.39 (1H, br s, NH). . (Acetone-d;, 50
MHz) & 38.6 (CH,, C-2), 62.3 (CH,, C-1), 120.3 (2CH, Ar), 123.4 (CH, Ar), 129.0 (2CH, Ar),
130.6 (quat., Ar), 135.3 (CH, Ar), 136.6 (quat., Ar), 145.7 (quat., Ar), 148.5 (CH, Ar), 151.9
(CH, Ar), 163.7 (quat., C=0).
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26: mpt 147-150°C (Found C 69.64, H 5.72, N 11.45, O 13.20 C,,H,,N,O, requires C 69.41,
H 5.82,N 11.56, O 13.21).

8y (Acetone-d,, 200 MHz) 2.81(2H, t, ], ;7.1 Hz, H-2), 3.76 (2H, t, ], , 7.1 Hz, H-1), 7.25
(2H,d, ], , and. ;. , 8.5 Hz, H-3" and H-5%), 7.47-7.58 (1H, m, H-5""), 7.72 (2H, d, ], , and
Jo s 8.5 Hz, H-2" and H-6"), 8.27-8.39 (1H, d, J,- -~ 6.5 Hz, H-4""), 8.71-8.82 (1H, d, J- ;-
4.4 Hz, H-6"), 9.17 (1H, s, H-2""). 8. (Acetone-d,, 50 MHz) & 39.1 (CH,, C-2), 63.7 (CH,,
C-1), 121.8 (2CH, Ar), 126.7 (CH, Af), 128.9 (2CH, Ar), 131.9 (quat., Ar), 137.2 (quat., Ar),
134.8 (CH, Ar), 137.3 (quat., Ar), 139.8 (quat., Ar), 147.9 (CH, Ar), 152.3 (CH, As), 162.4
(quat., CO,).

3.6.2 2" Attempted Synthesis of 4-(2-Chloroethyl)-N-(2-pyridin-3-ylethyl)aniline
Dihydrochloride (36)

@) 4-Nitrophenethyl Acetate (27)

To a flask equipped with stirrer bar was added (2) (20 g, 119.7 mmol). To this was added
acetic anhydride (22.6 mL, 239.5 mmol) which was subsequently stirred at room temperature
for 24 hours.” After this time a saturated solution of K,CO, (40 ml.) was added, the reaction
mixture stirred for 4 hours and then extracted with chloroform (3 x 30 mlL). The extract was
dried (MgSO,) and the solvent removed 7 vacuo to give (27) as a yellow crystalline solid (21.3 g,
85% yield): mpt 78 — 79 °C (lit™ 77 — 79 °C).

8y (Acetone-d,, 200 MHz) 6 1.98 (3H, s, CH,), 3.07 2H, t, ] ,, 6.8 Hz, H-2), 429 2H, t, | |,
6.8 Hz, H-1), 7.51 (2H, d, ] , ;and ] ;. 5 8.7 Hz, H-2'and H-6"), 8.12 (2H, d, ] 5 ,and | 5. (8.7
Hz, H-3"and H-5"). & (Acetone-d,, 50 MHz) 20.5 (CH,), 35.2 (CH,, C-2), 64.2 (CH,, C-1),
123.8 (2CH, Ar), 129.9 (2CH, Ar), 145.7 (quat., Ar), 146.5 (quat., Ar), 170.3 (CO).

(ii) 4-Aminophenethyl Acetate (28)

A suspension of 27 (20 g, 95.6 mmol) and 10% Pd/C (2.0 g) in THF (100 mL) was placed
inside a hydrogenation flask. The flask was fitted to a parr hydrogenator, evacuated, purged
with hydrogen (3 atm) and left to agitate for a period of 12 hours.” The resultant suspension

was filtered through celite, dried and reduced under pressure. The residue was purified by
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flash chromatography (10% methanol in DCM) to give 28 as an orange oil (15.3 g, 90% yield):
mpt 198 - 201°C (lit™ 201°C).

d;, (CDCL, 200 MHz) & 2.03 (3H, s, CH,), 2.89 (2H, t, | ,, 7.0 Hz, H-2), 3.60 (br s, 2H, NH,),
4.22 (2H,t,J ,,7.0 Hz, H-1), 6.66 2H, d, ] , ;and ] (. 58.5 Hz, H-2'and H-6"), 7.02 2H, d, ] 5.
,and | 5 (8.5 Hz, H-3"and H-5"). &, (CDCl,, 50 MHz) 20.7 (CH,), 35.2 (CH,, C-2), 64.4 (CH,,
C-1) 121.1 (2CH, Ar), 129.9 (2CH, Ar), 146.2 (quat., Ar), 147.3 (quat., Ar).

(ii) 2-{4-[(3-Pyridinylcarbonyl)amino]phenyl}ethyl acetate (30)

To a dry flask equipped with a stirrer bar and reflux condenser was added (28) (6.0 g, 33.5
mmol) in anhydrous THF (40 mL) and solid K,CO; (3.0 g) under nitrogen. A solution of
nicotinoyl chloride hydrochloride (29, 6.0 g, 33.7 mmol) in THF (60 ml.) was added dropwise

%27 After this time, the reaction was

to the reaction which was then refluxed for 72 hours.
filtered to remove residual K,CO;, dried (MgSO,) and the solvent removed under vacuum to
give a white residue.  This was then purified by column chromatography (10%
Methanol/DCM) to give (30) as yellow crystals (7.74 g, 81% yield): mpt 119 — 121 °C; (Found
C 67.54,H 5.62,N 9.67, O 16.91 C,;H,(\N,O; requires C 67.59, H 5.67, N 9.85, O 16.88).

Oy (Acetone-d; 200 MHz) 8 1.98 (3H, s, CH,), 2.92 2H, t, ], ,7.0 Hz, H-2), 4.24 2H, t, ], ,
7.0 Hz, H-1), 7.27 (2H, d, J;- , and. J5. ;- 8.4 Hz, H-3" and H-5), 7.50-7.53 (1H, m, H-57"),
7.78 (2H, d, ], 5 and J; 5 8.4 Hz, H-2" and H-6"), 8.29 (1H, d, J,- 5- 6.6 Hz, H-4""), 8.73
(1H, d, J;- 5~ 44 Hz, H-6""), 9.17 (1H, s, H-2""), 9.63 (1H, br s, NH). 6. (Acetone-d,, 50
MHz) 8 20.9 (CH;), 35.2 (CH,, C-2), 65.4 (CH,, C-1), 121.1 (2CH, Ar), 124.2 (CH, Ar), 130.1
(2CH, Ar), 131.8 (quat., Ar), 134.9 (quat., Ar), 135.9 (CH, Ar), 138.4 (quat., Ar), 149.5 (CH,

Ar), 153.0 (CH, Ar), 164.8 (quat., C=0).

(iii)  NV-[4-(2-Hydroxyethyl)phenyl]nicotinamide (25)

To a flask equipped with a stirrer bar and reflux condenser was added (30) (6.0 g, 21.1 mmol)
in anhydrous THF (60 mL) and MeOH (30 mL). A solution of K,CO; (6.0 g) in H,O (30 mL)
was added to the reaction which was then refluxed for 24 hours.” The resultant two-phase
system was partitioned and the aqueous phase extracted with 3 portions of diethyl ether. The
organic fractions were then combined, dried and removed under vacuum to give the title
compound (25) as a white powder (4.2 g, 82% yield); mpt156 — 158 °C. (Refer to section 4.5.1

(i) for compound characterization).
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(iv)  N-[4-(2-Chloroethyl)phenyl]nicotinamide (31)

To a dry flask equipped with a stirrer bar and reflux condenser was added (25) (4.0 g, 16.5
mmol) under nitrogen. Thionyl chloride (6.0 mL, 82.3 mmol) was added dropwise and the
reaction refluxed for 2 hours.">” After this time, the reaction was quenched with a saturated
solution of K,CO5(aq) (15 mL) and extracted with chloroform (3 x 30 mL). The extract was
dried (MgSO,) and the solvent removed 7z vacuo. The reaction residue was purified by flash
chromatography (10% methanol in DCM) to give (31) as yellow crystals (3.53 g, 82 % yield):
mpt 148 — 150 °C; (Found C 64.67, H 5.04, N 10.64, O 6.12 C,,H;CIN,O requires C 64.49, H
5.03, N 10.74, O 6.14).

d;; (Acetone-d, 400 MHz) 3.03 (2H, t, ], ;7.2 Hz, H-2), 3.78 (2H, t, ], , 7.2 Hz, H-1), 7.31
(2H, d, J5 , and. ;. ;- 8.5 Hz, H-3" and H-5"), 7.48-7.55 (1H, m, H-5""), 7.80 (2H, d, J, ;- and
Jos 8.5 Hz, H-2" and H-6"), 8.32 (1H, d, ], 5- 6.6 Hz, H-4""), 8.74 (1H, d, - 5 4.4 Hz, H-
6, 9.17 (1H, s, H-2""), 9.72 (1H, br s, NH). 8. (Acetone-d,, 100 MHz) 39.2 (CH,, C-2),
46.0 (CH,, C-1), 121.2 (2CH, Ar), 124.2 (CH, Ar), 130.1 (2CH, Ar), 132.0 (quat., Ar), 135.0
(quat., Ar), 135.9 (CH, Ar), 138.4 (quat., Ar), 149.5 (CH, Ar), 153.0 (CH, Ar), 167.2 (quat.,
C=0).

) Attempted Synthesis of 4-(2-Chloroethyl)-/N-(3-pyridinylmethyl)aniline (36)

To a dry flask equipped with a stirrer bar was added (31) (3.5 g, 13.4 mmol) under nitrogen.
The solution was cooled in ice and a 10M solution of borane dimethyl sulfide in ether (3.78
ml, 42.5 mmol) was added dropwise via a syringe and then stirred at room temperature for 24
hours." After this time, the reaction was quenched with water and the product extracted into
chloroform (3 x 30 mL) which was subsequently removed under reduced pressure. Attempts
to putify the product via flash chromatography (10% MeOH/DCM) failed due to

polymerization of the title compound, as indicated by mass spectroscopy and NMR.
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3.6.3 3 Attempted Synthesis of 4-(2-Chloroethyl)-N-(2-pyridin-3-ylethyl)aniline
Dihydrochloride.

@A) 2-{4-[(3-Pyridinylmethyl)amino]phenyl}ethanol Dihydrochloride (32)

To a dry flask equipped with a stirrer bar was added (25) (4.2 g, 17.3 mmol) in ether (30 mL)
under nitrogen. The solution was cooled in ice and a 2.0 M solution of borane dimethyl
sulfide (27.4 mL, 54.8 mmol) was added dropwise via a syringe and then stirred at reflux for 48
hours." After this time, the reaction was quenched with water and extracted with diethyl ether
(6 x 30 mL). A solution of HCI saturated diethyl ether was added with stirring and the
resultant precipitate filtered to give (32) as a white powder (2.7 g, 52% yield): mpt 198 — 200
°C; (Found C 55.84, H 6.22, N 6.13, O 5.38 C,,H,,CL,N,O requires C 55.82, H 6.02, N 9.30, O
5.31).

8y (DMSO, 400 MHz) 6 2.82 (2H, t, ], , 6.8 Hz, H-2), 3.31 (2H, 5, -CH,N), 3.71 (2H, t, J,, 6.8
Hz, H-1), 4.80 (1H, br s, OH), 5.41 (1H, br s, NH), 7.10 (2H, d, J;. , and. J;. (- 8.2 Hz, H-3"
and H-5"), 7.52-7.56 (1H, m, H-57"), 7.78 (2H, d, ], ;- and J. 5. 8.2 Hz, H-2" and H-6"), 8.29
(1H,d, J,- 5~ 6.8 Hz, H-4""),8.77 (1H, d, J,- 5~ 44 Hz, H-6""), 9.08 (1H, s, H-2""). 8. (DMSO,
100 MHz) & 39.3 (CH,, C-2), 48.7 (-CH,N), 64.9 (CH,, C-1), 120.0 (2CH, Ar), 123.2 (CH, Ar),
129.3 (2CH, Ar), 131.1 (quat., Ar), 135.9 (CH, Ar), 137.7 (quat., Ar), 145.2 (quat., Ar), 148.5
(CH, Ar), 152.0 (CH, Ax).

(ii) Attempted  Synthesis of  4-(2-Chloroethyl)- N-(3-pyridinylmethyl)aniline
Dihydrochloride (36)

To a dry flask equipped with a stirrer bar and reflux condenser was (32) (2.5 g, 9.96 mmol)

under nitrogen. Thionyl chloride (6.0 mL, 82.3 mmol) was added dropwise and the reaction

refluxed for 2 hours.">”  After this time, the reaction was quenched with a saturated solution

of K,CO,(aq) (15 mL) and extracted with chloroform (3 x 30 mL). The extract was dried

(MgSO,) and the solvent removed 7 vacno. Attempts to purify the residue by flash failed due

to polymerization of the title compound.
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3.6.4 Synthesis of 4-(2-Chloroethyl)- N-(3-pyridinylmethyl)aniline Dihydrochloride
(36)

(§)) 3-Pyridine Methylchloride (34)

To a dry flask equipped with a stirrer bar and reflux condenser was added 3-pyridyl carbinol
((33), 6.0 g, 55.0 mmol) under nitrogen. Thionyl chloride (12.0 mL, 164.6 mmol) was added
dropwise and the reaction refluxed for 4 hours.'"  After this time the excess thionyl chloride
was distilled from the reaction mixture. The crude reaction product was triturated with hexane
(10 mL) and the residual thionyl chloride was removed under high vacuum. The residue was
dissolved in chloroform and a solution of dried (MgSO,) diethyl ether saturated with HCI was
added. The precipitated hydrochloride salt was triturated in ethanol and filtered to give (34) as
a pale brown powder (8.1 g, 90% yield): mpt 138 — 140 °C (lit** — 137-143 °C).

8y (DMSO, 200 MHz) 6 4.95 (2H, s, H-1), 7.57-7.61 (1H, m, H-5""), 8.31 (1H, d, /- 5- 6.6 Hz,
H-47), 8.73 (1H, d, J;- 5~ 44 Hz, H-6""), 9.09 (1H, s, H-2""). 8. (DMSO, 50 MHz) 6 42.1
(CH,, C-1), 123.3 (CH, Ar), 135.7 (CH, Ar), 145.8 (quat., Ar), 148.2 (quat., Ar), 142.1 (CH, Ar),
151.1 (CH, Ar).

(ii) 2-{4-[(3-Pyridinylmethyl)amino] phenyl}ethanol (35)

To a flask equipped with a stirrer bar and condenser was added (34) (5.0 g, 30.7 mmol). A
heterogeneous solution of 7 (5.31 g, 38.7 mmol) and K,CO, (10.0 g) in THF (100 mL) was
added to the flask and refluxed for 72 hours with rapid stirring.”*”” After this time the reaction
mixture was filtered to remove residual K,COyj, dried (MgSO,) and the solvent removed under
vacuum. The product was putified by flash chromatography (10% MeOH/CHCL) to yield
(35) as a white powder which was converted to the hydrochloride salt to yield (32) (2.25 g,

32% yield). (Refer to section 4.5.3(i) for compound characterization).

(iii)  4-(2-Chloroethyl)- N-(3-pyridinylmethyl)aniline Dihydrochloride (36)

To a dry flask equipped with a stirrer bar was added (32) (1.0 g, 3.32 mmol) in chloroform (20
mL) under nitrogen. Thionyl chloride (3.0 mL, 41.1 mmol) was added dropwise and the
reaction stirred at reflux for 2 hours.'>"” After this time, the reaction was quenched with a
saturated solution of K,CO;(aq) (15 mL) and extracted with chloroform (3 x 30 mL). A HCI

saturated solution of diethyl ether was added to the extract to precipitate the product as the
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hydrochloride salt. The precipitate was filtered and recrystallized in ethanol to provide (36) as
a pale brown powder (0.4 g, 38% yield): mpt 235-237°C; (Found C 52.84, H 5.24, N 8.74
C,H;,CLN,; requires C 52.60, H 5.36, N 8.76).

3y, (DMSO, 400 MHz) 6 2.98 (2H, t, ], , 6.6 Hz, H-2), 3.36 (2H, s, -CH,N), 3.64 (2H, t, ], , 6.6
Hz, H-1), 544 (1H, br s, NH), 7.11 (2H, d, /5. ,- and. J;- (- 8.2 Hz, H-3" and H-5"), 7.50-7.55
(1H, m, H-57), 7.78 2H, d, J, ;- and J,- 5 8.2 Hz, H-2" and H-6"), 8.28 (1H, d, J,- 5 6.6 Hz,
H-4"),8.79 (1H, d, J;- ¢ 4.5 Hz, H-67), 9.10 (1H, s, H-2""). &, (DMSO, 100 MHz) 6 38.2
(CH,, C-2), 48.4 (-CH,N), 45.2 (CH,, C-1), 120.7 (2CH, Ar), 123.5 (CH, Ar), 129.3 (2CH, Ar),
131.0 (quat., Ar), 135.6 (CH, Ar), 137.2 (quat., Ar), 144.9 (quat., Ar), 148.4 (CH, Ar), 151.8
(CH, Ar).

3.6.5 Synthesis of 4-(2-Chloroethyl)- N-(2-pyridinylmethyl)aniline Dihydrochloride
(40)

@) 2-Pyridine Methylchloride (38)

To a dry flask equipped with a stirrer bar and reflux condenser was added 2-pyridyl carbinol
((37), 6.0 g, 55.0 mmol) under nitrogen. Thionyl chloride (12.0 mL, 164.5 mmol) was added
dropwise and the reaction refluxed for 2 hours.”  After this time the excess thionyl chloride
was removed from the reaction via distillation. The crude material was then triturated with
hexane (10 mL) and any residual thionyl chloride removed under high vacuum. The residue
was dissolved in chloroform and a solution of dried (MgSO,) diethyl ether saturated with HCI
was added. The precipitated hydrochloride salt was triturated in ethanol and filtered to give
(38) as a pale brown powder (7.8 g, 87% yield): mpt 120-122 (Lit* 120-124).

8y (DMSO, 200 MHz) & 5.01 (2H, s, H-1), 7.99-8.06 (1H, m, H-57"), 8.10 (1H,d, J;" ;» 8.0 Hz,
H-37"), 8.56-8.64 (1H, m, H-4"), 8.75 (1H,d, J;» y» 5.8 Hz, H-6""). 6. (DMSO, 50 MHz) & 42.9
(CH,, C-1), 138.7 (CH, Ar), 139.7 (CH, Ar), 143.4 (quat., Ar), 146.3 (CH, Ar), 148.1 (CH, Ar).
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(i)  2-{4-[(2-Pyridinylmethyl)amino]phenyl}ethanol (39)

To a flask equipped with a stirrer bar and condenser was added (38) (5.0 g, 30.7 mmol) in
THF (40 mL). A heterogeneous solution of 7 (5.3 g, 30.7 mmol) and K,CO; (5.0 g) in THF
(60 mL) was added to the flask and refluxed for 72 hours with rapid stirring.”*" After this time
the reaction mixture was filtered to remove K,CO,, dried (MgSO,) and the solvent removed
under vacuum. The tesidue was purified via flash chromatography (10%MeOH/CHCL) to
yield (39) as a white powder (3.43 g, 64% yield): 133-135°C (Found C 73.87, H 7.13, N 12.45,
0O 6.98 C,,H;(N,O requires C 73.66, H 7.06, N 12.27, O 7.01).

8y (DMSO, 400 MHz) 6 2.79 (2H, t, ], , 6.8 Hz, H-2), 3.39 (2H, s, -CH,N), 3.79 (2H, t, ], , 6.8
Hz, H-1), 479 (1H, br s, OH), 5.44 (1H, br s, NH), 7.08 (2H, d, J;- ,- and. J;. ;- 8.2 Hz, H-3"
and H-5), 7.72 2H, d, ], ; and J;. 5 8.2 Hz, H-2" and H-6"), 7.99-8.06 (1H, m, H-5""), 8.10
(1Hd, /3 , 8.0 Hz, H-37"), 8.56-8.64 (1H, m, H-4""), 8.75 (1H,d, J,» 5+ 5.8 Hz, H-6"). 0,
(DMSO, 100 MHz) 6 39.7 (CH,, C-2), 48.9 (-CH,N), 64.2 (CH,, C-1), 120.1 (2CH, Ar), 129.0
(2CH, Ar), 131.0 (quat., Ar), 138.0 (CH, Ar), 139.6 (CH, Ar), 137.2 (quat., Ar), 143.9 (quat.,
Ar), 146.4 (CH, Ar), 148.3 (CH, Ar).

(iii)  4-(2-Chloroethyl)- N-(2-pyridinylmethyl)aniline Dihydrochloride (40)
To a dry flask equipped with a stirrer bar and reflux condenser was added (39) (1.0 g, 4.38
mmol) in chloroform under nitrogen. Thionyl chloride (3.0 mL, 41.1 mmol) was added

P After this time, the reaction was

dropwise and the reaction refluxed for 2 hours.
neutralized with a saturated solution of K,COs(aq) (20 mL). The target product was extracted
into chloroform (3 x 30 mL) and dried (MgSO,). The solvent was removed under reduced
pressure to give crude product which was in ethanol to provide (40) as yellow crystals (0.4 g,
29% yield): mpt 245-247°C; (Found C 52.73, H 5.38, N 8.61 C,,H,,CLiN, requires C 52.60, H
5.36, N 8.706).

8y (DMSO, 400 MHz) 6 2.99 (2H, t, ], , 6.6 Hz, H-2), 3.39 (2H, s, -CH,N), 3.68 (2H, t, J,, 6.6
Hz, H-1), 5.44 (1H, br s, NH), 7.08 (2H, d, J;. , and. J;. ;- 8.2 Hz, H-3" and H-5"), 7.72 (2H, d,
Jo.5 and Ji. 5 8.2 Hz, H-2" and H-6"), 7.99-8.06 (1H, m, H-5""), 8.10 (1H,d, J;» ,» 8.0 Hz, H-
37), 8.56-8.64 (1H, m, H-4""), 8.75 (1H,d, J; 5» 5.8 Hz, H-6""). 8. (DMSO, 100 MHz) & 37.7
(CH,, C-2), 48.9 (-CH,N), 45.5 (CH,, C-1), 120.1 (2CH, Ar), 129.0 (2CH, Ar), 131.0 (quat., Ar),
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138.0 (CH, Ar), 139.6 (CH, Ar), 137.2 (quat., Ar), 143.9 (quat., Ar), 146.4 (CH, Ar), 148.3 (CH,
Ar).

3.6.6 Synthesis of N,N'-[Pyridine-2,6-diyldi(methylene)]bis[4-(2-chloroethyl)aniline]
Trihydrochloride (44)

@) 2,6-Bis(chloromethyl)pyridine (41)
To a dry flask equipped with a stirrer bar and reflux condenser was added 2,6-pyridine
dimethanol ((41), 6.0 g, 43.1 mmol) under nitrogen. Thionyl chloride (12.0 mL, 164.5 mmol)

1213 After this time the excess

was added dropwise and the reaction refluxed for 4 hours.
thionyl chloride was removed from the reaction via distillation. The crude material was then
triturated with hexane (10 mL) and any residual thionyl chloride removed under high vacuum.
The crude material was dissolved in chloroform and a solution of dried (MgSO,) diethyl ether
saturated with HCI was added. The precipitated hydrochloride salt was triturated in ethanol
and filtered to provide (42) as a white powder (7.8 g, 85% yield): mpt 75-77 °C; (Found C
39.58, H 3.91, N 6.34 C,H,CI)N requires C 39.56, H 3.79, N 6.59).

8y (Acetone-d,, 400 MHz) & 4.34 (4H, s, CH,OH), 5.19 (2H, s, OH), 7.10 (2H, d, J;» ,» and ]
;8.0 Hz, H-3" and H-5), 7.60 (1H, dd, J; y 8.0 Hz and ], ;+ 8.0 Hz, H-4'). 8 (Acetone-d,,

100 MHz) & 64.3 (CH,, C-1), 118.4 (2CH, A1), 137.1 (CH, Ar), 160.8 (2 quat., Ar).

(i)  2,2'-[2,6-Pyridinediylbis(methyleneimino-4,1-phenylene)]diethanol (43)
To a flask equipped with a stirrer bar and condenser was added (42) (7.0 g, 32.9 mmol). A
heterogeneous mixture of (7) (9.03 g, 65.8 mmol) and solid K,CO; (10.0 g) in THF (30mL)

2627 After this time the

was added to the flask and refluxed for 72 hours with rapid stirring.
reaction mixture was extracted with chloroform (3 x 30 mL), the extracts combined, dried and
the solvent removed under vacuum. The residue was purified via flash chromatography (10%
MeOH/CHCIL,) to yield (43) as a white powder (1.9 g, 15% yield): mpt 164-166 °C; (Found C
73.27, H7.07,N 11.21, O 8.43 C,;H,,N;O, requires C 73.18, H 7.21, N 11.13, O 8.48).

8y (Acetone-d,, 400 MHz) & 2.82 (4H, t, ], , 6.4 Hz, H-2), 3.46 (4H, s, -CH,NH), 3.64 (4H, t,
Ji., 6.4 Hz, H-1), 471 (2H, br s, OH), 7.27 (4H, d, J;. ,- and. J;. - 7.4 Hz, H-3" and H-5"), 7.82

(4H, d, ], and J,. 5 7.4 Hz, H-2" and H-6"), 8.27-8.30 (1H, m, H-4""), 837 (2H, d, Js' , and
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Jy ¢ 6.6 Hz, H-5"" and H-3""), 6.23 (2H, br s, NH), 8. (Acetone-d, 100 MHz) & 38.7 (2CH,,
C-2), 40.9 (-2CH,NH), 62.3 2CH,, C-1), 121.2 (4CH, Ar), 1252 (2quat., Ar), 129.1 (4CH, Ar),
135.7 (2CH, Ar), 139.8 (ICH, Ar), 148.9 (2 quat., Ar), 161.5 (2quat., Ar).

(iii) NV,N'-[2,6-Pyridinediylbis(methylene)]bis[4-(2-chloroethyl)aniline]
Trihydrochloride (44)
To a dry flask equipped with a stirrer bar and reflux condenser was added (43) (1.5 g, 3.97
mmol) in chloroform under nitrogen. Thionyl chloride (3.0 mL, 41.1 mmol) was added
dropwise and the reaction stirred at room temperature for 4 hours.”»” After this time, the
reaction was neutralized with a saturated solution of K,CO;(aq) (20 mL). The target product
was extracted into chloroform (3 x 30 mL) and dried (MgSO,). The solvent was removed
under reduced pressure to give crude product which was purified via flash chromatography
(10% MeOH/CHCL,), converted to the HCI salt by the methods previously mentioned in
ethanol to give (44) as yellow crystals (0.5 g, 24% yield): mpt decomp. 336 °C; (Found C 52.78,
H 5.45, N 7.94 C,;H,,CLiN; requires C 52.85, H 5.21, N 8.04).
3y (D0, 400 MHz) 8 2.96 (4H, t, ], , 6.6 Hz, H-2), 3.49 (4H, s, -CH,NH), 3.69 (4H, t, ], , 6.6
Hz, H-1),7.31 (4H, d, J5 , and. J5. ;- 7.4 Hz, H-3" and H-5"), 7.86 (4H, d, ], ;- and J,. 5 7.4 Hz,
H-2" and H-6"), 8.31-8.34 (1H, m, H-4""), 8.42 (2H, d, J5 ,» and J;» ,» 6.6 Hz, H-5"" and H-
37, 6.34 (2H, br s, NH), . (D,O, 100 MHz) & 37.6 (2CH,, C-2), 41.3 (-2CH,NH), 45.6
(2CH,, C-1), 121.7 (4CH, Ar), 125.9 (2quat., Ar), 129.8 (4CH, Ar), 136.1 (2CH, Ar), 140.2
(1CH, Ar), 149.2 (2 quat., Ar), 161.7 (2quat., Ar).

3.6.7 Synthesis of 4-(2-Chloroethyl)- V-[3-(2-pyridinyl)propyl]aniline Dihydrochloride
(48)

(i) 2-Pyridine Propylchloride (46)

To a dry flask equipped with a stirrer bar and reflux condenser was added 2-pyridine propyl
alcohol ((45), 6.0 g, 43.7 mmol) under nitrogen. Thionyl chloride (12.0 mL, 218.5 mmol) was
added dropwise and the reaction refluxed for 4 hours.'>"” After this time the excess thionyl
chloride was removed from the reaction via distillation. The crude material was then triturated

with hexane (10 mL) and any residual thionyl chloride removed under high vacuum. The
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crude material was dissolved in chloroform and a solution of dried (MgSO,) diethyl ether
saturated with HCI was added. The precipitated hydrochloride salt was triturated in ethanol
and filtered to give (46) as a pale brown powder (7.8 g, 93% yield): mpt 121 — 124 °C (lit’ 120-
124°C); (Found C 49.82, H 5.87, N 7.14 C,H,,CLN requires C 50.02, H 5.77, N 7.29).

3y, (DMSO, 200 MHz) 6 2.87 (2H, m, H-2), 2.94 2H, t, 5 , 6.8 Hz, H-3), 3.71 2H, t, ], , 6.8
Hz, H-1), 8.01-8.09 (1H, m, H-57"), 8.13 (1H,d, J;» ,» 8.0 Hz, H-37"), 8.57-8.64 (1H, m, H-4""),
8.78 (1H,d, J," 5 5.8 Hz, H-6"). . (DMSO, 50 MHz) 6 34.8 (CH,, C-2), 36.4 (CH,, C-3), 46.1
(CH,, C-1), 138.7 (CH, At), 139.7 (CH, Ar), 143.4 (quat., Ar), 146.3 (CH, Ar), 148.1 (CH, Ar).

(ii) 2-(4-{[3-(2-Pyridinyl)propyl]amino}phenyl)ethanol (47)

To a flask equipped with a stirrer bar and condenser was added (46) (7.0 g, 36.4 mmol) in
THF (50 mL). A solution of 7 (5.0 g, 36.4 mmol) in THF (50 mL) was added to the flask
together with solid K,CO; (8.0 g) and the reaction mixture refluxed for 72 hours with rapid
stirring.”*”  After this time the reaction mixture was filtered to remove the K,CO, and the
solvent was then removed under vacuum. The residue was recrystallized in ethanol to yield
(47) as a white solid (6.2 g, 67% yield): mpt 141 - 144 °C; (Found C 74.83, H 7.98, N 10.89, O
5.98 C,(H,,N,O requires C 74.97, H 7.86, N 10.93, O 6.24).

dy; (Acetone-d;, 400 MHz) 6 2.82-2.89 (4H, m, H-2 and H-3), 2.90-2.94 (2H, m, H-4 and H-5),
3.62 (brs, 2H, NH,), 412 2H, t, ] ,,7.0 Hz, H-1), 6.71 2H, d, ] , ;and ] ;. 58.5 Hz, H-2'and
H-6"),7.11 2H, d, J 5 ,and J 5 (8.5 Hz, H-3'and H-5"), 8.01-8.09 (1H, m, H-57), 8.13 (1H,d,
Jyr 4 8.0 Hz, H-3""), 8.57-8.64 (1H, m, H-4"), 8.78 (1H,d, J, s~ 5.8 Hz, H-6""). 8. (Acetone-
d,, 100 MHz) & 35.0 (CH,, C-2), 35.2 (CH,, C-3), 36.8 (CH,, C-5), 48.4 (CH,, C-3), 64.4 (CH,,
C-1), 121.1 (2CH, Ar), 129.9 (2CH, Ar), 138.9 (CH, Ar), 140.1 (CH, Ar), 143.6 (quat., Ar),
146.2 (quat., Ar), 146.8 (CH, Ar), 147.3 (quat., Ar), 148.7 (CH, Ar).

(iii)  4-(2-Chloroethyl)- N-[3-(2-pyridinyl)propyl]aniline Dihydrochloride (48)
To a dry flask equipped with a stirrer bar and reflux condenser was added (47) (2.0 g, 7.80
mmol) in chloroform under nitrogen. Thionyl chloride (6.0 mL, 82.2 mmol) was added

25 After this time, the reaction was

dropwise and the reaction refluxed for 2 hours.
neutralized with a saturated solution of K,COs(aq) (20 mL). The target product was extracted

into chloroform (3 x 30 mL) and dried (MgSO,). The solvent was removed under reduced
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pressure to give crude product which was in ethanol to yield the free amine of (48). A HCI
saturated solution of ether was added to the compound dissolved in CHCI,, to afford the title
compound (48) as a white powder (0.57 g, 21% yield): 276-278 °C; (Found C 55.03, H 6.21, N
8.04 C,(H,,CLiN, requires C 55.27, H 6.09, N 8.006).

3, (D0, 400 MHz) & 2.82-2.85 (2H, m, H-3), 2.90-2.94 (6H, m, H-2, H-4 and H-5), 3.58 (2H,
brs, NH,), 3.86 2H, t, ] ,,7.0 Hz, H-1), 6.72 2H, d, ] , and ] ;. 58.5 Hz, H-2'and H-6"), 7.14
(2H,d, ] 5 ,and J 5. (8.5 Hz, H-3"and H-5"), 8.07-8.12 (1H, m, H-5""), 8.13 (1H,d, /;» ,~ 8.0 Hz,
H-37), 8.53-8.60 (1H, m, H-4"), 8.77 (1H,d, J;» 5 5.8 Hz, H-67). 6. (D,O, 100 MHz) 6 35.4
(CH,, C-3), 36.0 (CH,, C-4), 36.4 (CH,, C-2), 36.6 (CH,, C-5), 36.8 (CH,, C-5), 63.8 (CH,, C-
1), 120.9 (2CH, Ar), 130.4 (2CH, Ar), 139.0 (CH, At), 140.2 (CH, Ar), 143.9 (quat., Ar), 146.7
(quat., Ar), 147.1 (CH, Ar), 147.4 (quat., Ar), 148.9 (CH, Ar).

3.6.8 Synthesis of N-benzyl-4-(2-chloroethyl)aniline Hydrochloride (51)

@) 2-[4-(Benzylamino)phenyl]ethanol (50)

To a flask equipped with a stirrer bar and condenser was added benzyl chloride ((49), 5.0 g,
39.5 mmol). A solution of (7) (5.42 g, 39.5 mmol) in THF (40 mL) was added to the flask
followed by solid K,CO; (5.0 g). The reaction was then refluxed for 72 hours with rapid

%27 After this time, the reaction was filtered to remove K,CO,, and the solvent was

stirring.
subsequently removed under vacuum.  Purification of the crude material by flash
chromatography (10% MeOH/CHCL,) afforded (50) as a pale yellow powder (4.68 g, 52%
yield): mpt 119-122°C; (Found C 79.20, H 7.62, N 6.15, O 7.07 C;;H,;NO tequires C 79.26, H
7.54,N 6.16, O 7.04).

d;; (Acetone-d, 400 MHz) 2.78 (2H, t, J, ; 6.6 Hz, H-2), 3.80 (2H, t, ], , 6.6 Hz, H-1), 4.21
(2H, s, CH,NH), 4.23 (1H, br s, NH), 7.02 (2H, d, J; ,- and. J;. ;- 8.0 Hz, H-3" and H-5"),
7.27 (2H, dd, J5- ¢~ and J5. ,- 7.2 Hz, [5. ,and J5- .- 7.1 Hz, H-5"" and H-3""), 7.29 (1H, dd,
Jos-and J;- 5 7.1 Hz, [, o and ], ,- 1.8 Hz, H-4""), 7.33 (2H, dd, ] 5~ and ], 5 7.2 Hz,
Jo 4 and ], . 1.8 Hz, H-6"" and H-2""), 7.67 (2H, d, J,- ;- and ], 5- 8.0 Hz, H-2" and H-6").
d¢ (Acetone-d,, 100 MHz) 38.9 (CH,, C-2), 47.9 (CH,, NH), 63.3 (CH,, C-1), 121.8 (2CH,
Ar), 127.1 (2CH, Ar), 127.7 (quat., Ar), 128.0 (CH, Ar), 128.3 (2CH, Ar), 128.6 (2CH, Ar),

137.3 (quat., Ar), 148.4 (quat., Ar).
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(ii) N-Benzyl-4-(2-chloroethyl)aniline Hydrochloride (51)
To a dry flask equipped with a stirrer bar and reflux condenser was added (50) (2.0 g, 8.80
mmol) in chloroform under nitrogen. Thionyl chloride (7.0 mL, 95.9 mmol) was added

dropwise and the reaction refluxed for 3 hours.'*"?

After this time, the reaction was
neutralized with a saturated solution of K,COs(aq) (20 mL). The target product was extracted
into chloroform (3 x 30 mL) and dried (MgSO,). The solvent was removed under reduced
pressure to give crude material which was recrystallized from ethanol to give the free amine as
yellow crystals. This was converted to the HCI salt via the methods previously outlined, to
afford the title compound (51) as a white powder (0.6 g, 24% yield): 222-224°C; (Found C
63.67, H 6.14, N 4.84 C;H,,CL,N requires C 63.84, H 6.07, N 4.90).

o, (D0, 400 MHz) 2.99 2H, t, ], , 6.6 Hz, H-2), 3.58 2H, t, ], , 6.6 Hz, H-1), 4.23 (2H, s,
CH,NH), 4.28 (1H, br s, NH), 7.05 (2H, d, ;. ,- and. J;. (- 8.0 Hz, H-3" and H-5"), 7.27 (2H,
dd, Js- ¢-and J5. ,- 7.2 Hz, ], and J;- , 7.1 Hz, H-5"" and H-3""), 7.27 (1H, dd, J, 5 and
Ji 3 T1 Hz, J. ooand ], 1.8 Hz, H-4""), 7.31 (2H, dd, J;- 5~ and ], ;- 7.2 Hz, ] , and
Jo- 4~ 1.8 Hz, H-6"" and H-27"), 7.69 (2H, d, ], 5 and J,- 5- 8.0 Hz, H-2" and H-6"). 6. (D0,
100 MHz) 38.2 (CH,, C-2), 47.6 (CH,, NH), 44.9 (CH,, C-1), 120.5 (2CH, Ar), 126.8 (2CH,
Ar), 127.3 (quat., Ar), 127.9 (CH, Ar), 128.4 (2CH, Ar), 128.7 (2CH, Ar), 137.8 (quat., Ar),
147.9 (quat., Ar).
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CHAPTER 4 - CYTOTOXICITY STUDIES — RESULTS AND
DISCUSSION

4.1 INTRODUCTION

Cancer is the name for a group of more than 100 diseases resulting from rapid and abnormal
cellular growth, that afflict millions of people worldwide each year, presenting as the second

> The American

highest cause of death in the first world after cardiovascular disease."”
Cancer Society maintains that, of persons living in developed nations, half of all men and
one-third of all women in the United States will develop cancer during their lifetimes.>*
Globally, the most common cancers are lung (~1.2 million cases per year), breast (~1.05

million cases per year), colorectal (~950,000 cases per year), stomach (~880,000) cases per

year), and liver (~560,000 cases per year).*®

The above profile varies greatly between populations, however the risk of developing most
types of cancer can be reduced by changes in a person's lifestyle including limiting alcohol
intake, avoiding tobacco, exercising regularly, maintaining a healthy diet and avoiding

O

excessive exposure to UV rays.”? Furthermore, detecting tumors early through enhanced

detection methods has resulted in a better overall prognosis for patients.

While the number of deaths from cancer have been decreasing by, on average, 2.1% per
annum due to more efficient treatment regimens’ and early detection, the incidence in the
number of cases of cancer has increased in the population over the past thirty years. Itis not
surprising that approximately 77% of all cancers are diagnosed in persons aged 55 or older,
as increased cell damage occurs throughout a lifetime with increased exposure to toxins and
harmful UV rays. As such, the enhanced longevity of the population contributes markedly

to the increasing incidence of cancer diagnosis in developed nations.”**"*
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The incidence and type of cancer varies according to sex, race and age, with the most
commonly affected sites being the breasts, lungs, prostate, stomach, colon, liver and rectum."*
While the disease symptoms and patient prognosis depend upon the organ affected, four
similar features characterize all cancers.”” These include:

> excessive cell proliferation,

> aloss of tissue specific characteristics,

> the ability to grow into adjacent tissues (invasiveness), and

> the ability to spread to new sites via blood vessels and lymph nodes, or

across body cavities from one organ to another (metastasis).

Billions of dollars are spent on research each year, however, cancer still poses a formidable
challenge. Cancer is not a single disease and requires different approaches depending on the

cancer in question.

4.2 TREATMENT
Modern medicine utilizes three main techniques in the treatment of cancer, either alone or in
combination. Broadly categorized, these techniques fall under the headings of

» chemotherapy,

» radiation, and

> surgery.

Much of the scope of this thesis encompasses the theory behind chemotherapy however,

radiation and surgery still remain important as first lines of defense against cancer.’

Most drug research will generally fall into one of the following broad categories:
> cytotoxic agents (i.e. alkylating, intercalating ot groove binding analogues and
their prodrugs);
» cell abrogating agents;
» hormone manipulators/immunotherapy (i.e. interferon stimulating); ot

» combination/multi-drug therapy
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4.2.1 Cytotoxic Agents —
(a) DNA Alkylating Agents — This class consists of some of the earliest drugs used
in the treatment of cancer. While CC-1065 has been extensively reviewed in
Chapter 1, this class consists of other compounds, each very different in structure
and efficacy. The first widely used group of alkylators were the aliphatic nitrogen
mustards (L.e. mustine — Figure 44) whose high chemical reactivity and limited
specificity cause a wide range of toxic side effects. However, with the introduction
of milder, aromatic nitrogen mustards (melphalan — Figure 44) that were able to be
administered orally, the effectiveness of treatment against lymphoblastic leukemia,
malignant lymphoma and tumors of the breast and ovary was enhanced,
particularly when administered in conjunction with mitotic inhibitors such as
vinblastine.""’
The nitrosoureas, more recent alkylating agents with lipophilic properties, are
active against tumors of the brain and cerebrospinal fluid. Clinically useful drugs in
this group include cisplatin, carmustine (i.v. administration) and lomustine which

are orally administered.”"”

o) NH, Cl

CHj3

G N " &(:i

Mustine Melphalan c

H
O\V/A\N/N\R
|

N
O/

Carmustine: R = EtCI
Lomustine: R = Cyclohexane

Figure 44 — Clinically Applicable Alkylating Agents
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Similar to CC-1065, nitrogen mustards readily react with the N-7 of guanine, under
physiological conditions via a neighboring group assisted nucleophilic substitution
(Figure 45).
Cl
) // N-7 of Guanine
/ N ‘N located within
—N: - _Nﬂ J \ DNA

Cl Cl
\\ N \\ ,Guanine
N N
N: N: (DNA)
\ \ +Guanine
Cl N—

Figure 45 — The Alkylation of DNA by the Nitrogen Mustard Mustine

The examples cited serve as a model for most alkylating agents. While there are
numerous other alkylating compounds currently in clinical use (i.e. hydrazine

derivatives) they lie outside the scope of this thesis.

(b) Intercalating Agents — Intercalating agents are cytotoxic to cell populations that
are proliferating rather then quiescent and generally prevent progression past the
G,/M phase of the cell cycle. They also induce chromosomal abnormalities,
condense chromatin and inhibit DNA and RNA synthesis. However, central to
the action of intercalating agents is their ability to inhibit the activity of

topoisomerase 11 which is essential for DNA repair.>"”

Intercalating agents all share a related structure, consisting of a fused, generally
tricyclic system, which is required for insertion between the base pairs of the DNA
helix. ~ This group makes up a considerable number of clinically administered
drugs and includes the:

> acridines,
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» anthracyclins,
» cllipticines and

» quinoxalines.

The aminoacridines were the earliest recognized DNA intercalators and are
powerful frameshift mutagens that are active against a broad spectrum of cancers.
Amsacrine is used to fight leukemias and malignant lymphomas while a second
acridine, nitracrine was shown to be active against mammary and ovarian

carcinomas (Figure 46).">"

The anthracyclins, comprising adriamycin and daunomycin (Figure 46) are the
most commonly used intercalating agents. Both possess a broad spectrum of
activity, inhibiting DNA and RNA synthesis and causing single strand breaks.
Interestingly, daunomycin’s mechanism of intercalation has been well studied and
involves rapid external attachment to the helix, followed by insertion and

13-17
monomolecular rearrangement.

The ellipticines (9-Hydroxy-N-methylellipticinum — Figure 46) are also good
intercalating agents and inhibit topoisomerase II, the action of which is essential

for DNA repair and thus, cellular survival.” !’

The quinoxaline antibiotics are a group of polyintercalating compounds, the most
recognized being echinomycin and triostin A. They intercalate into DNA with the
rings lying parallel to one another, spanning two base pairs in the complex. These
compounds are highly sequence selective and show specificity toward CG rich

13-17

DNA sequences.
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Figure 46 — Conventional Intercalating Agents

4.2.2 Cell Abrogation Compounds —
The eukaryotic cell cycle is tightly regulated by protein tyrosine kinases and as such represents

an important target for the development of anticancer drugs.

Activation of the cdc2-cyclin B complex is a crucial element in the regulation of the cell cycle’s
G,/M transition. The complex is activated by phosphorylation at Thr-161 and inhibited by
phosphorylation at both Thr-14 and Tyr-15."%

The protein kinases Weel and Mytl are responsible for the inhibitory phosphorylations and

are the main target of research groups involved in developing cell abrogation compounds. The
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inhibition of one or both of these enzymes by targeted drugs prevents the activation of the

18-20

cdc2-cyclin B complex, thereby averting the entry of the cell into mitosis°~ and eventually

resulting in cell death.

4.2.3 Hormone Manipulation —

Modification of the hormonal environment in which a tumor exists can often result in
regression of the cellular mass. Tamoxifen, (Figure 47) belonging to the anti-oestrogen class of
drugs, is used in the treatment of breast cancer and in some cases of endometrial cancer. This
drug competes with endogenous oestrogens for their receptors in breast tissue and inhibits the
transcription of oestrogen-responsive genes that contribute to tumor proliferation. It also
induces the production of transforming growth factor-3 which inhibits the growth of

malignant cells."*”

Generally, Tamoxifen and most other endocrine treatments are used separately from cytotoxic
drugs, as there is no evidence to support that giving them in combination offers any additional

benefit.”!

H3C/\N/\

.

CH,
0

\
HsC

Tamoxifen

Figure 47 — Tamoxifen
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4.3 CELL TYPES

The detailed study of mammalian cells 7z viwo is complicated and so in order to study the
activity of cell lines under controlled conditions, cells are typically cultured in an artificially
standardized environment. Cancer cells are relatively simple to study in culture because of
their ability to divide indefinitely. While normal cells propagate for only a limited number of
cycles, cancer cells possess one or more mutations that allow them to proliferate in an

. . . . 2
immortal manner, providing a genetically homogeneous source of cells.

The required cell lines were supplied adhered to the glass surface of a flat bottomed culture
vessel in a medium containing 5% fetal calf serum (FCS) which provides the necessary growth
factors for cell proliferation and survival (i.e. PDGF). Additional amino acids (required in
protein synthesis), vitamins (ie. nicotinamide), salts, antibiotics (to inhibit bacterial growth, ie.
streptomycin and penicillin) and glucose were also incorporated into the medium. The cells
were incubated at 37°C in an atmosphere of 5% CO,/air until required in culture experiments.
While normal cells (i.e. NFF) are inhibited by crowding and generally only form a single layer
in culture flasks, cancer cells do not exhibit this density dependent inhibition.'® As a result, the
cell density (represented by cell count) of the cancer lines provided was several times more

then that of the control (ie. non-tumor) cell lines used.

The main cell types that were utilized in the experimental (Chapter 6), and that are commonly
used in cancer research include Hel.a, MM96L. and NFF. While both the Hel.a and MM96L.
cell lines are tumor derived, NFF are normal fibroblastic cells that act as a control group,
enabling us to compare the activity of various chemotherapeutic drugs in both tumor and non-

tumor cell lines. Some of these cell lines are described below (4.3.1-4.3.7).%%

431 HeLa-
Hel a is a fast growing epithelial cell line that was isolated from a human cervical carcinoma in
1952. This was the first continuous line of cells established and is still commonly used today in

cancer research. Hel.a cells are capable of growth both in suspension and on a solid medium.
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4.3.2 MMOI6L —
The MMO96L cell line is a continuous line of human metastatic melanoma cells. These cells are

highly invasive but sensitive to oxygen radicals and nucleosides.

4.3.3 MM418c5 -

This is a heavily pigmented human melanoma that is sensitive to GSH depletion.

4.3.4 DUI145 and PC3

Both the DU-145 and PC3 cell lines originate from human prostate cancer.

4.3.5 NFF -
Neonatal foreskin fibroblasts (NFF) have a limited life-span of several months in culture and
therefore are not regarded as a continuous line of cells. NFF cells are inhibited by crowding

and only form a single layer in cell culture.

4.3.6 HaCat-

This immortalised human keratinocyte cell line while not tumorigenic, exhibits altered
characteristics to normal skin cells. While the cell line is not continuous it exhibits a longer
life-span than normal fibroblastic cell lines. Furthermore, HaCat cells do not exhibit the

degree of density dependent inhibition displayed by NFF cells lines.

4.3.7 293 — An adenovirus transformed human kidney cell line.

4.4 CELL SURVIVAL STUDIES

The fundamental dilemma in the treatment of cancer is the limited specificity displayed by
many of the drugs used in conventional chemotherapy. While most of the cancerous growth
can frequently be removed by surgery, it is often difficult to eradicate all of the tumor cells,
particularly if metastasis has occurred. Therefore it is often desirable to seek a second form of
therapy (ie. radiation or chemotherapy). Neither of these methods has been particularly
specific to date, however the advent of new protocols in drug research has seen some startling

developments in chemotherapeutic drug regimens in recent years.
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Recent developments in drug research have relied more heavily on rational design, rather then
trial and error or guesswork, and focus on the differences between normal and neoplastic cells
(ie. proliferation rate, metabolism and radiosensitivity). Furthermore, certain cancers depend
on the presence of hormones and may possess recognizable antibodies on their cell surface,
providing further possibilities for anticancer vaccine development, however, future work is

expected to largely encompass combination and multi-drug therapy.

4.4.1 Necrosis and Programmed Cell Death™” —
Cells exhibit one of two distinct morphologies during cell death following treatment with
cytotoxic compounds (Figure 48). Cellular death can occur via one of two mechanisms:

necrosis or programmed cell death.

(a) Necrosis — This occurs as a consequence of trauma, for example
exposure to toxins or heat, and disease. Cells undergoing necrosis display
characteristic morphological features, beginning with plasma membrane
changes that result in a loss in the sodium and calcium ion balance,
followed by acidosis, osmotic shock, chromatin clumping and nuclear
condensation.  These changes are accompanied by mitochondrial
phospholipase activation and decreased RNA, protein and ATP synthesis.
The end result is a reduced homeostatic balance and subsequent cell

death.”

(b) Programmed cell death or apoptosis — This phenomenon is
morphologically distinct from necrosis and occurs as a result of the
ignition of a programmed genetic signal. Apoptosis is the method via
which cells counterbalance mitosis, hence maintaining the size and shape
of tissues and organs. This mechanism of cell death is characterized by
shrinkage and condensation of cells, margination and blebbing of
chromatin and increased RNA and protein synthesis, which declines

following death.”
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MNNG (pg/ml)

Control

AB

NC

Figure 48 — The Effect of Varying Concentrations of MNNG (a DNA alkylating
compound) on the morphology of MM96L cells (400x) following staining with
Hoechst 33258, a fluorescent nuclear stain. Apoptotic Bodies (AB) and Nuclear

Chromatin Condensation (C) are shown (Taken from Reference 17).
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4.4.2 The Effect of Varying Concentrations of Synthesized Alkylating Compound on
Various Cell Lines —

Prior studies conducted by White e a/,” incorporating the compounds illustrated in Figure

49(a) demonstrated that the simple 4-hydroxyphenethyl halide analogues (Figure 49(a))

possessed the minimal structural requirements for alkylating DNA with Ar, ; participation

(Figure 49(b)).

X X X
OH
OH OCHj
4-Hydroxyphenethyl 3-Hydroxyphenethyl 4-Methoxyphenethyl
Halide series Halide series Halide series
(x=1,Br, Cl, F) (x=1,Br,Cl, F) (x=1,Br,Cl,F)

Figure 49(a) — 4-Hydroxyphenethyl, 3 Hydroxyphenethyl and 4-Methoxyphenethyl

halide series

(_Br Nuc> Nuc
—_——— B —
Y
O‘) (0] © (0]
\H H \H

Figure 49(b) — Ar, ; Ring Cyclisation of 4-Hydroxyphenethyl Bromide

This study, involving the compounds shown in the scheme above revealed the following

relationships:
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(@) The relative cytotoxicities of the 3-hydroxyphenethyl and 4-methoxyphenethyl halides
correlated with leaving group ability (ie. I>Br>Cl) in line with S\2 alkylation.

(b) The relative cytotoxicities of the 4-hydroxyphenethyl halides was found to be Br>I1>Cl
although this difference in cytotoxicity was much less pronounced than that of 3-
hydroxyphenethyl and 4-methoxyphenethyl halides.

() The 4-hydroxyphenethyl halides demonstrated higher levels of DNA alkylation than
the 3-hydroxyphenethyl and 4-methoxyphenethyl halides.

(d) The intensity of the DNA alkylation exhibited by the 4-hydroxyphenethyl halide
analogues was of the following order: Br>I>Cl which corresponds with the relative
cytotoxicity of these compounds.

(e) 4-Hydroxyphenethyl bromide demonstrated some sequence selectivity toward runs of
A and T. However, this selectivity for AT rich DNA was markedly lower than that of
CC-1005, indicating the importance of the non-covalent binding subunits of CC-1065

in directing sequence selectivity.

From the above observations it can be deduced that the greater potency of 4-
hydroxyphenethyl chloride and bromide relative to the corresponding 3-hydroxy and 4-
methoxy derivatives is related to the enhanced DNA alkylating capabilities by virtue of Ar, ;
participation. Furthermore, the cytotoxicity of these compounds was found to be proportional
to the electropositive nature of the leaving group and is therefore consistent with the theory

that ring closure is rate determining,

Given the above, we hypothesized that 4-aminophenethyl halide derivatives would exhibit
even greater cytotoxic activity than their hydroxyl counterparts because of the enhanced ability
of Ar, ; participation via the improved electron donating capability of the amine functionality.
As such, the following project was designed in order to deduce whether:

(@) The 4-aminophenethyl halides would exhibit greater cytotoxicity than their 4-
hydroxyphenethyl halide counterparts in the corresponding order: Br>CI>F. (Note:
4-aminophenethyl iodide was synthetically inaccessible due rapid to polymerization of
the subunit).

(b) The addition of electron withdrawing functionality to the 4-amine would limit Ar, ;

cyclisation and hence diminish the cytotoxicity of the compound.
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(c) The addition of simple subunits to 4-aminophenethyl halide analogues would enhance

the cytotoxicity of the compound through non-covalent binding with DNA.

In order to compare the cytotoxicity of our synthesized compounds toward both non-tumor
and tumor cell lines, we applied varied concentrations of drug to a range of cell lines as shown

in Figures 50 - 61. The cells were incubated with drug for two hours at 37°C.

An incubation time of two hours was commonly used in the Parson’s lab where particularly
reactive compounds were involved. Preliminary studies conducted by Shalders er a/”
demonstrated that 4-aminophenethyl bromide is completely hydrolyzed in buffer between 30
and 60 minutes and its reaction with DNA is complete within 5 minutes. This phenomenon
was confirmed in drug stability studies (Chapter 5.2). For this reason, a two hour incubation

time was deemed appropriate.

Following incubation with drug, the plates were washed and incubated with fresh medium for
a further 3 days at 37°C. The plates were then washed, fixed, stained with sulforhodamine B
and analyzed via spectrophotometric methods, as described in Section 6.2.1. The results are as

summarised in Figures 50 — 61 and Table 16.
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Cytotoxicity of (4) Against Various Cell Lines

Br

% Cell Survival

NH+Cl-

0.001 0.1 10 1000 100000

log Concentration (uM)

D

——Hela —=— MMO96L MM418c5 DU145 ——PC3 ——HaCat —+— NFF

Figure 50 — The Cytotoxicity of Compound (4) Toward DU145, HelLa, HaCat,
MMI6L, MM418c5, NFF and PC3 Cell Lines.

DU145 HelLa HaCat MM418c5 MMI96L NFF PC3

D;, 201%+06 482+02 523*16 185%£0.7 123104 801+24 284%09

D,, 51502 19401 105%£03 35601 314%£09 126+38 6.73+0.2

Table 4: D3; and Ds values (uM) for (4) Against Various Cell Lines.

The relative cytotoxicity of (4) toward various cell lines as determined by Ds; values is:

HeLLa>MM961.>MM418c5>DU145>PC3>HaCat>NFF
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Cytotoxicity of (06) Against Various Cell Lines

Cl

% Cell Surviva

NH;"CI

0.001 0.1 10 1000 100000

log Concentration (uM)

—o—Hela —=— MM96L MM418c5 NFF

Figure 51 — The Cytotoxicity of Compound (6) Toward HeLa, MM418c5, MMY6L and

NFF Cell Lines.
HelLa MM418c5 MMI96L NFF
D37 323+ 1.3 160 £ 6.1 116 £ 4.2 785 *+ 31
D50 5.82+0.2 263+1.2 185+ 0.6 110 + 4.4

Table 5: D37 and D5 values (uM) for Compound (6) Against Various Cell Lines.

The relative cytotoxicity of (6) toward various cell lines as determined by Dy, values is:

HeLa>MM96L> MM418c5>NFF
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Cytotoxicity of (8) Against Various Cell Lines
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Figure 52 — The Cytotoxicity of Compound (8) Toward HeLa, MM96L, MM418c5 and
NFF Cell Lines.

HeLa MM418c5 MMIG6L NFF

D;, >500 >500 >500 >500

D, >500 >500 >500 >500

Table 6: D3; and Dsp values (uM) for Compound (8) Against Various Cell Lines.

The relative cytotoxicity of (8) toward various cell lines as determined by Dj, values is:

HeLa> MM96L> MM418c5>NFF
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Cytotoxicity of (22) Against Various Cell Lines

O
N"" Br
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Figure 53 — The Cytotoxicity of (22) Toward HeLa, MM418c5, MM96L and NFF Cell

Lines.

HeLa MM418c5 MMOI6L NFF

D;, 23808 69.8 £3.1 523 %20 309 + 14

D, 417+ 0.1 11.7 £ 04 813+ 04 41819

Table 7: D3; and Dsg values (uM) for Compound (22) Against Various Cell Lines. D37 is the dose (uM) Required
to Reduce Cell Survival to 37%. Dsis the dose (uM) Required to Reduce Cell Sutrvival to Half.

The relative cytotoxicity of (22) toward various cell lines as determined from D,, values is:

HeLa> MM96L> MM418c5>NFF
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Cytotoxicity of (23) Against Various Cell Lines

Cl
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Figure 54 — The Cytotoxicity of (23) Toward HeLa, MM418c5, MM96L and NFF Cell

Lines.

HeLa MM418c5 MMI6L NFF

D37 119 £ 5.1 503 + 17 309 + 15 >500

DSO 20.7 £ 0.8 613121 39.9 £ 2.0 399 + 15

Table 8: D37 and Dsp values (uM) for Compound (23) Against Various Cell Lines. D3 is the dose (uM) Required
to Reduce Cell Survival to 37%. Dso is the dose (uM) Required to Reduce Cell Sutvival to Half.

The relative cytotoxicity of (23) toward various cell lines as determined from D5, values is:

HeLa> MM96L> MM418c5>NFF
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Cytotoxicity of (11) Against Various Cell Lines
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Figure 55 — The Cytotoxicity of (11) Toward HeLa, MM418c5, MM96L and NFF Cell

Lines.

HeLa MM418c5 MMI6L NFF
D;, >500 >500 >500 >500
Dy, >500 >500 >500 >500

Table 9: D37 and Ds values (uM) for Compound (11) Against Vatious Cell Lines. D37 is the dose (uM) Required
to Reduce Cell Survival to 37%. Dsis the dose (uM) Required to Reduce Cell Survival to Half.

The relative cytotoxicity of (11) toward various cell lines as determined from Dy, values is:

HeLa>MM418c5> MM96L>NFF
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Cytotoxicity of (12) Against Various Cell Lines
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Figure 56 — The Cytotoxicity of (12) Toward HeLa, MM418c5, MM96L and NFF Cell

Lines.

HelLa MM418c5 MM9I96L NFF
D,, >500 >500 >500 >500
Dy, >500 >500 >500 >500

Table 10: Ds; and Dsp values (uM) for Compound (12) Against Various Cell Lines. Dj7 is the dose (uM)
Required to Reduce Cell Survival to 37%. Dsg is the dose (uM) Required to Reduce Cell Survival to Half.

The relative cytotoxicity of (12) is: HeLa>MM418c5>MM96L>NFF

Attempts to evaluate the cytotoxicity of the parent 4-nitrophenethyl halide analogues failed due
to their insolubility in biological medium even with the addition of 1% DMSO. Given that
DMSO displays an intrinsic cytotoxicity at concentrations greater than 1% in medium we were
unable to provide an accurate assessment of the 4-nitrophenethyl halides cytotoxicity toward

tumor cells.
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4.4.3 — The cytotoxicity of Mono- and bis-Alkylators Incorporating pyridyl/benzyl

noncovalent binding sub units against various cell lines.

Cytotoxicity of (36) Against Various Cell Lines

% Cell Survival

NH,* CI
Cl *H,@ﬁ 2
F

0.001 0.1 10 1000 100000

0
=2

log Concentration (uM)

—o—Hela —s— MM96L MM418c5 NFF

Figure 57 — The Cytotoxicity of (36) Toward HeLa, MM418c5, MM96L and NFF Cell

Lines.

HeLa MM418c5 MM96L NFF

D;, 60.8 £ 1.9 481 £ 19 171+ 7.3 >500

D;, 8.95+ 0.3 55.6 + 22 20.1 £ 0.9 355+ 16

Table 11: D3; and Dsp values (uM) for Compound (36) Against Hela cells. Ds7 is the dose (uM) Required to
Reduce Cell Sutvival to 37%. Ds is the dose (uM) Required to Reduce Cell Sutvival to Half.

The relative cytotoxicity of (36) toward various cell lines as determined from D5, values is:

HeLa> MM96L> MM418c5>NFF
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Cytotoxicity of (40) Against Various Cell Lines
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Figure 58 — The Cytotoxicity of (40) Toward HeLa, MM418c5, MM96L and NFF Cell

Lines.

HeLa MM418c5 MMOIG6L NFF

D 110+ 28 380 £ 13 275+ 85 >500
37

D 184105 50.4 £ 1.7 365+ 1.1 166 7.1
50

Table 12: D37 and Dsy values (uM) for Compound (40) Against MMIGL cells. D3 is the dose (uM) Requited to
Reduce Cell Survival to 37%. Ds is the dose (uM) Required to Reduce Cell Survival to Half.

The relative cytotoxicity of (40) toward various cell lines as determined from D5, values is:

HeLa> MM96L> MM418c5>NFF
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Cytotoxicity of (44) Against Various Cell Lines

Cl

NH,+Cl-
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Figure 59 — The Cytotoxicity of (44) Toward HeLa, MM418c5, MM96L and NFF Cell

Lines.

HelLa MM418c5 MMI6L NFF

D;, 17.6 £ 0.8 403 %+ 1.6 331£13 80.9 £ 3.6

Dy, 317101 6.88 £0.3 5.06£0.2 10.0 £ 0.5

Table 13: D37 and Dsp values (uM) for Compound (44) Against NFF cells. Djy is the dose (uM) Required to
Reduce Cell Sutvival to 37%. Dsy is the dose (uM) Required to Reduce Cell Sutvival to Half.

The relative cytotoxicity of (44) toward various cell lines as determined from D, values is:

HelLa> MM96L.> MM418c5>NFF
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Cytotoxicity of (48) Against Various Cell Lines
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Figure 60 — The Cytotoxicity of (48) Toward HeLa, MM418c5, MM96L and NFF Cell

Lines.

HeLa MM418c5 MMI6L NFF

D,, 40.1 1.6 155+ 6.2 115+ 54 >500

D 6.75+ 0.3 223109 10.1+05 201 £ 6.0
50

Table 14: D37 and Dsp values (uM) for Compound (48) Against NFF cells. Djy is the dose (uM) Required to
Reduce Cell Survival to 37%. Dsy is the dose (uM) Required to Reduce Cell Survival to Half.

The relative cytotoxicity of (48) toward various cell lines as determined from D5, values is:

HelLa>MM96L.>MM418c5>NFF
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Cytotoxicity of (51) Against Various Cell Lines
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Figure 61 — The Cytotoxicity of (51) Toward HeLa, MM418c5, MM96L and NFF Cell

Lines.

HeLa MM418c5 MMIG6L NFF

D;, 189 £5.1 731+ 25 391+ 11 >500

D, 299+ 0.8 108 + 3.7 57.6 £ 1.7 719 £ 22

Table 15: D37 and Dsp values (uM) for Compound (51) Against NFF cells. Djs is the dose (uM) Required to
Reduce Cell Survival to 37%. Dsy is the dose (uM) Required to Reduce Cell Survival to Half.

The relative cytotoxicity of (51) toward various cell lines as determined from D5, values is:

HeLa>MM96L>MM418c5>NFF
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4.4.4 Summary of Results —

MM418c5 MM96L NFF

@) 185+ 0.7 123 + 0.4 801 + 24
356 + 0.1 314+ 09 126 + 3.8
©) 160 £ 6.1 116 £ 4.2 785 + 31
263+ 1.2 185 £ 0.6 110 + 4.4
®) >500 >500 >500
>500 >500 >500
(1) >500 >500 >500
>500 >500 >500
(12) >500 >500 >500
>500 >500 >500
(22) 69.8 3.1 523 £20 309 + 14
11704 813+ 0.4 418%19
(23) 503 17 309 & 15 >500
613+21 39.9 2.0 399 + 15
(36) 481 £ 19 171+73 >500
55.6 = 2.2 201+ 0.9 355+ 16
(40) 380 + 13 275+ 85 >500
504 £17 365+ 1.1 166 + 7.1
(44) 403+ 1.6 331+13 80.9 £3.6
688+ 023 506 £ 0.2 10.0£05
(48) 155 + 6.2 115+ 54 >500
223+ 09 10.1£05 201 £ 6.0
(51) 731 £ 25 391 + 11 >500
108 £3.7 576 £ 1.7 719 ¥ 22

B Cell line of lowest resistance to drug of interest
B cell line of highest resistance to drug of interest

Table 16: D37 and Dsg values in pM (for compounds (4), (6), (8), (11), (12), (22), (23), (36), (40), (44), (48)
and (51)) Against Various Cell Lines. Dj7: the dose required to reduce cell survival to 37%. Dso: the dose

required to reduce cell survival to half.

The results in Table 16 demonstrate the following:
(a) 4-Aminophenethyl bromide hydrochloride (ie. Compound (4)) is the most potent of
all of the compounds synthesized, including the more complex non-covalent subunit

containing compounds (ie. (36), (40), (44), (48) and (51)).
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The bisalkylating compound (44) shows marked potency toward Hel.a cells, but less
than that of 4-aminophenethyl bromide (4);

The amide containing compounds (11) and (12) show remarkably poor cytotoxicity
against all cell lines as expected;

Compounds (36), (40) and (51) displayed diminished cytotoxicity to all cell lines
tested relative to the simple monoalkylating analogue (6). Compound (36) displayed
enhanced cytotoxicity to all cell lines tested relative to its structural analogue (40).
Compound (48) also showed similar cytotoxicity toward Hela, MM96L and
MM418¢c5 cells when compared to the monoalkylating compound (6) but enhanced
cytotoxicity toward NFF when compared to (6).

All of the compounds exhibited specificity toward Hela relative to the other cell
lines tested;

All compounds show markedly diminished cytotoxicity toward the NFF cell line

when compared to that shown toward Hel.a, MM418c5 and MM96L;

The marked differences in potency between the above compounds can be explained as

follows:

(@)

(b)

4-Aminophenethyl bromide hydrochloride (4) exhibits enhanced potency toward
tumor cells when compared to that of its hydroxyl counterpart. This can be
attributed to the enhanced electron donating ability of the amine nitrogen relative
to that of the hydroxyl oxygen, enabling superior DNA alkylating capabilities by
virtue of Aryzpatticipation.

The bisalkylating compound (44) displays enhanced cytotoxicity when compared to
that of the simpler monoalkylating compound 4-aminophenethyl chloride (6), but
diminished activity relative to (4). It is proposed that this compound reacts with
DNA in a similar fashion to Bizelesin through the formation of interstrand
crosslinks within DNA and subsequent cessation of the DNA replication process,
thereby making it a potent cytotoxic compound. Given this data, the bromide
derivative of (44) is hypothesized to exhibit ever greater cytotoxicity than the
simple monoalkylating compound (4), however its synthesis and isolation was not

achieved due to the formation of polymer product during the reaction.
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(c) As expected, the amide compounds (22) and (23) exhibited decreased activity.
While a limited degree of alkylation may have occurred via an S 2 reaction, DNA
alkylation by virtue of Ary3 participation is retarded due to the limited electron
donating ability of the amide nitrogen, thereby resulting in diminished cytotoxicity.

(d) Compound (36) exhibits enhanced cytotoxicity relative to its structural analogue
(40). The only structural difference between these two molecules is the placement
of the pyridine nitrogen, the positioning of which in compound (36) may serve to
provide additional stabilization in the DNA groove.

(¢) Tumor cells generally have a greater proportion of cells in active cell division
compared with normal cells. Tumor cells which are actively undergoing the cell
cycle are more susceptible to alkylating compounds as the DNA in such cells is
relatively exposed during cell division.® The enhanced proliferative rate, along with
the highly permeable vasculature of tumor cells explains the preferential activity of
the DNA alkylating compounds tested toward Hel.a, MM96L. and MM418c5 when
compared to the normal neonatal foreskin fibroblast (NFF) cell line.”*” That is,
the DNA of the tumor cell lines is more accessible to the reactive alkylating

compounds tested, rendering them more susceptible to alkylation and hence cell

death.

To summarise, of the compounds tested, 4-aminophenethyl bromide (4) shows the most
promise as an antitumor agent due to its potent cytotoxity against tumor cells relative to a

normal cell line 7z vitro and ease of synthesis.
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CHAPTER 5 - FURTHER PRELIMINARY BIOLOGICAL STUDIES -
RESULTS AND DISCUSSION

5.1 REPORTER ASSAYS

The sequence selectivity of DNA alkylating compounds is an important consideration in
cancer therapeutics. Previous DNA alkylation studies that were conducted by Shalders ef a/'
involved the observation of AT and CG rich DNA that had been incubated with 4-
aminophenethyl halide. The fragmentation of the DNA observed on polyacrylamide gel
demonstrated that 4-aminophenethyl bromide exhibited specificity for AT rich sequences of
DNA, alkylating in a similar fashion to CC-1065 at the N7 of adenine. Molecular modeling by
the same author supported this observation and confirmed that steric repulsion, groove width
and non-covalent interactions all played key roles in the binding and stabilization of 4-

aminophenethyl halide in the AT rich minor groove.

In order to substantiate these previous studies a further method of investigation employing 3-

galactosidase assays was utilized. The CPR-B-galactosidase and pOct-Luciferase assays were
used to probe for specificity toward AT and CG rich DNA sequences respectively. These
assays were chosen for their simplicity and low inter-assay variation> Furthermore, neither
required the use of radioactive labelling, were less labor intensive, and relatively fast and

inexpensive when compared to other reporter assays (i.e. chloramphenicol acetyl transferase

(CAT)

511 Probing for AT selectivity: The 3-Galactosidase reporter Assay —

The B-Galactosidase reporter assay utilized MMIGL cells that had been transfected (infected)
with a recombinant, replication defective adenovirus. The adenoviral genome contained the
gene lacZ which encodes for [-galactosidase, an enzyme that can be quantified
colourimetrically at 680 nm. The [-galactosidase gene was flanked by an AT rich
cytomegalovirus enhancer-promoter (Figure 62) that regulates the transcription of the (-

galactosidase gene.’
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When determining whether the drugs of interest exhibit any specificity for either AT or CG

rich DNA the following is assumed:

@)

()

Compounds that show no AT sequence specificity will not bind to the
cytomegalovirus enhancer-promotor and hence the B-galactosidase gene will be readily
transcribed. The transcribed B-galactosidase will react enzymatically with CPRG upon
its addition to the plate to produce a blue colouration that can be quantified
colourmetrically.

Compounds which are AT sequence specific will inhibit transcription of the B-
galactosidase gene at a magnitude correlating to their affinity for the AT rich
cytomegalovirus enhancer-promotor. The decrease in levels of B-galactosidase levels

results in diminished activity toward CPRG and hence lower absorbency readings.

Put simply, the higher the absorbancy readings obtained, the less specific the drug for AT

rich sequences of DNA. Conversely, the lower the absorbancy readings obtained, the

greater the specificity of the drug for AT rich DNA sequences.

pp71 (UL82)
Virion
Transactivator

Upregulates Enhancer CeLlular Factors:

IEL l+ ATF/CREB

49aa ?

AM

IE2

Enhancer

Uptegulates Enhancer

425aa

Figure 62 — The CMV iel/ie2 Promoter-Enhancer Region Which Flanks the lacZ gene

The transcription of the 3-Galactosidase gene is dependent on the host cell’s transcription

machinery. The mechanism is as follows:
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1. Following transfection of the MM96L cells by adenovirus, several virion proteins (ie. pp71),
together with host cellular factors initiate the transcription of the 7e7/72 promotet-enhancer
region (Figure 62), resulting in the production of the proteins IE1,,,. , IE2,,;. .and TE24,, >

2. 'The IEl,,, and IE2,. proteins act to upregulate the z7/7e2 enhancer and initiate

transcription of the 3-Galactosidase gene.

Given the above information, the transcription of 3-Galactosidase can be inhibited by either:
(i) binding of the drug to the AT rich promoter enhancer,
(i) direct binding of the drug to the lacZ gene, or
(iii) binding of the drug to the genes responsible for the expression of the enhancer

proteins (IE1 and IE2).

In order to probe for AT selectivity (4), (6), (22), (43) and (44) were incubated at 37°C with
viral infected MMI6L cells for 3 days. After this time, CPRG reagent was added to each of the
96 well plates, which were then incubated for a further 30 minutes at 37°C. The intensity of
the blue colouration from reaction of the CPRG with B-galactosidase, is indicative of the
amount of [-galactosidase transcribed in the cell. ‘That is, the greater the level of B-
galactosidase in the cell, the greater the intensity of the colour. In order to quantitate the level
of transcription, the absorbance of each well was read at 680 nm on a BioRad microplate
reader 3550. The cellular survival of each sample was also measured at this timepoint using
the SRB method described in Chapter 4 in order to determine whether or not any decrease in
B-galactosidase transcription resulted from a decrease in cell number. The results were

graphed as percentage of control versus log concentration (uM) (Figures 63 — 67, Table 17).
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B-Galactosidase Assay (4)
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Figure 63 — Plot of B-Galactosidase Production (% Control) Versus Concentration of
@) (uM) in MMIGL Cells.

B-Galactosidase Assay (6)
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Figure 64 — Plot of B-Galactosidase Production (% Control) Versus Concentration of

(6) (M) in MMOIGL Cells.
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B-Galactosidase Assay (22)
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Figure 65 — Plot of B-Galactosidase Production (% Control) Versus Concentration of

(22) (uM) in MMY6L Cells.

B-Galactosidase Assay (43)
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Figure 66 — Plot of B-Galactosidase Production (% Control) Versus Concentration of

(43) (uM) in MMY6L Cells.
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B-Galactosidase Assay (44)
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Figure 67 — Plot of B-Galactosidase Production (% Control) Versus Concentration of

(44) (M) in MMYGL Cells.

Compound Cell Survival p-Galactosidase
Rate of Cell 1D, (uM) Rate of Cell ID;, (uM)
Decline Decline

(Gradient) (Gradient)
@) 2.43 >500 7.03 553+ 1.8
6) 6.06 30.3 £ 0.9 5.65 492+ 0.2
(23) 6.86 19.2 £ 0.6 0.75 4.81 + 0.1
(43) 2.39 >500 -1.09 >500
44) 5.72 181+ 54 8.39 7.06 £ 0.2

Table 17: IDs values (M) and relative rate of cellular decline as compared to the rate of f-galactosidase

decline. These values are calculated from the line of best fit.
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The results can be summarized as follows:

@)

(®)

©

d

©

®

Compounds (4) and (6) elicit an appreciable decline in the transcription of the B-
Galactosidase enzyme in adenoviral infected MM9GL cells. This decline becomes even
more marked as the drug concentration increases.

The decline in transcription of the B-Galactosidase enzyme obsetved for incubation
with compound (4) cannot be explained by decreases in cell number. The relative rate
of decline in B-galactosidase (Gradient=-7.03) is markedly higher than the rate of
decline in cell number (Gradient=-2.43) (Table 17).

The decline in transcription of the B-Galactosidase enzyme obsetved for incubation
with compound (6) cannot be explained by decreases in cell number. The relative rate
of decline in B-galactosidase (Gradient=-5.65) is greater than the rate of decline in cell
number (Gradient=-6.06) (Table 17).

Compound (22) appears to affect a reduction in the transcription of the [-
Galactosidase enzyme. However, this can be correlated with a decline in cell numbers.
The relative rate of decrease of cell number (Gradient=-6.86) corresponds to that of
the relative rate of decline in B-galactosidase transcription (Gradient=-6.74).
Compound (43) affected an increase in the production of B-galactosidase at each
concentration used. (Figure 60).

The decline in transcription of the B-Galactosidase enzyme obsetved for incubation
with compound (44) cannot be explained by decreases in cell number. The relative
rate of decline in B-galactosidase (Gradient=-8.39) is greater than the rate of decline in

cell number (Gradient=-5.72) (Table 17).

The following observations can be made with respect to these results:

@

(®)

Compounds (4), (6) and (44) exhibit specificity toward AT rich sequences of DNA.
This correlates with the results obtained from prior research that was conducted by
Shalders ez al.'

Surprisingly, 4-hydroxyphenethyl chloride (22) did not exhibit any AT sequence

selectivity as observed for its amine counterpart (6);

156



(¢) It is unclear why an increase in production of B-Galactosidase should occur on
incubation with compound (43). It may be that this compound binds to the crs
region (Figure 67). Given that the gene product IE2,.,, contributes to the repression
of B-galactosidase transcription by binding to the crs region of the promoter-enhancer
(Figure 67),” the binding of drug to either the crs region, or the IE2.,,,, protein would

block this repression, resulting in an increase in 3-galactosidase transcription.’

Cellular Factors:
P33
YY1

—
——— TN

CISs
(CGTTTAGTGAACCGT)
1E2
579%aa

IE2 hinds to the crs
sequence o mediate
repression.

Figure 67 — Repression of IE1/IE2 Gene Expression

5.1.2 Probing for CG selectivity: The Luciferase reporter Assay —

In order to determine whether the drugs of interest demonstrated specificity towards CG rich
DNA sequences the luciferase (LUC) reporter assay was utilized.” The advantage of this assay
over similar reporter assays is that the results are not affected by cell storage time, baseline
expression of undamaged plasmids or expressions of damaged plasmids and as such, the LUC

assay is not affected by variation in transfection efficiencies.’

Similar to the -galactosidase reporter assay, the LUC assay utilizes a recombinant, replication
defective adenovirus which was transfected into MMIGL cells. The recombinant genome
contains the gene for luciferase, an enzyme that can be quantified colourmetrically at 680nm,
and is similarly flanked by a cytomegalovirus immediate promoter and enhancer.’

This assay assumes that:
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(@) Compounds lacking CG sequence specificity will not bind to the cytomegalovirus
enhancer-promotor and hence the luciferase gene will be readily transcribed. The
luciferase will react enzymatically with luciferin substrate upon its addition to the plate
to produce an orange colouration, the luminosity of which can be quantified in terms
of light units (counts/second).

(b) Compounds which are CG sequence specific will inhibit transcription of the luciferase
gene to a magnitude correlating to their affinity for the CG rich cytomegalovirus
enhancer-promotor. The decrease in levels of luciferase will result in diminished

activity toward luciferin and hence lower counts/second.

Compounds (4), (6), (22), (43) and (44) were diluted in triplicate and incubated with MM96L
cells for 3 days. Luciferin substrate (see Appendix 1) was used to quantify the amount of
luciferase transcribed and the results were graphed as percentage of control versus

concentration (Figures 68 — 72, Table 18).

Luciferase Assay (4)

-
N
[«s]

100
Br
80
o
5 60
O
X
40
NH3*Cl
20 |
T O T T
0.001 0.1 10 1000 100000

Concentration (uM)

—e— Luciferase —a— Cell Survival ‘

Figure 68 — Plot of Luciferin Production (% Control) Versus Concentration of (4) (uM)
in MMYI6L Cells.
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Luciferase Assay (6)
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Figure 69 — Plot of Luciferin Production (% Control) Versus Concentration of (6) (uM)

in MM96L Cells.
Luciferase Assay (22)
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Figure 70 — Plot of Luciferin Production (% Control) Versus Concentration of (22)
(uM) in MMI6L Cells.
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Luciferase Assay (43)
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Figure 71 — Plot of Luciferin Production (% Control) Versus Concentration of (43) (uM)

in MMY6L Cells.
Luciferase Assay (44)
Cl
120
3 NH,+Cl-
<
8 —
< -CI+HN\ /
NH,+Cl-
—0 ‘
0.001 0.1 10 1000 10000
Concentration (uM) Cl
‘—0— Luciferase —s— Cell Survival ‘

Figure 72 — Plot of Luciferin Production (% Control) Versus Concentration of (44)
(M) in MMI6L Cells.
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Compound Cell Survival Luciferase
Rate of Cell 1D,, (uM) Rate of Cell ID,, (uM)
Decline Decline

(Gradient) (Gradient)
“) 3.06 >500 3.15 >500
6) 6.15 463+ 1.4 6.12 10.2 £ 0.3
(23) 7.08 202+ 0.7 7.06 10.1 £ 0.4
(43) 2.63 >500 -0.62 >500
43) 6.23 582+ 1.7 6.66 582+ 19

Table 18: IDsj values (uM) and relative rate of cellular decline as compared to the rate of Luciferase decline.

These values are calculated from the line of best fit.

These results can be summarized as follows:

@)

()

©

Compounds (4), (6) and (22) elicit an appreciable decline in the transcription of the
luciferase enzyme in adenoviral infected MMOGL cells which becomes even more
marked as the drug concentration increases. This apparent decrease can however, be
attributed to a decline in cell number. In each case, the relative rate of decrease of cell
number corresponds to the relative rate of decline in luciferase transcription (Table
18).

Compound (43) affected an increase in the production of luciferase (Figure 71).
Initial cytotoxicity studies with these compounds showed (43) to have limited
alkylation capability. This increased transcription may, therefore, be attributed to the
noncovalent interaction of drug with genes or proteins that are normally involved in
the repression of transcription.

The decline in transcription of Luciferase observed with incubation of compound (44)
cannot be explained by decreases in cell number. The relative rate of decline in
Luciferase (Gradient=-0.66) is slightly greater than the rate of decline in cell number
(Gradient=-6.23) (Table 18). Compound (44) may display very limited specificity for
CG rich sequences of DNA.
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5.2 DRUG STABILITY

There are many factors that influence the oral bioavailability of a compound, including

aqueous solubility and stability.

5.21 Compound Solubility —
Poor aqueous solubility is likely to result in absorption problems. Absorption across the
intestine is proportional to the concentration gradient of the drug between the intestinal lumen
and the blood.” There are two methods which are commonly used to enhance bioavailability
in this respect:
(i) The formulation of a drug with a vehicle that enhances its delivery to the targeted site.
(i) The conversion of groups such as amines and carboxylic acids into water soluble salts.
Each of the amine compounds synthesized in this study were converted to the
corresponding hydrochlorides. Compounds that were insoluble in medium (ie. those
lacking an amine group) were dissolved in a solution of 1%DMSO/medium before
testing.
While it is possible to fine-tune the solubility of compounds iz wvivo using the method’s

described above, there are limits to what can realistically be achieved.

Lipinski’s rule of five states that drug-like compound possess = 5 hydrogen bond donating
groups, = 10 hydrogen bond accepting groups, have a molecular weight < 500 and a logP =
5. Compounds which do not meet at least two of these criteria are generally not viable as
drugs due to either problems associated with permeability, or the possession of groups which
act as substrates for transporters that actively passage the compounds across a membrane.”
This model has been enhanced to include filters that limit the number of rotatable bonds or
the molecules polar surface area ."” Of the compounds tested in this study, all satisfied at least
three out of four of the “Rule of Five” criteria, indicating that they possess “drug-like”

qualities.

5.2.2 Compound Stability —
While the “Rule of Five” and other similar prognostic models are useful for predicting the
bioavailability of drugs, a compound is of no value if it is found to be unstable under the

conditions employed. Solvolytic stability (i.e. stability of the compound ez route to the target) is
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an important point to consider in the design of DNA alkylating antitumor compounds. One
of the most common dilemmas within this group of compounds is their removal from
solution (i.e. either culture medium 7z vitro and blood 2 vive) by reaction with nucleophiles, 2zz.
non-productive solvolysis. A degree of fine-tuning in drug functionality is required to maintain

an appropriate balance between reactivity and stability.

5.2.3 Assessment of Drug Stability Following Incubation with Various of
Nucleophiles

In order to assess their stability, compounds (4) and (6) were exposed to a panel of

nucleophiles, generally found both 7z vitro or in vive. Each compound was incubated (37°C) at

three different concentrations with various nucleophiles for 1.5 hours, 3 hours and 6 hours.

Following incubation, each of the samples (drug + nucleophile) were added in quadruplicate to

96 well plates containing MM96L. cells, at the concentrations shown in Figures 72 - 77. The

plates were than incubated at 37°C for two hours.

The plates were subsequently washed with PBS and fixed and stained with sulforhodamine B,
a commonly used cell stain. Figures 73 — 78 show only three time points because of the
technical limitation of cultures cooling down and changes in pH (due to loss of CO,) upon
removing the 96-well plate from the incubator in order to add the next dose of drug. It was
thus not possible to add drugs more frequently during the informative time period of drug
decomposition without significantly disturbing reaction conditions. Nor was it necessary at
this stage to more closely resolve the time course, due to the large differences in stability that

were found between compounds.
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Stability of (4) (22.9 mM)
140 -
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Figure 73 — Graph of % Cell Survival Versus Time of Incubation of (4) (at 22.9 mM)

with Various Nucleophiles.

Stability of 4 (44.9 mM)
120 Br
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Figure 74 — Graph of % Cell Survival Versus Time of Incubation of (4) (at 44.9 mM)

with Various Nucleophiles.
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Stability of (4) (89.9 mM)
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—+—DNA (1 ug/mL)

Figure 75 — Graph of % Cell Survival Versus Time of Incubation with (4) (at 89.9 mM)

with Various Nucleophiles.

Nucleophiles 22.5 mM| 44.9 mM| 89.9 mM
Medium 17.9 121 13.5
RPMI 26.6 10.0 11.4
5% FCS 33.1 11.9 12.0
PBS 38.0 10.1 9.9
Histidine (5 mmol) 46.0 17.5 12.5
Glutathione (5 mmol) 47.2 17.9 10.2
DNA (1 pg/mL) 52.4 21.3 13.1

Table 19: Stability (% Cell Survival) of (4) Following a 1.5 hr Incubation with Various Nucleophiles
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Nucleophiles 22.5 mM| 44.9 mM| 89.9 mM
Medium 88.0 82.0 75.0
RPMI 87.8 90.5 88.7
5% FCS 87.8 79.9 60.3
PBS 99.2 81.0 73.6
Histidine (5 mmol) 95.3 96.5 96.0
Glutathione (5 mmol)|  89.0 89.0 78.6
DNA (1 pg/mlL) 101.5 100.0 74.3

Table 20: Stability (%o Cell Survival) of (4) Following a 3.0 hr Incubation with Various Nucleophiles

Nucleophiles 22.5 mM| 44.9 mM| 89.9 mM
Medium 80.0 82.3 74.6
RPMI 104.2 92.0 92.0
5% FCS 99.0 87.0 75.2
PBS 102.0 96.8 86.0

Histidine (5 mmol) 1160 | 110.0 95.6
Glutathione (5 mmol)| 103.0 | 100.5 98.2
DNA (1 pg/mL) 1250 | 101.0 | 101.0

Table 21: Stability (% Cell Survival) of (4) Following a 6.0 hr Incubation with Various Nucleophiles
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Stability of (6) (280 mM)
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Figure 76 — Graph of % Cell Survival Versus Time of Incubation with Compound (6)
(280 mM) with Various Nucleophiles.

Stability of (6) (520 mM)
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Figure 77 — Graph of % Cell Survival Versus Time of Incubation with (6) (at 520 mM)

with Various Nucleophiles.
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Stability of (6) (1040 mM)
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Figure 78 — Graph of % Cell Survival Versus Time of Incubation with (6) (at 1040 mM)

with Various Nucleophiles.

Nucleophiles 280 mM | 520 mM | 1040 mM
Medium 15.3 8.4 7.6
RPMI 18.3 10.1 8.8
5% FCS 18.3 10.4 8.9
PBS 17.1 8.3 7.5
Histidine (5 mmol) 17.1 10.8 12.5
Glutathione (5 mmol) 14.6 10.3 10.2
DNA (1 pg/mlL) 16.8 13.3 10.1

Table 22: Stability (%o Cell Survival) of (6) Following a 1.5 hr Incubation with Various Nucleophiles
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Nucleophiles 280 mM | 520 mM | 1040 mM
Medium 19.5 10.9 7.6
RPMI 23.0 16.6 12.0
5% FCS 243 15.8 9.8
PBS 33.2 19.5 13.0
Histidine (5 mmol) 18.6 18.5 14.4
Glutathione (5 mmol) 35.4 27.0 15.8
DNA (1 pg/mL) 25.8 17.6 17.2

Table 23: Stability (% Cell Survival) of (6) Following a 3.0 hr Incubation with Vatious Nucleophiles

Nucleophiles 280 mM | 520 mM | 1040 mM
Medium 26.6 121 11.4
RPMI 441 23.1 18.5
5% FCS 33.1 19.0 15.0
PBS 38.0 24.0 15.0
Histidine (5 mmol) 46.0 29.5 20.5
Glutathione (5 mmol) 73.0 58.6 34.0
DNA (1 pg/mL) 52.4 48.3 26.2

Table 24: Stability (% Cell Survival) of (6) Following a 6.0 hr Incubation with Vatious Nucleophiles

The results were as follows:

(a) Compound (4) demonstrated considerable reactivity towards three of the nucleophiles
in the order DNA>Glutathione>Histidine. This correlated with results obtained in
the cell cytotoxicity assays.

(b) Likewise, compound (6) demonstrated considerable reactivity toward the same three
nucleophiles, although was less discriminating between the three, also corresponding
with the results obtained in cell cytotoxicity assays.

() Not surprisingly, MM96L cell survival increased as the drug-nucleophile incubation

time was increased for both compounds (4) and (6).
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5.3 CELL CYCLE STUDIES

Cells progress through an orderly sequence of events known as the cell cycle many times in a
lifetime in order to grow and proliferate. The four phases of the mammalian cell cycle
(Mitosis, Gy, S and G,) must be exactly coordinated in order for the cell to divide into two
typically functioning daughter cells. The synchronization of this cycle is tightly regulated by

11,12

the cyclin-CDK family of protein kinase complexes.

5.3.1 The Eukaryotic Cell Cycle —

The cell cycle is a series of events that take place in a eukaryotic cell that lead to its replication.
These events can be divided in two brief periods: interphase, during which the cell grows,
accumulating nutrients needed for mitosis and duplicating its DNA, and the mitotic (M) phase,
during which the cell splits itself into two distinct cells, often called "daughter cells".>'*"?

The cell cycle consists of four distinct phases: G, phase, the DNA synthesis phase (ie. S
phase) and G, phase (collectively known as interphase) and M phase. The activation of each
phase is dependent on the proper progression and completion of the previous one. Cells

that have temporarily or reversibly stopped dividing are said to have entered a state of

quiescence called G, phase.
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Figure 79 — The Eukaryotic Cell Cycle (Taken From Reference 11)
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(I) M phase - The relatively brief M phase is composed of two tightly coupled processes:
mitosis, in which the cell's chromosomes are divided between two daughter cells, and

cytokinesis, in which the cell's cytoplasm divides resulting in two distinct cells. "

(II) Interphase - Following mitosis, the daughter cells enter into the beginning of a new
cycle called interphase. Although the various stages of interphase (ie. G, S and G,) are not
usually morphologically distinguishable, each phase of the cell cycle has a distinct set of

specialized biochemical processes that prepare the cell for initiation of cell division.

(i) G, phase

The first phase within interphase, from the end of the previous M phase till the
beginning of DNA synthesis is called G, (G indicating gap or growth). During this
phase the biosynthetic activities of the cell, which had been considerably slowed
down during M phase, resume at a high rate. This phase is marked by synthesis of
various enzymes that are required in S phase, mainly those needed for DNA
replication. The duration of G, is highly variable, even among different cells of the

same species."

(i) The DNA synthesis phase (ie. S phase)

The ensuing S phase begins with the commencement of DNA synthesis; when it is
complete, all of the chromosomes have been replicated, ie., each chromosome has
two chromatids. Thus, during this phase, the amount of DNA in the cell has
effectively doubled, though the ploidy of the cell remains the same. The rates of
RNA transcription and protein synthesis are very low during this phase."”'® The

duration of S phase is relatively constant among cells of the same species. '’

(i) G, phase

Following the S phase the cell enters the G, phase, which lasts until the cell enters
mitosis.  Again, significant protein synthesis occurs during this phase, mainly
involving the production of microtubules, which are required during the process of
mitosis. The inhibition of protein synthesis during G, phase prevents the cell from

undergoing mitosis.
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5.3.2 Protein Kinases and Regulation of the Cell Cycle —

The regulation of the cell cycle involves steps that are crucial to the cell, including the detection
and repair of genetic damage, and the provision of various checks to prevent uncontrolled cell
division. The steps that control the cell cycle are ordered and directional and it is impossible to

"reverse" the cycle.

Two key classes of regulatory molecules, cyclins and cyclin-dependent kinases (CDKs),
determine a cell's progress through the cell cycle.”® Cyclins form the regulatory subunits and
CDKSs the catalytic subunits of an activated heterodimer. The CDKs are all serine/threonine
kinases ranging from 30 — 36 kDa which are completely dependent on binding of a cyclin
partner for protein kinase activity. Within any phase of the cycle only a specific cyclin-CDK
complex will be present in the cell. "> Importantly, cyclins have no catalytic activity and CDKs
are inactive in the absence of a partner cyclin. When activated by a bound cyclin, CDKs
perform a common biochemical reaction called phosphorylation that activates or inactivates
target proteins to coordinate entry into the next phase of the cell cycle. Different cyclin-CDK
combinations determine the downstream proteins targeted. It is important to note that CDKs
are expressed constitutively in the cell, whereas cyclins are synthesised at specific stages of the

cell cycle in response to various molecular signals.

5.3.3 Specific cyclin-CDK complexes

Cyclin D is the first cyclin produced in the cell cycle in response to extracellular signals (eg.
growth factors). Cyclin D binds to CDK4, forming the active cyclin D-CDK4 complex
which, in turn, phosphorylates the retinoblastoma susceptibility protein (RB). Once
phosphorylated, RB dissociates from the E2F/DP1/RB complex activating E2F."* The
activation of E2F results in the transcription of various genes such as cyclin E, cyclin A,
DNA polymerase and thymidine kinase. Cyclin E subsequently binds to CDK2, forming the
cyclin E-CDK2 complex, which pushes the cell from G, to S phase (G,/S transition). Cyclin
A along with CDK2 forms the cyclin A-CDK2 complex, which initiates the G,/M transition.
Cyclin B-CDK1 complex activation causes breakdown of nuclear envelope and initiation of

prophase, and subsequently, its deactivation causes the cell to exit mitosis."*
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Regulation of cell cycle - Schematic

CDK — Cyelin Dependent Kinase
G175 Chk — G1/8 checkpoint
G2 Chk — G2/M checkpoint

Figure 80 — The Eukaryotic Cell Cycle (Taken from Reference 11)
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5.3.4 Cell Cycle Inhibitors
Two families of genes, the cp/kip family and the INK4a/ARF prevent the progression of
the cell cycle. Because these genes are instrumental in the prevention of tumor formation,

they are known as tumor suppressors.

The ¢jp/ kip family includes the genes p21, p27 and p57, which halt the cell cycle in G, phase,
by binding to, and inactivating, cyclin-CDK complexes. Damage to DNA (e.g. due to
radiation) activates p53 which, in turn, triggers the activation of p21.

The INK4a/ARF family includes p16INK4a, which binds to CDK4 and arrests the cell
cycle in G, phase, and p14arf which prevents p53 degradation.

5.3.5 Checkpoints

Cell cycle checkpoints are used by the cell to monitor and regulate the progress of the cell
cycle.” Checkpoints prevent cell cycle progression at specific points, allowing verification of
necessary phase processes and repair of DNA damage. The cell cannot proceed to the next

phase until checkpoint requirements have been met.

Several checkpoints are designed to ensure that damaged or incomplete DNA is not passed
onto daughter cells. Two main checkpoints exist: the G,/S checkpoint and the G,/M
checkpoint. G,/S transition is a rate-limiting step in the cell cycle and is also known as

s s, 134
restriction pOlI’lt.

5.3.6 Role of the Cell Cycle in Tumor Formation

Deregulation of the cell cycle components may result in the formation of tumors. As noted
above, the mutation of certain genes such as the cell cycle inhibitors RB and p53 may cause
the cell to multiply uncontrollably, resulting in a tumor. Although the duration of the cell
cycle in tumor cells is equal to or longer than that of the normal cell cycle, the proportion of
cells that are in active cell division (versus quiescent cells in G, phase) in tumor cells is
greater than that of normal cells. Thus there is a net increase in cell number as the number

of cells that die by apoptosis or senescence remains the same.

174



5.3.7 'The Application of CDK Inhibition in Cancer Therapeutics —

The recognition in recent years that CDKSs and their regulators are often the target of genetic
modulations which result in cancer (ie. oncogenic alterations), has led to the development of a
new class of cancer therapeutics: CDK inhibitors (CDI). These inhibitors work by either
directly blocking the catalytic ability of the CDK or target the enzymes that regulate the
phosphorylation state of CDKs (i.e. Cdc2 phosphatases, Weel, Myt1)."** Of the classes that
have been defined, all exhibit a characteristic structure that allows them to occupy the ATP-

binding pocket of the enzyme and therefore compete with ATP.'**

The first Cdc2 inhibitor identified was 6-dimethyl aminopurine (DMAP; ICy, = 120 puM)."****
Since then various other inhibitors of this type have been synthesized and tested producing

some promising results with olomoucine (ICy;, = 7 uM) and roscovitine (IC;, = 0.7 pM)
(Figure 81). Both compounds inhibited Cdc2, Cdk2, Cdk5 and MAP kinase against a panel of
35 kinases, but did not affect Cdk4 or Cdko6, thereby providing some specificity within this
class of compounds.” One of the more recent editions to this set however is purvalanol,
which shows a 100 fold increase in potency (IC;, = 70 nM) against Cdk2/cyclin A when
compared to roscovitine”® Each of these compounds exhibits its affects through binding in
the ATP binding pocket of the CDK, however roscovitine and purvalanol derive their
specificity through contacts made by the adenine side-chain at sites outside the conserved

binding domain.”

Both roscovitine and olomoucine arrest a number of various cell types in the G, and G, phases
both through different mechanisms. Roscovitine blocks phosphorylation of the Cdc2/cyclin
B substrate; vimentin and olomoucine phosphorylates the Cdc2 substrates protein

phosphatase I and elongation factors o and y.”*
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Figure 81 — Trisubstituted Purine CDIs

5.3.8 Determination of Cell Cycle Phase —

The aim of this part of the project was to determine whether the simple alkylating compounds
used in this study interfered with the eukaryotic cell cycle and if they did, within what phase
did this occur. We proposed that DNA alkylating compounds would interfere with the DNA

synthesis stage of the cell cycle.

While there are several methods available to examine the cell cycle , flow cytometry was the
method employed in the Parsons’ lab. Flow Cytometry has the advantage that thymidine
labelling of DNA, and therefore autoradiography, is not required.”’ Rather, our assay utilized
the fluorescent marker propidium iodide, which is detectable at 680 nm using a fluorescence-2

detectot.

This study employed the use of the MMI6L [-galactosidase, neonatal foreskin fibroblast
(NFF) and 293 cell lines, which were added to 60 mm plates and then incubated overnight.
Following overnight incubation, MNNG, MMS, (4), (6) and (23) were added in triplicate to
the each cell line at the concentrations shown in Figures 82 — 101 and incubated at 37°C for 30
minutes. Hydroxyurea (2 mM) and Albendazole (1 ng/mL) were added separately to four of
the MMI6L plates containing (4) at the concentrations shown in Figures 102-106. Following

further incubation at 37°C for two hours, the old medium was washed from the plates and
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replaced with fresh medium. The plates were subsequently incubated for another 24 hours at
37°C. 'The cells were then washed, resuspended in PBS, stained with propidium iodide

solution and analyzed by flow cytometry using a FACSCalibur instrument.

Flow cytometry allows simultaneous measurement of multiple physical characteristics of up to
fifty thousand cells per second. Determination of the cell cycle distribution is carried out by
measuring the amount of DNA-bound probe in a cell. Cells in G,/M show twice the DNA
content as cells in G,/G,, while the DNA content of cells in S phase is somewhere in between.
As the DNA content of cells increases, the amount of DNA bound probe increases
accordingly, enabling the measurement of DNA content and hence determination of the cell

cycle distribution.

5.3.9 The Effect of Various DNA Alkylating Compounds on the MM96L Cell Cycle —
Figures 82- 95 illustrate the effect of various DNA alkylating compounds on the MMI6L cell
cycle. Figure 82 illustrates a standard (control) cell cycle distribution, depicting both a minor
and major peak which represent G,-G1 and G,-M respectively as labeled. The DNA synthesis
phase is represented by the area between the peaks. Normal cells cycle from G, through to
mitosis. However, any event which inhibits the progression of the cell cycle past a particular
check-point, will result in the accumulation of cells in the preceding phase which will be

demonstrated by an increase in relevant peak area in the cell cycle distribution curve.
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Diploid Population: 100%
G,-G;: 58.91%
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S: 33.00 %
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Figure 82 — MMY6L Cell Cycle Control
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Figure 83 — MMY6L Cell Cycle Following Incubation with 1.70 uM of MNNG
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Figure 84 — MMYI6L Cell Cycle Following Incubation with 17.00 uM of MNNG
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Figure 85— MM96L Cell Cycle Following Incubation with 227.00 uM of MMS
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Figure 86 — MMY6L Cell Cycle Following Incubation with 2.27 mM of MMS
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Figure 87 — MM96L Cell Cycle Following Incubation with (4) at a conc. of 1.1 yM
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Figure 88 — MMY6L Cell Cycle Following Incubation with (4) at a conc. of 2.1 uM
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Figure 89 — MMY6L Cell Cycle Following Incubation with (4) at a conc. of 3.2 uM
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Figure 90 — MMYI6L Cell Cycle Following Incubation with (4) at a conc. of 10.6 uM
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Figure 91— MMY6L Cell Cycle Following Incubation with (6) at a conc. of 26.0 uM
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Figure 92 — MMYI6L Cell Cycle Following Incubation with (6) at a conc. of 260.3 uM
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Figure 93 — MMY6L Cell Cycle Following Incubation with (23) at a conc. of 40.0 uM
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Figure 94 — MMYI6L Cell Cycle Following Incubation with (23) at a conc. of 95.8 uM
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Figure 95— MMY6L Cell Cycle Following Incubation with (23) at a conc. of 319.3 uM
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5.3.10 The Effect of Compound 4 on Other Cell Lines —
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Figure 96 — 293 Cell Cycle Following Incubation with (4) at a conc. of 3.2 uM
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Figure 97 — 293 Cell Cycle Following Incubation with (4) at a conc. of 6.3 uM
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Figure 98 — 293 Cell Cycle Following Incubation with (4) at a conc. of 10.6 uM
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Figure 99 — NFF Cell Cycle Following Incubation with (4) at a conc. of 3.3 uM
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Figure 100 — NFF Cell Cycle Following Incubation with (4) at a conc. of 6.3 uM
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Figure 101 — NFF Cell Cycle Following Incubation with (4) at a conc. of 10.6 uM
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5.3.11 The Effect on the Cell Cycle Following Treatment of MM96L Cells with
Compound 4 in Combination with either Hydroxyurea (HU) or Albendazole

(AB) -
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Figure 102 — MMY6L Cell Cycle Following Incubation with (4) at a conc. of 3.3 uM +
HU
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Figure 103 — MMY6L Cell Cycle Following Incubation with (4) at a conc. of 6.3 yM +
HU
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Figure 104 — MMY6L Cell Cycle Following Incubation with (4) at a conc. of 10.6 uM +
HU
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Figure 105 — MMY6L Cell Cycle Following Incubation with (4) at a conc. of 3.3 uM +
AB
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Figure 106 — MMY6L Cell Cycle Following Incubation with (4) at a conc. of 6.3 uM +

AB

5.3.12 Cell Cycle Summary of Results —

These results can be summarized as follows:

@)

(b)

In order to demonstrate the cell cycle distribution of MMOIGL cells following
treatment with a known S-phase inhibitor, MNNG, a potent O-methylating agent and
DNA synthesis inhibitor, was utilized. Figure 83 demonstrates that following
treatment with 1.70 uM of MNNG, the proportion of MM9G6L cells in the S-phase (ie.
85%) is greater than that found in the control cell cycle distribution (ie. 33% - Figure
82). As expected, we can conclude that MNNG has elicited an S-phase block.

At a concentration of 17 uM MNNG appeared to have no affect on the MM96L cell
cycle distribution (Figure 84).

In order to further demonstrate the effect of a known S-phase inhibitor on MM96L
cells, MMS, which methylates DNA predominantly on the N-7 of guanine and
inactivates DNA synthesis, was utilized.”” The treatment of MM96L. cells with 227
uM of MMS (Figure 85) resulted in an increase in the S-phase fraction in the cellular
distribution graph, indicating that MMS is also eliciting an S-phase block.
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Similar to MNNG, the MMI6L cell cycle distribution following treatment with 2.27
mM mg of MMS (Figure 86) resulted in a typical MM96L control distribution (Figure
82).

Compound (4) had no effect on the MMI6L cell cycle at 1.1 uM and but displayed a
marked S-phase block at 2.1 uM (Figure 88). The cell cycle distribution returned to
that of the control distribution at concentrations of 3.2 uM and 10.6 uM.

Compound (6) exhibited a marked S-phase block at 26 uM with 56% of cells blocked
at the DNA synthesis phase of the cell cycle. Similarly to (4), the cell cycle
distribution returned to control values at a concentration of 260 uM.

Compound (23) exhibited a slight G,-M block in MMI6L cells at 40 uM and a
marked S-phase block at 95.8 uM.

Compound (4) was a potent S-phase inhibitor in 293 cells at 3.2 pM and 6.3 pM,
eliciting a return to a cell cycle distribution similar to control at 10.6 pM.

At 3.3 uM compound (4) had no effect on the cell cycle distribution of NFF cells, but
resulted in a minor S-phase block at 6.3 uM.

Compound (4), in combination with hydroxyurea (HU) elicited a G-G; block at 3.3
puM. The cell cycle distribution returned to normal at 6.3 uM and 10.6 uM of (4) in
the presence of HU.

At 3.3 uM, compound (4) elicited a potent S-phase block in MMIGL cells in
combination with Albendazole (AB). The cell cycle distribution returned to a

standard distribution at 6.3 uM of compound 4 in the presence of Albendazole.

These results suggest the following:

@)

Compound (4) exhibits a similar effect on the MM9GL cell cycle distribution (Figure
87-89) as MNNG and MMS (known S-phase inhibitors), but differs in that it exhibits
dramatic changes in activity over a small dose range. This is not surprising considering
that (4) shows mild to considerable cellular damage over a limited dose in both the 7

vitro and zn vivo studies (Section 5.5).
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(b) The apparent return to the control cell cycle distribution with increased concentrations
of compound (4) (ie. 3.2 uM and 10.6 pM) could result from one or more of the
following factors:

() saturating alkylation of DNA which prevents the transcription of proteins (ie.
cyclins) that are required for the cell to progress through each of the cell cycle
phases;

(if) binding and inhibiting the catalytic activity of vatious CDKs that ate required
throughout the cell cycle; or

(iii) targeting the enzymes that regulate the phosphorylation state of CDKs (i.e.
Cdc2 phosphatases, Weel, Myt1).

As a result of this saturated binding by (4) at high concentrations, and hence inhibition of
cellular components that are involved in each phase of the cell cycle, the cells appear to
‘freeze’ in a standard pattern of distribution. This phenomenon is known as cellular

. . 32
senescence and normally occurs in response to DNA damage or degradation.

Cellular senescence is also demonstrated in 293 and NFF cell lines following treatment
with compound (4). However, given that NFF cells show a normal cellular metabolism
compared to the MM96L and 293 cell lines, they are less susceptible to alkylation by (4)
and hence only exhibit an S-phase block at higher concentrations of drug (ie. 6.3 uM).
Again, the selectivity of (4) for tumor cells (c.f. normal NFF cells) makes it an interesting

candidate for further studies.

(c) Compound (6) is also an S-phase inhibitor at low concentrations, but exhibits the
same phenomenon as compound (4) at higher concentrations (ie. 260 uM) for the
reasons discussed above.

(d) The G,-M phase block exhibited by compound (23) at 40 uM may indicate that this
compound binds and inactivates proteins (ie. cycling A, CDK2) that are required in
order for the cell cycle to progress through the G,-M checkpoint. This would indicate
that (23) displays a decreased specificity for DNA compared to the amine counterparts
(4) and (6). This is supported by the results observed in Chapter 4 where compound
(23) was found to have lower potency toward DNA than compounds (4) and (6).
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(e HU depletes deoxynucleotide pools via the inhibition of ribonucleotide reductase.
This results in the inhibition of DNA synthesis, causing cells to accumulate in the S-
phase.”’  However, in combination with compound 4, HU appears to elicit a G,-G,
block.

(f) Albendazole (ABZ) inhibits microtubule polymerization by binding to B-tubulin.”
Because microtubules play an important role in the formation of the mitotic spindle,
the disruption of tubulin assembly by albendazole ultimately results in cellular death.
Albendazole had been shown to inhibit the cell cycle at either G-G, or G,-M. In
combination with (4), ABZ inhibits the cell cycle block at G-G;.

5.4 ADENOVIRAL ASSAYS

The adenovirus is commonly used for 7 vitro experiments involving human cell lines (tumor or
normal) because of both its ability to replicate well in human cells, and its rapid quantification

in as little as two days post infection.

Adenoviral assays are commonly used as zz vitro probes for the chemosensitivity of short-
term cultures of human tumors (i.e. melanoma cell lines and primary cultures of melanoma
biopsies). A convenient immunoperoxidase method has been developed in the Parsons lab
for quantifying viral replication two days after infection. Two different approaches were

explored:”

(a) Host Cell Reactivation assay (HCR) utilizing drug-treated virus. ~ This method is
commonly used to quantify the ability of a cell’s repair machinery to fix and hence
reactivate viral DNA that has been damaged by alkylating agents.

(b) Viral capacity assay utilizing drug-treated cells.  This assay quantifies the
sensitivity/resistance of different cell lines to DNA alkylating agents by examining
the ability of drug treated cells to replicate viral DNA. Higher replication rates

indicate increased resistance/decreased sensitivity to a drug.

The results of these assays are shown in Figures 107-110.
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5.4.7 Host Cell Reactivation (HCR) Assays —

The therapeutic treatment of certain types of cancer (e.g. breast cancer) is at times
problematic due to the presence of tumor populations with inherent or acquired resistance
to drugs. Most drugs combinations use at least one alkylating agent, however their
effectiveness is limited by the presence of cell populations that are resistant to one or more

of these drugs.

There are several mechanisms which lead to drug resistance in cell lines including:

» decreased drug accumulation resulting from enhanced DNA repair by the removal
of various types of lesions (i.e. interstrand crosslinks created by bisalkylating
compounds),

» altered drug transportt,

» altered drug metabolism, and

» enhanced drug detoxification, generally by glutathione and/or glutathione S-

transferases.”

The ability of various tumor cell lines to repair DNA which had been damaged by DNA
alkylating agent, (4) was investigated. The host cell reactivation assay is a fundamental
technique for investigating the efficiency of intrinsic DNA repair in sensitive and resistant
tumor cells, (cells which are resistant to drug generally have a more efficient repair capacity
than drug sensitive cell lines). Enhanced host cell reactivation is generally found in cell lines
that are resistant to treatment with drugs. Figures 107, 108 and 109 illustrate the ability of
MMO96L and NFF cells respectively to reactivate adenovirus following treatment with

compound (4).
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©
Figure 107 —Reactivation of Virus in MM96L Cells (indicated by staining), Following

Treatment with Compound (4) at: (a) 0, (b) 13.5 (c) 27.0 and (d) 44.9 mM.
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©
Figure 108 — Reactivation of Virus in NFF cells (indicated by staining),

Following Treatment with Compound (4) at: (a) 0, (b) 13.5 (c) 27.0 (d) 44.9 mM.
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Figure 109 — Host Cell Reactivation of Drug (4) Treated Virus (HCR of Drug
Treated Virus is Inhibited in MMY6L cells)

The HCR assay employed both MM96L. and NFF cells lines. Figure 109 demonstrates that as
the concentration of (4) increases, the ability of the MMIGL cell line to repair and hence
reactivate the viral DNA decreases, indicating that MMO96L cells possess a sensitivity toward

(4). This is not surprising given that many tumor cell lines show a diminished ability to repair

damaged DNA.

In comparison, the ability of NFF cells to reactivate virus is maintained even with increasing
concentrations of drug. Similar to the cellular cytotoxicity assays, these results indicate that the

NFF cell line shows an enhanced resistance to (4) compared to that exhibited by MM96L cells.
5.4.2 Viral Capacity —

While HCR assays are a useful tool for investigating the intrinsic DNA repair ability of

various tumor cell lines, viral capacity assays enable the rapid identification of cell lines that
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are either sensitive or resistant toward various drugs. The inhibition of viral replication in

drug-treated cells is indicative of cell lines that are sensitive to the drug administered.”

This approach has been used to detect the sensitivity of melanoma cell lines to a wide range
of antitumor agents including hydroxyurea, deoxyadenosine, cytosine arabinoside,
fluorouracil, vincristine, adriamycin, 6-mercaptopurine and ionizing radiation. As such, we
expected this assay to be useful in demonstrating the sensitivity of MM96L cells and the

resistance of NFF cells, to our simple monoalkylator, (4).”
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Figure 110 — A Comparison of Viral Capacity in MM96L and NFF Cells Following
Treatment with Compound (4) (0, 13.5, 27.0, 44.9 mM).

The HCR assay examines the ability of drug treated cells to replicate viral DNA. In summary,
the results indicate that the MM9GL cell line is dramatically more sensitive to (4) than are NFF
cells. This is demonstrated in Figure 110 in which viral replication decreased with increased
concentrations of drug applied to the cells, indicating that MM96L cells have an inherent
sensitivity to compound (4). This correlates well with the previously demonstrated enhanced

cytotoxicity of (4) toward the MMIGL cell line.
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Conversely, the NFF cell line did not exhibit this same decline in viral infectivity even at higher
drug concentrations and as such is markedly more resistant to (4) then the MM9GL cell line.
The treatment of NFF cells with much higher concentrations of drug was required before any

visible decrease in viral infectivity occurred.

5.4.3 Adenoviral Assay Summary -

The adenoviral assays indicate that MMO9G6L cells have a decreased capacity to repair damaged
DNA and as such are sensitive to the DNA alkylating compound (4). Furthermore, the
treatment of MM9GL cells with drug inhibits their ability to replicate DNA, again indicating

chemosensitivity to (4).
As expected, NFF cells show resistance to (4), even at higher drug concentrations. The

selectivity of (4) toward non-tumor cells (c.f. tumor cells) makes it an attractive candidate for

turther investigation.

5.5 IN-VIVO STUDIES

A preliminary investigation into the zz-vivo activity of (4) in nude mice was performed by
Professor Peter Parsons, at the Queensland Institute of Medical Research, Brisbane. In order
to enable implantation of human tumor cells into the mouse host and prevent rejection of the

subsequent tumor growth, nude mice (ie. immunocompromised mice) were used.

The procedure involved the subcutaneous injection of 2 x 10° MM96L cells in 0.1 mL of
medium, at four sites on the flanks of 8 week old female nude mice. After three weeks tumors
with an average volume of 20 mm’ had developed. Each mouse was given 0.3 mg, 1 mg and 3
mg of (4) by intraperitoneal injection on three successive days. On the fourth day the treated
mice appeared sluggish and thin, so treatment was discontinued. After seven weeks the tumor

sizes were measured (Table 25).
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8 sites in untreated mice 230 +/- 45 mm’

8 sites in treated mice 215 +/- 36 mm’

Table 25: Examination of tumor volume in treated versus untreated nude mice

While preliminary results indicate that (4) failed to demonstrate any significant decrease in
tumor volume, changes to the drug regimen (ie. a decreased dosage administered tri-weekly

over a 4 week period) may elicit better results.
Furthermore, the use of immunocompromised mice may have a dramatic effect on outcome

of drug treatment. Therefore, as suggested by Dr Parsons, future studies using common lab

mice with normal immune system function may elicit improved results.

5.6 CONCLUSIONS AND FUTURE WORK

5.6.1 Reporter Assays —

The (B-galactosidase assay demonstrated that the amine derivatives (4) and (6) may possess
moderate AT sequence specificity. The drugs interact with DNA in such as way as to inhibit
the transcription of genes which are essential for the viability of the cell, thus contributing to
cellular death. However, while it has been established that DNA is the primary target of the
alkylating compounds tested, the exact mechanism of transcription inhibition is uncertain. In
order to determine whether the inhibition results from binding specifically within the

promoter, additional reporter assays need to be performed.

5.6.2 Drug Stability Studies —
Results from stability studies indicate that (4) reacts with many nucleophiles commonly found
in human serum, particularly DNA. This deactivation does not occur z vitro before the

compound has an opportunity to exhibit its antitumor activity.
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5.6.3 Cell Cycle Studies —

Cellular survival studies indicate that 4-aminophenethyl bromide shows the most promise as an
anticancer candidate due to its high specificity for tumor cells zz-vitro when compared to
noncancerous cell lines (ie. NFF). Further investigation and quantification of the cytotoxic
ability of both 4-amine derivatives ((4) and (6)) and the diamine analogue (44) is required
before a firm evaluation can be made relating to the potential of each of these agents as clinical
drugs. Furthermore, this technique does not allow us to determine the distinction between
apoptotic and necrotic cell death as definitively as microscopy (ie. The use of Hoeschst 33258,
a fluorescent nuclear stain, as shown in Figure 48, Page 129). As such, this technique shall be

employed in future work in order to determine this.

5.6.4 Adenoviral Assays —

These assays indicate that the MMO96L tumor cell line exhibits an inherent sensitivity to the
DNA alkylating compound (4). Like many tumor types, MM906L cells show defective DNA
repair ability following treatment with drugs. In contrast, normal NFF cells show resistance to
(4). This result correlates well with that obtained in the cytotoxicity studies (Chapter 4).
Having said this, a broader range of viral assays shall be utilized in future in order to determine
that the phenomenon observed was a result of sensitivity to drug rather than a genetic anomaly

within the adenovirus that altered the ability of cells to repair DNA.

5.6.5 in-vivo Studies —

The isolation of an 7z vitro model from the immune and metabolic systems of the host is
advantageous because of the ease and accessibility with which this can be done; however it
can also be a limitation. While the above z vitro results provide a basis for obtaining vital

. . . . . . . . . . 19.34
information at the tumor cell level, future integration with zz vive studies is required.
As discussed above, the use of immunocompromised mice (ie. nude mice) may have a

dramatic effect on the outcome of drug treatment. Therefore, future studies using common

lab mice with normal immune system function may elicit improved results.
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5.6.6 Synthetic Studies -
As discussed in this text, the incorporation of 4-aminophenethyl halide moieties with
subunits that were envisaged to provide stability and assist in the non-covalent binding of

DNA has shown moderately successful results.

Taking a different tact, the author would like to investigate the effectiveness of linking
carborane molecules to the simple 4-aminophenethyl halide series investigated above.
Carborane undergoes rapid fission in the presence of thermal neutrons to produce high
linear energy transfer Li’" and alpha particles, causing cell destruction over a limited distance.
As such, the linking of this normally biologically inactive compound to our simple 4-
aminophenethyl halide subunits is expected to provide some interesting and rewarding

results.
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CHAPTER 6 - EXPERIMENTAL - BIOLOGICAL ACTIVITY

6.1 GENERAL PREPARATIONS —

The origin and properties of the human melanoma cell lines, MM96L, MM418c5, the
cervical cancer cell line Hel.a and the neonatal fibroblasts, NFF have been described in
Chapter 3. Cells were cultured in 5% CO,/air at 37°C in culture medium containing 5% fetal
calf serum (FCS), 3mM HEPES, 1mM pyruvate, 50 micromolar nicotinamide, 100IU/ml

penicillin and 100 micrograms/ml streptomycin.

6.2 EXPERIMENTAL PROCEDURES —

6.2.1 Cell Survival Assay: Ir vitro cytotoxicity testing employed the following cell lines:
Hela (3 x 10* cells/mL), MM96L (5 x 10* cells/mL), MM418c5 (7 x 10* cells/mL), NFF (7 x
10* cells/ml.), HaCat (5 x 10* cells/mL) 293 (5 x 10" cells/mL). The diluted cell line was then
added to each 6 mm well of a 96 well plate (100 pL/well). The plates were incubated

overnight to ensure surface attachment of the cells.

Compounds (4), (6), (8), (36), (40), (44), (48), and (51) were dissolved in 1 mL of H,O at
concentrations of 2, 2, 20, 2, 2, 2, 2, and 2 mg/mL respectively and serially diluted into the
plates at the concentrations shown (Chapter 4: Figures 50 — 52, 57 - 61). Compounds (11),
(12), (22) and (23) were initially dissolved in 100 pL. of DMSO, made up to 1 mL using H,O
and serially diluted into the plates at the concentrations shown (Chapter 4 — Figures 53 - 506).
Dilutions were carried out so that the final concentration of DMSO was no more than 1% and

therefore did not interfere with the test results.

The plates were then incubated for 2 hours at 37°C. Following incubation the medium was
removed, fresh medium was added and the plates incubated for a further 3 days at 37°C. After
this time the plates were washed with PBS, fixed with methylated spirits for 5 minutes and
washed twice with water. Sulforhodamine B (SRB) solution (50 pL of 0.4% in acetic acid) was

added to each well of the plate and left at room temperature for 15 minutes. The SRB solution
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was then removed and the plate washed two times with 1% acetic acid. One hundred
microlitres of 10 mM Tris base (unbuffered, pH, >9) was added to each well and left to stand
for 5 minutes. The plate was then read on an ELISA reader (570/450 nm ratio). The results

were graphed as percentage of control versus concentration and are summarized in Table 16.

6.2.2 CPR-B-Galactosidase Assay: This assay employed the use of the MM96L [-
Galactosidase cell line, the properties of which are described in Chapter 5. The cell cultures
were diluted with 5% FCS to give a cell number of approximately 5 x 10° cells/mL. AN
aliquot of 100 pL of the diluted cell line was then added to each 6 mm well of a 96 well plate.

The plates were incubated overnight to allow attachment of the cells to the plate surface.

Compounds (4), (6) and (44) were initially dissolved in 1 mL of H,O and then serially diluted
into 96 well plates in quadruplicate, to the dilutions shown in Figures 63, 64 and 67.
Compounds (23) and (43) were initially dissolved in 100 pL. of DMSO and 900 uL of H,O
and then serially diluted into the 96 well plate in quadruplicate, to the dilutions shown in
Figures 65 and 66. Dilutions were carried out so that the final concentration of DMSO was

approximately 1% and therefore did not interfere with the test results.

The plates were subsequently incubated for 4 days. After this time the media was removed
from the plate and the surface washed with PBS. 100 pL of 1X CPRG reagent was then
added to each well of the plate and incubated at 37°C for 30 minutes to allow colour
development. The absorbance was read at 570 nm on a BioRad microplate reader 3550.

Results were graphed as percentage of control versus concentration (Chapter 5: Figures 63 -

67).

6.2.3 Luciferase Assay: This assay employed the used of the MM96L pOctL cell line
described earlier. The cell cultures were diluted with 5% FCS to a cell number of
approximately 5 x 10° cells/mL. The diluted cell line was then added to each 6 mm well of a
96 well plate (100 pL/well). The plates were incubated overnight to allow attachment of the

cells to the plate surface.

Compounds (4), (6) and (44) were initially dissolved in 1 mL of H,O and then serially diluted

into the 96 well plate in quadruplicate to give the dilutions shown in Figures 68, 69 and 72.
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Compounds (23) and (43) were initially dissolved in 100 pL. of DMSO and 900 uL of H,O
and then serially diluted into the 96 well plate in quadruplicate to the dilutions shown in
Figures 70 and 71. Dilutions were carried out so that the final concentration of DMSO was

approximately 1% and therefore did not interfere with the test results.

The plates were then incubated for 4 days. After this time the media was removed from the
plate and the surface washed with PBS. Luciferin substrate (20 puL) (see Appendix 1) was
added and the luminosity measured in terms of light units.  Results were graphed as

percentage of control versus concentration (Chapter 5: Figures 68 - 72).

6.2.4 Drug Stability: This study employed the use of the MMI6L cell line. Samples of (4)
(2 mg/ml) and (6) (2 mg/ml.) were each incubated with Medium, RPMI 1640, 5% FCS, PBS,
Histidine (5 mmol), Glutathione (5 mmol) and DNA (1 pg/mlL) for 0 hours (control), 1.5
hours, 3 hours and 6 hours at 37°C. Each sample was added in quadruplicate to 96 well plates
at the concentrations shown in Figures 73 - 78. The plates were then incubated at 37°C for
two hours.

After this time the medium was removed, fresh medium added and the plates incubated for a
further three days. Following incubation the plates were washed with PBS, fixed with
methylated spirits for 5 minutes and washed twice with water. Sulforhodamine B (SRB) (50
pL) solution (0.4% in acetic acid) was added to each well of the plate and left at room
temperature for 15 minutes. The SRB solution was then removed and the plate washed two
times with 1% acetic acid. Tris base (100 pL) (10mM, unbuffered, pH, >9) was added to each
well and left to stand for 5 minutes. The plate was then read on an ELISA reader (570/450
nm ratio). The results were graphed as percentage of control versus concentration (Chapter 5:

Figures 73 - 78).

6.2.5 Cell Cycle Studies: This study employed the use of the MM96L, 293 and NFF cell
lines. The cell cultures were diluted with 5% FCS to give a cell number of approximately 2.0 x
10° cells/ml.. The diluted cell line (4 mL) was then added to 60 mm plates. The plates were
incubated overnight to allow for the attachment of the cells to the plate surface.

Following overnight incubation, MNNG, MMS (4), (6) and (23) were added in triplicate to
the MM90GL plates at the concentrations shown in Figures 82 - 95. Compound (4) was also
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diluted in triplicate onto 293 and NFF cells at the dilutions shown in Figures 96 - 101. The
plates were then incubated at 37°C for 30 minutes. After this time 2 mM hydroxyurea was
added to four of the MM90GL plates containing (4) at the concentrations shown in 101 - 103.
Likewise, albendazole was added to four MM96L plates containing (4) as shown in Figures
105 and 106. The plates were incubated for a further two hours. After this time the plates

were washed and incubated with fresh medium for a further 24 hours.

Following incubation the cells were detached with trypsin solution (0.2 mg/mL, 7.5 mM
EDTA in Dulbecco’s solution) and harvested into 10 ml centrifuge tubes. The pellets
obtained following centrifuging were resuspended in PBS and repelleted (X2). The washed
pellets were resuspended in 400 pL of PBS and pushed through a gauze tipped syringe.
Propidium iodide solution (100 pL, 0.1 mg Rnase A, 1 puL 10% Triton, 0.5 pl. Propidium
Iodide (10 mg/mlL), 98.5 pl. PBS) was added prior to analysis on a FACSCalibur instrument
(Becton-Dickinson FACS systems, Sunnyvale California, USA) with a fluorescence-2 detector .

Cell cycle distribution (as a percentage) was analyzed using Modfit software.

6.2.6 Adenoviral Assays:

6.2.6(a): Host Cell Reactivation (HCR) - This assay employed the used of the MM96L
and NFF cells lines. Fach cell line was seeded into a 96 well plate at 5 x 10" cells per well in
100 pL of medium and incubated overnight to allow attachment of the cells to the plate
surface. The virus was diluted 1 in 10 in medium containing dilutions of (4) shown in Figure
109 and incubated for two hours prior to addition to the MMI6L cell line. The damaged virus
was then diluted in quadruplicate onto MM96L. cells at concentration ranges of 107 to 107 for
each dilutions of (4). The plates were incubated for 48 hours and the adenoviral replication

detected using the immunoperoxidase assay (Section 6.2.6(c)).

6.2.6(b): Viral Capacity (VC) — This assay employed the use of the MMI6L cell line. The
cells were seeded into a 96 well plate at 5 x 10’ cells per well in 100 pl. of medium and
incubated overnight to allow surface attachment of cells. After this time, (4) was diluted onto
the MMOIGL cell line at the concentrations shown in Figure 110. The drug treated cell line was

incubated for two hours. Following incubation, the virus was diluted onto the drug treated
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damaged cells at dilutions of 10” to 10 The plates were then incubated for a further 48 hours.

Adenoviral replication was then detected using the immunoperoxidase assay (see 6.2.6(c)).

6.2.6(c): Immunoperoxidase Detection of Adenovirus Replication — Following 48 hours
of viral infection, the medium was tipped from the plates and the well surface washed with
PBS. The cells were then fixed by the addition of 200 pL of methanol. After two minutes the
methanol was tipped from the plates and the wells washed with PBS. PGP plasma (20 pL)
was then added to each well and incubated for 30 minutes at 37°C. After this time the plates
were washed two times with PBS and then 20 pL of peroxidase-labelled protein A diluted to 5
mg/mL added each well. After 60 minutes the plates were washed once in PBS and once in
peroxidase buffer (10mM Tris pH 7.4). Peroxidase buffer containing substrates (100 pL) was
then added quickly to each well and the development of colour observed under the
microscope over a period of 10 minutes. The plates were then washed twice with water and
the number of stained cells per well counted, with counts over 200 being ignored. The results

were graphed as infectious dose (ID) versus drug concentration (Chapter 5: Figures 109 and
110).
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APPENDIX 1 - COMMON REAGENTS USED IN
BIOLOGICAL ASSAYS

Albendazole (Methyl-5-[propylthio]-2-benz-imidazolecarbamate): a broad-spectrum

antiparasitic that inhibits microtubule polymerization by binding to B-tubulin.'

Hydroxyurea: An antineoplastic compound which inhibits ribonuclease reductase and DNA

replication.2

D-Luciferin (4,5,Dihydro-2-[6-hydroxy-2-benzothiazolyl]-4-thiazole carboxylic acid): a

CPRG-Reagent: Chlorophenol Red-B-D-galactopyranoside.’

substrate for the enzyme Luciferase.’
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Propidium Iodide: a fluorescent stain for nucleic acids.’

NH,

/ N\/\/N
HoN

21

Protein A: A polypeptide isolated from Staphylococcus aureus that binds the Fc region of
immunoglobulin molecules without interacting at the antigen binding site. This property
permits the formation of tertiary complexes consisting of Protein A, antibody and antigen.
Protein A can be isolated from the bacterial cell wall or culture medium (from a protein A

secreting strain).’

Peroxidase: An enzyme from horseradish. Peroxidase is a glycoprotein with a hemin
prosthetic group and bound Ca++. The molecular weight of this protein is approximately
44,000."

Protein A Peroxidase: Protein A coupled to peroxidase. This complex has a binding
capacity of 2 — 5 mg of human IgG per mg of solid and a peroxidase activity of 100 — 200

units per mg of protein.”

Tris Base: Established as an excellent biochemical buffer, Tris has a pKa of 8.1 at 25°C.
Unlike other buffer solutions Tris does not precipitate calcium salts, and also maintains the

solubility of magnesium salts.”

211



CH,OH
HOH2C_C_NH2
CH,0H

Triton x-100: a widely used non-ionic surfactant for the recovery of membrane components

under non-denaturing conditions."

)
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(H3C)3 n = approx. 5
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