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Preface

Six topics of interest to medicinal chemists, microbiologists, pharmacolo-
gists and clinicians are reviewed in this volume. Chapter 1 updates our
knowledge of a promising class of antitumour drugs, the heterocyclic
aldehyde thiosemicarbazones. In the last few years, much progress has been
made in the treatment of hypertension by inhibiting components of the renin
angiotensin system; this is reviewed in Chapter 2. Another approach to the
treatment of cardiovascular disease, using 4-quinolones as vasodilators, is
discussed in Chapter 3.

Although good progress has been made to counteract bacterial resistance
to f-lactam antibiotics (see Volume 31), this problem is of increasing
importance in the efficacy of most other antibiotics, as is demonstrated in
Chapter 4. The search for drugs to treat the ever increasing number of
people infected by the human immunodeficiency virus (HIV) continues
unabated. Research into the inhibition of HIV proteinase (Chapter 5) gives
rise to optimism that such agents may play an important role in the
treatment of AIDS.

This volume ends with an account (Chapter 6) of a promising but as yet
not finalised therapy for tumours which are refractory to other drugs,
namely, the use of compounds derived from taxol which react with tubulin
rather than DNA.

We thank our authors for providing us with the present state of
knowledge in these important fields. We are grateful for permission to
reproduce material which is protected by copyright, and for the support and
encouragement from the staff of our publishers.

July 1994 G.P. Ellis
D.K. Luscombe
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2 CYTOTOXIC a-~(N)-HETEROCYCLIC THIOSEMICARBAZONES
INTRODUCTION

Ribonucleoside diphosphate reductase is a critical enzyme in the de novo
synthesis of the deoxyribonucleotide precursors of DNA and, as such, is
essential for cellular replication. Thus, its presence and activity is closely
correlated with cellular growth rates [1, 2]. Since deoxyribonucleotides are
present in extremely low levels in mammalian cells, Cory and Chiba [3] have
presented arguments that an inhibitor of ribonucleoside diphosphate
reductase should be more effective than an inhibitor of DNA polymerase in
blocking DNA synthesis. Hence, it seems reasonable that a strong inhibitor
of ribonucleoside diphosphate reductase would be a useful weapon in the
therapeutic armamentarium against cancer. Several different classes of
agents are relatively specific inhibitors of ribonucleoside diphosphate
reductase. These have included a-(N)-heterocyclic carboxaldehyde thiosemi-
carbazones (HCTs), hydroxyurea [4], N-hydroxy-N’-aminoguanidine de-
rivatives [5-7] and polyhydroxybenzohydroxamates [8, 9]. The HCTs, as a
class, are among the most potent known inhibitors of ribonucleoside
diphosphate reductase, being 80-5000 times more effective, depending upon
the HCT, than hydroxyurea, a clinically useful anticancer agent [10, 11].
Members of this class have shown anticancer activity against a wide
spectrum of transplanted rodent neoplasms, including sarcoma 180, Ehrlich
carcinoma, leukaemia L1210, Lewis lung carcinoma, hepatoma 129,
hepatoma 134, adenocarcinoma 755, and B16 melanoma. In addition,
spontaneous lymphomas of dogs have shown susceptibility to HCTs [12,
13]. Such broad spectrum activity denotes clinical potential and suggests
that a drug of this class may well have utility in cancer therapy.

A variety of nucleoside analogues are also active as inhibitors of
ribonucleoside diphosphate reductase. These include 2,2’-difluoro-2’-
deoxycytidine [14-16], 2’-fluoroadenine arabinoside [17] and 2-chloro-2’-
deoxyadenosine [18]. However, the 5-triphosphate of each of these
compounds appears to be a more potent inhibitor of DNA polymerase than
of ribonucleoside diphosphate reductase, making DNA polymerase the
more probable primary target of these nucleoside analogues [17-19].

Some HCTs, especially derivatives of 2-acetylpyridine thiosemicarba-
zone, selectively inhibit herpes simplex virus type-1 and -2 specified
ribonucleoside diphosphate reductase [20-22], which is biologically distinct
from the mammalian enzyme [23, 24]. A discussion of the antiviral activity
of these compounds is not included in this review.

The work in our laboratory and in those of others which has identified
ribonucleoside diphosphate reductase as the major target of the HCTs has
been reviewed previously [25-27). This paper will emphasize relatively



M.-C.LIU ET AL. 3

recent investigations, incorporating older findings to comprehensively
discuss the structure-activity relationships of this class of compounds.

BASIC STRUCTURE AND HETEROCYCLIC RING SYSTEMS

The basic structure of this class of compounds is shown in (1) [13, 25]. The
minimum requirement for biological activity is the attachment of the
carboxaldehyde thiosemicarbazone side-chain o to an unencumbered ring
nitrogen of heteroaromatic character. Compounds in which the thiosemi-
carbazone side-chain is attached at positions § or ¥ to the heterocyclic
N-atom are inactive. A conjugate N*-N*-S* tridentate ligand system has
been found to be a common feature of compounds with carcinostatic
activity [28-32]. For this reason, the structure of the HCTs may be written
in the SH form and metal complexes of the HCTs may be readily formed.
The characteristics of the ligand are indicated in (2). The formation of two
five-membered chelate rings of a partially conjugate character favours
octahedral coordination of two ligands to one divalent metal ion. The ring
nitrogen atom is a reasonably good donor to transition metals, allowing the
formation of coordination compounds (chelates). Thus, quarternization of
the ring nitrogen atom completely eliminates biological activity.

v

S M-—N

i \
ﬂ’{;j:;H=NNHCNH2 | N

M @

A large number of different ring systems has been used instead of the
pyridine ring of pyridine-2-carboxaldehyde thiosemicarbazone (3) (PT) [13,
30, 31]. Replacement of the pyridine ring with benzene, furan, or thiophene
ring systems led to loss of antitumour activity [30, 33, 34]. Furthermore,
replacement of the pyridine ring of PT with five-membered ring systems
such as imidazole, pyrazole, pyrrole, or triazole, also resulted in a decrease
or complete loss of antineoplastic activity {13, 30, 35-37]. A variety of
six-membered heterocyclic ring systems carrying the thiosemicarbazone
side-chain a to the heterocyclic nitrogen (3-9) are active antineoplastic
agents [13, 32].
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Compounds (4-6), however, can be envisioned as analogues of PT (3) in
which the carbon has been replaced by a nitrogen at the ortho, meta, and
para positions of the nitrogen atom of the pyridine ring of PT, respectively;
these PT analogues exhibited antitumour activity comparable to that of PT.

Three approaches have been employed to introduce an additional
aromatic ring onto the pyridine ring of PT, connecting one side of the
aromatic ring onto the 3,4-, 4,5- or 5,6-positions of the pyridine ring of PT.
The first approach led to the formation of isoquinoline-1-carboxaldehyde
thiosemicarbazone (7) (IQ-1), one of the most potent ribonucleoside
diphosphate reductase inhibitors of the HCT class. The second led to the
formation of isoquinoline-3-carboxaldehyde thiosemicarbazone (10), which
showed marginal antitumour activity. The third method of connection
produced quinoline-2-carboxaldehyde thiosemicarbazone (11), which was
devoid of carcinostatic activity. These findings also apply to other ring
systems. For example, compound (8) can be envisioned to be formed from
compound (5) by introducing a second aromatic ring by the first approach;
compound (8) is more active than compound (5) as both an inhibitor of
ribonucleoside diphosphate reductase and as an antitumour agent [13]. In
contrast, compound (4), which is active as an antineoplastic agent, generates
(by the addition of an additional aromatic ring by the second approach)
compound (12), which is inactive [13]. The pyridine and isoquinoline rings
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are the two heterocyclic ring systems which have been most extensively

investigated; the structural modifications of these two series of compounds
that have been carried out will be described subsequently.
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MODIFICATIONS OF PYRIDINE-2-CARBOXALDEHYDE
THIOSEMICARBAZONE

Since the first report that pyridine-2-carboxaldehyde thiosemicarbazone (3)
(PT) had antileukaemic activity in mice [38], various substituted pyridine-2-
carboxaldehyde thiosemicarbazones have been synthesized and evaluated
for antineoplastic activity in an effort to find a more efficacious compound
[13, 25]. Derivatives of PT, in which all of the four unsubstituted positions,
3,4, 5 and 6, were substituted by one, two, or more functional groups, have
been synthesized. In early studies, the 3-position of PT was substituted by
Me [39], OH, OAc [30, 40], OMe, OEt, COOH, F [13, 41], OCH,C,H,-m-
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NH,, OCH,CH,-m-OH [42], C;H;-m-NO,, and C;H,-m-NH, [43]. The
agent which appeared to have the most therapeutic potential in this series
was 3-hydroxypyridine-2-carboxaldehyde thiosemicarbazone (13) (3-HP),
which gave a longer duration of inhibition of DNA synthesis in neoplastic
cells than that produced by 5-hydroxypyridine-2-carboxaldehyde thiosemi-
carbazone (14) (5-HP), when molar equivalent doses of these agents were
administered to tumour-bearing mice and the effects on DNA replication
were measured in malignant cells [33]. Consistent with these findings, 3-HP
was more active than 5-HP as an anticancer agent against the L5178Y
lymphoma, Lewis lung carcinoma, and adenocarcinoma 755 [13, 32].
However, it was less active than 5-HP against the L1210 leukaemia and
sarcoma 180. The 4-position of PT has been substituted by a series of
groups including Me, NMe,, N(CH,),, N(CH,CH,)NMe, N(CH,CH,OH),,
N(CH,CH,),0 [39, 44], C¢H,-m-NO,, C¢H,-m-NH, [43], Ph, C;H,-0-NH,,
C¢H,-p-NH, [45], and NHPh [46]. The most active compounds in this series
were 4-(3-aminophenyl)pyridine-2-carboxaldehyde thiosemicarbazone (15)
and 4-morpholinopyridine-2-carboxaldehyde thiosemicarbazone (16), both
being superior to 5-HP as anticancer agents in mice bearing sarcoma 180
ascites cells [44, 45]. The effects of substituents at the 5-position of PT were
also extensively studied; 5-substituted substituents synthesized included
F, Cl, Br, I, Me, Et, OH, OAc, OCF,, CF,;, N(Me),, NHAc, O,SMe,
OC,H,NMe,, O(C,H,0),Et, OOCR [41, 47, 48], CH,Ph [46], CH,OH,
CH,OCOR [49], OCH,C,H,-m-NH,, and OCH,C;H,-m-OH [42]. 5-HP was
the most active compound in the 5-substituted series. Only a few derivatives
of PT substituted in the 6-position have been reported, with the substituents
being Me, C;H,-m-NO,, C;H,-m-NH, [39, 43], and CSNH, [50]; all of these
derivatives were inactive as anticancer agents. A few di-and multi-
substituted derivatives of PT have been reported in the past; these have
included 3-OH, 4-Me; 3-OH, 6-Me; 3-Cl, 5-OH [13]; 3-Me, 4-morpholino
[44]; 3-OH, 4-CH,0OH, 5-CH,OH [51]. In this group of agents, 3-hydroxy-
4,5-bis(hydroxymethyl)pyridine-2-carboxaldehyde thiosemicarbazone (17)
showed significant antitumour activity against sarcoma 180 and L1210
leukaemia in mice [51].

5-HP is the only member of the HCT series that has been administered to
humans in a Phase I study. The selection several years ago of 5-HP for
clinical trial was based upon (a) its activity against a spectrum of
transplanted tumours and spontaneous dog lymphomas and (b) its ease of
parenteral administration as the sodium salt. The results of two independent
Phase I studies conducted at Yale University and the Sloan-Kettering
Cancer Center [52, 53] showed that transient decreases in blast counts
occurred in 6 of 25 patients with leukaemia, none being of a sufficient
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magnitude to constitute a remission, and no antitumour effects were
observed in 18 patients with solid tumours. The dose-limiting toxicity of
5-HP in humans was gastrointestinal, being manifested by severe nausea,
vomiting, and diarrhoea. In addition, the most aggressive drug regimens
also produced myelosuppression, haemolysis, anaemia, hypertension, and
hypotension. The lack of demonstrable antineoplastic activity of 5-HP
observed in the Phase I trial was attributed in part to the relatively short
biological half-life (t,;,) of 5-HP in humans, which was due to the rapid
formation and elimination of the O-glucuronide conjugate [52]. Thus, the
t,» of 5-HP in the blood of mice was 15 min, while the drug had a t,;, in
humans of 2.5 to 10.5 min, depending upon the patient. Twenty percent of
a therapeutic dose of 5-HP was excreted in the urine of the mouse within 24
h, whereas a therapeutic dose of 5-HP was excreted 2- to 3.5-times faster in
man. Approximately 75% of the material found in the urine of patients was
in the form of an O-glucuronide, which had no inhibitory activity against
ribonucleoside diphosphate reductase.

Recently, 4-methyl substituted derivatives of 3-HP and 5-HP have been
synthesized in our laboratory [54] to explore the possibility that a methyl
group adjacent to the ring hydroxyl could protect the 3- or 5-hydroxy
substituent from enzymatic O-glucuronidation and, thereby, prevent
inactivation of antitumour activity. The syntheses of these agents are
described in Schemes 1.1 and 1.2.

2,4-Lutidine (18) was nitrated to give the two isomers, 2,4-dimethyl-3-
and 2,4-dimethyl-5-nitropyridine ((19) and (20), respectively), in approxi-
mately equal amounts [55]. Catalytic hydrogenation of compounds (19) and
(20) over 5% Pd/C in absolute ethanol gave the corresponding amino
derivatives (21) and (22). Diazotization of compounds (21) and (22) with
sodium nitrite in 10% sulphuric acid, followed by hydrolysis of the resulting
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products, gave the respective hydroxy compounds (23) and (24). Treatment
of (23) and (24) with 30% hydrogen peroxide in glacial acetic acid produced
the N-oxides, (25) and (26), which were then refluxed with acetic anhydride
to give the acetates, (27) and (28). A repeat of the N-oxidation procedure
with compound (27), followed by rearrangement of the resulting N-oxide
(29) by refluxing with acetic anhydride, yielded the corresponding
2-pyridine aldehyde diacetate derivative (30). Treatment of (30) with
thiosemicarbazide in the presence of hydrochloric acid produced 3-hydroxy-
4-methylpyridine-2-carboxaldehyde thiosemicarbazone (31) (3-HMP).

Me Me

R R R

S (a-c) f’/ (d) ﬁ/ () ﬁ/
L, — UL — 'V/J\Me—> L

N Me N CH;0Ac
(o]
(18) 19; R =3-NO> 25) R =3-OH 52 R =3-OAc
20) R =5-NO, 26) R = 5-OH 28) R=5-OAc
21) R =3-NH,
22) R =5-NH,
$23 R = 3-OH
24) R =5-OH
Me Me Me
@ Y% (@ X% ao "
| P | P | P 11
N” “CH.0Ac N~ “CH(OAc), N” “CH=NNHCNH,
(29) (30) (31)

(a) Fuming HzSO4, KoNO3; (b) Ha, Pd/C, EtOH; (c) NaNOy, 10% H2SOq;
(d) HOAc, 30% Ho0,; (e) AczO; (f) HoNNHC(S)NH,, HCI; (g) NaHCO3

Scheme 1.1.

Hydrolysis of the acetate (28) with hydrochloric acid (Scheme 1.2) gave
5-hydroxy-2-hydroxymethyl-4-methylpyridine (32). Oxidation of (32) with
manganese dioxide in ethanol yielded the corresponding aldehyde, (33),
which was then condensed with thiosemicarbazide [43, 44] to afford the
5-hydroxy-4-methylpyridine-2-carboxaldehyde thiosemicarbazone (34) (5-
HMP).
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Me Me
AcO A (a-d) HO Ay
P — L.
N™ “CH0Ac
(28) ; CH20H
CH NNHC(S)NHg

(a) HCI; (b) MnOy, EtOH; (c) HoNNHC(S)NH, HCI; (d) NaHCO,

Scheme 1.2.

The prolongation of the life-span of mice bearing the L1210 leukaemia
produced by the maximum effective daily dose of the hydroxyl-substituted
derivatives administered intraperitoneally in solution in dimethylsulphoxide
(DMSO) or as a fine suspension is shown in Table 1.1. The 4-methyl
substituted derivatives, 3- and 5-HMP, were both equivalent to, or more
effective than, their corresponding parent compounds, 3-HP (13) and 5-HP
(14). Greater antitumour activity occurred when the HCTs were adminis-
tered in suspension, presumably resulting from slow solubilization in the
peritoneal cavity, which provides a long-lasting effect. The greater activity
of 3-HMP (31) and 5-HMP (34) compared with their non-methylated
counterparts is consistent with previous findings that the addition of methyl
or other hydrophobic groups onto the 3-, 4-, or 5-carbon atoms of the
pyridine ring increased activity as inhibitors of ribonucleoside diphosphate
reductase, a phenomenon speculated to be due to a hydrophobic binding
region in the target enzyme molecule [56]. French and Blanz [13] also
reported the synthesis of 3-HMP (31) by a different method; however,
neither the synthetic procedure nor spectroscopic data to confirm the
structure of this compound were presented. Furthermore, in contrast to our
test results, which showed that 3-HMP had antitumour activity against the
L1210 leukaemia, they reported that this agent was inactive against this
tumour cell-line [13].

Various 3-amino-, 5-amino-, and 5-nitro-substituted pyridine-2-carboxal-
dehyde thiosemicarbazones (51-56) and their derivatives (60-62, 65, 66, and
68) were synthesized [57] to further evaluate the effects of various
substituents on the pyridine ring on antitumour activity (Schemes 1.3, 1.5,
and 1.6). Oxidation {58} of 3-nitro- [59, 60], 5-nitro-[59, 61], 4-methyl-3-
nitro- and 4-methyl-5-nitro-2-picolines [55] (35-38) with selenium dioxide in
refluxing dioxan yielded the corresponding pyridine-2-carboxaldehydes
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Table 1.1. COMPARATIVE EFFECTS OF 3-HP, 5-HP, 3-HMP, AND 5-HMP ON MICE
BEARING THE L1210 LEUKAEMIA

Compd Injection Optimum Av Awt,® TIC
form daily dosage,* (%) (%)
(mglkg)
3-HP DMSO soln. 40 +1.5 114
5-HP DMSO soln. 40 +1.8 132
3-HMP DMSO soln. 40 +0.5 135
5-HMP DMSO soln. 40 -74 138
5-HP suspension 60 +4.6 146
3-HMP suspension 50 +09 168
5-HMP suspension 40 -34 186

? Administered once daily for six consecutive days, beginning 24 h after tumour implantation.

b Average weight change of mice from onset to termination of drug treatment.

°% T/C represents the ratio of the survival time of treated to control mice x 100. The average
survival time of untreated L1210 tumour-bearing control animals was 8.2 days.

Reprinted with permission from (1992) J. Med. Chem. 35, 3667-3671.
Copyright © 1992 American Chemical Society.

(39-42). The aldehydes were protected by conversion to the cyclic ethylene
acetals (43—46), which were then reduced by catalytic hydrogenation using
Pd/C as a catalyst to give the corresponding amino acetals (47-50) [62].
Treatment of compounds (47-50) with thiosemicarbazide in ethanol
containing 10% concentrated hydrochloric acid gave the desired thiosemi-
carbazone hydrochlorides, the free bases (51-54) were liberated by
treatment with aqueous sodium bicarbonate solution. Condensation of
S-nitropyridine-2-carboxaldehyde and 4-methyl-5-nitropyridine-2-carboxal-
dehyde [(40) and (42), respectively] with thiosemicarbazide in aqueous
ethanol, yielded the corresponding 5-nitro-substituted thiosemicarbazones
(55) and (56) (Scheme 1.3).

It is interesting to note that the 2-methyl groups in compounds (37) and
(38) were considerably more sensitive to selenium dioxide oxidation than
their 4-methyl counterparts. 4-Methyl-3-nitropyridine-2-carboxaldehyde
(41) and 4-methyl-5-nitropyridine-2-carboxaldehyde (42) were isolated in
20% and 55% yields, respectively, by silica gel column chromatography
after oxidation. In addition to the unreacted starting material, both
4-methyl-3-nitro-2-pyridine carboxylic acid and 4-methyl-5-nitro-2-pyri-
dine carboxylic acid were also isolated. When the reaction time was
prolonged, the amount of acidic by-products was increased; however, no
detectable quantities of 2-methyl-3-nitropyridine-4-carboxaldehyde and
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Scheme 1.3.

2-methyl-5-nitropyridine-4-carboxaldehyde were found. A cyclic mecha-
nism is proposed for the oxidation of 5-nitro-2,4-lutidine, which is
analogous to the mechanism proposed by Corey and Schaefer [63] for the
oxidation of 7-methylquinoline, except that a cyclic transition state is
suggested (Scheme 1.4). Such an intermediate may account for the selective
oxidation of the 2-methyl group. A similar, but more hindered, cyclic
transition state may be formed for the oxidation of 3-nitro-2,4-lutidine,
which might explain why the 2-methyl group in the 3-nitro derivative is
more difficult to oxidize than its 5-nitro counterpart.

The acetamide and alkylsulphonamide derivatives of 3-amino and
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5-aminopyridine-2-carboxaldehyde thiosemicarbazone, (60-62) and (65),
(66), respectively, were prepared as described in Scheme 1.5. Acetylation of
compounds (48-50) with acetic anhydride in anhydrous pyridine gave the
acetamide derivatives (57-59), which were then condensed with thiosemicar-
bazide to produce 5-acetylaminopyridine-2-carboxaldehyde thiosemicarba-
zone (60) and 3- and 5-acetylamino-4-methylpyridine-2-carboxaldehyde
thiosemicarbazones, (61) and (62), respectively. During the process of acidic
hydrolysis of the ethylene acetal groups, some hydrolysis of the acetamide
functions occurred, even though the reaction conditions were carefully
controlled. The desired compounds were obtained in pure form, however,
by recrystallization from ethanol or by silica gel chromatography.
Treatment of (50) with methanesulphonyl chloride or p-toluenesulphonyl
chloride in anhydrous pyridine afforded the corresponding 5-methane-
sulphonylamino and p-toluenesulphonylamino derivatives, (63) and (64),
respectively, which were then treated with thiosemicarbazide in the presence
of concentrated hydrochloric acid to afford the corresponding S-methane-
sulphonylamino and 5-p-toluenesulphonylamino derivatives of 4-meth-
ylpyridine-2-carboxaldehyde thiosemicarbazone, (65) and (66).
5-Hydroxylamino-4-methylpyridine-2-carboxaldehyde  thiosemicarba-
zone (68) was synthesized by the procedure described in Scheme 1.6.
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Scheme 1.5.

Hydrogenation of compound (46) in ethanol using PA(OH),/C as a catalyst
under 50 psi of hydrogen yielded the 5-hydroxylamino derivative (67).
Condensation of (67) with thiosemicarbazide in the presence of concen-
trated hydrochloric acid, followed by treatment with sodium bicarbonate,
afforded the desired 5-hydroxylamino-4-methylpyridine-2-carboxaldehyde
thiosemicarbazone (68) (5-HAP).

The 5-nitro derivatives, (55) and (56), the acetyl derivatives, (60-62), and
the alkylsulphonamide derivatives, (65) and (66), were inactive as antineo-
plastic agents against the L1210 leukaemia. In contrast the 3-amino
derivatives, (51) (3-AP) and (53) (3-AMP), possessed anticancer activity,
being comparable in their antitumour efficacy against the L1210 leukaemia;

Me Me Me

O2N N (@ HONH (b.c) HONH__
N 0:| N 0:| N” “CH=NNHCNH;

(46) (67) (68)

(a) Ha, Pd(OH),/C, EtOH; (b) HNNHC(S)NH,, HCI; () NaHCO3

Scheme 1.6.
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these two agents were among the most effective of all of the HCTs
synthesized to date in prolonging the survival time of mice bearing this
neoplasm (Table 1.2). The 5-amino derivatives (52) (5-AP) and (54)
(5-AMP) and the 5-hydroxyamino derivative (68) were comparable to 5-HP
(14) in the L1210 test system. The % T/C value for 5-HP against the L1210
leukaemia obtained in these experiments was similar to previous reported
results from this laboratory with this HCT [64]; however, a significant
difference existed between the value for this agent that we have obtained (%
T/C = 133) and that (% T/C = 268) reported by French and Blanz [13].
These dissimilar findings may be due to differences between the L1210
leukaemia cell lines employed and/or to differences in the schedule of drug
administration. Although 5-HP (14) was administered daily by intraperi-
toneal injection starting 24 h after tumour inoculation in both studies, our
experiments employed 6 daily treatments, while French and Blanz [13] used
daily treatments that were continued until 50% of the animals had died.
The four most active amino-substituted pyridine-containing HCTs
synthesized to date, i.e., the 3-amino derivatives, 3-AP (51) and 3-AMP (53)
and the 5-amino derivatives, 5-AP (52) and 5-AMP (54), were further
evaluated against the L1210 leukaemia employing a schedule of drug
administration of twice a day at approximately 12 h intervals for 6
consecutive days. The results of these investigations are summarized in

Table 1.2. EFFECTS OF PYRIDINE-2-CARBOXALDEHYDE
THIOSEMICARBAZONE DERIVATIVES ON THE SURVIVAL TIME OF MICE
BEARING THE L1210 LEUKAEMIA

Compd Optimum Av Awt? Av survival, TIC
daily dosage,® (%) days (%)
(mglkg)
5-HP 40 +2.0 10.4 133
3-AP 40 -59 14.6 187
5-AP 20 -28 11.0 140
3-AMP 60 +20 14.9 190
5-AMP 20 -70 10.8 138
5-HMP 10 -27 10.6 136

*Drugs were administered in suspension by intraperitoneal injection, beginning 24 h after
tumour implantation, once daily for 6 consecutive days, with 5-10 mice per group.

b Average change in body weight from onset to termination of therapy.

°% T/C represents the ratio of the survival time of treated to control mice x 100. The average
survival time of untreated 1.1210 tumour-bearing control animals was 7.8 days.

Reprinted with permission from (1992) J. Med. Chem. 35, 3672-3677.
Copyright © 1992 American Chemical Society.
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Table 1.3. 3-AMP exhibited the least toxicity in this series with the group of
animals that received two daily doses of 40 mg/kg of 3-AMP havinga % T/C
value of 255 and 40% long-term survivors. Conversely, the groups receiving
two daily doses of 30 mg/kg of 3-AP or of 5-AP died after an average of 7.3
days (% T/C = 96) and 6.9 days (% T/C = 91), respectively. The pronounced
loss in body weight post drug treatment (an average decrease of 12.8% and
16.0% from original body weights, respectively) suggests that the early

Table 1.3. EFFECTS OF 3-AP, 5-AP, 3-AMP AND 5-AMP ADMINISTERED
TWICE DAILY ON THE SURVIVAL TIME OF MICE BEARING THE

L1210 LEUKAEMIA

Compd Optimum Av Awt® Av survival,  TIC® - Long-term
daily (%) (days©) (%) survivors®
dosage,*
(mglkg)

3-AP 10x2 - 64 18.7 246 4/10
15x2 - 33 19.8 262 0/5
20%x2 -124 14.6 192 1/10
30x2 -128 73 96 0/5

5-AP 10x2 - 38 17.6 232 1/10
15x2 - 1.7 16.8 221 0/5
20x 2 -12.3 14.0 185 110
30x2 -16.0 6.9 91 0/5

3-AMP 10x2 + 14 14.8 195 2/10 -
20x 2 - 38 16.9 222 0/10
30x2 - 24 17.6 232 1/10
40x2 - 8.1 194 255 2/5

5-AMP 10x 2 + 14 18.6 245 1/10
15x2 - 171 21.0 276 0/10
20x 2 -12.1 17.9 236 0/10
30x2 -124 14.4 190 0/5

2Drugs were administered in suspension by intraperitoneal injection, beginning 24 h after
tumour implantation, twice daily for 6 consecutive days, with 5-10 mice per group.

® Average change in body weight from onset to termination of therapy.

¢ Average survival time includes only those mice that died prior to day 60.

4T/C represents the ratio of the survival time of treated to control animals x 100. The average
survival time of untreated tumour-bearing control animals was 7.6 days.

¢Long-term survivors are the number of mice that survived for > 60 days relative to the total
number of treated mice.

Reprinted with permission from (1992) J. Med. Chem. 35, 3672-3677.
Copyright © 1992 American Chemical Society.
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deaths of the mice were the result of drug toxicity rather than the leukaemic
process. However, 3-AP and 5-AP exhibited much better antitumour
activity at lower dosage levels and the groups of animals that received two
daily doses of 10 mg/kg of 3-AP or of 5-AP gave % T/C values of 246 and
232, and produced 40% and 10% long-term survivors, respectively. 5-AMP
appeared to be somewhat less toxic than 3-AP and 5-AP, with antitumour
activity comparable to that of 5-AP. Comparison of the results listed in
Tables 1.2 and 1.3 indicates that the activity of compounds 3-AP, 5-AP,
3-AMP and 5-AMP are schedule-dependent with much better therapeutic
effects being obtained by twice daily administration than by a once daily
regimen. It appears that 3-AP and 3-AMP are superior in their activities
against the L1210 leukaemia to any other agent in this series of HCTs
reported to date [54, 64].

The primary metabolic lesion created by the HCTs is interference with the
biosynthesis of DNA, an action resulting from the potent inhibition of
ribonucleotide reductase activity. For this reason, the capacity of amino-
and hydroxy-substituted pyridine-2-carboxaldehyde thiosemicarbazones to
inhibit cytidine diphosphate (CDP) reductase activity has been measured
[65]. 3-AP (51) and 3-AMP (53) were found to be more potent than the
5-amino-substituted HCTs as inhibitors of CDP reductase activity, each
causing 50% inhibition (IC,,) of enzymatic activity at a concentration of
0.3 uM. As such, they were about 4 and 6 times more potent than the
hydroxy-substituted derivatives, 3-HP (IC, =12 uM) and 5-HP
(ICs = 1.75 uM), respectively, and approximately 4 and 3 times more
potent than 5-AP (IC,, = 1.25 uM) and 5-AMP (IC,, = 0.90 uM).

The comparative effects of these HCTs on the growth of wild-type and
hydroxyurea-resistant 1.1210 cell-lines were measured [65]. Consistent with
the relative activities of these HCTs against the target enzyme, ribonucleo-
tide reductase, 3-AP (51) and 3-AMP (53) were the most cytotoxic with IC,,
values of 1.3 uM and 1.5 uM for the L1210 parental cell-line and 1.6 uM
and 2.3 uM for hydroxyurea-resistant L1210 cells, respectively. In accord
with interference with ribonucleotide reductase activity being the major site
of action of the HCTs, 3-AP and 3-AMP inhibited the incorporation of
[PH]thymidine into DNA without affecting the rate of incorporation of
PH]uridine into RNA. Furthermore, the incorporation of [“C]cytidine into
cellular ribonucleotides and RNA was not decreased by 3-AP and 3-AMP,
however, the incorporation of cytidine into deoxyribonucleotides facilitated
by ribonucleotide reductase and the subsequent incorporation into DNA
was markedly inhibited. Thus, the cytodestructive effects of 3-AP and
3-AMP appeared to result from the specific inhibition of DNA biosynthesis
[65]. In contrast to most of the HCTSs, formulation of 3-AP would appear to
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be easily obtainable since the hydroxyethylsulphonic acid salt is relatively
water-soluble, with a saturated water-solubility of 40 mg/mL. Therefore,
further evaluation of 3-AP as a potential anticancer drug would appear to
be particularly warranted.

MODIFICATIONS OF ISOQUINOLINE-1-CARBOXALDEHYDE
THIOSEMICARBAZONE

Isoquinoline-1-carboxaldehyde thiosemicarbazone (7) (IQ-1) is an exceed-
ingly potent agent, both as an inhibitor of ribonucleoside diphosphate
reductase and as an antitumour agent [66—69]. The clinical utility of IQ-1 as
an antineoplastic agent in humans, however, is limited by its inability to be
formulated because of extremely low water-solubility. A large number of
structural modifications of the isoquinoline nucleus have been made
[70-74], for example, inserting hydrophilic groups such as amino or
hydroxy onto the isoquinoline ring system to increase water-solubility as
either an acid or a sodium salt, respectively. Substitution of an amino group
onto the 5-position of the isoquinoline ring of IQ-1 had no adverse effects on
activity against the target enzyme. Thus, for example, 5-amino 1Q-1 (69)
(5-AIQ-1) at a concentration of 0.03 uM produced 50% inhibition of
ribonucleoside diphosphate reductase from the Novikoff hepatoma, which
makes it equal to IQ-1 as the most potent known HCT inhibitor of this
enzyme [74]. 5-AIQ-1 has, however, an advantage over IQ-1 in that it can be
rendered relatively water-soluble as an acid salt. However, since the
5-acetylamino derivative of IQ-1 was found to be devoid of carcinostatic
activity [70] and N-acetylation is a relatively ubiquitous metabolic reaction
in vivo, 4-methyl-5-aminoisoquinoline-1-carboxaldehyde thiosemicarba-
zone (70) (MAIQ-1) was designed and synthesized to create steric hindrance
to the enzymatic substitution of the 5-amino function by insertion of a bulky
methyl group at the adjacent 4-position of the isoquinoline ring [62, 75).
MAIQ-1 was found to be an effective antineoplastic agent against
transplanted animal tumours and 60-fold more potent than 5-HP as an
inhibitor of ribonucleoside diphosphate reductase [62, 64]. MAIQ-1 is also
active against human colon carcinoma HT-29 cells in culture, with an ICs,
value of 3.2 uM [76]. Williams et al. [77) reported that an enzyme(s) in
hepatic microsomes obtained from rats and mice, which is absent in the
microsomes from Ehrlich tumour cells, can inactivate MAIQ-1 as an
inhibitor of ribonucleoside diphosphate reductase. These investigations,
therefore, suggested a mechanism of selectivity for MAIQ-1 which resulted
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in the maintenance of inhibitory activity in tumour cells while producing
inactivation by the liver.
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In contrast to amino derivatives, substitution of a hydroxyl moiety at
either the 4- or 5-position of the isoquinoline ring of IQ-1 decreased
inhibitory activity in vitro against ribonucleoside diphosphate reductase,
and also decreased host toxicity significantly with retention of antineoplas-
tic activity, thereby improving the therapeutic index in tumour-bearing mice
[70, 72]. 5-Hydroxyisoquinoline-1-carboxaldehyde thiosemicarbazone (71)
(5-HIQ-1) and 4-hydroxyisoquinoline-1-carboxaldehyde thiosemicarba-
zone (72) (4-HIQ-1) showed antitumour activity in mice bearing sarcoma
180 ascites cells comparable to that of 1Q-1 [70, 72]. Substitution of more
polar groups such as 5-SO;H and 5-COOH, however, led to the loss of
antitumour activity [70, 78]. A 4-hydroxymethyl derivative of IQ-1 was
reported to be more active than the parent compound as an antitumour
agent, but was found to be more toxic [49].

A series of additional substitutions on the isoquinoline ring of IQ-1 have
been reported [74, 78, 79], which include the 2-oxide, 4-Me, 5-substituted
derivatives (OAc, F, Cl, NO,, CF;, n-C,F,, Me, succinimido, pyrrolidinyl),
6-Me, 7-substituted derivatives (OAc, F, Cl, OH, OMe), and 8-F. The
biological activity of these agents varied depending upon the tumour system
employed. However, none of these derivatives was found to be superior to
the parent compound IQ-1 as an antitumour agent.
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MODIFICATIONS OF THE THIOSEMICARBAZONE SIDE-CHAIN

Alterations of the thiosemicarbazone side-chain have been extensively
studied in both the pyridine and isoquinoline series of HCTs. A variety of
substitutions and modifications of the various positions of the side-chain of
IQ-1 have been carried out in our laboratory [80]. These changes, which are
shown in Figure 1.1, have uniformly led either to a complete loss or a
marked decrease in tumour-inhibitory activity. In a comparable manner,
replacement of the sulphur atom in the side-chain of 5-HP with Se, NH, or
O also led to the reduction or the abolishment of antitumour activity [81].

N

=N

R

R = CONHNHC(S)NHy; C(Me)=NNHC(S)NHz; CH=NN(Me)C(S)NH_;
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Figure 1.1. Modifications of the side-chain of IQ-1.

Furthermore, substitution of the 4’-position of 5-HP with three- to
six-membered ring systems or with alkyl groups also led to a decrease or a
loss of inhibitory activity against ribonucleoside diphosphate reductase.
However, a 4’-substituted derivative of 5-HP (73) showed better anticancer
activity in mice than that produced by the parent compound [82, 83]. Since
compound (73) was 23-fold less active than 5-HP as an inhibitor of
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ribonucleoside diphosphate reductase, other metabolic lesions were sug-
gested to be involved in the antitumour mode of action of the compound.
Klayman and his co-workers [84, 85] reported the syntheses of three series
of compounds based on the thiosemicarbazones (74-76) of 2-acetylpyridine
(74), 2-acetyl-6-methylpyridine, and 2-butyrylpyridine, as antileukaemic
agents. Compounds (74), (75), and (76) showed the best antitumour activity
among each of these three series of compounds, with % T/C values of 157,
151, and 138, respectively, at optimal dosage levels against leukaemia P388.
In a manner analogous to compound (73), it is unlikely that these
compounds exert their antitumour activity solely by inhibition of ribonucleo-
side diphosphate reductase. Lemke et al. [86] synthesized and separated the
Z (syn) and E (anti) isomers of the semi-rigid analogue, 5,6-dihydro-8(7H)-
quinoline thiosemicarbazone, and of some 4’-substituted derivatives. The
most active compounds in this series as antineoplastic agents were (77) and
(78), which produced % T/C values of 141 and 143, respectively, at their
optimal dosage levels against the P388 leukaemia. These compounds can be
envisioned as cyclized analogues of 2-butyrylpyridine thiosemicarbazone by
connecting the terminal methyl group onto the 3-position of the pyridine
ring. Therefore, the mechanism of action of this series of compounds might
also be different from that of the HCTs.
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2,2’-Bipyridyl-6-carbothioamide (79) (BPYTA), a new type of N*-N*-S*
tridentate ligand, and its 4™-nitro derivative have demonstrable antitumour
activity against the P388 leukaemia in mice with a % T/C value of 143 for
compound (79) at its optimal dosage level [50, 87]. BPYTA was suggested to
have a mechanism of action similar to that of the HCTs [88-91]. Although
the structure of BPYTA appears to be different from that of a typical HCT
derivative, comparison of the molecular structure of BPYTA with that of
PT demonstrates some similarities. Thus, BPYTA might be envisioned as a
derivative of PT modified in the side-chain, with the 3'-NH being replaced
by an isosteric group, C =, and the 1’-C and 3’-C atoms being connected by
a three-carbon unit. If this analogy is correct, BPYTA would be the only
HCT derivative in which modification of the side-chain did not markedly
decrease inhibitory activity against ribonucleoside diphosphate reductase
[90], cytotoxicity in vitro and antineoplastic activity in vivo [50, 87, 91].
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METAL COMPLEXES OF a~-(N)-HETEROCYCLIC
CARBOXALDEHYDE THIOSEMICARBAZONES

a-(N)-Heterocyclic carboxaldehyde thiosemicarbazones are strong metal
chelating agents [30]. Thus, administration of 5-HP to patients with cancer
led to the excretion of significant amounts of iron in the urine, presumably
as the iron chelate of 5-HP [52, 53]. The serum iron and total iron-binding
capacity of the serum was increased in these individuals. The toxicity of
5-HP, including side-effects such as disruption of iron metabolism,
ultimately prevented its use clinically for the treatment of cancer [52]. Later
studies suggested that the difficulties created by the sequestering of iron
might be minimized or eliminated by administration of preformed metal



22 CYTOTOXIC a-(N)-HETEROCYCLIC THIOSEMICARBAZONES

complexes instead of the metal-free ligand [92-94]. Furthermore, there is
compelling evidence that the inhibition of ribonucleoside diphosphate
reductase by the HCTs is produced by a preformed iron chelate of these
agents, with the coordination of the metal by these compounds being
through their N*-N*-S* tridentate (i.e., pyridyl nitrogen, azomethine
nitrogen, and thione sulphur) ligand system [11]. Therefore, preformed
metal chelates of HCTs should be exceedingly effective inhibitors of
ribonucleoside diphosphate reductase. HCTs generally react with metal ions
to form 1:1 or 2:1 ligand-to-metal complexes, depending upon the
coordination number of the metal [95, 96).

(n-1)* (n-2)*
\NJ\H %T\,,: " H{v:ji” K T/N
S NH “SNH

—M-=N H* ;
|<— \lN + [ //M\ /
S)\NHZ SAJHZ s NH, -~
(@) (b)

Various metal complexes of the HCTs, such as Fe (III), Fe (II), Co (II),
Ni (II), Cu (II), Zn (II), and Pt (II), have been synthesized and evaluated as
cytotoxic agents and as inhibitors of ribonucleoside diphosphate reductase.
Agrawal et al. [92] have reported that the iron chelate of IQ-1 was more
potent than the free ligand as an inhibitor of DNA synthesis in sarcoma 180
cells in vitro, and as an antineoplastic agent against the L1210 leukaemia-in
vivo. Other experiments with ribonucleoside diphosphate reductase have
demonstrated that if iron is omitted from the reaction mixture, the
preformed iron chelate of 1Q-1 or of MAIQ-1 was more effective than the
free ligand in inhibiting the reduction of ribonucleosides [94, 97). Saryan et
al. [98] reported that the iron complexes of 1Q-1, PT, and MAIQ-1 were
three- to six-fold more active than their free ligands as inhibitors of partially
purified ribonucleoside diphosphate reductase assayed in the absence of
added iron. Mohan et al. [99-102] described the synthesis and antitumour”
activity of Co (II), Ni (II), Cu (II), Zn (II), and Pt (II) chelates of IQ-1 and
MAIQ-1. The Ni (IT) chelate of IQ-1 was the most active of these metal-1Q-1
complexes and the Pt (II) chelate of MAIQ-1 was the most active of the
metal-MAIQ-1 complexes, with % T/C values of 161 and 150, respectively,
when employed at optimum dosage levels against the P388 leukaemia. On
the basis of elemental analyses, conductance measurements, and spectral
studies, a distorted trigonal-bipyramidal structure for Ni(IQ-1)Cl, and a
square-planar structure for Pt(MAIQ-1)CIl, were proposed [99, 100]. These
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authors also reported the synthesis and antitumour activity of Fe (II) and Fe
(I1I) chelates of 1Q-1, MAIQ-1, and 4-(m-aminophenyl)pyridine-2-carbox-
aldehyde thiosemicarbazone. The highest level of activity was shown by the
Fe(MAIQ-1)Cl,; complex, with a % T/C value of 154 at the optimum dosage
against the P388 leukaemia [103].

The synthesis and antitumour activity of a number of copper and iron
complexes of PT and of S-substituted pyridine-2-carboxaldehyde thiosemi-
carbazones where the 5-substituents which were OH, OAc, NMe,, H, Me,
Cl, and CF; have been reported by several laboratories [93, 104-116]. The
copper complex of PT, [CuL(MeCO,)], (HL = PT), was demonstrated to be
a potent inhibitor of ribonucleoside diphosphate reductase, being slightly
more active than the free ligand, presumably because it was readily taken up
and bound as shown with Ehrlich carcinoma cells. Cellular DNA synthesis
was inhibited by this copper complex at low concentrations, whereas RNA
synthesis was much less sensitive [98, 116]. Furthermore, this copper
complex was also more potent than the free ligand as an inhibitor of the
growth of the Ehrlich carcinoma, sarcoma 180, and Chinese hamster ovary
cells [93, 98, 107-110].

Recently, the molecular structures of [CuL(MeCO,)],(HL = PT) and
[CuHL(SO,)], were determined by single-crystal X-ray diffraction tech-
niques [117]. Both complexes were shown to consist of discrete centrosym-
metric dimers, the monomeric units being bridged by two acetato or
sulphato ligands. The copper atoms have a distorted square-pyramidal
coordination geometry with three donor atoms (NNS) coming from L or
HL to form a tricyclic ligation system. The fourth donor atom (oxygen)
comes from the bridging MeCOO- or SO,-ions. The fifth coordination
position is occupied by a less strongly bound oxygen from the second
bridging anion. Ainscough et al. [118, 119] determined the structure of a
Lewis-base adduct of CuL*, [CuL(bipy)]CIO, (bipy = bipyridine), and
neutral ligand-copper complexes, such as [Cu(HL)(H,0)(ClO,),]:2H,O
(HL = PT) by single-crystal X-ray methodology.

Cristalli et al. [120] reported the synthesis and the antitumour and

-antifungal activities of Fe (II), Co (II), Ni (II), Cu (II), Cd (1), Pd (II), Zn
(D), and Pt (II) complexes of 2,2"-bipyridyl-6-carbothioamide (77)
(BPYTA). The copper (II) complex was found to be 12-fold more active
than the parent compound in decreasing the incorporation of ['**I]5-
iododeoxyuridine incorporation into the DNA of P388 leukaemia cells, with
the 50% inhibitory concentration being 25 yuM.

Two hydrazone-copper complexes, pyridine-2-carboxaldehyde-2’-
pyridylhydrazone-copper (II) (80) and salicylaldehydebenzoylhydrazonato-
copper (81), have been reported to have cytotoxic activity in vitro [121, 122].
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The cytodestructive action of these compounds might be attributable to
their ability to function as tridentate chelating agents through an N*-N*-N*
or O*-N*-O* array of donor atoms [122].

i \N—->Clj-)N\/j >Cu\o
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Hanson and Davis [123] have studied the distribution of *Fe chelates of
PT, 5-dimethylamino-PT and 5-HP in rats. The distribution of these agents
was quite different from that of [*Fe]Cl,, suggesting that the iron chelates
remained intact. The concentration of the metal chelates was higher in liver,
kidney, and intestine than in muscle, bone marrow, and residual carcass.
Levels decreased rapidly in tissues but increased in the intestine over two
hours, presumably because of excretion in the bile. The concentration of
[®Fe]5-HP in the intestine was less than that of the other iron chelates,
whereas the distributional pattern in other tissues was similar for all three
ligands. When the distribution of the chelate of PT was measured in
tumour-bearing rats at 6 to 12 h after administration, the concentration of
this agent in tuinour tissue was higher than that in muscle or liver.

BIOCHEMICAL MECHANISMS OF ACTION

The work in our laboratory, which has identified inhibition of ribonucleo-
side diphosphate reductase as the major biochemical effect of the HCTS, has
been extensively reviewed [11, 25]. Consistent with interference with the
reduction of ribonucleotides to their deoxyribonucleotide counterparts,
biologically active compounds of this class inhibited the synthesis of DNA
in tumour cells in vitro and in vivo to a much greater extent than-the
formation of either RNA or protein [124-131]. That inhibition of
ribonucleoside diphosphate reductase by the HCTs occurred in intact cells
was shown by a decrease in the incorporation of labelled cytidine into DNA
and into the soluble deoxyribonucleotide pool, while incorporation of
cytidine into ribonucleotides and into RNA was unchanged. This action
resulted in a decrease in the intracellular pools of deoxyribonucleotide
triphosphates. In addition to this action, HCTs have been found to cause
single-strand breaks in DNA [132] and chromatid breaks [133]. Whether
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these lesions are associated with the inhibition of ribonucleotide reductase
or are due to a direct effect at the level of DNA remains to be determined.

It was first assumed that the inhibition of ribonucleoside diphosphate
reductase was simply the result of chelation of iron, which was required for
full activity of the mammalian enzyme. This mechanism, however, was ruled
out by studies with IQ-1 which demonstrated that enzyme inhibition by 0.04
UM 1Q-1 was not reversed, and even seemed to be enhanced, by up to 43 uM
ferrous ion [134]. The inhibition of ribonucleotide reductase by some of the
less potent analogues, however, such as isoquinoline-1-carboxaldehyde
guanylhydrazone and 5-HP, was partially reversed by the addition of iron.
Dithiothreitol, used as a substitute for the natural reducing agent,
thioredoxin, also caused partial reversal of enzyme inhibition by some of the
HCTs. The nucleotide substrate and enzyme activators had no effect on the
inhibition produced by members of this class. These findings have been
summarized previously [11].

It was also initially hypothesized [13, 134] that the HCTs might bind
directly to the iron present in the active site of ribonucleoside diphosphate
reductase. However, experimentation led to the conclusion that the active
form of the inhibitor was in fact a preformed iron chelate [11], and this was
corroborated by calculations which showed that the formation of an
enzyme-iron-HCT complex as initially envisioned was thermodynamically
unlikely [107]. In support of these conclusions, Agrawal et al. [92] reported
that the iron chelate of 1Q-1 was more potent than the free ligand as an
inhibitor of DNA synthesis in sarcoma 180 cells in vitro and as an
antineoplastic agent against the 1.1210 leukaemia in vivo. Furthermore, the
binuclear iron centre of the M2 subunit of ribonucleoside diphosphate
reductase is ‘buried’ in the core of the protein [135], suggesting that the iron
present in this enzyme is not readily available for chelation, except after
modification of the conformation of the protein.

Mammalian ribonucleotide reductase, like that of the enzyme from E.
coli, is composed of two nonidentical subunits, M1 and M2, both of which
are necessary for activity [136-140]. Subunit M1 contains the nucleotide
binding-sites for the substrates and the allosteric effectors, as well as for the
dithiodisulphide groups which participate in the redox reaction. Subunit M2
contains a tyrosyl free radical, which is necessary for enzyme activity, and a
binuclear ferric iron centre [135]. Hydroxyurea destroys the free radical;
therefore, in E. coli, inhibition by hydroxyurea was shown to be irreversible
unless the free radical was restored either by removal of the hydroxyurea
and replacement of the iron, or by an enzymatic mechanism involving iron,
oxygen, NADPH, flavin mononucleotide, superoxide dismutase, and two
unidentified proteins [141]. Inhibition of the mammalian enzyme by
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hydroxyurea, however, was easily reversible. We have speculated that this
phenomenon is due to the fact that the iron of the mammalian enzyme can
be easily replaced under the usual reaction conditions [97]. Graslund et al.
[142] have demonstrated that this is in fact the case. These investigators used
a partially purified extract from hydroxyurea-resistant mouse fibroblasts
which overproduce protein M2 in an amount large enough to give a
detectable EPR signal. The EPR signal of the free radical was absent after
treatment with hydroxyurea, but was restored if dithiothreitol was added.
The presence of iron and of oxygen was required for recovery of the signal.
Thelander e al. [143] further demonstrated that the free radical is unstable
with a half-life of about ten minutes under anaerobic conditions, so that the
presence of iron and oxygen is necessary to maintain enzyme activity in
vitro.

Thelander and Griaslund [144] have demonstrated that the preformed
iron-chelate of MAIQ-1, in the presence of a dithiol and oxygen, generates
a radical scavenger which destroys the free radical essential for enzymatic
activity. They proposed that the iron chelate of the HCT binds at the active
site of the enzyme, with the ferrous form of the chelate then reacting with
molecular oxygen in a redox process that, via a 1-electron reduction, leads
to destruction of the tyrosyl radical of the M2 subunit. These findings
appear to explain both the necessity for iron for inhibition of enzyme
activity by the HCTs, and the partial reversal of inhibition by dithiol and
iron. The results also imply that the basic mechanism of inhibition of the
enzyme by the HCTs is the same as for drugs such as hydroxyurea and
guanazole. Liermann et al. [145] reported that the inhibition of ribonucleo-
side diphosphate reductase of intact Ehrlich ascites tumour cells by different
antitumour agents, including hydroxyurea, pyrogallol, and IQ-1, can be
determined by EPR spectroscopy. The inactivation of the M2 subunit of
ribonucleotide reductase was measured by the quenching of the functionally
essential tyrosyl radical. The results obtained were comparable with those
observed with the isolated enzyme. Furthermore, the chemical behaviour of
the iron chelate of IQ-1 may well be similar to that of the iron-bleomycin
complex, which causes strand breakage of DNA. This may explain the
production of DNA and chromatid breaks produced by this agent [132,
133]. Recently, Nocentini et al. [90] reported that BPYTA, which may be
envisioned as a side-chain modified analogue of the HCTs, has a mechanism
of action similar to that of the HCTs. Consistent with this concept is the
finding that the BPYTA-iron complex has a high affinity for the M2 subunit
of ribonucleoside diphosphate reductase and destroys the tyrosyl free
radical of the subunit. However, free BPYTA was more active than
BPYTA-Fe as an inhibitor of both cell growth and enzyme activity when
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tested in intact cells. It was suggested that a slower cellular uptake of
BPYTA-Fe was responsible for the lower degree of activity of the metal
complex.

STRUCTURE-ACTIVITY RELATIONSHIPS

Ribonucleoside diphosphate reductase is the primary target of the HCTs;
however, a drug must pass through several membrane barriers, survive
alternate sites of attachment and storage, and avoid significant metabolic
destruction before it reaches its site of action. Therefore, it is not surprising
that the inhibitory activity of the HCTs against the partially purified enzyme
does not strictly correspond to antitumour activity in vivo. Thus, for
example, 5-AP and its S-acetyl derivative (5-AAP) have similar activity as
inhibitors of CDP reductase, both agents producing 50% inhibition of
enzymatic activity at a concentration of 2.0 uM [65]. However, 5-AP
exhibits significant anticancer activity against the L1210 leukaemia,
whereas 5-AAP is inactive [57].

French and Blanz [13] compared the inhibitory activity against ribonucleo-
side diphosphate reductase, as well as the tumour-inhibitory activity against
three murine neoplasms of 61 pyridine and 36 other related HCTs. A
correlation between the inhibitory activity of the HCTs against partially
purified human ribonucleoside diphosphate reductase and the sensitivity of
the three tumours employed was not observed. However, among those
compounds that were highly active against the enzyme (IC, = 107 M), 25
of 27 exhibited antineoplastic activity in one or more of the tumour systems
employed, while 33 of 51 and only 2 of 19 of those with intermediate or low
activity, respectively, against the enzyme had antitumour activity. A high
proportion of the compounds that had the capacity to interfere with tumour
growth consisted of the esters and ethers of 3-hydroxy- (3-HP) and
5-hydroxypyridine-2-carboxaldehyde thiosemicarbazone (5-HP), even
though these compounds had only intermediate activity (ICs, values
between 107 and 5 x 107° M) against ribonucleoside diphosphate reductase.
The authors concluded that highly ionic or readily metabolizable substitu-
ents were undesirable. The E (anti) isomer of PT was reported to be the
major form [146], and was the more inhibitory isomer towards ribonucleo-
side diphosphate reductase.

Two groups have made theoretical calculations of the electronic effects of
substituents in a small subset of S-substituted derivatives of PT and have
compared these computations with previous data on biological activity.
Knight et al [115] found correlations between Hammet substituent
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constants and half-wave reduction potentials, copper-complex formation
constants, protonation constants, and other measured factors. There also
appeared to be a correlation between Hammet constants and cytotoxic
activity, as well as with the capacity of the HCTs to inhibit ribonucleoside
diphosphate reductase; however, these relationships were not absolute.

Miertus et al. [147, 148] made theoretical calculations on a similar but not
identical group of compounds, and concluded that activity correlated with
the ability to form metal chelates and reactivity at the C = N bond of the
side-chain. These workers assumed that at least two steps existed in the
inhibitory effects of the HCTs. In the first step, a complex with Fe (IT) was
formed, and the complex formation activated the C (7) = N (8) bond with
respect to nucleophilic attack. According to their calculations, a direct
relationship existed between inhibitory activity and reactivity of the C (7)
nucleophilic centre. On the basis of this hypothesis, they predicted that
5-nitropyridine-2-carboxaldehyde thiosemicarbazone (55) would be the
most potent compound in the pyridine series as an inhibitor of ribonucleo-
side diphosphate reductase. However, compound (55), which was recently
synthesized in our laboratory, was inactive as an antitumour agent against
the L1210 leukaemia [57]. In addition, Biyushkin and Chumakov [149]
made theoretical calculations of the electronic structure of a number of
pyridine-2-carboxaldehyde thiosemicarbazones that was required for anti-
tumour activity. They concluded that a longer C = S bond (> 1692 A) and
a shorter C—NH, bond (< 1320 A) were necessary for the antitumour
activity of the HCTs. Based upon molecular orbital and spectroscopic
studies, our laboratory found that Fe(II) bound to HCTs in a covalent
manner, whereas Fe(I1I) appeared to interact ionically [150].

Gupta et al. [151] compared hydrophobicity and Van der Waals volume
with previously reported inhibitory activity against ribonucleoside di-
phosphate reductase for several series of HCTs. They concluded that, in
each group, activity correlated better with size than with hydrophobicity.
However, these authors did not consider the location of the substituents in
their calculations.

CONCLUSIONS

Phase I clinical trials of a member of the HCTs have been conducted [52,
53]. These investigations carried out with 5-HP did not demonstrate
significant anticancer activity in humans. The findings did not correspond
to those observed in tumour-bearing mice [13] and dogs [67], where 5-HP
exhibited relatively good antineoplastic activity, although it must be
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stressed that a Phase II evaluation of 5-HP has not been conducted.
Extensive excretion of iron complexed with 5-HP was observed in ali
patients. The dose-limiting toxicity exhibited in the Phase I trial was severe
nausea, vomiting, and diarrhoea, although several other toxic side-effects
were observed, including myleosuppression, haemolysis, and anaemia. The
majority of the drug was excreted in the urine as the O-glucuronide, with
little or no metabolism of the side-chain being detected.

The newly reported HCTs, 3-AP and 3-AMP, are about 6 times more
potent than 5-HP as inhibitors of ribonucleoside diphosphate reductase
[65); furthermore, they are not susceptible to glucuronidation, a conjugation
that appeared to inactivate 5-HP. In addition, these two amino substituted
HCTs exhibited significant cytotoxicity to neoplastic cells in vitro and
antitumour activity in vivo. Thus, we believe 3-AP and 3-AMP, and metal
complexes of these agents, have clinical potential for the treatment of
rapidly growing cancers.

In particular, the HCTs would appear to be good candidates for use in
combination chemotherapy. Thus, Cory and his group [152, 153] found
synergism when the HCTs, IQ-1 or MAIQ-1, were employed in admixture
with other inhibitors of ribonucleoside diphosphate reductase that affected
the nucleotide binding subunit. Gale et al. [154] reported synergistic
inhibition of the growth of the 1.1210 leukaemia by MAIQ-1, as well as by
hydroxyurea and guanazole, when used in combination with either
cyclophosphamide or a platinum-containing antineoplastic agent. The
results with MAIQ-1 were less schedule-dependent than those with
hydroxyurea. This is not surprising since the effects of the similar agent,
1Q-1, on DNA synthesis was relatively long-lasting [143]. Bhuyan ez al. [155]
found increased cell kill by 5-HP when it was used on L1210 leukaemia cells
in the S-phase of the cell cycle following synchronization with low levels of
5-fluorouracil. Schabel "et al [156] reported supra-additivity between
arabinosylcytosine and PT against the 1.1210 leukaemia. Grindey et al. [157]
also described a synergistic interaction between arabinosylcytosine and PT
against the L1210 leukaemia. Antholine et al. [108] tested combinations of
iron and copper complexes of PT with X-irradiation on cultured CHO cells.
The copper chelate was much more effective than the iron complex or the
free ligand when used in conjunction with X-rays, and the PT-copper
complex was synergistic with X-irradiation when exposure was simultane-
ous.

In conclusion, the mechanism by which the HCTs inhibit ribonucleoside
diphosphate reductase activity appears to be due to the destruction of the
tyrosyl free radical in the active site of the enzyme by the iron complex of the
drug. The structural features required for maximum activity have been
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established. Furthermore, several active compounds are known which
appear to be excellent candidates for clinical trial. Since it seems reasonable
to assume that a potent inhibitor of ribonucleoside diphosphate reductase
would be a useful addition to our clinical armamentarium, particularly to
use in combination chemotherapy, it is important to note that several
combinations with other anticancer drugs have been reported to give
additive or synergistic activity against transplanted animal tumours. Thus,
it would seem appropriate to select an agent of this class for extensive
clinical trial as an anticancer agent.
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