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Abstract

The metabolism of the acetanilide herbicide alachlor in soils leads to the formation of alachlor—ethanesulfonic acid (alachlor—ESA) as
one of the major transformation products of this compound. The unique structure of alachlor and its metabolites allows the formation of
two diastereomerss{trans ands-cis) due to the hindered rotation of the amide bond connected to a rigid aromatic ring. Although these
stereoisomers do interconvert by rotation about the amide bond, the rate of interconversion is slow allowing separation of the isomers on
the chromatographic time scale. Once separated, the unique nuclear magnetic resonance signals of each isomer can be used to monitor th
rate of isomerization. This paper reports the on-line separation and detection of the rotational diastereomers using high-performance liquid
chromatography—nuclear magnetic resonance (HPLC-NMR) to efficiently measure the isomerization rate of alachlor—ESA.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction undergocis-trans isomerization Fig. 2) as a result of hin-
dered rotation of the amide bond with respect to the rigidly

The acetanilide herbicide, alachlor, has been widely used sypstituted aromatic ring. The orientation of the carbonyl
in the United States for the reduction of broadleaf weeds mpjety and aromatic ring in a relativéis and trans con-
and annual grasses associated with the production of agri-figuration gives rise to the-cis and s-trans nomenclature
cultural crops including corn, soybeans and sorghum. Due [4—g]. Although rotational isomers are not as common as
to the large-scale use of alachlor and other herbicides in other stereoisomer€is-transisomerization has been docu-
this class there has been significant interest in the processegnented in biologicalo—12] and synthetic chemical systems,
by which they are transformed and in the identity of their gych as the acetanilide herbicidds8]. Cis andtrans iso-
transformation products. The metabolism of alachlor in the mers are often observed in proteins and peptides containing
soil leads to the rapid production of the polar metabolite projine and play an important role in protein structure and
alachlor—ethanesulfonic acid (alachlor-ESAjig. 1) as peptide activity{9-12] A number of analytical techniques
one of its primary transformation produdts,2]. Alachlor have been used to probe tioes-trans isomerization of
and alachlor-ESA have been identified in both ground and projine containing peptides including high-pressure liquid
surface waters in the Mid-Western region of the USA as a chromatography13,14] capillary electrophoresid 3] and
consequence of its agricultural usgdes]. nuclear magnetic resonance (NMRR,13]

The unique structure of alachlor, alachlor-ESAg( 1) The complicated proton nuclear magnetic resonahie (
and other acetanilide herbicides allows these compounds tonMR) spectra of the ESA metabolites of many acetanilide

herbicides reflect the different local environments of the
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8 0 1H NMR spectra of each separated isomer, facilitating res-

HsC /7\ 6 SOy onance assignment. Furthermore, by trapping the purified
o N isomers in the NMR flow cell, the time dependence of the
4 4

5 5 NMR spectra can be used to follow the return to equilib-
H,C CH, rium allowing the determination of the rate constants for
the interconversion of thetrans ands-cis isomers.

2

Fig. 1. Structure of alachlor—ESA in its deprotonated form. .
g P 2. Experimental

analytical methods devised for these compounds have fo-2.1. Chemicals
cused on obtaining separations in which the isomers are
eluted as a single unresolved peak. Therefore the methods Alachlor-ESA was synthesized using a previously re-
developed generally rely on separations conducted at ele-ported method[2,21]. Sodium formate (NaHC§, am-
vated temperature to increase the rate of interconversion ofmonium formate (NHHCO;), methylammonium chloride
the isomerq15]. However, because the goal of this study (MeNH3Cl), dimethylammonium chloride (M&IHCl),
was to measure the rate of isomerization, a new reverseand tetramethylammonium bromide (M¢Br), were all
phase separation method was developed to resolvedise purchased from the Sigma (St. Louis, MO, USA). Formic
ands-trans isomers at ambient temperatures. acid was purchased from Fisher Scientific (Springfield, NJ,
In 1999, Aga et al. used capillary zone electrophoresis USA). Deuterium oxideqH,0) with a 99 at.%¢H and BHz3]
(CZE) and*H NMR for the analysis of the rotational iso-  acetonitrile (GH3CN) with a 96-97 at.%H were purchased
mers of acetanilide herbicides and their metaboljf]. from Cambridge Isotope Labs. (Andover, MA, USA). The
CZE was utilized to evaluate the elution order and relative Omnisolv acetonitrile (CECN) was purchased from EM
ratios of the various isomers, while solutions of acetanilide Science (Gibbstown, NJ, USA). Deuterium chloridelCl)
herbicides were investigated bt NMR to obtain the equi-  prepared as a 20% (w/w) solutionhi>O with a 99.5 at.%
librium constants and determine the first order rate constants?H was purchased from Aldrich (Milwaukee, W1, USA).
for the interconversion of the rotational isomgt8]. A sim-
pler and more direct approach is to use directly coupled 2.2. High-performance liquid chromatography
high-performance liquid chromatography—nuclear magnetic
resonance (HPLC-NMR) for on-line detection of the sepa- The reversed-phase HPLC separations were performed
rated isomers. using Varian ProStar 230 solvent delivery system with a
HPLC-NMR has been primarily employed for the struc- ProStar 330 photodiode array detection (DAD) system (Var-
ture elucidation or identification of eluting analytes, but this ian Instruments, Walnut Creek, CA, USA). The separations
technique has also found a niche as a means of investigatwere monitored at 210 nm and DAD spectra were measured
ing reaction rates. Nicholson et al. have demonstrated theover a spectral range of 200-400nm. The HPLC chro-
utility of this technique to characterize the anomers and matograms were processed using the Star Chromatography
positional isomers of a number of fluorobenzoic acid glu- Workstation software (Varian Instruments). The separa-
curonides[17,18] Additionally, HPLC-NMR was used to  tions were conducted at ambient temperature®@bwith
evaluate the rate constants associated with the internal acyk flow rate of 0.5ml/min using a 150 mm 4.6 mm Phe-
migration of B-1-O-acyl 2-fluorobenzoyl glucuronide and nomenex Luna g(2) column (Torrance, CA, USA) packed
SnaproxenB-1-O-acyl glucuronidg19,20] with 3um particles. The separations of the alachlor—-ESA
This work illustrates the application of stop-flow isomers were performed using O injection of a 1g/l
HPLC-NMR to separate thetrans and s-cis isomers of alachlor—ESA solution prepared #it,0. To determine the
alachlor—-ESA and determine the first order rate constantsmobile phase buffer composition that produced the best res-
for their interconversion. The direct on-line coupling of olution of the two isomers, a series of aqueous 25 mM for-
HPLC with NMR detection allows the measurement of the mate buffers were evaluated containing sodium, ammonium,

s-trans S-Cis

Fig. 2. Isomerization of the amide bond of alachlor-ESA, where=RCH,—SQ;~ and R = CH,OCH;.
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methyl ammonium, dimethylammonium, or tetramethylam- tem was used as an internal NMR reference at 8.22 ppm.
monium as the cation. The buffers were prepared in proto- The FIDs were multiplied by an exponential function equiv-
nated water and the pH was adjusted to 3.3 with HCI. The alent to 1 Hz line broadening and were zero-filled to 32,768
effect of the cations on the resolution of the alachlor-ESA points prior to Fourier transformation. Integrals were mea-
isomers was evaluated using an isocratic separation schemsured for the ratios of the-cis and strans isomers and
with acetonitrile (30%) and formate buffer (70%). Resolu- the ratios of the integrals were plotted versus time using
tion of the isomers was calculated from the difference in the nonlinear least-squares fitting program Scientist version
retention timesAt,) of the isomer peaks divided by the aver- 2.01 (MicroMath Scientific Software, Salt Lake City, UT,
age of the two base peak widths (aug). The HPLC-NMR USA). The kinetics data were analyzed using a first order
separations were performed using a 25 mM ammonium for- reversible reaction model to obtain the rate constants for
mate buffer (70%) at3H 3.7 (pH meter reading of 3.322] thetrans—cis (k1) andcis—trans (k_1) reactions Fig. 2).

and CHCN (30%) following the same isocratic conditions

described above. All separations described were monitored

using a photodiode array detector (Varian Instruments). 3. Results and discussion

2.3. Nuclear magnetic resonance spectroscopy 3.1. Chromatographic separation of rotational isomers

The NMR experiments were performed at 200with The slow isomerization of alachlor—-ESA due to the hin-
a Varian Inova 600 MHz spectrometer. The isomers were dered rotation about the amide bond allows for the formation
conclusively identified from the results of'&l—*H nuclear  of two rotational isomers, which can be separated and dif-
Overhauser effect spectroscopy (NOESY) experiment with ferentiated by HPLC-NMR. These rotational isomers are in
a 1s relaxation delay, a 0.25s mixing time and an acqui- effect diastereomers on the chromatographic and NMR time
sition time of 0.168s. The two-dimensional NOESY spec- scales. However, the determination of rate constants using
trum was measured for an equilibrium mixture of a 5mM  this method will only be effective if the alachlor—ESA iso-
solution of alachlor—-ESA at equilibrium in a 5mm NMR  mers are sufficiently resolved in the chromatographic separa-
tube. Solvent suppression was not required in the NOESY tion. The separation of the alachlor—ESA rotational isomers
experiment because the sample was dissolved in a solutionyas initially optimized with protonated solvents and UV de-
comprised of 30% &H3CN and &?H,0 solution of 25mM  tection. Several different formate buffer cations were tested
ammonium formate with a% of 3.7. to identify a buffer system that provided improved chromato-

The HPLC-NMR stop-flow experiments used a triple graphic resolution of the isomers. The initial separation was
resonance flow probe (Varian NMR Systems, Palo Alto, conducted with a sodium formate buff&ig. 3A), which did
CA, USA) with a 120ul flow cell containing a 6@l ac- not generate the necessary resolution. However, the resolu-

tive volume. A series ofH NMR spectra of the separated  tion doubled Table 7 with the use of a variety of ammonium
isomers were collected as an array to monitor the isomer-

ization. The'H NMR spectra of each isomer were collected

as an arrayed experiment using a pre-acquisition delay > 8001
(pad) to incorporate a selected time delay between spectral - 600
acquisitions. The values of the pad delays were selected §
so that spectra early in the kinetics experiment were sepa- 8 4007
rated by a delay of only 300s. As the reaction proceeded, & 200
the delay between spectra was increased to 600, 1200 and 04 ~
finally 1800s during the time leading to the equilibrium
composition. The time-arrayed spectra were collected using A 0 5 10
the following parameters; the free induction decays (FIDs) 800 |  alachiorESA alachior-ESA
were sampled at 32000 data points over a spectral width % (a-trans) (s-cis)
of 9000.9Hz. An acquisition time of 1.0s was used. No - 400 \ /
additional relaxation delay was employed. Each spectrum §
acquired in the array was composed of 64 transients. The £ 200
time assigned to the first FID of the series was adjusted @
to the center of the acquisition window (32s). The times < 0 -f—‘]h/\--- D
assigned to the remaining FIDs were calculated by adding
64 s to the pre-acquisition delay between the adjacent FIDs. 0 5 10
Water eliminated through transverse gradients (WET) (B) Time (minutes)

. . 3 . .
solvent SUEpI’Ce:SSI’(\)In V\gtﬁHngecouplmg WaS. appll\e/d .to Fig. 3. Separation of alachlor-ESA isomers using a sodium formate (A)
suppress the G}CN an r_eson_ances using a varian 5.4 an ammonium formate (B) buffer. The chromatograms were monitored
pulse program (Ic1d). The formic acid from the buffer sys- at 210nm.
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Table 1 periment to confirm the identity of the isomers in our sol-
Chromatographic resolution obtained for the alachlor-ESA isomers using y;ant system. Although we were unable to observe an NOE
h o i dfiff : _ ( _ el

ormate buffers containing different cations cross peak that would conclusively identify theisisomer,

Formate buffer cation Chromatographic resolution strong cross peaks between protons 4 and 6 oftinans
Nat 0.7 isomer were detected allowing the assignment ofsoes
NH4* 1.2 isomer by default. The-transisomer was the first isomer to
MeNHz* 13 elute from the column followed closely by tisecis isomer
MezNH, * 13 under the conditions of our separatidfid. 3.

MeyN+ 1.3

ThelH NMR spectrum of the equilibrium mixture, shown
in Fig. 4, is more complex than expected for a molecule of
cations (NH*, MeNHz+, Me;NHo*, MesN+) probably this size because of the duplicate resonances arising from

through ion pairing interactions with the alachlor-ESA. Al- the two isomers. In addition to the analyte resonances in
though the buffers containing methyl-substituted ammonium Fig. 4 @ number of other resonances associated with the sep-
cations provided slightly better resolution than NH am- aration medla_l are also .observed including the signal frqm
monium formate was used for the separatiBig(3B) as the the formic acid, the residual features from the suppression
methyl protons of the other cations would give rise to addi- Of the protonated acetonitrile-@.0 ppm) and H@H reso-
tional resonances in tHéd NMR spectrum that could inter- ~ Nances{-4.7 ppm) and a multiplet corresponding to protons
fere with observation of the peaks of interest. In addition, Of theé ammonium ion (6.9-7.2 ppm).

the formate proton of this buffer provides a convenient NMR ~ Utilizing a stop-flow HPLC-NMR experiment, a portion
chemical shift reference. The excellent chromatographic res-Of the chromatographic peak for each isomer was isolated in
olution obtained with the ammonium formate buffer allowed tUrn in the NMR flow probe and spectra acquired to measure
for the isolation of essentially pure isomers necessary for the isomerization rate. The chromatographic peaks in these

the NMR analysis. experiments were much larger in volume than the R0
NMR flow cell, so only a portion of each peak was used in

3.2. NMR spectral analysis and evaluation of dynamic the NMR spectral analysis. Sequential chromatographic sep-

isomerization arations were performed to isolate each isomer individually

due to the rapid equilibration rate. To maximize selectivity
The isomers of alachlor—ESA were previously differenti- for the kinetic study, the front of thetrans isomer peak and
ated in a paper by Aga et glL6]. These authors attributed the tail of thes-cisisomer peak were selected for NMR anal-
the one-dimensional NOE interaction observed between pro-ysis. However, the initial spectrum of tisecis isomer con-
tons 4 and 6 to the-trans isomer and those between 6 and tainss-transisomer resonances as a minor component due to
7 to thes-cis isomer using the numbering scheme shown the chromatographic tailing of thetrans isomer peak and
in Fig. 1 [16] We used the two-dimensional NOESY ex- the interconversion of these isomers on the chromatographic

W ”1( .

Formate \

NH,* CH.CN
HO™H
s | S )
8 7 6 5 4 3 UZ v 1 ppm

Fig. 4. ThelH NMR spectrum of alachlor-ESA in GIEN (30%) and 25 mM ammonium formate buffer (70%) mobile phase system. The insert shows
an expansion of the region of the spectrum containing the methyl protons resonances of the ethyl groups attached to the aromatic ring. Two methy
resonances are detected due to the presence aftthes and s-cis isomers of alachlor—ESA.
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Fig. 5. Spectra of the separated alachlor—-ESt#ans (A) and s-cis (B) isomers. Because of tailing of thetrans isomer peak in the chromatogram, the
spectrum of the alachlor—-ES#cis isomer contains some residumtrans isomer resonances indicated by the asterigs (

time scale. The desired peak was selected at the UV detec-13 and 14 experimental trials, respectively. The free energy
tor and stopped in the active region of the NMR flow probe of activation @Gi), 22.1kcal/mol was determined from
after a pre-calibrated transfer delay time. The NMR ex- the rate constants using the approach described in by Lar-
periment was started immediately after the sample reachedive and Rabensteifil2] (1 cal= 4.184J). The similarity
the flow cell. A series ofH NMR spectra were collected  of the rate constants for the conversion of the two isomers
in set time intervals to follow the isomerization. The ini- is consistent with the value of the equilibrium constant,
tial spectrum collected in each series contains primarily the which is essentially one. In addition, theG* values for
proton resonances associated the isolated isomer of interesthe isomerization ofs-cis and s-trans alachlor—-ESA are
(Fig. 5 greatly simplifying the resonance assignment pro- similar to values calculated for theéis-trans isomerization
cess for each isomer. Previous assignments of these protorf various proline-containing peptidd$2]. However, the
resonances at equilibrium were difficult due to the complex- rate constants determined in our experiments were larger by
ity of the mixture. about a factor of 2 than those reported by Aga et al. for the
The methyl resonanceBif. 4, insert) were used to evalu-  isomerization of alachlor—ESA iAH,O solution at 30C
ate the isomerization rate of alachlor—ESA because they areg[16]. Jayasundera et al. have used NMR to observe rapid
well resolved and are the most intense peaks in the NMR exchange among the atropisomers of the acetanilide herbi-
spectrum. As shown ifrig. 6, by monitoring the intensity  cide metolachlor in a variety of organic solvents including
of the methyl resonances as a function of time the isomer- deuterated dimethyl sulfoxide (DMSQJd[23]. The rate
ization of the isolated-transisomer to thes-cisisomer can of conformational exchange of metolachlor atropisomers in
be followed. At equilibrium in this solvent system, the mix- DMSO-ds was observed to decrease when wafét,Q)
ture contains essentially equal concentrations ofsttrans was presenf23]. The increased rate of isomerization in the
(51+1%) ands-cis (49+1%) isomers, a significantly higher  presence of organic solvents such as DMSO and acetoni-
fraction of thes-trans isomer than reported by previous au- trile, the solvent utilized in these experiments, is consistent
thors for this and similar compounds in other solvgify. with the acceleration in organic solvents reported for the
First order rate constants were determined by fitting a ki- cis-trans isomerization of proline containing peptidgst].
netic model based on a reversible first order reaction to theIn proline cis-trans isomerization, the proposed transition
relative intensity dataHig. 7). The integrals of thes-trans state is characterized by partial rotation of the C—N bond
ands-cis isomer methyl resonances were converted to nor- with no solvent participation and little solvent reorganiza-
malized intensities therefore, the sum of their normalized tion. In the twisted conformation proposed for the transition
intensities equals one. The rate const&atandk_1 for the state, polar resonance structures for the amide bond are no
isomerization for both the-trans and s-cis alachlor—-ESA longer possible, making the transition state less polar than
were determined to be.@x 1074+ 0.1 x 104s~ from the reactan{24]. The structural similarities between the



136 L.A. Cardoza et al./Journal of Chromatography A, 1022 (2004) 131-137

! NN

i
| “v v )

0 300 600 1200 3600

alachlor-ESA (s-trans)

/

alachlor-ESA (s-cis)

Fig. 6. Equilibration of the alachlor—-ES&trans and s-cis isomers monitored by theH NMR signal intensities of the methyl protons. The values of
the pre-acquisition delay (seconds) used between each set of FIDs are shown below the spectra.
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Fig. 7. Integrated resonance intensity of theis (®) and strans (4) alachlor—-ESA methyl peaks measured (at@) as a function of equilibration
time. The smooth lines through the points represent the theoretical curve calculated using nonlinear least-squares analysis of the datasibith a rever
first order kinetic model.

amide functional group in alachlor-ESA and the proline with the rotational isomers of alachlor—-ESA. HPLC-NMR

amide bond suggest a similar mechanism for the accelera-allowed the rapid detection of thHed NMR spectra of the

tion of isomerization of this compound in organic solvents. separated isomers facilitating the resonance assignment
process. The use of on-line detection allows for the anal-
ysis of reactions with faster rates than would be amenable

4. Conclusion with off-line analysis where time is lost in the collection of
chromatographic fractions and delivering the sample to the

The application of on-line HPLC-NMR afforded a simple detector. The use of a cryoflow probe, which has recently
and efficient means of evaluating the equilibrium associated become commercially available, would allow for enhanced
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sensitivity with an increase in signal-to-noise up to a factor
of four when compared with a conventional NMR detec-
tion probe[25—-27] This increased sensitivity would in turn

allow a decrease in the analyte concentration, which for
alachlor-ESA would have improved the chromatographic

137
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