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Hydroxamic acids, which are best-known for their metal-chelating
properties in biomedical research, have been found to effectively
detoxify the carcinogenic polyhalogenated quinoid metabolites
of pentachlorophenol and other persistent organic pollutants.
However, the chemical mechanism underlying such detoxication
is unclear. Here we show that benzohydroxamic acid (BHA) could
dramatically accelerate the conversion of the highly toxic tetra-
chloro-1, 4-benzoquinone (p-chloranil) to the much less toxic 2,
5-dichloro-3, 6-dihydroxy-1, 4-benzoquonine (chloranilic acid), with
rate accelerations of up to 150,000-fold. In contrast, no enhancing
effect was observed with O-methyl BHA. The major reaction
product of BHA was isolated and identified as O-phenylcarbamyl
benzohydroxamate. On the basis of these data and oxygen-18
isotope-labeling studies, we proposed that suicidal nucleophilic
attack coupled with an unexpected double Lossen rearrangement
reaction was responsible for this remarkable acceleration of the
detoxication reaction. This is the first report of an unusually mild
and facile Lossen-type rearrangement, which could take place
under normal physiological conditions in two consecutive steps.
Our findings may have broad biological and environmental impli-
cations for future research on hydroxamic acids and polyhaloge-
nated quinoid carcinogens, which are two important classes of
compounds of major biomedical and environmental interest.

Polyhalogenated quinones represent a class of toxicological
intermediates that can create a variety of hazardous effects
in vivo, including acute hepatoxicity, nephrotoxicity, and carcino-
genesis (1, 2). Tetrachloro-1, 4-benzoquinone (TCBQ) is one of
the major genotoxic and carcinogenic quinoid metabolites of the
widely used wood preservative pentachlorophenol (PCP). PCP
has been found in at least 313 of the 1,585 National Priorities
List sites identified by the US Environmental Protection Agency
and classified as a group 2B environmental carcinogen by the
International Association for Research on Cancer (3). TCBQ
has also been observed as a reactive oxidation intermediate or
product in processes used to oxidize or destroy PCP and other
polychlorinated persistent organic pollutants (POPs) in various
chemical and enzymatic systems (3-7). TCBQ itself has been
widely used as a fungicide (Spergon) for treatment of seeds and
foliage, and as an oxidizing or dehydrating agent in organic synth-
esis (often called p-chloranil).

Hydroxamic acids have attracted considerable interest recently
because of their capacity to inhibit a variety of enzymes such
as metalloproteases and lipoxygenase, and transition metal-
mediated oxidative stress. Some hydroxamates, such as suberoy-
lanilide hydroxamic acid and deferoxamine, have been used clini-
cally for the treatment of cancer or iron-overload diseases (8-11).
Much of the activities of these hydroxamic acids were thought
to be due to their metal-chelating properties. Deferoxamine is
a naturally occurring trihydroxamate siderophore that has been
widely used as an iron-chelating drug for the clinical treatment
of p-halassemia (3, 8). In our previous work, we found that de-
feroxamine and other hydroxamic acids, but not other classic iron
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chelators such as diethylenetriaminepentaacetic acid, provided
strong protection against PCP quinoid metabolite-induced cyto-
and genotoxicity in human fibroblasts (12, 13). During our recent
studies on metal-independent decomposition of hydroperoxides
by halogenated quinones, we showed that these hydroxamic acids
could also markedly inhibit TCBQ-mediated hydroperoxide
decomposition and hydroxyl/alkoxyl radical formation (14-17).
Interestingly, we found that the protection or inhibition by these
hydroxamic acids was not due to their iron-chelating properties,
but possibly due to their effective scavenging of the reactive tetra-
chlorosemiquinone radical and (or) their remarkable accelera-
tion of TCBQ hydrolysis to the much less reactive and almost
nontoxic 2, 5-dichloro-3, 6-dihydroxy-1, 4-benzoquonine (DDBQ,
also called chloranilic acid) (12-14).

It was a great surprise for us to find that hydroxamic acids could
markedly accelerate the conversion of TCBQ to DDBQ, because
we could not find a reasonable explanation based on our chemical
knowledge at the time. Although we first observed the above
interesting phenomenon a decade ago (12), its underlying mole-
cular mechanism remained a puzzle. Recently, the reactions be-
tween TCBQ and hydroxamic acids were carefully reexamined,
and the reaction products were isolated, purified and unambigu-
ously identified by HPLC/MS, NMR, and oxygen-18 isotope-
labeling methods. We found, unexpectedly, that a unique double
Lossen rearrangement was responsible for this unusual reaction.

Results and Discussion

Dramatic Acceleration of TCBQ Hydrolysis by Benzohydroxamic Acid.
TCBQ has been shown to hydrolyze first to the initial transient
monohydroxylation intermediate, trichlorohydroxy-1,4-benzo-
quinone (TrCBQ-OH), and then very slowly to the final dihydrox-
ylation product, DDBQ, at neutral pH (18). We found that
hydroxamic acids could markedly accelerate this TCBQ hydroly-
sis process (Note that the meaning for “TCBQ hydrolysis” or
“hydrolysis of TCBQ” was specifically defined as “the conversion
of TCBQ to TrCBQ-OH or DDBQ”), which could be monitored
by increased absorbance at 332 nm. Among the five hydroxamic
acids tested, the most effective one was benzohydroxamic acid
(BHA) (Fig. 1). Therefore, BHA was chosen as a model hydro-
xamic acid in the present mechanistic research. In our previous
studies (12, 13), we found that the initial transient intermediate
and final products of TCBQ after reacting with BHA were
probably TrCBQ-OH and DDBQ, respectively, and this was
confirmed to be the case by electrospray ionization quadrupole
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Fig. 1. (A) The hydrolysis of TCBQ to DDBQ was markedly enhanced by
BHA and other hydroxamic acids. All incubation mixtures contained 0.2 mM
hydroxamic acids in phosphate buffer (10 mM, pH 7.0) at room temperature.
The reactions were initiated by the addition of TCBQ (0.05 mM), followed
by rapid mixing. DDBQ formation was monitored at 332 nm for 30 min.
AHA: acetohydroxamic acid; DFO: deferoxamine; SAHA: suberoylanilide hy-
droxamic acid; and SHA: salicylhydroxamic acid. Each point represents the
mean of two separate experiments with the SD less than 5%. (B) The chemical
structures of hydroxamic acids used in this study.

time-of-flight mass spectrometry (Fig. 2). For details, see Materi-
als and Methods. The extent of formation of TrCBQ-OH and
DDBQ was found to be dependent on the molar ratios between
BHA and TCBQ: at low molar ratios (<1), TCBQ was converted
primarily to TrCBQ-OH; at higher molar ratios (>1), TCBQ
could be converted first to TrCBQ-OH and then further to
DDBQ (Fig. 2 A and C-F). To test whether BHA could also di-
rectly accelerate the slow hydrolysis of TrCBQ-OH to DDBQ,
TrCBQ-OH was synthesized according to a published method
(16). We found that this was indeed the case (Fig. 2 B and F).

The rate of hydrolysis was found to be also dependent on the
molar ratios of BHA/TCBQ and BHA/TrCBQ-OH (Fig. 3 4 and
B): The higher the molar ratios, the faster the hydrolysis. For ex-
ample, the half time of hydrolysis of TCBQ (0.05 mM) to DDBQ
in the presence of 0.2, 0.5, 1.0, and 5.0 mM BHA was found to be
2.00, 0.88, 0.45, and 0.20 min, respectively (pH 7.0). Because it
has been shown that the half time for the spontaneous hydrolysis
of TCBQ to DDBQ was 21 d (18), our results demonstrate that
BHA could enhance the hydrolysis of TCBQ to DDBQ up to
150,000-fold (TCBQ, 0.05 mM; BHA, 5.0 mM).

Analogous results were observed when TCBQ was substituted
with other tetrahalogenated quinones, including tetrabromo- and
tetrafluoro-1,4-benzoquinones and their corresponding hydro-
quinone forms, as well as tetrabromo- and tetrachloro-1,2-benzo-
quinones. When BHA was substituted with other hydroxamic
acids, including salicyl-, suberoylanilide-, and aceto-hydroxamic
acids, as well as deferoxamine, similar results were obtained.
These findings suggest that this is a general reaction between hy-
droxamic acids and tetrahalogenated quinoid compounds.
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Fig. 2. Mass spectral analysis. The ESI-Q-TOF-MS spectra of TCBQ (A), TrCBQ-
OH (B), DDBQ (C), TCBQ with BHA at the ratio of 1:1 (D), 1:4 (E), and TrCBQ-
OH with BHA at the ratio of 1:4 (F) in CH;COONH, buffer (pH 7.0, 0.1 M) at
room temperature. TCBQ, 1 mM; TrCBQ-OH, 1 mM; BHA, 1 or 4 mM; MS/MS
analysis showed that the peak at m/z 255 is the main reaction product
O-phenylcarbamyl benzohydroxamate (/).

Free Benzohydroxamate Anion Is Essential for the Acceleration of
TCBQ Hydrolysis. The rate of BHA-mediated hydrolysis of TCBQ
to DDBQ was found to be dependent on the pH of the buffer. No
hydrolysis was observed at pH < 4 but as the pH was increased,
the rate of hydrolysis increased progressively (Fig. 3C). These re-
sults suggest that the free benzohydroxamate anion is probably
the reactive form of BHA (pK, = 8.9). To further test the above
hypothesis, O-methyl BHA (Ph-C(O)-NH-O-CHj;) was synthe-
sized to block the formation of the free anionic oxygen (19).
As anticipated, O-methyl BHA had no enhancing effect on
TCBQ hydrolysis, even at pH values as high as 10 (Fig. 3D). The
above results clearly demonstrate that the free benzohydroxa-
mate anion is essential for the dramatic acceleration of TCBQ
hydrolysis to occur.

Major Reaction Product of BHA Was Identified as O-phenylcarbamyl
Benzohydroxamate. Because the rate of TCBQ hydrolysis in the
presence of BHA is much faster than that of its spontaneous
hydrolysis, it appeared that BHA could catalyze this process.
However, we found that BHA was consumed during its reaction
with TCBQ, with the concurrent formation of a unique com-
pound with m/z at 255 (Fig. 2E). This suggested that the hydro-
xamic acid is not a true catalyst in the TCBQ hydrolysis reaction.
To better understand the underlying molecular mechanism for
this reaction, the final products of BHA after reacting with TCBQ
were then isolated, purified and identified by HPLC-ESI-MS
and NMR. Interestingly, O-phenylcarbamyl benzohydroxamate
(I) was identified as the major reaction product of BHA, whereas
N, N’-diphenylurea (II) as a minor product (For experimental
details, see Materials and Methods; for chemical structures of
products (I) and (II), see below; Ar = phenyl group).

Then the question is: How are these products (I and II)
formed? It has been shown (20, 21) that I could be formed
through nucleophilic addition of phenyl isocyanate with a mole-
cule of BHA:
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and II could be formed through the hydrolysis of phenyl isocya-
nate to aniline, followed by reaction of aniline with another
molecule of phenyl isocyanate:

Ar—N=C=0 + H,0 —> Ar—NH, + CO,

i X

Ar—N=C=0 + Ar—NH, —> Ar~ \([)( SAr an
The above analysis strongly suggests that phenyl isocyanate
(Ar—N=C=O0) should be formed as an initial unstable product
during the reaction of BHA and TCBQ.

This leads to a new question: In what way could phenyl isocya-
nate be produced from BHA? It has been shown that one typical
way could be through the classic Lossen rearrangement, a well-
known reaction that describes the transformation of an O-acti-
vated hydroxamic acid (R-C(O)-NH-OX) into the corresponding
isocyanate (21, 22). The rate-limiting step of this reaction is the
activation of the hydroxamic acid by various agents (i.e., sulfonyl
and benzoyl chloride, etc.; X = SO,R, C(O)R):

(0] (0]
R*N/ OH Activating Agents [R AN/OX} Lossen Rearrangement

|
i i

R—N=C=0

The above analysis suggested that the reaction between BHA
and TCBQ might proceed through an analogous, but previously
unknown Lossen-type rearrangement pathway.

Molecular Mechanism for the Acceleration of TCBQ Hydrolysis by BHA:
Suicidal Nucleophilic Attack Coupled with an Unusual Double Lossen
Rearrangement. Based on the above experimental results and
earlier research on Lossen rearrangement (20-23), as well as the
fact that the benzohydroxamate anion is a particularly effective
a-nucleophile (20), a unique mechanism for BHA-accelerated
TCBQ hydrolysis was proposed (Scheme 1): According to the
mechanism, a nucleophilic reaction takes place between the ben-
zohydroxamate anion (ArC(O)-NH-O") and TCBQ, first form-
ing an unstable transient intermediate ArC(O)-NH-O-trichloro-
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to the formation of TrCBQ-O~ (at low BHA/TCBQ molar ratios)
and phenyl isocyanate. When BHA is in excess, TrCBQ-O~
further reacts with BHA, through a similar reaction intermediate,
and a second-step spontaneous Lossen-type rearrangement reac-
tion yields DDBQ and another molecule of phenyl isocyanate. As
mentioned above, phenyl isocyanate could react with another
molecule of BHA to yield the major reaction product I.

The second equivalent of benzohydroxamate anion is shown
in Scheme 1 displacing the chloride ion para to the oxyanion
resulting from the first addition of benzohydroxamate anion.
Why this regioselectivity is favored over meta or ortho displace-
ment? There are probably two major reasons for this favored
regioselectivity: One is due to the steric hindrance to form the
chloroquinone-BHA intermediate. Para displacement of the
chloride ion should have less steric hindrance than meta or ortho
displacement; another is due to the stability of the thus-formed
end products: 2, 5-dichloro-3, 6-dihydroxy-1, 4-benzoquinone
(DDBQ, chloranilic acid) should be much more stable than 2,
3-dichloro-5, 6-dihydroxy- or 2, 6-dichloro-3,5-dihydroxy-1, 4-

benzoquinone.
: : :Cl H :
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Scheme 1. Proposed mechanism for the dramatic acceleration of TCBQ
hydrolysis by BHA: Suicidal nucleophilic attack coupled with an unusual
double Lossen rearrangement.
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If the above proposed double Lossen rearrangement mechan-
ism is correct, then we expect that the source and origin of the
oxygen atom in DDBQ and product I from the reaction of TCBQ
(or TrCBQ-OH) with BHA should be from the hydroxyl group of
BHA, not from water. To test whether this is the case, TCBQ
(or TrCBQ-OH) was incubated with BHA in buffer solution
prepared with oxygen-18-labeled H,O (['0]-H,0) as solvent.
If water is the source of the oxygen atom in any of the products,
the mass spectra of the molecular ion region of DDBQ and
product I, obtained with unlabeled and labeled H,O, should
show the shift of the molecular ion isotope cluster peaks of the
unlabeled compounds with 2 or 4 mass units, as could be expected
for the incorporation of 0. However, no '30 was found to be
incorporated in any of these products, as shown in Fig. S1 (see
SI Text). These isotope-labeling data provide strong experimental
evidence to further support the above proposed mechanism.

Why this Lossen Rearrangement Reaction Is So Unusual. It has been
well established that the activation of the oxygen atom of hydro-
xamic acids is essential for the Lossen rearrangement to take
place. Therefore, the Lossen rearrangement is customarily car-
ried out by using prepared O-activated hydroxamic acid deriva-
tives or by in situ activation of free hydroxamic acids with various
activating agents such as polyphosphoric acid and carbodiimides
(20-23). To our knowledge, this is the only report demonstrating
that TCBQ and other tetrahalogenated quinones could serve as a
unique class of agents for the activation of free hydroxamic acids,
forming unstable O-trihaloquinonated hydroxamic acids, leading
spontaneously to two consecutive Lossen-type rearrangements.
Most of the previously reported Lossen rearrangement reac-
tions take place only under alkaline conditions and/or through
heating to a requisite temperature (20-23). In the present study,
we found that the reaction between BHA and TCBQ could occur
at room temperature and under neutral or even weakly acidic pH.
This is possibly due to the unusually rapid and facile rearrange-
ment of the postulated reaction intermediate, the O-trichloroqui-
nonated BHA. It has been shown that the rate-limiting step in the
Lossen rearrangement is the activation of the hydroxamic acid,
and the rate of the rearrangement is directly proportional to
the relative acidity of the conjugate acid of the anionic leaving
group (21, 22). Due to the strong acidity of TrCBQ-OH
(pK,: 1.10) and DDBQ (pK,1: 0.58; pK,2: 2.72) (7, 18), which
are the conjugate acids of the anionic leaving groups in the pre-
sent study, it is expected that the rate of the rearrangement of the
postulated reaction intermediates should be very fast. Once
formed, they rearrange extremely rapidly at room temperature
and under neutral pH. This could explain why BHA and other
hydroxamic acids could dramatically accelerate the hydrolysis
of TCBQ (or TrCBQ-OH) to DDBQ under physiological condi-
tions of pH and temperature. This could also explain why, unlike
most O-acyl hydroxamic acids, the postulated reaction intermedi-
ate could not be isolated and identified in the present study.

Potential Biological and Environmental Implications. We found that
this unusual double rearrangement reaction mechanism is not
only limited to TCBQ and benzohydroxamic acid, but it is also
a general mechanism for all tetrahalogented quinonoid com-
pounds and hydroxamic acids. Therefore, our findings may have
interesting biological and environmental implications: Many
widely used polyhalogenated aromatic compounds (which are
considered POPs and probable human carcinogens) including
polyhalogenated phenols (such as the ubiquitous PCP and the
brominated flame-retardant 3,3’,5,5'-tetrabromobisphenol A),
Agent Orange, hexachlorobenzene, hexachlorocyclohexane iso-
mers, and polychlorinated biphenyls, can be metabolized in vivo
(1-3, 24-26), or dehalogenated chemically and enzymatically
(4-6), to their corresponding quinones. Polychlorinated quinoid
compounds were also found in discharges from pulp and paper
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mills (3). More recently, several polyhalogenated quinones, which
are suspected bladder carcinogens, were identified as unique
chlorination disinfection byproducts in drinking water (27).
These polyhalogenated quinones not only cause oxidative da-
mage to DNA and other macromolecules, but also form protein
and DNA adducts both in vitro and in vivo (1-3, 24-26). Thus,
these molecules are potential mammalian carcinogens, which
render their destruction or remediation under mild conditions
of critical importance.

Of particular interest in this regard is the fact that two hydro-
xamic acids are already approved for clinical applications, defer-
oxamine for iron overload and suberoylanilide hydroxyamic acid
(Vorinostat), recently approved for cutaneous T-cell lymphoma
(9-11). As demonstrated in the present and our previous studies
(12-17), these compounds, in addition to BHA might be espe-
cially suited for detoxication of polyhalogenated quinones. It is
worth noting that hydroxamic acids can also efficiently inhibit
hexachlorobenzene-induced porphyria (28), and detoxify chemi-
cal warfare agents such as the nerve gases Sarin and Soman
(which are fluorinated organophosphonates) (21, 22, 29), as well
as nitrogen mustard (30) in animal models, possibly through an
analogous Lossen rearrangement mechanism. Therefore suicidal
nucleophilic attack coupled with spontaneous Lossen rearrange-
ment may serve as a general, but previously unrecognized
detoxication mechanism for the widely-used hydroxamic acids.
Therefore, our findings may have broad chemical, biological,
and environmental implications for future research on polyhalo-
genated aromatic pollutants and hydroxamic acids, which are
two important classes of compounds of major environmental and
biomedical concern that have been attracting the attention of
both academic researchers, and the broader general public.
Further research is needed to investigate whether hydroxamic
acids could be used safely and effectively as prophylactics for the
prevention or treatment of human diseases such as liver and
bladder cancer associated with the toxicity of polyhalogenated
quinoid carcinogens.

Materials and Methods

Chemicals. Tetrachloro-1,4-benzoquinone (TCBQ; tetrachloro-p-benzoqui-
none or p-chloranil) and other halogenated quinones were purchased from
Fluka. Suberoylanilide hydroxamic acid (SAHA) was bought from Melone
Pharmaceutical Co., Ltd. The oxygen-18-enriched H,O (90%, ['®O]-H,0)
was purchased from J&K. Benzohydroxamic acid (BHA), salicylhydroxamic
acid (SHA), acetohydroxamic acid (AHA), deferoxamine (DFO) and all other
chemicals were purchased from Sigma. The chemicals were used as received
without further purification.

Spectral Analysis. The interactions between TCBQ and hydroxamic aicds were
monitored by a UV-visible spectrophotometer (DU-800, Beckman Coulter),
using Chelex-treated phosphate buffer (10 mM, pH 7.0) at room tempera-
ture. The formation of DDBQ was followed at 332 nm. IR spectra were re-
corded on a FTS-40 spectrophotometer in KBr. "H NMR spectra were
acquired on a Bruker DPX-400 spectrometer using (CHs),Si, tetramethylsi-
lane as internal standard and CDCl;, DMSO-dg as solvent.

Identification of the Reaction Products of TCBQ. The final reaction products
between TCBQ and BHA were identified by electrospray ionization quadru-
pole time-of-flight mass spectrometry (ESI-Q-TOF-MS) (15-17). The mass spec-
trum of TCBQ in 0.1 M CH3COONH, buffer (pH 7.0) was characterized by a
four-chlorine isotope cluster at m/z 246 and traces of a three-chlorine isotope
cluster at m/z 227. The addition of BHA (0.5 mM) to TCBQ (0.5 mM) led to
partial disappearance of the molecular ion peak clusters at m/z 246 and a
remarkable increase in the peak clusters at m/z 227. These results indicate
that one of the major reaction products between BHA and TCBQ at low molar
ratios was probably the ionic form of TrCBQ-OH (peak clusters at m/z 227).
This was further confirmed by comparison with authentic TrCBQ-OH synthe-
sized according to a published method (16), which showed the same ESI-MS
profile and the same retention time on HPLC. When BHA was in excess
(2.0 mM), the addition of BHA to TCBQ (0.5 mM) led to almost complete dis-
appearance of the molecular ion peak clusters at m/z 246 and m/z 227, and a
dramatic increase in the peak clusters at m/z 207. These results indicate that
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the major reaction product between BHA and TCBQ at high molar ratios
was probably the ionic form of DDBQ (peak clusters at m/z 207). This was
further confirmed by comparison with authentic DDBQ, which showed the
same ESI-MS profile and the same retention time on HPLC.

Isolation, Purification, and Identification of the Reaction Products of BHA.
0-phenylcarbamyl benzohydroxamate (I). When the ratio of BHA and TCBQ
was low, no precipitate was observed during the reaction of TCBQ with
BHA. With increasing BHA/TCBQ ratios, especially when the TCBQ concentra-
tion was high, a precipitate appeared in the reaction mixture. The mixture
was then filtered and the solid was washed with cold water. After further
separation and purification by silica gel (ethyl acetate: petroleum ether =
1:1.5), the compounds were then recrystallized by methylene chloride.
Two reaction products were obtained. The major product was a white sheet
solid, which decomposed at 232-233 °C. The purity and the identity of this
compound were assessed by HPLC and ESI-MS analysis. Only one peak was
observed in the HPLC analysis, and an ion peak was evident at m/z 255
[(M-H)~] for ESI-MS analysis. Its chemical structure was further characterized
by IR, "H- and *C-NMR. IR (KBr) v(cm~"): 3252 (N-H), 3196 (N-H), 1739
(0—C=0), 1648 (NH—C=0), 1601, 1558, 1523, 1502 (Ar-H), 1022 (C-O-C);
"H-NMR (400 MHz, CDCl3) &: 11.26 (s, 1H, NH, H-N-0O), 9.34 (s, 1H, NH,
H-N-C), 7.50-8.10 (m, 5H, —CgHs), 7.00-7.50 (m, 5H, CgHs); '3C-NMR
(100 MHz, CDCl3) &: 206.8 (O—C=0), 153.8 (N—C=0), 139.7, 133.6, 130.3,
130.0, 128.8, 124.7, 120.0 (ArC). Based on the above experimental data, this
compound was identified as O-phenylcarbamyl benzohydroxamate (I).

N, N’-Diphenylurea (Il). The minor product was a white powder with m. p. 238-
240 °C. Only one peak was observed in the HPLC analysis, and an ion peak was
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evident at m/z 211 [(M-H)~] for ESI-MS analysis. Its chemical structure was
further characterized by IR, 'H- and '3C-NMR. IR (KBr) v(cm~"): 3327 (N-H),
3289 (N-H), 1650 (C=0), 1597, 1498 (Ar-H); "H-NMR (400 MHz, CDCls) &: 8.67
(s, TH, NH, H-N-C), 6.95-7.53 (t, 5H, —CgHs); '3*C-NMR (100 MHz, CDCl5) 8: 152.5
(0—C=0), 139.7, 128.7, 121.7, 118.2 (ArC). Based on the above experimental
data, this compound was identified as N, N'-diphenylurea (l).

Synthesis of the Reaction Intermediate Trichlorohydroxy-1,4-benzoquinone
(TrCBQ-OH). TrCBQ-OH was synthesized as described in the literature by dis-
solving solid TCBQ (30 mg) in an ice-cold 2 M sodium hydroxide solution (16).

Synthesis of O-Methyl Benzohydroxamic Acid (0-Methyl BHA). O-Methyl BHA
was synthesized as described by Johnson et al. (19).

Oxygen-18 Isotope-Labeling Experiment. To investigate the source and origin
of the oxygen atom inserted into DDBQ and product I, formed from the re-
action between BHA and TCBQ (or TrCBQ-OH), 1.0 mM TCBQ (or TrCBQ-OH)
was incubated with BHA in oxygen-18-enriched H,0 (90%, ['®0]-H,0) in a
final volume of 0.1 mL of CH3COONH, buffer (0.1 M, pH 7.0) containing
10% DMSO. A control experiment with unlabeled H,O was also performed.
After 1.0 min of incubation, the samples were analyzed by ESI-Q-TOF-MS as
described above.
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