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of the pesticides was not tested, the absence of CO, for-
mation from the chemical in aerobic conditions is good
evidence for cometabolism. Moreover, the patterns of
metabolism previously noted for monuron (Tillmanns et
al., 1978) and chlorobenzilate (Miyazaki et al., 1969, 1970)
are consistent with the view that the substrates are co-
metabolized.

The data show that monuron, diuron, and linuron were
mineralized at the lower concentrations (10 or 0.5 ug/L)
but not at the higher concentration. At the higher levels,
monuron (10 mg/L), but not diuron or linuron (2.0 mg/L),
was converted to organic products; these products possibly
included (4-chlorophenyl)urea and 4-chloroaniline. It is
not clear why monuron behaved differently from the other
two phenylureas. Although it is not known why miner-
alization occurs at one concentration and cometabolism
takes place at another or why mineralization occurs in
waters containing sediment and cometabolism takes place
in sediment-free waters, different organisms may be in-
volved. In this regard, Rubin et al. (1982) suggested that
phenol was mineralized at different concentrations by two
different kinds of organisms, oligotrophs at the lower
concentration and eutrophs at the higher concentration.

Cunninghamella echinulata was reported ‘o convert
monuron to (4-chlorophenyl)urea and 3-(4-chloro-
phenyl)-1-methylurea (Tillmanns et al., 1978). Kearney
and Kaufman (1965) did not find 4-chloroaniline to be
formed when monuron was used as the substrate for
bacterial enzymes. Nevertheless, in the present studies,
4-chloroaniline and (4-chlorophenyl)urea appeared to be
products generated from monuron in sewage, at least on
the basis of cochromatography. A Pseudomonas sp. was
found to mineralize 4-chloroaniline (Zeyer and Kearney,
1982). Little attention has been given to the metabolism
of chlorobenzilate by microorganisms, although Miyazaki
et al. (1969) reported the conversion of 4,4’-dichlorobenzilic
acid to 4,4’-dichlorobenzophenone. The present findings
indicate more extensive degradation inasmuch as CO, was
generated from ring-labeled chlorobenzilate.

Registry No. Chlorobenzilate, 510-15-6; diuron, 330-54-1;
monuron, 150-68-5; linuron, 330-55-2.
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Diphenyl Ether Herbicides: Assignment of the Proton and Carbon-13
Nuclear Magnetic Resonance (NMR) Spectra of Acifluorfen,
Acifluorfen Methyl, and Bifenox with Two-Dimensional NMR

G. H. Lee

A complete assignment of the proton and carbon-13 nuclear magnetic resonance (NMR) spectra of three
diphenyl ether herbicides, i.e., acifluorfen [sodium 5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitro-
benzoate], acifluorfen methyl [methyl 5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitrobenzoate], and
bifenox [methyl 5-(2,4-dichlorophenoxy)-2-nitrobenzoate], has been achieved based on data generated
from coupling and two-dimensional NMR experiments.

INTRODUCTION

Derivatives of benzoic acid, e.g., dicamba and phenoxy
acids, e.g., 2,4-D, have long been used as agronomically

Analytical and Information Sciences Department, Ap-
plied Research and Development, Sun Refining and
Marketing Company, Marcus Hook, Pennsylvania
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important herbicides. The search for a synthesized her-
bicidal activity between these two classes of chemicals has
led to the discovery of several new diphenyl ether type
herbicides, e.g., nitrofen and bifenox. Further refinement
of the activity has led to the discovery of a new and very
potent selective herbicide—acifluorfen (Johnson et al.,
1978). Since the recent introduction of acifluorfen, nu-
merous patents disclosing newer generations of this type
of herbicide have appeared in the literature (Cartwright

0021-8561/85/1433-0499%01.50/0 © 1985 American Chemical Society
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Figure 1. Structures of the dipheny!l ether herbicides examined.

and Collins, 1979, 1981; Barton et al., 1981; Grove, 1981;
Lee, 1983a, 1983b; Heiba, 1983; Steffens and Heiba, 1983;
Gough et al., 1983). Some of them have even been taken
into the advanced testing stages. Despite its efficacy and
commercial success, the complete proton and carbon-13
nuclear magnetic resonance (NMR) spectra of acifluorfen
have not yet been reported. One of the reasons could be
that an unequivocal assignment cannot always be realized
with only the spectra of limited numbers of analogues by
using double resonance experiments.

The recent introduction of various two-dimensional
NMR techniques (Bax, 1982) has provided organic chem-
ists with a powerful new tool, for structural elucidations
and NMR assignments can be made without the need for
a large number of analogues. The application of these new
methods in agrochemical research, however, has been very
limited so far (Schwartz and Cutnell, 1983). Since the new
generation of diphenyl ether herbicides can be considered
to be derivatives of acifluorfen, it is believed that the
complete assignment of a few representative diphenyl
ethers with two-dimensional NMR techniques will be of
value to researchers in herbicide syntheses, residue me-
tabolism, and formulation studies. The compounds ex-
amined are indicated in Figure 1.

EXPERIMENTAL SECTION

Analytical grade acifluorfen acid, acifluorfen methyl, and
bifenox were kindly supplied by Dr. Frank A. Norris of
Rhone-Poulenc, Inc. (Monmouth Junction, NJ). Aci-
fluorfen solution was prepared by dissolving acifluorfen
acid into a deuterium oxide (D,0) solution containing
sodium dueteroxide (NaOD, 4%) and TSP (sodium 3-
(trimethylsilyl) propionate-2,2,3,3-d,, Merck). Acifluorfen
methyl and bifenox were dissolved in deuterated acetone
and deuterated chloroform for proton and carbon-13 NMR
measurements.

The one- and two-dimensional NMR spectra were ob-
tained with a GE/Nicolet NT-300 (7.1 tesla) wide-bore FT
NMR spectrometer operating at 300.072 MHz for proton
and 75.46 MHz for carbon-13 measurements. All exper-
iments were performed at ambient temperature (ca. 293
K) under conditions generated by a Nicolet 293C pulse
programmer and Nicolet NMC-1280 software (V no.
30615).

The normal one-dimensional proton NMR spectra were
obtained with a 5-us (55°) pulse, 3-KHz spectral window,
quadrature detection, and 32 K data points to give 0.1-
Hz/point digital resolution. Free induction decays were
weighted to 0.1-Hz line broadening. Proton chemical shifts
reported are referenced to Me,Si (0.00 ppm) or TSP (0.00
ppm). The normal one-dimensional carbon-13 NMR
spectra, the APT (attached proton test) spectra, and the
gated decoupled spectra were obtained by using an 8-us
(33°) pulse, bilevel (1 and 4 W) MLEV64 (Levitt et al,,
1982) decoupling, 20-KHz spectral window, quadrature
detection, and 32 K data points to give 0.6-Hz/point digital
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Figure 2. 300-MHz proton NMR spectrum of acifluorfen (A)
and the expanded aromatic region (B).
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resolution. Free induction decays were weighted to 1-Hz
line broadening. Chemical shifts reported were referenced
to Me,Si (0.00 ppm) or TSP (0.00 ppm).

The proton homonuclear shift-correlated (J correlated,
COSY) spectra and the proton—carbon-13 shift-correlated
(CSCM) spectra were obtained by using the COSY and the
CSCM pulse sequences supplied in the NMC-1280 soft-
ware package. Heteronuclear long-range couplings were
determined with the 2DJHET pulse sequence provided by
Dr. Regina Shuck of GE/Nicolet Magnetics Corporation
(Offenbach, West Germany).

The COSY spectra were obtained by using a sweep
width of 639 Hz, 1 K data points, 8.3-us (30°) pulse, and
a 2-s repetition rate. A total of 512 spectra were collected
to provide the equivalent of a 639-Hz sweep width in the
second frequency dimension. Free induction decays in
both dimensions were resolution enhanced with sine
multiplications. The absolute values of the spectra were
calculated and the contour plot was obtained from the
symmetrized two-dimensional NMR data (Baumann et al.,
1981). The CSCM spectra were obtained by using a sweep
width of 7 KHz, 8 K data points, a 2-s repetition rate, and
31.5-us (90°) and 63-us (180°) pulses. A total of 128 spectra
were obtained to provide the equivalent of a 974-Hz sweep
width in the proton frequency dimension. Free induction
decays in the proton dimension were zero filled to 512 data
points before Fourier transformation. The spectra were
displayed in the absolute value mode. Long-range pro-
ton—carbon-13 couplings were determined with the method
reported by Bax and Freeman (1982). The selective de-
coupler 180° pulse was determined from a chloroform
sample by population inversions (Pachler and Wessels,
1973). The spectra were obtained by using a sweep width
of 6 KHz, 16 K data points, and an 8-s preparation period.
A total of 128 spectra were obtained to provide the
equivalent of a 20-Hz (+10 Hz) sweep width in the second
frequency dimension. A complete two-dimensional spec-
trum was not computed, but only those F; traces which
carry the desired coupling information were transposed.
These transposed traces were zero filled to 8 K data points
before Fourier transformation, and the result were dis-
played in the phase-sensitive mode.

RESULTS AND DISCUSSION

The normal one-dimensional 300-MHz proton NMR
spectrum of acifluorfen (1) is shown in Figure 2A and the
aromatic region is expanded in Figure 2B. Assignment of
this spectrum was achieved first by determining the ab-
sorptions due to protons on each phenyl ring with a ho-
monuclear shift-correlated (J correlated; COSY) (Jeener,
1971; Bax, 1982) experiment where through-bond con-
nectivity is indicated by the presence of off-diagonal peaks



Two-Dimensiona!l NMR of Diphenyl Ether Herbicides

J. Agric. Food Chem., Vol. 33, No. 3, 1985 5§01

Table I. Proton NMR Data for Acifluorfen, Acifluorfen Methyl, and Bifenox®

acifluorfen methyl (2) in

acifluorfen (1) in D,O CDCly CD,COCD, bifenox (3) in CDClq

chem coupling chem coupling chem chem coupling
proton shifts constants shifts constants shifts coupling constants shifts constants
H, 7.79 d)J=91 8.04 (d)J =88 8.48 (dd) J = 8.5, 0.86 8.03 (d)J =89
H, 7.58 (dJ=18 7.81 dJ=21 8.01 (ddq) J = 2.2, 0.74, 0.3 7.55 dJ=25
H, 7.45 (dd) J = 8.6,1.8 7.62 (dd) J = 8.1, 2.2 7.84 (ddq) J = 8.5, 2.3, 0.72 7.35 (dd) J = 8.7, 2.4
Hy 7.13 (d)J =84 7.24 dJ=174 7.60 (ddq) J = 8.6, 0.92, 0.3 7.12 d) J=87
H, 7.04 dJ=27 7.12 dJ=27 7.41 (dd) J = 2.7, 0.9 7.06 d)J=23
H; 6.56 (dd) J = 9.1, 2.7 7.08 (dd) J = 8.8, 2.7 7.39 (dd) J = 84, 2.7 7.03 (dd) J = 8.7, 2.7
H(CHjy) 3.92 (s) 3.87 (s) 3.92 (s)

¢Recorded in D,0, CDCl; or CD;COCD; solutions. Chemical shifts are given in ppm relative to internal standard either TSP (acifluorfen)
or Me,Si (acifluorfen methyl and bifenox); coupling constants are given in Hz.
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Figure 3. Contour plot of the aromatic region of the proton J
correlated (COSY) spectrum of acifluorfen.

(see Figure 3). It is quite clear that absorptions a, e, and
f are resonances from the nitrobenzoic ring while b—d are
those from the other since there were not cross peaks
between these two groups of absorptions. Similar results
were obtained for acifluorfen methyl (2) and bifenox (3).
The proton NMR spectroscopic data for all three com-
pounds are summarized in Table . We have also included
the proton NMR data for acifluorfen methyl in deuterated
acetone solution in Table I because the long-range fluo-
rine-proton couplings were reasonably well resolved in that
solvent.

The use of two-dimensional NMR techniques simplifies
the assignment of the proton NMR spectra of these com-
pounds at high field. However, the assignments also can
be analyzed with simple first-order approximations and
double-resonance results. Assignments of the protons (a,
e, and f) in the NMR spectra on the nitrobenzoic rings of
these three compounds with this approach have recently
been reported (Draper and Casida, 1983). The advantages
of these two-dimensional methods, however, would become
more significant if a lower field strength NMR instrument
is employed.

The carbon-13 NMR spectrum of acifluorfen methyl (2)
is shown in Figure 4A and the expansion of the aromatic
portion is shown in Figure 4B. A total of 21 individual
absorptions were observed. The assignment of the carbon
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Figure 4. 75-MHz carbon NMR spectrum of acifluorfen methyl
(A), the expanded aromatic region (B), and the J modulated APT
spectrum of the aromatic region (C). The absorptions due to
carbons 4/, 7, 8, and 9 have been labeled.

spectrum is more complex than that of the proton spec-
trum. There are no unequivocal assignments that can be
reached with simple empirical additivity calculations
(Memory and Wilson, 1982). Actually, the results from
simple empirical calculations would predict incorrect
chemical shift sequences for most of the carbons on the
phenyl rings.

Some of the 21 absorptions can be readily assigned due
to their unique chemical environments. These include the
carbonyl carbon (7, 165.00 ppm), the methyl carbon (9,
53.47 ppm, Jcy = 148.2 Hz), the trifluoromethyl carbon
(8, 123.08 ppm, Jcr = 272.4 Hz), and the carbon bearing
the trifluoromethyl group (4’, 129.23 ppm, Jccr = 33.7 Hz).
The identification of the absorptions from the six hydro-
gen-bearing carbons (3, 4, 6, 3, &, and 6’) was aided with
the J-modulated APT (attached proton test) (Patt and
Shoolery, 1982) spectrum where absorptions of carbons
with an uneven number of attached protons were rendered
out-of-phase as shown in Figure 4C. Two of these ab-
sorptions showed long-range fluorine-carbon-13 couplings;
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Figure 7. Long-range coupling spectra of acifluorfen methyl when
proton a was flipped in a 2DJHET experiment.

The assignment of the carbon-13 NMR spectrum of
bifenox (3) followed a similar course. The use of the
CSCM technique there, however, was necessary since
protons e and f overlap in the proton NMR spectrum, and
selective decouplings would not have been fruitful at all.
Assignment of the carbon-13 NMR spectrum of acifluorfen
was based primarily on the APT, the CSCM experiments,
and a comparison of the observed coupling pattern with
that obtained for acifluorfen methyl in gated decoupled
experiments. The acifluorfen solution we prepared was
not concentrated enough, and the employment of the
2DJHET method would have consumed more than an
overnight run time.

All the carbon NMR spectral results are summarized in
Table II.

CONCLUSION

The NMR spectra of several agronomically important
herbicides have been fully assigned with a combination of
several two-dimensional NMR techniques: homonuclear
shift correlated (COSY), heteronuclear shift correlated
(CSCM), and heteronuclear long-range coupled (2DJHET).
These methods allow quick and precise determination of
nuclear connectivity without relying on empirical calcu-
lations or correlations among the spectra of analogues. The
usefulness of these techniques has been demonstrated with
the complete assignment of three diphenyl ether herbi-
cides: acifluorfen, acifluorfen methyl, and bifenox.

Since two-dimensional NMR methods provide sub-
stantially better resolution and dispersion over two fre-
quency domains, we anticipate these methods will become
quite useful in agricultural process research, residue and
metabolism (Lee and Ksenic, 1981), and formulation
studies.
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