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Penflufen is a highly efficient, broad-spectrum succinate dehydrogenase inhibitor. Owing to the increasing

pesticide resistance in recent years, the use of a new fungicide, penflufen, has become increasingly

widespread. However, residues that remain in the environment after the use of penflufen have an impact

on human health. It is worth noting that penflufen is a chiral pesticide. The differences of residue

behaviors between two enantiomers in living organisms need to be systematically studied. In this paper,

reversed-phase liquid chromatography-mass spectrometry (LC-MS) was used to separate the

enantiomers of penflufen, and the absolute configuration of the enantiomer was analyzed. The LC-MS/

MS methods for the analysis of penflufen enantiomers on wheat plants, spinach, and Chinese cabbage

were established. The results of the recovery experiments showed that the average recovery of the two

enantiomers was 78.5–99.8% and RSD was 0.4–7.3%, suggesting that the accuracy and precision of the

method meet the requirements of pesticide residue analysis. The results of stereoselective degradation

of penflufen in the three matrices showed that there was little difference in the degradation of the two

enantiomers in wheat and cabbage, while R-(+)-penflufen was degraded preferentially in spinach. This

study provides data supporting the scientific use and safety evaluation of penflufen.
1 Introduction

A chiral pesticide is a pesticide that has at least one chiral
central atom in its chemical structure. In non-chiral environ-
ments, chiral pesticides have the same physical and chemical
properties. However, due to the existence of chiral characteris-
tics in the ecological environment, different chiral pesticide
enantiomers may have larger differences in environmental
behavior, such as degradation,1–3 metabolism4,5 and trans-
formation.6,7 Furthermore, the traditional pesticide risk
assessment method cannot accurately assess the risk of chiral
pesticides, which raises concern about safety hazards to
humans and the environment.

Penufen is an amide fungicide developed by Bayer AG. The
chemical structure of penufen was shown in Fig. 1, and the
physical and chemical properties were listed in Table S1.† This
fungicide is a succinate dehydrogenase inhibitor, which acts
mainly on the respiratory chain of pathogens and affects their
metabolism by blocking the respiratory chain. With the
ct Safety, Anhui Academy of Agricultural
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valuation (Hefei), Ministry of Agriculture,

tion (ESI) available. See DOI:

hemistry 2019
widespread use of this type of fungicide on crops, its residual
pollution is also becoming more and more serious. There are
few reports on the quantitative analysis of penufen in the
environment. Tian et al. used UHPLC-MS/MS to establish
a residue analysis method for penufen and its metabolites in
vegetables and cereals.8 However, the analytical methods of the
Fig. 1 The chemical structure of penflufen.
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chiral enantiomers of penufen in the environment and the
differences in the residual behavior of the enantiomers in the
environment have not been studied. In this study, the chiral
separation of penufen was carried out by reversed-phase liquid
chromatography coupled with a chiral column. The separation
mechanism is considered that the polarity and p–p effect in
chiral columns were major factors in chiral separation. The
absolute conguration of the enantiomers was determined by
circular dichroism (ECD). Based on the studies and results, we
used LC-MS/MS to establish a residue analysis method for the
enantiomers of penufen in wheat, spinach, and Chinese
cabbage and studied the stereoselective degradation of two
enantiomers in crops. The results of this study provide a theo-
retical basis for the rational use of penufen and its safety
assessment in the environment.
2 Materials and methods
2.1 Standards and reagents

The penufen racemate standard (98.72% of purity) was
purchased from Dr Ehrenstorfer (Augsburg, Germany), and the
optically pure enantiomer of penufen (more than 95% of
purity) was prepared by Chiralway Biotech (Shanghai, China).
The target compound which weighed and dissolved using
methanol, was made into a standard solution with a concen-
tration of 1000 mg L�1. The standard solution was gradually
diluted with methanol and blank matrix solution, and stored at
�20 �C.

Methanol, acetonitrile (HPLC grade, Tedia, USA), ammo-
nium acetate and formic acid (HPLC grade) were obtained from
Aladdin Bio-Chem Technology (Shanghai, China). N-Propyle-
thylenediamine (PSA), and graphitized carbon black (GCB) were
purchased from Agela Technologies (Tianjin, China). Anhy-
drous magnesium sulfate and sodium chloride (analytical
grade) were all purchased from the National Pharmaceutical
and Reagent (China).
2.2 Instrument conditions

LCMS-8030 high performance liquid chromatography-tandem
mass spectrometer was purchased from Shimadzu (Japan),
and a Lux 5u Cellulose-2 (150 mm � 4.6 mm, 5 mm) chiral
column with an amylose-tris[3,5-dimethylphenylcarbamate]-
coated chiral stationary phase was purchased from Feiluomen
Table 1 Solvent standard curve and matrix standard curve data of penfl

Compound Matrix R2

S-(�)-Penufen Acetonitrile 0.9986
Wheat plant 0.9998
Spinach 0.9992
Chinese cabbage 0.9983

R-(+)-Penufen Acetonitrile 0.9996
Wheat plant 0.9992
Spinach 0.9996
Chinese cabbage 0.9999

9888 | RSC Adv., 2019, 9, 9887–9892
Scientic Instrument (Guangzhou, China). The chromato-
graphic separation conditions were as follows: mobile phase A
was 0.1% formic acid aqueous solution; mobile phase B was
acetonitrile; ow rate was 0.4 mL min�1, injection volume was
10 mL; column temperature was 35 �C; gradient elution proce-
dure is shown in Table S2;† mass spectrometry was performed
using positive ion ionization (ESI+) of electrospray ion source;
capillary voltage was 4.5 kV; desolvation tube temperature was
250 �C; heating module temperature was 450 �C; both atom-
izing gas and drying gas were high purity nitrogen; ow rate
were 3.0 and 20 L h�1, respectively; the collision gas is high
purity argon. The mass spectrometric conditions of the target
compound in MRM mode are shown in Table S3.†
2.3 Determination of rotation and absolute conguration
for penufen enantiomers

The specic rotation of the penufen enantiomer was detected
by a WZZ-2S automatic polarimeter. The penufen enantiomer
was dissolved in methanol at a concentration of 5000 mg L�1.
Methanol was used as control (CK). Aer the polarimeter was
adjusted, the monomer solution samples were measured three
times. The test results were temperature-corrected and the
mean value of three measurements was calculated.

Penufen solution was diluted to 100 mg L�1 with methanol,
and then the electronic circular dichroism (ECD) wasmeasured.
The circular dichroism polarimeter was zeroed, and the solu-
tion of penufen enantiomer was scanned at 20 �C using
a circular dichroism polarimeter in the range of 200–400 nm to
draw a theoretical ECD spectrum. The density functional theory
(DFT) B3LYP method was used to calculate the circular
dichroism spectrum, and the Gaussian 09 calculation method
in time-dependent DFT (TDDFT) [B3LYP/6-31+G*] was used to
calculate the ECD spectrum.
2.4 Field trials

The eld trial was conducted in Hefei, Anhui Province, China.
The wheat, spinach, and cabbage elds that had not previously
been treated with penufen were selected as experimental plots.
The experiment was set up with three replicates, and a blank
control plot was set up. Each plot was 30 m2, and 22% of the
penufen suspension was sprayed in the eld at a dose of 300 g
a.i. ha�1. All the samples were collected from the aerial parts of
the plant. In each treatment, 2 kg weight of the wheat plants,
ufen enantiomers

Matrix effect (%) LOD (mg kg�1) LOQ (mg kg�1)

— 0.5 1.7
21.2 6.0 20
�0.3 6.0 20
28.1 6.0 20
— 0.5 1.7
33.9 6.0 20
11.4 6.0 20
42.6 6.0 20

This journal is © The Royal Society of Chemistry 2019
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Table 2 Accuracy and precision of penflufen enantiomers in three matrices (n ¼ 5)

Matrix
Spiked concentration
(mg kg�1)

S-(�)-Penufen R-(+)-Penufen

Average recovery (%) RSD (%)
Average recovery
(%) RSD (%)

Wheat plant 2.0 97.4 1.7 96.8 0.4
0.2 89.5 6.5 91.6 3.5
0.02 86.1 1.9 78.5 1.6

Spinach 2.0 97.8 1.5 99.6 1.0
0.2 92.1 2.7 90.5 3.0
0.02 84.2 4.2 79.2 2.2

Chinese cabbage 2.0 93.9 2.8 98.8 2.4
0.2 87.4 2.8 89.1 2.0
0.02 87.0 6.3 80.2 3.7

Table 3 Half-life of penflufen enantiomers

Matrix Enantiomer Half-life (days) Kinetic equation R2

Wheat plant S-(�)-Penufen 4.74 y ¼ 1.4508 � 10�0.146x 0.9326
R-(+)-Penufen 4.66 y ¼ 1.3462 � 10�0.148x 0.9312

Spinach S-(�)-Penufen 3.57 y ¼ 35.17 � 10�0.194x 0.8415
R-(+)-Penufen 3.15 y ¼ 30.364 � 10�0.22x 0.8760

Chinese cabbage S-(�)-Penufen 3.92 y ¼ 32.43 � 10�0.177x 0.9441
R-(+)-Penufen 3.77 y ¼ 28.919 � 10�0.184x 0.9535

Fig. 2 Predicted and experimentally measured ECD spectra of penflufen enantiomers: (A) predicted ECD spectra and (B) experimentally
measured ECD spectra.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 9887–9892 | 9889
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spinach, and cabbage samples were collected at 2 h, 1 d, 3 d, 5 d,
7 d, 10 d, 14 d, 21 d, and 30 d aer treatment, and stored at
�20 �C for testing.

2.5 Sample pretreatment

An accurately weighed sample (5 g) was put into a 50 mL
centrifuge tube. 10 mL of water and 20 mL of acetonitrile were
added into the tube. The sample was extracted for 30 min with
shaking. Then, 3 g of anhydrous magnesium sulfate and 1 g of
sodium chloride were added into the tube. The tube was shaken
vigorously for 2 min and centrifuged at 3000 rpm for 5 min. Five
microliters of the upper organic phase was pipetted into
a 10 mL centrifuge tube (containing 250 mg of PSA, 750 mg of
anhydrous magnesium sulfate, and 20 mg of GCB) and vortexed
for 1 min. The mixture was centrifuged at 5000 rpm for 3 min.
The supernatant was passed through a 0.22 mmmicropore lter
to the injection vial and tested by LC-MS/MS.

2.6 Data analysis

Matrix effects (MEs) were calculated between slopes of the
matrix calibration curve and the solvent calibration curve for
every determination.

MEð%Þ ¼
��

slope of calibration curve in matrix

slope of calibration curve in solvent

�
� 1

�
� 100

The enantiomeric fraction (EF) value was used for charac-
terizing the stereoselectivity of penufen degradation in the
environment

EF ¼

area of ð � Þ-penflufen peak

area of ð � Þ-penflufen peak þ area of ð þ Þ-penflufen peak

The EF value ranges from 0 to 1, and EF ¼ 0.5 indicates that
the two enantiomers have the same rate of degradation and no
enantioselectivity. When EF > 0.5, it indicates that the
Fig. 3 LC-MS/MS chromatogram of two penflufen enantiomeric standa

9890 | RSC Adv., 2019, 9, 9887–9892
(+)-enantiomer is preferentially degraded; when EF < 0.5, it
indicates that the (�)-enantiomer is preferentially degraded.

The degradation rate constants of penufen enantiomers in
plants and soil were calculated by the rst-order kinetic equa-
tions (k).

The relationship between residual concentration and time is
as follows:

C ¼ C0e
�kt,

where C0 is the initial concentration of penufen enantiomer in
the sample aer administration (mg kg�1), C is the concentra-
tion of penufen enantiomer at the time t aer administration
(mg kg�1), k is the degradation rate constant, and t is the time
aer administration. The degraded half-life time (T1/2) of pen-
ufen enantiomer can be estimated by the obtained k, and the
calculation formula is as follows: T1/2 ¼ ln 2/k ¼ 0.693/k.
3 Results and discussion
3.1 Elution order and absolute conguration

The specic rotation of the rst eluted enantiomer of penufen
in liquid chromatography was [a]25D ¼ �1.72; the specic rota-
tion of the second eluted chromatographic peak was [a]25D ¼
+1.63. Comparison between the theoretical ECD spectrum and
the calculated ECD spectrum in Fig. 1 showed that the theo-
retical ECD spectrum at 250–300 nm is similar to the calculated
ECD at 220–270 nm. Combined with the peak optical rotation of
penufen eluted, it was estimated that the rst enantiomer of
penufen is S-(�)-penufen and the second one is R-(+)-pen-
ufen in Fig. 1.
3.2 Linearity, limit of quantication, and matrix effect

The enantiomeric linearity of penufen is in the range of 0.02–
10 mg L�1. The linear equations of the enantiomers of pen-
ufen in solvent, wheat plant samples, spinach samples, and
Chinese cabbage samples are shown in Table 1. The linear
correlation coefficient is between 0.9983 and 0.9999, which
rd samples.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Stereoselective degradation of penflufen onwheat plant, spinach, and Chinese cabbage (wheat plants: A and B; spinach: C and D; Chinese
cabbage: E and F).
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means a good correlation. Therefore, the external standard
method was used to quantitatively analyze the two enantiomers
in the samples here. In previous study, the LOQ of parent
penufen was ranged from 16 mg kg�1 to 42 mg kg�1 in vegeta-
bles and cereals. Meanwhile, the limit of quantication of the
penufen enantiomers in different samples was above 20 mg
kg�1, and the sensitivity of the instrument meet the require-
ments of trace analysis. At the same time, the enantiomers of
penufen had different levels of matrix effects in the samples;
as a result, a standard solution was prepared using a blank
matrix to reduce the interference of the matrix effect during
quantication.

3.3 Method validation

Three concentrations of penufen (0.02, 0.2 and 2.0 mg kg�1)
were added to wheat plant, spinach, and Chinese cabbage
samples with ve treatments. The average recovery of penufen
enantiomers in the three matrixes was 78.5–99.8%, and the RSD
was 0.4–7.3% (shown in Table 2). The results showed that the
method has a good accuracy and precision, which can meet the
needs of stereoselectivity research.

3.4 Stereoselective behavior

Aer the wheat plants were sprayed with penufen, the half-life
of penufen enantiomer degradation in the wheat plant
samples was determined, as shown in Table 3. It can be found
that the half-lives of S-(�)-penufen and R-(+)-penufen in the
wheat plants were 4.74 d and 4.66 d, respectively. The degra-
dation rate of R-(+)-penufen is basically consistent with that of
S-(�)-penufen. The EF value of penufen enantiomers at each
sampling time point was calculated as shown in Fig. 2. It can be
seen that the EF value of penufen enantiomers was 0.48–0.54,
indicating that there is no selective degradation of penufen
enantiomers on wheat plants.

The degradation rate of penufen enantiomers in spinach
samples t with the rst-order kinetic equation. Penufen
could not be detected on the 30th day. The degradation half-life
of penufen enantiomers in spinach samples is shown in Table
3, and the half-lives of S-(�)-penufen and R-(+)-penufen in
spinach samples were 3.57 d and 3.15 d, respectively. The EF
value at each sampling time point was calculated in this study
(Fig. 4). The results in Fig. 3 showed that the EF of penufen
enantiomers increased from 0.5 to 0.63 with the prolongation of
the time aer application. An increase in the interval EF value
was observed, indicating that the enantiomer of penufen had
obvious selective degradation on spinach plants over time. S-
(�)-penufen has a relatively slower degradation rate and more
accumulation in spinach.

The results of selective degradation analysis of penufen on
Chinese cabbage showed that the half-lives of the enantiomers
of penufen in Chinese cabbage were 3.92 d and 3.79 d,
respectively. The degradation rate of S-(+)-penufen is basically
consistent with that of R-(�)-penufen. The EF value of pen-
ufen enantiomers was 0.5–0.57 with the prolongation of the
9892 | RSC Adv., 2019, 9, 9887–9892
time aer administration, indicating that the selective degra-
dation of penufen enantiomers on Chinese cabbage was not
obvious. The mechanism of stereoselective degradation was
reported in some previous studies, the enzymatic systems has
been considered that is the major factor in plants.9–11
4 Conclusion

The chiral separation method of the new chiral fungicide,
penufen, by LC-MS/MS was studied in this study, and the
analytical methods of penufen enantiomers in wheat plants
and two vegetables are established here. Studies on the selective
degradation in a farmland environment showed that the
enantiomer of penufen was selectively degraded on spinach.
Our results provide data supporting the rational use of pen-
ufen in the environment.
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