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Metabolism of Trifluralin in Rats 

Figen Unlu Erkog' and Robert E. Menzer* 

The metabolism of the dinitroaniline herbicide trifluralin, a,a,c~-trifluoro-2,6-dinitro-N,N-dipropyl-p- 
toluidine, was investigated in rats using [14CF3]-labeled trifluralin a t  two dosage levels, 1 and 10 mg/kg, 
and in a continuous feeding experiment. Rats excreted the herbicide rapidly in both the urine and 
especially feces. Residual radiocarbon in tissues was low. Seven trifluralin metabolites were positively 
identified from rat urine and six from feces. The major metabolic routes of trifluralin involve N-de- 
alkylation, nitro reduction, hydroxylation, cyclization, and conjugation. Unchanged trifluralin was 
detected in the feces, comprising approximately 10% of the dose. Metabolites resulting from a com- 
bination of nitro reduction and N-dealkylations of one or both propyl groups represented the highest 
percentage of the dose. Products of cyclization reactions giving 2-ethylbenzimidazoles and 2-methyl- 
benzimidazoles were abundant. Metabolites with one or both propyl groups removed were detected 
mostly in the feces. Aglycones found after P-glucuronidase treatment of rat urine were compounds with 
a hydroxylated propyl group and a 2-methyl-substituted benzimidazole. 

Trifluralin, a,a,a-trifluoro-2,6-dinitro-N,N-dipropyl-p- 
toluidine, a prominent member of the substituted di- 
nitroaniline herbicide family, is effective against most 
grasses and many broadleaf weeds. Trifluralin's con- 
sumption in 1975 exceeded 2 X lo' lb (Heck et al., 1977). 

Metabolism of trifluralin has been studied in a number 
of biological systems: in artificial rumen fluid and rum- 
inant animals (Golab et al., 1969; Fisher et al., 1965), in 
rat liver microsomes (Nelson et al., 1977), in rats (Em- 
merson and Anderson, 1966; Heck et al., 1977), and in the 
dog (Emmerson and Anderson, 1966). Emmerson and 
Anderson (1966) gave rats an oral dose of 100 mg/kg of 
[I4CF3] trifluralin. Within 5 days after dosing, approxi- 
mately 78% of the radiocarbon was eliminated in the feces 
and 22% in the urine. They also found that 19% of the 
I4C given to rats as [N-pr~pyl-l~CItrifluralin was expired 
as 14C02; thus, N-dealkylation clearly has occurred. They 
observed that 11-14% of the 14C was excreted in the bile 
within 24 h. However, intact rats given an equal oral dose 
of trifluralin excreted nearly 60% of the 14C in the feces 
during the same period. In this study, fecal metabolites 
from rats were isolated and identified as unchanged tri- 
fluralin and a,a,a-trifluoro-2-amino-6-nitro-N,N-di- 
propyl-p-toluidine. A metabolite arising from the removal 
of both propyl groups was identified from rat urine, ac- 
counting for 1.7% of the dose. The other two metabolites 
were products resulting from removal of one propyl group 
and the reduction of one nitro group (0.4% of the dose) 
and the diamino compound a,a,a-trifluoro-1,2-diamino- 
6-nitro-p-toluidine. 

The same investigators studied the metabolism of un- 
labeled trifluralin in two female mongrel dogs. The dogs 
were dosed with cold trifluralin orally for 3 days. Un- 
changed trifluralin, 25% of the dose, and the metabolite 
with only one nitro group reduced to the amino form (9% 
of the dose) were isolated from feces. No work was done 
on the dog urinary metabolites in this study. 

Golab et al. (1969) fed a lactating goat unlabeled tri- 
fluralin and a mixture of uniformly ring-labeled and 
[14CF3]trifluralin and reported that 17.8% of the radio- 
carbon was excreted in the urine and 81.2% in the feces 
within 15 days after dosing. The major metabolite iden- 
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tified from feces and urine of goats was the product of 
reduction of both nitro groups, The parent compound was 
not detected in the urine or feces of the goat. Other ur- 
inary metabolites resulted from N-dealkylation and/or 
reduction of one or both nitro groups. There was no in- 
dication of trifluralin or its metabolites in liver, kidney, 
fat, small intestine, large intestine and stomach. 

Trifluralin was extensively metabolized by both phe- 
nobarbital-induced and noninduced microsomes of the rat 
(Nelson et al., 1977). Principal in vitro metabolites were 
the monodealkylated alcohols, namely a,a,a-trifluoro- 
2,6-dinitro-N-(3-hydroxypropyl)-p-toluidine and a,a,a- 
trifluoro-2,6-dinitro-N-(2-hydroxypropyl)-p-toluidine and 
the aniline resulting from removal of both propyl groups. 
Minor in vitro metabolites were products resulting from 
combinations of the reduction of one nitro group and 
N-dealkylation of both propyl groups and also an N-de- 
alkylated cyclization product, 2-ethyl-7-nitro-5-(trifluoro- 
methyl) benzimidazole. 

The pharmacokinetics of trifluralin were studied in rats 
by Heck et al. (1977) using heptadeuterated trifluralin 
(trifluralin-d,) for analysis in terms of a two-compartment 
model. Computer-generated curves plotted from the in 
vivo data were described by a model where a single ex- 
ponential described the disappearance of the deuterated 
trifluralin from compartment 1, but compartment 2 ex- 
hibited both a first-order uptake and a first-order disap- 
pearance. The oral route of administration resulted in 
relatively little systemic absorption of the unchanged 
trifluralin. However, the intraperitoneal studies indicated 
that, once absorbed, the compound may persist in fat for 
longer periods of time. 

Among the other dinitroanilines whose metabolism has 
been studied in mammals are benefin (Golab et al., 1970), 
nitralin (Gutenmann and Lisk, 1970), dinitramine (Ken- 
nedy et al., 1975), and ethalfluralin (Hanasono et al., 1978; 
Hanasono et al., 1979). However, these studies have not 
resulted in the comprehensive and detailed knowledge of 
metabolism necessary for this important group of herbi- 
cides. The object of the present study is to eluciate the 
metabolism of trifluralin, the prominent member of the 
dinitroanilines, in rats, with special emphasis on the more 
polar metabolites. 
MATERIALS AND METHODS 

Synthesis of [ Triflu~romethyl-~~CItrifluralin. To 
[ triflu~romethyZ-'~C] -a,a,a-trifluoro-2,6-dinitro- l-chloro- 
p-toluidine (29.7 mg, 0.11 mmol, 8.75 mCi/mmol; New 
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Table I. Structural Characterization and Chromatographic Characterization of [ I4C ]Trifluralin Metabolites and Standard 
Reference Compounds 

Erkog and Menzer 

- 
R 3  ,N/% 

R I - f y - - R  2 

\/' H P L C ~  
% 

trifluralin NO, NO, 2% C3H, 0.72 0.85 0.86 62 60 

CH,CH, CH, OH 0.55 0.72 0.70 18 23 NO, H 
NO, H CH,CH( OH)CH3 0.59 0.75 0.76 13 40 
NO, H H 0.67 0.79 0.80 33 50 
NH, C3H7 C3H7 0.71 0.82 0.83 44 60 

NH, H 0.34 0.68 0.59 40 40 
0.81 36 55 

CF3 TLC Rf valuesa 
tR 3 

compd R ,  R, R3 R4 1 2 3 min methanol 

C,H7 38 55 NO 2 I NO, 
I1 NO, 
I11 NO, 
IV NO2 
V NO2 
VI NO 2 

VI1 NO, 
NH, H 2% 0.61 0.78 0.80 32 55 

VI11 NH, NH, C,H, C,H, 0.68 0.79 

H P L C ~  
9i 

0.65 0.77 0.77 44 40 
0.51 0.72 0.62 58 35 
0.50 0.52 0.12 9 0 

0.47 0.62 0.18 28 42 
0.11 0.31 0.09 56 42 
0.37 0.60 0.41 8 25 

CF3 TLC R f  valuesa 
tR 9 

compd Rl  R, R3 1 2 3 min methanol 

IX NO, 2 H 7  CZH, 
C,H, 

C3H7 CH, 
H CH3 
C,H, CH3 
H CH3 

X NO, 
XI NO, 
XI1 NO, 
XI11 NH, 
XIV NH, xv 

CF, 

XVI unknown 
XVII unknown 

0.05 0.68 0.20 2 Id Od 
0.13 C 42 15 

a TLC systems: 1, chloroformiethanol (9:1, v/v); 2, chloroform/glacial acetic acid (5:4:1, v/v/v); 3, methylene chloride/ 
Conditionsof HPLC analysis: instrument, Du Pont 830, column, 1 m x 2.1 mm (Ld.) dioxane/ethanol (90:30:1, v/v/v). 

packed with Permaphase ODs;  eluant, methanol/water (v/v); pressure, 1000 psi; temperature, ambient; detector, 254 nm 
ultraviolet; attenuation, 4 x 10.' o r  8 X lo -*  AUFS. 
1025 psi. 

Acetonitrile/methanol/water (2:1:1, v/v/v), Rf 0.90. Pressure 

England Nuclear, Boston, MA) in 2.75 mL of ether (used 
as received) was added NJV-dipropylamine (0.06 mL, 0.47 
mmol) with stirring. The reaction was run for 24 h at  24 
"C in a round-bottom flask equipped with a reflux con- 
denser. The reaction mixture was then spotted on a TLC 
plate and developed in carbon tetrachloride. The band 
corresponding to trifluralin (Rf 0.37) was scraped, eluted 
with ethanol, and crystallized from ethanol to which a few 
drops of water was added (82.8% yield). GLC analysis 
(described below) of the radiolabeled triflqralin indicated 
a single peak with the purity calculated to be greater than 
98%. 

Synthesis of Trifluralin Analogues. To a stirred 
solution of trifluralin (0.2 g, 0.5 mmol) in 7.0 mL of 
methanol were added sodium sulfide (0.56 g, 2.3 m o l )  and 
sodium bicarbonate (0.19 g, 2.2 "01) in 0.4 mL of distilled 
water. The reaction mixture was refluxed at 70 "C for 17 
h. After 17 h, the mixture was poured over distilled water 
and the precipitated a,a,a-trifluoro-2-amino-6-nitro-N&- 
dipropyl-p-toluidine (V) was collected by filtration. The 
precipitate was taken up in benzene and purified by TLC 
(benzenecarbon tetrachloride, 1:l): IR 3200-3600 (NH,), 
3000 (alkyl), 1540 cm-' (NO,). 
a,a,a-Trifluoro-2,6-dinitro-l-chloro-p-toluidine was 

synthesized by the method of Hall and Giam (1972). a,- 
a,a-Trifl~0r0-2,6-dinitro-N-(n-propyl)-p-toluidine (I), a,- 
a,a-trifluor0-2,6-dinitro-p-toluidine (IV), a,a,a-trifluoro- 
2-amino-6-nitro-N-(n-propyl)-p-toluidine (VI), 2-ethyl-7- 

nitro-1-propyl-5- (trifluoromethy1)benzimidazole (IX), and 
2-ethyl-7-nitro-5-(trifluoromethyl)benzimidazole (X) were 
prepared as described by Leitis and Crosby (1974). a,- 
a7a-Trifluoro-2,6-dinitro-N- (3-hydroxypropyl)-p-toluidine 
(11) and a,a,a-trifluoro-2,6-dinitro-N-(2-hydroxypropyl)- 
p-toluidine (111) were synthesized according to the pro- 
cedure of Nelson et al. (1977). The structures of the 
synthesized standard reference compounds were confirmed 
by obtaining their infrared spectra on a Beckman Acculab 
4 spectrophotometer, KBr disks or thin films; 60-MHz 
nuclear magnetic resonance spectra, Varian EM-360; and 
100-MHz NMR spectra, Varian XL 100 FT NMR, in 
deuterated solvents, MelSi internal standard. 

Other Chemicals. a,a,a-Trifluoro-2,6-diamino-N,N- 
dipropyl-p-toluidine (VIII) was obtained from Eli Lilly and 
Co., Indianapolis, IN. a,a,a-Trifluoro-l,2-diamino-6- 
nitro-p-toluidine (VII), 2-methyl-7-nitro-5-(trifluoro- 
methy1)benzimidazole (XII), 7-amino-2-methyl-1-propyl- 
5-(trifluoromethy1)benzimidazole (XIII), 2-methyl-7- 
nitro-l-propyl-5-(trifluoromethyl)benzimidazole (XI), and 
7-amino-2-methyl-5-(trifluoromethyl)benzimidazole (XIV) 
were synthesized by Dr. J. 0. Nelson of the Department 
of Entomology, University of Maryland (College Park, 
MD). The structures of trifluralin analogues are depicted 
in Table I. 

Animal Treatments. Rats were treated at  two single 
administration dosage levels and in a 2-month continuous 
administration of 500 ppm in the feed. In the first ex- 
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periment, six male albino rats, Sprague-Dawley strain 
(Flow Labs, Inc., Bethesda, MD), were treated through a 
stomach tube with 1 mg/kg (4.1 pCi) of [trifluoro- 
methylJ4C]trifIuralin in 0.1 mL of corn oil. At the second 
dosage level, six male albino rata, Sprague-Dawley strain 
(Camm Research Animals, Wayne, NJ), were treated 
through a stomach tube with 10 mg/kg (35.2 pCi) of the 
[14C]trifluralin in 0.1 mL of corn oil. 

Four male albino rats, same strain and source as the 10 
mg/kg dosed animals, were fed 500 ppm of trifluralin in 
their diet (Purina Laboratory Chow, Ralston Purina Co., 
St. Louis, MO) for 53 days. Food consumption was ap- 
proximately 14 g/day per rat. On the 54th day, 1.05 pCi 
of [14C]trifluralin was added to their diet. The animals 
were continued on nonradioactive trifluralin in their feed 
for an additional 3 days. 

Excreta Collection, Extraction, and Quantitation. 
In all three experiments described above, the animals were 
housed in individual metabolism cages that permitted the 
separate collection of urine and feces. Food and water were 
provided ad libitum. In the single dose treatments urine 
and feces were collected at  12-h intervals, except for the 
initial collection at  6 h, starting at  the time of [14C]tri- 
fluralin administration and continuing until sacrifice. In 
the continuous feeding experiment urine and feces were 
collected once daily until administration of radiolabeled 
trifluralin, after which collections were made every 12 h. 
Aliquots of collected rat urine were assayed for radioac- 
tivity, using the aqueous scintillation cocktail, and fecal 
radiocarbon content was quantitated. 

Urine (6,12, and 24 h), from rats treated at the 1 mg/kg 
dosage level, was extracted three times with equal volumes 
of ethylene dichloride at pH 7.0. The ethylene dichloride 
fraction was dried over anhydrous sodium sulfate. Aliquots 
of the organic and aqueous layers were assayed for radio- 
activity. Similarly, urine from 12- and 24-h sampling times 
at  the higher dose was extracted first a t  pH 7.0, later a t  
pH 3.0, with diethyl ether. 

Rat urine from the feeding experiment was pooled and 
centrifuged for 20 min at  2000 rpm in a Model CS Inter- 
national centrifuge. The pH was adjusted to 7.0, and the 
supernatant urine was extracted in batches continuously 
for 24 h, in a liquid-liquid extraction apparatus with di- 
ethyl ether. After the neutral metabolites were extracted, 
the pH was adjusted to 3.0 and extracted in a similar way, 
with diethyl ether. The neutral and acidic extracts were 
dried over anhydrous sodium sulfate. 

Rat feces were pooled, and a wet weight was obtained. 
Then, they were added to methanol (weight/volume, 1:l) 
and allowed to stand overnight before extracting by 
blending the excreta three times in a Waring Blender with 
an equal volume of methanol each time. The residue and 
methanol fractions were separated by centrifuging the 
extract at 2000 rpm in a Model CS International centrifuge 
for 15 min. The methanol phase was treated with sodium 
sulfate and concentrated to an oily residue in a rotary 
evaporator under reduced pressure. Then, the residue was 
partitioned between hexane and acetonitrile (1:l) and 
counted, and the acetonitrile fraction was subjected to 
silica gel column chromatography. 

After 4 days, animals dosed at  1 and 10 mg/kg were 
sacrificed and samples of liver, kidney, stomach wall, small 
and large intestine, spleen, fat, and lung were removed. 
These were assayed for radioactivity as described below. 

Radioassay Techniques. Radiolabeled materials were 
detected with a Packard TriCarb liquid scintillation 
spectrometer (Model 3375) using toluene-based, organic, 
and aqueous scintillators as described by Opdycke et al., 
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1982. [14C]-n-Hexadecane (Radiochemical Centre, Am- 
ersham, England) was used for internal standardization 
of counting efficiency. Radioactivity was detected on 
thin-layer chromatograms using both the Varian Aero- 
graph Series 6000 thin-layer scanner equipped with a dual 
rate meter integrator (Berthold LB 242K) and Kodak 
No-Screen medical X-ray film to which the plates were 
exposed for 3-15 days. 

Radioactivity in feces was assayed by first blending the 
feces (dried with known amounts of anhydrous sodium 
sulfate) in a Sorvall Omni-Mixer and then incubating 40- 
mg samples in 0.1 mL of distilled water plus Soluene-100 
(Packard Instrument Co., Inc., Downers Grove, IL) a t  60 
"C for 24 h. After solubilization, the samples were de- 
colorized by adding 0.2 mL each of isopropyl alcohol and 
hydrogen peroxide and incubating at 50 "C for 24 h. The 
samples were counted for radioactivity in 10 mL of aqueous 
scintillation cocktail. [14C]-n-Hexadecane was used for 
internal standardization of counting efficiency. 

The samples from selected tissues were also assayed for 
radioactivity by using the wet solubilization technique 
described for feces. Soluene-100 was added to 20-50 mg 
of tissue sample in a ratio of 0.1 mL/10 mg of wet tissue. 

Chromatographic Procedures. Precoated silica gel 
60 F-254 (E. Merck Co., Elmsford, NY) plates were used 
for TLC. Normally thin layers of 0.25-mm thickness were 
used except when purifying large amounts of material in 
which case PLQF 1000 Quanta-gram plates (Quantum 
Industries, Fairfield, NJ) were found to be essential. Rf 
values for trifluralin and its analogues in the three most 
useful solvent systems are given in Table I. 

For column chromatography the ether extracts of urine 
were concentrated to a minimum volume, mixed with 
column materials, and then chromatographed on 2.25 X 
115 cm columns. Columns were dry-packed with silica gel 
for dry column chromatography (ICN Pharmaceuticals 
GmbH and Co., Eschwege, West Germany) and eluted 
with the eluotropic series of solvents starting with hexane, 
finally ending with 1% glacial acetic acid in methanol. 
Similarly, the acetonitrile fraction of feces was subjected 
to dry column chromatography as described for urine ex- 
tracts. Eluants were chloroform-methanol mixtures; the 
first solvent was pure chloroform and the last 5% glacial 
acetic acid in methanol. Fractions of 20 mL were collected 
in all cases, a t  a flow rate of 0.8 mL/min. 

The aqueous fraction from urine after ether extractions 
was mixed with Amerlite XAD-2 (Mallinckrodt Inc., St. 
Louis, Mo), in a batch fashion in order to remove inorganic 
salts and organic contaminants. The resin was soaked in 
methanol overnight and washed with distilled water several 
times to remove the salts. After application of the urine 
fraction, the resin was washed three times with distilled 
water. Then, radioactivity was recovered by washing with 
methanol, followed by Soxhlet extraction of the resin with 
methanol for 48 h. 

The methanol eluate from the XAD-2 cleanup was 
further purified by chromatography on a CGA 540 an- 
ion-exchange column, 100-200 mesh, ionic form C1- (J. T. 
Baker Chemical Co., Phillipsburg, NJ). The column was 
prepared by soaking 300 g of the resin in 0.1 M Tris-HC1 
buffer, pH 8.3, for 24 h at 4 "C. The slurry was poured 
into a 2.25 X 80 cm column and equilibrated with 10 
column void volumes of the same buffer; the sample was 
applied in a minimum volume. The column was first 
eluted with 200 mL of the same buffer. Then, a linear 
gradient of 0.1-1.0 N HC1 was applied using 2 L of each 
concentration, followed by a mixture of 2 L of 2 N HC1 
plus methanol (l:l), at a flow rate of 0.7 mL/min. Frac- 
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tions of 20 mL were collected and assayed for radioactivity. 
Radioactive fractions were lyophilized in a Virtis Auto- 
matic freeze-dryer (Model 10-010). All solvents were glass 
distilled or reagent grade. 

A Du Pont 830 high-pressure liquid chromatograph 
(HPLC) fitted with a 254-nm ultraviolet detector and a 
1-m (2.1-mm i.d.) column packed with Permaphase ODS 
(octadecyltrimethyloxysilane) was used to compare re- 
tention times with authentic standards and purify certain 
metabolites. Mixtures of methanol and water were used 
as the mobile phase. Retention times of trifluralin and its 
analogues are given in Table I. 

Gas-liquid chromatographic analysis of the synthesized 
[ l"C] trifluralin was performed on a Packard Model 803 gas 
chromatograph equipped with an electron capture detector 
and fitted with borosilicate glass columns packed with 10% 
DC 200 on gas chrom Q, 100/120 mesh. Trifluralin was 
identified from an authentic standard and quantitated by 
peak height measurements. Instrument conditions were 
as follows: column, 190 "C; injector, 200 "C; carrier gas, 
nitrogen at  60 mL/min. 

Trimethylsilyl (Me3&) derivatives of trifluralin metab- 
olites were prepared according to Brimfield et al. (1978) 
and Poole (1977). To the dried samples was added 1.0 mL 
of hexamethyldisilazane in pyridine (Tri-Sil, Pierce 
Chemical Co., Rockford, IL). The tubes were stoppered 
and shaken at room temperature for 1 h. After termination 
of the reaction, the solvent was evaporated and the con- 
tents were diluted with spectral grade methanol for HPLC 
analysis. The reaction was checked with glucose as a 
positive control. 

Methyl esters of trifluralin metabolites were prepared 
by using ethereal diazomethane. To the dried samples was 
added 0.2 mL of a solution of ethereal diazomethane at 
room temperature prepared from N-methyl-N'-nitro-N- 
nitrosoguanidine (Aldrich Chemical Co., Inc., Milwaukee, 
WI) as described by Fales et al. (1973). The ether was 
evaporated, and the product was diluted with spectral 
grade methanol for HPLC analysis. The reaction was 
checked with cu,a,a-trifluoro-2,6-dinitro-p-cresol as a 
positive control. 

Detection and  Identification of Metabolites. 
[ 14C]Trifluralin and its metabolites were identified by 
cochromatography on TLC and HPLC of standard refer- 
ence compounds with the radioactive extracts or isolated 
metabolites, with, in some cases, subsequent spectral 
analyses. When possible, and particularly when authentic 
reference compounds were unavailable, metabolites were 
isolated for spectral analyses. Mass spectra were obtained 
on a Du Pont Model 21-491B gas chromatography/mass 
spectrometer with a direct probe inlet and interfaced with 
a Hewlett-Packard Model 2100A computer. Infrared 
spectra were taken on a Beckman Acculab 4 spectropho- 
tometer using KBr disks or thin films. With metabolites 
that could not be isolated in sufficient quantities, IR 
spectra were obtained using AgCl Mini Cells (Wilks Sci- 
entific Corp., South Nonvalk, CT) in carbon tetrachloride 
or carbon disulfide. 

Analysis of Conjugates. To determine the presence 
of possible conjugates in rat urine, the aqueous fractions 
were incubated with @-glucuronidase, aryl sulfatase, and 
hydrochloric acid. The rat urine was extracted with ether, 
and the remaining ether in the aqueous phase was removed 
under reduced pressure in preparation for incubations with 
enzyme or acid. For incubations with &glucuronidase, 1 
x IO6 cpm from the aqueous urine fraction was mixed with 
10 mg of @-glucuronidase (70000-100 000 units/g; Nutri- 
tional Biochemicals Corp., Cleveland, OH) in 5.0 mL of 

Erkog and Menzer 

Table 11. Elimination of Radiocarbon in the Urine and 
Feces of Rats Treated with 1 mg/kg of ["C]Trifluralin as a 
Single Oral Dose 

h after 
% of administered dose 
(mean, n = 6), f S E M  cum % 

administrn urine feces of dose 
0-6 
6-12 
12-24 
24-36 
36-48 
48-60 
cagewash 
tot1 rec 

15.3 f 3.9 1.6 f 0.4 16.9 
14.1 f 4.1 8.9 f 2.9 39.9 
7.3 f 2.1 22.1 f 5.9 69.2 
2.1 f 0.8 5.5 f 1.2 76.8 
0.9 f 0.3 2.9 f 0.9 80.7 
0.6 f 0.2 5.8 f 2.6 87.1 

100.5% of dose 
13.4 f 1.2 

Table 111. Elimination of Radiocarbon in the Urine and 
Feces of Rats Treated with 10 mg/kg of ['4C]Trifluralin as 
a Sinale Oral Dose 

% of administered dose 
(mean, n = 6), f S E M  cum % 

administrn urine feces of dose 
h after 

0-6 
6-12 
12-24 
14-36 
36-48 
48-60 
60-72 
72-84 
84-106 
cagewash 
total rec 

2.6 f 0.9 
4.9 f 1.5 
5.0 f 1.4 
2.0 f 0.6 
1.4 f 0.5 
0.6 f 0.1 
0.4 f 0.2 
0.3 f 0.1 
0.3 f 0.1 

0.2 f 0.02 
4.3" 

30.3" 
6.1 f 2.7 
2.9 f 1.2 
5.7 f 3.2 
3.7 f 2.3 
0.1 f 0.05 
2.9 f 1.6 

0.6 f 0.2 
74.3% 

2.8 
12.1 
47.4 
55.4 
59.7 
65.9 
70.1 
70.5 
73.7 

a Estimated; see explanation in text. 

0.2 M sodium acetate buffer, pH 5.0. To test aryl sulfatase 
activity, 5 mg of the enzyme (type V from limpets, 11.6 
unib/mg; Sigma Chemical Co., St. Louis, MO) was mixed 
with 1 X lo6 cpm from the aqueous urine fraction for 
incubation in the presence of 19.2 mg of 1,4-saccharol- 
actone (20 mM, Sigma Chemical Co.) as a (3-glucuronidase 
inhibitor in 5.0 mL of 0.2 M sodium acetate buffer, pH 5.0. 
The acid hydrolysis assay was run with a 1 X lo6 cpm 
aliquot of the same aqueous urine fraction in 5 mL of 0.1 
N HC1. The control consisted of the same amount of 
radioactive aliquot in 5 mL of buffer. 

Each incubation was conducted at 38 "C for 24 h, with 
shaking. At  the termination of incubation, the pH was 
readjusted to 7.0 and the incubates were extracted twice 
with equal amounts of ether. The aqueous fraction re- 
maining after the neutral ether extraction was adjusted 
to pH 3.0 and extracted in a similar manner. Aliquots of 
both phases were assayed for radioactivity. The organic 
phases were spotted on TLC plates and analyzed for ag- 
lycones. 
RESULTS 

Excretion and Recovery of Administered Radioac- 
tivity. Table I1 shows the excretion of [14C]trifluralin 
equivalents in the urine and feces following administration 
of 1 mg/kg of trifluralin. A high percentage of the ad- 
ministered dose, 87%, was excreted within the 60-h sam- 
pling period, nearly 70% within the first 24 h. The tri- 
fluralin equivalents excreted during that period were ap- 
proximately equally divided between the urine and feces: 
40.3% in the urine and 46.8% in the feces after 60 h. The 
maximum excretion of trifluralin equivalents in the urine 
peaked in the first 12 h after administration, while ex- 
cretion in the feces was highest at 24 h. Recovery totaled 
100.5% of the administered dose. 

Table I11 shows the excretion of [14C]trifluralin equiv- 
alents in the urine following administration of 10 mg/kg 
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Table IV. Residual Radiocarbon in the Tissues of Rats 
after Oral Doses of 1 and 10 mdkg of [l'CITrifluralin 

ppm of [14C]trifluralin 
equiv (n = 6), fSEM 

tissue 1 me/ke 10 melke 
liver 0.22 f 0.082 0.37 f 0.094 
kidney 0.10 f 0.796 0.22 f 0.057 
stomach 0.04 f 0.007 0.09 f 0.037 
intestine 0.05 f 0.001 0.11 f 0.029 
spleen 0.07 f 0.012 0.11 f 0.026 
lung 0.08 f 0.189 0.17 f 0.053 
adrenal fat 0.19 f 0.056 

Table V. Percentage Distribution of Radioactivity 
following Fractionation of Urine Samples from Rats 
Treated with [%]Trifluralin 

sodium 
aq sulfate total 

org solvent 
fraction" h after 

administrn pH 7.0 pH 3.0 fraction res rec 

Dose of 1.0 mg/kg 
0-6 25.4 34.4 59.8 

6-12 15.7 43.9 59.7 
12-24 19.6 62.8 82.4 

Dose of 10 mg/kg 
6-12 25.0 24.6 37.3 13.1 100.0 

12-24 29.0 16.1 41.8 15.8 102.7 

"Solvent: ethylene dichloride in 1.0 mg/kg treatment and di- 
ethyl ether in 10 mg/kg treatment. 

of trifluralin. After 106 h total excretion in the urine was 
only 17.5% of the administered dose, only approximately 
one-third of the amount a t  the comparable time period in 
the 1 mg/kg dose. Furthermore, the peak excretion in the 
urine was later at the higher dose. Excretion of radioac- 
tivity in the feces followed much the same pattern as in 
the lower dose; after 106 h, 56.2% of the administered dose 
was excreted in the feces. This figure may be inaccurately 
low since the values obtained for 12 and 24 h are estimates. 
These samples had been extracted prior to analysis for 
radioactivity, and the values reported are based on ex- 
trapolations from the amounts of radioactivity in the ex- 
tracts. Total recovery of radioactivity at this higher dosage 
was 74.3%, somewhat lower than at  the 1 mg/kg level. 
The actual recovery may be somewhat higher than re- 
ported because of the estimated values for feces a t  12 and 
24 h, but it is certain that excretion of trifluralin equiva- 
lents a t  the higher dose was more prolonged and less 
complete. 

Residual radioactivity in several tissues was measured 
following the sacrifice of the rats dosed with 1 and 10 
mg/kg of [14C]trifluralin. The results are presented in 
Table IV. The highest residues in both instances were 
in the liver, with significant amounts in the kidneys. Total 
recovery of trifluralin equivalents in the tissues analyzed 
amounted to 2.09% of the administered dose at  1 mg/kg 
and 0.22 at  10 mg/kg. 

Characterization of Excreted Radioactivity. Pre- 
liminary separations of [ 14C] trifluralin metabolites in the 
urine were effected by extraction with either ethylene 
dichloride or diethyl ether. The partitioning of the ra- 
dioactivity between the organic solvent and aqueous 
fractions is reported in Table V. Low recoveries in the 
1 mg/kg experiment probably result from failure to ac- 
count for the radioactivity absorbed by sodium sulfate 
during the process of drying the organic extract. In the 
10 mg/kg experiment recoveries were satisfactory when 
the sodium sulfate was taken into account. At the higher 
dose an additional organic solvent extraction was done 
after adjustment to pH 3.0, in an attempt to recover 

Table VI. Quantitation of Rat Urine Metabolites of 
[ 14C]Trifluralin Separated by TLC of the Ether Fractions 
after an Oral Dose of 10 mg/kg 

% of dose 
metab RH 7.0 RH 3.0 R P 

I11 0.19 
IV 0.19 
VI1 0.08 
X 0.22 
XI 0.08 
XI11 0.54 
xv 0.07 
unknowns 3.04 

0.20 0.59 
1.21 0.67 
0.40 0.34 
0.12 0.52 

0.51 
0.18 0.10 
0.18 0.37 
1.97 b 

"TLC system: chloroform/ethanol (9:l). *At least seven un- 
knowns were present, at  R~O.O.10, 0.12, 0.16, 0.18, 0.21, 0.26, and 
0.29. 

Table VII. Distribution of Radioactivity in Different 
Fractions after Enzyme or Acid Treatment of Rat Urine for 
the Detection of Possible Aglvcones 

% of total 
org phase 

incubn pH 7.0 pH 3.0 aq phase 
control 5.7 6.2 88.1 
@-glucuronidase 17.2 12.9 69.8 
aryl sulfatase" 8.5 8.2 83.3 
HC1 (0.1 N) 19.0 8.8 72.3 

Contains 20 mM 1,4-saccharolactone. 

Table VIII. Quantitation of Rat Fecal Metabolites of 
[l'C]Trifluralin Separated by TLC of the Methanol 
Fraction after an Oral Dose of 10 mg/kg 

% of % of 
dose RP metab dose RP metab 

unknown 9.84 0.00 XI11 3.12 0.58 
unknown 5.04 0.05 trifluralinb 5.04 0.73 
possible XV 1.28 0.13 

TLC system: chloroform/ethanol (9:l). This solvent system 
does not resolve trifluralin from I and V. 

possible acidic metabolites. The results of these experi- 
ments were used to design the extraction procedure for the 
urine collected during the continuous feeding experiment. 

The procedure finally developed utilized diethyl ether 
extractions at pH 7.0 and 3.0 followed by chromatographic 
separations of metabolites in each of the organic extracts. 
The final aqueous fraction was also subjected to further 
chromatographic separations. At least 10 metabolites 
appeared in the acidic ether extracts, and only one in the 
final aqueous fraction. Quantitation of the metabolites in 
the ether fraction is given in Table VI. None of the 
metabolites in the urine comprised more than 2 %  of the 
administered dose. 

Further analysis of the aqueous fraction involved 
treatment with @-glucuronidase, aryl sulfatase, or HCl. 
Table VI1 shows the percentages of radioactivity recovered 
in each of the control, 0-glucuronidase, aryl sulfatase, and 
HCl incubations. The ether-extractable radioactivity was 
greater than the control for the @-glucuronidase and HC1 
incubations but was not greater in the aryl sulfatase in- 
cubations. Thin-layer chromatographic analysis of the 
organic extract following 0-glucuronidase treatment in- 
dicated the presence of metabolites I11 and XIII. 

Extractions of feces with methanol removed 50% of the 
radioactivity. Preliminary TLC of the methanol gave five 
zones as shown in Table VIII. The radioactivity in each 
of the zones was less than 10% of the administered dose. 
The material at R 0.73 was definitely characterized as the 
parent compound. The material a t  R, 0.58 was likewise 
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a single material and was characterized as metabolite XIII. 
It was not possible to obtain a single pure material from 
the radioactivity a t  Rf  0.13. It probably contained me- 
tabolite XV contaminated with at  least one other material. 
In addition two zones at R, 0.05 and at  the origin could 
be separated, but characterization of the nature of the 
materials present was not possible. 

Since approximately 80% of the methanolic radioac- 
tivity from feces appeared in the final acetronitrile fol- 
lowing fractionation, this material was subjected to further 
chromatographic analysis, resulting in preliminary sepa- 
rations of seven distinct peaks on silica gel columns, each 
of which contained one or more metabolites. Since the 
hexane fraction contained so little radioactivity, no further 
analysis was attempted. The residues remaining after 
extractions could not be further fractionated. 

Nature  of Metabolites. Urinary Metabolites. Un- 
changed [14C]trifluralin was not detected in the urine in 
any experiment. Of the metabolites isolated from the 
urine, positive identifications can be established for seven 
compounds. 

The presence of compounds 111, IV, VII, X, and XI11 
(Table I) in the neutral ether extracts of urine was de- 
termined by cochromatography of the metabolites (three 
replicates of each, at least) with the synthesized standard 
reference compounds on HPLC and checking the corre- 
sponding peaks for radioactivity. In addition, metabolites 
XI and XV and one unknown metabolite (designated 
metabolite XVI) were isolated and purified from the 
neutral ether extract. Additional materials were present 
in very minor amounts and could not be further charac- 
terized. 

The ether extraction of the acidic urine (pH 3.0) resulted 
in the isolation of four more materials as well OB additional 
quantities of the metabolites isolated at neutral pH. Only 
one of these metabolites could be obtained in sufficient 
quantity for characterization (designated metabolite XVII). 

Met. .bolites 111, IV, and VI1 cochromatographed with 
standard reference materials on HPLC and at  least two 
TLC systems (Table I). Quantities of these metabolites 
were insufficient for spectral analysis, but mass spectral 
data on these compounds have been reported by other 
workers (Kearney et al., 1976; Nelson et al., 1977). 

Metabolite X cochromatographed on HPLC and TLC, 
as above. The metabolite was not available in sufficient 
quantity for infrared spectral analysis; however, mass 
spectra obtained on the isolated metabolite showed a 
molecular ion at  m / e  259 (base); other abundant peaks 
were at m / e  258 (M - l ) ,  230 (M - 29), 217 (M - 42), 213 
(M - 46), and 187 (M - 72) (Table IX). 

Metabolite XI cochromatographed on TLC with stand- 
ard reference compound. Its mass spectrum showed a 
molecular ion at m l e  287; other abundant ions were at m / e  
272 (M - 15), 245 (M - 421, and 228 (M - 59) and base at  
m / e  227 (M - 60) (Table IX). IR: 3000-2860 (CH), 1530 
and 1320 (NO,), typical benzimidazole absorption bands 
at 1460,1390,1310,1270,1250,1160,1100, and 1020 cm-’. 
The bands mentioned for the benzimidazole ring system 
were reported to be very characteristic (O’Sullivan, 1960). 
The standard reference compound was shown by IR to be 
identical with the metabolite. 
Metabolite XI11 cochromatographed on HPLC and TLC 

with standard reference compounds. Its mass spectrum 
gave a molecular ion at  m / e  257; other prominent peaks 
were at m/e  242 (M - 15), 238 (M - 19), and 215 (M - 42) 
as base (Table IX). IR [3450-3300 (NH), 1460 (CH2, CH3) 
(O’Suilivan, 1960), 1320 (CN, primary aromatic amines) 
cm-l] and absorption bands supporting the benzimidazole 
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Table IX. Mass Spectral Data of Isolated Trifluralin 
Metaboliteso 

isolated metab synth metab 
re1 re1 

metab mle  abund, % m / e  abund, % 
VI 263 

X 

XI 

XI11 

XV 

XVI 

XVII 
(methylated) 

245 
244 
234 
228 

259 
258 
244 
230 
229 
217 
213 
187 
287 
272 
245 
228 
227 

257 
242 
238 
216 
215 
214 
259 
242 
231 
230 
217 
202 
507 
384 
252 
211 
181 
169 
145 
561 
485 
448 
446 
367 

17.9 
10.0 
3.8 

12.1 
8.8 

100.0 
9.0 
8.2 

85.4 
7.9 

94.9 
5.7 
6.6 

59.8 
3.9 

42.9 
23.7 

100.0 

51.5 
3.6 
6.0 

16.4 
100.0 

12.9 
92.2 
14.7 
17.7 
87.8 

100.0 
27.0 
37.5 
16.7 
16.7 
20.8 
16.7 
29.2 
16.7 

100.0 
42.7 
8.5 

78.0 
74.4 

263 
244 
235 
234 
228 
216 
259 
258 
244 
240 
229 
213 
212 

287 
272 
271 
245 
228 
227 

98.5 
21.1 
11.9 

100.0 
17.4 
64.2 

100.0 
72.2 
2.8 

16.9 
1.8 

36.0 
40.3 

100.0 
1.2 
4.6 
3.8 

15.4 
5.0 

See Nelson et al. (1977) for mass spectra of other metabolites. 

structure were present [1390,1310,1250,1160,1100,1060 
cm-’1. 

Lyle and LaMattina (1975) have reported cyclization 
reactions for the synthesis of methylbenzimidazoles from 
N’-(n-propyl)-2,6-diamino-p-toluidine. The possibility of 
metabolite XI11 being formed from the diamino compound 
during ethyl acetate elution of the silica plates or thin layer 
chromatography employing an acetic acid solvent system 
was checked. Compounds VI, VII, V, and VI11 were 
treated accordingly and analyzed for the possible formation 
of acetylated compounds. After analysis, no spots corre- 
sponding to the methylbenzimidazoles could be detected 
from the amines. 

Another metabolite isolated from urine was XV. It was 
tentatively assigned the structure 7-amino-4-hydroxyl-l- 
propyl-5-(trifluoromethyl)benzimidazole. The mass 
spectrum of the isolated compound gave a molecular ion 
at m / e  259, base at  217 (M - 42), 242 (M - 17), 231 (M 
- 28), 230 (M - 28), and 202 (M - 57) (Table IX). The 
mass spectrum agrees with a phenolic structure: promi- 
nent molecular ion, small M - 1 peak and a strong M - 29 
and M - 28 peaks. Metabolite XV gave positive results 
in tests for phenols with FeC13/K3Fe(CN)6 (blue spot) and 
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the Millon reagent (yellowish pink spot). IR: 3500-3200 
(OH), 3000-2800 (CH2, CH3), 1370 and 1130 (CO) cm-’. 

Unknown metabolite XVI isolated from the neutral 
urine ether fraction did not cochromatograph with any of 
the known standard reference compounds listed in Table 
I. These data indicate that the compound is quite polar. 
An interpretable mass spectrum could not be obtained, and 
the probe capillary of the instrument had a large amount 
of char after analysis of the sample (Table IX). The 
metabolite gave negative results with FeC13/K3Fe(CN)6 
and Millon’s test for phenols. 

Metabolite XVII isolated by ether extraction of acidified 
urine did not cochromatograph with any standard refer- 
ence compound on TLC or HPLC. Rf values and retention 
times are reported in Table I. Its methylated derivative 
showed a molecular weight of 561, but it was not possible 
to assign a structure for this metabolite from the mass 
spectrum since the other prominant ions were resulting 
from big fragment and/or ion losses (Table IX). However, 
the presence of ions at m / e  446 and 448 suggested the 
presence of sulfur; however, the ninhydrin test was nega- 
tive. 

The aqueous fraction of the urine remaining after ex- 
traction with ether a t  pH 7.0 and 3.0 contained a sub- 
stantial amount of radioactivity. Only one metabolite 
could be isolated in sufficient quantity for characterization 
studies from the aqueous fraction. Following chromato- 
graphic and mass spectral analysis this metabolite ap- 
peared to be identical with compound XIII. However, it 
is likely that the elution from the ion-exchange column 
with dilute HC1 hydrolyzed a conjugated metabolite to its 
aglycone. 

Fecal Metabolites. The radioactivity in the various 
peaks of the silica gel column of the acetonitrile fraction 
were further analyzed by TLC, HPLC, and mass spec- 
trometry. Of the metabolites isolated from the feces, 
positive identifications can be established for six com- 
pounds. Unchanged trifluralin was isolated and identified. 
Its mass spectrum showed a strong molecular ion at  m / e  
335 with a base peak at  m / e  306 (M - 29). Other aspects 
of the spectrum were identical with that of the standard 
reference compound. Due to the compound’s instability 
to light, a sufficient amount could not be purified for an 
infrared spectrum. Another fecal metabolite eluted after 
the parent compound from the column and cochromato- 
graphed with compound VI. Its mass spectrum indicated 
a molecular weight of 263 (Table IX). The next two 
compounds eluting from the silica column corresponded 
to TLC with compounds I and V. 

The final fractions resulted from much increased po- 
larity of the eluting solvent systems. Three of these com- 
pounds do not correspond with any standard reference 
materials in subsequent chromatographic analysis. Each 
appeared to be a single compound. The next fraction was 
composed of a number of minor constituents, some of 
which also appeared in the previous peaks. The last 
fraction was a single material and cochromatographed on 
TLC and HPLC with compound XIII. Its identity was 
confirmed by mass spectral and infrared spectral analyses. 
One major metabolite and a number of minor metabolites 
eluted at  the very end of the column and turned black 
upon standing. The possibility of a polymerization reac- 
tion was considered since such a reaction has been reported 
earlier for 3- and 5-OH derivatives of 2-amino-4-(acetyl- 
amino)toluene (Waring and Pheasant, 1976). 
DISCUSSION 

Excretion Patterns. Quantitation of radiocarbon re- 
coveries from the excreta of rats following the adminis- 
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tration of 1 and 10 mg/kg of trifluralin showed similarities 
in the fecal excretion, while urinary excretion was some- 
what different. A 10-fold increase in the administered dose 
decreased the amount excreted in urine after 60 h to ap- 
proximately 16%. However, fecal excretion totalled ap- 
proximately 49% of the dose during the same time in- 
terval. When quantitation of the excreta was continued 
up to 118 h, a t  the 10 mg/kg dose, an additional 2% was 
recovered in urine. At  106 h after dosing, fecal recovery 
reached 56%. It is clear that urinary excretion of the 
administered radioactivity decreased by almost 3-fold by 
a 10-fold increase in the dosage. At the higher dosage, the 
excretion of fecal radioactivity continued for a longer pe- 
riod of time. The peak excretion was shifted 6 h later for 
urine while both fecal peaks were at  24 h. 

In a study where 100 mg/kg of [14CF3]trifluralin was 
administered to rats (Emmerson and Anderson, 1966) in 
a single oral dose, approximately 22% of the dose was 
excreted in the urine and 78% in the feces, with both 
excretion peaks at  24 h. Saturation of the rats urinary 
excretory systems can be seen clearly by comparing the 
results from three dosages reported. The increased per- 
centage excreted in the feces as the dosage is increased 
reflects the inability of the rats to absorb and metabolize 
the compound at  the higher dosages. This is confirmed 
by the fact that substantial quantities of parent compound 
are isolated from the feces at 100 mg/kg. 

Residual radiocarbon recoveries from tissues were low 
at  both dosage levels (1 and 10 mg/kg). This is in 
agreement with studies reported earlier for a lactating goat 
and a cow (Golab et al., 1969), where trifluralin residues 
were detected only in cow fat in trace amounts. Similarly, 
low tissue residues were reported for other dinitroanilines 
(Golab et al., 1970; Kennedy et al., 1975; Hanasono et al., 
1978) in goat, cow, and rats. 

Metabolic Pattern. In this study, particular attention 
was given to polar trifluralin metabolites rather than the 
apolar products already identified by other workers (Fisher 
et al., 1965; Emmerson and Anderson, 1966; Golab et al.. 
1969). Differences in the chemical nature of metabolites 
were observed when the administered dose was increased. 
The number of metabolites decreased with an increase in 
dosage. A lower number of intermediary metabolites were 
detected at the higher dosages, with the isolation primarily 
of terminal metabolites. 

Analysis of trifluralin metabolites is complicated by the 
ease of photodecomposition of the compound. Even 
though care was taken to minimize exposure to light during 
the processing of materials isolated from animals, it is still 
possible that decomposition of nonreduced and noncyclized 
products occurred to some extent. 

Metabolites of trifluralin isolated from rats reflect sev- 
eral metabolic routes that operate to degrade the com- 
pound. A number of dealkylated products were identified. 
In addition, nitro reduction occurred, followed in some 
instances by cyclization to benzimidazoles. 

Dealkylation. Dealkylation of one or both propyl groups 
was the primary metabolic route resulting in products in 
urine and feces. Although there was chromatographic 
evidence for the presence of the N-dealkylation product 
I, in urine, the unsubstituted aniline IV was detected as 
the terminal metabolite. The compound resulting from 
hydroxylation on the N-propyl group was detected in rat 
urine, metabolite 111. The presence of hydroxylated 
products indicated that the dealkylation of trifluralin is 
an oxidative process. 

Reduction. Reduction of nitro groups to the corre- 
sponding amines is a well-established metabolic route for 
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Figure 1. Proposed metabolic scheme for trifluralin in rats (compounds shown in brackets are probable intermediates but were not 
detected). 

xenobiotics. Such metabolites were detected in this study, 
in both urine and feces. Evidence was present for com- 
pounds V and VI in feces. Products arising from N-de- 
alkylations with subsequent nitro reductions were also 
observed, for example, the presence of the diamino com- 
pound VI1 in urine. However, compound VI11 could not 
be detected in this study; it has been reported in a previous 
investigation by Golab et al. (1969) in goat feces. The same 
compound has been detected in rumen fluid (Golab et al., 
1969) and rumen microbial cultures (Williams and Feil, 
1971), indicating a microbial contribution to the nitro re- 
duction reactions. No attempt was made to estimate such 
a contribution quantitatively in this study. 

Benzimidazoles. Benzimidazoles arising from cycli- 
zation reactions have been reported as in vitro metabolites 
of trifluralin from rat liver microsomal incubations (Nelson 
et al., 1977) and soil (Kearney et al., 1976; Golab et al., 
1979). In the previous studies, the identified benz- 
imidazoles were 2-ethylbenzimidazoles in each case. 
Ethylbenzimidazole. Compound X was unequivocably 

identified from rat urine. Most probably the N-dealkyl- 
ation reaction occurs readily either prior to or simultane- 
ously with the cyclization, since compound IX was not 
isolated in sufficient quantities for unequivocable char- 
acterization. There was evidence for the presence in very 
small quantities of a compound that may have been me- 
tabolite IX. 
Methylbenzimidazoles. The methylbenzimidazoles XI 

and XI11 are reported as in vivo trifluralin metabolites in 
this study for the first time. Metabolite XI11 was a major 
metabolite, present in both the organic and the aqueous 
fractions of urine as well as feces. The identifications of 
these compounds are based on cochromatography with the 
synthesized reference compounds and mass spectral data 

and infrared spectra obtained for the isolated metabolites. 
Mechanistically the methylbenzimidazoles are proposed 

to form from the cyclization of the in situ N-acetylated 
amino group. Acetylation appears to be of great signifi- 
cance in the excretion of amino derivatives. The conver- 
sion of the amino group on aromatic amines to an acet- 
amido group is considered to be the major route of con- 
jugation for this class of compounds (Williams, 1959). 
Clonazepam, a benzodiazepine with an aromatic nitro 
group, undergoes marked nitro reduction in man, rat, and 
dog. In man, the N-acetyl conjugate was found to be a 
significant urinary and fecal metabolite. Significant 
amounts of N-acetylated in vivo metabolites have been 
recovered after the administration of mescaline (Schreiber, 
1970), glipizide (Fuccella et al., 1973; Goldaniga et al., 
1973), a-(-)-methadol, an active metabolite of (+)-meth- 
adone (Sullivan et al., 1973), and hydrazine (Testa and 
Jenner, 1976). The major in vivo rat metabolites of ni- 
trazepam (7-nitro-&phenyl- l ,3-dihydro-BH- l ,4-benzo- 
diazepin-Zone) and its l-N-methyl derivative nimetazep- 
am (1-methyl-7-nitro-5-phenyl-1,3-dihydro-W-l,4-benzo- 
diazepin-Zone) resulted from the reduction of the 7-nitro 
group to the corresponding amine and subsequent con- 
version of the amine to the N-acetyl derivative (Yanagi et 
al., 1975). A major metabolite of hydralazine (1- 
hydrazinophthalazine) in man and other species has been 
considered by several workers to be the N-acetyl derivative. 
Studies with hydralazine proved the spontaneous acety- 
lation product to be 3-methyl-s-triazolo[3,4-a]phthalazine, 
a major human metabolite (Zimmer et al., 1973). This 
product derives from the acetylated form; the cyclization 
can be explained in terms of the hypothetical tautomeric 
form undergoing ring closure by dehydration (Hathway, 
1972). Chemical evidence with 1-(aminomethy1)iso- 
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quinoline, an analogue of hydralazine, suggested that the 
cyclization was chemically rather than enzymatically me- 
diated (the analogue produced the methylimidazole cy- 
clization product with acetic anhydride in the presence of 
acid) (Zimmer et al., 1968). However, there are no previous 
reports of the isolation of acetamido metabolites from 
2.6-dinitroaniline herbicides. 

Unknowns. Unknown XV was isolated from rat urine 
and feces and did not cochromatograph with any available 
reference compound. It was more polar than the benz- 
imidazoles; chemical tests were positive for phenolic OH. 
The infrared spectrum showed a strong and typical OH 
absorption and characteristic benzimidazole absorption 
bands. The mass spectrum indicated a molecular weight 
of 259 and the presence of an N-propyl group. The peak 
resulting from M - 29 might be either ethyl or COH loss, 
which is characteristic of both ArNC3H7 or phenols. From 
these data the structure XV is tentatively assigned. 
Mechanistically, it is difficult to understand how such a 
metabolite would be formed. 

Unknown XVI was isolated from rat urine and did not 
cochromatograph with any of the known standards. Since 
a good mass spectrum could not be obtained, the metab- 
olite should be derivatized for further mass spectral 
analysis. On the basis of TLC and HPLC behavior, it is 
quite polar and gives negative results for phenols with 
FeC13/K3Fe(CN), and Millon test. 

Unknown XVII was isolated after acidifying the rat 
urine and subsequent organic solvent extraction. The 
methyl derivative shows a molecular ion at  m / e  561 with 
m / e  446 and (446 + 2) ions, indicating the possible pres- 
ence of sulfur. However, the compound gave negative 
results with the ninhydrin reagent when it was checked 
for possible amino acid conjugation. 

Conjugation. Conjugation was analyzed by the liber- 
ation of aglycones upon incubation of the aqueous urine 
fraction with @-glucuronidase. TLC of the organic extract 
following 0-glucuronidase treatment indicated the presence 
of metabolites I11 and XIII. Both metabolites were also 
isolated in the free form. The isolation of metabolite XI11 
from the aqueous fraction of rat urine as a major urinary 
metabolite may have resulted in part from hydrolysis of 
the conjugate during acid-methanol elution of the ion- 
exchange column. Presumably, metabolite I11 is conju- 
gated through the hydroxyl group and metabolite XI11 
through the ring amino group. N-Glucuronides are not 
very good substrates for the 0-glucuronidase used in the 
assay. Therefore, the incubation with that enzyme prob- 
ably leads to underestimation of the quantity of the con- 
jugate that may be present. Definitive structural char- 
acterization of the glucuronides, of course, must await 
analysis of the compounds themselves, rather than their 
aglycones. 

Conclusion. In the present study, a t  least five different 
types of reactions, hydroxylation, N-dealkylation, nitro 
reduction, cyclization, and conjugation, are involved in the 
metabolism of trifluralin in rats. The possible metabolic 
pathways are depicted in Figure 1. Hypothetical inter- 
mediate metabolites are shown in brackets to indicate the 
most  likely routes leading to terminal metabolites. While 
the routes leading to most metabolites can be explained 
in terms of known enzymatic reactions, the place of me- 
tabolite XV is unknown. 

Further work with trifluralin metabolism should involve 
a bile cannulation experiment to characterize the gluc- 
uronide conjugates more completely and establish the 
contribution of enterohepatic circulation. Hanasono et al. 
(1978) have reported excretion of 41% of the dose in the 
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bile within 48 h after administration of ethalfluralin to rata. 
Emmersion and Anderson (1966) have shown that ap- 
proximately 12% of the administered dose was excreted 
in the bile within 24 h. Further work should also elucidate 
the structures of the unknowns XVI and XVII reported 
in this study. 

This study has shown that the metabolism of trifluralin 
in rats is much more complicated than reported in the 
earlier studies of Emmerson and Anderson. Work on the 
in vitro metabolism of trifluralin in rat liver microsomal 
preparations and in soil has shown the presence of the 
several major pathways of metabolism leading to hy- 
droxylated, dealkylated, reduced, and cyclized products 
such as those reported here. This study confirms and 
corroborates in an in vivo situation these results from other 
systems and extends the results of Emmerson and An- 
derson to show that trifluralin metabolism in mammals 
will yield a similar pattern of metabolism as in these other 
biological systems. 
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Metabolism of Isouron [ 345- tert -Butyl-3-isoxazolyl) -1,l -dimethylurea]: 
Rapid Conversion of the Herbicide to Less Phytotoxic Metabolites in a 
Resistant Plant, Sugarcane 

Masakatsu Ishizuka,* Yutaka Kondo, Takenao Nagare, and Yasuyoshi Takeuchi 

The metabolism of isouron [3-(5-tert-butyl-3-isoxolyl)-l,l-dimethylurea] in a resistant plant, sugarcane, 
and inhibitory activities of isouron and its metabolites on photosynthetic O2 evolution in Chlorella were 
investigated. [14C]Isouron was applied in a lo-“ M solution to the plants through the roots for 4 h. After 
a 168-h metabolic period unchanged isouron comprised 22.7% of the total radioactivity found in the 
plants, and the following metabolites were formed by N-demethylation and hydroxylation of tert-butyl 
group: monomethylurea derivative [3-(5-tert-butyl-3-isoxazolyl)-l-methylurea] (6.4%); (hydroxy- 
methylhrea derivative [3-(5-tert-butyl-3-isoxazolyl)-l-(hydroxymethyl)urea] (2.4% ); urea derivative 
[3-(5-tert-butyl-3-isoxazolyl)urea] (2.0% ); (hydroxy-tert-buty1)dimethylurea derivative [3-[5-( 1,l-di- 
methyl-2-hydroxyethyl)-3-isoxazolyl]-l,l-dimethylurea] (0.7 % 1; (hydroxy-tert-buty1)monomethylurea 
derivative [ 3- [ 5. (l,l-dimethyl-2-hydroxyethyl)-3-isoxazolyl] -1-methylurea] (1.5 % ); (hydroxy-tert-bu- 
ty1)urea derivative [3-[5-(l,l-dimethyl-2-hydroxyethyl)-3-isoxazolyl]urea] (14.3%). Monomethylurea 
derivative had an inhibitory activity about half that of isouron on photosynthetic O2 evolution, but the 
other metabolites had no significant activities. Furthermore, isouron was converted to more polar 
metabolites, which were tentatively identified as 0-glucosides of 3-(5-tert-butyl-3-isoxazolyl)-l-(hy- 
droxymethy1)-1-methylurea (10.5%) and (hydroxymethy1)urea (9.1%) and (hydroxy-tert-buty1)urea 
(4.2%) derivatives. 

INTRODUCTION 
Isouron is an isoxazolylurea herbicide for controlling 

total vegetation in noncroplands (Ito et al., 1979) and for 
selective weed control in sugarcane fields (Yukinaga et al., 
1979a). As isouron inhibits the Hill reaction in isolated 
spinach chloroplasts, the primary site of its action has been 
suggested to be in the photosynthetic electron-transport 
system (Yukinaga et al., 1979b). We previously reported 
that the major metabolic pathways of the herbicide in a 
susceptible plant, bean, were N-demethylation and hy- 
droxylation of the tert-butyl group, followed by glucose 
conjugation (Ishizuka et  al., 1982a). It was found that, in 
bean plants, the rate of isouron metabolism was slow; much 
of the isouron absorbed by the plant remained unchanged, 
and the major metabolite was the first demethylation 
product, the monomethylurea derivative. Since in many 
cases differences in the rate of metabolism of a herbicide 
among different plant species cause a selective action of 
the chemical (Jensen, 1982; Jacobson and Shimabukuro, 
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1984), a relative insensitivity of sugarcane plant to isouron 
may be derived from its rapid conversion in the plant to 
metabolites that are less active on photosynthetic electron 
transport. 

The purpose of this study, therefore, is to establish the 
pathway and rate of isouron metabolism in a resistant 
plant, sugarcane, and to determine the inhibitory activities 
of isouron and its metabolites on photosynthetic O2 evo- 
lution in Chlorella. A preliminary account of this work 
has been given earlier (Ishizuka et  al., 1982b). 
MATERIALS AND METHODS 

Chemicals. Isouron and its related compounds were 
synthesized at  Shionogi Research Laboratories, Fukushi- 
ma-ku, Osaka, Japan. [14C]Isouron labeled at the 5-pos- 
ition of the isoxazole ring was also prepared at the labo- 
ratories and had a specific activity of 8.28 mCi/mmol. Its 
radiochemical purity as determined by thin-layer chro- 
matography (TLC) was greater than 98.5%. 

Plant Materials. Vegetative stalk propagule pieces of 
sugarcane (Saccharum offkinarum L. cv. NCo-310) were 
surface sterilized with a 0.1 % (w/v) sodium hypochlorite 
solution for 15 min, washed with tap water, and planted 
in moist sand. The seedlings sprouted were grown for 3 
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