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Abstract—Nonsterile soil transforms the rye metabolite 2(3H)-benzoxazolone
(BOA) into 2-amino-3H-phenoxazin-3-one, which is an order of magnitude
more toxic to bamyard grass than benzoxazolone. Benzoxazolone was
recovered unchanged from sterile soil. However, o-aminophenol is converted
to aminophenoxazinone by both sterile and nonsterile soil in the presence of
air. Aminophenoxazinone is probably produced by microbial hydrolysis of
benzoxazolone into o-aminophenol, which is oxidized to aminophenoxazinone
in both sterile and nonsterile soil. No 2,2'-0x0-1,1'-azobenzene was found in
any incubations of soil with benzoxazolone, o-aminophenol, or 0-azophenol.
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INTRODUCTION

The use of allelopathic mulches in reduced or no-till cropping systems has
received attention in recent years. The practical and chemical aspects of using
winter rye, Secale cereale L., mulch are perhaps the best studied (Worsham,
1989). Phytotoxic activity of rye mulch has been attributed largely to the cyclic
hydroxamic acid 2,4-dihydroxy-1,4(2H)-benzoxazin-3-one (DIBOA) and its
decomposition product 2(3H)-benzoxazolone (BOA) (1, Figure 1) (Barnes et
al., 1987). A crystalline, red transformation product of BOA has recently been
isolated from Michigan soil, and the structure 2,2'-ox0-1,1’-azobenzene (2) has
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Fic. 1. Structores of 2(3H)-benzoxazolone (1), 2,2'-oxo-1,1'-azobenzene (2), and
o-benzoquinone azine (3).

been proposed for this pigment (Nair et al., 1990). This red transformation
product proved more phytotoxic than BOA in vitro (Chase et al., 1991a) and is
therefore a further possible allelochemical of rye mulch. The soil transformation
of BOA was later determined to be mediated by the microorganism Acineto-
bacter calcoaceticus (Chase et al., 1991b).

Soil microorganisms are known to transform substituted anilines into azo
compounds (Bartha and Pramer, 1972). However, microbial formation of an
oxygen-oxygen bond between phenols is unprecedented. In fact, chemical
attempts to generate phenolic peroxides by dimerization of ortho-, para-blocked
phenolic radicals does not lead to stable phenolic peroxides (Pummerer et al.,
1952), and yet the red soil transformation product appeared to be stable and to
have a very high melting point with no decomposition reported. We have con-
sidered possible alternative structural interpretations of the data used to arrive
at the 2,2’-0x0-1,1’-azobenzene structure. The published ['H]- and ['*CINMR
data indicated an element of symmetry in the pigment leading to six carbon and
four hydrogen signals for C,,HgN,0O,. All isomeric structures with the required
symmetry can be rejected based on published melting point and spectral data
except one, o-benzoquinone azine (3) reported to be the product obtained by
sitver(I) oxide oxidation of o-aminophenol (Ortiz et al., 1972). The ultraviolet-
visible spectrum reported for this red oxidation product is the same as that
reported for 2,2’-ox0-1,1’-azobenzene, and its high melting point is similar to
that reported for the soil transformation pigment. It appeared that the red soil
transformation product and the product of silver(Il) oxide oxidation of o-ami-
nophenol might be identical. Therefore we reinvestigated the properties of these
red pigments.

METHODS AND MATERIALS

Soil Sample. Cecil and Appling gravelly sandy loam (Typic Kanhaludult),
was collected from a fallow comn field at the North Carolina State University
research farm at the Dorothea Dix property (plot number 163/H-2). Soil was
stored in a sealed plastic bag at 4°C until needed.
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Soil Transformation of BOA. A 2-g sample of BOA (1) was mixed into
400 g soil and incubated in the dark at 28°C. After 10 days, the soil was
extracted twice with 400 ml methanol. The extract was concentrated to dryness
(1.2 g), and the residue was redissolved in a small amount of ethyl acetate.
After two days, crystals were collected from this dark red solution, which was
allowed to stand for further crystallization. A final yield of 311 mg of red crystals
was obtained.

Effect of Sterile and Septic Soil. To test whether soil microorganisms are
required for transformation of BOA into the red pigment, sterile and nonsterile
soil was supplemented with BOA and two potential intermediates, o-amino-
phenol and o-azophenol. A 50-g portion of soil was mixed with 50 mg of the
test compound and 5 ml deionized water. The mixture was transferred to an
Erlenmeyer flask, stoppered with a foam plug, and incubated in the dark at 25~
28°C. In cases where sterile soil was used, the test compound was added asep-
tically to double-autoclaved soil. After 10 days the soil was extracted by stirring
twice with 100 ml of methanol. The extracts were concentrated under vacuum
and compared to the silver oxide oxidation product by thin-layer chromatography
(TLC) in two solvent systems: toluene-ethyl acetate (50:40) and chloroform-
methanol (95:5).

Silver(Il) Oxide Oxidation of o- Aminophenol. Silver(Il) oxide, AgO, was
prepared according to the method of Hammer and Kleinberg (1953). The sil-
ver(Il) oxide oxidation of o-aminophenol was carried out according to the method
of Ortiz et al. (1972). A mixture of 6 g o-aminophenol and 31 g freshly prepared
silver(I) oxide was stirred in benzene for 4 h. Insoluble silver oxides were
removed by vacuum filtration. The dark red pigment in the filtrate was purified
by flash column chromatography (chloroform-methanol 80:20). Preparative
TLC (chloroform-methanol 9:1) yielded a dark red product (R 0.65 in chlo-
roform-methanol 95:5), which was triturated with water to remove traces of
o-aminophenol. The red solid was dissolved in the minimal amount of dimeth-
ylsulfoxide. Slow evaporation of some of the solvent from an open beaker
produced fine, dark red crystals which were homogeneous by TLC in three
solvent systems: chloroform-methanol 95:5 (R;0.6), hexane~acetone 70: 30 (R,
0.7), and toluene~ethyl acetate 50:40 (R,0.5). The dark red product diluted for
TLC appeared as a bright orange spot, which was the only spot detected visually,
by fluorescence quenching or by treatment with phosphomolybdic acid (Pefia-
Rodriguez et al., 1988).

Synthesis of Aminophenoxazinone. 2-Amino-3H-phenoxazin-3-one (4) was
synthesized by the air oxidation of o-aminophenol as described previously (Kehr-
mann, 1906). In this procedure, 4 g of o-aminophenol were stirred in aqueous
methanol at room temperature for three weeks. Production of the dark red ami-
nophenoxazinone was monitored by TLC (chloroform-methanol 95:5). Solids
that precipitated from the solution were collected and recrystallized from meth-
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anol to give clusters of reddish black needlelike crystals. The aminophenox-
azinone was further purified by washing with hot water and recrystallizing from
methanol. The crystallized product was analyzed by TLC, UV, NMR, and MS.
The yield of aminophenoxazinone after three weeks was 1.1 g. There was still
some unoxidized o-aminophenol in the original methanolic solution after three
weeks.

Spectroscopy. Ultraviolet spectra were measured on a Perkin-Elmer Lambda
4B UV/VIS spectrophotometer. ['HINMR was measured in DMSO-dg at 300
and 500 MHz on a General Electric Omega spectrometer. Proton-coupled and
proton-decoupled ['>*CINMR spectra were measured at 125 MHz. Low-resolu-
tion mass spectral analysis was performed using a Hewlet-Packard 5985-B spec-
trometer.

Bioassay. Phytotoxicity was tested by a radicle elongation assay. A 1 mg/
ml stock solution of the test compound was prepared in methanol. Volumes
corresponding to 12.5, 25, 50, 100, 175, and 250 mg of test compound were
applied evenly to 6-cm filter paper circles, and the solvent was allowed to
evaporate completely. Filter paper wet with methanol and dried was used as a
control. The dried paper impregnated with test compound was wet with 1.5 ml
water in a 60 X 15-mm Petri dish, and 10 seeds of barnyardgrass (Echinocloa
crus-galli L.) were added. After incubation in the dark for 72 h, the radicle
lengths (mm) were measured and expressed as a percentage of the control radicle
length.

RESULTS

Transformation of BOA and Other Compounds by Soil. BOA incubated
with moist, nonsterile soil at 28°C was converted within 10 days into a dark
red substance extractable by methanol. TLC showed the presence of a major
orange pigment (red on concentration), higher Ry, very weak yellow and brown
pigments, and a very small amount of unreacted, colorless BOA, detected by
ultraviolet fluorescence quenching and by development with phosphomolybdic
acid. Soil that had not been treated with BOA contained no extractable pigments.

The red pigment, recrystallized from methanol, had mp 252-258°C; UV
maxima in methanol at 236 (31,000) and 432 nm (26,000); EIMS m/z 212
(100%, M*), 185 (58%), 184 (28%); ['HINMR in DMSO-d¢ at 300 MHz:
6.34 ppm (s, 1H), 6.35 (s, 1H), 6.81 (broad, NH,), 7.48 (m, 3H), 7.71 (dd,
J = 1, 8 Hz, 1H). The singlets at 6.34 and 6.35 ppm were not resolved in pure
DMSO but did resolve after addition of a drop of D,O. The three-proton mul-
tiplet at 7.48 ppm was resolved at 500 MHz: 7.38 (dt, J = 1, 8 Hz,), 7.45 (dt,
J =1, 8 Hz,), and 7.48, (dd, J = 1, 8 Hz). Carbon resonances were assigned
in the ['>*CINMR spectrum (Table 1) consistent with heteronuclear multiple bond
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correlation spectra, multiplicities observed in ['H]- and ["*CINMR spectra, and
model compounds.

Ten days after addition of BOA to doubly autoclaved soil, unreacted BOA
was detectable in the methanolic extract, but no pigment was present. The
concentration of BOA in sterile soil was undiminished judging from TLC spot
intensity. On the other hand, TLC analysis showed that o-aminophenol was
completely converted to the red pigment and no other product within 10 days
in both sterile and non-sterile soil. o-Azophenol, a conceivable precursor to
2,2'-0x0-1,1’-azobenzene, or o-benzoquinone azine, was unaltered after 10 days
of incubation in nonsterile soil.

Red Pigment Produced by Silver(Il} Oxidation. The pigment produced by
silver(Il) oxide oxidation of o-aminophenol was purified by column chromatog-
raphy and preparative TLC, followed by crystallization from dimethylsulfoxide.
The red crystals had mp 268°C; UV maxima in methanol at 236 (23,000) and
432 nm (20,000); EIMS m/z 212 (100%, M), 185 (50%), 184 (21%); ['HINMR
in DMSO-dg4 at 300 MHz: 6.42 ppm (s, 1H), 6.44 (s, 1H), 6.87 (broad, NH,),
7.54 (m, 3H), 7.78 (dd, J = 1, 8 Hz, 1H); [*CI]NMR as in Table 1.

Comparison of Pigments to Aminophenoxazinone. 2-Amino-3H-phenox-
azin-3-one (4) (Scheme 1) was prepared by air oxidation of o-aminophenol
(Kehrmann, 1906) and recrystallized twice from methanol, mp 253-267°C (lit.
mp 255-257°C). The red crystals had visible-ultraviolet maxima in methanol
at 237 nm (22,000), 432 (19,600); EIMS m/z 212 (100%, M™), 185 (53%),

TabLe 1. ['*C] NMR SPECTRUM OF SOIL. TRANSFORMATION PRODUCTS FROM
BENZOXAZOLINONE

Aminophenoxazinone 2,2'-0Ox0-1,1'-azobenzene

C, H# from soil transformation (Nair et al., 1990)
1 103.43, doublet” 104.86, doublet”
2 147.38, singlet
3 180.24, singlet
4 98.34, doublet 99.87, doublet”
4a 148.88, singlet
5a 141.91, singlet
6 115.93, doublet 117.25, doublet”
7 128.81, doublet 130.34, doublet®
8 125.28, doublet 126.60, singlet®

9 127.96, doublet 129.29, singlet?
9a 133.73, singlet
10a 148.23, singlet

“Proton decoupled [?CINMR spectra were measured in DMSO-d, at 125 MHz.

b Spectrum measured in DMSO-dg; No C# assignments intended.
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184 (22%). The ['H]- and [*CINMR agreed with spectra previously reported
for 2-amino-3H-phenoxazin-3-one (Hasegawa and Ueno, 1985). The red pig-
ments from soil transformation of BOA and from silver(Il) oxidation of
o-aminophenol were indistinguishable from 2-amino-3H-phenoxazin-3-one by
UV, EIMS, and ['H]- and [">CINMR. The red pigments prepared by soil trans-
formation and by Ag(Il) oxide oxidation also comigrated with aminophenoxa-
zinone on silica gel TLC at R, 0.5 in toluene-ethyl acetate, 50:40 and at R, 0.6
in chloroform~methanol (95:5).

Phytotoxicity of Aminophenoxazinone. The radicle elongation assay on
barnyard grass showed that aminophenoxazinone was more phytotoxic than its
precursor BOA (Figure 2). Root elongation was inhibited 50% by 0.1 mM
aminophenoxazinone, 0.7 mM BOA, and 1.2 mM o-aminophenol, the probable
hydrolytic intermediate between BOA and aminophenoxazinone.
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ScHeME 1. Soil transformation of benzoxazolone into 2-amino-3H-phenoxazin-3-one (4).

'S 100

[

=)

=

=]

[ X}

=

-]

-

2

L S50

4

=

=

N

1~

e
] —_ T —rre—
0t N 10

concentration (mM)

FiG. 2. Effects of aminophenoxazinone (—M—), o-aminophenol (— A —), and benzox-
azolone (—[]—) on radicle elongation of barmyard grass.
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DISCUSSION

In an earlier study silver(Il) oxide was found to oxidize 7 substituted ani-
lines to azoarenes (Ortiz et al., 1972). Based on this analogy and elemental
composition, but no NMR data, the structure o-benzoquinone azine (3) was
proposed for the red crystals produced by oxidation of o-aminophenol with
silver(I) oxide. We synthesized and characterized this compound by NMR and
other spectroscopic techniques because this product has a similar high melting
point, the identical elemental composition and ultraviolet spectrum, and the
symmetry of the reported soil transformation product of 2(3H)-benzoxazolone
(BOA) (1) previously assigned the structure 2,2’-0xo0-1,1’-azobenzene (2) (Nair
et al., 1990). We found that the product of silver(I) oxidation of o-aminophenol
is in fact not o-benzoquinone azine, but rather 2-amino-3H-phenoxazin-3-one
(4), from which it is indistinguishable by thin-layer chromatography, mass spec-
tral fragmentation, ['H]- and ['*CINMR, and UV spectra. Aminophenoxazinone
and its derivatives are the only known products of oxidation of o-aminophenol
by air (Kehrmann, 1906), photoirradiation (Ikekawa et al., 1968), inorganic
oxidants (Ikekawa et al., 1968; Hishida et al., 1974), mammalian tissue
(Tomoda, 1986), and purified enzymes (Nagasawa, 1959; Barry et al., 1989).
Aminophenoxazinone, also known as the antibiotic questiomycin A from Strep-
tomyces thioluteus (Gerber, 1967), is produced by a number of fungi (Turner
and Aldridge, 1983) and bacteria (Gerber and Lechevalier, 1964).

We have also identified the red pigment produced from BOA by nonsterile
soil as 2-amino-3H-phenoxazin-3-one. We note the identity of the ultraviolet
and mass spectra and near identity of the proton and [*CJNMR spectra of
aminophenoxazinone obtained from transformation of BOA by North Carolina
soil to that of the red pigment obtained by transformation with Michigan soil.
Aminophenoxazinone contains all of the '*C signals reported for the Michigan
transformation product plus six low-intensity quaternary carbon signals not pre-
viously reported (Table 1). The ['"HINMR of aminophenoxazinone contains all
of the signals reported for 2,2'-oxo0-1,1’-azobenzene (2), with the same chemical
shifts and multiplicities, but, in addition, contains two singlets (6.34 and 6.35
ppm) and a broad singlet due to an NH, (6.81 ppm) not reported for the Michigan
soil transformation product.

Although nonsterile soil converts the allelochemical BOA into the phyto-
toxic pigment aminophenoxazinone, sterile soil does not. The probable route of
transformation of BOA is its hydrolysis to o-aminophenol, followed by oxidation
to aminophenoxazinone (Scheme 1). Since hydrolysis of BOA in the laboratory
requires prolonged treatment with aqueous alkali or acid at 100°C or higher
(Graebe and Rostovzeff, 1902) and does not occur in sterile soil, the hydrolysis
of BOA to o-aminophenol must be a step requiring soil microorganisms. Sterile
soil in contact with air is capable of accomplishing the subsequent oxidation of
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o-aminophenol into aminophenoxazinone. Some microorganisms are also known
to oxidize o-aminophenol to aminophenoxazinone, but their presence has not
been demonstrated in soil samples capable of converting BOA or o-aminophenol
into aminophenoxazinone. The present study does not exclude the possibility
that microorganisms contribute to the rate of oxidation of aminophenol to ami-
nophenoxazinone. The transformation product, aminophenoxazinone, is an order
of magnitude more phytotoxic than BOA. It is significant that this compound
has recently been identified as the phytotoxin of the plant pathogen Acrospermum
viticola (Kinjo et al., 1987). Thus, the microbially produced aminophenoxazi-
none has the potential for increasing the allelopathic effect of rye mulch.
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