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Abstract

Dexrazoxane reduces the cardiotoxicity of anthracyclines, without affecting its
antitumor activity. Doxorubicin-induced cardiomyopathy is thought to be due to iron-based
oxidative stress. Dexrazoxane is thought to act by hydrolyzing in vivo to ADR-925, a metal
ion chelator, which displaces Fe** from doxorubicin. It was demonstrated that ADR-925 and
the one-ring open hydrolysis intermediates of dexrazoxane, B and C, are effective chelators,
which are able to completely displace Fe** from anthracyclines. Thus, B and C may be
pharmacologically active. Titrations of Fe**-B with N;” and daunorubicin demonstrated the
existence of ternary complexes, and models of Fe**-(B)-(H,0), and Fe**-(B)-(daunorubicin)
complexes were proposed. Fe?” and Fe*” promoted the hydrolysis of B and C to ADR-925
by factors of up to 6000 and 8, respectively. The pH dependence of these hydrolysis reactions
were consistent with hydroxide ion catalysis. Mn?*, Co?, Ni**, Cu®*, and Zn*" were also found
to promote the hydrolysis of B and C, by factors of 25 to >50,000. Physiological
concentrations of Mg** and Ca* also promoted the hydrolysis of B and C; these ions may
mediate the formation of D, the most effective chelator, in vivo. In addition to promoting the
hydrolysis of B and C, Zn* promoted the hydrolysis of dexrazoxane itself. The kinetics of
base-catalyzed hydrolysis of a series of imides was characterized. Data from molecular
mechanics and semi-empirical calculations were regressed against the kinetic parameters to
yield a quantitative structure-activity relationship between imide hydrolysis rates and
molecular modelling parameters, which was used to predict the hydrolysis rates of a series of
analogs of dexrazoxane. Analogs which were predicted to hydrolyze 2-5 times faster than
dexrazoxane, and may therefore be more active, were identified as target molecules.
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Chapter 1 Introduction

1.1 Clinical use of doxorubicin

The antitumor anthracycline, doxorubicin, was first isolated from a strain of
Streptomyces peucetius, and was found to have a wider spectrum of activity and a larger
therapeutic index than daunorubicin [1] (Figure 1.1), the first anthracycline discovered.
Doxorubicin, marketed by Pharmacia & Upjohn as Adriamycin®, is the most successful of the
anthracyclines, and is used against a wide variety of cancers, including leukemias, lymphomas,
and sarcomas. It is the most-used agent against breast cancer.

Doxorubicin causes side effects common to antitumor agents, including
myelosuppression, nausea, and alopecia [2]. Anthracyclines likely cause these effects by
affecting bone marrow stemn cells, gastro-intestinal mucosal cells, and hair follicles specifically
due to their rapid proliferation relative to other tissues. These are common responses to
antitumor agents, and, in the case of doxorubicin, are thought to be due to DNA damage and
interference with DNA replication through topoisomerase II. Anthracyclines also cause a
dose-limiting, cumulative cardiotoxicity [3], which results in irreversible, potentially fatal
congestive heart failure [4], symptoms of which include reduced cardiac output, edema,
cardiomegaly, and venous congestion. As a result, the maximum recommended cumulative
dose of doxorubicin for the 21-day schedule is 550 mg/m? [5], although many patients might
benefit from larger doses. Since heart cells grow very slowly, the mechanism of cardiac
toxicity is not likely due to DNA damage. Evidence has accumulated to suggest that this

toxicity, unique to anthracyclines, is caused by iron-based oxidative stress.



OCH; O OH O

H3C O

H,N
OH

Figure 1.1. Structures of doxorubicin and daunorubicin. Doxorubicin, R = OH.
Daunorubicin, R =H.



1.2 Oxidative stress in biological systems

Oxidative stress involves oxidation of cellular components beyond that which can be
prevented or repaired by cellular antioxidant mechanisms. Membranes, nucleic acids, and
proteins may be the targets of this damage. Oxidative stress is initiated by generation of the
reduced oxygen species, superoxide ion and hydrogen peroxide. Superoxide ion is the product
of single electron reduction of molecular oxygen:

e+0, - 0, (L.1)
Many biological processes are capable of producing superoxide ion by this reaction [6],
including the electron transport chain in the mitochondria, by which electrons are transferred
from NADH and FADH, to O,, producing water. O, bound to the Fe*" ion in hemoglobin may
be released as O,’, with concomitant oxidation of the metal ion. Oxidative enzymes, such as
xanthine oxidase, indoleamine dioxygenase, tryptophan dioxygenase, and aldehyde oxidase
also release superoxide ion.

Superoxide ion reduces biological Fe*", including cytochrome ¢ [6]. Superoxide ion
also dismutates, both chemically and catalyzed by superoxide dismutase, to hydrogen
peroxide:

20, +2H" - H,0,+0, (1.2)
Hydrogen peroxide oxidizes thiols, thereby inactivating enzymes, including glyceraldehyde-3-
phosphate dehydrogenase [6]. In the presence of Fe*", hydrogen peroxide is reduced in the

Fenton reaction:

Fe*" + H,0, -~ Fe* +OH +OH (1.3)




Hydroxyl radical is highly reactive; its rate of reaction with cellular components is diffusion-
controlled. It is this species which is primarily responsible for lipid peroxidation. A scheme
by which hydroxyl radical may initiate the peroxidation of lipids (LH), forming lipid radicals
(L), lipid peroxy radicals (LOO'), and lipid peroxides (LOOH) as intermediates, is as follows:
LH+OH - L +H,0 (1.4)
L'+0, - LOO (1.9
LOO +LH - LOOH+L" (1.6)
Lipid peroxidation is a chain reaction by which unsaturated membrane lipids are oxidized and

degraded.

1.3 Biochemistry of the anthracyclines

In the presence of either chemical or enzymatic reducing agents, doxorubicin damages
DNA [7] and membrane lipids [8]. The redox chemistry associated with anthracyclines
requires single electron reduction, producing a semiquinone radical. Several enzymes are
capable of transferring an electron to doxorubicin (DOX), including xanthine oxidase,
cytochrome c reductase, glutathione reductase, and NADPH cytochrome P-450 reductase [9,
10]. In the presence of O, the doxorubicin semiquinone (DOX") transfers its electron
producing superoxide ion [10]:

DOX +0, - DOX+ 0, (1.7)

thereby initiating oxidative damage mediated by reactions 1.2 and 1.3.




The Fe’*-doxorubicin complex has more extensive redox chemistry than free
doxorubicin. Fe*-doxorubicin may be reduced to the Fe?” complex by superoxide ion, or by
the doxorubicin semiquinone radical [11]:

Fe"-(DOX); + O, ~ Fe*-(DOX); + 0, (1.8)
Fe’-(DOX), + DOX" - Fe*-(DOX), + DOX (1.9)
The Fe*” complex reduces hydrogen peroxide in the Fenton reaction [12, 13]:

Fe*-(DOX), + H,0, - Fe’-(DOX), + OH +OH- (1.10)
Fe*"-doxorubicin self-reduces to a Fe*" species, with the concomitant oxidation of one of the
doxorubicin molecules [14]:

Fe"-(DOX); - Fe*-(DOX),(DOX") (1.11)
On addition of O, the complex is regenerated with the production of hydrogen peroxide. The
self-reduced complex produces a radical species which may be hydroxyl radical, thereby
causing lipid peroxidation [15]. It may be due to its ability to self-reduce that the Fe’ -
doxorubicin complex is a much better promoter of oxidative damage than doxorubicin. A
scheme of the reactions 1.2, 1.3, and 1.7-1.11 is shown in Figure 1.2.

Doxorubicin was observed to produce twice as much superoxide radical as
daunorubicin when incubated with submitochondrial particles [13]. Although their affinities
for Fe’" are similar [16], doxorubicin exceeded daunorubicin in oxygen consumption, self-
reduction, reduction of electron transport chain components, and hydroxyl radical production
in the presence of submitochondrial particles. Since they differ in structure by one hydroxyl
group (Figure 1.1), all observed differences in activity must be due to this small structural

change. When the experiments for daunorubicin were repeated in the presence of acetol, the
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rates of hydroxyl radical production and reduction of ferricytochrome ¢ were significantly
increased [17]. Thus, it was concluded that the presence of an a-ketol group, such as that of
doxorubicin, was responsible for the high levels of redox cycling observed. Since the presence
of an a-ketol group has been correlated with the capacity of anthracyclines for self-reduction

[18], it may be through self-reduction that these effects are mediated.

1.4 Role of Fe** in doxorubicin cardiotoxicity

Doxorubicin strongly binds Fe’” in a 3:1 ratio {19], presumably through its quinone-
hydroquinone oxygen atoms [20, 21]. The stepwise formation constants for this complex are
10'8, 10", and 10** M [19]. Although intracellular levels of loosely bound iron are low [6],
it is likely that the Fe* has access to doxorubicin in vivo. In dogs [22, 23], rabbits [24], and
miniature swine [25], but not in rats [26, 27], doses of 1 to 3.2 mg/kg doxorubicin caused 15
to 18 pM reductions in serum iron levels, which corresponds to a 30-40% decrease, possibly
due to mobilization of Fe*" from ferritin. Doxorubicin removes iron from ferritin [28], the
major iron storage protein [29, 30], possibly by reducing the Fe’" in ferritin to Fe*", as does
O, [31]. It may be through the production of O, that doxorubicin releases Fe’~ from ferritin.
Because ferritin is specific for Fe’", it has much lower affinity for Fe*". Due to the likelihood
of appreciable formation of Fe’"-doxorubicin complexes, mechanisms of damage involving
this species must be considered.

The oxidative damage which doxorubicin causes in biological systems is enhanced by
its affinity for cellular components. Doxorubicin [32] and its Fe** complex [33] strongly bind

negatively charged phospholipids, and have particular affinity for cardiolipin, which is 2 major



constituent of the mitochondrial inner membrane [34], where much of the observed cardiac
damage takes place [35]. Cardiolipin consists of two diacyl glycerol phosphates, linked
through the phosphate moieties by a third molecule of glycerol. Because cardiolipin is doubly
negatively charged, it is able to bind two molecules of doxorubicin [32}, and the affinity of
doxorubicin for cardiolipin is 100-fold higher than for phosphatidic acid and
phosphatidylserine, both of which have one phosphate group [36]. Since N-acetyldoxorubicin
does not bind cardiolipin {32], it is likely that the positively charged amino group of
doxorubicin 1s closely associated with the phosphate groups. A correlation has been observed
between the toxicity of anthracyclines and their affinities for cardiolipin [37].

The major site of damage by doxorubicin is apparently the cell membrane.
Doxorubicin conjugated to membrane-impermeable polymers is more cytotoxic than free drug
[38, 39], indicating that although doxorubicin accumulates up to 100-fold within cells [40],
at least some of its toxic effects occur extracellularly. The Fe’"-doxorubicin complex initiates
the lipid peroxidation of erythrocyte ghost membranes [8], while free doxorubicin does not.
In this study, the Fe*" complex of acetohydroxamic acid produced oxy radicals at similar
rates, but did not cause lipid peroxidation. It was concluded that the strong affinity of Fe* -
doxorubicin for membranes caused a greater fraction of the Fe’" to be in close proximity to
the membranes when complexed with doxorubicin than with acetohydroxamic acid. Thus,
production of highly reactive hydroxyl radicals by Fe**-doxorubicin would occur site-
specifically at the membranes, resulting in the observed capacity of Fe’"-doxorubicin to
damage membranes, relative to Fe*"-acetohydroxamic acid, despite their similar abilities to

produce hydroxyl radicals. Another study demonstrated that EDTA reduced the lipid




peroxidation of submitochondrial particles, demonstrating the significant role of Fe** in the
mechanism of generation of oxy radicals [41], even in the presence of cellular reducing
agents.

Many electron transport chain enzymes, which are associated with the mitochondrial
membrane, are inactivated by doxorubicin and its Fe** complexes, including NADPH-
cytochrome P-450 reductase, NADH cytochrome ¢ reductase, and cytochrome ¢ oxidase [42,
43]. Following doxorubicin administration in mice, reduced activity of NADH cytochrome
c reductase and oxidase has been measured [44]. Since neither N-acetyldoxorubicin, which
does not specifically bind membranes, nor 5-iminodaunorubicin, which does not redox cycle,
caused similar damage, it was concluded that both of these activities are necessary for
inactivation of respiratory enzymes [44]. Fe>" may play a significant role in causing this
damage in vivo, since inactivation of electron transport chain enzymes by doxorubicin in
submitochondrial particles occurs much more quickly in the presence of Fe*~ [43], and EDTA
prevents the inactivation of NADH cytochrome c reductase in vitro [45]. Some respiratory
enzymes require cardiolipin for activity, such as cytochrome c oxidase [46]. Cardiolipin may
attract doxorubicin to this enzyme, which is then inhibited and inactivated by the Fe* -
doxorubicin complex [47]. Cholate solubilization, which disrupts the membranes of
submitochondrial particles, restores cytochrome ¢ oxidase activity [48]. It may be that the
cardiolipin is damaged or removed from the enzyme during inactivation.

Free anthracyclines are intercalators [49], and anthracyclines [50], and their Fe™™

complexes [20], bind DNA. The temary Fe’"-(DOX)(DNA) complex damages DNA in the



presence of the reducing agent, glutathione, and is so tightly bound that it is not dissociated
from DNA in the presence of the very strong chelator, EDTA [20].

Doxorubicin, therefore, has the ability to produce free radicals site-specifically,
causing DNA damage, lipid peroxidation, and inactivation of electron transport chain

enzymes. These effects damage cellular systems which are critical for cell survival.

1.5 Cardiac selectivity of anthracycline toxicity

It has been demonstrated that doxorubicin accumulates in the heart to a lesser extent
than in other organs [51, 52]. However, heart tissue is rich in mitochondria [53], which are
targets of damage by anthracyclines [35]. Cardiolipin, for which doxorubicin has particular
affinity [32], is a major constituent of the mitochondrial inner membrane [34]. Thus,
doxorubicin has high affinity for mitochondrial membranes, where the enzymes of the electron
transport chain are located. Doxorubicin specifically damages mitochondria, which could
result in impaired cardiac function.

The heart may be the specific target of oxidative damage due to its lack of protection
against the reactive oxygen species which initiate free radical reactions. The levels of
superoxide dismutase, which decomposes superoxide ion (Reaction 1.2), and catalase, which
dismutates hydrogen peroxide:

H,0, - H,0 + %0, (1.12)
are significantly lower in the heart than in other organs [54-58]. Mice subjected to exercise
training had higher blood levels of superoxide dismutase, catalase, and glutathione peroxidase

than untrained animals, and, on administration of doxorubicin, had reduced cardiotoxicity
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[59]. However, since rats with 1% the normal levels of glutathione peroxidase were equally
sensitive to doxorubicin as were rats with normal levels [60], this enzyme may not be as

important a defense against doxorubicin-induced toxicity as superoxide dismutase and

catalase.

1.6 Synthesis and antitumor activity of dexrazoxane

Dexrazoxane (Figure 1.3) and its analogs were originally designed as antitumor agents
[61]. It was postulated that since many antitumor agents were chelators, an antitumor agent
with the abilities to penetrate the cell membrane and to chelate metal ions might be effective
[62]. ICRF-154, the first compound in the series, is the bis-imide of EDTA, a powerful
chelator of divalent and trivalent metal ions.

Dexrazoxane and its analogs are synthesized from their respective tetracarboxylic
acids by condensation with formamide [61]. The products are bis-cyclic imides (Figure 1.3).
Imides may be similarly synthesized by condensation of dicarboxylic acids with other
nitrogen-containing species, including ammonia [63] and urea [64]. Ammonia may also serve
as the nitrogen donor for such compounds as acid halides [65] and diesters [66]. While
diamides cyclize to imides upon heating [67], the half-amide half-ester will do so only in the
presence of a base [68].

ICRF-159, the racemate of dexrazoxane, and ICRF-154, the bis-imide derivative of
EDTA, were both active against experimental tumors in mice [62]. In this study, these
compounds demonstrated both antitumor and antimetastatic properties. ICRF-159 was also

active in combination with cisplatin or daunorubicin against murine L1210 leukemia [69].
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Early clinical studies of the biological activity of ICRF-159 also demonstrated
antitumor activity, either alone [70], or as adjuvant therapy with surgery [71] against
metastatic colorectal carcinoma, or against Hodgkin's and non-Hodgkin's lymphoma [72].
Due to its low water solubility [73], ICRF-159 was administered orally. Oral delivery of this
drug is inefficient, as a large fraction of each dose may not be absorbed, depending on the
dose [74]. The discovery that the enantiomers of ICRF-159, ICRF-186 and dexrazoxane
(ICRF-187), are approximately five times more water-soluble than the racemate allowed the
administration of dexrazoxane by an intravenous route [73). The maximum tolerated daily
dose of intravenous dexrazoxane was found to be 1250 mg/m* [75] which is similar to the
oral doses of ICRF-159 in previous clinical trials discussed above. Although the preliminary
results in small trials were encouraging, no studies were able to demonstrate that dexrazoxane
was a sufficiently effective antitumor agent to be accepted for this use.

The side effects of dexrazoxane include myelosuppression, gastro-intestinal toxicity,
and alopecia [70, 76]. Effects such as these are thought to be due to general toxicity toward
rapidly proliferating cells, and are common to antitumor agents. The severity of these effects
increases with dose and exposure time, and the overall toxicity toward cultured cells is
attenuated as the drug decomposes, presumably through hydrolysis [77]. These observations
suggest the unexpected possibility that the toxic species is the parent compound, and not its
hydrolysis product.

The first observation of the cellular effects of ICRF-154 and ICRF-159 was inhibition
of DNA synthesis [78], which was correlated to observed antitumor activity [62]. Since, in

the former study, these drugs had no effect on RNA and protein synthesis, the observed
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toxicity appears to be mediated directly through DNA synthesis. If DNA synthesis is the
actual target of dexrazoxane and its analogs, their ;)bserved toxicity toward tumor and other
rapidly proliferating cells is expected.

The cytotoxicity of ICRF-159 is cell-cycle-dependent; the strongest inhibition of cell
growth occurs when it is administered to cultured cells during the G2/M transition [79].
Although the rate of DNA synthesis is unaffected, cell division is irregular [80]. After 24 h
exposure to 10 pg/mL ICRF-159, 95% of the surviving cells were tetraploid, indicating that
chromosome replication may have occurred without cell division [80]. A similar study with
dexrazoxane demonstrated that, at equal concentrations, it has the same effect as ICRF-159
on cell division [81]. Accumulation of tetraploid cells, which is reversible after 48 h [77], has
been observed in the bone marrow of patients receiving dexrazoxane. Thus, these effects,
which may be the mechanism by which dexrazoxane is toxic, are observed clinically.

Cell cycle studies indicated that dexrazoxane affects the progress of cells through
mitosis. Cultured epithelial cells entered mitosis at a normal rate, and normal mitotic proteins
were detected [82]. During anaphase, however, it was observed that the chromatids did not
separate, and consequently, all the DNA was frequently found in one daughter cell [82]. In
vitro inhibition of topoisomerase II, an enzyme required for mitosis, was demonstrated, and
it was postulated that inhibition of this enzyme was the mechanism by which dexrazoxane
exerts its cytotoxicity [83, 84]. ICRF-193, a more cytotoxic analog of dexrazoxane, inhibited
topoisomerase II at much lower levels than dexrazoxane [84], and a structure-activity study

of dexrazoxane and its analogs demonstrated a linear relationship between topoisomerase II
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inhibition and cytotoxicity toward Chinese hamster ovary cells [85]. Thus, it is likely that this
is the main mechanism of cytotoxicity of this series of compounds.

Topoisomerases are responsible for the relaxation, unknotting, and decatenation of
double-stranded DNA, which is necessary for DNA synthesis and cell division. Type [
topoisomerases cleave double-stranded DNA, pass another strand of DNA through the gap,
and religate the DNA. This activity is required for separation of sister chromatids. Thus, the
absence of chromosome separation during anaphase, and the correlated cytotoxicity {82], may
be solely due to inhibition of topoisomerase II. The cellular effects of dexrazoxane are very
similar to those observed in yeast with a mutant topoisomerase II {86]. Thus, inhibition of this

enzyme is sufficient to cause the effects observed in the studies described above.

1.7 Protection against anthracycline cardiotoxicity by dexrazoxane

Dexrazoxane (Figure 1.3) is the only drug which has been unequivocally shown to
reduce doxorubicin-induced cardiotoxicity in animal studies. Doses of doxorubicin can be
safely administered with dexrazoxane, which alone would cause potentially fatal
cardiomyopathy in mice [87], rats [27], dogs [22], and miniature swine [25]. When it was also
demonstrated in clinical trials that the co-administration of dexrazoxane permits significantly
higher cumulative doses of doxorubicin without an associated increase in cardiotoxicity [88,
89], it was approved for use by the Food and Drug Administration in the U. S. A. and the
Health Protection Branch in Canada.

In animal studies, it was demonstrated that dexrazoxane is most effective when

administered three hours before or after daunorubicin [90], an anthracycline which differs
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from doxorubicin only by the absence of a hydroxyl group (Figure 1.1). A similar schedule
dependence was also observed for dexrazoxane and doxorubicin [23]. Clinically, dexrazoxane
is administered by a 15-minute intravenous dose, started 30 minutes prior to administration
of doxorubicin, and the recommended ratio of the two doses, measured in mg/m?, is 10:1,
respectively [5].

Although vitamin E protected mice from cardiac damage in an acute toxicity study
[91], it was later determined that the sixty-day death rate is the same for animals receiving «-
tocopherol as for the doxorubicin control group [92]. It has been shown that dexrazoxane
prevents, rather than delays, anthracycline toxicity. When doses of daunorubicin which killed
90% of a group of hamsters within three weeks were administered with dexrazoxane, half the
animals survived longer than four months [93]. Ten weeks after treatment, the hearts of
dexrazoxane-pretreated animals were morphologicaily identical to animals which had received
no daunorubicin. Similar results were obtained with rabbits [94]. Cardiac damage in rats
continued to worsen over 20 weeks after drug administration, regardless of whether they had
received dexrazoxane, although dexrazoxane reduced the extent of the damage [95].

Clinical trials have clearly demonstrated the protective effect of dexrazoxane against
doxorubicin-induced cardiotoxicity when administered as therapy for metastatic breast cancer
[88]. However, these trials were too small to determine whether administration of
dexrazoxane affects the antitumor activity of doxorubicin. A recent retrospective trial of
breast cancer patients demonstrated a significant increase in survival time for the patients
receiving dexrazoxane [96]. Thus, co-administration of doxorubicin and dexrazoxane prevents

the cardiomyopathy associated with doxorubicin, without affecting its antitumor activity.
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Patients who have received radiation therapy to the heart, or who have a history of
heart disease, are at greater risk for developing doxorubicin-induced congestive heart failure
[97]. Reduction of doxorubicin-associated cardiotoxicity by dexrazoxane may allow patients
to receive doxorubicin-containing chemotherapy who were previously refused the drug due
to cardiac risk factors. Long-term protection is also of great importance in the clinical use of
anthracyclines. Many patients treated with doxorubicin suffer congestive heart failure long
after their chemotherapy is discontinued [98]. There is concern that if doxorubicin is
administered to pediatric patients, they may develop cardiotoxicity years later [89]. If
dexrazoxane is proven to offer long-lasting protection in humans, as appears to be the case
in animals, patients who suffer relapses may be treated with additional courses of

anthracycline with a reduced risk of cardiotoxicity.

1.8 Mechanism of cardioprotection by dexrazoxane

Since the role of Fe* in the redox chemistry of doxorubicin has been established, the
possibility that dexrazoxane acts by hydrolyzing to its metal ion chelating form, ADR-925
(Figure 1.3), thus preventing it from interacting with doxorubicin, has been investigated.
Since it is known that the levels of loosely bound Fe’™ in vivo are extremely low [6], the
possibility that ADR-925 removes Fe*" bound to other biological species is of interest. The
hydrolysis product of dexrazoxane, ADR-925 (Figure 1.3), does not remove Fe’" from
transferrin, the Fe*" transport protein, at pH 7.4, and it does so from ferritin [99], but at a rate

much slower than its elimination in vivo [100]. Since dexrazoxane has no effect on serum iron
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levels [22-25], it may not act by depleting the body'’s iron stores, but rather by removing Fe*”
from its complex with doxorubicin [101].

Although dexrazoxane is optimally active when administered to dogs three hours
before or after anthracyclines [90], it retains some of its cardioprotective ability when it is
administered 24 hours before daunorubicin [90, 102]. It has been demonstrated that at least
90% of a dose of dexrazoxane is eliminated unchanged from rats [103] and mice [104] by the
end of the elimination phase of its pharmacokinetics. If this is also the case for dogs, 24 hours
after administration of an intravenous dose, dexrazoxane and its hydrolysis products have
been eliminated from dogs [105). Protection in this model, therefore, is not likely due to
direct displacement of Fe** from anthracyclines, since dexrazoxane does not have to be
present at the same time as anthracyclines to be protective.

Dexrazoxane passively diffuses across the cell membrane [106]. Thus, chelation of
Fe?” and Cu® by its hydrolysis product, ADR-925, which has been demonstrated in vitro
(101] may occur both intra- and extracellularly. Fe*"-(ICRF-198) produces hydroxyl radicals
at approximately the same rate as Fe*"-EDTA [107] (structures of these ligands are shown
in Figure 1.3). Thus, the greater protective ability of ICRF-198 [108] as compared to EDTA
is not due to any difference in the production of hydroxyl radicals. It is more likely that since
dexrazoxane readily enters cells [106], it has access to intracellular metal ions, which EDTA
does not.

In vitro reduction of the Fe* chelate of ADP and ferritin-bound Fe*" by doxorubicin
was inhibited 10% by dexrazoxane and 77% by ICRF-198, the hydrolysis product of razoxane

(ICRF-159) [109]. Dexrazoxane likely acts by removing Fe’* from doxorubicin, thereby
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reducing its potential to redox cycle. In this study, it was also determined that while reduction
of Fe*-(ICRF-198) by rabbit heart microsomes and doxorubicin was 20% of that of free Fe®",
the complex caused only 6% as much lipid peroxidation in the same system. Thus, some of
the protective effect of ICRF-198 is due to a slower rate of reduction, since Fe*"-(ICRF-198)
was reduced more slowly than was Fe*” when it was added to the system without ICRF-198.
Since the rate of lipid peroxidation was decreased by an even larger factor, it was concluded
that protection was also due to its decreased affinity for membranes, relative to Fe** which
was added to the system without a ligand. ICRF-198 was maximally effective in preventing
iron-based hydroxy! radical production and lipid peroxidation in vitro at a concentration equal
to that of Fe’* [109], which corresponds to the expected 1:1 chelation of Fe'™ by a
hexadentate ligand. Lipid peroxidation by anthracyclines was attenuated by Fe*~ and Fe’”
chelators, confirming the role of iron in the reductive damage caused by anthracyclines [110].
Hydroxyl radical production by doxorubicin, and its inhibition by dexrazoxane, was observed
in perfused rat hearts [111].

Dexrazoxane and the Fe’~ chelator desferrioxamine protected against a doxorubicin-
induced decrease in mouse atrial contractile force in vitro [112], indicating a common
mechanism of action. Thus, it is hypothesized that both in vitro and ex vivo, the hydrolysis
product of dexrazoxane chelates Fe®*, decreasing the production of reactive oxygen species,
thereby preventing anthracycline-induced cardiotoxicity.

N-acetylcysteine did not protect against doxorubicin cardiotoxicity in dogs [113, 114].
In both studies, more animals receiving doxorubicin plus N-acetylcysteine died than those
receiving only doxorubicin. Although N-acetylcysteine is a free radical scavenger, it is also

a reducing agent which donates electrons to the Fe*"-doxorubicin complex [8]. Since N-
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acetylcysteine worsened doxorubicin toxicity, rather than preventing it, it may have served

as a reducing agent in vivo.

1.9 Hydrolysis-activation of dexrazoxane

Since chelation is implicated as a significant mechanism by which dexrazoxane
protects against doxorubicin toxicity, the location and rate of hydrolysis of dexrazoxane in
vivo is of interest. Dexrazoxane passively diffuses across the cell membrane [106]. Thus,
hydrolysis may occur intracellularly, extracellularly, or both. The hydrolysis product of
dexrazoxane may therefore have access to metal ions which other chelators, such as EDTA,
do not, since they are too polar to cross the cell membrane. ADR-925 (Figure 1.3), the
product of complete hydrolysis of dexrazoxane, is a metal ion chelator [115]. The formation
constants of ICRF-198, the racemate of ADR-925, with Ca*", Mg®", Fe*", and Zn>" are 105,
10%1, 10", and 10°° M, respectively [115]. ADR-925 is able to remove Fe' from its
complexes with doxorubicin [116]. Although it is a weaker chelator than EDTA [115], it may
chelate an equal amount of transition metal ions in plasma. Since ADR-925 has much lower
affinity for Ca** and Mg*" than does EDTA [115], which are abundant in plasma, a larger
fraction of the former ligand may therefore be available to bind transition metal ions, whose
plasma concentrations are much lower.

Dexrazoxane undergoes base-catalyzed, first-order hydrolysis to the diacid diamide,
ADR-925, via one of two one-ring open intermediates, B or C (Figure 1.4) [117]. Imide
hydrolysis occurs via a two-step mechanism, as shown in Figure 1.5, which is analogous to

that of esters [118]. Imides hydrolyze under much milder conditions than do amides [119],
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Figure 1.4. Hydrolysis scheme of dexrazoxane. Dexrazoxane (ICRF-187, A) hydrolyzes to
ADR-925 (D) via one of two one-ring open intermediates, B or C. The rate constants, kg,
K.c, ksp, and ko, describe the pseudo-first-order, hydroxide ion catalyzed hydrolysis

reactions.
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presumably due to the distribution of the electron density of the nitrogen atom between two
carbonyl groups, rather than one.

Each of the four hydrolysis reactions described in Figure 1.4 is hydroxide-ion-
catalyzed [117]. At pH 7.4 and 37 °C, dexrazoxane disappears with a half-time of 9.3 h, and
ADR-925 accumulates with a half-time of 28 h [117].

The pseudo-first-order rate constant of dexrazoxane hydrolysis increases sigmoidally
with pH, and reaches a maximum at approximately pH 11 [117]. The inflection point of the
sigmoidal curve occurs at approximately pH 9.6, corresponding to the pK, of dexrazoxane,
at which pH the protons are simultaneously lost from the two imide nitrogen atoms [117,
120]. The imide anion is much less reactive toward hydroxide ion, and may be considered
unreactive below pH 13 [120]. Thus, the rate constant describing imide hydrolysis reaches
a limiting value above its pK; as the concentration of one reactant, hydroxide ion, increases
with pH, that of the other, the neutral imide, decreases. Both water and hydroxide ion are
nucleophiles for the hydrolysis of dexrazoxane over the pH range of 7-13 [117, 120]. The
resistance of the deprotonated species to nucleophilic attack is in agreement with kinetic
studies of the hydrolysis of other imides, including maleimide [121] and succinimides [122,
123]. At pH 7.4 and 37 °C, &, is approximately twice &k, [117]. Thus, two thirds of the
hydrolysis of dexrazoxane proceeds via the intermediate B.

The enzyme, dihydropyrimidine amidohydrolase (DHPase, EC 3.5.2.2), catalyzes the
hydrolysis of dexrazoxane to B and C (i. e. the reactions characterized by £,, and £, in
Figure 1.4) [124]. This enzyme is found in the liver and kidney, but not in the heart [125]. It

has been shown that radioactivity from a dose of *C-dexrazoxane accumulates in the liver and
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kidney of dogs [126], which suggests that DHPase hydrolyzes dexrazoxane to B and C,
which are trapped in these tissues due to their polarity. However, it may also be that these
species, or others, accumulate in the extraction organs during elimination.

DHPase hydrolyzes dexrazoxane four times more quickly than its (R) enantiomer,
ICRF-186 [124]. From these results, it may be predicted that dexrazoxane has a lower
cardioprotective ability than ICRF-186, since its rate of activation iz vivo may be lower. It
may also be predicted to be more active, since hydrolysis in the liver and kidney would
presumably limit the ability of the drug to reach the heart, its putative site of action. A study
of the relative effects of dexrazoxane and ICRF-186 against doxorubicin cardiotoxicity in
Syrian golden hamsters [127] demonstrated that these two drugs have approximately equal
cardioprotective effects. A similar study with spontaneously hypertensive rats, however,
demonstrated that, at doses approximately twice those recommended for clinical use,
dexrazoxane was slightly more effective that ICRF-186. Thus, at present, whether the effect
of enzymatic metabolism is significant in vivo is unknown.

Previous studies of the ability of dexrazoxane to remove Fe'” from its complexes with
doxorubicin demonstrated that displacement of the metal ion occurred much faster than
expected [116]. From these studies, it was apparent that either complete hydrolysis of
dexrazoxane to ADR-925 was not necessary for Fe®* displacement, or that the Fe*-
doxorubicin complex promoted the hydrolysis reactions, or both. In either case, the
production of chelating species may be significantly faster /n vivo than estimated. Until these
studies were done, it was assumed that the half-time of hydrolysis-activation of dexrazoxane

in vivo was equal to that measured at pH 7.4 and 37 °C; approximately 30 h {120, 128]. If
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the activation of dexrazoxane in vivo is significantly faster than that measured in vitro, the
production of chelating species would be sufficient to make the hypothesis of cardioprotection
by chelation more reasonable. Since the half-time of elimination of dexrazoxane from humans
is 4.2 h [88], the previous estimate of the half-time for in vivo activation of 30 h would lead
to the conclusion that a very small fraction of a dose of dexrazoxane is hydrolyzed before it
is excreted. Thus, the importance of determining the in vivo activation rate is clearly

important to the understanding of the mechanism of action of dexrazoxane.

1.10 Pharmacokinetic studies of dexrazoxane

Dexrazoxane undergoes base-promoted, first-order hydrolysis to the diacid diamide,
ADR-925 (D), via one of two one-ring open hydrolysis intermediates, B or C (Figure 1.4)
[117]. Each of the four hydrolysis reactions is catalyzed by hydroxide ion [117]. At pH 7.4
and 37 °C, dexrazoxane disappears with a half-time of approximately 10 h, and D
accumulates with a half-time of approximately 30 h (Section 4.3) [128].

Hydrolysis of ICRF-159 and dexrazoxane occur at similar rates in the absence [128]
and presence of BHK-21S [106] and HEp/2 [79] cells. It has been demonstrated, however,
that liver and kidney homogenates contain an enzyme, dihydropyrimidine amidohydrolase
(DHPase, EC 3.5.2.2), which catalyzes the first ring-opening reactions of dexrazoxane,
producing B and C [125]. It has not been determined whether hydrolysis of dexrazoxane by
DHPase occurs to a significant extent in vivo.

Direct observation of the hydrolysis products of dexrazoxane, B, C, and D in

biological samples has proven difficult. They have low UV absorption, and are resistant to
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derivatization. Recently, the one-ring open hydrolysis intermediates, B and C, have been
quantified in plasma by HPLC [129]. Studies using radioactive ICRF-159 and dexrazoxane
have allowed the indirect quantitation of metabolites of dexrazoxane in vivo, which are likely
to be its hydrolysis products, and they have been qualitatively observed by TLC [106].

The pharmacokinetics of ICRF-159 and dexrazoxane are similar in all species studied,
including mice [130], rats [131], rabbits [132], dogs [130], monkeys [133], and humans [74,
100, 134-136]. In all cases, elimination from the bloodstream is described by a two-

compartment open model, which describes biphasic kinetics:

[Dexrazoxane] ,,.,, = Ae™* + Be -Br (1.13)

in which « and [ are the first-order rate constants describing the fast distribution of
dexrazoxane from the blood into the tissues [74, 131, 132], and the slower elimination of
dexrazoxane from the body [132], respectively. B, the rate constant describing the elimination
phase, ranges from 0.16 to 0.5 h! in humans [100, 134, 136-138].

If it is assumed that dexrazoxane hydrolysis due to non-enzymatic processes is similar
among all animals studied (. e. the pH and available levels of relevant metal ions are similar),
any observed differences in metabolism must reflect differences in the contributions of
enzyme-catalyzed hydrolysis to the total elimination rate. The much larger values of {8
observed for small animals such as mice [139] and rats [132], must be due to enzymatic
hydrolysis, possibly by DHPase. A pharmacokinetic study in rats [129] demonstrated a

significant difference in the distribution phase between dexrazoxane and its enantiomer, ICRF-
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186, which paralleled their relative hydrolysis rates by DHPase. Thus, it was concluded that
DHPase-catalyzed hydrolysis affects the distribution rate of dexrazoxane in rats.

Since it is the hydrolysis product of dexrazoxane, ADR-925, which is thought to be
the active species, the relative rates of these processes are critical in determining the fraction
of a dose which is hydrolyzed before its elimination. Since 90% of an intravenous dose is
recovered in the urine of rats [103] and mice [104], recovery of dexrazoxane in the urine can
be used to determine its relative rates of metabolism and excretion. Human pharmacokinetic
studies have determined that approximately 50% of a dose of dexrazoxane is excreted
unchanged in the urine [134, 136]. Thus, half the dose is hydrolyzed, or otherwise
metabolized, before its excretion, and the other half is excreted unchanged.

In four human pharmacokinetic studies {100, 134-136], values ranging from 0.17 to
0.36 h' were reported for the kinetic parameter, B. This parameter describes the
disappearance of dexrazoxane from plasma, which may be due to excretion, hydrolysis, and
other metabolism. It is possible that in vivo hydrolysis occurs at a faster rate than at pH 7.4
and 37 °C, under which conditions dexrazoxane is hydrolyzed to its one-ring open
intermediates with a first-order rate constant of 0.074 h™ [128]. Even so, it has been
determined that half of a dose of dexrazoxane is excreted unchanged [74, 134-136]. Thus, an
analog of dexrazoxane with a faster hydrolysis rate may be more active, since a larger fraction

of the drug may be hydrolyzed to its active forms before excretion.
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1.11 Protection against doxorubicin-induced cardiotoxicity by other agents

It is believed that the cardiotoxicity associated with the administration of doxorubicin
is due to oxidative stress. A number of antioxidants have been investigated to evaluate their
potential use as protective agents, as they may reduce the production of free radical species,
or prevent them from irreversibly damaging the heart tissue.

The free radical scavenger, vitamin E, has been studied in animal [25, 92, 114] and
clinical {140] models of doxorubicin-induced cardiotoxicity. An early study of the effects of
tocopherol on doxorubicin toxicity in mice demonstrated that, when administered with
tocopherol, the acute toxicity due to a single large dose of doxorubicin was attenuated [91].
However, studies of chronic cardiotoxicity due to repeated doses of doxorubicin, similar to
those received clinically, demonstrated that vitamin E did not offer protection in mice [92],
miniature swine [25, 114], rabbits [141], or humans [140]. In a number of these studies [25,
92, 114], cardiotoxicity was measured by mortality and histological screening.

N-acetylcysteine was also examined for the ability to reduce doxorubicin-induced
toxicity. Like vitamin E, it is a free radical scavenger, and undergoes single-electron
oxidation, to a relatively stable sulfur radical, and dimerization, which produces a disulfide
bond. Chronic doxorubicin toxicity studies in dogs measured histologically detected
abnormalities in the heart tissue, as well as hematological effects, including myelosuppression
[113, 114]. Both studies revealed the protective effect of dexrazoxane, which was
administered 30 min prior to doxorubicin in a 14:1 ratio. Similar administration of N-
acetylcysteine in a 120:1 ratio, however, had no significant effect. It may be that the latter

drug did not reach the site of damage, or that it was ineffective as a scavenger.
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Probucol, a drug with lipid-lowering and antioxidant activities, was effective in
preventing doxorubicin-induced congestive heart failure in rats [142]. Since doxorubicin
causes increases in cholesterol, low- and high-density lipoproteins, and triglycerides in blood
[143], the effects of probucol on lipid levels, as well as its antioxidant properties, may be
responsible for the observed protection. Lovastatin, a lipid-lowering drug with no known
antioxidant activity, protected against doxorubicin toxicity in rats, although not as well as
probucol [143]; lovastatin had a smaller, but significant protective effect on heart function,
myocardial lipid peroxidation, and plasma and cardiac lipids, but not on myocardial
glutathione peroxidase levels. Thus, it was concluded that both the antioxidant and lipid-
lowering activities of probucol are important in its mechanism of reduction of doxorubicin-
induced cardiac damage, and that clinical trials of probucol are warranted, to determine
whether the protection observed in the rat also occurs in humans.

Since dexrazoxane, which is thought to be the prodrug of a metal ion chelator, was
an effective protective agent, other chelators have been studied. The abilities of
desferrioxamine, EDTA, dexrazoxane, and three hydroxypyridones (bidentate Fe’~ chelators)
to prevent acute doxorubicin toxicity were measured [144]. In this study, a decrease in
contractile force of isolated mouse atria was observed on perfusion with 30 pM doxorubicin.
Of the chelators investigated, only desferrioxamine and dexrazoxane attenuated this effect.
In a2 rat model of acute doxorubicin toxicity, desferrioxamine, which is clinically used to
reduce iron overload, reduced the damage detected by clinical chemistry tests and histological

screens [145]. It cannot be assumed from this experiment that desferrioxamine will also have
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an effect on chronic toxicity, since the protection studies of vitamin E described above have

demonstrated that acute and chronic toxicity are dependent on different factors.

1.12 Questions addressed in this work

It has been demonstrated that the product of complete hydrolysis of dexrazoxane,
ADR-925, is able to remove Fe’™ from its complexes with doxorubicin. However, the
possibility that the one-ring open hydrolysis intermediates, B and C, may act as chelators has
not been investigated. A study of the Fe’"-chelating abilities of these species, relative to the
anthracyclines, doxorubicin, daunorubicin, epirubicin, and idarubicin, was undertaken in
Chapter 2.

Although dexrazoxane has been accepted for use in Europe, Canada, and the United
States as a protective agent against doxorubicin cardiotoxicity, little is known about either
its mechanism of action or activation. Pharmacokinetic studies on human subjects [134, 136-
139] followed only the disappearance of the parent drug, since the hydrolysis products are
difficult to detect. Thus, the fates of the latter species in biological systems are unknown,
including the rate of production of the final product, ADR-925, and the possible chelating
ability of the one-ring open intermediates, B and C. In Chapters 3 and 4, studies of the
hydrolysis-activation of dexrazoxane in vitro was undertaken, in the presence of metal ions
which may accelerate its hydrolysis in biological systems.

It is hypothesized that dexrazoxane protects against doxorubicin-induced oxidative
damage by hydrolyzing to the strong chelator, ADR-925. Thus, the relative rates of hydrolysis

and elimination from the body are important in understanding the observed offects of
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dexrazoxane in vivo. The large doses of dexrazoxane administered in clinical trials [88] are
consistent with the finding that much of the drug is excreted before it is hydrolyzed {134, 136-
139]. If the effective dose can be reduced, the likelihood of adverse drug effects such as
myelosuppression {100, 137] may be reduced also. If an analog hydrolyzes moderately faster
than dexrazoxane, such that the rate of its activation allows a greater fraction to be
hydrolysis-activated before it is eliminated, it may be more active, and it may be active at
lower doses. A structure-activity study of analogs of dexrazoxane was undertaken in Chapter

5, with the objective of designing an analog of dexrazoxane with a faster hydrolysis rate.
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Chapter 2 Chelating ability of the hydrolysis intermediates of dexrazoxane
2.1 Introduction

Clinical use of anthracyclines such as doxorubicin and daunorubicin results in
ureversible cardiomyopathy, which limits the cumulative dose which can be administered [3].
This cardiac damage is thought to be due to production of oxygen radicals via iron-based
Fenton chemistry [3, 8, 15, 43, 146]. Dexrazoxane has been shown to protect against
doxorubicin-induced cardiotoxicity in a breast cancer clinical trial [88]. Dexrazoxane
undergoes hydrolysis to D, which has both imide rings open, via one of two one-ring open
intermediates, B or C (Figure 1.4) [128]. It is believed that protection by dexrazoxane is
achieved through its hydrolysis to ADR-925 (D), which is a strong chelator [115], and has
a structure similar to that of EDTA.

When displacement of Fe'" from its anthracycline complexes by dexrazoxane was
found to be faster than its hydrolysis to D, it was concluded that a direct reaction occurs
between dexrazoxane and the Fe*"-doxorubicin complex [101, 116]. Such a reaction may
involve the direct displacement of doxorubicin from Fe’~ by dexrazoxane, or the acceleration
of hydrolysis of dexrazoxane to D, which is a strong chelator. The ability of the three
hydrolysis products of dexrazoxane, B and C, to remove Fe’ from its anthracycline
complexes has not previously been determined. It may be that these species are involved in
the mechanism of displacement of Fe*~. This study examines the reactions of dexrazoxane,
B, C, and D with the Fe* complexes of doxorubicin, daunorubicin, epirubucin, and idarubicin

(Figure 2.1). These anthracyclines were chosen for study due to their clinical relevance.
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R;3
R, NH;"
Anthracycline R, R, R; Ry

Doxorubicin -OCH; -OH -H -OH
Daunorubicin -OCH3; -H -H -OH
Epirubicin -OCH; -OH -OH -H

Idarubicin -H -H -H -OH

Figure 2.1. Structures of the antitumor anthracyclines. Atom numbers are
labelled.
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2.2 Materials and methods

Dexrazoxane (ICRF-187), D (ADR-925), doxorubicin, epirubicin, and idarubicin were
gifts from Adria Laboratories (Columbus, OH). Daunorubicin was a gift from Rhéne-Poulenc
Pharma (Montreal, Canada). FeCl,-H,O was from J. T. Baker Chemical Co. (Phillipsburg,
NI). Tris-HCI was from Sigma (St. Louis, MO). All other chemicals were of the highest grade
available.

Concentrations of stock solutions of doxorubicin, daunorubicin, and epirubicin were
determined spectrophotometrically. Their molar absorptivities in methanol are 12200, 12100,
and 12200 M cm™, at 480, 478, and 480 nm, respectively [147]. The stock solutions of
idarubicin were prepared by weight. Fe>*-anthracycline complexes were formed in a 1:3 ratio
[3] by adding FeCl; in 1.5 mM HCI (to prevent precipitation of ferric hydroxides) to the
anthracycline. Sodium azide solutions were titrated to pH 7.0 with HCl to prevent pH
changes from affecting the equilibria among Fe’™ and the ligands. Stock solutions of
dexrazoxane in water were prepared immediately before use, and were stored on ice until
used. The concentration of Fe**-anthracycline was 15 pM in Fe’* and 45 pM in anthracycline
in all experiments, as in previous studies [101, 116], unless otherwise indicated. Since the
ratio of Fe’” to anthracycline is constant at 3:1, the concentration of this complex is described
in the text by the concentration of Fe*".

The HPL.C procedure for isolation of B and C was essentially as described by Burke
et al. [148], using a Waters uBondapack C18 10 pm 3.9 x 300 mm reversed phase HPLC
column with a Varian 9010 solvent delivery system, a Varian 9050 variable wavelength

detector with a 8 mm path length cell, Varian Star Integrator software, and a Rheodyne

34




injector with a 10 pL sample loop. A solution of partially hydrolyzed dexrazoxane was
prepared by adding 40 pL of | M NaOH to 500 pL 5 mg/mL dexrazoxane, incubating it at
25 °C for 40 minutes, and quenching with 40 uL of 1 M HCI. This sample was stored at 4
°C until it was injected onto the HPLC column. Fractions of the one-ring open hydrolysis
intermediates were separated with a 0-10 % linear methanol gradient over eight minutes [149]
with 100 uM HCl in the aqueous mobile phase, collected in 600 pL aliquots, and pooled in
0.1 M HCI, to prevent further hydrolysis. As monitored spectrophotometrically,
approximately the center 70% of each peak was collected. The purity of the collected
fractions was high as determined by HPLC. Neither dexrazoxane nor D was tdentified in
fractions of either B or C. Fractions of intermediate B contained 0.2 % C, while the fractions
of C contained 1.1 % B. B and C were determined spectrophotometrically in 47 mM NaOH
at 227 nm. Since B and C each have one intact imide ring, whereas dexrazoxane has two,
their absorptions at 207 nm due to the imide functional group are expected to be half that of
dexrazoxane. The molar absorptivities of B and C were therefore estimated to be half of
35,900 M cm, that of dexrazoxane under these conditions [117].

Spectrophotometric measurements were made on a Varian Cary 1 spectrophotometer
at 25°C, in cells of 1 cm path length. Polystyrene cells were used for all experiments involving
anthracyclines, to minimize adsorption of the Fe**-anthracycline complexes to the cell walls.
Reactions of the Fe*"-anthracycline complexes were initiated by the addition of the complex
to the reaction mixture. All experiments were carried out using a buffer of 50 mM Tris and
150 mM KCl (pH 7.40), except the titration of the Fe*"-B complex with daunorubicin, which

was done in 40 mM Tris (pH 7.40). Titration experiments were carried out by successive
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addition of aliquots of titrant. Absorbance data :were corrected for volume changes.
Determinations of k, for spectrophotometric data were made using Cary release 3 software
from Varian (Mulgrave, Australia), and non-linear least squares curve fitting was done using
Sigmaplot 5.0 from Jandel Scientific (San Rafael, CA).

Molecular modelling of the Fe** complexes of B and C was carried out using
PCModel version 4.0 from Serena Software (Bloomington, IN) on a 486 IBM PC-compatible
computer. This software uses the MMX force field, which is derived from the MM2 force

field [150].

2.3 Displacement of Fe** from anthracyclines by dexrazoxane and its hydrolysis
products

Previous experiments demonstrated that dexrazoxane can displace Fe’~ from its
complex with doxorubicin [101, 116]. It is not known whether the reaction occurs through
direct displacement, or through partial or complete hydrolysis followed by displacement. The
final hydrolysis product, D, may not be the only species capable of removing Fe*~ from
anthracycline complexes. At concentrations of dexrazoxane below 400 uM, the rates of
displacement of 15 uM Fe*” from its 3:1 complex with doxorubicin [116] exceed the rates at
which dexrazoxane hydrolyzes to D under physiological conditions [128]. Since, at these
concentrations, the rate of Fe*” displacement is much faster than the rate of hydrolysis, either
Fe*" must accelerate the production of D, or complete hydrolysis is not necessary for effective
Fe’~ displacement, or both. The displacement of Fe’ from its anthracycline complexes by

dexrazoxane and its hydrolysis products was studied.
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Anthracyclines form complexes with Fe** in a ratio of 3:1 [19]. The formation and
dissociation of these complexes can be observed spectrophotometrically, as there is a change
in the absorbance spectra of the anthracyclines when they bind Fe’*. Spectra of 45 uM
daunorubicin and 15 uM Fe*"-daunorubicin are shown in Figure 2.2. From similar spectra, the

changes in molar absorptivity at 600 nm for the binding of anthracyclines to Fe*™ were

determined (Table 2.1).

Table 2.1. Change in molar absorptivity of anthracyclines on binding Fe’".

Anthracycline Agpo Agoo AAgy Aggy
15 uM Fe’™ +
45 uM 45 uM (M1 em™)
anthracycline anthracycline
Doxorubicin 0.1383 0.0034 0.1349 3000
Daunorubicin 0.1454 0.0043 0.1411 3140
Epirubicin 0.1422 0.0061 0.1361 3020
Idarubicin 0.1582 0.0029 0.1553 3450

The displacement of Fe’~ from anthracyclines by dexrazoxane was followed by
recording spectra every six h for 60 h following the addition of dexrazoxane to the reaction
mixture. These repeat spectra showed differences in the rates of displacement of Fe*~ from
each anthracycline. Data for daunorubicin are shown in Figure 2.3a. The total absorbance
changes observed at 600 nm were consistent with those observed for nearly complete

displacement of Fe* from anthracyclines (Table 2.1). Absorbance spectra of this solution with
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Absorbance

400 500 600 700
Wavelength (nm)

Figure 2.2, Spectra of daunorubicin and Fe**-daunorubicin. Spectra were recorded in 50 mM
Tris (pH 7.40) and 150 mM KC], at 37 °C. The curves represent the absorbance spectra of
45 uM daunorubicin (solid line) and 15/45 pM Fe*"-daunorubicin (dashed line).
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daunorubicin, recorded at fixed time intervals, exhibit two clearly defined isosbestic points at
418 and 528 nm. This may indicate that there are no reaction intermediates present which
contribute to the total absorbance. It is also possible, however, that there are intermediates
which absorb in this range with spectra similar to those of daunorubicin or Fe’-
(daunorubicin),. Fe** with one or two anthracyclines bound are likely intermediates, and may
have spectra which are similar to those of Fe*"-(anthracycline);. Reactions of dexrazoxane
with Fe*” complexes of doxorubicin, epirubicin, and idarubicin produced similar spectral
changes. Spectral changes were recorded every 2.8 minutes for 30 minutes of the
displacement of Fe*~ from its anthracycline complexes by B (Figure 2.3b) and every 1.6
minutes for 15 minutes of the same displacement reaction by D (Figure 2.3c). These spectra
were similar to those of dexrazoxane, with isosbestic points at similar wavelengths. B, C, and
D displaced Fe’" from its anthracycline complexes much faster than dexrazoxane. Thus, all
the hydrolysis products of dexrazoxane are effective chelators, since they rapidly displace Fe’
from anthracyclines.

Dexrazoxane and its hydrolysis products displaced nearly all the Fe* from its
anthracycline complexes; at the end of the reactions, the spectra resembled those of the free
anthracyclines (Figure 2.3 for daunorubicin). The observed decreases in absorbance at 600
nm for dexrazoxane, C, and D (Figure 2.4a,b,c, respectively) were fitted to a non-linear least

squares three-parameter exponential decay equation:

A=A -@A,-A4)e ™" (1)
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in which ¢ is the time in minutes, &, is the observed pseudo-first-order rate constant, and 4,
and A_ are the absorbances at time zero and infinity, respectively. The first 10% of the
reaction of dexrazoxane was ignored as it was not first order. This may be due to the presence
of small amounts of B and C, which react much more quickly, or to adsorption of
anthracycline to the cell walls. Absorbance-time data for the reaction of 500 uM dexrazoxane
and 15 uM Fe*-daunorubicin are shown in Figure 2.5a, along with its fitted curve. The
residual plot for these data is shown in Figure 2.5b.

To determine the extent of these displacement reactions by dexrazoxane and its
hydrolysis products, 100 pM diethylenetriaminetetraacetic acid (DTPA), a strong chelator of
Fe**, was added to the reaction mixtures once the absorbances of the solutions had levelled
off, indicated by the absence of any further absorbance changes. DTPA has a formation
constant of 106 M for Fe*" [151] ; being a much stronger chelator than B, C, or D, should
displace any anthracycline which remained bound to Fe*". Absorbance of the solutions
following addition of DTPA therefore corresponded to 100% displacement of the
anthracycline from Fe’~. These measurements were made after incubation of the solutions
with DTPA for 60 min for daunorubicin and doxorubicin, and 120 min for epirubicin and
idarubicin, which were displaced more slowly than daunorubicin and doxorubicin (Figure 2.4).
The displacement of Fe’” by dexrazoxane, B, C, and D was similar, regardless of the
anthracycline ligand. The average extents of the displacement of Fe*~ by dexrazoxane and its

hydrolysis products from all four anthracycline complexes are listed in Table 2.2.
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Figure 2.5. First order curve fits to absorbance data of the reaction of dexrazoxane with Fe**-
(daunorubicin),. (a) Absorbance change at 600 nm, relative to the absorbance of free anthracycline,
of 15 uM Fe’*~(daunorubicin), and 500 pM dexrazoxane (solid circles) and curve fit to Equation 2.1
(solid line). (b) Residual plot of this data.
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Table 2.2. Extent of displacement of Fe™™ from anthracycline complexes
by dexrazoxane and its hydrolysis products

Species % Fe** Displacement® n® Range (%)
Dexrazoxane 97616 8 93-105
B 89.7x1.1 8 83-95
C 92.0+£0.7 8 89-95
D 96.4+0.5 7 95-98

* Errors cited are standard errors of the mean.

® Number of observations.

Reactions of Fe*"-anthracycline complexes with B and C did not proceed to the same
extent as did the reactions with dexrazoxane (Table 2.2). This may indicate weaker affinity
of B and C for Fe*, or perhaps, since the reaction was followed over a much shorter time,
the reaction may not have achieved equilibrium.

The pseudo-first-order rate constant, k,,,, of the displacement of Fe*" from its
anthracycline complexes by dexrazoxane increased with the dexrazoxane concentration
(Figure 2.6a), and approached limiting values at high dexrazoxane concentration. For
descriptive purposes only, these data were fitted, by a non-linear least squares method, to an
equation of the form

by [L]

e

in which k,, is the rate constant at an infinite dexrazoxane concentration, L] is the

dexrazoxane concentration, and X is the concentration of dexrazoxane which yields a pseudo-
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first-order rate constant of half its maximum value. The rate constants describing the reactions
of D also demonstrated saturation behaviour at high concentrations (Figure 2.6¢). Although
the data are described by a saturation equation, it can not be concluded that the mechanism
of this reaction involves a rapid pre-equilibrium, followed by displacement of Fe’", since it is
unknown whether the reactions involve contributions from more than one mechanism. The

values of k. and X obtained from Equation 2.2 are listed in Table 2.3.

Table 2.3. Kinetic parameters for the reactions of dexrazoxane
and its hydrolysis products with Fe*"-anthracyclines.

Reaction System K kyt k, 'K t,”
(uM)  (min) (M min")  (min)
Dexrazoxane Daunorubicin 3020 0.069 228 230
Doxorubicin 2340 0.074 31.4 315
Epirubicin 1200 0.028 229 327
Idarubicin 1140 0.019 16.7 453
B Daunorubicin - 0.416 -- 1.7
Doxorubicin -- 0319 - 22
Epirubicin - 0.211 -- 33
Idarubicin - 0.039 - 17.8
C Daunorubicin - 0.459 -- 1.5
Doxorubicin - 0.278 -- 2.5
Epirubicin -- 0.177 -- 3.9
Idarubicin - 0.042 - 16.7
D Daunorubicin 181 2.09 11 500 0.9
Doxorubicin 178 1.23 6 900 1.6
Epirubicin 147 0.57 3 900 3.0
Idarubicin 142 0.56 4 000 3.0

* Reactions of B and C were not concentration dependent; k,, are averages of two

measurements.
® Calculated from Equation 2.2 at 100 pM.
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The reactions of the one-ring open hydrolysis intermediates, B and C, with Fe* -
anthracycline complexes were not concentration dependent over the experimentally accessible
range (Figure 2.6b). The maximum concentration of the stock solutions of B and C, which
were obtained by HPLC, was approximately 250 uM.

Displacement of Fe*” from its anthracycline complexes was also dependent on the
anthracycline. In the presence of dexrazoxane and its hydrolysis products, the rate constants
for Fe*~ displacement by dexrazoxane and its hydrolysis products followed a general trend:
idarubicin < epirubicin < doxorubicin < daunorubicin (Figure 2.6, Table 2.3). The
anthracycline molecules investigated are sterically and electronically similar (Figure 2.1), and
the differences in their rates of reaction, especially at the low concentrations of interest for
biological systems, are not large. The fact that the anthracyclines react at different rates
indicates that there is some contribution to the overall reaction by one or more steps in which
anthracyclines dissociate from Fe’". Idarubicin is electronically different from the other
anthracyclines examined due to the absence of the methoxy group (Figure 2.1). That it
reacted significantly more slowly than the other anthracyclines was unexpected, as the
methoxy group is expected to conjugatively release electron density into the aromatic ring
system. The decrease in overall electron density due to its absence should decrease the
electron density on the quinone-hydroquinone oxygen atoms, which are involved in chelation
of the metal ion. Thus, idarubicin is expected to have a reduced ability to chelate, and,
therefore, may be displaced faster by competing ligands. A small difference in structure may

easily shift the equilibrium of an tnitial binding step, causing the observed differences in

reaction rate.
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The stepwise formation constants of Fe*-(doxorubicin), are 10'%, 10", and 10** M
{19]. At the low total concentrations used in these experiments, both Fe*"-(doxorubicin), and
Fe’"-(doxorubicin); are present in significant amounts. If dexrazoxane and its hydrolysis
products react preferentially with Fe*-(anthracycline),, as expected from steric and electronic
factors, the overall reaction rate may be affected by the concentration of this species. Once
an initial complex is formed between Fe*-doxorubicin and the incoming ligand, the remaining
anthracyclines may be rapidly displaced. Since the values of %, are different for each
anthracycline (Table 2.3), the dissociation of anthracycline from the complex affects the
overall rate of Fe*" displacement by dexrazoxane and its hydrolysis products.

That the displacement of Fe*" from anthracyclines by B and C is not concentration-
dependent over the experimentally accessible range can not be explained by stronger binding
of Fe*~. The lack of concentration dependence of these reactions over the range studied may
be due to a strongly bound initial complex which is quickly formed, followed by one or more
rate-determining steps to displace all three anthracyclines. The displacement reaction could
begin with an outer sphere association between the positively charged Fe’"-anthracycline
complex and a negatively charged one-ring open intermediate, followed by a rate-determining
step involving the dissociation of one anthracycline.

Although it has been demonstrated that dexrazoxane and all of its hydrolysis products
displace Fe* from anthracyclines, it is not known whether they do so by direct displacement
or by hydrolysis followed by displacement. The final hydrolysis product, D, may not be the
only species capable of removing Fe** from anthracycline complexes. The half-time for the

displacement of 15 pM Fe’"-doxorubicin by 100 pM dexrazoxane is 5.25 h (Table 2.3). The
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half-time for the production of D under physiological conditions is 28 h [128]. Since Fe™~
displacement by dexrazoxane is much faster than its hydrolysis, either Fe** must accelerate
the production of D, or complete hydrolysis is not necessary for effective Fe’~ displacement,
or both. The data from the preceding experiments are consistent with either of these
possibilities.

The chelating ability of the one-ring open intermediates does not account for the rate
of Fe*" displacement from doxorubicin by dexrazoxane. The half-time for displacement of Fe®~
from doxorubicin by B or C is approximately 2.4 min (Table 2.3), much faster than hydrolysis
of these species to D (17 and 8 h for B and C, respectively [128]). This may be due either to
direct displacement, or to acceleration of the hydrolysis of the one-ring open intermediates
to D, which then chelate Fe*". Since the half-time for production of B and C is 9.3 h [128],
the minimum half-time for displacement of Fe’" from doxorubicin is also 9.3 h. Thus, either
dexrazoxane directly displaces Fe’™ from doxorubicin, or its hydrolysis to B and C is
accelerated in the presence of Fe*-doxorubicin, or both. The possibility of metal ion catalysis
of dexrazoxane hydrolysis is investigated in the following two chapters.

Previous studies [101, 116] have also demonstrated that dexrazoxane removes Fe?"
faster than it hydrolyzes to D. In both these studies, a direct reaction between dexrazoxane

and Fe*"-doxorubicin was proposed.

2.4 Direct reaction between dexrazoxane and Fe**-daunorubicin
An experiment was designed to determine whether dexrazoxane interacts directly with

Fe*"-anthracycline complexes. Daunorubicin was chosen for this reaction as it self-reduces far

49




more slowly than does doxorubicin [17]; redox behaviour complicates the absorbance data,
due to absorbance changes due to the products of self-reduction. In the control cell,
dexrazoxane and Fe**-daunorubicin were incubated. In the experimental cell, dexrazoxane
was incubated alone. After two hours, the contents of the experimental cell were mixed with
Fe?*-daunorubicin, and both reactions were allowed to proceed for another hour. The
absarbance of both cells at 600 nm was recorded throughout.

As expected, there was a direct reaction between dexrazoxane and Fe*"-daunorubicin,
and more daunorubicin was displaced in the control cell than in the experimental cell after
three hours total incubation time, and the absorbance of the control cell was lower than that
of the experimental cell (Figure 2.7). The absorbance of the control cell decreased gradually,
corresponding to displacement of Fe’". The absorbance of the experimental cell is constant
until the addition of the partially hydrolyzed dexrazoxane solution at two hours. The drop in
absorbance corresponds to the rapid displacement of daunorubicin by the B and C produced
during the pre-incubation phase. The reaction in the experimental cell had reached to 21 = 1%
(n = 3) displacement, while that of the control cell had reached 55 + 1% (n = 3) displacement
of the total Fe*". Errors cited are standard errors of the mean. Thus, approximately two thirds
of the reaction proceeded by a direct interaction between dexrazoxane and Fe*"-daunorubicin.
Whether the interaction is direct displacement of daunorubicin or acceleration of hydrolysis
of dexrazoxane by the complex is unknown, although a similar reaction is known to occur
with Cu®", presumably through a metal ion bound hydroxide ion nucleophile [152, 153]. Thus,

the k,, and K for dexrazoxane (Table 2.3) are composite quantities, representing the
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Figure 2.7. Direct reaction of dexrazoxane with Fe**-daunorubicin. Data were collected at
600 nm. Control (middle trace): 200 uM dexrazoxane incubated with 30 uM Fe'-
daunorubicin, for 180 min. Experiment (upper trace): 30 pM Fe**-daunorubicin,. At 120 min,
200 uM dexrazoxane which had been pre-incubated under identical conditions was added.
The reaction was followed for an additional 60 min. The bottom trace corresponds to 90 uM
free daunorubicin (i. e. complete reaction).
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contributions of at least two pathways of iron displacement. Three possible pathways of

displacement of Fe** by dexrazoxane are shown in Figure 2.8.

2.5 The complex between Fe** and the one-ring open hydrolysis intermediates of

dexrazoxane

2.5.1 Azide titration of Fe**-B

The ability of Fe*” complexes to produce hydroxyl radicals is correlated to the
presence of free or loosely bound binding sites on these complexes to N5  ion [154]. Itis
assumed that if azide ion competitively displaces chelator functional groups, water may do
so also. In the presence of reducing agents, the complex may redox cycle. Titrations of Fe*"-B
and Fe™-D with sodium azide will indicate whether these complexes have binding sites which
are able to produce hydroxyl radicals via the Fenton reaction (Reaction 1.3).

An absorbance change between 300 and 450 nm is observed as free azide ion binds
Fe’"-EDTA [154]. Titration of the Fe*"-B and Fe*-D complexes with azide likewise produced
spectral changes consistent with the formation of a ternary compiex with azide ion. These
results demonstrate co-ordination positions available to monodentate ligands. The spectra of
Figure 2.9a&b were corrected for the absorbance of free azide ion and volume changes, and
adjusted to an absorbance at 900 nm of zero, a wavelength at which none of the species
produced absorbs. Data at 453 nm (Figure 2.9c) were extracted from the spectral data.

These data can not be interpreted quantitatively, due to the changes in ionic strength
over the azide concentration range used (0 - 1.9 M), and there is little evidence of saturation

of the available binding sites for either the B or the D complex. The isosbestic point observed
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near 300 nm indicates that there may be only two absorbing species (i. e. the Fe** complex
and the N;™-bound complex). However, this is not distinguishable from a case with many
absorbing species which have similar spectra. It is possible that more than one azide ion binds
the complex, since it is likely that the spectra of complexes with one and two N; bound are
similar.

The binding sites available to azide ion may ordinarily be occupied by water or atoms
of the polydentate ligands. The Fe*-D complex may therefore be hexacoordinate, as is Cu®"-
ICRF-198 [155], or heptacoordinate, as is Fe’-EDTA [156].

Since the presence of binding sites available to N; indicates hydroxyl radical
producing ability [154], both Fe*"-B and Fe*"-D are expected to produce hydroxyl radicals.
This is consistent with EPR spin-trapping results obtained with Fe**-D [157]. In these
experiments, similar quantities of hydroxyl radical were trapped by 5,5-dimethyl-1-pyrroline-
N-oxide when either Fe*"-EDTA or Fe**-D was added to Tris buffer at 37 °C, in the presence

and absence of hydrogen peroxide.

2.5.2 Molecular modelling of Fe**-C

ICRF-198, the racemate of D, is a hexadentate ligand, capable of chelating Cu*” in an
octahedral conformation through its carboxylate oxygen atoms, amide oxygen atoms, and
main chain nitrogen atoms [155]. The x-ray structure of this complex was used as a starting
point for the modelling of the Fe>*-D complex. The radius of the Fe** ion was set at 1.53 A,
which resulted in Fe>-N and Fe*"-O bond distances comparable to those found in Fe**-EDTA

[156]. Covalent bonding was used to model the coordination of D to Fe**. The structure was
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minimized using PCModel (Figure 2.10). To model Fe**-B, bonds between Fe*~ and D were
broken to close one of the imide rings, atoms of the imide functional group were designated
as pi atoms, and the resulting tetradentate structure was minimized. To investigate the
possibility that the model was strained, a tridentate model was produced by breaking the bond
between Fe*" and the piperazine ring nitrogen atom. Since the bond lengths and angles of the
remaining atoms were not significantly altered by this change, it is unlikely that the association
of this atom causes steric strain on the others. It was not possible to form any further Fe’™-
ligand bonds without disrupting the planarity of the imide functional group. Thus, only
tetradentate models were further considered. Since Fe?~ prefers octahedral co-ordination, the
two remaining positions were occupied by water.

The energies of various conformations of Fe’"-B were compared. Conformations with
the imide ring oriented such that the bond between the main chain nitrogen atom and Fe*~ was
pseudoaxial were more stable than those with a pseudoequatorial conformation.
Conformations in which the amide and carboxylate oxygen were cis were more stable than
the corresponding frans conformations. The most stable conformation is shown in Figure

2.11. Fe’*-C is similarly capable of chelating iron.

2.5.3 Titration of Fe’*-B with daunorubicin
The tetradentate model of Fe**-B proposed above leaves two co-ordination positions
which may be available for binding to water or anthracyclines. Fe>"-B was titrated with

daunorubicin to determine whether a ternary complex Fe*"-B-daunorubicin could be formed.

56




Figure 2.10. Structure of the proposed Fe*-D complex. The energy-minimized structure was
obtained by molecular modelling. Heteroatoms are labelled. Hydrogen atoms were modelled,
but are not shown.
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Figure 2.11. Structure of the proposed Fe™™-B complex. The energy-minimized structure was
obtained by molecular modelling. Heteroatoms are labelled. B is a tetradentate ligand, and the
remaining two co-ordination positions are occupied by water molecules.Hydrogen atoms

were modelled, but are not shown.
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Anthracyclines self-associate in aqueous solution, and they adsorb to the sides of the
spectrophotometer cell. Beer's law plots of daunorubicin at 600 nm in 50 mM Tris buffer with
150 mM KCI, and 50 mM Tris with 150 mM KCI in methanol, were not linear over a
sufficient range to be useful. Since a Beer's law plot of daunorubicin in 40 mM Tris, pH 7.4
yielded a straight line over a sufficient concentration range, these conditions were chosen for
further experiments. Addition of aliquots of daunorubicin to Fe’" complexes of B and
daunorubicin produced increases in absorbance at 600 nm (Figure 2.12). There was a small,
rapid decrease in absorbance immediately following each addition, perhaps corresponding to
some daunorubicin adhering to the cell walls. Absorbance measurements were made once the
absorbance reached equilibrium (approximately 15 min).

The titration curves for daunorubicin, Fe’"-daunorubicin, and Fe’"-B-daunorubicin
shown in Figure 2.12 were fitted to a linear, unweighted, least squares equation, and are the
averages of three, three, and two determinations, respectively. The slope of the daunorubicin
calibration curve was significantly different from those of the other curves (p < 0.001). The
slopes of the Fe’"-B and Fe’"-daunorubicin curves were not significantly different (p >0 .2).
If daunorubicin were not binding with Fe*", the Fe*"-B titration curve () would parallel the
daunorubicin curve. If daunorubicin completely displaced B, the Fe’"-B titration curve would
be identical with the Fe’"-daunorubicin curve (V). Thus, a ternary Fe*"-B-daunorubicin
complex is formed. Since the slopes of the two titration curves were similar, it is likely that
the binding constants and molar absorptivities for daunorubicin are similar for the two

complexes. It is possible that these ternary complexes are responsible for the residual
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Figure 2.12. Formation of a daunorubicin temary complex with Fe’"-B. Absorbance data
were collected at 600 nm. Experiments were done in 40 mM Trs (pH 7.40) at 25 °C.
Legend: Beer's law curve of daunorubicin (®); titration of Fe*"-(daunorubicin), ('V); titration
of Fe'*-B (M. Solid lines are unweighted least squares linear fits. One equivalent of
daunorubicin equals 30 nmol.
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absorbance observed in the experiments in which B and C displace Fe’* from anthracyclines

(Figure 2.3b, 2.4b).

2.5.4 Molecular modelling of the ternary complex, Fe*"-(C)-(daunorubicin)

The lowest-energy configuration of Fe*"-B found by molecular modelling is shown in
Figure 2.11. The results of titration of this complex with daunorubicin indicates that the two
remaining co-ordination positions can be occupied by an anthracycline, acting as a bidentate
ligand. Molecular modelling of the proposed ternary complex yielded many possible
orientations for both B and daunorubicin. B may prefer a conformation in which the main
chain is pseudoaxial or pseudoequatorial. The preferred conformation of Fe’™-(B)-
(daunorubicin) may differ from that of Fe*"-B due to additional steric constraints due to the
binding of daunorubicin. The anthracycline may be bound through the quinone and
hydroquinone oxygen atoms at carbons 5 and 6, or 11 and 12, and it may be oriented face up
or face down. Conformations involving co-ordination through the a-ketol side chain were not
considered. Three variables were considered; orientation of the imide ring, atoms involved
in co-ordination of the daunorubicin, and orientation of the daunorubicin, for which there are
two possibilities each. Thus, eight conformations were modelled. The lowest-energy
configuration is shown in Figure 2.13. Two of the seven remaining conformations had
energies within one kcal/mole of this structure. Thus, more than one conformation likely
exists.

Both the azide and daunorubicin titrations of Fe’"-B demonstrate available co-

ordination positions on the complex, supporting the existence of the tetradentate complex
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proposed in Figure 2.11. Molecular modelling and the daunorubicin titrations indicate the
existence of a temnary Fe*"-B-daunorubicin complex. It may be possible for anthracyclines to

reduce Fe*" in this complex by a self-reduction mechanism, as in the Fe**-anthracycline

complex [17].

2.6 Estimation of the rate of hydrolysis-activation of dexrazoxane in vivo

Both B and C quickly and effectively displace Fe’” from its anthracycline complexes.
By this activity, they should be able to reduce oxygen radical production by Fe*"-anthracycline
complexes as does ICRF-198 [109], and they likely are effective species in protecting against
anthracycline-induced cardiotoxicity. Thus, the time required for hydrolysis of dexrazoxane
to active species i1 vivo may be 9.3 h, the half-time for production of B and C [128]. This is
significantly less than previously estimated, as complete hydrolysis to D, the half-time for
which is 28 h [128], may not be required in order to produce a chelating form of the drug.
Further increases in the activation rate of dexrazoxane are possible in vivo. [n vitro studies
have shown that the enzyme dihydropyrimidine amidohydrolase (DHPase) catalyzes the
hydrolysis reactions of dexrazoxane to B and C [124, 158]. This enzyme is present in liver
and kidney, but not the heart [125]. Increased hydrolysis may deplete physiological iron
stores, reducing the iron available to bind anthracyclines, thereby protecting the heart.
Alternatively, hydrolysis, which renders the drug impermeable to the cell membrane [106],

may trap the drug at a site distant from the site of protection, thereby preventing it from

acting,.
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Chapter 3 Acceleration of the hydrolysis of dexrazoxane by iron

3.1 Introduction

Although doxorubicin is an effective antitumor agent, its clinical use is limited by its
cardiotoxicity, which is correlated with the cumulative dose received [3]. It has been
demonstrated that the Fe'~-anthracycline complex initiates oxidative damage in vitro [7, 8].
It is believed that the observed cardiotoxicity in vivo is due to iron-dependent oxidative stress
on the cardiac muscle, which has relatively low levels of the enzymes which detoxify reactive
oxygen species [58]. Dexrazoxane, which has been shown in clinical trials [88] to reduce this
toxicity, presumably does so by hydrolyzing to its chelating forms, which bind redox cycling
metal ions, thereby reducing their interaction with anthracyclines.

Dexrazoxane undergoes hydroxide-ion-catalyzed hydrolysis to its final product, D,
via one of two one-ring open intermediates, B or C (Figure 3.1) [117]. The half-times for the
production of the open-ring open intermediates and D, respectively, are approximately 9 and
28 h[128]. It has been shown that, in addition to D [101, 115], the one-ring open hydrolysis
intermediates of dexrazoxane, B and C, are effective chelators (Chapter 2). Thus, the
hydrolysis reactions of dexrazoxane in the presence of Fe*” and Fe*" are of interest. The
results of previous studies of the interaction between dexrazoxane and the Fe’" complexes of
doxorubicin suggested that Fe’ may accelerate the hydrolysis reactions of dexrazoxane

(Chapter 2) [101, 116, 159].
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Figure 3.1. Reaction scheme for the hydrolysis of dexrazoxane (ICRF-187, A) to its one-ring
open hydrolysis intermediates (B and C), and its final product, ADR-925 (D). At constant
pH, the reactions shown are pseudo-first-order, described by the rate constants &, £, &y,
and 4.
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3.2 Materials and methods

FeCl;-6H,0 was from J. T. Baker Chemical Co. (Phillipsburg, NI).
Fe(NH,).(SO,),'6H,0 was from Fisher Scientific (Fair Lawn, NJ). Tris was from Sigma (St.
Louis, MO). All other chemicals were of the highest grade available. Dexrazoxane (ICRF-
187, ADR-529) and D (ADR-925) were gifts from Adna Laboratories (Columbus, OH). The
ring-open intermediates B and C were prepared as described in Section 2.2.

Spectrophotometric measurements were made in 1 ¢m silica cells on a Varian Cary
1 spectrophotometer (Mulgrave, Australia) with thermostatted cell compartments. Reactions
with Fe*” were initiated by adding a stock solution of 6 mM Fe?” in 100 mM HCl into buffer
in the cell, to which either B or C had just been added. For reactions involving the Fe*"
complex of either B or C, the complex was preformed by adding the ligand to Fe’~ at final
concentrations of 2 to 4 mM Fe*-ligand and 200 mM HCl to prevent formation of insoluble
iron hydroxides, and then added to the buffer to start the reaction. Unless otherwise stated,
the reactions were carried out in Tris-HCIVKCI buffer (50 mM Tris, 150 mM KCIl, pH 7.4).
Appropriate volumes of 1 M KOH were added to the buffered solutions to neutralize the HCI
in the stock solutions of Fe?* and Fe". Solutions for reactions observed under anaerobic
conditions were sparged with argon for 5 minutes. The buffer was sparged in the
spectrophotometer cell. The sparged stock Fe*” solution was delivered by syringe through the
septum which sealed the cell.

The HPLC separations and quantitations were done by Mukhtiar Singh in our
laboratory, using a Varian LC Star System (Walnut Creek, CA) using a Waters pBondapak

10 um 3.9 x 300 mm reversed phase C,; column and spectrophotometric detection at 205 nm
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as previously described (Chapter 2) [149, 159], with the following modifications. For the
experiments in which dexrazoxane was incubated with Fe*, the aqueous eluent contained 2
mM of the ion pair reagent sodium 1-heptanesulfonate (Sigma, St. Louis, MO) to increase
the retention time of D to 4.6 min. Samples were treated with a two-fold molar excess of
EDTA to preferentially displace iron before injection onto the column. For the experiment
carried out to identify the product of the reaction of B and Fe*, isocratic elution was used.,
with 20% 4 mM sodium 1-octanesulfonate and 80% 500 uM EDTA (pH 3), which gave a
retention time of 6.4 min for D. Data were analyzed using Cary 1/3 E software (Varian,
Mulgrave, Australia) and Sigmaplot, version 5.00 for DOS (Jandel Scientific, San Rafael,

CA).

3.3 Hydrolysis of B and C, the one-ring open hydrolysis intermediates of dexrazoxane

To further characterize the ring-opening hydrolysis of B and C to D, the reactions of
these intermediates were followed spectrophotometrically at 37 °C in Tris buffer, by
recording complete spectra at fixed intervals (Figure 3.2a). Spectra of both B and C were
characteristic of imides, with a single peak at approximately 207 nm. The decrease in
magnitude of this peak observed over the 195 to 250 nm range was consistent with imide
hydrolysis [117]. The slow exponential decreases in absorbance at 207 nm (Figure 3.2b) were

fitted to the three-parameter exponential decay equation:

A - Amp-e tul A, 3.1
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in which &, is the pseudo-first-order rate constant, 4 and A4_ are the absorbances at times ¢
and infinity, respectively, and Amp is the amplitude of the absorbance change. The measured
values of k_,, for B and C of 0.00077 and 0.0015 min™ (Table 3.1), respectively, compare
very well to 0.00067 and 0.0014, the values of 4, and k_,, (defined in Figure 3.1) previously
obtained by HPLC [149] for B and C. The pseudo-first-order hydrolysis reaction of B is:

B+HO-D (3.2

Table 3.1. First order rate constants for the hydrolysis of B and C at pH 7.4 and 37°C.

Reaction Koy ty, relative Reaction ks t, relative
(min")  (min) rate® (min)  (min) rate®
B-D 0.00077° 900 1 C-D 0.0015®° 470 1
Fe**-B-Fe*-D 0.0042> 170 54 Fe**-C-Fe**-D 0.0054° 130 3.6
Fe*-B-Fe*-D 1.6° 0.43 2100 Fe**-C-Fe*-D 8.9° 0.07 6000
Fer-B-Fe*-D 1.3%4 0.53 - Fe"-C-Fe**-D 4.4*¢ 0.16 -
Fe**-B-Fe*-D 0.69¢ 1.0 - Fe*-C-Fe*-D 1.1°¢ 060 -

* Relative rate calculated from the ratio of &, to the k_, measured in the absence of added
iron.

® These measurements are the results of single measurements.

¢ These measurements are the averages of two measurements. The average deviations for the

reactions with B and C are 0.3 and 0.2, respectively.
4 At 25°C.
© At 15°C.

3.4 Hydrolysis of B and C in the presence of Fe’

The spectral changes observed on hydrolysis of the Fe*"-B and Fe**-C complexes were
similar to those of B and C alone, although the hydrolysis reactions in the presence of Fe*
were five- and eight-fold faster, respectively, than in its absence (Figure 3.3). Exponential fits

of the absorbance data, using Equation 3.1, were obtained to give &, of 0.0042 and 0.0054
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Figure 3.3. Hydrolysis of the Fe’' complex of the one-ring open hydrolysis intermediate of dexrazoxane, IB. Reactions were carried out
in Tri’KCl butfer, pH 7.4, at 37 °C. a) Spectral changes characteristic of imide hydrolysis observed for Fe'-B. Spectra were recorded every
30 minutes. For clarity, spectra recorded every 90 minutes are shown. The concentrations of Fe’* and B were 60 and 50 pM, respectively.
b) Absorbance data at 207 nm for the hydrolysis of Fe''-B (symbols) and their fit to Equation 3.1,



min™ for Fe*"-B and Fe*-C, respectively, describing the reactions (Table 3.1). The hydrolysis
reaction in the presence of Fe*" is, in the case of B:

Fe-B + H,0- Fe*-D (3.3)
Fe’" enhances the rates of hydrolysis of B and C by factors of 5.4 and 3.6, respectively, at pH
7.4 and 37 °C.

The hydrolysis of dexrazoxane [117] and its one-ring open intermediates [128] are
both base-catalyzed. As shown in Figure 3.4a, the rate constant describing the pseudo-first-
order hydrolysis of Fe*™-C, &, increases with pH. A plot of log &, vs. pH (Figure 3.4b) was
linear below pH 7.6, with a slope of 0.64 = 0.07, indicating that in this pH range, the reaction
was approximately first order in hydroxide ion. The observed results could not be described
by a mechanism involving only one pK, The reaction scheme described in Figure 3.5 was the
simplest that satisfactorily fit the data. A mechanism involving only one pK, yielded a worse
fit, for which the square root of the sum of the squares of the residuals was 75% larger than
for the fit shown in Figure 3.4a. The fitted curve was obtained from a weighted non-linear
least squares fit to the following equation, derived from the reaction scheme shown in Figure
3.5 (Appendix):

k _ k.’Kale * [H :I(k!Kw * kSKa})

obs (3'4)
’ (H 72 * Kal[H 7 - KuKaz

in which &, and %, are second order rate constants for the bimolecular reaction of free
hydroxide ion with Fe**(ImH)(H,0) and Fe*"(ImH)(OH’), respectively. The parameter £; is

a first order rate constant for intramolecular hydrolysis, in which the nucleophile is a
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Figure 3.4. pH dependence of the hydrolysis of Fe**-C. Reactions were carried out at 24 pM
in Tris/KCl buffer, titrated with NaOH, at 37 °C. a) Experimental data (symbols) and fit to
Equation 3.4 (solid line). Broken lines represent the contributions of the £, (—), and the
combined &, and &, () terms. b) Log-log plot of the data below pH 7.6 (symbols), and the

least squares calculated line.
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k
Fe ' mH)(H,0) + OH — = g ()

/

k
Fe’*(ImH)(OH) + OH : Fe'* (D)
TN
PK_,
] Fe’* (D)
Fe' " (Im)(OH)

Figure 3.5. Reaction scheme describing the hydrolysis of Fe*-C. The protonated and
deprotonated forms of C are represented as (ImH) and (Im’), respectively. The parameters
DpK.,, pK.,, k,, k,, and k, correspond to those in Equation 3.4. The pathway described by ;
involves intramolecular nucleophilic attack by coordinated hydroxide ion.
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hydroxide ion coordinated to Fe*". K, and K, are acid dissociation constants, and K, is the
ionization constant of water. In the scheme shown in Figure 3.5, the imide ring reacts with
hydroxide ion, while the imide anion does not do so significantly in this pH range, as has been
shown previously in the absence of Fe’* [117]. The reaction pathways described by &, and &;
have the same dependence on pH (Figure 3.4), since both pathways involve nucleophilic
attack on the Fe*"-bound imide by a hydroxide ion. Due to this proton ambiguity, these two
pathways cannot be distinguished from each other by a kinetic experiment. Weighted
nonlinear least squares curve fitting to Equation 3.4 gave pK, and pK, of 7.8 #0.05 and
10.8 = 0.5, respectively, and &, of 50 #5 M min™. The value of the composite parameter
kK, + k,K,) was 6.8 £ 0.4 x 10"° M min™.

In addition to the observed pH-dependent changes in the hydrolysis rate constant of
Fe*-C, the amplitude of the absorbance change for the hydrolysis of Fe*™-C also varied with
pH (Figure 3.6). In the upper range of pH values, a peak with an absorbance maximum at 227
nm was observed. Since C was previously observed to have an absorbance maximum at 227
nm due to imide deprotonation [128, 149], it was concluded that the Fe*"-bound imide is also
deprotonated at high pH. Since this absorbance change is caused by deprotonation, a static
determination of pK,, can be made. A two-parameter nonlinear least squares fit of the
absorbance change (4) at 227 nm to an equation derived from a scheme in which the

deprotonated species absorbs, but the protonated species does not (Appendix):
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Figure 3.6. Static determinations of pK,, and pX,,, of Fe*"-C. Data at 212 nm (V) and 227
nm (@) were fitted to equations 3.6 and 3.5, respectively (lines). Reactions were carried out
at 24 pM in Tris/KCl buffer, titrated with NaOH, at 37 °C.
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in which e is the difference in molar absorptivity between the reactants and the products of
the hydrolysis reaction, and [Im]; is the concentration of imide, gave a pK, of 9.8 @ 0.06. The
kinetic and static determinations of pK_,, 10.8 and 9.8, respectively, can be compared to
spectrophotometric determinations of the pX, of dexrazoxane of 9.6 at 37 °C [149], which
correspond to the simultaneous deprotonation of both imide functional groups.

Another change in the amplitude of the absorbance change due to Fe’*-C hydrolysis,
due to deprotonation of Fe**-C, was observed at 212 nm, at lower pH (Figure 3.6). In this
wavelength range, the absorption of the Fe’* ion may be altered by changes, i.e.
deprotonation, in the ligand, C. To obtain a static measurement of pK_,, these data were fitted
to a three-parameter equation derived from a scheme in which the protonated species has a

greater absorbance than the deprotonated species (Appendix):

e(Im] T
Kdl

1. —=
H]
in which 4, is the limiting absorbance at high pH, gave a pK, of 8.3 £ 0.3. This pK, value is

A - FA4, (36

also in reasonable agreement with the kinetically determined value of 7.8 + 0.05. The smaller
absorbance changes occurring at 212 nm are likely due to changes in the charge transfer

spectrum of the complex as bound water is deprotonated.

3.5 Hydrolysis of B and C in the presence of Fe**
The hydrolysis of | mM dexrazoxane was followed under argon (to prevent aerobic
oxidation of Fe*") by HPLC in the presence of 2 mM Fe** (Figure 3.7, @ and O). The solid

lines were calculated from the rate constants previously measured [149] substituted in the
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Amount (nmol)

time (h)

Figure 3.7. Hydrolysis of dexrazoxane (A, O) and formation of D (@) at 37 °C (pH 7.4) in
the presence of Fe*" in argon-saturated solutions, determined by HPLC. For comparison,
curve fits to Equations 4.1-4.4 of data collected in the absence of Fe*" from a previous study
are shown (scaled to the same starting amount of dexrazoxane) [149].
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integrated rate equations for the reaction scheme of Figure 3.1 (Equations 4.1-4.4). In
contrast to these observations in the absence of Fe**, neither B nor C was detected in the
reaction mixture. In addition to the lack of a lag period in the production of D, the half-time
for the formation of D decreased from 26.5 h [149] to 8.9 h. As determined from non-linear
least squares curve fitting to Equation 3.1, the amount of dexrazoxane decreased with a
pseudo-first-order rate constant, &, of 0.00130 @ 0.00005 min™. This agrees with the
previous determination of 0.0012 min™, obtained in the absence of Fe** [149]. Since £, is
unchanged, Fe** does not promote the hydrolysis of dexrazoxane itself. However, the fact that
neither B nor C was detected in the reaction mixture indicated that Fe** strongly promotes
the hydrolysis of both B and C to D, such that they do not measurably accumulate in the
reaction mixture.

The hydrolyses of B and C in the presence of Fe*” in 50 mM Tris-HCl and 150 mM
KCI buffer (pH 7.4) were followed at 207 nm (data for Fe*"-B are shown in Figure 3.8).
Under aerobic conditions, these hydrolysis reactions displayed multiphasic kinetics at 37 °C,
with a fast (¢.. of 0.4 min) initial non-exponential drop in absorbance, followed by a slower
(t,, of 130 min) rise in absorbance. The fast process was also observed for an identical
solution, observed under argon to prevent aerobic oxidation of Fe* (Figure 3.8). The initial
decrease in absorbance, shown on the first time-scale in Figure 3.8, is characteristic of imide
hydrolysis (compare to Figure 3.2b), while the absorbance changes associated with the
second, slow phase were consistent with oxidation of Fe*” to Fe**. Since the concentration
of Fe”"-B was 24 uM, the presence of very small amounts of oxygen are sufficient to permit

significant oxidation. Thus, under argon, the second, slow process occurred, likely due to
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Figure 3.8. Absorbance changes due to hydrolysis and oxidation of 24 uM Fe**-B complex.

The reactions were carried out in Tris/KCl buffer, pH 7.4, at 37 °C, in air (dashed line) or
under argon (solid line).
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trace amounts of O,, but it did so much more slowly. Preliminary experiments, in which
spectra were recorded at fixed time intervals, were used to identify the reactions which caused
these absorbance changes. The first, fast process was observed as a sharp peak over 195-225
nm, consistent with imide hydrolysis (117]. The absorbance changes due to the second, slow
process occurred over 210-310 nm, and were similar to those observed for oxidation of the
Fe-EDTA complex. Fe*-B in 5 mM Tris buffer, pH 7.4, was allowed to react for 24 h.
After treatment with a twofold excess of EDTA, the solution was concentrated by freeze
drying. As determined by HPLC, D was obtained in over 80% yield. Thus, B is not
irreversibly reduced as Fe?” oxidizes. Thus, the first process was imide hydrolysis, and was
followed by oxidation of Fe**.

Although the hydrolysis reactions of Fe*-B and -C (Figure 3.8) were not exponential,
these data were fitted to Equation 3.1 to yield pseudo-first-order rate constants of 1.6 and 8.9
min’', respectively, for comparison with those of the analogous reactions of B and C, and
their Fe’~ complexes (Table 3.1). Fe?" enhances the rates of hydrolysis of B and C by factors
of 2100 and 6000, respectively, at pH 7.4 and 37 °C.

The dependence of Fe*"-B hydrolysis on Fe*” was determined at 15 °C. &, reached
a limiting value with respect to Fe?" (Figure 3.9), which is consistent with rapid, reversible

complex formation of Fe*” with B or C. Data were fitted to a saturation equation:

k - [Fe*]
k, - = 3.7
obs K R [Fez'_] ( )
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Figure 3.9. Dependence of the Fe**-B hydrolysis rate on Fe**. Reactions were carried out at
8 uM dexrazoxane, in Tris/KCl buffer, pH 7.4, at 15 °C. Experimental data (symbols) were
fitted to Equation 3.7 (line) to yield parameters of 8.2 min™ and 37 uM for £, and X,

respectively.
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in which £, is the limiting value of k,,, and X is the concentration of Fe*" at which &, = /-
k..., and, because it is the rate-determining species, [Fe>"-B] is half the total concentration of
B. The values obtained for these parameters are 8.2 min™ and 37 uM, respectively.

The proposed reactions describing the kinetics and absorbance changes observed are,

in the case of B:

Fe* + B=Fe*-B (fast complex formation) (3.8)
Fe**-B + H,0 - Fe*-D (fast Fe*"-promoted hydrolysis) (3.9)
Fe-D % Fe-D (slow aerobic oxidation) (3.10)

The Fe** promoted hydrolysis of C is strongly pH dependent (Figure 3.10a). Above
pH 7.6, hydrolysis was too fast to measure spectrophotometrically. The pseudo-first-order
kinetic data were fitted to an equation describing a first order dependence on hydroxide ion:

kg =k, [OH] (3.11)
in which 4, is a second order rate constant. From a linear least squares analysis, &, was found
to be 1.13 #0.05 x 10’ M'min"". If the reaction is first order in hydroxide ion, and is not
influenced by any pK,, of Fe*"-C, the log-log plot of this data, shown in Figure 3.10b, should

be linear, since the logarithm of Equation 3.11 is:

log k;, = log k, + mlog [OH"] (3.12)

in which m, the order of the reaction in terms of hydroxide ion, should equal one. A plot of
log &, vs. pH was linear, with a slope of 1.29 £ 0.07, consistent with first order dependence

on hydroxide ion over this pH range. Since the Fe?* promoted reaction displays a simple pH
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dependence over the accessible pH range, the mechanism to explain this dependence is simple.
Because the log-log plot is linear (Figure 3.10b), any pK,, affecting hydrolysis kinetics must
lie far outside this range. Thus, a simplification of Equation 3.4 for Fe?**-promoted hydrolysis,
with K, =k, =0 and pH << pK,,, yields the equation:

kK

a )[OH ] (3.13)

kob: = ﬂc] *

in which the composite term corresponds to &, in Equation 3.11. As with the Fe’"-promoted
reaction (Section 3.4), there is the problem of proton ambiguity with the reaction pathways,
with rate constants &, and £; kinetically equivalent. Hence in this case as well, the second
order bimolecular reaction with external hydroxide ion as the nucleophile can not be

distinguished from the first order intramolecular reaction of hydroxide ion bound to Fe*".

3.6 Discussion of the mechanism of Fe*- and Fe*-promoted hydrolysis of B and C

The metal ion promoted hydrolyses of amides by divalent metal ions such as Cu™,
Ni*", Co* and Zn>" have been well studied {160-162] as models for metalloenzyme proteases
and hydrolases. Metal ion promoted hydrolysis of amides occurs when a coordinated water
(or hydroxide ion) acts as a nucleophile towards the carbonyl carbon atom of the amide.
Particularly large rate enhancements (up to 10%) [160, 162] can occur when the amide
undergoing hydrolysis forms a complex with the metal ion, placing the bound water close to
the carbonyl carbon atom.

The kinetics of divalent metal ion (Zn**, Co, Ni**, and Cu?") promoted hydrolysis of

the amide bond in N-acylimidazoles [160] showed a strong dependence on hydroxide ion. In
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this case, due to the very large rate enhancements observed, the possibility of a bimolecular
attack of external hydroxide ion was eliminated, as it exceeded the diffusion-controlled rate
limit. Thus, it was certain that the nucleophile was coordinated hydroxide ion. Similarly, Zn*"-
promoted hydrolysis of a metal ion binding bicyclic azalactam also sharply increased with pH
[161]. In this case, the intramolecular reaction was proposed on the assumption that Zn* -
bound hydroxide ion was 10 times more reactive than Zn**-bound water. However, for the
reactions studied here, if it is assumed that £, » £,X_ /K, for Equation 3.4, the second order
rate constant &, is 1.8 x 10° M'sec™ (estimated from the slope of the line in Figure 3.10a),
well below the diffusion-controlled rate limit of 10° - 10" M'sec™ [163]; no distinction
between the two processes can be made on the basis of the present data. Other possible
mechanisms of rate enhancement include polarization of the imide carbonyl group, either by
induction or through a hydrogen bond with one of the metal-bound water molecules. It has
been demonstrated that B and C are strong enough chelating agents to displace Fe’™ from its
complexes with anthracyclines (Section 2.3). Using molecular modelling based on the x-ray
structure of Cu*"-ICRF-198 [152], a structure for Fe*"-B(H,0), was proposed (Section
2.5.2). In this structure, the oxygens of both the bound water molecules were positioned close
to the carbonyl carbon atoms of the ring-closed imide (3.0 and 3.2 A). The geometry of the
proposed Fe’"-C complex is consistent with the latter possibility. However, since the static
and kinetic determinations of pK, (10.8 and 9.8, respectively) for deprotonation of the imide
functional group of C described in Section 3.4 are similar to the value of 9.6 determined for
dexrazoxane [128], it appears that binding of C to Fe** does not significantly withdraw

electrons from the imide group, which would result in a decrease in pK_, due to reduced
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electron density on the imide nitrogen atom. Thus, the most likely mechanism by which Fe*"
accelerates hydrolysis of the one-ring open intermediates is through polarization of
coordinated water molecules. Although Fe**-bound hydroxide ion is certainly a weaker
nucleophile than the free species, it will be present in higher concentrations in the pH range
of this study. Coordinated hydroxide ion is also localized; it is ideally situated to serve as a
nucleophile. An alternate mechanism to explain the acceleration of hydrolysis of B and C by
Fe*” and Fe*" involves intramolecular hydrogen bonding by the coordinated water molecules.
Both of the coordinated water molecules of Figure 2.11 are well positioned to form hydrogen
bonds with the imide carbony! oxygen atoms. This could result in polarization of the imide
bond, facilitating its hydrolysis.

At neutral pH, a fraction of the Fe*"- and Fe’"-bound water is likely ionized, and may
be expected to be a good nucleophile [160]. The fact that Fe*” is much less effective than Fe*"
in promoting the hydrolysis of B and C may be due to its stronger polarization of the bound
hydroxide ion, which would reduce its nucleophilicity. Another possible explanation of the
faster hydrolysis of B and C in the presence of Fe** may be the ability of bound water (or
hydroxide ion) to dissociate more quickly from the less positively charged Fe*” and substitute

on the carbony! carbon atom.

3.7 Implications of faster hydrolysis activation for in vivo dexrazoxane activity
The formation of D through the hydrolysis of dexrazoxane takes place under
physiological conditions of pH 7.4 and 37 °C with a half-time of approximately 30 h [149,

164]. Given the slow hydrolysis of dexrazoxane, and its relatively rapid in vivo elimination
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(half-time of 4.2 h) [100], it is unclear how sufficient quantities of the active form of the drug
could be present in heart tissue to chelate loosely bound iron, or to displace iron from its
complex with doxorubicin. In the presence of 2 mM Fe*", D was produced with a half-time
of 9 h (Figure 3.7), i. e. the same rate at which dexrazoxane hydrolyzes to its one-ring open
intermediates, B and C. B and C are not observed; they are hydrolyzed as soon as they are
produced, which is in agreement with the rapid hydrolysis rates of the Fe*” complexes of B
and C reported in Section 3.5.

It is proposed that the protective action of dexrazoxane may involve either the
enzymatic (dithydropyrimidine amidohydrolase) [ 124] or non-enzymatic [117, 149] formation
of the one-ring open intermediates, B and C. These intermediates could chelate free iron or
displace iron from its anthracycline complexes (Chapter 2). The Fe*” complexes of B and C.
so formed, would then undergo a rapid conversion to Fe*"-D. Displacement of iron from its
complexes with anthracyclines would decrease the oxygen-radical-induced lipid peroxidation
caused by redox cycling of the membrane-bound Fe’*-doxorubicin complex [45]. The Fe*"
complexes of B and C would also undergo a slower metal ion promoted hydrolysis. However,
biological reducing agents, such as ascorbate, or reducing enzymes, such as NADPH-
cytochrome-P450-reductase, may reduce the Fe’~ complexes of B and C to their Fe”" states,
which would then undergo rapid conversion to Fe*-D. Since available cellular iron
concentrations are estimated to be very low, it is uncertain whether iron-accelerated
hydrolysis is significant in vivo. However, the hydrolysis products of dexrazoxane are
stronger chelators than anthracyclines; since the latter species are able to chelate iron in vivo

[22, 24, 25], so must the former.
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It is Fe* which reduces H,O, to the extremely reactive and damaging hydroxyl radical
[54, 55]. It is also in the presence of the potentially damaging Fe*” that B and C are most
rapidly hydrolyzed to a strong chelator. In this way dexrazoxane may reduce the ability of the
Fe** to participate in site-specific hydroxyl radical damage. EPR spin trapping studies have
shown that while the Fe**-D complex is able to produce hydroxyl radicals in a NADPH-

cytochrome-P450-reductase system, it does so only at a very low rate [165].
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Chapter 4 Metal ion promoted hydrolysis of dexrazoxane
4.1 Introduction

Since it has been demonstrated that the Fe*"-anthracycline complex initiates oxidative
stress in vitro [7, 8], it is believed that this is the mechanism of their cardiotoxicity.
Dexrazoxane presumably protects against anthracycline-induced cardiac damage by
hydrolyzing to its chelating forms, which bind redox cycling metal ions, thereby reducing their
interaction with anthracyclines (Section 2.3).

Dexrazoxane hydrolyzes to its final product, D, via one of two one-ring open
intermediates, B or C (Figure 4.1) [117]. Since it was shown that Fe*" and Fe*~ accelerate the
hydrolysis of B and C (Chapter 3), the effects of other biologically relevant metal ions on
these reactions should also be examined, to determine their relative activities and to probe the
mechanism of catalysis. Since hydrolysis of dexrazoxane produces the active chelating
species, the rates of reaction in the presence of metal ions of biological interest may prove
useful in determining the fate of dexrazoxane in vivo. Because little is known of the
pharmacokinetics of dexrazoxane, characterization of its hydrolysis in vitro will provide
valuable information about its hydrolysis rate in vivo. If dexrazoxane hydrolyzes significantly
faster in the presence of biological metal ions, its activation rate in vivo may be much faster

than in Tris buffer, pH 7.4 at 37 °C (2., = 28 h) [128].

4.2 Materials and methods

MgCl,-6H,0, optical grade KCI, and volumetric Fe** standard were purchased from

Aldrich (Milwaukee, WI). FeCl;-H,0, MnCl,-4H,0, and ZnCl, were purchased from BDH
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Figure 4. 1. Reaction scheme for the hydrolysis of ICRF-187 (Dexrazoxane, A) to its one-
ring open intermediates (B and C), and its final hydrolysis product, ADR-925 (D). At
constant pH, the reactions shown are pseudo-first-order, described by the rate constants £ 4,

K., kgp, and kp.
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(Montreal, Canada). Ni(NO,),-6H,0 and disodium EDTA were purchased from Analar
(Poole, England). CoCl,:6H,0 was purchased from Fisher (Fair Lawn, NI). CuCl,-5H,0,
CaCl, and KCI were purchased from Anachemia (Montreal, Canada). Tris base and Tris
hydrochloride were obtained from Sigma (St. Louis, MO) in two grades; reagent and
SigmaUltra, of which the latter was used for spectrophotometric measurements in the UV
range, since it contributed less to the background absorbance. Dexrazoxane was obtained
from Adria Laboratories (Columbus, OH). The one-ring open hydrolysis intermediates B and
C were isolated as described in Section 2.2.

The time-course studies of dexrazoxane hydrolysis were performed by HPLC, using
a Waters pBondapak 10 pm 3.9 x 300 mm reverse phase C,; column, as described in Section
2.2. B, C, and D were detected at 205 nm, and dexrazoxane was detected at 212 nm.
Incubations were at pH 7.4 and 37 °C in a buffer of 50 mM Tris and 150 mM KCI. Samples
were stored at -20 °C in 0.05 M HCI and 0.008 M EDTA until analyzed.

Stock solutions of dexrazoxane were prepared daily in 20 mM HCI, and were stored
on ice until used. Kinetic studies of metal-ion-accelerated dexrazoxane hydrolysis were
performed spectrophotometrically in quartz cells in a Cary 1 spectrophotometer (Varian,
Mulgrave, Australia) thermostatted at 37 °C in 50/150 mM Tris/KCl buffer, pH 7.4, unless
otherwise indicated. Reactions were initiated by addition of the metal ion, except in the case
of Fe*". For this metal ion, the Fe~ complexes were preformed in 20 mM HCI to prevent
precipitation of ferric hydroxides, and reactions were initiated by addition of the complex to
the buffer, to which NaOH had been added to neutralize the HCl. The hydrolysis of

dexrazoxane was observed at 207 nm, except in pH dependence experiments, in which the
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absorbance was measured at 215 nm. The Tns buffer was titrated with Tris base, rather than
NaOH, to minimize its absorbance at low wavelengths, except in the pH dependence
experiments, in which the buffer was titrated with NaOH. For these experiments, pH values

were measured immediately after each experiment.

4.3 Time-course studies of metal ion promoted dexrazoxane hydrolysis

The possibility that biological metal ions may accelerate the hydrolysis of dexrazoxane
under physiological conditions was examined. Dexrazoxane and its hydrolysis products can
be separated by HPLC and detected spectrophotometrically. A sample chromatogram is
shown in Figure 4.2. The most polar species, D, is eluted near the solvent front, followed by
a near baseline separation of B and C. Dexrazoxane i1s much less polar than its hydrolysis
products, and is eluted in the presence of 10% methanol. The kinetics of dexrazoxane
hydrolysis was determined at pH 7.4 and 37 °C (Figure 4.3a). Under these conditions, the
dexrazoxane concentration (A) decreased exponentially, while B and C both increased,
reached maximum levels at approximately 20 h, and decreased. The concentration of D
increased sigmoidally. The data shown in Figure 4.3a-c were normalized such that the sum
of the amount of the four species for each time point was one. The four hydrolysis reactions
were fitted simultaneously by a non-linear least-squares method, to the integrated rate

equations describing their kinetics [149]:
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Figure 4.3. Kinetics of dexrazoxane hydrolysis at 37 °C, pH 7.40. Symbols represent

dexrazoxane (@), B (), C(A), and D (l). a) 5 mM dexrazoxane, no metal ion. Solid curves
are the simultaneously solved eight-parameter integrated rate equations for the four species
present. The half-time for the disappearance of dexrazoxane is 12 h, and the half-time for the
production of D is 33 h. b) 5 mM dexrazoxane, 2.5 mM Mg**. The half-time for the
disappearance of dexrazoxane is 12 h, and the half-time for the production of D is 27 h. ¢) §
mM dexrazoxane, 2.5 mM Ca®. The half-time for the disappearance of dexrazoxane is 12 h,
and the half-time for the production of D is 24 h. d) 1 mM dexrazoxane, 2.5 mM ZnCl,. The
half-times for the disappearance of dexrazoxane and production of D are 60 min. For a),b),
and c), data are normalized; the sum of the four species is one. For d), the sum of the detected
species is shown (®).
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(4.3)

in which 4,, B,, C,, and D, are the concentrations of dexrazoxane, B, C, and D at t = 0, and

k.1 ko, kgp, and kqp, are the pseudo-first-order rate constants describing the reactions shown

in Figure 4.1. The fits were weighted according to the sensitivity of the spectrophotometric

detector to each of the four species [128]. The values of the eight fitted parameters are shown

in Table 4.1. At 37 °C and pH 7.4, in the absence of metal ions, the half-time for the

disappearance of dexrazoxane is 12 h, while the half-time for the production of D is 33 h

(Figure 4.3a). These values are in agreement with those of previous determinations [128,

149], as shown in Table 4.1.
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Table 4.1. Values of calculated parameters for the simultaneous solution of the integrated
rate equations for the hydrolysis of dexrazoxane at pH 7.4 and 37 °C.

Parameter Value * Value®

4, 0.937 % 0.007 © o

B, 0.047 = 0.003° nrt

, 0.016 £ 0.003° n. .

D, indeterminate®* nrt
kg 0.0307 £ 0.0006 h* 0.052 £0.001 h
k. 0.0185+0.0009 h* 0.022 =0.001 h'
kap 0.032 £ 0.001 h* 0.040 = 0.001 h"
kep 0.1042 £ 0.006 h™* 0.082 +0.004 h*

* Errors are fitting errors only.
® determined previously [128].
© Since the data were normalized, these parameters are unitless.

4 Not reported.
¢ This parameter converged to a very small number.

In the presence of physiological concentrations of Mg*™ and Ca® (Figure 4b&c,
respectively), results were qualitatively similar. Half-times for the disappearance of
dexrazoxane were estimated from the graphical data and calculated by determination of initial
rates (Table 4.2) for the disappearance of dexrazoxane indicate that the half-times for the
disappearance of dexrazoxane were unchanged in the presence of these metal ions, indicating
that they do not affect the hydrolysis of the first imide ring. The half-times for the production
of D were reduced to 27 and 24 h, respectively. Thus, the hydrolysis of the second ring has
been accelerated in the presence of Mg** and Ca®". Since the waters of hydration of these ions

are polarized, metal-bound hydroxide ion may be the nucleophile at neutral pH, rather than
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free hydroxide ion. However, since the presence of Ca’>" and Mg® had no effect on the
hydrolysis of dexrazoxane, a mechanism specific to B and C is more likely. There must be an
interaction between the one-ring open intermediates, which may act as tetradentate ligands
(Section 2.5), and these metal ions. Weak complexes may be formed between these ions and
B and C, which behave similarly to the proposed complex of Fe’*-C (Section 2.5.2), either

polarizing the ligand, or promoting an intramolecular nucleophilic attack.

Table 4.2. Initial rates for the metal ion promoted hydrolysis of dexrazoxane,
and the half-times for its complete hydrolysis.*

Metal Metal Ton Dexrazoxane  Initial Rate of t, of
Ion Concentration  Concentration Dexrazoxane  Formation of D
Hydrolysis
(mM) (mM) (h' = SEM") (h)
None - 5.0 0.0411 £0.001 33
Mg* 25 5.0 0.0442 = 0.002 27
Ca* 2.5 5.0 0.0410 £ 0.044 24
Zn* 24 1.0 0.11 £0.01 0.55

* Reactions were studied at 37 °C in Tris/KCl buffer, pH 7.4. Initial rates and their standard
errors of the mean were calculated from the linear least-squares slopes over the first 10% of
the data in Figure 4.3. Half-times were determined by interpolation.

® Standard error of the mean.

In the presence of 2.4 mM Zn** (Figure 4.3d), the half-time for the disappearance of
1 mM dexrazoxane was reduced to 0.55 h. Thus, Zn>" interacts directly with dexrazoxane,
as has been shown for Cu® [152]. Since B and C were not observed, their hydrolysis is

accelerated such that they are hydrolyzed immediately, and do not accumulate in the reaction
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mixture. The first 60% of the data for dexrazoxane were fitted to a second order rate equation

for unequal starting concentrations:

il 2o ([Zn*], - [D])

NPT 2) - - I 43
0 0

in which D is dexrazoxane, & is the apparent second-order rate constant, and ¢ is the time in
minutes. The data for dexrazoxane, subtracted from the initial concentration of dexrazoxane,
were also fitted to Equation 4.5. The values obtained for £ were 5.8 #0.2 and 10.0 20.2 M
min™ for the dexrazoxane and D data, respectively.

Since the one-ring open intermediates were not detected, it is not known whether B
and C are produced in the same relative amounts as in the absence of Zn**. Although there
is a difference between &, and &, at pH 7.4 (Table 4.1), at high pH, when the concentration
of the preferred nucleophile is higher, the two rate constants are nearly identical [128]. Since
Zn*" promotes the hydrolysis rate by reducing the activation energy barrier, it may also be

reducing the selectivity of the reaction.

4.4 Kinetics of Zn**-promoted dexrazoxane hydrolysis

The acceleration of dexrazoxane hydrolysis by Zn** was further investigated. The
hydrolysis reactions of dexrazoxane in the presence of Zn* were studied
spectrophotometrically at 207 nm. To permit the study of this reaction in the presence of low
concentrations of Zn™, initial rates (Figure 4.4a) were analyzed. Since no dependence of the

amplitude of the absorbance changes on [Zn®"] was observed, a value for A€ of 13620 M™

98



"(aunf) 1y sasunbs ysuaj seouy pue (@) Paneaqns uaaq suy uauodwos apuadapuy-
40 10d 8oj-8oj (q "auexozesxap il 001 1 [, uz] wo e juom oy Jo douapuadap (v ‘v
‘giep (wyuswadxs yuasasdos (@) sjoquifg

UZ ) IIYM wouy ‘vep o)
P31 Jo siy sasenbs isea svauy aup) ase Saul| puw
M2 U0 b 11d pue O, £ g 18 9es s1sKj0IpAy duBx0zRIXOP-, U7 JO dUIPUIdAQ  p*p 24Ty

[,,uz] 3of (am) [, ,uz]
$'E 0t $¢ 0T Sl 0061 0001 00¢ 0
_ T _ . I I do.o
- 41
o
=}
-9 vo E
- 101" g2
! 4
m.. w
90 ¥
- -1 §0- W W
80 —
- q] 00 01
_ ! _

99




cm’, determined from first order experiments, was used. The hydrolysis of dexrazoxane in
the presence of Zn** may be described by the following reactions:
A-D (4.9
A+Zn*=Zn*-A (4.7)
Zn*-A - Zn*-D (4.8)
Data were analyzed by curve fitting to a least squares linear equation:
Initial Rate = V) = -dfAJ/dt = k.[ZiT" J[A] + k,[A]  (4.9)

in which A is dexrazoxane, and £, and £, are first- and second-order rate constants describing
the Zn*"-accelerated (Reaction 4.6) and unaccelerated (Reaction 4.8) hydrolysis pathways,
respectively. The value obtained for the parameter &, was 6.0 M min", which is similar to
the results obtained from HPLC data, for which the average of the values determined from
dexrazoxane and D data is 7.9 M min" (Figure 4.3d). The value of &,, 0.0011 min™,
determined from the intercept, compares reasonably well with the value of 0.050 h*,
determined in this study from the HPLC data (the sum of k ; and £, from Figure 4.3a), and
other determinations of the observed first-order rate constant [128, 149]. Absorbance changes
due to the Zn**-independent reaction, corresponding to the intercept of the fitted line in
Figure 4.4a, were subtracted from each data point, and the resulting data were plotted on a
log-log scale (Figure 4.4b). Since the slope of the fitted line was 0.98 + 0.03, Zn*"-promoted
hydrolysis of dexrazoxane is first order in Zn*>".

The initial rate of hydrolysis was also linearly dependent on the dexrazoxane
concentration (Figure 4.5a), at a constant [Zn**] of 50 uM. Data were fitted to a least squares

linear equation:
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Initial Rate = (k, [Zr’" ] + k)[A] (4.10)

which accounts for Zn>"-promoted and unpromoted hydrolysis pathways, both of which are
significant over the concentration of Zn*~ used. The value of &,, the pseudo-first-order rate
constant describing the unaccelerated hydrolysis of dexrazoxane, was determined in the
absence of Zn>", and subtracted from the total observed hydrolysis, yielding a value for k, of
13 M min™. Given the relatively large error associated with this determination, since &, was
estimated from two data points, this result compares well to other determinations (from data
in Figures 4.3d and 4.4a). The slope of the log-log plot of the Zn*"-promoted component was
one (Figure 4.5b); this reaction was first order in dexrazoxane.

No curvature in the plot was observed up to 1.5 mM dexrazoxane, at which
concentration the absorbance limited the experimehtally accessible range. Therefore, the
association between Zn** and dexrazoxane is weak, and only a small fraction of the total
dexrazoxane concentration is present in its Zn*"-associated state at any time. Thus, the rate
enhancement due to this association must be large to cause the observed changes in overall
reaction rate.

The pH dependence of the Zn*"-promoted hydrolysis of dexrazoxane was studied, to
provide information on the mechanism of the observed rate enhancement. Since the
dependence of the molar absorptivity of the Zn*'-dexrazoxane complex on pH is unknown,
this reaction was not examined by its initial rate. Determinations of the pseudo-first-order rate

constant, £, were made by fitting the absorbance data to an equation describing first-order

kinetics:

A-Ae™ .4 (41
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in which 4_, 4,and A4 are the absorbances at time infinity, 0 and ¢, respectively, and &, is the
pseudo-first-order rate constant. The experimentally accessible pH range for determination
of hydroxide ion dependence of this reaction is bounded at a [ower limit of 7.0, at which the
reaction becomes too slow to study, and an upper limit of 8.1, at which Zn** precipitates. The
k. for the hydrolysis of dexrazoxane in the presence and absence of a 10-fold excess of Zn*>”
were fitted to linear equations for descriptive purposes (Figure 4.6).

Although not as powerful a nucleophile as free hydroxide ion, Zn*"-bound hydroxide
ion would be present in much higher concentrations than free hydroxide ion at physiological
pH, which may explain the faster hydrolysis of dexrazoxane in the presence of Zn*". It is
possible that Zn*" accelerates the hydrolysis of dexrazoxane by mechanisms analogous to
those proposed for the acceleration of the hydrolysis of Fe’~-C (Section 3.4), although the
limited pH range over which this reaction was studied can not confirm a specific mechanism.

The hydrolysis of dexrazoxane in the presence of Zn*" is first order in each species.
Co™, Ni*", and Zn*" have been shown to promote the hydrolysis of ICRF-154, an analog of
dexrazoxane [166]. Since &, varied linearly with both [Zn>"] and [dexrazoxane] over the
experimentally accessible concentration ranges, there is no kinetic evidence for or against the
formation of 2 Zn*"-dexrazoxane complex. If such a complex exists, Zn>" may bind the imide
nitrogen or the carbonyl oxygen atoms, as Co®" has been shown to do with succinimide [167].
Both interactions would result in a depletion of electron density on the carbonyl carbon atoms
of the imide functional group, causing it to be more attractive to the nucleophile. Transition
metals other than Zn*" have been shown to bind dexrazoxane directly [166, 168]. Although

the Cu®*-dexrazoxane complex is known to have 1:2 stoichiometry [116], neither its structure

103



0.010 T T T ] I 1

0.008

0.006

. -1
k,, (min )

0.004

0.002

0.000 ' . '

Figure 4.6. pH dependence of 40 uM dexrazoxane hydrolysis rate at 37 °C, in Tris buffer,
in the presence (@) and absence (V) of 400 puM Za®". Solid lines are linear least squares fits

of the data.
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nor its mechanism of rate acceleration is known. A proposed complex for the Ga’ -
dexrazoxane complex involved metal ion co-ordination to the four nitrogen atoms of the drug
[168], which seems unreasonable, since this requires the imide nitrogen atoms to leave the

imide plane, reducing the stabilizing effect of electron delocalization.

4.5 Acceleration of hydrolysis of the one-ring open intermediates by other metal ions

Since Zn® had a significant effect on the hydrolysis of dexrazoxane, the effects of
other metal ions were examined, as shown for B in Figure 4.7. Mn**, Fe**, Fe’~, Co*, Ni*",
Cu®", and Zn*" promoted the hydrolysis of the one-ring open intermediates, B and C, when
present in equimolar concentrations. Ca** and Mg** had no effect at this low concentration,
but both significantly enhanced these hydrolysis reactions at 2.5 mM (Table 4.3). Data for B
are shown in Figure 4.8. Since the amplitudes of the decreases in absorbance at 207 nm were
consistent with those observed on hydrolysis of the imide ring [117], it was concluded that
a complex was rapidly formed between the metal ion and the ligand, which hydrolyzed with
pseudo-first-order kinetics, as was demonstrated for Fe** (Figure 3.4). The data were fitted
to Equation 4.11, and &, are listed in Table 4.3. Many of the reactions were too fast to be
accurately measured spectrophotometrically, as more than 50% of the reaction had occurred
before the first absorbance measurement could be made. In all cases, hydrolysis of C was
faster than B, which is consistent with their relative rates in the absence of metal ions (Table
4.3). At a 1:1 ratio of metal ion to ligand, the rate acceleration observed for B varied from

25-fold in the presence of Mn”" to over 50,000-fold in the presence of Zn*". The fact that the
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Figure 4.7. Decrease in absorbance with time for the metal ion promoted hydrolysis of B.
Reactions were followed at 207 nm at 25 °C in Tris/KCl buffer, pH 7.4. Initial concentrations
of metal ions and B were each 24 uM. These data were fitted (fits not shown) to Equation
4.8, and the first-order rate constants are listed in Table 4.3. The axis break on the abscissa
marks the change in scale.
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Figure 4.8. Decrease in absorbance with time for the hydrolysis of B and C in the presence
of Mg** and Ca*. These reactions were followed at 207 nm at 25 °C in Tris/KCl buffer, pH
7.4, for Mg** and B (@), Mg** and C (M), Ca*" and B ('), and Ca* and C (@). Data were
fitted to Equation 4.8 (lines). Initial concentrations of B and C were 24 uM, and
concentrations of Mg>* and Ca®* were 2.4 and 2.6 mM, respectively.
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reactions of both B and C were too fast to be followed in the presence of equimolar Zn*" is

consistent with their absence as intermediates in the presence of 2.4 mM Zn*" (Figure 4.3d).

Table 4.3. Rate constants for the pseudo-first-order hydrolysis of transition-metal-B
complexes at 37 °C and pH 7.4.*

Metal ion k,, for B kg, for C
(min) (min™)
None ° 0.00054° 0.00174°
Mg* ¢ 0.0026¢ 0.0043¢
Ca* ¢ 0.0096° 0.0089°
Mn®> 0.003¢ 0.202 £ 0.012°
Fe* 4.18+0.13f >6%8
Co*” 3.44+0.07 >6°
Ni* 0.231 £ 0.007° 3.46£0.18°
Cu® 4.85+0.08° > 6 <8
Zn* > 64 >6 "
Fe*” 0.0042¢ 0.013¢

* Reactions were studied at 207 nm in solutions containing 24 uM B or C, and 24 uM metal
ion, except where otherwise indicated. Data were fitted to Equation 4.11.

® These data are ky,, and k., respectively, determined in Section 4.3.

¢ These data are single measurements.

4 These reactions were studied in the presence of 24 uM B or C, respectively, and either 2.4
mM Mg* or 2.6 mM Ca®.

¢ These data are the averages of two determinations. Errors are average deviations.

f These data are the averages of three determinations. Errors are standard errors of the mean.
€ t,, < 0.12 min; reaction is too fast to be accurately measured.

108



The hydrolysis reaction in the presence of Ni** was preceded by a rapid increase in
absorbance (t,, of approximately 0.3 min, shown in Figure 4.7), likely corresponding to a
change in the molar absorptivity of B as it forms a complex with the metal ion. Absorbance
changes due to ligand association were not observed in the presence of other metal ions,
which is likely due to their much faster rates of ligand substitution relative to Ni**. Ni** was
much less effective than Cu®", Zn*", or Fe*" at accelerating the hydrolysis of B and C (Figure
4.7 and Table 4.3). The rate enhancement observed in the presence of Ni*", and also for Fe’~
(Section 3.4), were smaller than for any of the other transition metal ions studied in this
series. The lower rate enhancements observed in the presence of these two metal ions may
also be due to their low ligand substitution rates, which may be rate-contributing.

Two fast spectral changes when B was incubated in the presence of Mn*", each of
which was associated with a decrease in absorbance (Figure 4.7). These absorbance changes
may be due to ligand association, or some other pre-equilibrium process. Since the third,
slowest process had an amplitude similar to those observed in the presence of the other metal
ions, it was assumed to be due to hydrolysis of the imide ring.

Although hydrolysis of the one-ring open intermediates in the presence of Fe*” was
not as well described by first-order kinetics as for the other metal ions, these data were also
fitted to an exponential equation for comparison. Fe*” oxidizes in air, causing absorbance
changes in the UV range, which likely interfere with interpretation of the data. In addition,
Fe®* oxidation produces Fe**, which has a much smaller effect on hydrolysis; if the ratio of

Fe®" to Fe*" changes significantly over the course of the reaction, the kinetics will be too
ges signt y

complicated to analyze.
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In the present experiments, the hydrolysis of B was accelerated by Fe* to a greater
extent than observed in Section 3.5. There are some differences in experimental conditions
which may account for this difference. The previously described experiments were observed
in the presence of a 1.1-fold excess of B or C, while the present experiments were studied
with a 1:1 ratio of Fe*” to B or C. Thus, the equilibrium between Fe** and B shown in Figure
3.8 is shifted, and a larger fraction of the total B is present as the Fe*"-associated species in
the present experiments, causing an increase in the rate of the overall reaction. In addition,
the concentrations of stock solutions of B and C were determined differently for the two
experiments. Previously, they were determined spectrophotometrically, using half the molar
absorptivity of dexrazoxane. Stock solutions for the present experiments were quantitated by
HPLC, which is more accurate. Relatively small errors in the measurement of [B] cause the
Fe*":B ratio to deviate from 1:1, changing the rate of the overall reaction.

Fe*, Co*, Zn™, and Cu™ cause very similar rate enhancements of the hydrolysis of
the one-ring open intermediates, and likely interact similarly with them. These ions cause
much stronger rate enhancements than do Ca®>" and Mg?". These effects could be due to
stronger binding of transition metals, which would result in a greater fraction of dexrazoxane
bound as compared to Ca® and Mg, and therefore a faster overall hydrolysis rate. The
greater Lewis acidity of the transition metal ions is expected to have a stronger polarizing
effect on either or both the imide and the nucleophile, thus increasing their reactivity. Metal
ion promoted hydrolysis of amides has been studied as a model of metalloenzyme catalysis
[160-162], and intramolecular nucleophilic attack of the metal-ion-bound amide by

coordinated water has been demonstrated [160, 162]. In the case of a hydrated Zn"-
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dexrazoxane complex, bound hydroxide ion would also be localized, increasing its
nucleophilic efficiency.

A previous study reported crystallization of the Cu** complex of the one-ring open
hydrolysis intermediates of dexrazoxane from a methanol-water solution [169]. Given the
rapid hydrolysis rates observed for the Cu®* complexes of B and C (Figure 4.7), it is unlikely
that this species was correctly identified. The results of elemental analysis could not have been

used to distinguish between the proposed complex and the more probable product, the Cu*"-D

complex.

4.6 Potential for metal ion accelerated hydrolysis of dexrazoxane in vivo

Neither Ca®* nor Mg™" promoted the hydrolysis of dexrazoxane itself. Both, however,
had significant effects on the hydrolysis of its one-ring open intermediates at 2.5 mM (Table
4.2), the approximate total plasma or serum levels for these metal ions [170, 171]. The half-
times for the production of D were decreased to 24 and 27 h in the presence of 2.5 mM Ca*"
and Mg™", respectively. Although it can not be expected that all the Ca®" and Mg*" in plasma
is available to the chelators B and C, it is quite likely that these ions have a significant effect
on the overall hydrolysis rate of dexrazoxane in vivo. Since Ca™" is tightly sequestered in cells
due to its regulatory role, its equilibrium concentration is low [170], and it is unlikely that
it has an effect on intracellular dexrazoxane hydrolysis.

The total blood plasma Zn*" concentration is approximately 8 uM [172]. Since Zn*>"
is such a powerful catalyst for biological reactions, the majority is tightly sequestered, and

therefore unavailable to promote the hydrolysis of dexrazoxane. The cellular concentration

111



of Zn** has been estimated at 200 pM [172]. From the data of Figure 4.4a, it appears unlikely
that biological levels of Zn*" could significantly affect the hydrolysis of either dexrazoxane or

its one-ring open intermediates, despite its strong rate enhancement.
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Chapter 5 Quantitative structure-activity relationship between hydrolysis rate and
molecular modelling parameters in imides, and prediction of the hydrolysis rates of new
analogs

5.1 Relationship of the effectiveness of dexrazoxane as a cardioprotective agent to its
hydrolysis rate

The results of Chapter 2 indicate that B and C are effective chelators, which are able
to displace Fe' from its anthracycline complexes. Thus, the half-time for the production of
effective species in vitro equals the half-time for the production of B and C (/. e. the sum of
k., and k., defined in the scheme of hydrolysis of dexrazoxane shown in Figure S.1), which
is approximately 9 h (Section 4.3) [120, 128]. The results of Chapters 3 and 4 indicate that
the hydrolysis of dexrazoxane to D is accelerated in the presence of biological metal ions.
Dexrazoxane likely has access to Mg”" in vivo. However, 2.5 mM Mg** had no effect on the
half-times for the first ring-opening reactions to be significantly affected (Section 4.5). Thus,
any increase in the rate of dexrazoxane hydrolysis in vivo as compared to in vitro
determinations (Section 4.3) [120, 128], is most likely due to the increased rate of production
of B and C by dihydropyrimidine amidohydrolase [125].

Optimization of the rate of hydrolysis-activation of dexrazoxane in vivo is of interest
in the development of analogs with improved cardioprotective properties. Since protection
of the heart against doxorubicin-induced toxicity by dexrazoxane is due to its hydrolysis to
B, C, and D, species which chelate Fe*” (Chapter 2), increasing the rate at which the drug is
activated may improve the cardioprotective ability of dexrazoxane, and it may also allow

lower doses to be administered. In recent clinical trials, the dose of dexrazoxane was 1000
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Figure 5.1. Reaction scheme for the hydrolysis of dexrazoxane (ICRF-187, A) to its one-fing
open intermediates (B and C), and its final hydrolysis product, ADR-925 (D). At constant
pH, the reactions shown are pseudo-first-order, described by the rate constants &;, £, £sp,
and kcp.
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mg/m? body surface area [88], although it has been documented that doses above 600 mg/m*
cause myelosuppression [100]. This is a serious side effect, especially since doxorubicin, with
which dexrazoxane is administered, also causes myelosuppression. The development of an
analog which hydrolyzes faster may allow lower doses to be administered, resulting in an
improved therapeutic index. An analog with a two- to five-fold increase in the pH-dependent
hydrolysis rate constant would produce significantly more chelating species. Such a moderate
increase in hydrolysis rate would still permit distribution of the drug throughout the body
tissues, since the hydrolysis rate constant would not exceed the distribution rate constant
(approximately 1.4 h™ [100]).

The objective of this study is to develop a quantitative structure-activity relationship
between imide hydrolysis rate and molecular modelling parameters. An equation which
predicts the hydrolysis rates of imides based on their theoretical structures will direct the
synthesis of new analogs of dexrazoxane with faster hydrolysis rates. The hydrolysis reactions
of a series of model imides will be characterized, and their structures will be optimized by
molecular modelling algorithms, from which descriptors of their properties will be extracted.
Equations describing imide hydrolysis in terms of these descriptors will be identified by
multiple linear regression analysis, and the hydrolysis rates of a series of analogs of
dexrazoxane will be predicted. Those with a two- to five-fold increase in hydrolysis rate will

be identified as target compounds.
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5.2 Mechanism of imide hydrolysis

The hydrolysis of imides occurs with the addition of water across one of the two
C(carbonyl)-N bonds, via a base-catalyzed mechanism which follows pseudo-first-order
kinetics at constant pH [173]. Studies of the pH dependence of imide hydrolysis [117, 120,
121, 174, 175] have demonstrated that, between pH values of approximately 7-13, the
overall reaction depends on the concentrations of hydroxide ion and the fraction of the imide
which is in its neutral form, as shown in Figure 5.2. Non-N-substituted imides are
deprotonated at high pH, as has been shown for dexrazoxane [117]. The increased negative
charge on the imide anion is, presumably, inductively and conjugatively distributed over the
atoms of the functional group, thereby reducing its reactivity toward the negatively charged
hydroxide ion. As a result, the pseudo-first-order rate constant describing imide hydrolysis
reaches a limiting value; with increasing pH, the concentration of hydroxide ion increases and
the concentration of neutral imide decreases. A similar pH dependence is expected for all
imides in the data set which are not MV-substituted. Base-catalyzed imide hydrolysis is thought
to proceed via a tetrahedral intermediate, as shown in Figure 5.3.

While their mechanism of hydrolysis is similar, the N-substituted imides may be
expected to have a simpler dependence on pH. Since they do not have a proton which
dissociates, hydrolysis is first order in each of the involved species, hydroxide ion and imide,
as has been shown for substituted maleimides [176, 177].

Some qualitative structure-activity studies have been reported [120, 177]. Electron-
releasing N-substituents of maleimides have been shown to stabilize imides, reducing their

hydrolysis rates [177]. The electron-withdrawing effect of the tertiary amine nitrogen atoms
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Figure 5.2. Scheme of hydroxide-ion-catalyzed imide hydrolysis in the pH
range 8-13.
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of bisdioxopiperazines on pK, and hydrolysis rate has been described in detail [120]. Both of
these studies reflect the electronic effects of substituents near the imide functional group, and

are consistent with their expected effects.

5.3 Kinetic analysis of imide hydrolysis
5.3.1 Materials

Diacetamide, N-methyldiacetamide, N-methylbis(trifluorodiacetamide), succinimide,
N-methylsuccinimide, N-2,6-xylylsuccinimide, maleimide, N-methylmaleimide, N-
ethylmaleimide, N-phenylmaleimide, N-4-chlorophenylmaleimide, N-3,4-xylylmaleimide,
phthalimide, 1,2,3,6-tetrahydrophthalimide, 3,4,5,6-tetrachlorophthalimide, adipimide, and
glutarimide (Figure 5.4) were obtained from Aldrich (Milwaukee, WI). Dexrazoxane (ICRF-
187) and ICRF-154 (Figure 5.5) were gifts from A. M. Creighton. LYZ 17B, LYZ 19, LYZ
2,LYZ 8, and LYZ 22, synthesized in our laboratory by Yangzhi Ling, and BLPD B2, BLPD
E1, BLPD TTHA, and BLPD G2A, synthesized in our laboratory by Bin Ling, are shown in
Figure 5.6. The synthesis of ICRF-193 (Figure 5.5) is described in Section 5.3.2. The set of
imides represents a variety of structures, including acyclic, five-, six-, and seven-membered
rings, saturated and unsaturated, AN-substituted and non-N-substituted, and nine
bisdioxopiperazines, dexrazoxane analogs. Buffers were prepared using KCl (optical grade,
Aldrich, Milwaukee, WI), and volumetric solutions of ammonium hydroxide (Aldrich), and

KOH (Mallinkrodt, Paris, KY). All other materials were of the highest grade available.
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Figure 5.4. Structures of the imides purchased from Aldrich.
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Figure 5.5. Structures of dexrazoxane and two of its analogs.

121



0
HN N — N NH
o> \‘0 oj :‘o
LYZ 8
R O
B ANANAL S m W
o N NH v \CONHz
LYZ 2 $ O
< 0 LYZ 17B
O7 (0 0 6]
HN N N NH HN: N N NH
L X
OH 0 Y 4
BLPD G2A LYZ 22
o)
—~< 0
N <o Ny NH
)
L o
o N © pLeDB2 LYZ 19
o 0 0 0
HN NH HN NH
OJ\/N\ IN\/LO OJ\/N\ IN\/LO
N N
k",oa
BLPD TTHA BLPD E1l
0
9
0 N"0
H

Figure 5.6. Structures of imides synthesized in our laboratory.
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5.3.2 Synthesis of ICRF-193

ICRF-193 was synthesized in three steps, as shown in Figure 5.7. Dimethylglyoxime
was reduced to butane-2,3-diamine as previously described [178]. Dimethylglyoxime (23.21
g) was dissolved in basic solution (74.31 g NaOH in 600 mL water). Raney nickel (49.6 g)
was added in small portions such that the temperature remained at approximately 50 °C.
Once all gas had evolved, the flask was stoppered. The temperature was maintained at 50 °C
overnight. Amines and water were distilled from the reaction mixture, and the pH was then
reduced to approximately 1 with concentrated HCl. The water was evaporated, and the
residue washed with two 50 mL aliquots of methanol, yielding 63 g of a white solid.
Separation of the meso diastereomer from the racemate was achieved by successive
extractions with methanol [179]. Specifically, the solid was refluxed in 100 mL methanol, and
the solution was cooled and filtered to yield 3.93 g white solid with a melting point of 234-
255 °C, corresponding to that of the racemate [179]. This extraction process was repeated
twice more, with 100 mL and 300 mL methanol. The remaining 5.0 g completely dissolved
when refluxed in 250 mL methanol and 6 mL water. On concentration to 100 mL, this cooled
solution yielded 3.04 g white solid, with a melting point of 318-322 °C, corresponding to the
previously determined value of 325 °C for the pure meso diastereomer of butane-2,3-diamine
dihydrochloride [61]. Melting points were measured on an Electrothermal capillary melting
point apparatus (England) and are uncorrected. The overall yield was 17%. No attempt was
made to isolate the meso diamine from any of the remaining solutions from the extraction
process. The 'H-NMR spectrum of this compound is shown in Figure 5.8; (D,O) & 3.7 (1H,

m), & 1.4 (3H, dd). The 'H-NMR spectra were recorded on a Bruker AM-300 instrument,

123



HON NOH

Raney NYNaOH, 50 °C

HN  NH,

VAN

CICH,CO,H/NaOH

HOOC  COOH
Hooc » {(  COoH
N N

H HCONH,, 140 °C

H

Figure 5.7. Synthetic scheme for ICRF-193.
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using tetramethylsilane and sodium 3-(trimethylsilyl}-propanesulfonate as internal standards
in DMSO and D,0, respectively.

Meso-2,3-butanediaminetetraacetic acid was synthesized as previously described
[180], with 2 more equivalents of NaOH to titrate the amine dihydrochloride, as described
[61]. NaOH (11.2 g) was dissolved in water (20 mL), cooled in an ice bath, and added
dropwise to a cooled solution of chloroacetic acid (11.26 g) dissolved in water (6 mL), such
that the temperature did not exceed 20 °C. The amine (3.22 g) was added, and the solution
was stirred until homogeneous. The mixture was left at room temperature for 5 days, acidified
to approximately pH 1 with HCI, cooled, and filtered to remove NaCl. The filtrate was
evaporated to 20 mL, cooled, and filtered to yield 5.5 g of a white solid. This product was
purified by ion exchange chromatography using 75 mL (dry volume) Dowex 50W-X8 resin
(J. T. Baker Chemical Co., Phillipsburg, NJ). The column was prepared by washing first with
3 M HCI (150 mL), and then with boiling water (1 L). The product was loaded in 40 mL
water, and eluted, first with cool water (600 mL) and then with boiling water. Ten fractions
of approximately 150-200 mL were collected, and evaporated to approximately 20 mL. The
fraction in which there was a precipitate was filtered, and recrystallized from boiling water
(300 mL) to yield 2.1 g white solid, m. p. 153-156 °C, which agrees with the previously
determined value of 144 °C [61]. The overall yield was 18%. The 'H-NMR spectrum of this
compound is shown in Figure 5.9; (DMSO) 6 3.3 (4H, dd) 6 2.7 (1H, s) 8 1.0 (3H, d).

The tetraacetic acid derivative was cyclized to ICRF-193 as previously described [61].
Formamide (2 mL) and meso-2,3-butanediaminetetraacetic acid (0.50 g) were vacuum-

distilled for one hour at 110 °C to remove traces of water. The temperature was raised to 140
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°C, and the solution was refluxed for four hours. Acetone was added to the cooled solution
until it became turbid (approximately 8 mL), and the mixture was left overnight at -20 °C.
Small, beige crystals (95 mg) were obtained, m. p. 300-306 °C. The crystals were
recrystallized from DMSO (2.5 mL) and acetone (6 mL, added dropwise until turbid) [181].
The cooled solution was filtered, to yield 40 mg nearly white solid, m. p. 318-320 °C (9%
overall yield). Further attempts to crystallize ICRF-193 from the mother liquor were not
made. The '"H-NMR spectrum of this compound is shown in Figure 5.10; (DMSQO) & 11.0

(1H, s) 6 3.3 (4H, dd) 6 2.5 (1H, dd) & (3H, d).

5.3.3 Methods

The hydrolysis rates of the imides shown in Figures 5.4-5.6 were measured
spectrophotometrically in 1 cm stoppered silica cells on a Cary 1 spectrophotometer (Varian,
Mulgrave, Australia), equipped with a constant temperature bath, at 25 °C in 50 mM
ammonia buffer and sodium hydroxide solutions over a pH range of approximately 8 to 13.2.
The ionic strength was maintained at 150 mM with KCl. Below pH 11.1, reactions were
carried out in ammonia buffer, and the pH was measured immediately following each
experiment. Above pH 11.1, reactions were carried out in KOH solutions, and the pH was
calculated from the amount of KOH added. Since many of the imides in this study were
sparingly soluble in water, stock solutions were made in ethanol or DMSO, such that the final
concentration of co-solvent remained less than 1%, and the final concentration of imide was
100 uM. Reactions were initiated by the addition of imide to the buffer. The first-order

decrease in absorbance was observed at approximately 210 nm, corresponding to a decrease
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in the concentration of the imide, or at 230 nm, corresponding to a decrease in the
concentration of the imide anion. Data were analyzed using Cary 1/3E software, version 3

(Varian, Mulgrave, Australia) and Sigmaplot 5.0 for DOS (Jandel Scientific, San Rafael, CA).

5.3.4 pH dependence of N-substituted imides

Imides hydrolyze via base-catalyzed nucleophilic attack. On incubation with NaOH,
a decrease in absorbance characteristic of imide hydrolysis [117] was observed. Absorbance-
time data in the far UV range, following the first order disappearance of imide, were recorded
for N-methylbis(trifluorodiacetamide), AN-methylmaleimide, N-phenylmaleimide, N-4-
chlorophenylmaleimide, and N-3,4-xylylmaleimide. Data for N-methylmaleimide are shown
in Figure 5.11. For N-methyldiacetamide, N-methylsuccinimide, N-2,6-xylylsuccinimide, and
N-ethylmaleimide, the imides which hydrolyzed sufficiently slowly, spectra within the
wavelength range of 190 to 300 nm were recorded at fixed time intervals. Data for N-
methylsuccinimide are shown in Figure 5.12a, from which single-wavelength data were
obtained (Figure 5.12b). Regardless of the method of data collection, the single-wavelength

data were fitted to an exponential equation:

A - Ampe™ . 4, (5.1)

in which 4 and A4 are the absorbances at time ¢ and infinity, respectively, &, is the pseudo-
first-order rate constant, and Amp is the amplitude of the absorbance change. &, varied
linearly with hydroxide-ion concentration in the case of N-substituted imides (Figures 5.13-

5.16). Weighted data were fitted to a linear equation:
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Figure 5.11. Absorbance-time data for N-methylmaleimide, at 220 nm, measured at 25 °C at pH
values of 10.19, 9.99, 10.30, 10.45, and 10.66 (in order of increasing absorbance at time zero), in
ammonia buffer. [onic strength was maintained at 150 mM.
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by = [OH]  (5.2)

in which £, is a second order rate constant, describing the dependence of imide hydrolysis on
the hydroxide ion and imide concentrations for all N-substituted imides, except N-
methylsuccinimide (Figure 5.17). Since these data were not well described by Equation 5.2,
it was modified by the addition of a quadratic term, &£;/OH’]*. The calculated value of &; for
these imides was 6900 ® 1400 M™ The addition of a constant term to Equation 5.2,
corresponding to nucleophilic attack by water, did not significantly improve the fits to the rate
constant data for any of the N-substituted imides, and the fitting errors on this parameter were
large, indicating that it was poorly defined. If water can act as a nucleophile toward N-
substituted imides, its contribution to &, was too small to be detected over the pH range

studied. Calculated values of &, obtained from Equation 5.2 are listed in Table 5.1.

3.3.5 pH dependence of hydrolysis of non-N-substituted imides

Similar to the N-substituted imides, non-N-substituted imides have a characteristic
absorbance peak at approximately 210 nm, as has been shown for dexrazoxane [117]. Ata
pH of approximately 10, the imide proton dissociates, causing a shift of this peak to a longer
wavelength. The maximum absorbance of the deprotonated imide occurs at 227 nm for
dexrazoxane [117].

Single-wavelength data were recorded for phthalimide, 3,4,5,6-tetrachlorophthalimide,
adipimide, and glutarimide. Data for glutarimide are shown in Figure 5.18. For the imides

which hydrolyzed sufficiently slowly, spectra were recorded at fixed time intervals, from

137



2.5

. -1
kObs (min )

05 r

L L

0.000 0.005 0.010 0.015 0.020
[OH] (M)

Figure 5.17. Hydroxide ion dependence of hydrolysis of N-methylsuccinimide at 25 °C in
NaOH solutions. Experimental data (@) were fitted to a weighted quadratic equation: &, =
k,[OH] + k,{OH']? (line). Hydrolysis rates were studied in NaOH solutions. Ionic strength

was maintained at 150 mM with KCL
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Table 5.1. Kinetic and static parameters describing base-catalyzed hydrolysis of imides.?

Imide k,® pK,* PK.* Amp__ °
(min' M") (kinetic) (static)

diacetamide 649602 12.77#0.01 12.73£0.2 10910 = 4000
N-methyl-" 77495 - - -
N-methylbis(trifluoro-") 42.03 =2 - - -
succinimide 54809 10.86+0.089.633+0.3 16430 £ 232
N-methyl-" 14144 - - -
N-2,6-xylyl-" 30671 - - -
maleimide 1689 =200 10.41 =0.06 - -
N-methyl-" 3228 =300 - - --
N-ethyl-" 1437 + 200 - - -
N-phenyl-" 10560 = 200 - - -
N-3,4-xylyl-" 7272 £ 100 - - -
N-4-chlorophenyl-" 16650 = 300 - - -
phthalimide 560.4+3 10.08 £ 1 - -
adipimide 150.5«3 11.41 £0.05 11.50 £ 0.06 -
glutarimide 91.02+8 12.01+0.05 12.00+0.08 -
ICRF-154 1252+£20 10.10+0.09 10.08 £0.03 13010=200
ICRF-193 220.1%30 10.41£0.07 1048 +£0.05 11460300
LYZ 17B 3224+£30 10.10+0.06 10.06 0.1 7319 =600
LYZ 19 88.19+20 990+0.1 103201 18540=500
LYZ 2 65.01£10 10.02£0.08 10.14+0.07 13650 =500
LYZ 8 115.7+£30 9.787+0.09 10.16 £0.07 13080 =500
LYZ 22 151.3£30 10.06+0.1 10.45%£0.04 14710=300
BLPD B2 199230 1020+0.08 10.53+£0.08 9518 =600
BLPD G2A 2803 £300 10.24 £0.05 10.45+0.05 12480=400
dexrazoxane! 51.23 £6 1047+0.06 10.44+0.08 17960 = 600
1,2,3,6-tetrahydrophthalimide 0.4714 £0.08 11.61 = 0.08 - -
3,4,5,6-tetrachlorophthalimide  1.407 £ 0.06 - - -
BLPDE1 66916 1043+0.1 10.06+x0.07 13580=500
TTHA 273.2+£2 - - -

* Experimental conditions are described in Section 5.3.3.
® Calculated from Equations 5.2 and 5.5 for N-substituted and non-substituted imides,
respectively. Errors are standard errors of the mean from non-linear least squares curve

fitting,

¢ Calculated from Equation 5.6. Errors are standard errors of the mean from non-linear
least squares curve fitting. Data were measured at 240 nm, except for diacetamide and

succinimide, which were measured at 239 and 220 nm, respectively.
4 Since dexrazoxane is asymmetrical, the rate constant measured is a composite of &, and

k,c, defined in Figure 5.1.
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Figure 5.18. Absorbance-time data for glutarimide at 239 nm, at 25 °C, measured at pH
values of 12.73, 12.57, 12.51, 12.12, 11.72, and 11.20 (in order of decreasing absorbance at
time zero), in NaOH solutions. Ionic strength was maintained at 150 mM with KCL
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which single wavelength data were obtained. Data for diacetamide, maleimide, adipimide,
glutarimide, and 1,2,3,6-tetrahydrophthalimide were collected by this method. Spectral data,
and the single wavelength data derived from it, are shown in Figure 5.19 for diacetamide.
Regardless of the method of data collection, the single wavelength data were fitted to
Equation 5.1, to give a determination of &, at each pH.

The one-ring open intermediates of dexrazoxane do not hydrolyze at the same rates
as dexrazoxane. Hydrolysis rates of B and C, described by %,, and k., are approximately
twice as fast as the corresponding hydrolysis steps of dexrazoxane, described by &, and 4 ,,
respectively (Table 4.1). Since the kinetics of complete bis-imide hydrolysis may therefore be
too complicated to study spectrophotometrically, only the first hydrolysis reaction was
characterized. For succinimide, due to its slow hydrolysis rate, and for all bis-imides, including
ICRF-154, ICRF-193, LYZ 17B, LYZ 19, LYZ 2, LYZ 22, and BLPD B2, the pseudo-first-
order rate constants describing imide hydrolysis were determined by initial rates. By using this
method for the bis-imides, only the first hydrolysis reaction was observed, without a
significant contribution from the second. Thus, for all bis-imides, the kinetic data reported
describe only the first hydrolysis step (i. e. the opening of the first ring). Under initial rate
conditions,

A=-11-4, (53)
in which 4 and A, are the absorbances at time ¢ and time zero, respectively, and V, is the
initial rate, expressed in absorbance units/min.

The absorbance of imides varies with pH, while the absorbance of the hydrolysis

products did not. Thus, either the amplitude of the reaction or the absorbance at time zero
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must be determined for each data point for conversion of the initial rate data from units of
absorbance to units of concentration. After collecting the initial rate data, solutions were
heated to 50 °C to accelerate the hydrolysis reactions. When the absorbance changes were
complete (4-24 h), solutions were returned to 25 °C, and the final absorbances were
measured. Data for ICRF-154 are shown in Figure 5.20. Data for adipimide and glutarimide
were analyzed using the absorbance of the solutions at time zero. All other imides were
analyzed using the amplitudes of the observed absorbance changes. Initial rates were

converted to units of pM/min using Beer's law, and to £, by

VO
kob: = F
0

(5.4)

in which C,, is the initial concentration of imide. The £, data describing the pH dependence
of non-N-substituted imide hydrolysis are shown in Figures 5.21-5.38. The wavelengths at
which each imide was analyzed are reported in the figure captions. Over the pH range used
in this study, £, increased sigmoidally, with an inflection point corresponding to the pK, of
the imide functional group, with the exceptions of BLPD TTHA and 3,4,5,6-
tetrachlorophthalimide, for which the relationship of &, to hydroxide ion was linear. It has
been previously shown for maleimide [182], succinimide [122] and ethosuximide [123] that
the imide anion, being less electrophilic than the protonated species, is resistant to
nucleophilic attack by hydroxide ion in the pH range of interest in this study. A scheme for

the base-catalyzed hydrolysis of imides is shown in Figure 5.2, from which the following

equation was derived (Appendix):
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Figure 5.20. Initial rate data for ICRF-154. Absorbance data were collected at 25 °C and 240
nm in ammonia buffer, at pH values of 11.15, 10.69, 10.42, 10.14, and 9.24, from top to
bottom. Ionic strength was maintianed at 150 mM with KCI. Absorbance values near 0.2,
corresponding to 100% reaction, which were recorded after the solutions were incubated at
S0 °C, are also shown.
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Figure 5.27. pH dependence of hydrolysis of LYZ 2 at 25 °C in ammonia buffer and NaOl1 solutions. Experimental measurements (@)

of a) &, and b) Amplitude of the absorbance change, both measured at 240 nm, are shown with their least squares fits (lines) to Equations
5.5 and 5.6, respectively.
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Figure 5.32. pH dependence of hydrolysis of BLPD E1 at 25 °C in ammonia buffer and NaOll solutions. Experimental measurements (@)

of a) k,, and b) Amplitude of the absorbance change, both measured at 240 nm, are shown with their least squares fits (lines) to Equations
5.5 and 5.6, respectively.
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Amplitude of the absorbance change, both measured at 240 nm. Since a pK, was not observed aver the pH range studied, data were fitted
to weighted linear equations (lines) with and without a y-intercept term, respectively,
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. kJOH]

obs Ka
.l
H]

(3.5

in which K is the acid dissociation constant for the imide proton, and &, is a second-order rate
constant, describing the dependence of imide hydrolysis on the hydroxide ion and imide
concentrations. Values of &, and pK are listed in Table S.1.

For all the non-N-substituted imides, Equation 5.5 adequately described the data,
confirming the reaction scheme shown in Figure 5.2. If nucleophilic attack by water also
occurs, its contribution to &, is smail enough to be undetectable in these experiments. When
a constant term was included in Equation 5.5, representing hydrolysis due to nucleophilic
attack by water, the fitting errors on this parameter were large, indicating that this parameter
was poorly defined, with the exception of dexrazoxane, for which water-catalyzed hydrolysis
has been described in detail [120]. The experimental difficulties which prevented the study of
imide hydrolysis at lower pH include low water solubility and very slow hydrolysis rates of
imides below the pX, As pH decreases below the pK, the fraction of the imide present as the
anion decreases. When the absorbance of the imide peak becomes too small, measurement of
the absorbance changes at this wavelength is no longer possible. Due to the high background
absorbance of the buffer at shorter wavelengths, it is not possible to measure the absorbance
of the neutrally charged imide directly.

Due to the shift of the absorbance maximum on imide deprotonation, a static
determination of the imide pK, can be made. The pH-dependent changes in amplitude at the

wavelengths analyzed for each imide were consistent with a scheme in which the absorbance
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of the imide anion is much greater than that of the protonated species, as has been shown at

227 nm for dexrazoxane [117]. The amplitude data were fitted to an equation derived from

this scheme (Appendix),

Amp_ K

. Cm=ls . (56)
H] - K,

Amp

in which Amp is the amplitude at a given pH, Amp,, . is the maximum amplitude from the

kinetic study, and C is the absorbance of the completely hydrolyzed species.

5.3.6 Discussion of kinetic results

The values of Amp,,,, determined from Equation 5.6 at 239 or 240 nm for all non-N-
substituted imides except succinimide (Table 5.1), fell within a narrow range, indicating that
this parameter is not greatly affected by changes in the structural environment of the imide.
It was expected, but not observed, that the bis-imides would have values of Amp,,.,
approximately two-fold larger than those of the mono-imides.

The kinetically and statically determined pK, values did not agree well for a number
of the imides in the series: succinimide, LYZ 8, LYZ 19, LYZ 22, BLPD E1, BLPD G2A,
and BLPD B2. The pK, of succinimide has been reported as 9.6 (measured potentiometrically
at 25 °C, ionic strength 0.01) {183] and 10.5 (measured kinetically at 25 °C in 0.05 M
NaQOH) [184], which agree well with the statically (9.6 £ 0.3) and kinetically (10.9 + 0.08)
determined values of pK,, in this study. Thus, the kinetically determined values of pK_, which

describe the hydrolysis reaction, may not depend solely on the microscopic pK, values of
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these imides. The pK|, values for glutarimide (determined potentiometrically at 25 °C) [185]
and dexrazoxane (determined spectrophotometrically at 25 °C and ionic strength = 0.5) [120]
were higher than in previous determinations, perhaps for the same reason. Since it is the
kinetic determination of pX, which, with &,, quantitatively describes the pH dependence of
imide hydrolysis, the kinetically determined values of pK, will be used for the statistical
analysis.

The pH range over which kinetic data were measured for diacetamide was not optimal
for kinetic analysis. Because of its high pK,, very few data points characterize the region
above this pH. However, due to the excellent agreement of the determination of the pK,
(12.8) with the value of 12.9 (determined kinetically at 25 °C) reported previously [174], it
was concluded that the data had been collected over a sufficient range to permit accurate
determination of the kinetic parameters, 4, and pK,. Thus, data for diacetamide were included
in the kinetic analysis.

The results of kinetic analysis of hydrolysis of imides, listed in Table 5.1, reveal trends
in pK, and k. with structure. The imides in the series can be compared to determine the effects
of ring size, unsaturation, N-substitution, and other structural variations on imide hydrolysis.

Any differences in pK, and 4, between glutarimide and diacetamide are likely to be due
to steric effects, since the electronic effects of the additional methylene group of glutarimide
should be minimal. The &, of glutarimide was 1.4 times larger than that of diacetamide, and
the pK, of glutarimide was 0.7 pH units lower than that of diacetamide, indicating the minimal
effect of a six-membered ring on imide hydrolysis. The differences in both of these parameters

suggest a small destabilization of glutarimide, which may be explained by the rigidity imposed
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on the imide functional group by its six-membered ring. In the solid state, diacetamide prefers
an £,Z conformation about the carbon-nitrogen bonds [186], through which it minimizes
steric and electronic strain by keeping the bulky methyl groups and the electron-rich carbonyl
oxygen atoms as far apart as possible. Thus, deprotonation, which increases the electron
density on the two oxygen atoms, is more favored for diacetamide than for glutarimide, which
must maintain an £,E conformation. Diacetamide may also deviate from a planar
conformation to further relieve strain, while glutarimide, presumably, is more rigid. Another
kinetic study on the relative hydrolysis rates of imides reported that the N-methyl derivatives
of diacetamide and glutarimide also hydrolyzed at similar rates [187]. Adipimide, a seven-
membered ring, had a 4, 1.7 times higher than that of glutarimide, which is consistent with the
observation that stability decreases with increasing ring size.

In agreement with previous predictions tha£ the stabilities of five-membered rings
containing exo double bonds are greater than their six-membered analogs [188], the 4. of
succinimide was approximately 17 and 12 times lower than those of glutarimide and
diacetamide. A previous study reported a ten-fold decrease in the hydrolysis rate of N-
methylsuccinimide relative to N-methyldiacetamide [187], which is in good agreement with
the six-fold difference observed in this study. It was determined [188] that the exo double
bonds decreased the number of bond oppositions, and therefore ring strain, in five-membered
rings, which should apply especially to five-membered cyclic imides, due to their planarity.
The £, of 1,2,3,6-tetrahydrophthalimide, which may be considered an analog of succinimide,
was 12 times lower than that of succinimide. The fused ring must confer additional stability

to the molecule, which overcomes any increase in strain caused by steric factors.
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Values for phthalimide of 560 £ 3 M™ min and 10.1 ® 1 for the kinetic parameters,
k; and pK_, are in excellent agreement with previously reported determinations of 684 M
min™ and 10.2 (determined at 25 °C in 10% aqueous ethanol) [175]. Phthalimide and
maleimide, both of which are unsaturated imides, had high values of &, relative to the rest of
the imides in the series, although the &, of phthalimide was three times lower than that of
maleimide. This is unlikely to be due to steric effects, since both of these imides may be
expected to be rigidly planar, to maximize electron delocalization. The benzene ring of
phthalimide may donate electrons to the imide ring, increasing the electron density of the
imide functional group, making it less attractive to the negatively charged nucleophile,
hydroxide ion. By the same argument, the analog of phthalimide, 3.4,5,6-
tetrachlorophthalimide, is expected to hydrolyze significantly faster than phthalimide, due to
the strong electron-withdrawing effect of the four chlorine atoms. However, 3,4,5,6-
tetrachlorophthalimide has a k, 400 times lower than that of phthalimide.

Maleimide hydrolyzed 300 times faster than its saturated analog. succinimide.
Although the overall geometry of these imides is similar, it may be expected that maleimide
may have additional ring strain, both due to the rigidity required for maximal electron
delocalization of the ring, and to the larger number of in-plane steric interactions of the
substituents of the five-membered ring oppositions for maleimide (five) as compared to
succinimide (four) {188].

The bisdioxopiperazines have similar values of &, and pK,, indicating that, in this
series, structural features outside the dioxopiperazine ring have little influence on the

geometric and electronic properties of the imide functional group, as previously observed for
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a series of bisdioxopoiperazines [189]. Both of these parameters, however, are quite different
between the bisdioxopiperazines and glutarimide, their carbon isostere. The tertiary nitrogen
atom decreases the pK, of the imide group without significantly affecting &,. The effect on pK,,
must be due to the electron-withdrawing effect of the nitrogen atom, as is it unlikely that
substitution of nitrogen for carbon would result in a significant change in ring strain.
Effects of M-substituents on the hydrolysis rates of imides are also observed. N-methyl
groups on diacetamide, succinimide, and maleimide increase &, by a factor of approximately
two. This small effect may be due to the expected increase in steric strain by the substitution
of a small group, the hydrogen atom, with a somewhat larger methyl group. In the case of the
maleimides, for which a variety of N-substituted imides were studied, it can be seen that &,
increases with the electron-withdrawing properties of the imide, /. e. in the order N-ethyl =
N-methyl < N-3,4-xylyl < N-phenyl < N-4-chlorophenyl. o, parameters, calculated from pX,
values of the corresponding «-substituted acetic acids, are known for each of these
substituents [190]. The log &, vs. o, data were fitted to a linear equation with a slope of 5.0
+ 1.6. Thus, the N-substituent is able to withdraw electrons from the imide group, thereby

increasing its reactivity toward hydroxide ion.

5.4 Molecular Modelling

S.4.1 Introduction
Imides hydrolyze via a B,.* mechanism [191]. This classification denotes second-

order, base-catalyzed acyl cleavage. Thus, it is expected that the products of imide hydrolysis
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will be a carboxylic acid and an amide, due to the addition of water across the C(carbonyl)-N
bond, and that hydrolysis will depend on the concentrations of the nucleophile (hydroxide ion)
and the imide. Imide hydrolysis is analogous to ester and amide hydrolysis, all of which
hydrolyze by a similar, two-step mechanism (Figure S.3). In the first step, hydroxide ion
attacks the electrophilic carbonyl carbon atom, reversibly producing an intermediate with a
tetrahedral sp* carbon atom. The second step involves the decomposition of the tetrahedral
intermediate, during which the C-N bond is broken. At neutral pH, the expected products are
a carboxylate and an amide.

The base-promoted hydrolysis rates of imides depend on geometric and electronic
factors, which determine their reactivities as electrophiles toward hydroxide ion. Since
hydrolysis begins with the attack of the carbonyl carbon atom of the imide by hydroxide ion,
this atom and its environment are of great significance. Since the hydroxide ion must first
attack the carbonyl carbon atom, the charge on this atom, and those surrounding it, may
influence hydrolysis rate. It is expected that the hydrolysis rate constant will increase with the
positive charge on the imide functional group. Bond lengths depend on the interaction
between the atoms; as the strength of the interaction increases, bond length decreases. The
length of the C-N bond, which is broken during hydrolysis, may reflect the hydrolysis rate.
The n electrons of the imide functional group are delocalized, as is the case for amides. Thus,
it is expected that deviations from planarity of the atoms in the imide functional group will
reduce the electron delocalization and stability, increasing their susceptibility to nucleophilic
attack. According to frontier molecular orbital theory, the LUMO (lowest unoccupied

molecular orbital) of the imide will accept electrons from the nucleophile, hydroxide ion,
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during the first step of imide hydrolysis. The lower the energy of this orbital, the more
favorable will be the production of the tetrahedral intermediate, and therefore, the faster will
be the hydrolysis rate. Many of the imides in the data set are cyclic. Thus, ring strain may also
be a factor in the relative hydrolysis rates of these imides. The greater the deviations of bond
lengths and angles from their optimum (unstrained) values, the faster the imide group may
hydrolyze to relieve this strain. These and other factors were examined by extraction of
estimates of atomic charges, frontier molecular orbital energies, bond lengths and angles, and
other descriptors from the geometry-optimized structures of the imides in the data set.

The most useful information for prediction of imide hydrolysis rates should come from
studying the transition state of the rate-determining step in the mechanism, since the
production and decomposition of this species govern the rate of the overall reaction.
However, there is some disagreement in the literature regarding which of the two steps is
rate-determining. Studies of succinimide and diacetamide [174] and maleimides [177] have
concluded that nucleophilic attack is rate-determining, while other studies of succinimide
[121] and maleimide [192] have concluded that the collapse of the tetrahedral intermediate
is rate-determining. In either case, it may be worthwhile to examine the electronic and
geometric properties of the tetrahedral intermediate structure as well as the imide structure,
since, regardless of which step is rate-determining, it may more closely resemble the transition
state of interest. Thus, the structures of the tetrahedral intermediates, as well as those of the
imides themselves, were modelled, and similar measurements of descriptors were made, as

described for the imide structures.
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Molecular modelling produces an energy-minimized structure, i. e. a minimum-energy
conformation, with optimized geometry. Properties of the resulting energy-minimized
conformation may be calculated, such as bond lengths, orbital energies, and partial charges.
Parameters calculated from the minimized imide structures were used as independent variables
in a multiple linear regression analysis to predict &,.

Molecular mechanics (MMX) and semi-empirical (AM1) algorithms were both used
in the study, as each has its advantages. Molecular mechanics calculations are empirically
parameterized. Each parameter is based on a series of model compounds. Since molecular
mechanics methods have been adapted specifically for small molecules, and since imides are
homologous to the peptide bonds in proteins, for which these algorithms have been well
parameterized, they are likely to be suitable for geometric parameters such as bond lengths
and angles, and torsion angles. Properties which are electronic in nature, such as orbital
energies and partial charges, were more approprately calculated by semi-empirical methods,
which explicitly calculate the molecular orbitals of the electrons from the partially

parameterized Schrodinger equations.

5.4.2 Structure optimization with a molecular mechanics algorithm

For diacetamide [186], N-methylbis(trifluorodiacetamide) [193], succinimide [194],
N-ethylmaleimide [195], phthalimide [196], 1,2,3,6-tetrahydrophthalimide [197], glutarimide
[198], and ICRF-154 [199], the X-ray crystal structures are known. These structures were
used as starting points for structure optimization. The starting structures for N-

methyldiacetamide, the substituted succinimides, the remaining maleimides, 3,4,5,6-
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tetrachlorophthalimide, and the remaining dexrazoxane analogs were obtained by modification
of the crystal structures of N-methylbis(trifluorodiacetamide), succinimide, N-ethylmaleimide,
phthalimide, and ICRF-154, respectively. Two starting structures for adipimide were manually
entered, both of which had planar sp* atoms. One of these structures had one sp* carbon atom
on each side of the imide plane, while the other had both sp® carbon atoms on the same side
of the plane. The selection of the preferred conformation is discussed in Section 5.4.3.
Structure minimization by the MMX algorithm was done with PCModel (Serena
Software, Bloomington, IN), version 4.0, which uses the MMX algorithm, adapted from the
Allinger MM2 algorithm [150], on an IBM-compatible 486 computer. The diacetamides,
which are acyclic, were minimized from three starting structures, corresponding to the £, £,
E.Z, and Z Z conformations, and of the resulting minimized structures, that with the lowest-
energy was selected. For the analogs of dexrazoxane, structures with significant
conformational flexibility, optimization was attempted from multiple starting points, based on
the results of initial structure optimization. Conformations with torsion angles of the flexible
bonds rotated 0, 120, and 240° from the angles of the initial optimized structure were
minimized. When more than one optimized conformation resulted from these multiple starting
structures, that with the lowest energy was chosen as the final structure. Structures were
minimized with a dielectric constant of 1.5, as is usual. Minimization was repeated at least
three times, until the binding energy no longer decreased. Aromatic rings, and the carbon,
oxygen, and nitrogen atoms of the imide functional group were modelled as = atoms, and

minimization was performed using restricted Hartree-Fock self-consistent field calculations.
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Optimized structures of the anionic tetrahedral hydrolysis intermediates were
generated using the corresponding minimized imide structures as the starting points, and were
minimized at least three times, until the binding energy no longer decreased. No further
exploration of conformational flexibility was made for the structures of the tetrahedral
intermediates. The intermediates were modelled as mono-anions, as was done in previous
studies of esters [200] and lactams [201].

Due to the geometric restrictions of cyclic molecules, and to the stabilization of the
imide functional group due to electron delocalization, fhe optimized structures tended toward
planarity. Thus, the succinimides, maleimides, and phthalimides, which have five-membered
rings, had nearly planar conformations. Glutarimide and the dexrazoxane analogs, compounds
with six-membered imide rings, preferred a half-chair conformation, which permitted a planar
arrangement of the atoms of the imide functional group. Although N-methyldiacetamide and
N-methyibis(trifluorodiacetamide) preferred an £ £ conformation, diacetamide, with no bulky
N-substituent, preferred an £, Z conformation, which minimized steric interaction between the
two acetyl groups. Bond angles of the optimized imide structures were consistent with the
© delocalization expected of the imide functional group. The C(carbonyl)-N-C(carbonyl) and
Ca-C(carbonyl)-N angles for the acyclic and six-membered ring imides, which may be
expected to have minimal strain, were approximately 120°, consistent with partial sp*
character.

The tetrahedral hydrolysis intermediates of the five- and six-membered imides
preferred envelope and cyclohexene conformations, respectively, which retained the planar

arrangement of the sp® centers. The Ca-C(carbonyl)-N bond angles decreased, corresponding
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to the shift from sp® to sp’ hybridization. The species with five-membered rings, the
succinimides and maleimides, had angles from 100 to 104°, reflecting the Baeyer strain due
to the two remaining sp” centers. The other species had angles from 110 to 114°, consistent
with sp® hybridization. The C-N bond length increased to 1.44-1.49 A, reflecting the decrease

in electron density from the nitrogen atom, due to the loss of ® character.

5.4.3 Structure optimization with a semi-empirical algorithm

All structures were also optimized by the AM1 algorithm using Hyperchem, release
4 for Windows (Hypercube Inc., Gainesville, FL), on an IBM-compatible 486 computer. The
MMX-optimized structures obtained from PCModel were used as the starting points for semi-
empirical optimization. Structures were minimized /# vacuo, using a restricted Hartree-Fock
self-consistent field. Optimization proceeded by a Polak-Ribiére algorithm, which iterates
based on the gradients of the current and previous iterations. Since minimization until the
gradient was less than either 0.01 or 0.1 kcal/A yielded binding energies which differed only
in the seventh significant figure, the cutoff for structure optimization was set at a gradient of

0.1 kcal/A.

The structures optimized by the AM1 algorithm were qualitatively similar to those
obtained from the MMX algorithm of PCModel. The resuits of a root-mean-square (RMS)
comparison of atomic positions for the series of compounds for which MMX-optimized,
AMI-optimized, and X-ray imide structures are available are shown in Table 5.2. Since the
root-mean-square distances are generally small, and the optimized structures are intuitively

reasonable, these structures likely represent stable conformations. Although X-ray structures
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of N-methylbis(trifluorodiacetamide) and ICRF-154 were available, they were not included

in the analysis, since the optimized structures had adopted significantly different

conformations.

Table 5.2. Comparison of x-ray structures with those obtained from molecular modelling.*

Compound RMS Distance  RMS Distance RMS Distance

X-ray vs. X-ray vs. AM1I MMX vs. AM1

MMX (A) (A)
(A)

Diacetamide 0.077 0.078 0.039
Succinimide 0.078 0.050 0.067
N-Ethylmaleimide 0.056° 0.045° 0.131
Phthalimide 0.029 0.037 0.029
1,2,3,6-Tetrahydrophthalimide 0.078 0.062 0.082
Glutarimide 0.035 0.033 0.036

* Hydrogen atoms were not included in the calculations, which were done using the Compare

Structures feature of PCModel.
® The terminal carbon atom of the N-ethyl substituent was not included in the calculations.

Two energy minima were found for adipimide, both of which were qualitatively similar
to their respective starting structures (described in Section 5.4.2). In the case of the
structures optimized by the MMX algorithm, the energy of the conformation in which the two
sp’ carbon atoms are on opposite sides of the imide plane was 1.25 kcal higher than that with
the sp® atoms on opposite sides. In the case of the structures optimized by the AMI
algorithm, the energy of the former structure was 1.28 kcal lower than the latter. It was

expected that the AM1 algorithm results would be more useful, since the calculation of
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electronic parameters is more reliable, the structure with the sp* carbon atoms on opposite
sides of the imide plane was chosen for the statistical analysis.

Measurements of 80 descriptors which measure electronic and geometric properties
were made on the MMX- and AM1-optimized structures of the imides and tetrahedral
intermediates.Forty-four compound descriptors were generated by simple transformations.
Examples include the squares and absolute values of individual descriptors, which may better
describe any non-linear relationships with the dependent variables. Sums and differences of
partial charges of adjacent atoms and differences between HOMO and LUMO energies were
also included, as they may describe properties which the individual descriptors do not. For
some partial charges, bond lengths and angles, and the HOMO energy, the differences
between measurements of each imide were subtracted from that of diacetamide, and squared.
Since diacetamide is the smallest, simplest molecule in the data set, it likely represents the
least strained system. Due to their structural variations, values of the descriptors for the other
imides in the series may deviate from those of diacetamide. Thus, a measure of this deviation
may also provide useful information. A total of 124 descriptors was compiled, to be used as
independent variables in the prediction of imide hydrolysis rates. The abbreviations used to
identify each of these descriptors are defined in Table 5.3, and their values for each imide are

listed in Table 5.4.
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Table 5.3. Definitions of descriptors extracted from molecular modelling of imides.

Descriptor Structure* Algorithm® Average® Description

IZO I AM1 A Charge; carbonyl oxygen

IZC I AM1 A Charge; carbonyl! carbon

IZN I AM1 A Charge; imide nitrogen

IZR I AMI1 A Charge; imide N-substituent (sum of
charges of all atoms)

IRCO I AMI1 A Bond distance; carbonyl carbon -
carbonyl oxygen (A)

IRCN I AM1 A Bond distance; carbonyl carbon -
nitrogen (A)

IRCR I AM1 A Bond distance; carbonyl carbon - a
carbon (A)

ITOCNC I AM1 A Absolute value of torsion angle;
carbonyl oxygen-carbonyl carbon-imide
nitrogen-carbonyl carbon (°)

[PLAN I AM1 A Absolute value of torsion angle;
carbonyl oxygen-carbony! carbon-imide
nitrogen-imide R group (°)

ICCN I AM1 A Bond angle; imide nitrogen-carbonyl
carbon-a carbon (°)

IRING I AM1 A Sum of the angles in the imide ring (°)

[HOMO I AMI -~  Energy; highest occupied molecular
orbital (eV)

ILUMO I AMI1 - Energy; lowest unoccupied molecular
orbital (eV)

IDPM I AM1 - Dipole moment (Debyes)

IBIN I AM1 -- Binding energy (kcal/mol)

HF I AM1 - Heat of formation (kcal/mol)

[ELEC [ AMI1 - Electronic energy (kcal/mol)

ICORE I AM1 -~ Core-core interaction energy (kcal/mol)
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IATOM I AM1 - Isolated atom energy (kcal/mol)
ITOT I AM1 - Total energy (kcal)

1202 I AM1 A (1Zzoy

IZN2 I AM1 A (IzNy

IRCO2 I AM1 A (RCOY (A)

IRCN2 I AM1 A (IRCN)* (A%

IRCR2 I AM1 A (IRCR)® (A?)

ITOC2 I AM1 A (ITOCNC)? (*»

ICCN2 I AM1 A (ICCN) (°%

IRING2 I AM1 A (RING) (*)

[HOMO2 I AM1 —  (IHOMO)Y (eV?)

ILUMO2 I AMI - (ILUMO)® (eV?)

4+5 I AM1 --  (IZO) + (1ZC)

I5+6 I AMI - (IZC) + (IZN)

I6+7 I AM1 -  (IZN) +(IZR)

I4-5 I AM1 - (IZ0) - (IZC)

15-6 I AM1 - (IZC) - IZN)

16-7 I AM1 - (IZN) - (IZR)

115-16 I AM1 - (IHOMO) - (ILUMO) (eV)
18-9 I AM1 - (IRCO)-(IRCN) (A)

IZON I AM1 A [(IZO) - (ZO)gsetsmiac)’

IZCN I AM1 A [(ZC) - (ZC)geemiac)’

IZNN I AM1 A [(IZN) - IZN)grcemis
IRCON I AM1 A [(IRCO) - (IRCO)gemicc)’* (AY)
IRCNN I AM1 A [(IRCN) - (RCN)gcrumicc)® (A?)
IRCRN I AMI A [(IRCR) - (IRCR)geemicc]” (A%
ICCNN I AMI A [(ICCN) - (ICCN)gerariac)® (°3)
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[HOMON I AM1 ~  [(IHOMO) - (HOMO) ¢ errmisc)’ (VD

IZO- I AM1 - Charge; carbonyl oxygen (most negative
of all in molecule)

1ZC+ I AM1 - Charge; carbonyl carbon (most positive
of all in molecule)

IZN- I AM1 - Charge; imide nitrogen (most negative
of all in molecule)

IRCOL I AM1 -~ Bond length; carbonyl carbon - carbonyl
oxygen (longest of all in molecule) (A)

IRCNL I AM1 - Bond length; carbonyl carbon-imide
nitrogen (longest of all in molecule) (A)

IRCRL I AMI1 - Bond length; carbonyl carbon-a carbon
(longest of all in molecule) (A)

TZO- T AM]1 - Charge; unprotonated oxyvgen on
tetrahedral carbon

TZO T AM1 - Charge; protonated oxygen on
tetrahedral carbon

TZ=0 T AM1 - Charge; intact carbonyl oxygen

TZC T AMI1 - Charge; tetrahedral carbon

TZN T AM1 - Charge; imide nitrogen

TZR T AMI - Charge; imide MV-substituent (sum of
charges of all atoms)

TRCO T AM1 --  Bond length,; tetrahedral carbon-
protonated oxygen (A)

TRCO- T AMI1 - Bond length; tetrahedral carbon-
unprotonated oxygen (A)

TRCN T AMI - Bond length; tetrahedral carbon-
nitrogen (A)

TRCR T AM1 - Bond length; tetrahedral carbon-a
carbon (A)

TRING T AM1 - Sum of angles in ring (°)
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TCCN T AM1 - Bond angle; nitrogen-tetrahedral
carbon-a carbon (°)

THOMO T AMI1 - Energy; highest occupied molecular
orbital (eV)

TLUMO T AM1 - Energy; lowest unoccupied molecular
orbital (eV)

TDPM T AM1 - Dipole moment (Debyes)

TBIN T AMI - Binding energy (kcal/mole)

THF T AM1 - Heat of formation (kcal/mole)

TELEC T AM]1 - Electronic energy (kcal/mole)

TCORE T AM1 - Core-core interaction energy
(kcal/mole)

TATOM T AM1 - Isolated atom energy (kcal/mole)

TRCO2 T AM1 —~  (TRCO)* (AY)

TRCO-2 T AM1 —  (TRCO-)* (A

TRCN2 T AM1 - (TRCN)* (A

TRCR2 T AM1 - (TRCR) (AY

TCCN2 T AMI1 - (TCCN)® (°?)

T4+7 T AM1 - (TZO-) +(TZC)

T4-7 T AM1 - (TZO-) - (TZC)

T5+7 T AM1 - (TZO) +(TZC)

T5-7 T AMI - (TZO) - (TZC)

T7+8 T AM1 -- (TZC) +(TZN)

T7-8 T AMI - (TZC) - (TZN)

T8+9 T AM1 - (TZN) + (TZR)

T8-9 T AM1 -- (TZN) - (TZR)

T17-16 T AM1 - (THOMO) - (TLUMO) (eV)

T10-11 T AM1 - (TRCO)-(TRCO-) (A)

T10-12 T AM1 -~  (TRCO)- (TRCN) (A)
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T11-12
PIRCN

PIZR

PIRCO
PIZC
PIZN
PICCN

PITOCNC

PIRING

PIRCR

PIZO

PIPLAN

PISTR

PIBND

PITOR

PIVDW

PIDDQQ

PIDPM
PTZO-

AM1

MMX

MMX

S S

>

(TRCO-) - (TRCN) (A)

Bond length; imide nitrogen-carbonyl
carbon (A)

Charge; imide N-substituent (sum of
charges of all atoms)

Bond length; carbonyl (A)
Charge; carbonyl carbon
Charge; imide nitrogen

Bond angle; imide nitrogen-carbonyl
carbon-a carbon (°)

Torsion angle; carbonyl oxygen-
carbonyl carbon-imide nitrogen-
carbonyl carbon (°)

Sum of angles in ring (°)

Bond length; carbonyl carbon-a carbon
A

Charge; carbonyl oxygen

Absolute value of torsion angle;
| (carbonyl oxygen-carbonyl carbon-
imide nitrogen-imide R group)| (°)

Energy; strain term (kcal/mole)

Energy; bond distortion term
(kcal/mole)

Energy; torsional strain term
(kcal/mole)

Energy; van der Waals strain term
(kcal/mole)

Energy, dipole-dipole, charge-charge
interaction term (kcal/mole)

Dipole moment (Debyes)

Charge; unprotonated oxygen on
tetrahedral carbon
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PTZN T MMX —  Charge; imide nitrogen

PTZC T MMX - Charge; carbonyl carbon

PTZ=0 T MMX —  Charge; intact carbonyl oxygen

PTZR T MMX - Charge; N-substituent (sum of charges
of all atoms)

PTRCO- T MMX - Bond length; tetrahedral carbon-
unprotonated oxygen (A)

PTRCOH T MMX - Bond length; tetrahedral carbon-
protonated oxygen (A)

PTRCN T MMX - Bond length; tetrahedral carbon-
nitrogen (A)

PTRCR T MMX - Bond length; tetrahedral carbon-a
carbon (A)

PTCCN T MMX - Bond angle; nitrogen-tetrahedral
carbon-a carbon (°)

PTRING T MMX - Sum of angles in ring (°)

PTSTR T MMX - Energy; strain term (kcal/mole)

PTBND T MMX - Energy; bond distortion term
(kcal/mole)

PTTOR T MMX - Energy; torsional strain term
(kcal/mole)

PTVDW T MMX - Energy; van der Waals strain term
(kcal/mole)

PTDDQQ T MMX - Energy;, dipole-dipole, charge-charge
interaction term (kcal/mole)

PTDPM T MMX - Dipole moment (Debyes)

* Descriptors were extracted from imide structures (I) or tetrahedral intermediate
P

structures (T).

® Descriptors were extracted from structures optimized by the MMX or AM1 algorithm.
¢ Descriptors marked (A) are the averages of all like measurements on the structure. In the
cases of the bisdioxopiperazines, which have two imide rings, both rings were measured
for symmetrical structures only.
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Table 5.4. Values of log & ,, pK ,, and descriptors from molecular modelling for each imide.

diacetamide
N -methyl-"

N -methylbis(trifluoro-'")

succinimide
N -methyl-"
N-2,6-xylyl-"
maleimide
N-methyl-"
N- ethyl-"

N -phenyl-"
N-3,4-xylyl-"
N -4-chloropheny}-"
phthalimide
adipimide
glutarimide
ICRF-154
ICRF-193
LYZ 17B
LYZ 19
LYZ2

LYZ 8

LYZ 22
BLPD B2
BLPD G2A

1,2,3,6-tetrahydrophthalimide
3,4,5,6-tetrachlorophthalimide

log (k ;)

1.8130
1.8890
1.6240
0.7388
1.1504
1.4867
3.2280
3.5089
3.1575
4.0240
4.2210
3.8620
2.7485
2.1780
1.9591
2.0976
2.3430
2.5080
1.9450
1.8130
2.0633
2.2750
2.2990
3.4476

K,
12.77

120
-0.3445
-0.2900
-0.2100
-0.3090
-0.3085
-0.2980
-0.2810
-0.2810
-0.2820
-0.2720
-0.2700
-0.2730
-0.2950
-0.3350
-0.3310
-0.3238
-0.3253
-0.3190
-0.3218
-0.3250
-0.3230
-0.3260
-0.3235
-0.3228

12C
0.3140
0.3045
0.2745
0.3070
0.3065
0.3110
0.3260
0.3260
0.3250
0.3310
0.3320
03310
0.3600
03150
0.3100
0.3013
0.2995
0.3130
0.2953
0.3135
0.3140
0.3140
0.3120
0.3120

1ZN
-0.3910
~0.3570
-0.3160
-0.3930
-0.3460
-0.3050
-04110
-0.3630
-0.3590
-0.3120
-0.3130
-0.3100
-0.4030
-0.3920
-0.3800
-0.3705
-0.3710
-0.3730
-0.3745
-0.3720
-0.3720
-0.3705
-0.3720
-0.3740

IZR
0.2380
0.1680
0.2310
0.2610
0.2170
0.1480
0.1650
0.2200
0.2250
0.1330
0.1230
0.1320
0.2620
0.2490
0.2520
0.2540
0.2545
0.2560
0.2525
0.2545
0.2550
0.2550
0.2550
0.2545

IRCO

1.243
1.238
1.229
1.234
1.234
1.233
1.231
1.231
1.231
1.230
1.230
1.230
1.233
1.245
1.242
1.240
1.240
1.240
1.240
1.240
1.240
1.240
1.240
1.240
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L81

18-9
-0.15607
-0.17548
-0.17475
-0.17194
-0.17657
-0.18286
-0.18442
-0.18912
-0.18968
-0.19739
-0.19920
-0.19784
-0.18430
-0.15110
-0.15475
-0.15477
-0.15480
-0.15509
-0.15525
-0.15421
-0.15427
-0.15322
-0.15497
-0.15472

IZON
2.50E-07
0.003025
0.018225
0.001296
0.001332
0.002209
0.004096
0.004096
0.003969
0.005329
0.005625
0.005184

0.0025
1.00I:-04
0.000196
0.000452

0.00039
0.000676
0.000541

0.0004
0.000484
0.000361
0.000462
0.000495

—

1ZCN

0
9.03E-05
0.00156
4 90E-05
5.63E-05
9.00E-06
0.000144
0.000144
0.000121
0.000289
0.000324
0.000289
0.002116
1.00E-06
1.60E-05
0.000163
0.00021
1.00E-06
0.000352
2.50E-07

0

0
4.00E-06
4.00E-06

IZNN
0
0.001156
0.005625
4.00:-06
0.002025
0.007396
0.0004
0.000784
0.001024
0.006241
0.006084
0.006561
0.000144
1.00E-06
0.000121
0.00042
0.0004
0.000324
0.000272
0.000361
0.000361
0.00042
0.000361
0.000289

IRCON
2.21E-07
2.09E-05
0.000195
7.59E-05
7.30E-05
9.08E-05

0.00014
0.000136
0.000134
0.000157
0.000166
0.000157
0.000108
2.94E-06
1.18E-06
8.97E-06
8.40E-06
L13E-05
1.01E-05
1.73E-06
8 28E-06
6.79E-06
9.411-00
8.57E-06

IRCNN
2.12E-07
0.000193
1.44E-05
3 8BE-05
0.000121
0.000267
0.000243
0.000419
0.000445
0.000776
0.000859

0.0008
0.000285
1.75E-05
1.11E-05
2.74E-05
2.60E-05
2.77E-05
2.43LE-05
J.1IE-05
3.14E-05
4.08E-05
2.60E-05
2.71E-05

IRCRN
4.841:-08
2.69E-05
0.005666
0.000496
0.000476
0.000516
0.000152
0.000136
0.000142
0.000116
0.000104
0.000119
2.40E-05
3.42E-05
6.50E-05

0.00063
0.000666
0.000526
0.000979
0.000501
0.000512
0.000507
0.000622
0.000516

ICCNN
0.0000
0.0267
0.1180
86.9743
84.9807
85.6735
142.2414
139.7006
138.5447
137.4874
136.9485
136.9485
1411225
14.8610
0.0625
0.0243
0.0500
0.0026
0.0113
0.0210
0.0180
0.0586
0.0001
0.0110

IHOMON
J6E9
0.562266
0332214
0.016597
0.311665
2.882542
0.060974
0.256833
0.218668
3.421072
3.512191
4.599923
0.289971
0.025979
0.000100
1.155932
1.541250
0.317408
0.679470
0.790726
0.655161
1.480335
1.030976
0.97689S

120-
-0.344
-0.294
-0.214
-0.309
-0.310
-0.298
-0.281
-0.281
-0.282
-0.272
-0.270
-0.273
-0.295
-0.335
-0.331
-0.332
-0.333
-0.321
-0.323
-0.326
-0.324
-0.329
-0.325
-0.326
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681

TRCO

1.45512
1.43052
1.43040
1.44932
1.44768
1.44313
1.44252
1.44146
1.44349
1.43366
1.43183
1.43336
1.44206
1.45926
1.45696
1.44577
1.44572
1.45137
1.45137
1.45491

1.45514
1.44924
1.44996
1.45628

TRCO-
1.31012
1.29814
1.28640
1.30024
1.29771
1.28878
1.29968
1.29696
1.29547
1.28918
1.28802
1.28937
1.29719
1.30402
1.30391
1.29379
1.30101
1.30249
1.30319
1.30183
1.30121
1.30711
1.30942
1.30096

-

TRCN

1.50154
1.57665
1.49179
1.52710
1.54414
1.58572
1.54357
1.56059
1.55637
1.60372
1.61069
1.60359
1.54581

1.51952
1.51734
1.52725
1.50086
1.50386
1.50380
1.50171

1.50917
1.50882
1.50431
1.50428

TRCR
1.56043
1.55355
1.64465
1.57595
1.57269
1.56999
1.55858
1.55558
1.55546
1.54612
1.54428
1.54613
1.55224
1.55802
1.55771
1.58564
1.57907
1.57463
1.57340
1.57517
1.57199
1.57750
1.57688
1.57609

TRING

539.624
539.736
535.378
539.126
539.452
539.969
539.979
539.982
539.754
539.427
811.170
689.204
690.197
690.448
698.685
697.393
693.642
698.431
689.519
701.178
693.377

TCCN THOMO

108,969
106.491
105.439
103.007
102,705
101.679
100.776
100.335
100.071
99.865

99.715

99.846

100.517
109.786
109.554
107.235
109.453
109.656
110.030
108.714
108.847
109.112
110.302
108.364

-

-4.26151
-4.18874
-5.77051
-4.43531
-4.52885
-4.68023
-4.63284
-4.70095
-4.74725
-4.69278
-4.86228
-4.63352
-4.91372
-4.48852
-4.46541
-4.58741
-4.90922
-4.93285
-4.86209
-4.70422
-4.65539
-4.85822
-4.92290
-4.99541

TLUMO
591479
5.81233
433433
5.80938
5.78740
3.89202
4.57780
4.56270
4.56553
3.74098
3.42024
3.66557
3.50647
5.719935
5.76065
2.17695
2.08533
4.05720
2.00761
1.38760
1.20595
2.84876
2.57689
2.68517

T™Drm
0.80766
6.23522
2.17514
2.88863
203171
2.81692
2.33116
1.42697
2.13036
2.66667
4.17965
4.88668
5.49473
4.44341
4.29876
12.57640
15.52124
6.53018
17.15489
25.80238
30.49610
10.72144
9.24812
11.66608

TBIN

-1552.36
-1812.55
-1938.55
-1442.97
-1712.65
-3199.40
~1300.72
-1570.58
-1851.46
-2502.76
-2490,37
-3067.10
-2079.57
-2003.12
-1726.40
-3444.33
-3998.44
-2311.03
-4002.31
-4759.41
-4759.97
-4284.16
-4457.17
-3832.34



061

THF
-160.32
-145.40
-470.68
-155.12
-149.70
-127.61
-117.08
-111.84
-117.62

-85.36

~-96.09

-99.52
-108.16
-165.08
-163.45
-204.10
-208.02
-187.43
-211.90
-232.81
-300.26
-218.65
-220.78
-257.47

TELEC
~164386
-198710
-499269
~156421
-189538
-410657
-146032
-178219
-210639
-306741
-343258
-381838
-245020
-224187
-188602
-549147
-659355
-323250
-647060
-678300
-772498
-124503
-7171099
~676350

TCORE TATOM

123050
153802
389079
115720
145255
343808
105999
134605
163431
247137
275947
315647
192538
176302
144306
458780
561811
258433
549512
573557
652990
623361
666999
574994

-39784
-43095
-100251
-39258
-42570
-63649
-38732
-43615
-45356
-56500
-64821
-63124
-50402
-45881
-42570
-86922
-93546
-62506
-93546
-100169
-114748
-96858
-99644
-97524

TRCO2
2.11737
2.04639
2.04604
2.10053
2.09578
2.08262
2.08086
2.07781
2.08366
2.05538
2.05014
2.05452
2.07954
2.12944
212273
2.09025
2.09011
2.10647
2.10647
2.11676
211743
2.10030
210238
2.12075

TRCO-2
1.71641
1.68517
1.65482
1.69062
1.68405
1.66095
1.68917
1.68211
1.67824
1.66199
1.65900
1.66248
1.68270
1.70047
1.70018
1.67389
1.69263
1.69648
1.69830
1.69476
1.69315
1.70854
1.71458
1.69250

TRCN2
2.25462
2.48583
222544
2.33203
2.38437
2.51451
2.38261
2.43544
2.42229
2.57192
2.59432
2.57150
2.38953
2.30894
2.30232
233249
2.25258
226159
226141\
2.25513
2.27759
2.27654
2.26295
2.26286

TRCR2
2.43494
241352
2.70487
2.48362
2.47335
2.46487
242917
2.41983
2.41946
2.39049
2.38480
2.39052
2.40945
2.42743
2.42646
2.51425
2.49346
2.47946
2.47559
2.29574
247115
248851
2.48655
2.48406

TCCN2
11874.24
11340.33
11117.38
10610.44
10548.32
10338.62
10155.80
10067.11
10014.21
9973.06
9943.16
9969.30
10103.67
12052.97
12002.08
11499.35
11979.96
12024.44
12106.60
11818.73
11847.67
11905.43
12166.53
11742.76

T4+
-0.326
-0.280
-0.203
-0.303
-0.283
-0.239
-0.289
-0.265
-0.251
-0.217
-0.212
-0.217
-0.249
-0.298
-0.302
-0.261
-0.290
-0.284
-0.286
-0.300
-0.307
-0.308
-0.347
-0.280



161

T4-7
-1.092
-1.080
-1.013
-1.077
-1.073
-1.047
-1.07
-1.069
-1.071
-1.047
-1.042
-1.047
-1.085
-1.088
-1.084
-1.011
-1.066
-1.080
-1.082
-1.066
-1.049
-1.088
-1.071
-1.078

TS+7
-0.073
-0.010
-0.007
-0.050
-0.041
-0.030
-0.030
-0.018
-0.016
0.004
0.007
0.005
0.001

-0,057
-0.057
-0.017
-0.068
-0.040
-0.038
-0.070
-0.084
-0.048
-0.072
-0.052

TS-7
-0.839
-0.810
-0.817
-0.824
-0.831
-0.838
-0.812
-0.822
-0.836
-0.826
-0.823
-0.825
-0.835
-0.847
-0.839
-0.767
-0.844
-0.836
-0.834
-0.836
-0.826
-0.828
-0.796
-0.850

T7+8
-0.006
0.033
0.035
-0.011
0.036
0.063
-0.013
0.032
0.031
0.074
0.072
0.074
0.014
0.014
0.014
-0.028
0.003
0.022
0.029
-0.004
-0.012
0.020
-0.021
0.019

T8+9
-0.204
-0.286
-0.146
-0.196
-0.234
-0.349
-0.208
-0.250
-0.267
-0.391
-0.416
-0.392
-0.201
-0.188
-0.181
-0.206
-0.172
-0.169
-0.164
-0.176
-0.180
-0.168
-0.182
-0.170

T8-9
-0.574
-0.448
-0.594
-0.600
-0.484
-0.333
-0.600
-0.490
-0.491
-0.291
-0.270
-0.290
-0.607
-0.574
-0.573
-0.600
-0.598
-0.583
-0.574
-0.598
-0.586
-0.572
-0.584
-0.590

T17-16
10.17630
10.00106
10.10483
10.24469
10.31624
8.57225
9.21064
9.26365
931278

8.43376

8.28252
8.29909
8.42019
10.28787
10.22606
6.76437
6.99454
8.99005
6.86969
6.09182

5.86134
7.70697
7.49979
7.68058

T10-11

0.14500
0.13238
0.14400
0.14908
0.14997
0.15435
0.14284
0.14450
0.14802
0.14448
0.14381
0.14399
0.14487
0.15524
0.15305
0.15198
0.14471

0.14888
0.14818
0.15308
0.15393
0.14213
0.14054
0.15532

-

T10-12
-0.04642
-0.14613
-0.06139
-0.07778
-0.09646
-0.14259
-0.10105
-0.11913
-0.11288
-0.17006
-0.17886
-0.17023
-0.10375
-0.06026
-0.06038
-0.08148
-0.05514
-0.05249
-0.05243
-0.04680
-0.05403
-0.05958
-0.05435
-0.04800

T11-12
-0.19142
-0.27851
-0.20539
-0,22686
-0.24643
-0.29694
-0.24389
-0.26363
-0.26090
-0.31454
-0.32267
-0.31422
-0.24862
-0.21550
-0.21343
-0.23346
-0.19985
-0.20137
-0.20061
-0.19988
-0.20796
-0.20171
-0.19489
-0.20332
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£61

PISTR PIBND PITOR PIVDW PIDDQQ PIDPM PTZO- PTZN PTZC PTZ=0 PTZR PTRCO-
0.04 1.35 -0.12 1.78 -20.81 2.54 096 -0.11 0.32 -0.49 0.15 1.430

0.58 1.21 1.84 5.51 -10.88 5.87 -085 -0.05 032 -0.38 0.09 1.445
0.96 1.12 16.93 5.36 22.49 19 085 -0.05 0.32 -0.38 0.09 1.447
0.25 6.00 1.42 027 -19.51 1.38 -096 -0.11 0.32 -0.49 0.15 1.426
0.19 6.57 0.55 1.04 -14.52 1.38 096 -0.04 0.32 -0.49 0.09 1.432
0.49 6.95 3.47 3.76 -10.56 0.20 096 -010 031 -0.46 0.14 1.425
0.06 11.03 3.00 -0.34 -1 0.87 -0.85  -0.12 0.23 -0.29 0.15 1.430
0.11 11.42 2.20 0.20 -9.01 0.90 -085  -0.05 0.23 -0.28 0.09 1.434
0.12 10.23 1.45 0.66 -9.70 0.54 -085 -0.03 0.25 -0.29 0.09 1.429
0.29 11.66 8.37 3.78 -8.24 0.17 -085  -0.11 0.22 -0.25 0.11 1.436
0.31 11.68 8.07 4.00 -8.96 1.88 -085 -0.10 022 -0.25 0.11 1.435
0.44 11.97 6.56 478 -1.93 0.55 -085 -0.10 0.22 -0.25 0.12 1.436
0.27 13.81 13.40 1.53 -10.54 247 085 -0.11 0.23 -0.29 0.15 1.431
0.14 8.35 1.82 4.00 -18.59 320 -085  -0.11 032 -0.39 0.15 1.468
0.13 042 1.18 2.76 -18.22 2.51 -0.85  -0.11 0.32 -0.39 0.15 1.436

0.95 4.21 1.17 9.16 -38.71 0.03 096 -0.11 032 -0.42 0.15 1.427
233 7.90 12.30 12.84 -34.66 0.01 -096  -0.11 0.32 -0.42 0.15 1.427
0.38 1.11 0.59 5.02 -27.67 2.80 -0.85  -0.11 0.32 -0.14 0.15 1.434
1.51 4.1 413 11.04 -35.20 2.69 -0.85  -0.11 0.32 -0.14 0.15 1.433
1.25 3.07 0.94 12.56 -36.45 1.38 -0.85  -0.11 0.32 -0.39 0.15 1.422
2.12 6.57 5.50 10.89 -35.64 4.89 -085 -0.11 032 -0.39 0.15 1.435
1.55 4.52 1.01 16.86 -38.91 1.89 -0.85  -0.11 0.32 -0.39 0.15 1.435

2.10 8.57 11.52 13.81 -36.19 31.57 -0.85  -0.11 032 -0.39 0.15 1.435
1.09 352 282 9.86 -36.33 5.04 -0.85  -0.11 0.32 -0.39 0.15 1.435
0.55 6.69 4.65 232 -19.76 1.38 -096  -0.11 0.32 -0.49 0.15 1.428

0.67 14.12 13.40 5.54 -13.16 0.98 -0.85  -0.11 0.23 -0.42 0.15 1.428
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PTRCON
1.405
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1.405
1.405
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PTRCN PTRCR PTCCN PTRING PTSTR PTBND PTTOR PTVDW PTDDQQ PTDPM

1.453
1.475
1.485
1.447
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1.458
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1.468
1.472
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1.472
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1.559
1.509
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110.84
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103.86
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101.29
100.32
101.91
101.88
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100,71
88.28

113.05
112,12
112.65
111.55
112.00
113.20
112,20
111.79
112.63
112,57
105.81
101.32

533.06
531.94
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539.94
539.71
539.96
539.67
539.72
539.71
539.98
779.20
581.64
689.05
687.26
687.87
690.01
688.50
688.58
690.84
688.82
686.91
539.83
53993

0.13
083
1.85
0.42
0.37
0.77
0.11
0.21
0.29
0.53
0.50
0.65
0.25
2.57
0.21
0.88
217
0.63
1.80
1.46
217
1.70
2.23
1.17
0.99
0.69

1.86
242
4.09
6.01
6.33
7.12
8.42
8.56
832
9.09
9.09
943
10.30
54.47
1.51
4.24
8.93
5.13
8.63
6.47
6.86
553
9.17
4.2]
572
10.34

2,19
1.34
1.57
3.99
3N
14.43
442
4.47
5.07
10.25
9.66
8.13
12.58
8.52
2,06
4.48
9.09
2.79
6.53
2.30
6.89
3.36
14.16
3.79
9.10
12,92

5.46
8.46
7.80
3.89
525
5.64
1.83
2.57
1.62
7.43
7.50
832
3.51
18.79
6.18
10.05
13.01
1.97
13.86
14.17
13.84
20.23
16.87
12.95
6.62
1.1

-1.91
8.02
20.08
-2.10
0.77
14.71
-3.10
-0.75
11.68
0.07
-1.80
1.83
-0.08
16.09
-0.96
-14.59
-14.74
-9.36
-13.07
-12.97
-20.04
-22.13
-20.18
-22.25
-1.63
-13.44

5.94
10.68
41.77
18.04
25.16
55.50
30.75
36.56
25.21
41.20
45.15
62.68
45.15
38.13
3749
62.53
59.97
18.2]
21.51
32.08
49.36
97.74
69.03
64.73
21.60
41.95



5.5 Linear regression analysis of the data set
5.5.1 Preliminary analysis of the data set

The data set was studied before performing linear regression analysis, to evaluate the
correlation of the independent vanables (molecular modelling descriptors) with the dependent
variables (parameters describing imide hydrolysis), and to ascertain that the data are self-
consistent, /. e. that all of the imides have a similar mechanism of hydrolysis. Data analysis
was done using Sigmastat, version 1.01 for DOS (Jandel Scientific, San Rafael, CA).

The logarithm of the rate constant describing 2 chemical reaction is directly
proportional to the transition state free energy change of the reaction. Since the descriptors
extracted from molecular modelling may be expected to be related to the energy of the
structures, regression analysis was done using log &, as the dependent variable. For
diacetamide, succinimide, and maleimide, N-methyl substitution increases . by a factor of two
(Table 5.1). For succinimide and maleimide, N-xylyl substitution increases &, by a factor of
five. Structure apparently affects the second order hydrolysis rate constant in a multiplicative
manner, rather than additively. Thus, correlation of descriptors of structure with the
hydrolysis rate constant were made using the logarithm of 4., so that the sum of the terms in
the equations would result in multiplication of 4, by the appropriate factor.

Kinetic analysis of two imides, BLPD E1 and BLPD TTHA, was complicated by their
tertiary amine functional groups. The pK|, values of these amines are expected to be near 10,
which is close to the expected pK,, of the imide functional groups, and therefore within the
pH range of the kinetic studies. Since deprotonation may affect the pH dependence of imide

hydrolysis, these two imides were not included in the statistical analysis.
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The Pearson product moment correlation coefficient measures the relationship
between two variables, and is calculated by

S(u, - G)(a, - 5
r =
VE@, - §* 20, - 3/

(3.7)

in which « and a are the residuals and independent variable, and & and z are their means. As
r approaches =1, the relationship between the vanables strengthens. Correlations of log 4.
with the descriptors extracted from the MMX-optimized structures were weak. Residual plots
of PTRCR (r = -0.683), PIRCR (r =-0.590), PICCN (r = -0.480), and PIRCN (r = 0.479),
the four descriptors with the highest correlation coefficients are shown in Figure 5.39. These
data indicated two outliers, 1,2,3,6-tetrahydrophthalimide and 3,4,5,6-tetrachlorophthalimide.
The residuals for these imides were consistently negative, and were often larger than two
standard deviations. Thus, they hydrolyze significantly more slowly than the trend among the
remaining imides, and were removed from the data set, leaving 24 imides.

The descriptors extracted from the MMX-optimized structures which measure the
atomic charges of the imide functional group were not well determined. Although the
structures of the imides in the data set vary considerably, these descriptors adopt very few
different values, suggesting imprecision, and perhaps also inaccuracy, in their calculation. The
atomic charges of the carbonyl carbon atoms of the imide functional group should increase
with log &,, since higher positive charge on this atom should, in general, increase the
electrostatic attraction to the negatively charged nucleophile, hydroxide ion. However, the

descriptors PIZC and PTZC, which measure the charge on this atom of the imide and the
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Figure 5.39. Residual (observed values - calculated values) plots for the 26 imides in the
kinetic study of the dependent variable, log &,, for the four best single descriptors from MM2-
optimized modelling structures, a) PTRCR, b) PIRCR, c) PICCN, and d) PIRCN. The units
of k, are M'min. 1,2,3,6-Tetrahydrophthalimide and 3,4,5,6-tetrachlorophthalimide (O)
were consistent outliers. Residuals of the other imides are represented by filled circles (@).
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tetrahedral intermediate, respectively, are negatively correlated with log &,. The high
correlation coefficients of some atomic charge descriptors with log &, is due to the
distribution of values between the saturated and unsaturated imides. The atomic charges of
the maleimides, which hydrolyze faster than the rest of the data set, are significantly different
from those of the non-aromatic imides. These descriptors behave simply as dummy variables
which distinguish between saturated and unsaturated imides, and may provide no information
regarding the electronic properties of the imides in the data set. In fact, a dummy variable,
with values of one and zero for the saturated and unsaturated imides, respectively, has a
Pearson product moment correlation coefficient with log &, of 0.792, which is similar to those
determined for the MMX-derived atomic charge descriptors (Table 5.5). All descriptors from
the MMX-optimized structures which measure atomic charges were excluded from further
analysis.

Since electronic properties are not explicitly calculated by molecular mechanics
methods, it may be that the electronic properties which determine imide hydrolysis are
insufficiently described by the MMX algorithm. The set of descriptors calculated by the AM 1
algorithm, which calculates molecular geometry and properties by solution of the Schrodinger
equations for the molecular orbitals, and may therefore be expected to better describe
electronic properties, was added to the data set.

The data set containing descriptors extracted from structures minimized by both
algorithms yielded much stronger correlations with the dependent variable, log .. Despite the
prior residual analysis using only the MMX-derived descriptors, analysis of the descriptors

with high coefficients of correlation, for which the four best, [15-16 (= 0.814), PTRCR (r
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Table 5.5. Pearson product moment correlation coefficients for molecular modelling
descriptors and dependent variables, log k, and pK,.

Descriptor Complete  Saturated  Maleimides  Bisdioxo- Non-N-
Data Set® Imides® piperazines® Substituted
Imides®
(log ;) (log £;) (log &) (log £2) @K
IZO 0.383 -0.324 0.968 0.500 -0.460
IZC 0.633 0.184 0.962 0.222 -0.051
IZN 0.298 -0.239 0.852 0.045 -0.338
IZR -0.571 0.302 -0.805 0.688 -0.110
IRCO -0.477 0.624 -0.941 -0.474 0.398
IRCN 0.637 -0.680 0.903 0.039 0.038
IRCR -0.358 -0.118 -0.974 -0.251 -0.611
ITOCNC -0.227 0.162 -0.270 0.298 0.182
I[PLAN -0.154 0.162 0.935 0.170 0.235
ICCN -0.514 0.817 0.755 -0.045 0.152
IRING -0.343 0.805 0.557 -0.297 0.164
HOMO 0.483 - 0.342 0.892 -0.216 -0.643
ILUMO -0.798 -0.005 -0.807 -0.132 0.314
IDPM -0.250 0.481 0.540 0.122 -0.121
IBIN 0.063 -0.479 -0.761 0.733 0.636
IHF 0.533 -0.122 0.952 0.510 0.361
IELEC 0.122 -0.486 -0.835 0.649 0.647
ICORE -0.119 0.492 0.826 -0.635 -0.643
IATOM 0.138 -0.413 -0.887 0.719 0.676
ITOT 0.135 -0.418 -0.883 0.721 0.675
[Z02 -0.415 0.345 -0.968 -0.497 0.481
IZN2 -0.288 0.224 -0.838 -0.045 0.329
IRCO2 -0.476 0.624 -0.941 -0.474 0.399
IRCN2 0.638 -0.679 0.904 0.039 0.037
IRCR2 -0.357 -0.119 -0.974 -0.251 -0.612
ITOC2 <0.177 0.092 -0.500 0.283 0.260
ICCN2 -0.509 0.815 0.755 -0.045 0.154
IRING2 -0.335 0.774 0.557 -0.297 0.198
IHOMO2 -0.472 -0.350 -0.890 0.225 0.644
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IL.UMO2 0817 -0.208 0.804 -0.058 -0.077
I4+5 0.636 -0.347 0.967 0.354 -0.296
I[5+6 0.587 -0.183 0.869 0.217 -0.434
I6+7 -0.521 0.176 -0.059 0.387 -0.212
I4-5 0.096 -0.300 0.963 -0.074 -0.439
I5-6 0.031 0.252 -0.832 0.220 0.145
16-7 0.503 -0.297 0.930 -0.468 -0.098
I15-16 0.841 0.362 0.918 -0.235 -0.786
I8-9 -0.612 0.722 -0.917 -0.196 0.109
IZON 0.213 -0.228 0.968 0.530 -0.245
IZCN 0.098 -0.133 0.963 -0.275 -0.218
IZNN 0.361 -0.341 0.910 0.037 -0.742
[RCON 0.540 -0.573 0.942 0.496 -0.170
IRCNN 0.825 -0.336 0.922 -0.035 -0.260
IRCRN -0.282 -0.137 -0.973 -0.266 -0.664
ICCNN 0.612 -0.810 -0.754 -0.086 -0.094
[HOMON 0.548 0.145 0.870 -0.113 -0.575
[ZO- 0.598 -0.359 0.968 0.165 -0.381
[ZC+ 0.641 0.362 0.962 -0.417 -0.259
IZN- 0.301 -0.260 0.852 0.152 -0.313
IRCOL -0.479 0.661 -0.944 -0.142 0.540
IRCNL 0.638 -0.641 0.907 0.075 0.101
IRCRL -0.374 -0.098 -0.978 -0.287 -0.552
TZO- 0.409 -0.193 0.908 -0.171 -0.474
TZO 0.460 -0.103 0.963 0.016 -0.374
TZ=0 0.453 -0.244 0.956 0.120 -0.604
TZC 0.512 -0.250 0.712 0.250 0.020
TZN 0.349 -0.132 0.894 0.213 -0.004
TZR -0.581 0.329 -0.927 0.046 -0.740
TRCO -0.484 0.200 -0.970 -0.312 0.469
TRCO- -0.372 0.392 -0.908 0.199 0.449
TRCN 0.606 -0.390 0.955 -0.134 -0.059
TRCR -0.545 -0.112 -0.946 0.035 -0.514
TRING -0.340 0.815 0.547 0.178 0.140
TCCN -0.523 0.836 -0.773 0.316 0.121
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THOMO -0.114 -0.190 -0.426 -0.611 0.784
TLUMO -0.163 -0.451 -0.949 0.886 0.803
TDPM -0.187 0.352 0.656 -0.712 -0.600
TBIN 0.064 -0.471 -0.763 0.753 0.636
THF 0.472 -0.114 0911 0.469 0.422
TELEC 0.120 -0.479 -0.835 0.623 0.647
TCORE -0.117 0.485 0.827 -0.608 -0.642
TATOM 0.125 -0.432 -0.898 0.719 0.676
TRCO2 -0.484 0.201 -0.970 -0.312 0.470
TRCO-2 -0.372 0.392 -0.908 0.199 0.449
TRCN2 0.609 -0.388 0.955 -0.135 -0.060
TRCR2 -0.408 -0.068 -0.946 0.502 -0.137
TCCN2 -0.516 0.836 -0.772 0516 0.121
T4+7 0.493 -0.245 0.863 -0.015 -0.346
T4-7 0.168 -0.088 0.962 -0.278 -0.424
T5+7 0.564 -0.210 0.907 0.159 -0.276
T5-7 0.052 0.054 0.010 -0.111 -0.329
T7+8 0.477 -0.205 0.859 0.263 0.013
T7-8 0.037 -0.086 -0.930 0.083 0.017
T8+9 -0.608 0.353 -0.926 0.194 -0.358
T8-9 0.555 -0.304 0.925 0.190 0.421
T17-16 -0.149 -0.439 -0.927 0.889 0.762
T10-11 -0.319 -0.148 -0.401 -0.403 0.105
T10-12 -0.615 0.391 -0.959 0.003 0.180
TI1-12 -0.596 0.431 -0.950 0.172 0.157
PIRCN 0.511 -0.037 0.965 0.475 0.081
PIZR 0.052 0.357 0.600 -f -1.5x 107
PIRCO -0.334 0.538 0.555 0.143 -0.010
PIZC -0.882 -0.120 -0.780 -0.377 0.225
PIZN -0.032 -0.389 -0.681 -f -0.644
PICCN -0.694 0.646 0.940 -0.553 0.268
PITOC 0.232 0.081 -0.229 0.441 -0.178
PIRING -0.016 0.858 0.184 -0.314 0.010
PIRCR -0.700 -0.198 0.573 -0.077 0.162
PIZO 0.880 0.602 0.835 0.143 -0.394
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PIPLAN -0.169 -0.223 -0.029 0.194 0.372
PISTR -0.202 0.463 0.796 -0.309 -0.580
PIBND 0.675 -0.037 0.819 -0.180 -0.365
PITOR 0.180 0.092 0.942 0.082 -0.356
PIVDW -0.149 0.621 0.875 -0.416 -0.538
PIDDQQ 0.218 -0.460 0.695 0.697 0.494
PIDPM -0.301 0.182 0.323 0.059 0.041
PTZO- 0.525 0.489 ! -0.141 0.174
PTZN -0.032 -0.405 -0.486 ~f 0.077
PTZC -0.869 0.231 -0.834 -~f 0.114
PTZ=0 0.661 0.518 0.959 0.135 0.579
PTZR -0.268 0.384 -0.046 ! 44x10"
PTRCO- 0.147 0.212 0.889 0.450 0.090
PTRCOH -0.071 0.384 0.672 0.252 0.659
PTRCN 0.429 -0.216 0.678 0412 0.128
PTRCR -0.864 -0.553 0.908 0.434 0.190
PTCCN -0.499 0.734 0.920 -0.572 0.126
PTRING -0.286 0.770 -0.843 -0.339 0.125
PTSTR -0.242 0.397 0.797 -0.341 0.259
PTBND 0.546 0.036 0.860 -0.165 0.254
PTTOR 0.261 0.071 0.922 0.050 0.058
PTVDW -0.162 0.609 0.924 -0.329 0.203
PTDDQQ -0.021 -0.529 -0.437 0.194 -0.115
PTDPM 0.212 0.391 0.695 0.009 -0.239

*n =23, except for the descriptors IRING, IRING2, TRING, PIRING, and PTRING, for

which n = 20.

® n =17, except for the descriptors [RING, IRING2, TRING, PIRING, and PTRING, for

which n = 14.

‘n=26.

‘n=38.

°n = 14, except for the descriptors IRING, IRING2, TRING, PIRING, and PTRING, for

which n = 13.
f There is no variation of these descriptors for the specified subsets of the data.
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=.0.761), ILUMO (r = -0.750), and PIRCR (r = -0.652), are shown in Figure 5.40, revealed
another outlier, BLPD G2A. The residuals for this bisdioxopiperazine were consistently
positive, with a magnitude of approximately one, indicating that it hydrolyzes approximately
ten times faster than the trend among the remaining imides. The 4, values of the
bisdioxopiperazines are similar, ranging from 65 to 320 M™min", while the . of 2800 M™
min™ for BLPD G2A is approximately ten times higher than this range. The descriptors from
molecular modelling were unable to acccunt for this difference in hydrolysis rate constant of
this imide. Since its mechanism of hydrolysis appears to be different from that of the other
imides, its &k, may depend on different properties. Thus, it was removed from the data set,
which finally consisted of three diacetamides, three succinimides, six maleimides, phthalimide,
adipimide, glutarimide, and eight bisdioxopiperazines.

The individual descriptors were examined for correlation with the dependent variable,
log k.. Subsets of the data were also studied, both because they may better demonstrate the
relationship between log 4, and the descriptors, and to examine the possibility that subsets of
the data skew the results. The subsets examined, in addition to the complete data set, included
the 16 saturated imides, the six maleimides, and the eight bisdioxopiperazines , and are
defined in Table 5.6. To predict the hydrolysis rates at physiological pH, predictions of the
pK, values of imides must also be made. Thus, the descriptors of the subset of non-N-
substituted imides were examined for correlation with experimentally determined pK, values.
Pearson product moment correlation coefficients of the descriptors with log &, or pK,, for all

five subsets of the data are listed in Table 5.5.
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Figure 5.40. Residual (observed values - calculated values) plots for the remaining 24 imides
in the kinetic study of the dependent variable, log ,, for the four best single descriptors from
AM1- and MM2-optimized modelling structures, a) [15-16, b) PTRCR, ¢) [LUMO, and d)
PIRCR. BLPD G2A (O) was a consistent outlier. Residuals of the other imides are
represented by filled circles (@).



Table 5.6. Definitions of subsets for linear regression analysis.

Imide* Complete Saturated Maleimides Bisdioxo- Non-N-
Data Set Imides piperazines Substituted
Imides

T

diacetamide
N-methyl-"
N-methylbis(trifluoro-")
succinimide
N-methyl-"
N-2,6-xylyl-"

A e

maleimide
N-methyl-"
N-ethyl-"
N-phenyl-"
N-3,4-xylyl-"
N-4-chiorophenyl-"
phthalimide

SN SRS

adipimide
glutarimide
ICRF-154
ICRF-193
LYZ 17B
LYZ 19
LYZ 2
LYZ 8
LYZ 22

BLPD B2
®Structures are shown in Figures 5.4-5.6.

I e e e e T T T T N N e e R
IR NIE NI N N Y

N N T S S
N N Y

205



Analysis of the complete set of 23 imides revealed that the four best single descriptors
of log k, were measurements of bond lengths and frontier molecular orbitals (Figure 5.41).
ILUMO2 (7 = 0.667), the square of the LUMO energy of the imide, was negatively
correlated with log &,. This relationship is expected, as the nucleophile, hydroxide ion,
interacts with the LUMO to form the tetrahedral hydrolysis intermediate (Figure 5.3). As the
energy of this orbital decreases, the more easily the intermediate may be formed, and the
faster the imide hydrolyzes. I15-16 (+~ = 0.707), the difference between the HOMO and
LUMO had a higher correlation with log 4., which may be due to cancellation of errors in the
molecular orbital energy calculations due to the subtraction of one measurement from the
other. [RCNN (= 0.681) was negatively correlated with log &., indicating that as the imide
carbon-nitrogen bond length deviates from that of diacetamide, log £. increases. Diacetamide
may be considered a relatively unstrained system, since it is acyclic, and has minimal steric
strain. Electronic or geometric influences due to structure may affect this bond length, and
as it increases, the interaction of these two atoms weakens, the energy required to break the
bond decreases, and the hydrolysis rate constant can be expected to increase. PTRCR (~~ =
0.746), the C(tetrahedral)-Ca bond length of the intermediate structure (shown in Figure
5.38) had the highest correlation with log 4.. The significance of this relationship is unclear,
and it may be that this descriptor reflects some other property indirectly. The differences
between the values for the imide and tetrahedral intermediate structures for the binding,
electronic, and core-core interaction energy terms calculated by the AM 1 algorithm were also
examined for correlation with log k,. Since the values of 7~ for all three of these descriptors
were less than 0.003, they were not included in the muitiple linear regression analysis.

A different group of descriptors was highly correlated with log &, when the saturated

imides were examined (Figure 5.42). All of the four best descriptors, TCCN (~~ = 0.699),
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ICCN (7 = 0.667), TRING (r = 0.664), and PIRING (° = 0.594), were measures of bond
angles, which likely describe the ring strain of these imides. In this subset of the data, the
remaining imides with five-membered rings (i. e. the three succinimides) hydrolyze much more
slowly than the others. A dummy variable, with values of 0 and 1 for the succinimides and
non-succinimides, respectively, had a coefficient of determination with log 4. of 0.672. Thus,
descriptors such as bond angles, which distinguish between five- and six-membered rings, may
be expected to be highly correlated with hydrolysis rate. Since the values of r~ for the
differences between the values for the imide and tetrahedral intermediate structures for the
binding, electronic, and core-core interaction energies, were below 0.04, they were not
included in the multiple liniear regression analysis.

When the subset of maleimides are considered (Figure 5.43), three of the four best
single descriptors of log k,, T10-12 (= = 0.921), TRCN (¥ = 0.911), and T11-12 (» =
0.902), measured C(tetrahedral)-N bond lengths of the tetrahedral intermediate. Two of these,
T 10 - 12 and T 11 - 12, measured the differences between this bond length and the
C(tetrahedral)-O(protonated) and the C(tetrahedral)-O(deprotonated) bond lengths,
respectively. The significance of these composite parameters is unclear. Their high correlation
with log &, may reflect correction of errors in the measurements of the C-N bond length,
which is expected to be positively correlated with imide hydrolysis rate, as it is this bond
which is broken during the rate-determining step. The fourth descriptor shown in Figure 5.43,
IHF (~° = 0.905), which measured the heat of formation of the imide is also highly correlated
with log 4. Since the electron-withdrawing effects of the N-substituents of this series increase
with molecular weight, the high correlation of heat of formation with log k. may be due only
to its correlation, within this series of compounds, to molecular weight. As the electron-

withdrawing effect of the N-substituent increases, the electron density of the imide functional
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Figure 5.43. Relationship of the dependent variable, log &, to the four best single descriptors
from the optimized modelling structures, using the set of 6 maleimides. a) T10-12 (~ =
0.921), b) TRCN (7 = 0.911), ¢) IHF (©* = 0.905) and d) T11-12 (** = 0.902).
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group decreases, increasing its susceptibility to nucleophilic attack by hydroxide ion.

When only the dexrazoxane analogs were examined, the best single descriptors of log
k., T17-16 (¥ = 0.680), TLUMO (" = 0.659), TDPM (" = 0.539), and PICCN (- = 0.451),
measured energies of the frontier molecular orbitals (Figure 5.44). TLUMO, the LUMO
energy, and T17-16, the difference between the LUMO and HOMO energies, of the
tetrahedral intermediate were the most highly correlated with log &,. The relationships
between log 4. and dipole moment and the N-C(carbonyl)-Ca angle are unclear.

The pK, of the imide functional group was highly correlated with descriptors
measuring the frontier molecular orbital energies (Figure 5.45). I 15 - 16, the difference
between the HOMO and LUMO energies of the imide, was correlated with IZN, the charge
of the imide nitrogen atom, which may be expected to predict the strength of the N-H bond.

However, atomic charges of the imide functional group were not highly correlated with pX,.

5.5.2 Linear regression of the kinetic parameters, log &, and pK,

Linear regression analysis produces an equation of the formy = B, + B,x, + B.x, +
Bx; + - + B.x, in which y is the dependent variable, x; are the independent variables, and 8,
are the regression coefficients. The equation predicts the value of the dependent variable
based on the values of one or more independent variables. The dependent variables in this
study, log 4, and pK, were predicted from values of the descriptors extracted from molecular
modelling structures. Data were analyzed using Sigmastat, version 1.01 for DOS (Jandel
Scientific, San Rafael, CA).

Equations containing too many independent variables may be overparameterized, and
may therefore not reflect a true relationship of the independent variables with the dependent

variable. Of the five subsets of the data to be analyzed, three contain a sufficient number of
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(7 = 0.680), b) TLUMO (" =0.659), ¢) TDPM ( = 0.539) and d) PICCN (= 0.451).

212



13

13

-5.0

48 -46 44 4.2
THOMO (eV)

13

12

11 —
10 -
-12 -11 -10 -9
[15-16 (eV)
13 3 ;
d ® l
12 >~
11 —l
®
° °
°
10 ‘. 4 e N
8 10
T17-16 (eV)

Figure 5.45. Relationship of the dependent variable, pK,, to the four best single descriptors
from the optimized modelling structures, using the set of 14 non-N-substituted imides. a)
TLUMO ( = 0.644), b) I15-16 (¥ = 0.618), ¢) THOMO (= 0.615) and d) T17-16 (© =

0.581).

213



observations to be described by a two-variable equation: the complete data set, the saturated
imides, and the non-N-substituted imides, for which the numbers of observations are 23, 16,
and 14, respectively. These were analyzed by the best subsets algorithm. Equations for the
remaining two subsets, the maleimides (n = 6) and the bisdioxopiperazines (n = 8), were
ranked by the absolute values of the Pearson product moment correlation coefficients, listed
in Table 5.5.

In this study, there are 114 independent variables, from which two-variable regression
equations are to be developed. Since there are |,,C, = 6441 possible two-variable equations,
an automated approach is necessary to identify the pairs of descriptors which may result in
useful equations. A best subsets algorithm identifies such pairs quickly, as it does not require
the examination of each pair in order to identify those which best describe the data.

The best subsets algorithm included in the Sigmastat software was used to identify
the two-variable combinations which best describe the dependent variables, log £, and pK .
The regression degrees of freedom can not exceed the total degrees of freedom, which is
equal to the number of observations in the data set. Thus, the independent variables were
submitted for analysis in small batches, such that each descriptor was submitted with every
other descriptor at least once. The output consisted of the top ten pairs for each batch, and
the best pairs of descriptors were ranked in decreasing order of 7.

r’, the coefficient of determination, measures the fraction of variability in the
dependent variable which is described by the equation. As ~ approaches one, the better the
equation describes the data. r~ was used to select the equations which best described the two

dependent variables which determine imide hydrolysis rates, log &, and pK,. The potential
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equations in the ranked series for each subset were analyzed for adherence to the assumptions
of linear regression analysis.

Linear regression analysis requires the assumption that the variance of the independent
variables is constant over the observed range. To evaluate the validity of this assumption, the
residuals of the best equations were tested for constant variance by the Spearman rank
correlation coefficient, which examines trends in the residuals with respect to the independent
variable, and is calculated by Equation 5.7, in which # and a are the ranks of the residuals and
independent variable, and & and 4 are their means. The cutoff for this test was p = 0.05.
Linear regression analysis also requires the assumption that the data are normally distributed
about the regression line. Thus, the residuals were examined for normality using the
Kolmogorov-Smimov test, the cutoff for which was set at p = 0.05. If the regression equation
accounts for all the variance in the dependent variable, the residuals equal the random error
component, and should therefore be random with respect to the dependent and independent
variables. No trends among the residuals were detected for the best equations for each subset.
95% of the residuals for each regression equation should lie within two standard deviations.
If this is not the case, the equation may not adequately describe the data, or may be influenced
by outlying data points.

In addition to the coefficient of determination, a second measurement was made of
the fit of the equations to the data. The predicted residual error sum of squares (PRESS)
describes how well the equation predicts new data. It is calculated by removing one
observation form the data set, recalculating the regression coefficients, and predicting the

value of the dependent variable for the removed data point. This is repeated for each
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observation, and the squares of the residuals are summed. As PRESS decreases, the
predictions made by the equations improve.

The significance of each independent variable in the regression equations was
examined by calculating the F statistic. F is the ratio of the mean squares of the regression
equation about the mean and the residuals about the regression equation. As the fit of the
equation improves, the denominator decreases, and F increases. The cutoff for this test was
set at 4, which corresponds to p < 0.05 that the independent variable was inappropriately
included in the equation. For the two-variable equations, a stepwise regression was
performed, in which the independent variable with the higher F value was entered into the
equation first, followed by the second.

High correlation among the independent variables in a regression equation inflates the
errors associated with the equation, since the variableg do not contribute unique information
for prediction of the dependent variable. Consequently, many pairs of independent variables
which were selected by the best subsets regression analysis did not meet the requirements of
the F test, and were rejected. Thus, multicollinearity was rarely observed among the equations
which passed the tests of the assumptions of multiple linear regression analysis, as determined
by the correlation coefficients of the two independent variables. Equations were not rejected
solely on the basis of this test.

Moilecular modelling data from four subsets of the data set (the complete data set, the
saturated imides, the maleimides, and the dexrazoxane analogs) were regressed against log
k,. Data from the subset of non-N-substituted imides were regressed against pK,. The top

three equations for each subset, which passed all the above-mentioned statistical tests, are
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listed in Table 5.7. It can be seen that the three measures of how well the equations describe
the data, r, PRESS, and the standard deviation of the residuals, provide essentially the same
information; the ranks of the equations by each statistic were identical within each subset. The
number of residuals exceeding two standard deviations was approximately 95%, indicating
the absence of consistent outliers. The F tests for each variable often exceeded the cutoff of
four by a large margin, indicating that each contributed significantly to the description of the
dependent variable. The correlation coefficients for the two-variable equations were generally
low, indicating that these variables provided unique information in the description of the
dependent variable.

When the complete data set of 23 imides was considered, the best equation describing
log &, was

log k, = 68.8736 - 43.5273(PTRCR) + 0.21446(IHOMON)  (5.8)

In this equation, log £, is described in terms of PTRCR, the C(tetrahedral)-Ca bond length,
measured on the MMX-optimized tetrahedral intermediate structure (Figure 5.3), and
IHOMON, the HOMO (highest occupied molecular orbital) energy of the AM1-optimized
imide structure. Residual analysis of Equation 5.8 (Figure 5.46) demonstrated the randomness
of the residuals with respect to the dependent variable and the independent variables. Thus,
the equation described most of the variability in the dependent variable, log 4., and the
residuals may be assumed to represent the random error component of the measurement of
log k.. The experimentally determined values of log &, and those predicted from Equation 5.8

are shown in Figure 5.47, and are listed in Table 5.8.
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Table 5.7. Best equations for each subset of the 23 imides.

Data Set Equation® n ¥ PRESS o,,., Residuals F  F ¥
>20" (varl) (var2)
Complete Data Set log k, = 68.9-43.5(PTRCR)+0.214(IHOMON) 23 0.833 4.27 0371 2 620 103 -0.340
log k, = 79.5-46.4(PTRCR)+8.96(TZ0-) 23 0.819 428 0.386 0 620 8.0 -0.216
log k, = 26.2-44.3(PTRCR)+32.0(PIRCN) 23 0.819 437 0386 | 620 80 -0274
Saturated log k,=-17.040. 18 I(TCCN)+10.21(15+6) 16 0.850 0.62 0.178 1 325 132 -0.594
log &, = -14.440.150(TCCN)+0.225(IHOMON) 16 0.830 0.79 0.190 1 325 10.0 -0.246
log k; = -9.54+0.134(TCCN)+0.284(115-16) 16 0.823 088 0.194 0 325 9.1 0013
Maleimides log k;=1.951-12.1(T10-12) 6 0921 0.16 0.123 0 46.4 - -
log &, =-18.7+14.2(TRCN) 6 0911 0.18 0.130 0 412 - --
log k,=4.0740.023(IHF) 6 0905 025 0.134 0 383 - -
Bisdioxopiperazines logk,= 0.81240.191(T17-16) 8 0.680 0.19 0.130 0 12,7 - -
Non-N-Substituted  pK,=204.02-114.22(IRCR)-62.71(1ZC) 14 0917 1.68 0255 0 72 T19 -0.734
PK, = 6.1840.0000257(IATOM)+58.9(1202) 14 0.877 2.57 0310 I 101 376 -0.089
pK, = 6.16+0.0000246(1TOT) +59.0(1Z02) 14 0.877 257 0311 ] 10.1 376 -0.102

* Variables are defined in Table 5.3. Variables in two-variable equations are reported in order of their entry into a stepwise

regression,

® Number of residuals greater than two standard deviations from zero.
¢ Pearson product moment correlation coefficient for the two independent variables.

? Only one equation was found with a significant relationship between the independent variable and log &, (p < 0.05).
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Figure 5.47. Comparison of expermental determinations of log &, for the complete data
set with values predicted by Equation 5.8. Experimental and predicted values are listed in

Tables 5.1 and 5.8, respectively.
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Table 5.8, Predicted and experimental determinations of log &, for the set of 23 imides.

Compound log &, log &, log &
Equation 5.8* Equation 5.9°
(Complete Data Set) (Saturated) (Experimental)
diacetamide 1.929 1.962 1.813
N-methyl-" 1.875 1.763 1.889
N-methylbis(trifluoro-") 0.868 1.685 1.624
Succinimide 1.497 0.791 0.739
N-methyl-" 1.517 1.211 1.150
N-2,6-xylyl-" 1.937 1.490 1.487
maleimide 3.117 - 3.228
N-methyl-" 3.159 - 3.509
N-ethyl-" 3.194 - 3.158
N-phenyl-" 3.794 - 4.024
N-3,4-xylyl-" 3.814 - 4.221
N-4-chlorophenyl-" 4.047 -- 3.862
phthalimide 3.253 - 2.748
adipimide 1.804 2.109 2.178
glutarimide 2016 2.139 1.959
ICRF-154 2.264 1.727 2.098
ICRF-193 2.216 2.105 2.345
LYZ 17B 1.779 2.259 2.508
LYZ 19 1.900 2.131 1.945
LYZ?2 2.142 2.104 1.813
LYZ 8 2.243 2.133 2.063
LYZ 22 2377 2.197 2.275
BLPD B2 2.193 2376 2.299

*log k, = 68.8736 - 43.5372(PTRCR) + 0.21446(THOMON)
b log k, = -16.975 + 0.181(TCCN) + 10.2098(I5+6)
¢ The units of k£, are M™! min™,
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The descriptor, PTRCR, was very highly correlated with log &, (Figure 5.41a), and
was included in each of the top ten equations describing log 4.. The second descriptor in these
equations was chosen most frequently (six times of the ten) from the descriptors extracted
from the structure of the AM1-optimized tetrahedral intermediate. For this subset of the data,
it appears that the tetrahedral intermediate provided the most useful information in the
prediction of log ..

Two single descriptors which predicted log &, well, I15-16 and [IRCNN (Figure
5.41b&c), were not included in any two-variable equations. No second descriptor, when
regressed against log 4, with I15-16, which measures the difference between the LUMO and
HOMO energies, passed the F test. That is, when this descriptor was included in the equation,
no descriptor could account for the remaining variability in log k.. Most of the remaining
variability was likely random error, given the high correlation coefficient for [15-16 with log
k. (Table 5.5). The descriptor, IRCNN, measured the square of the difference between the
C(carbonyl)-N bond length and that of diacetamide. This descriptor was likely not included
in the two-variable equation because it had a very small range of values.

When the subset of saturated imides were considered, the best equation describing log
k, was

log k. =-16.975 + 0.181(TCCN) + i0.2098(15+6) (5.9)
[n this equation, log 4, is described in terms of TCCN, the C-C(tetrahedral)-N angle of the
AM1-optimized tetrahedral intermediate structure (Figure 5.3), and I5+6, the sum of the
charges of the nitrogen and carbonyl carbon of the imide. Residual analysis of Equation 5.9

(Figure 5.48) demonstrated the randomness of the residuals with respect to the dependent
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variable and the independent variables. Thus, the equation described most of the variability
in the dependent variable, log &,, and the residuals may be assumed to represent the random
error component of the measurement of log 4,. The experimentally determined values of log
k, and those predicted from Equation 5.9 are shown in Figure 5.49, and are listed in Table
5.8

The descriptor, TCCN, was the best single descriptor of log &, (Figure 5.42a), and
was included in each of the top three equations describing log &, (Table 5.7). The second
descriptor in these equations described electronic properties of imides, such as frontier
molecular orbital energies and atomic charges.

Although descniptors which measured the sum of the angles of the imide rings were
good single predictors of log &, (Figure 5.42), they were not included in the best equations.
Since these descriptors are undefined for the diacetamides, which are acyclic. linear regression
of equations which included these descriptors was performed on only 13 of the 16 saturated
imides. Thus, a significant fraction of the data were lost, which may have had an adverse
effect on the relationship between the descriptor and log k.. If the remaining data were
insufficient to describe imide hydrolysis, equations including these variables would not predict
the dependent variable well.

When the maleimides were considered, the best equation predicting log &, was

log £, =1.951 - 12.080(T10-12) (5.10)
In this equation, log &, is described in terms of the difference between the bond lengths
between the tetrahedral carbon atom and the nitrogen and protonated oxygen atoms (Figure

5.3). Residual analysis of Equation 5.10 (Figure 5.50) demonstrated the randomness of the
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Figure 5.49. Comparison of expermental determinations of log &. for the subset of saturated
imides with values predicted by Equation 5.9. Experimental and predicted values are listed

in Tables 5.1 and 5.8, respectively.
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residuals with respect to both the dependent and independent variables. Thus, the equation
described most of the variability in the dependent variable, log 4., and the residuals may be
assumed to represent the random error component of the measurement of log &,. The
experimentally determined values of log k. and those predicted from Equation 5.10 are shown
in Figure 5.51, and are listed in Table 5.8. Equations developed from this subset of the data
precisely described the effect of N-substitution on the hydrolysis rate constant over a very
narrow range of structure. However, since the imides for which hydrolysis rates are to be
predicted are likely to be structurally different from the maleimides. these equations can not
be used reliably. |

When the bisdioxopiperazine subset was considered, the only equation which was
significantly able to predict log &, was

log k,=0.812 +0.191(T17-16)  (5.11)

In this equation, log 4. is described in terms of the difference between the LUMO and HOMO
of the tetrahedral intermediate (Figure 5.3). Residual analysis of Equation 5.11 (Figure 5.52)
demonstrated the randomness of the residuals with respect to both the dependent and
independent variables. Thus, the equation described most of the variability in the dependent
variable, log &, and the residuals may be assumed to represent the random error component
of the measurement of log k.. The experimentally determined values of log &, and those
predicted from Equation 5.11 are shown in Figure 5.53, and are listed in Table 5.8. No other
descriptor passed the F test, indicating an unacceptable level of uncertainty in the relationship

between log &, and any other descriptor.
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Figure 5.51. Comparison of expermental determinations of log &, for the subset of
maleimides with values predicted by Equation 5.10. Experimental values are listed in Table
5.1.
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Figure 5.53. Comparison of expermental determinations of log &, for the subset of
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As can be seen in Figure 5.44, the random error component of log &, for this subset
of the data was higher than for the other subsets. Measurements of 4, for the analogs of
dexrazoxane fall within a narrow range. It may be that this range does not contain sufficient
variability to allow accurate predictions. This may be the case, as larger subsets of the data
(i. e. the complete data set, and the saturated imides) yielded better results. The observed
imprecision in the description of the dexrazoxane analogs may not be a problem in the
prediction of new analogs, since a somewhat wider range of log &, is desired.

When the non-N-substituted imides were considered, the best equation describing the
kinetically determined pK, (Table 5.1) was

PpK,=-62.7126 + 204.015(IRCR) - 114.215(IZC) (5.12)

In this equation, pK is described in terms of the C(carbonyl)-Ca bond length and the charge
of the carbonyl carbon atom, both measured on the AM1-optimized imide structure. Residual
analysis of Equation 5.12 (Figure 5.54) demonstrated the randomness of the residuals with
respect to the dependent variable, and the independent variables. Thus, the equation described
most of the vanability in the dependent variable, pK, and the residuals may be assumed to
represent the random error component of the measurement of pK,. The experimentally
determined values of pK, and those predicted from Equation 5.12 are shown in Figure 5.55,
and are listed in Table 5.8.

The descriptors which were included in the begt two-variable equations describing pK,
were completely different from the best single descriptors, which measured frontier molecular
orbital energies (Figure 5.45). Neither of the descriptors in the best equation, IZC and IRCR,

were included in any other equations describing pK,. The next eight best equations in this
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Figure 5.55. Comparison of expermental determinations of pK,, for the subset of non-V-
substituted imides with values predicted by Equation 5.12. Experimental values are listed in
Table 5.1.
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series all contained IZ02, which measures the square of the atomic charge on the carbonyl
oxygen atom, and a descriptor corresponding to one of the energy terms calculated by the
AMI1 algorithm in the determination of the total energy of the system. The latter descriptors
are highly correlated with each other, indicating that they may reflect the same properties of
imides. Since they generally increase in magnitude with increasing molecular weight, they may
be proxy variables for any property which increases with molecular weight.

As can be seen in Figure 5.55, the range of pK, values among the non-NV-substituted
imides was not optimal for the development of a quantitative structure-activity relationship.
Only four of the fourteen imides had pK, values significantly different from 10 (Table 5.1):
diacetamide, succinimide, glutarimide, and adipimide. Thus, the equations developed were
strongly weighted in favor of these four points. Since the equations are to be used to predict
pK, values of dexrazoxane analogs, which will surely fall outside this range, these equations
can not be used without large extrapolations. Thus, linear regression equations will not be
used to predict the pK, values of the proposed analogs of dexrazoxane.

Equations 5.8 and 5.9 represent the most reliable relationships between the molecular
modelling data and the kinetic parameters, log 4, and pX,. Equation 5.8 was developed using
the entire data set, and therefore contains the most information. Equation 5.9 has a smaller
standard deviation of residuals (Table 5.7), and is therefore capable of more precise
predictions, although perhaps over a more restricted range of structure. Because Equation
5.11 was developed from a very small subset of the data, it contains only one independent
variable, and therefore describes the subset relatively poorly. Thus, although it was developed

from a subset of dexrazoxane analogs, it can not reliably be used to predict the hydrolysis
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rates of such compounds. Both Equations 5.8 and 5.9 will be used for the prediction of

hydrolysis rates of dexrazoxane analogs.

5.6 Prediction of Hydrolysis Rates of New Dexrazoxane Analogs
5.6.1 Prediction of log &, and pK, of three test compounds

Three imides, 3-methylglutarimide and 4-methyl-2,6-dioxopiperazine (studied at 25
°C and ionic strength of 0.5) [120], and mitindomide (studied at 25 °C) [202] (Figure 5.56),
for which the kinetic parameters describing hydrolysis have been previously described, were
not included in the data set. They were modelled, and the extracted parameters were used
with Equations 5.8 and 5.9 to predict &.. The predicted and experimentally determined
parameters are compared in Table 5.9. In the case of mitindomide, k. was calculated by linear
least squares regression of pseudo-first-order rate constant data to Equation 5.2 [202].

The &, values of 3-methylglutarimide and 4-methyl-2,6-dioxopiperazine are predicted
within a factor of two to four by Equations 5.8 and 5.9 (Table 5.9), while the predicted values
of &, for mitindomide are 120- and 1200-fold too low. Mitindomide has two imide functional
groups; it was determined that the imide fused to the cyclobutyl ring hydrolyzes faster [202].
This is expected, since the cyclobutyl ring must impose strain on the imide ring to which it is
attached, increasing its reactivity significantly. Kinetic data support this hypothesis. The &, for
succinimide was 5.5 M min", while that of mitindomide was determined to be 5000 M™! min™
as described above [202], indicating the significant effect of the fused ring structure of
mitindomide. However, since the predicted values of %, for mitindomide were far lower than

the experimentally determined values, it may be that the equations are best for predicting
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Figure 5.56. Structures of the test compounds.
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Table §.9. Predicted and experimental values of log &, for the test compounds,

Decriptors used to predict log &, using Equations 5.8 & 5.9

Compound IJHOMON PTRCR TCCN 15+6 log &, log k, log k,

(eV?) (A) °) Eqn. 5.8 Eqn.5.9" Expil
3-methylglutarimide 9.18x10° 1.539 109.345 -0.070 1.885 2.102 1.602°
4-methyl-2,6-dioxopiperazine 0.899 1.545 109.114 -0.059 1.817 2.172 2.408°
mitindomide 0.668 1.547 101.912 -0.078 1.680  0.675  3.699°

*log k, = 68.9 - 43.5(PTRCR) + 0.214(HOMON)

*log k,=-17.0 + 0.181(TCCN) + 10.21(15+6)

*[120].

4 Calculated from data previously reported [202] as described in the text.



hydrolysis rate constants of imides whose hydrolyses are affected mainly by electronic, rather

than geometric, factors.

5.6.2 Design of lead compounds

A series of 24 lead compounds was developed for prediction of hydrolysis rates, the
structures of which are shown in Figure 5.57. Analogs of dexrazoxane bearing electron-
withdrawing groups (compounds [-XVIII) may be expected to have faster hydrolysis rates,
as the electron density of the imide functional group may be appreciably lower. Thus, the
nucleophile, hydroxide ion, should have higher affinity for these analogs. Many analogs
containing fluoro groups were included in the series, as this is a small, relatively non-polar
group with a strong inductive effect. Other potential advantages of this group include the
variety of readily available starting materials for the synthesis of fluorine-containing
dexrazoxane analogs, and the possibility of designing multiply fluorinated compounds to
obtain a series of analogs which cover a wide range of hydrolysis rates. Analogs of
dexrazoxane with increased ring size (compounds XXI and XXIII) were included in the
series, since, in general, an increase in ring size decreases stability, perhaps resulting in faster
hydrolysis rates.

Because of the importance of chelation in the putative mechanism of action of
dexrazoxane, the proposed analogs must be expected to chelate metal ions. The hydrolysis
products of compounds [-III, V-XIII, XV, and XVI may be expected to have similar
coordination geometry to the homologous compound, EDTA. The Fe** complexes of the

hydrolysis products of compounds IV and XIV were modelled using PCModel; the




Figure 5.57. Structures of the lead compounds.
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geometries of the optimized structures permitted octahedral coordination. Compounds which
were not specifically designed for increased hydrolysis rates, but whose hydrolysis products
may be expected to be chelators by analogy to their respective tetracarboxylic acids
(compounds XVII [203], XVIII [204], XX [205], XXI [206], XXII [207], and XXIV [208])
were included in the series. The hydrolysis product of compound XIX may also be expected
to chelate, although with lower affinity than structures which are homologous to EDTA, due

to the larger rings formed on metal ion coordination.

5.6.3 Prediction of pK, values of lead compounds

Predictions of pK, by Equation 5.12 are of questionable value, due to the limitations
of the data set from which it was obtained. Thus, the pK, values of the series of lead
compounds were determined by analogy to imides in the data set, for which the pK, values
were determined in Section 5.2 (Table 5.1). The pK, values for the compounds [-XXIV were
corrected for structural differences by adding 4pK, values, calculated from the effects on pK,
values of carboxylic acids for a series of model compounds, corresponding to the individual
functional groups (Table 5.10) [209]. Inductive electronic effects are attenuated as a function
of the distance from the acidic center. Thus, for each carbon atom or -CH=CH- group
between the « carbon and the functional group, the individual 4pK, values were multiplied
by the "transmission factors" of 0.4 or 0.51, respectively [209]. The transmission factor for
a nitrogen atom was assumed to be the same as for the methylene group. For example, the
pK, of compound III (Figure 5.57) was calculated as follows:

PK(III) = pK (ICRF-154) + (-1.70)(0.4)* + (-1.70)(0.4)*  (5.13)
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=10.10-0.272 - 0.1088 =9.72
in which the first term is the pK, of ICRF-154, the structure most similar to compound IIL.
The second term describes the effect of the trifluoromethyl group closest to the imide
functional group; because it is two atoms away from the « carbon, the transmission factor 1s
squared. The third term describes the effect of the other trifluoromethyl group; because it is
three atoms away from the « carbon, the transmission factor is cubed. The estimated pK,

values of compounds I-XXIV are listed in Table 5.11.

Table 5.10. 4pK, values for a-substituents of carboxylic acids.”

Functional Group Effect on pK,
-F -2.08
-CF, -1.70
-NH, -0.45
-COy +0.61
-phenyl -0.44
-SR -1.04°
-C(0O)-R -1.10°
-PR, o¢
-[NH,R]” -2.62°
-NR, -0.83f

*1209]

® -SR was assumed to have the same effect as -SCH,;.

¢ The carbonyl group was assumed to have the same effect as -C(O)CH;.

4 -PR, was assumed to have the same effect as -NR,, i. e. since -PR, was substituted for -NR,
in compound XXII, it was assumed that this change had no effect on pk,.

¢ -[NH,R]™ was assumed to have the same effect as the average of the -[NH(CH,),]™ and the
-NH;" groups.

f-NR, was assumed to have the same effect as -[NH(CH,),]", minus the difference between
the -NH;™ and -NH, groups.
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Table 5.11. Estimated pK, values of the lead compounds.

Compound Base Structure® Predicted pK,

I ICRF-154 5.16
1 ICRF-154 8.10
m ICRF-154 9.72
v ICRF-154° 9.48
\' ICRF-154 7.66
\ ICRF-154 9.77
vl ICRF-154 9.43
Vi ICRF-154 9.30
X ICRF-154 9.17
X ICRF-154 9.83
X1 ICRF-154 9.33
X1 ICRF-154 9.19
X1 ICRF-154 9.25
X1v ICRF-154%¢ 9.26
XV ICRF-154 8.10
XV1 ICRF-154 9.41
Xvia LYZ 17B 10.10
XVII LYZ 17B 10.22
XX ICRF-154¢ 9.79
XX ICRF-154 10.16
Xx1 ICRF-154¢ 10.60
XX ICRF-154 10.10
XX111 Adipimide* 9.22
xav ICRF-154 7.18

* pK, values for the base structures are listed in Table 5.1.

® The increased distance between the two dioxopiperazine rings was assumed to have no
effect on the pK,.

° The carbonyl group was assumed to have an effect equal to that of an acetyl group.

¢ The effect of an unprotonated tertiary amine was estimated by subtracting the difference
between the effects of protonated and unprotonated amino groups from the effect of a
protonated tertiary amine.

“ The effect of the sulfur atom was assumed to be the same as that of a thiol group.
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5.6.4 Prediction of hydrolysis rates of lead compounds

The values of log k, were predicted from the series of lead compounds, using
Equations 5.8 and 5.9 (Table 5.12). Although the equations describe a relationship which is
linear over the examined range of the independent variables, extrapolation beyond this range
is not possible. To be sure that the predictions are valid, values of the descriptors for
predictions should lie within the range of the data set. Figure 5.58 shows the ranges of both
independent variables of Equation 5.8, PTRCR and IHOMON. It can be seen that
measurements of [HOMON for two compounds lie outside the range of the data set,
compounds X VT and XX, the only carboxylate-containing imides in the series. It is reasonable
that the HOMOs of these compounds are centered around the carboxylate groups; thus, this
descriptor may not describe the imide functional group at all for these compounds. The values
of log k, predicted for these compounds were much higher than might be expected, given the
weak electron-donating effect expected of the carboxylate group. The predicted log &, for
these compounds are unlikely to be accurate. Fig 5.59 shows the ranges of both independent
variables of Equation 5.9, TCCN and [5+6. The combination of values for the compound XVI
ts outside the two-dimensional range of values of the data set. The values of TCCN for
compounds II, VI-IX, and XXII are also beyond the range of values of the data set. Since the
values of log 4. for compounds VI-IX by Equations 5.8 and 5.9 are quite different, it may be
for this series of compounds, which are fluorinated on the main chain (Figure 5.57), that use
of Equation 5.9 is not appropriate. Overall, the compounds for which inappropriate

extrapolation is possible are those for which irregular predictions were made.
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Table 5.12. Predicted values of log &, for dexrazoxane and the lead compounds.*

Descriptors used to predict log &, with Equations 5.8 & 5.9

Compound  HIOMON PTRCR TCCN 15+6 log k! logk;} k,.f k.
Eqn. 5.8 Eqn.59 Eqn.5.8 Eqn §.9

(eV)! A ) (h) ()
Dexrazoxane 1.285 1.543¢ 108.903° -0.0603" 2054  2.096 0.0017 0.0019
I 0.131 1.563 104.586 -0.0585 0.869 1.357 6.3x107 2.0x10°¢
I1 0.037 1.526 111.494 -0.0632 2.459 2.559 0.0036 0.0046
I 0.172 1.540 109.749 -0.0838 1.878 2.034 0.0011 0.0016
1V 0.009 1.536 109.627 -0.0795 2018 2.055 0.0016 0.0017
\Y 0.182 1.551 105.196 -0.0810 1.402 1.238 0.00021 0.00017
Vi 0.858 1.546 111.623 -0.0702 1.764 2511 0.00087 0.0049
Vil 0.495 1.544 111.745 -0.0712 1.774 2,523 0.00088 0.0050
VIl 0.542 1.544 111.419 -0.0695 1.784 2.482 0.0009 0.0045
IX 0.172 1.543 112.015 -0.0680 1.7145  2.605 0.00082 0.0060
X 0.613 1.543 108.425 -0.0712 1.842 1.923 0.00010 0.0012
X1 0.229 1.549 108.685 -0.0690 1.499 1.992 0.00047 0.0015
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The predicted values of &- (£, at pH 7.4) for compounds I-XXIV, calculated from
Equations 5.8, 5.9, and 5.5, are listed in Table 5.12. Since a two- to five-fold increase in the
hydrolysis rate constant over that of dexrazoxane (0.00077 min™ ffrom Table 5.1 and
Equation 5.5) is desired, imides with values of &, within the range of 0.0015 - 0.0038 h
(based on the parameters for dexrazoxane listed in Table 5.1) may be considered target
compounds. The averages of the values of log &, were used to determine whether each
compound fell inside or outside the range. with the exception of compounds XVT and XX,
for which the predictions from Equation 5.9 only were used, and VI-IX, for which the
predictions from Equation 5.8 only were used. Compounds for which log . was predicted
to fall within this range included IV, XIII, XIV, and XVII - XXIII. Of these, the hydrolysis
products of compounds XIII, XVIII, XX, XXI, and XXII may be expected to be good
chelators, and are therefore the compounds in this series most likely to be more effective in

preventing doxorubicin-induced cardiac damage through chelation of Fe’~.

5.6.5 Evaluation of linear regression approach to the development of dexrazoxane
analogs

The development of analogs using a quantitative structure-activity relationship, such
as described in this study, offers the possibility of predicting not only the effect of structural
alterations, but also the magnitude of such alterations. Of the ten compounds for which values
of k., fell within the desired range, it could be predicted on the basis of the inductive effects
of the altered functional groups that most of these compounds would hydrolyze somewhat

faster than dexrazoxane. What could not be known, however, was whether the magnitude of
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the changes in the hydrolysis rate constant would be appropriate for their use in preventing
doxorubicin cardiotoxicity.

The equations developed in this study describe the hydroxide-ion-catalyzed hydrolysis
of imides. It may be that some or all of the lead compounds investigated also undergo water-
catalyzed hydrolysis, as does dexrazoxane [120]. Experimental conditions, such as low
solubility of the neutrally charged imides in water, high background absorbance of the buffer
system in the range of wavelengths at which the neutrally charged imides absorb, and the slow
rate of imide hydrolysis at pH values lower than those used in this study, prevented the
investigation water-catalyzed hydrolysis. However, it is reasonable to assume that the
structural variations which affect the electrophilicity of the imide functional group will have
similar effects on hydroxide-ion- and water-catalyzed hydrolysis. Thus, the predicted effects
of structure on &, may be expected to have similar effects on the water-catalyzed rate
constant, ;.

Although a number of the compounds in the lead series were problematic in that they
deviated from the trends described by Equation 5.8 and 5.9, it appears that these equations

may be used with care in the prediction of hydrolysis rates on imides, relative to that of

dexrazoxane.
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Section 6 Conclusions

The putative mechanism of action of dexrazoxane is sequestration of redox-active
metal ions by D. The ligand competition studies described in Chapter 2 demonstrated that B
and C, the one-ring open hydrolysis intermediates of dexrazoxane, displace Fe*” from its
complexes with anthracyclines nearly as quickly and completely as did D, the final hydrolysis
product. This discovery of potential pharmacological activity of the intermediates means that
complete hydrolysis may not be necessary for activation of dexrazoxane, and that active
species may be produced much faster than D in vivo, as they are in vitro [128].

One element in understanding the mechanism of action of a drug is its fate in
biological systems. The pharmacokinetics of dexrazoxane, including its distribution,
hydrolysis, and possible metabolism will remain unknown until human pharmacokinetic
studies are done which identify and quantitate dexrazoxane and each of its metabolic
products. The present studies, however, provide information with which to estimate the
kinetics of dexrazoxane hydrolysis in vivo by analogy to its kinetics in vitro, which have been
characterized [128]. Although, in Chapters 3 and 4, many transition metal ions were shown
to strongly promote the hydrolyses of B and C to D, the concentrations of these metal ions
in biological systems are too low to significantly affect the rates of these reactions. In
contrast, Ca’” and Mg*", which had much weaker effects, were able to reduce the half-time
for the production of D at pH 7.4 and 37 °C from 33 h to approximately 25 h, at
concentrations similar to those in plasma. These experiments, and previous studies which

characterized the catalysis of hydrolysis of dexrazoxane to B and C by dihydropyrimidine
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amidohydrolase [124, 125], demonstrate that hydrolysis of dexrazoxane in vivo may be
significantly faster than in vitro [128].

Clinical pharmacokinetic studies have demonstrated that 40-50% of an intravenous
dose of dexrazoxane is excreted unchanged [133, 135]. Since approximately half the dose is
not activated, a faster-hydrolyzing analog of dexrazoxane would allow the administration of
lower doses, all other factors being equal. The development of a quantitative structure-
activity relationships described in Chapter 5 may allow more precise estimation of the

hydrolysis rates of lead compounds than chemical intuition alone.
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Section 6 Appendix: Derivations of equations used in Chapters 3 and 5

6.1 Derivation of Equation 3.4

Z][H]
k,-EHE] g

« [Y]
The Fe’™-(C)-(H,0) complex has two dissociable protons in the pH range studied. The
equilibria among the three species, Fe’*-(C)-(H,0), Fe*"-(C)-(H,0), and Fe*"-(C)-(OH),
which are denoted as X, Y, and Z, respectively, are described by the following equations: The

mass-balance equation for [7m],, the total concentration of the complex, is

m] - (X] - [¥] - [2] (63

Substitution of Equations 6.1 and 6.2 into Equation 6.3, and solving for [Y] yields

v - (6.4
(H] - K, H]-K,K,

The rate expression for hydrolysis of the Fe’"-C complex, at constant pH, is

Rate - k, [Im], (6.5)

From the scheme shown in Figure 3.5, this rate expression, at any pH, is
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Rate = kJOH J[X] « k,[OH J[Y] « k,[¥]  (6.6)

Rearrangement of Equation 6.2 to solve for [Y], and substitution into Equation 6.6 yields,

on rearrangement

kK
Rate - -’K—m ~ k,[OH"J[Y] + k(Y] (6.7)

al

Substitution of Equation 6.4 into Equation 6.7 yields, on rearrangement

| AR K, - IR, kK)o

Rare >
H] - K,[H] - KK,

Because Equations 6.5 and 6.8 are identical in form,

= k2KwKaI * [Hj(lew M kS‘Kal) (69)

kob: -
[HT « K H] - KK,

which is identical to Equation 3.4,

6.2 Derivation of Equations 3.5 and 5.6

Imides have one dissociable proton in the pH range studied. The equilibrium between the
neutral and anionic species, which are denoted as X and Y, respectively, are described by the

following equation:
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K, . OET

The mass-balance equation for //m/,, the total concentration of the complex, is

[m], - [X] - [¥]  (6.1])

Substitution of Equation 6.10 into Equation 6.11, and solving for [Y] yields

[Y] - (6.12)
;. I
KaZ
From a scheme in which only species Y absorbs,
A - €[Y] (6.13)

in which e is the difference in molar absorptivity between the reactants and the products of

the reaction. Substitution of Equation 6.12 into Equation 6.13 yields

4- "L (614

which is identical to Equation 3.5. Multiplication of the right-hand side of Equation 6.14 by

K./K,,, and addition of a constant term yields an equation of the same form as Equation 5.6:

(HmiRe e 1s)
H] ~ Kaz
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The variables 4, efIm],, and K, in Equation 6.15 correspond to Amp, Amp,,., and K,

respectively, in Equation 5.6.

6.3 Derivation of Equations 3.6 and 5.5

Imides have one dissociable proton in the pH range studied. The equilibrium between the
neutral and anionic species, which are denoted as X and Y, respectively, are described by the

following equation:

K, - -[Z][%]- (6.16)

The mass-balance equation for /7m];, the total concentration of the complex, is

am], - [X] + [Y]  (6.17)

Substitution of Equation 6.16 into Equation 6.17, and solving for [X] yields

[Im],
Kal

H]

X] - (6.18)

1

From a scheme in which only species X absorbs,

A - e/X] (6.19)

in which Ace is the difference in molar absorptivity between the reactants and the products of

the reaction. Substitution of Equation 6.18 into Equation 6.19 yields
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Addition of a term corresponding to the absorbance when [Y] = [Im]; yields

eIm],
Ka!

(H]

A - . 4, (6.21)

+ 1

which is identical to Equation 3.6. With the addition of a hydroxide ion term, the pH

dependence of Equation 6.20 is the same as that in Equation 5.5:

4. SMHAORT sy

K, w
H]

The variables 4, €/Im];, and K, in Equation 6.22 correspond to &, k., and K, respectively,

in Equation 5.5.
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