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In order to protect themselves from biotic stresses, including enemies and competitors, many
plants recruit defensive secondary metabolites. Compounds containing a 2-hydroxy-2H-1,4-
benzoxazin-3(4H)-one skeleton and their derivatives, collectively known as benzoxazinoids, are
common secondary metabolites in many grasses, including important cereal crops such as maize,
wheat, and rye, as well as several dicot species. This diverse class of compounds is known for its
broad range of antifeedant, insecticidal, antimicrobial, and allelopathic activities. However, the
mechanisms underlying such biological activities are not yet completely understood. The present
review aims to summarize the current knowledge on the chemical reactivity of benzoxazinoids
in biological systems and associate it to their proposed modes of action. Structure-activity
relationships for a wide spectrum of biological effects are critically discussed and directions for

future research are addressed.
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1. Introduction

Compounds with the 2-hydroxy-2H-1,4-benzoxazin-
3(4H)-one skeleton (benzoxazinones) and their degradation
products (benzoxazolinones) have been recognized as
general defense metabolites from plants, being involved
in antifeedant, insecticidal, antimicrobial, and allelopathic
activities.! Given the variety of biologically relevant
structures in this group, we will refer to benzoxazinones
(both acetal glucosides and hemiacetal aglucone forms) and
benzoxazolinones collectively as benzoxazinoids (BXDs)
in this article. These compounds are given acronyms
based on their official names, such that 2,4-dihydroxy-
7-methoxy-2H-1,4-benzoxazin-3(4H)-one is normally
referred to as DIMBOA, and its glucoside, (2R)-2-B-
D-glucopyranosyloxy-4-hydroxy-7-methoxy-2H-1,4-
benzoxazin-3(4H)-one, as DIMBOA-GIlc. The most
common naturally occurring BXD structures and their
relationships are shown in Scheme 1.

This group of nitrogen-containing secondary
metabolites is present in many grasses (Poaceae), including
economically important crops such as maize, wheat, and
rye (but not rice, oat, sorghum, and cultivated barley).!
BXDs are also found in a few species within the dicot
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families Acanthaceae, Ranunculaceae, Plantaginaceae,
and Lamiaceae.>?

The BXD biosynthetic pathway has been mostly
established in maize** and is summarized in Scheme 2.
The biosynthesis of BXDs, their evolution in plants, and
related genetic aspects have been recently comprehensively
reviewed.?*> The enzyme BX1 (named for the
benzoxazineless phenotype of its homozygous mutant,
bx1) catalyzes the first committed step of the pathway,
converting indole-3-glycerol phosphate into indole in the
chloroplasts. This enzyme is a homolog of the subunit o
of tryptophan synthase, which performs the same reaction
but is coupled to a B subunit that further converts indole
to tryptophan without releasing it from the enzyme
complex. Free indole produced by BX1 is then oxidized
by four cytochrome P450-dependent monooxygenases,
BX2-BXS5, which are located in the endoplasmic reticulum
and are substrate-specific and regioselective for the
introduction of oxygen atoms. The resulting DIBOA
is the first toxic intermediate in the pathway and is
glucosylated by UDP-glucosyltransferases BX8 and BX9,
presumably to minimize autotoxicity and provide a stable
intermediate for further modifications in the cytoplasm.
DIBOA-GIlc can be hydroxylated by the 2-oxoglutarate-
dependent dioxygenase BX6, and O-methylated by
O-methyltransferase BX7, yielding DIMBOA-Glc.
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Scheme 1. Hydrolysis of naturally occurring benzoxazinone glucosides and degradation to benzoxazolinones via oxo-cyclo ring-chain tautomerism.

Recently, another three homologous O-methyltransferases,
BX10, BX11, and BX12, were implicated in the reaction
from DIMBOA-Glc to HDMBOA-Glc.* The stable
glucosides are considered to be transported to and stored in
the vacuole.® Since B-glucosidases that use BXD glucosides
as substrates are present in chloroplasts, cell walls, and
cytoplasm, no hydrolysis normally occurs in intact tissue.’

Upon disruption of the cell structure (by herbivore
feeding or pathogen attack), BXD glucosides come
into contact with B-glucosidases and are hydrolyzed to
reactive aglucones, which are implicated in the toxicity
of BXDs. A similar pattern is also observed for other
plant defenses, such as glucosinolates and cyanogenic
and iridoid glycosides, that are also activated only upon
damage.®® In roots, BXDs are actively exuded from plant
tissue to the soil and thus can exert direct effects on root
herbivores, soil microorganisms, and other plants.!®!!
Benzoxazinone aglucones can spontaneously degrade to
benzoxazolinones at rates that depend on their chemical
nature and environmental conditions, as will be discussed
in more detail below.

The abundance of BXDs and their proportion vary
between plant species and varieties and within plants
among tissues, developmental stages, and after induction

by biotic factors. The total concentrations of BXDs
can reach > 0.1% of fresh weight as in maize leaves
after caterpillar attack.'>'*> The main BXD in rye is
DIBOA-Glc,'* whereas DIMBOA-GIc is the major BXD
in aerial parts of wheat and maize,'*!* and HDMBOA-Glc
is dominant in maize roots.'® In maize, BXDs reach the
highest total concentrations in seedlings in less than
10 days after germination, and then decline as the plant
grows, '’ being differently allocated to leaves according to
their age.!” Different compounds show different profiles.
For example, HDMBOA-Glc is especially induced after
herbivory,'>!3 fungal attack'® and upon jasmonic acid
treatment'*!” in maize.

Despite the relatively well documented effects of BXDs
on insects, microorganisms and plants, little is known
about their mode of action in biological systems. As will
be discussed throughout this paper, BXDs show a range
of chemical reactivities that could be responsible for their
biological effects. Moreover, the mechanisms by which
they exert toxicity or repellence are not necessarily the
same, but may vary depending on factors such as pH and
the physiology of the target organism.

Given the important role of BXDs in interactions with
insects, microorganisms, and other plants, understanding
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Scheme 2. BXD biosynthesis and model of compartmentalization in a plant cell.

more about this class of compounds is valuable from the
viewpoint of pest control, plant breeding, ecology, and
evolution of chemical defenses. Several authors have
reviewed different aspects of BXDs, including their
biological activities,'?® synthetic strategies,*'*> chemical
reactivities,”® and biosynthetic evolution and genetics.??
These topics are briefly addressed, but not discussed in detail
here. The present review aims to summarize and update the
current knowledge about BXD chemical properties with
emphasis on those that may explain their wide range of
biologically relevant activities. Studies on structure-activity
relationships are discussed and mechanisms for biological
activities are suggested, taking into account the specific
features of each of the target organisms.

2. Chemical Properties of BXDs
The benzoxazinones shown in Scheme 1 can be divided

according to the nature of group R' as lactams (R' = H),
hydroxamic acids (R! = OH), or N-O-methylated derivatives

(R" = OMe). These functional groups, together with the
substituents R? and R® in the aromatic system, greatly
influence the stability and reactivity of each compound
and therefore their biological activities. The presence of a
nitrogen heteroatom in the core structure of benzoxazinones
is also considered to lower the stability of these molecules,
which is essential to their reactivity.>

The acetal group, a feature common to all naturally
occurring benzoxazinone glucosides, is remarkably
stable” and requires the action of glucosidases for its
hydrolysis. The resulting aglucones are cyclic hemiacetals,
or lactols, that undergo oxo-cyclo ring-chain tautomerism
involving a fast, reversible ring opening reaction.?® Proton
NMR of HMBOA aglucone confirms that the closed
form is predominant, as shown by a singlet at 5.60 ppm
corresponding to the lactol proton, as well as the ratios
between signals from the open and closed form in the
aromatic region. No aldehyde proton is visible, probably
because of the low intensity of the signal and hydration-
dehydration equilibrium.?’ As discussed in detail below, the
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open form of benzoxazinone aglucones presents different
reactivities than the closed tautomer and is involved in their
degradation to benzoxazolinones.

As another consequence of oxo-cyclo ring-chain
tautomerism, the aglucones exist as racemic mixtures
in solution. Capillary electrophoresis and liquid
chromatography do not separate DIBOA and DIMBOA
enantiomers, since their interconversion occurs rapidly
and continuously during the timescale of these analytical
procedures.”®?* However, discrimination of DIBOA and
DIMBOA enantiomers was achieved by NMR using chiral
solvating agents, which form diastereoisomeric solvation
complexes.’ On the other hand, racemic mixtures of
synthetic BXD methyl acetals have been successfully
resolved by all three methods, confirming their stability
towards hydrolysis and racemization by ring opening. It is
interesting to note that all known benzoxazinone glucosides
produced by plants are (2R)-2-B-D-glucosides®!-** that upon
glucosidase activity yield racemic mixtures of (2R) and
(25) aglucones.

The high activity of BXD B-glucosidases and
the instability of aglucones make the extraction and
quantitative analysis of BXDs in natural samples quite
challenging. Once plant material is mechanically disrupted
for the extraction process, plant B-glucosidases quickly
hydrolyze benzoxazinone glucosides to aglucones.
Furthermore, these aglucones spontaneously degrade
to benzoxazolinones at different rates depending on
the original compound. In general, different extraction
methods yield different products.’=3¢ Extraction with
water followed by incubation at room temperature and
heating allows the hydrolysis of BXD glucosides and
further degradation to benzoxazolinones, which are
recovered by this method. Maceration of plant material
in water followed by acidification to pH 3 yields mostly
benzoxazinone aglucones, which are more stable in such
conditions. Extraction with boiling methanol® or grinding
under liquid nitrogen followed by extraction with methanol
and acidified water'* avoids the enzymatic hydrolysis of
glucosides, which are then the main compounds extracted
by these methods.

Detection and quantitation of BXDs have been achieved
by different techniques. Colorimetric methods based on
the complexation of hydroxamic acids with Fe" have been
developed, but are limited to this class of compounds and
do not distinguish between different hydroxamic acids in
extracts. Gas chromatography-mass spectrometry (GC-
MS) has also been used to analyze BXDs, but requires a
derivatization step in order to increase the volatility and
stability of the analytes. More recent studies rely on high
performance liquid chromatography (HPLC) methods
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using C18 columns and detection by UV, MS, or MS2.
Fragmentation patterns of BXD derivatives studied
using electrospray time-of-flight mass spectrometry
(ESI-TOF MS) have revealed differences in the stability
of BXDs in the mass spectrometer.’” Higher sensitivity is
achieved with triple quadrupole instruments operating in
multiple reaction monitoring (MRM) mode, but transitions
should be carefully chosen, as many BXDs have highly
similar fragmentation patterns and share identical transitions
and fragments. Extraction and analytical methods for BXDs
have been thoroughly evaluated and compared.*

Large scale isolation from natural sources has been
reported for abundant BXDs in plants. For example,
DIMBOA can be extracted from maize seedlings,* while
DIBOA-GIc and DIBOA can be obtained from rye.”> Maize
seedlings grown in dark conditions accumulate more
DIMBOA(-GIc) than when illuminated, and therefore this
method can be used to improve yields.** Semi-preparative
LC on maize extracts can yield pure DIMBOA-Glc,
DIMBOA, HMBOA-GIc, HMBOA, and HDMBOA-Glc. "
BXDs have also been obtained synthetically, both as their
natural structures and analogs with various substitution
patterns and functional groups.””**#! Chemical glucosylation
of BXDs, which is particularly challenging due to the
control of two stereogenic centers, has also been achieved
in a stereoselective fashion.*>* Synthetic approaches
to BXDs have been summarized elsewhere?'?? and a
detailed discussion is out of the scope of this review. Such
methodologies enable the access to standards, materials
for bioassays, analogs for structure-activity studies, as
well as labeled compounds for tracing experiments and
mechanism elucidation.

2.1. Degradation to benzoxazolinones

Due to harsh extraction methods, the first BXDs
isolated were the benzoxazolinones BOA from rye and
MBOA from maize and wheat, followed by the discovery
that these compounds originate from DIBOA and
DIMBOA, respectively.** Since then, the degradation of
benzoxazinones to benzoxazolinones has been studied and
deemed relevant to biological activities of BXDs. Several
pathways for this degradation have been suggested, and are
summarized in Scheme 3.

In general, lactams (N-H compounds) are not degraded
to benzoxazolinones, whereas hydroxamic acids (N-OH)
degrade readily and N-O-methyl derivatives degrade
even faster. The half-lives of HDMBOA and DIMBOA
aglucones are 1.8 and 25 h, respectively, in buffered D,O
at pH 5.5 and 24 °C.* This is caused by the different
leaving group character of the N-substituent groups in
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Scheme 3. Proposed mechanisms for the degradation of hydroxamic acids (R = H) and N-O-methyl derivatives (R = Me) to benzoxazolinones (2).

these molecules, even though other structural features
may influence degradation rates. Under pH 8.5 and
48 °C, DIMBOA degrades faster than DIBOA, which is
attributed to the strong electron donating effect from the
methoxy group at position 7.*” As will be discussed in more
detail below, an electron rich aromatic ring stabilizes the
positive charge on nitrogen during the transition states and
accelerates degradation to benzoxazolinones. On the other

hand, DIM,BOA, with methoxy groups on positions 7 and
8, degrades more slowly than DIMBOA.*’

Pathway I (Scheme 3) was proposed by Bredenberg ez al.,*’
after observing by '“C labeling that the carbon atom
in position 2 is eliminated as formic acid during
benzoxazinone degradation.*® The authors suggested a
mechanism in which the concentration of hydroxamic acid
monoanion, dictated by the pH of the medium, is critical
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to the reaction rate. This species would act as an internal
nucleophile by attacking the aldehyde carbon, forming the
isocyanate 1, presumably via a four membered ring, and
ultimately leading to the benzoxazolinones 2. This pathway
is supported by the fact that DIMBOA degradation is faster
in organic solvents with high donor numbers (and thus
better Lewis bases), which form stronger hydrogen bonds
and render the hydroxy group more nucleophilic.*-*°

Pathway II was suggested by Grambow et al.”!
as a way to complement the previous pathway and
explain why N-O-methylated derivatives also degrade to
benzoxazolinones. HDMBOA would not react via pathway [
because of the poorly nucleophilic methoxy group bound to
the nitrogen atom. Thus, another mechanism was suggested
in which the aldehyde function in the open form would be
hydrated and undergo a Grob-like heterolytic cleavage,
releasing formic acid and the N-substituent group, and
generating the isocyanate 1. This mechanism explains why
HDMBOA (N-O-methylated derivative) degrades much
faster than DIMBOA (hydroxamic acid), while HMBOA
(lactam) does not degrade at all in such conditions.
Degradation rates by this mechanism strongly depend on
the leaving group character of the N-substituent group:
OMe > OH >> H.

Pathway III was introduced by Maresh et al.* during
experiments on HDMBOA degradation. In this route, the
open form phenol assists the elimination of the N-substituent
group, forming an o-imidoquinone intermediate 3, which
was characterized by the authors. This intermediate can then
undergo a fragmentation equal to that observed in pathway II,
yielding the isocyanate 1 and the benzoxazolinone 2. In fact,
the kinetic data for HDMBOA degradation, as followed
by NMR, do not fit pathway III as a unique and linear
mechanism. The authors considered both pathways II and
III to be competing during degradation of HDMBOA,
and included side reactions of the open form hydrate and
o-imidoquinone into their kinetic model.

Pathway IV, proposed by Smissman et al.,”> was the
first to consider an active role of the phenol function in the
degradation reaction. The authors suggested this possibility
as an alternative to pathway I since open chain analogs of
DIMBOA with the phenol either absent or ether-protected
were not observed to degrade to benzoxazolinones.
Therefore, the hydroxamic acid and phenol moieties may
be required for degradation to occur. In this pathway,
the phenol in the open form acts as a nucleophile by
attacking the amide carbonyl, producing a 5-membered
closed form 4 that is in equilibrium with the other forms.
Similarly to pathways II and III, after aldehyde hydration
a fragmentation takes place eliminating formic acid and
the N-substituted group. In this mechanism, however, no

J. Braz. Chem. Soc.

isocyanate is formed, but rather the less stable tautomer 5
of the benzoxazolinone, which rapidly rearranges yielding
the final benzoxazolinone 2.

The proposed mechanisms all rely on the basicity and
nucleophilicity of the phenol and N-substituent groups,
and the leaving group character of the latter. Since such
parameters can vary according to substitution patterns,
stereoelectronic and solvent effects, and pH, any of these
pathways can in theory be favored depending on the
benzoxazinone structure and medium conditions. The
decomposition rates of DIMBOA over different pH values
show an asymmetric bell-shaped curve with a maximum
around pH 9.0, which is consistent with DIMBOA acting as
adiprotic acid in water (pK,1 = 6.9, pK,2 = 10.9) and each
species (DIMBOA and its two conjugated bases) following
a different degradation route.*’ Furthermore, MBOA yield
from DIMBOA is not quantitative,*® suggesting that other
reactions and products might be involved in benzoxazinone
degradation, with other potentially reactive and biologically
relevant intermediates. Further mechanistic studies
relying on modern analytical techniques and comparisons
between synthetic BXD analogs could help understand the
complexity of benzoxazinone degradation reactions and
lead to the discovery of novel pathways, other intermediates
and end-products with biological activities.

3. Possible Modes of Action

Due to their unique structural features, BXDs may
undergo a wide range of reactions with biological relevance.
Although the specific modes of action are not yet clear,
many studies point to important characteristics of these
compounds that might be associated with their described
biological activities: (i) electrophilicity of the open form; (if)
electrophilicity of nitrenium ions; (ii7) ability of hydroxamic
acids to complex metal cations; and (iv) reactivity of
benzoxazolinones and derivatives. These features are
summarized in Scheme 4 and are discussed below.

3.1. Electrophilicity of the open form

The benzoxazinone open form originating from oxo-
cyclo ring-chain tautomerism is an o.-oxo-aldehyde, which
is expected to be a potent electrophile. Therefore, it has
been suggested that this group reacts with nucleophilic
residues in proteins such as thiols and amines, causing
enzymatic inhibition.

DIMBOA has been shown to react with butylamine,
from which the imino products observed in Scheme 5 were
identified and the reaction kinetics characterized.>* No
reaction was observed for the 2-O-methyl acetal derivative
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of DIMBOA, suggesting that ring opening is required for
the formation of imino adducts. Reaction with HMBOA,
a lactam, was slower than for DIMBOA, possibly due to
the electron-withdrawing effect from the hydroxamic acid
hydroxy group. An analogous reaction was observed with
N-o-acetyl-lysine, a model compound for the €-amino
groups of lysine residues in enzymes.

Thiols such as ethanethiol, cysteine, mercaptoethanol,
and dithiothreitol can also react with DIMBOA, forming
the lactam HMBOA, and hemithioacetals originating
from the open forms of DIMBOA and HMBOA, shown
in Scheme 5. The species to react were found to be
the undissociated hydroxamic acid and the thiolate
anion; thus reaction rates were correlated to thiol pK,
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Scheme 5. Reactions of DIMBOA with amines and thiols.?”5+%
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values. Hemithioacetals of DIMBOA and HMBOA
open forms were isolated in low yields from the reaction
with ethanethiol, but were shown via '"H NMR to be the
predominant form in solution with an excess of thiol.>” The
pattern of chemical shifts shows that the oxo-cyclo ring-
chain tautomerism is trapped in the open form by thiolate
attack on the aldehyde carbon. The fact that the lactam is
the major isolated product from this reaction is presumably
due to the instability of the hemithioacetal function in basic
medium. Reduction of DIMBOA to HMBOA by thiols
is considered to be a consequence of the reactivity of the
nitrenium ion as discussed in the next section. A tentative
mechanism for such a reduction is presented in Scheme 7.

3.2. Electrophilicity of the nitrenium ion

The nitrogen atom can also be an electrophilic site in
the benzoxazinone skeleton, especially upon elimination
of the N-substituent group and formation of a nitrenium
ion. A comprehensive study on this reactivity was done
with 4-acetoxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one
(4-N-OAc-D-DIMBOA, where D- refers to 2-dehydroxy-),
referred to as AMBOA in the original article, a synthetic
derivative of 2-dehydroxy DIMBOA.* After heterolytic
N-O cleavage, elimination of the acetoxy group at position 4
generates a nitrenium ion, which behaves as a multi-
centered electrophile as shown in Scheme 6. Reactions
with nucleophiles such as phenols, anilines, thiols, pyrroles,
indoles, diazoles and pyridine gave rise to products from
nucleophilic attack on positions 2, 4, 5, 6, and 7, with

R? = H (4-N-OAc-D-DIBOA)

R? 0.,
@ . l\ R? = OMe (4-N-OAc-D-DIMBOA)
N” 0

l l
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R
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NS0
H
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regioselectivities varying according to the nucleophilic
atom involved (carbon, nitrogen, or sulfur). Furthermore,
4-N-OAc-D-DIMBOA reacts with amino acid derivatives
such as protected tyrosine, histidine, and tryptophan.
Adducts with guanine (but not other nucleotides) were
observed after incubation of 4-N-OAc-D-DIMBOA with
calf thymus DNA followed by enzymatic hydrolysis,
and direct incubation with either 5’-deoxyguanylic or
5’-guanylic acids. This reaction accounted for as much as
4% of total guanine residues present under the experimental
conditions, and occurred between the position 8 of guanine
and the BXD nitrogen atom.*

It is important to note that all reactions described for
4-N-OAc-D-DIMBOA are associated with the closed
form of this derivative, since the absence of a hydroxy
group at position 2 eliminates the oxo-cyclo ring-chain
tautomerism present in other benzoxazinones. However,
introduction of a 2-hydroxy group enhanced the reactivity
of the 4-acetoxy derivative towards nucleophiles. Moreover,
4-N-OAc-D-DIBOA, which lacks the 7-OMe group,
showed reduced yields in reaction with phenol, suggesting
that an electron donating group at position 7 can facilitate
N-O heterolytic cleavage.*' Despite being synthetic
BXD derivatives, 4-N-OAc-D-DIMBOA and its analogs
might be generated from natural BXD hydroxamic acids
after activation by acyltransferases, which are important
enzymes in xenobiotic metabolism. After incubation
with the S-9 fraction from rat livers, the supernatant of a
9000 x g centrifugation containing high levels of enzymes
of xenobiotic metabolism, D-DIMBOA (the hydroxamic

RE_A LN
AN

\Q i —> 2-substitution
N O
H

— 6-substitution

Scheme 6. Multi-centered electrophile formed from nitrenium ion (adapted from Hashimoto ez al.).*!
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acid analog of 4-N-OAc-D-DIMBOA) showed increased
mutagenic activity, suggesting the enhancement of its
reactivity by metabolic activation.’’

Formation of nitrenium ions is also involved in
hydroxamic acid reactions in strongly acidic medium.
DIBOA and DIMBOA analogs lacking the 2-hydroxy group
(D-DIBOA and D-DIMBOA, respectively) react with HCI
forming mainly the 7- and 5-chloro substituted products,
respectively.® Such reactions are supposed to occur via
nitrenium ion intermediates shown in Scheme 6, but in this
case the strongly acidic medium causes the protonation
of the hydroxamic acid hydroxy group, making it a better
leaving group and facilitating N-O heterolytic cleavage.

Reduction of DIMBOA to HMBOA by thiols,
mentioned in the previous section, is proposed to involve
the formation of nitrenium ions, as shown in Scheme 7.
This mechanism is supported by the striking increase in
the rate of reduction to lactam when the 7-OMe group is
present, compared to other analogs.”” Such substituents
can stabilize the positive charge on the nitrogen atom
by resonance, facilitating the following nucleophilic
attack from the thiolate. In theory, the formation of the
nitrenium ion could occur on either the closed or open
forms of the hydroxamic acid, as shown in Scheme 5.
However, the participation of the 7-OMe group suggests
that the nitrogen atom is conjugated with the ring. This
situation may be more favored in the benzoxazinone open
form, since without the constraint from the heterocycle,
the nitrogen lone electron pair can overlap the aromatic
n-system more efficiently. Indeed, DIMBOA analogs
unable to undergo oxo-cyclo ring-chain tautomerism, such
as 2-dehydroxy and methyl acetal derivatives and the analog
lacking the heterocyclic oxygen, do not easily react with
mercaptoethanol, requiring harsh conditions to provide
only small yields of the lactam.”

Reactions between DIMBOA and thiols, including
mercaptoethanol and glutathione, an important thiol
nucleophile in biological systems, have been investigated
by Dixon et al.* In this case, however, lactams were not the
major observed product, but rather spirocyclic adducts with
either one or two thiol equivalents were formed (Scheme 8).
Such adducts had their aromatic rings remarkably altered,
as shown by 'H NMR. The reaction was suggested to
involve an o-imidoquinone derivative originating from the

loss of water from DIMBOA, which can be attacked by the
thiol at position 5. Subsequently, the aldehyde carbon can
be attacked either by water, forming a hydrate, or another
thiol molecule, forming a hemithioacetal. Both compounds
then undergo an internal nucleophilic attack forming a
5-member ring spiro-fused to the original BXD 6-member
ring. DIMBOA also irreversibly formed an adduct with
a model enzyme (Arabidopsis thaliana glutathione
transferase AfGSTF8) targeting a single cysteine residue,
as confirmed by tryptic digestion and MS/MS sequencing.
Efficient reactions between DIMBOA and thiols suggest
that BXDs can potentially cause damage to target organisms
by depleting glutathione levels, but more studies are
necessary to confirm such pro-oxidant activity. Although
some DIMBOA reduction to HMBOA was observed, the
products from these reactions with thiols were notably
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Scheme 8. DIMBOA spiro adduct formation with thiols (adapted from
Dixon et al.).”®
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different from the ones obtained previously.?”*> Formation
of spirocyclic adducts with thiols could have been favored
by the solvent system used (45% acetonitrile in aqueous
buffer). Mixtures of water and organic solvents can modify
the pH from corresponding buffers and lead to altered pK,
values of dissolved acids as well as cause solvation effects,*
all factors that could influence the reactivity of DIMBOA
and thiols in solution.

Interestingly, the canonical structures proposed for
the nitrenium ion in Scheme 6 include an o-imidoquinone
derivative (6d). Reactions via the nitrenium ion are
supposed to involve BXDs in a closed, positively charged
form, whereas reactions via neutral imidoquinones
such as 3 (Scheme 3) should involve open form,
neutral species. However, due to oxo-cyclo ring-chain
tautomerism, the products from both reaction pathways
are indistinguishable. Indeed, imidoquinones are expected
to react with nucleophiles at different sites, including the
nitrogen atom, depending on conditions and the nature
of the nucleophile used.**! Even DIMBOA, with a poor
leaving group at the nitrogen atom, can react following
a nitrenium/imidoquinone pathway,’®% suggesting that
formation of these intermediates is not only dependent
on the N-substituent, but also the conditions used. It can
be assumed that reactions via the nitrenium ion or neutral
o-imidoquinone are similar and either can be favored
under different conditions. Their competition seems to be
dictated by pH conditions and structural features, such as
the possibility of ring opening and stereoelectronic effects
that might assist N-O heterolytic cleavage with elimination
of a neutral or negatively charged fragment.

3.8. Coordination properties of hydroxamic acids

Hydroxamic acids and other compounds known
collectively as siderophores are well known for their metal
ion chelating properties, and are used by microorganisms,
fungi, and plants in order to sequester and solubilize Fe™ from
the environment. Siderophores are also used by pathogenic
fungi and bacteria to scavenge iron from their host organisms.
After coordination to iron, siderophore complexes are taken
up by microbial cells via specific transport systems present
in the outer membrane and delivered to the cytoplasm.®>%
Sideromycins, antibiotics covalently linked to siderophore
moieties, take advantage of this recognition system and are
potent naturally occurring antibiotics. The active transport
of such compounds greatly reduces their minimal inhibitory
concentration by enhancing delivery to cellular targets.®*

Despite not being included in the classical examples
of phytosiderophores, BXDs with a hydroxamic acid
function can potentially chelate metals and exert biological

J. Braz. Chem. Soc.

effects related to siderophore activity. The ability to form
complexes with Fe' has been exploited by colorimetric
methods for the detection and quantification of hydroxamic
acids in BXD studies.® Other than iron, complexation of
DIMBOA with Zn", Cu", and Mn" has also been observed.
At the concentration levels found in plants, metal cations
are complexed more by DIMBOA than by citric and malic
acid, two abundant chelators from maize exudates.®*¢” As
investigated by ESI-MS, lactams and methyl derivatives
of hydroxamic acids do not form complexes with Fe™.®
Interestingly, glucosides such as DIMBOA-GIc and
DIBOA-GlIc have also been shown to coordinate to Fe'!!,65-6?
and the similar stability constants for Fe" complexes with
DIMBOA and DIMBOA-GIc suggest that the presence
of the sugar moiety has little effect on BXD coordinating
properties.®

Due to their ability to chelate metals, BXDs exuded by
plant roots have been proposed to play a role in nutrient
uptake and defense against metal toxicity. Roots of maize,
wheat, and rye seedlings greatly vary in the levels of
hydroxamic acids exuded in response to Fe" content in
the growth medium.”7! Iron(IIT) complexes with DIBOA-
Glc and DIMBOA-GIc are taken up by maize roots, but
also by rice and oat which do not produce hydroxamic
acids. Exogenous BXD glucosides absorbed by roots
of rice and oat as iron complexes can be detected in the
shoots, suggesting the transport of these compounds
between organs. In the leaves of iron-deficient maize,
administration of Fe™ hydroxamate complexes alleviates
chlorotic symptoms and increases chlorophyll content of
maize.”” These results suggest that hydroxamic acids might
be involved in iron uptake by cereals and could also be
incorporated by other plants.”

DIMBOA might also serve as a defense against
aluminum toxicity in plants. Upon Al™ treatment, maize
lines resistant to aluminum increased BXD levels in roots,
especially in root tips, the region most sensitive to A1™ toxic
effects. DIMBOA also reduced callose accumulation (an
indicator of cell damage that is a well described response to
Al toxicity) in roots of maize lines susceptible to AI™ that
were treated with this metal. Binding of AI"™ to DIMBOA
was measured by fluorescence quenching.”

However, the importance of metal complexation by
BXD hydroxamic acids in natural contexts is not yet well
understood. More detailed studies are needed in order to
confirm the role of BXDs in the uptake of iron and possibly
other metals by plants, and distinguish the importance of
their apparent siderophore behavior from their associated
antimicrobial activities. It is important to note that coordination
to metal cations might also be relevant to BXD glucosides,
normally considered to be devoid of any toxicity or biological
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activity. The inhibition of enzymatic activity by BXD
hydroxamic acids and derivatives could also be promoted
by the chelation of such compounds to metal cofactors.”

3.4. Benzoxazolinones and related compounds

Even though benzoxazolinones are implicated in many
biological activities, their modes of action and structure-
activity relationships are even less studied than those of
benzoxazinones. Structurally, benzoxazolinones resemble
important signaling compounds such as melatonin,
serotonin, and tryptophan. Effects on the central nervous
system have been suggested to explain the stimulation of the
reproductive system and appetite loss caused by MBOA in
mammals.” In plants, benzoxazolinones are able to inhibit
auxin-induced growth in roots and coleoptiles, presumably
by modifying the binding affinity of auxins to receptor
sites.”””” Even though the exact molecular mechanisms are
not known, these compounds are suggested to be involved
in phototropism in maize and possibly in allelopathic
activities towards competing plants. The possible effects of
benzoxazolinones on signaling have not been well explored
in insects or microorganisms.

Benzoxazolinone metabolism by soil microorganisms
has been relatively well studied within the context of the
allelopathic effects of BXDs.® Transformation products
such as aminophenols, aminophenoxazinones, acetamides,
and malonamic acid derivatives have been characterized and
are presented in Scheme 9. The aminophenoxazinones APO
and AMPO are suggested to play a role in allelopathy”3!-82
and possibly in interactions with other microorganisms,
nematodes, and root herbivores, but these compounds could
also arise from non-BXD progenitors.

3.5. Physico-chemical properties

Although not directly involved in the mechanisms
of toxicity, some of the physico-chemical properties of
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BXDs are expected to influence their overall activity. For
example, the diversity of ring and heteroatom substitution
patterns found in BXDs modulates their lipophilicity,
which can greatly influence their diffusion across cellular
membranes. Lipophilicity also dictates the ability of BXDs
released into the soil to affect competing plants and root
herbivores. In “soil TLC” experiments, which determine
how compounds diffuse through soil when carried by water,
DIMBOA showed mobility intermediate between those
of low-mobility phenolic acids and other high-mobility
compounds such as vanillin and coumarin,® but no other
BXDs were compared. BOA and MBOA showed low
mobility when applied on the soil surface, being mostly
recovered (71 and 97%, respectively) in the top 1 cm of
the soil profiles.®*

Lipophilicity also seems to influence the biological
activities of BXDs, as shown by the structure-activity
relationship studies discussed on more detail on the
following section. The substitution patterns of BXDs are
also expected to control their acidity, which can be an
important factor in the solubility, chelating properties, and
diffusion under different pH conditions.

4. Structure-Activity Relationship Studies

Extensive work has been performed in order to
rationalize the influence of BXD structure on activity against
a wide range of organisms. These studies have been greatly
aided by the established synthetic routes to BXDs enabling
access to non-natural analogs that differ in their modes
of action. Therefore, a critical evaluation of each aspect
of BXD reactivity in connection to different biological
activities is possible. Structure-activity relationship
studies are discussed within the context of BXD biological
activities in this section and interpreted according to the
modes of action presented in the previous sections. Some
relevant structures used for these experiments are shown
in Scheme 10, including natural and non-natural BXD

R OH R OH R OH
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Scheme 9. Transformation products of benzoxazolinones in soil 58!
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analogs, as well as aminophenoxazinones, BXD soil
metabolites tested for phytotoxicity. A comprehensive
discussion of the biological activities of BXDs, their
underlying physiological mechanisms, and responses by
each organism is out of the scope of the present review.
Rather, we focus on studies comparing several structurally-
related BXD derivatives under the same conditions and
describe general trends for the relationships between BXD
structural features and biological activities. Such general
trends for activity against insects, microorganisms, algae
and plants are summarized on Table 1. The individual
influence of these features is discussed in the following
sections.

4.1. Enzymatic inhibition

Unfortunately, no comprehensive in vitro studies have
been carried out to compare the inhibition of individual

@oz

benzoxazmones
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Benzoxazinone R’ R? R®
DIBOA OH OH H
D-DIBOA H OH H
2-O-Me-DIBOA OMe OH H
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Scheme 10. Compounds used in structure-activity relationship studies.
references.
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enzymes by a range of BXD structures. However, the
comparison of experiments with a few BXDs can give us
hints about the mechanisms by which these compounds
act on enzymes.

DIMBOA was shown to inhibit papain, a cysteine
protease, by reacting with a cysteine residue in the active
site. Although D-DIMBOA, an analog lacking a lactol
moiety, inhibited papain in a similar fashion, HMBOA, a
lactam, did not display inhibition. Since the former compound
does not undergo oxo-cyclo ring-chain tautomerism and the
latter does, the electrophilicity of the open form does not
seem to play a role in enzyme inhibition in this case. Instead,
the presence of a better leaving group as the N-substituent
seems to be responsible for this activity, suggested to involve
the reaction between the cysteine thiol group and the nitrogen
atom via a nitrenium/imidoquinone derivative. Indeed, the
inhibition was reversed by addition of dithiothreitol, which
is consistent with the reduction of DIMBOA to HMBOA by

RS R RS S__R
L UL
R? R?

benzothiazinone
derivatives

quinolinone
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open chain
derivatives

R2 o) 0
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For consistency, some names have been modified from those used in the original
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Table 1. Summary of the influence of structural features of benzoxazinones on biological activities towards target organisms

Target organism

Structural feature

Insects (toxicity) Microorganisms Algae Plants
Capacity to undergo ring opening T * * d
Presence of N-OH (compared to N-H) T T T T
Presence of N-OAc (compared to N-OH) n.e. - \ *
Electron-donating group at position 7 T T * -
Presence of sulfur as heteroatom (benzothiazinones) T n.e. n.e. n.e.
Presence of glucose moiety d l d -
Enhanced lipophilicity d n.e. T *

T: activity increases; {: activity decreases; —: activity is not affected; *: activity increases or decreases according to BXD structure or specific target; n.e.:

not evaluated.

reaction with thiols (Scheme 7). DIMBOA was also observed
to inhibit oi-chymotrypsin, a serine protease.®® In this case,
however, 2-O-Me-DIMBOA did not inhibit this enzyme,
indicating that ring opening is important for activity. The
authors proposed that the o-oxo-aldehyde function in the
BXD open form reacts with the serine residue in the active
site, causing the observed inhibition.

These studies indicate that even within the same enzyme
class (digestive proteases), BXDs may cause inhibition
by different modes of action depending on their target.
The aldehyde and nitrogen electrophilic sites in the BXD
structure seem to have differential reactivities depending
whether the nucleophile is a thiol, hydroxyl, or amine
group, indicating that enzyme inhibition mechanisms
depends on the residues at the active site as well as other
conditions that modulate BXD reactivity patterns. The
inhibition of digestive proteolytic enzymes is normally
associated to the overall antifeedant and toxic effects of
BXDs towards herbivores. Considering that insects with an
alkaline gut lumen (such as most lepidopterans) rely mainly
on serine-based proteinases, while insects with acidic guts
(such as coleopterans) rely on thiol-based proteinases,®’
distinct chemical modes of action and molecular targets
could become more relevant in different target insects,
even though the physiological mode of action (inhibition of
proteinases) can be considered the same. The influence of
BXDs on enzymatic activity might also be a consequence
of interactions outside the enzyme active site. The effects of
BXDs on plant enzymes have been discussed elsewhere.®!
Unfortunately, neither with plant nor animal enzymes
has BXD attack on particular residues been verified by
sequencing of the covalently-bound BXD-protein adduct.

4.2. Activities against insects

The effect of BXD analogs in inhibiting the growth of
the lepidopteran chewing herbivore Ostrinia nubilalis was

compared.®® Among the natural BXDs tested, DIMBOA
was the most toxic, followed by DIBOA and DIM,BOA.
Lactams such as HMBOA and HBOA did not significantly
inhibit growth, and neither did hydroxamic acids unable
to undergo ring opening (2-dehydroxy, methyl acetals,
and quinolinone derivatives). No clear correlation was
found between toxicity and either degradation rates
to benzoxazinones or rates of reduction to lactam by
thiols. The involvement of benzoxazolinones formed by
degradation during the experiment was not considered
important, since MBOA required concentrations 10-20
times higher than DIMBOA to exert comparable toxic
effects. However, it is important to note that the high pH
of the caterpillar gut (around 9 in Spodoptera frugiperda)®
has an important effect on benzoxazinone stability. Analogs
that degrade too quickly in such conditions might not persist
long enough to manifest toxicity. Natural hydroxamic acids
like DIMBOA, however, are suggested to show a balance
between stability and reactivity that allows them to have
considerable activity against herbivores. Although the range
of compounds tested in this study was not wide enough to
allow for more general interpretations, it seems that both
the hydroxamic acid function and the possibility of ring
opening are important for activity against caterpillars.
However, either of these features alone does not seem to be
sufficient, since lactams and analogs with the lactol function
absent or blocked did not show activities. Since lactams
can still become reactive aldehydes by ring opening, and
compounds without a C-2 lactol function can still form
metal complexes, these two modes of action do not seem
to be critical for the observed activity. On the other hand,
the simultaneous presence of a better leaving group on
the nitrogen atom and the possibility of ring opening
could facilitate the formation of reactive intermediates
like nitrenium ion/imidoquinone derivatives. In fact, the
N-O-methylated derivative HDMBOA is considered to
be even more toxic to caterpillars than DIMBOA,'? which
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supports that this mechanism might play an important role
on inhibiting insect growth.

BXDs display both antifeedant and insecticidal
activities towards a wide range of aphid species.! Escobar
et al.®® compared the antifeedant and insecticidal activities
of various BXD analogs towards the aphid Sitobion avenae.
In pairwise comparisons of benzoxazinones, the presence of
a 7-OMe electron-donating group, the presence of a sulfur
instead of oxygen as the heteroatom (benzothiazinone
derivatives), and the possibility of ring opening were
shown to increase antifeedant and mortality indices. Such
a clear trend was not observed for comparisons between
lactams and hydroxamic acids. Interestingly, antifeedant
and insecticidal activities do not seem to be strictly
correlated, suggesting that the underlying mechanisms
for the two activities do not completely overlap. For
example, among the tested benzoxazolinones MBOA
showed high deterrence levels but low toxicity, while
6-OH-BOA showed comparatively higher mortality but
lower deterrence. HMBOA and its open chain analog with
a protected phenol gave similar mortality indices towards
aphids, suggesting that the electrophilicity of the open form
might be important for toxicity, but the antifeedant activity
of the latter was much higher. In general, benzothiazinones
showed enhanced antifeedant and mortality indices, even
for structures with a protected or absent lactol group. For
other BXD analogs, however, toxicity seems to be enhanced
by the possibility of ring opening and presence of a
hydroxamic acid function, similarly to the activity observed
for O. nubilalis. Likewise, benzoxazolinones tended also to
be less toxic to S. avenae than benzoxazinones.

In a comparison of the antifeedant activity of BXD analogs
towards a second aphid species, Rhopalosiphum padi,”* the
possibility of ring opening seemed to contribute to activity,
and hydroxamic acids were more active than lactams.
However, more lipophilic derivatives had lower activities,
suggesting that lipophilicity may reduce diffusion of
compounds into the phloem fed on by aphids or subsequently
into insect tissues. In this experiment, however, DIBOA was
more deterrent than DIMBOA, in contrast to the experiment
with S. avenae.”® 1t is important to point out that the two
aphid experiments differ in their protocols. The S. avenae
experiment used BXDs in artificial diets (sucrose solution
in sachets), whereas the R. padi experiment involved BXDs
sprayed on barley leaves. It is not clear how efficiently
BXDs sprayed on the leaf surface diffuse into cells, whether
they are metabolized by the plant, and whether their tissue
distribution actually mimics what an aphid would find in a
BXD containing plant. On the other hand, the behavior of
aphids in relation to BXDs might be altered by feeding on
artificial diets.

J. Braz. Chem. Soc.

Due to the compartmentalization of BXDs in plants
as glucosides and their activation by B-glucosidases, the
feeding behavior of insects likely influences the extent
to which they are exposed to such compounds. Piercing
and sucking insects such as phloem-feeding aphids could
potentially avoid BXD activation by avoiding contact
with plant glucosidases. However, since aphids are highly
dependent on microbial symbionts, any antimicrobial effect
of BXDs or their glucosides could also contribute to their
activities on these insects. These make the study of BXD
effects and mode(s) of action in sucking insects more
challenging. In addition, the glucosides DIMBOA-Glc
and HDMBOA-Glc showed antifeedant and insecticidal
activities towards aphids,” suggesting that these activities
derived from the BXD glucosides themselves or that the
aphids are able to hydrolyze BXD glucosides with their
own enzymes.

4.3. Activity against microorganisms

The antimicrobial activities of BXD hydroxamic acids
were assessed against Staphylococcus aureus, Escherichia
coli, and Candida albicans.”® A higher electron-donating
character of the 7-substituent increased activity, whereas
the possibility of ring opening did not seem to have a
consistent influence on activity. This indicates that the
electrophilicity of the open form and the degradation to
benzoxazolinones are not important for antimicrobial
activity. In another study investigating the activity of
different BXD analogs towards C. albicans,’* hydroxamic
acids showed higher antifungal activity than lactams, while
glucosides had no activity. Surprisingly, 4-N-OAc-DIBOA
displayed similar antifungal activity to DIBOA, suggesting
that the electrophilicity of the nitrenium ion does not
contribute significantly to this activity. When evaluated
with C. albicans, the 2-dehydroxy derivatives of DIBOA
and DIMBOA showed higher activities than these lactols.
Antifungal (and possibly antibacterial) activities seem
to be highly dependent on the presence of a hydroxamic
acid function. This suggests a mechanism in which these
compounds exert toxicity due to chelation properties and/
or are actively incorporated by microbial cells due to
their siderophore-like nature. However, as DIBOA-Glc
and DIMBOA-GIc had no activity, possibly due to their
high hydrophilicity, passive diffusion of BXDs through
microbial membranes should also be considered.

Analogs of the benzoxazolinone BOA with different
6-substituents were evaluated against S. aureus, E. coli,
and C. albicans.” In general, the fungus C. albicans was
more sensitive to structural changes compared to the
bacteria, and showed inhibitory concentrations on the
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same range as those observed for BXD hydroxamic acids.
Antifungal activity increased with higher lipophilicity and
was dependent on electronic effects from substituents in
the aromatic ring. Activity increased with polarization of
the N—H bond, which is promoted by both electron-donor
(such as methoxy) and electron-acceptor (such as nitro)
groups at position 6.

4.4. Activity against plants

The antialgal activity of BXD analogs was investigated
against Chlorella xantella.®* Due to its similarity with
higher plants, this alga has been recommended as a model
for phytotoxicity evaluation. The blocking of ring opening
did not consistently affect antialgal activity, which was
similar for 2-dehydroxy derivatives and lactols, implying
that the electrophilicity of the open form is not essential
to the observed antialgal activities. Glucosides such as
DIBOA-GIc and DIMBOA-GIc had no activity, probably
due to their high hydrophilicity. Among aglucone analogs,
activity increased with the increase of lipophilicity, but was
not clearly correlated with the electronic effects of aromatic
ring substituents. The presence of a 4-N-acetoxy group
decreased activity, suggesting that antialgal activity does
not depend on nitrenium ion electrophilicity.

Phytotoxicity was evaluated for a range of concentrations
of natural and synthetic benzoxazinones, benzoxazolinones,
and their soil degradation products against wheat, onion,
cress, lettuce and tomato.”® The root growth of all species
was strongly inhibited by some of the tested BXDs,
except for wheat, which was only moderately inhibited,
suggesting that this species is not affected by allelopathic
interactions involving BXDs. The benzoxazolinones BOA
and MBOA were only slightly inhibitory even at the highest
tested concentrations, and even promoted root growth in
wheat. Thus if DIBOA and DIMBOA degraded to the
corresponding benzoxazolinones during the experiment,
their toxicity may have been underestimated. For most
species, DIBOA and DIBOA-GIc gave similar root growth
inhibition profiles, suggesting that seedlings are able
to incorporate both and possibly hydrolyze glucosides
with their own glucosidases. Among natural BXDs, the
hydroxamic acids DIBOA and DIMBOA were toxic and
the lactams HBOA and HMBOA were not. However, the
2-dehydroxy derivatives of both hydroxamic acids and
lactams showed higher phytotoxicity, meaning that ring
opening is not involved in such activity, and the presence
of a hydroxamic acid function might contribute, but is
not essential to activity. The acetyl derivative 4-N-OAc-
D-DIBOA was one of the most active compounds, with
considerable toxicity even in lower concentrations.
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On the other hand, lower toxicity was observed for
4-N-OAc-D-DIMBOA when compared to D-DIMBOA.
It seems that the influence of 4-N-substituents may not be
strictly correlated to their stereoelectronic effects, but also
to other substituents and the overall lipophilic character
of the molecule. Among the degradation products, only
the aminophenoxazinone APO showed high activity. The
inhibitory effects of aminophenoxazinones seem to increase
as the lipophilicity of the compound decreases. The same
compounds were tested and similar results were obtained
for the weeds Avena fatua (wild oat) and Lolium rigidum
(rigid ryegrass).”” Both species belong to the family
Poaceae, suggesting that the resistance to BXDs observed
in wheat is not widespread in grasses. In another study on
L. sativum, similar results were observed for root growth
and o-amylase inhibition, which were correlated.®

The phytotoxicity of D-DIBOA has been further
optimized by testing synthetic analogs with different
substitution patterns at positions 2, 4, 6, 7, and 8.
Quantitative structure-activity relationship (QSAR)
analysis revealed optimal ranges for parameters such as
lipophilicity (log P), molecular volume, dipole moment,
and polarizability, as in studies for design of drugs and
agrochemicals.”®'® The influence of such parameters on
phytotoxicity indicates that, beside reactivity, transport
phenomena and the ability to reach the target site have
critical influences on the overall biological activity
observed for BXDs.

It is important to point out that the allelopathic effects of
BXDs have only been investigated for a few plant species
to date and so broad generalizations are still unwarranted.
Any factor that alters the mechanisms by which BXDs
are absorbed, distributed, and metabolized by plants may
influence their overall allelopathic activity.

5. Conclusions

Benzoxazinoids are versatile plant chemical defenses
showing activities towards a wide range of target organisms.
The unique structural features of this class of compounds
give rise to many possible modes of action that could be
responsible for their well-documented activities against
insects, microorganisms, and competing plants. In addition,
the mixtures of BXD structures present in individual
plants and the changing pattern in response to enemies and
competitors may also contribute to the defensive roles of
these secondary metabolites.

The variety of chemical properties and reactivities
of BXDs make these compounds extremely interesting
from the evolutionary point of view, but makes the study
of their modes of action quite challenging. The stability
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and reactivity of BXDs are highly dependent on their
structures and on conditions such as pH and temperature.
However, previous literature has commonly generalized
the biological activities of BXDs attributing the same
potential underlying mechanisms to all of them regardless
of the target organism and observed effect. In light of the
structure-activity relationship studies discussed, the modes
of action seem to differ among the biological activities
tested. Each activity is not necessarily a consequence of
one chemical aspect alone, and each target organism is not
necessarily susceptible to one unique mode of action.®
Further advances in BXD research would benefit from
taking into account the complexity of such relationships.

Besides the target organism, evaluation of BXD
activities must also account for their stability under the
bioassay conditions and the possible interference of
degradation products in the results. For example, it is
possible for unstable BXDs to react with components of
artificial diets during insect feeding bioassays producing
misleading results. Similarly, ecological experiments
should critically interpret bioassay results by comparison
with natural conditions. The BXD defense system in plants
is highly compartmentalized and relies on temporally
and spatially resolved activation by hydrolysis. It is
challenging to reproduce the tissue specific distribution of
BXDs that herbivores and pathogens would encounter in
a plant leaf, or a gradient of BXDs and their metabolites
in soil as perceived by other plants, soil microorganisms,
nematodes, and root herbivores. Conclusions drawn from
laboratory bioassays about the ecological role of BXDs
should carefully consider such aspects.

While we have tried to summarize the general
reactivities described for BXDs in the literature, the
subject is still not completely clear. As the benzoxazinone
degradation to benzoxazolinones is not quantitative,> it is
possible that side reactions from intermediates shown in
Scheme 3 or others are involved in biologically relevant
activities. As with the reactive imidoquinone intermediate,*
other unknown reactive species could be generated
according to medium conditions and BXD structural
features. Moreover, the enzymatic activation of BXDs
upon metabolism yielding reactive species, as the proposed
formation of 4-N-O-acetyl derivatives,*' still needs rigorous
investigation.

Studies evaluating the influence of BXD structural
features on biological activity are especially important to
clarify the mechanisms underlying their biological effects.
Thanks to the development of several synthetic routes
for BXDs and their non-natural analogs, it is relatively
easy to access various structures and continue the work
of elucidating BXD modes of action. Future experiments

J. Braz. Chem. Soc.

on exploring modes of action for BXDs would benefit
from actively searching and chemically characterizing
intermediates and end-products that could help differentiate
between mechanisms. Advances in analytical chemistry and
the wealth of literature concerning BXD analyses should
make this process relatively straightforward for the modes
of action discussed in this review. Experimental designs
that include comparisons between structural analogs with
different chemical features also have the potential to more
clearly assign specific modes of action to the various
biological activities.

To answer the remaining questions regarding the mode
of action of BXDs will require integrated research involving
ecology, evolution, biochemistry, analytical chemistry,
organic synthesis, and other areas. The results will be
valuable from many perspectives, from increasing our basic
understanding of the interactions between plants and other
organisms, to the development of BXD-inspired pesticides
and new plant breeding strategies to increase protection by
naturally-occurring BXDs.
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