A Structure-Activity Study
of
Naturally Occurring and Synthetic
Cyclic Hydroxamic Acids

Jeffrey K. Atkinson

A thesis submitted in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy
in the
Department of Chemistry
University of Ottawa
i d'g
Ottawa, Canada. S ?’5@3[70075 'ﬂ,"’
Qg, MR, )
2 &
2 =
e ORI
4
O"i‘,"’.s”y of o\\O
Candidate Supervisors

Peter Morand, Chemistry

John T. Arnason, Biology

..

(@ Jeffrey K. Atkinson, Ottawa, Canada, 1989



UMI Number: DC53720

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform DC53720
Copyright 2011 by ProQuest LLC
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



To Mom and Dad



To be is to do.

Jean-Paul Sartre

“Scoobee doobee doo.”

Frank Sinatra



ABSTRACT

Analogues of the aglucones of naturally occurring cyclic hydroxamic acids
(2,4-dihydroxy-1,4-benzoxazin-3-ones) from Graminae have been synthesized by the
reductive cyclization of ring-substituted methyl o-(o-nitrophenoxy)-o-methoxyacetates,
followed by demethylation of the C-2 methoxy group with BBr; or BCl; to reveal the
2-hydroxy group. A structure/activity series was produced by varying the substituent at
C-7 on the aromatic ring, [R= MeO (1), -Bu (6), Me (7), H (8), C1 (9), F (10), CO,Me
(11a).] The C-2 methoxy group could not be demethylated when the C-7 substituent was
CF; or CN. Hydroxamic acids with nitrogen substituents at C-7 (Me,N and CH3;CONH)
could not be obtained; only the lactam 25 could be isolated from the highly coloured
reductive cyclization reaction mixtures of methyl o-(5-dimethylamino-2-nitrophenoxy)-
o-methoxyacetate. Similarly, only the lactam 27 was recovered during the attempted
synthesis of a 7-MeO-5-Me analogue, although a 5-Me compound (17) was successfully
synthesized. Three compounds bearing two oxygen substituents on the aromatic ring
[7,8-dimethoxy (2), 6,7-dimethoxy (3), and 6,7-methylenedioxy (4)] and a compound
lacking the phenolic oxygen (1,3-dihydroxy-6-methoxyl,2,3,4-tetrahydroquinolin-2-one,
18) were also synthesized.

The pK, values for the hydroxamic acid and phenol moieties were determined for
each member of the C-7 series. They correlated well with o, in a linear free energy
relationship (LFER) yielding values of p=0.706 for pK,; (the hydroxamic acid) and
p=1.62 for pK,, (the phenol). A LFER also existed between the rate constants for the
unimolecular decomposition of these hydroxamic acids to benzoxazolinones and ¢* (p=
-0.81).

The rates of hydroxamic acid reduction to lactams by mercaptoethanol (ME) were
investigated. Only compounds 1-4 had measurable rates of reaction. NMR spectra of this
reaction in D,O buffers (pD 9), however, showed that compounds 1, 6, 7, 9, and 13 (the
only ones investigated) formed a hemithioacetal at C-2 although only 1 has a measurable
rate of reduction by the same thiol. The biological activity of all analogues, as determined
by feeding trials with the larvae of the European com borer (ECB, Ostrinia nubilalis,
Lepidoptera: Pyralidae), are discussed in the light of their relative stability in solution and
their reactivities towards thiols. Some preliminary work is presented concerning the
inhibition of larval gut proteases by the analogues, and their activities as feeding
deterrents.
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1 INTRODUCTION

Secondary Chemicals in Crop Protection

The efficiency of modern agriculture demands the large scale monocropping of
high yielding plant cultivars, but extensive acreages of genetically uniform plants create
an opportunity for the exponential growth of the insect populations which feed on these
crops, often with disastrous results. Approximately one-third of the world’s human food
supply is lost to pests.!

Although the use of pesticides has contributed to a several-fold increase in many
crop yields in North America since World War II, the continued use of a limited number
of pesticides has lead to some serious problems. Since 1950 over 400 species of insects
have manifested resistance to insecticides.l? Furthermore, differential toxicity of the
insecticide to those species present in the field may leave the targeted pest better off than
its natural predators or parasites. This means that another regulator of the pest’s
population has been lost and crop infestation may worsen.? Aside from the effects on the
insect in question there are the uncertainties concerning the toxicity of applied pesticides
to higher organisms, the persistence of the chemical in the environment and its ultimate
biological fate. All of these criteria must be addressed in some fashion before a new
pesticide can pass the regulatory process. This usnally costs $18-20 million*? and gambles
that we will continue to produce new compounds as fast as the pests establish resistant
populations.

Most researchers in the area of crop protection agree on the urgency of developing
new pest management strategies that reduce our dependence on pesticides and their
associated environmental and economic costs. One of the most promising areas of
research is the development of plant varieties resistant to pest attack.»® A plant may be
resistant to attack for a number of reasons, including morphological characteristics such as
shape, toughness of tissues, presence of trichomes (leaf hairs) or silica’. Much recent
research®16 demonstrates that the presence of secondary chemicals has an equally
important role in protecting the plant against pest attack. These ‘secondary chemicals’ are
those naturally occurring compounds which are not directly involved in primary
metabolism such as photosynthesis, respiration, etc. The core of modern organic chemistry
has evolved around the structural identification and synthesis of these ‘natural products’.
The study of their biology, however, has remained daunting largely because of the vast



structural diversity of compounds (even within a sub-class, such as the indole alkaloids or
the diterpenes), and because their biological activity, if known, was equally diverse.
Coevolutionary theory!’18 offers a conceptual framework for the development of
chemically diverse toxins in response to pest attack. Doubts have been expressed,
however, that the presence of many secondary chemicals may not be evolutionarily
significant.!?

Little is known at the molecular level about the modes of action of those chemicals
which have tentatively been assigned the role of defense compounds. Without this sort of
understanding it is difficult to rationally select resistant varieties of plants.

Maize

Maize (comn, Zea mays) is the world’s third largest crop after rice and wheat.
Approximately 100 million hectares are planted worldwide in temperate, sub-tropical and
tropical climes, wherever rainfall is adequate.? It is the major food crop for 100 million
people?! and the number one feed grain in the world.22 In Ontario alone the combined
farm value of grain and fodder corn in 1985 was nearly $770 million.2 Still, despite
mankind’s apparent success at cultivating this plant, disease and insect attack are the
major factors limiting increased yields.?

The European com borer (Ostrinia nubilalis, Lepidoptera: Pyralidae) has become
one of the most damaging pests to maize since its introduction to North America early this
century, with losses estimated to exceed $200 million a season in the US, -6 and $38
million in Ontario.?” The young larvae feed primarily on the spirally rolled leaves in the
whorl?® while later instar larvae bore into and weaken the stalk, which may make the plant
unrecoverable by mechanical harvesters. In experiments using resistant varieties of maize,
most larval mortality was observed to take place in the first few days after the eggs had
hatched. Thus, resistance to the seasons first generation of insects is, specifically,
resistance to leaf feeding.282° By the time the second generation eggs are hatching, the
maize has tassled and resistance is better described as being to sheath-collar feeding3® and
stalk feeding.31-34

Chemical Defenses of Maize

Over thirty years ago the first reports of suspected resistance factors in maize were
published.3>4? This early work focused attention on the benzoxazolinones (Scheme 1.1).
When it was later shown that these were the degradation products of cyclic hydroxamic
acids,*1#2 the latter were then suspected to be the real resistance factors. (See Biological
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Scheme 1.1. Mechanism of decomposition of hydroxamic acids (2,4-dihydroxy-
1,4-benzoxazin-3-ones) to benzoxazolinones.

Activity: DIMBOA, below). More recent work on this pH dependent unimolecular
decomposition*3> has helped enormously in qualifying what species (hydroxamic acid or
benzoxazolinone) actually exist in the plant, after isolation, and during feeding trials with
artificial diets.

The 1,4-benzoxazin-3-ones occur naturally as the 2-O-f-D-glucosides. These can be
isolated if care is taken to deactivate the B-glucosidases that normally hydrolyse this group
when the plant tissue is damaged.*S A number of different hydroxamic acids have been
isolated from Graminae, as well as the corresponding lactams and ring-contracted benzox-
azolinones. These have been thoroughly described in a recent review.*” A GC/MS
technique for quantitative analysis of these compounds in plant tissues has been
developed .8

Of the naturally occurring compounds only the most abundant hydroxamic acids, their
corresponding lactams and one benzoxazolinone have been investigated in depth in this
work. Figure 1.1 illustrates these compounds both as the free aglucone and the glucosides.

Biological Activity: MBOA
MBOA has been shown to inhibit the growth of the European corn borer’**? and a
number of other insects including the cereal aphid Metopolophium dirhodum,® the
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Figure 1.1. Compounds of the naturally occurring 1,4-benzoxazin-3-ones
and the one benzoxazolinone that were used in this work. Only the aglucones
(Glc glucose) were used. The occurrence of MBOA in undamaged maize

tissue is doubtful. 47

silkworm Bombyx mori! the German cockroach Blatella germanica, and Prodemia

eridana 35

Fungal pathogens such as Fusarium nivale,’? Fusarium moniliforme, Gibberella
zeae, Pyrrenochaeta terrestris, Diplodia zeae,>® Sclerotina trifoliorum,3* and Penicilium
chrysogenum™® all have their growth inhibited by MBOA.

The bacteria Staphylococcus aureus, Pseudomonas fluorescens and Escherichia
coli also have their growth inhibited by MBOA.?* All of the activites listed above occur
with concentrations of MBOA at 1-6 mM. The wide range of aerobic organisms affected



by MBOA suggested that it might be interfering with energy metabolism. BOA (the
methoxy group of MBOA has been replaced by hydrogen) has since been shown to inhibit
electron transfer between the flavin and ubiquinone of Complex 1 and ATP synthesis at
the F; site of the ATPase complex.>

Biological Activity: DIMBOA

Leaf feeding resistance to European corn borer in Zea mays has been shown by a
number of authors to be strongly correlated with levels of DIMBOA present in the whorl
of the plant.4%>6-60 Inbred lines of maize with high concentrations of DIMBOA (the most
abundant hydroxamic acid in maize*?) are highly resistant to borer attack.3%-61

There is an abundant literature on the biological activities of DIMBOA. This has
recently been thoroughly reviewed*’ and only a brief survey is offered here. DIMBOA
exhibited both antibiotic®® and antifeedant®% effects on cereal aphids raised on treated
holidic diets. High DIMBOA levels in inbred maize lines were concluded to be
responsible for resistance to the Northern corn leaf blight fungus Helminthosporium
turcicum,%5 as well as the inhibition of germination of H. turcicum spores.®® Correlations
also exist between hydroxamic acid levels and resistance of maize to stalk rot caused by
the fungi Diplodia maydis®?, Fusarium moniliforme, Gibberella zeae,® and
Cephalosporium maydis.®

The mutagenicities of 4-hydroxy-1,4-benzoxazin-3-ones, including those that
occur in maize, have been reported.®? The small analogue series used suggested that for
activity either an aryl ring methoxy group (C-7 of DIMBOA) or a 2-hydroxy group be
present. This, as will be seen, was an important conclusion. Recently’® Japanese scientists
have reported the anti-inflammatory activities of some of the compounds listed in Figure
1.1. They also stressed the necessity of a 2-hydroxy group for the greatest activity.

Hydroxamic Acids as Nucleophiles

The 2-chloro-s-triazine derived herbicides atrazine and simazine are important in
maize protection largely because of this crop’s resistance to their effects. Resistance is
accounted for by the nucleophilic substitution of the chlorine on the triazine ring by
hydroxamic acids present in the plant.”! (Scheme 1.2) Lines rich in hydroxamic acids are
tolerant to these herbicides whereas lines with low levels are more susceptible.”>” The
hydrolysis of diazinon is also catalysed in the presence of DIMBOA."4



Simazine: R!=R2?=FEt
Atrazine: R!=Et, R?= i-Pr

Scheme 1.2. Hydrolysis of 2-chloro-s-triazine herbicides enhanced by hydroxamic acid
nucleophilic catalysis.
Hydroxamic Acids as Electrophiles
The molecular mechanism by which DIMBOA chemically defends maize is not
known. However, several interesting leads have developed over the last few years.
DIMBOA (as a representative member of this class of cyclic hydroxamic acids)
shares the N-arylhydroxamic acid substructure with a number of compounds (i.e.
N-(2-fluorenyl)acetohydroxamic acid) that have been shown to be the intermediates
responsible for the carcinogenicity of many nitroaromatics.”>7° After biological acylation
to N-acetoxy amides these materials become potent electrophiles and are thought to react
with nucleophiles within DNA. In a more closely related system, it has been shown that
4-acetoxy-2H-1,4-benzoxazin-3-ones (Scheme 1.3) also react with nucleophiles,
substitution taking place predominantly on nitrogen.30-82

R 0] R 0) R
Nu: o
N o)
OAc Nu I!I

R=H,h MeO

Scheme 1.3. Reaction of 4-acetoxy-2H-1,4-benzoxazin-3-ones with
nucleophiles .0

Coutts?3 has reported the nucleophilic displacement of the hydroxamic acid
hydroxyl group by attack of chloride on the aromatic ring for a number of benzoxazine
and benzothiazine derived hydroxamic acids.
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Scheme 1.4. Nucleophilic displacement of the hydroxamic acid hydroxyl group by
chloride in acidic media.

The isolation of a chlorine containing benzoxazine-3-one from corn has been reported®
(see Scheme 1.5), but it is difficult from the details provided to conclude whether this is a
molecule that actually exists in the plant or whether it is an artefact from isolation, having
undergone a similar nucleophilic displacement as described by Coutts.

CH;0 O-Gle ) CH,0 0] O-Glc
N 0
|
Cl H

Glc = glucose

Scheme 1.5. Possible mechamsm of formation of the chlorine containing lactam
isolated from corn (Zea mays)%

DIMBOA also acts as an electrophile during a reaction with thiols.3%:86 It was found that



DIMBOA need not be derivatized (i.e. the substituent on nitrogen is hydroxy not acetoxy)
and that the reaction takes place in aqueous solution at a basic pH. The net reaction with
excess thiol was reduction of the hydroxamic acid moiety to the lactam without
incorporation of the thiol in the aromatic ring. Thiols were also observed to react with the
aldehyde of the open form of the lactol. Of further significance, insects reared on diets
containing DIMBOA were protected from its toxicity when the diet also contained added
cysteine.%’

Enzyme Inhibition

Hydrolytic enzymes including the proteases and esterases depend on a
nucleophilic residue in their active sites for catalytic activity, usually a serine or a
cysteine.®® Suspecting that DIMBOA may be reacting in its role as an electrophile, some
recent work has focused on the activity of DIMBOA as an enzyme inhibitor. DIMBOA
inhibits the activity of papain,%? a sulfhydryl protease (EC 3.4.2.2) and the loss of activity
is concurrent with loss of thiol titre on the enzyme. The activity can be partially recovered
following the addition of dithiothreitol and a kinetic model was offered as an explanation
of these results.

DIMBOA has also been shown to inhibit mammalian chymotrypsin, a serine
protease.?0 Reaction with the enzyme appears to be taking place at the aldehyde of the
open form of DIMBOA since phenylglyoxal also inhibits the enzyme but the methyl acetal
of DIMBOA does not.

Inhibition of Energy-linked Metabolism

ATP synthesis and ATP-ase activity in isolated spinach chloroplast coupling
factor, CF;, are inhibited by DIMBOA.?192 Energy-linked mitochondrial reactions are
also inhibited by DIMBOA.?> Treatment of the isolated CF;ATP-ase with iodoacetamide
prior to adding DIMBOA protected the enzyme activity suggesting that DIMBOA was
reacting with thiol groups on the enzyme. The protection was not complete, however, so
DIMBOA is likely reacting at other centres on the enzyme as well. The observed
inhibition was of two types: (i) an initial reversible uncompetitive inhibition and (ii) a
simultaneous  progressive irreversible inactivation. The experiments with
submitochondrial particles from bovine heart showed a similar reversible inhibition of
ATP synthesis, P,-ATP exchange and ATPase activity, but the ATPase activity was never
inhibited irreversibly. These results are consistent with the fact that the CF, B-subunit has
essential cysteine residues, but the mitochondrial B-subunit does not.%>



Structure - Activity Series

The great proportion of the work done on DIMBOA strongly suggests that its
biological activity is mediated by reaction with biological nucleophiles, but it is difficult
to adequately explore the molecular mechanism without the aid of synthetic analogues.
When biological activity has been observed to increase or diminish after a molecule has
been structurally modified, one can more confidently speak about sites of reactivity or
substituents necessary for that reactivity than one could when only the single compound
was available. This is especially true of this family of cyclic hydroxamic acids since their
reactivity is so diverse. They react with thiols (both a reduction and an addition reaction),
with amines,’* and they undergo a unimolecular decomposition reaction (i.e. Figure 1.1).
Their biological activity includes action as inhibitors of enzymes and of energy-linked
metabolism (see above). Since all these activities can be quantified to varying degrees a
wisely chosen series of analogues would offer a wealth of information. The major goal of
this work, then, was the synthesis of both the naturally occurring hydroxamic acids of
maize and their analogues. The analogues were chosen both to test how certain structural
features effect reactivity and to produce a contiguous series of compounds that should
participate in linear free energy relationships. This latter consideration was of special
importance for the study of the decomposition reaction of the hydroxamic acids to
benzoxazolinones.
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