
ORIGINAL PAPER

Enantioselective separation and simultaneous determination
of fenarimol and nuarimol in fruits, vegetables, and soil
by liquid chromatography–tandem mass spectrometry

Hu Zhang & Xinquan Wang & Shulin Zhuang &

Mingrong Qian & Kezhi Jiang & Xiangyun Wang &

Hao Xu & Peipei Qi & Qiang Wang

Received: 2 May 2012 /Revised: 17 July 2012 /Accepted: 2 August 2012 /Published online: 6 September 2012
# Springer-Verlag 2012

Abstract A method for simultaneous enantioselective
determination of fenarimol and nuarimol in apple, grape,
cucumber, tomato, and soil was developed using liquid
chromatography–tandem mass spectrometry. The enantiose-
paration results of the two fungicides through three different
cellulose-based chiral columns are discussed. The influence
of column temperature on the resolution of the enantiomers
of the two fungicides was examined. Complete enantiosepa-
ration of the two fungicides’ enantiomers was obtained on a
cellulose tris(4-methylbenzoate) column (Lux Cellulose-3)
at 25 °C using methanol and 0.1 % formic acid solution
(80:20, v/v) as mobile phase. The linearity, matrix effect,
recovery, and precision were evaluated. Good linearity was
obtained over the concentration range of 1–500 μg L−1 for
each enantiomer in the standard solution and sample matrix

calibration solution. There was no significant matrix effect in
apple, grape, cucumber, or tomato samples, but signal sup-
pression was typically observed with the soil extracts. The
mean recoveries, repeatability, and reproducibility were 76.5–
103 %, 2.1–9.0 %, and 4.2–11.8 %, respectively. The limit of
quantification for enantiomers of the two fungicides in fruits,
vegetables and soil was 5 μg kg−1. Moreover, the absolute
configuration of the enantiomers of fenarimol and nuarimol
was determined from a combination of experimentally deter-
mined and predicted electronic circular dichroism spectra.

Keywords Chiral analysis . High-performance liquid
chromatography–tandemmass spectrometry . Absolute
configuration . Fenarimol . Nuarimol

Introduction

Fenarimol and nuarimol (Fig. 1) are two important pyrimi-
dine fungicides. They are widely used to effectively control
scab and powdery mildew in fruits and vegetables [1–3].
Their primary mode of action is based on the inhibition of
sterol biosynthesis. Each of these compounds has an asym-
metrically substituted carbon atom and is thus chiral with
two enantiomers. As a result of enantioselectivity, one en-
antiomer of chiral pesticides may become enriched relative
to the other during metabolism in plants or soil [4–6].
However, most chiral pesticides, including fenarimol and
nuarimol, are presently administered and marketed as
racemates. Therefore, effective enantioselective analysis of
chiral pesticides has become increasingly important. Chiral
separation of stereoisomers of pesticides is usually accom-
plished by gas chromatography (GC), capillary electrophoresis
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(CE), supercritical fluid chromatography (SFC), or high-
performance liquid chromatography (HPLC) [7]. Baseline
separation of the nuarimol enantiomers and partial
separation of the fenarimol enantiomers were obtained with
GC, using a 2,3-di-O-acetyl-6-O- thexyldimethyl-silyl-γ-
cyclodextrin (ACTHDMS-γ-CD) column [8]. Separation
of nuarimol enantiomers was also obtained by an affinity
electrokinetic chromatography–partial filling technique us-
ing human serum albumin (HSA) as the chiral selector [9].
But as far as we know, no previous work has been reported
on chiral determination of fenarimol and nuarimol by
HPLC. Now, with the rapid development of chiral stationary
phases (CSP), HPLC has been increasingly used for chiral
separations because of its simplicity and ease of operation.
Moreover, HPLC can today be efficiently coupled with
mass spectrometry (MS), increasing selectivity and allowing
simplified sample pretreatment. Recently, enantioselective
HPLC–MS/MS methods for the determination of triazole
fungicides in fruits, vegetables, soil, and water were
published [10–13]. To date, achiral methods for the deter-
mination of fenarimol and nuarimol in various matrixes
have been published using HPLC–MS/MS [14–16], but to
our knowledge, no enantioselective method is currently
available.

Because of their widespread use, fenarimol and nuarimol
have the potential to cause adverse effects in humans, soil,
and plants. Moreover, fenarimol is highly persistent in soil
and known to have estrogenic and antiandrogenic activity,
as well as moderate acute and long-term toxicity to fish and
aquatic invertebrates [17–20]. Therefore, the development
and validation of an enantioselective method for the quan-
titative determination of chiral fenarimol and nuarimol is
urgently required.

The determination of the absolute configuration (AC) of
chiral molecules is also an important aspect of chiral anal-
ysis. The rapid development of computerized ab initio time-
dependent density functional theory (TDDFT) has allowed
the widespread application of chiroptical methods, such as

vibrational circular dichroism (VCD) and electronic circular
dichroism (ECD), for the determination of the ACs of chiral
molecules [21].

In this article, HPLC–MS/MS was applied to the enan-
tioseparation of fenarimol and nuarimol on three chiral
columns. The mobile phase systems for HPLC–MS/MS
analysis were optimized, and the influence of column tem-
perature on the resolution was examined. To determine the
ACs of the enantiomers, ECD spectra were predicted using
the TDDFT methodology, and a comparison of experimen-
tal and predicted ECD spectra was performed. The validated
method was applied to the analysis of enantioselective
residues in fruit, vegetable, and soil samples (apple, grape,
cucumber, tomato, and soil).

Experimental

Reagents and materials

HPLC-grade methanol (CH3OH) and acetonitrile (CH3CN)
were purchased from Merck (Darmstadt, Germany). Pu-
rified water was prepared by using a Milli-Q water puri-
fication system (Millipore Corporation, Billerica, USA).
Formic acid (HCOOH, ≥96 % purity) was purchased
from TEDIA (Fairfield, USA). Acetic acid (≥99.7 %
purity) and uracil (≥99.0 % purity) were obtained from
Sigma-Aldrich (St Louis, USA). Silica-based sorbents
including C18 (40 μm particle size) and primary second-
ary amine (PSA) (40 μm particle size) were obtained
from Agilent (Wilmington, USA). All other chemicals
were of analytical grade and purchased from commercial
sources.

The analytical columns, cellulose tris(3,5-dimethylphe-
nylcarbamate) (Lux Cellulose-1), cellulose tris(3-chloro-4-
methylphenylcarbamate) (Lux Cellulose-2), and cellulose
tris(4-methylbenzoate) (Lux Cellulose-3) were purchased
from Phenomenex (Torrance, USA), and all the columns
were sized 150 mm×2.0 mm i.d., and packed with 3-μm
particles.

Analytical standards of (±)-fenarimol (97.5 % purity) and
(±)-nuarimol (96.0 % purity) were purchased from Dr.
Ehrenstorfer (Augsburg, Germany). Stock standards
(approximately 100 mg L−1) of the individual fungicides
were prepared by dissolving the reference compounds in
acetonitrile. Additional individual or mixed standards at
lower concentrations were prepared by serial dilution of
the individual stock standards. All solutions were stored in
the dark at 4 °C.

Enantiomers of fenarimol and nuarimol with purity
≥98.0 % were obtained from Daicel (Shanghai, China).
Stock standards (approximately 100 mg L−1) of each indi-
vidual fungicide enantiomer were prepared in acetonitrile.

Fig. 1 Chemical structures of fenarimol and nuarimol. *Asymmetric
carbon atom
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Standard solutions of each enantiomer (20 mg L−1) were
used to obtain ECD spectra.

HPLC–MS/MS analysis

HPLC–MS/MS analysis was performed on a TSQ Discov-
ery quantum mass spectrometer and a Surveyor liquid
chromatograph (Thermo Fisher Scientific, Waltham,
USA). The Thermo Fisher Xcalibur software package
(version 2.0.7) was used to control the system, and collect
and analyze data.

Acetonitrile or methanol with 0.1 % formic acid was used
as the mobile phase. The injection volume was 10 μL, and
the flow rate was 0.2 mL min−1. The ESI–MS interface was
operated in the positive ion mode with selected reaction
monitoring (SRM). The ESI source conditions were as fol-
lows: ion-spray voltage 4,000 V, spray needle temperature
350 °C, sheath gas (N2) 35 U (arbitrary units), auxiliary gas
(N2) 15 U, collision gas (Ar) 1.5 mTorr. For fenarimol, the
transitions m/z 331→268 and m/z 331→259 were used for
quantification and confirmation, respectively, and the
collision energies were both 20 eV. For nuarimol, the
transitions m/z 315→252 and m/z 315→243 were used
for quantification and confirmation, respectively, and the
collision energies were 19 eVand 22 eV, respectively. Uracil
(100 mg L−1) was injected as a dead time marker under the
same established chromatographic conditions, using 113
([M+H]+) as the selected ion.

The capacity factor [k′0(tR− t0)/t0] and the separation
factor (α0k2′ / k1′ ) were calculated, where tR and t0 are
the retention time of the analyte and the column void
time, respectively, and k1′ and k2′ are the capacity
factors for the first- and second-eluted stereoisomer,
respectively.

Circular dichroism spectroscopy

ECD spectroscopy was carried out using a Jasco J815
(Tokyo, Japan) circular dichroism spectropolarimeter at
room temperature. Acetonitrile was used as a solvent. Spectra
were collected over a wavelength range of 200–400 nm, with
a 50 nm/min scan speed. A quartz cell with a path length of
0.1 cm was used for the scanning and the average of three
scans was reported.

ECD calculations

First, the geometry of the fenarimol and nuarimol enan-
tiomers was optimized by Gaussian 09, using DFT at a level
of B3LYP/6-31+G* in acetonitrile, with a CPCM solvent
model. After the initial geometry optimization, the ECD
spectra of the fenarimol and nuarimol enantiomers were
predicted using the TDDFT method, at a level of B3LYP/

6-31+G* in acetonitrile, with a CPCM solvent model
following reported protocols [22, 23].

Sample preparation

Surface soil samples (depth 0–10 cm) were collected
from the experimental field of the Zhejiang Academy
of Agricultural Sciences (Hangzhou, China). No fenari-
mol or nuarimol was detected in these samples. Soil
samples were air-dried at room temperature, homoge-
nized, and sieved to yield a maximum particle size of
less than 2 mm. Fruit and vegetable samples were finely
chopped and homogenized using a blender (Philips,
China). All samples were stored at −20 °C until required.
Analyses were performed according to the following
protocol.

Soil sample

Five grams of soil was weighed into a 50-mL polypropylene
centrifuge tube. Then, 10 mL of water and 20 mL of 1 %
acetic acid in acetonitrile were added, and the mixture was
vortexed for 1 min, followed by sonication for 15 min.
Subsequently, 6 g of anhydrous magnesium sulfate
(MgSO4) and 1.5 g of anhydrous sodium acetate were
added, and the tube was shaken vigorously by hand for
5 min, followed by centrifugation at 6,000 rpm for 2 min.
An aliquot of the supernatant (10 mL) was evaporated to
near dryness in a rotary evaporator, over a water bath at
40 °C, and dried under a gentle stream of nitrogen. The
residue was dissolved in 5 mL of methanol/0.1 % formic
acid solution (80:20, v/v), and the resulting solution was fil-
tered through a 0.22-μm Teflon filter prior to HPLC–MS/MS
analysis.

Fruit and vegetable samples

Fifteen grams of sample (apple, grape, cucumber, or tomato)
was weighed into a 50-mL polypropylene centrifuge tube,
and 15 mL acetonitrile containing 1 % of acetic acid was
added. The mixture was vortexed for 1 min and sonicated
for 15 min. Subsequently, 6 g of anhydrous MgSO4 and
1.5 g of anhydrous sodium acetate were added, and the tube
was shaken vigorously by hand for 5 min and centrifuged at
6,000 rpm for 2 min. A 1-mL aliquot of the acetonitrile
extracts (supernatant) was transferred into a 2-mL centrifuge
tube containing 50 mg PSA sorbent, 50 mg C18 sorbent, and
150 mg anhydrous MgSO4 for cleanup. The tube was
shaken and centrifuged, after which a 0.5-mL aliquot of
the supernatant was transferred into a 2-mL centrifuge
tube containing 0.5 mL water. The resulting solution was
filtered through a 0.22-μm Teflon filter for HPLC–MS/MS
analysis.

Determination of fenarimol and nuarimol by LC–MS/MS 1985



Method validation

A series of mixed standard solutions of fenarimol and nuar-
imol were prepared at concentrations of 1, 2.5, 10, 25, 50,
125, and 500 μg L−1 for each enantiomer. According to the
procedure described above, blank matrix was prepared and a
series of matrix-matched calibration standards with the same
concentrations were also prepared. The calibration curves
were obtained by plotting analyte concentrations against
peak areas of quantification ion transition, and applying
regression analysis. The linearity was expressed as a
correlation coefficient. The limits of detection (LODs)
were calculated as three times the signal-to-noise (peak
to peak) ratio of the quantitative ion transition by ana-
lyzing samples spiked with fenarimol and nuarimol at
low concentration levels with five replicate extractions.
The limit of quantification (LOQ) was defined as the
lowest spiking level of each enantiomer with acceptable
recovery [24].

For the analysis of spiked samples, blank samples were
fortified with mixed standard solutions at three concentra-
tion levels (5, 50, and 250 μg kg−1). Five replicates were
prepared for each level. Fortified samples were left to equil-
ibrate for 1 h prior to analysis, and the recoveries were
calculated. The precision of the method was determined by
the repeatability and reproducibility. To determine the re-
peatability, the five replicates of each fortified sample at
three concentration levels were analyzed on the same day,
with the same instrument and by the same operator, and the
intraday RSDs were calculated. To determine the reproduc-
ibility, each fortified sample was analyzed on three different
days, with the same instrument but by different operators,
and the interday RSDs were calculated.

Results and discussion

Determination of the absolute configurations
of the enantiomers

For the analysis of chiral molecules, it is critical to deter-
mine their absolute configurations. In this paper, we applied
the TDDFT methodology to predict the ECD spectra of
nuarimol and fenarimol, and determined the absolute con-
figuration of their enantiomers through the combination of
experimental and predicted ECD spectra.

The individual enantiomers of nuarimol and fenarimol
were stereochemically determined by CD spectroscopy and
almost mirror-imaged CD curves were provided. The
resulting overall curves of the predicted ECD (Fig. 2a
and b) and experimental ECD (Fig. 2c and d) were very
similar. On the basis of the predicted ECD spectra, we
were able to correctly determine the configurations of
the nuarimol and fenarimol enantiomers that eluted from
the column. Accordingly, peak 1 and peak 2 of the
chromatograms shown in Fig. 5 were assigned to (R)-
nuarimol and (S)-nuarimol, (R)-fenarimol and (S)-fenarimol,
respectively.

MS/MS optimization and fragmentation pathway

To identify the optimal MS/MS conditions, HPLC–MS/MS
with ESI was preliminarily operated in the positive and
negative modes. To obtain a constant signal, a syringe pump
was used to infuse the analyte (5 mg L−1, in the range of
5 μL min−1) into the LC eluent via a T connection. It was
found, for full spectrum scans, that the two fungicides had
high sensitivity in the positive mode, but in the negative

Fig. 2 Predicted ECD spectra
of nuarimol enantiomers (a) and
fenarimol enantiomers (b).
Experimentally measured ECD
spectra of nuarimol enantiomers
(c) and fenarimol enantiomers
(d) in acetonitrile (20 mg L−1)
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mode the signal strength was very low. Thus, the positive
mode was selected for the analyses. The base peak was
observed at [M+H]+. Mass fragments were produced from
the [M+H]+ ion by collision-induced dissociation (CID)
using argon at 1.5 mTorr. As a result, fragment ions at m/z
268, 259, and 81, produced from m/z 331, were detected for
fenarimol, whereas fragment ions m/z 252, 243, and 81,
produced from m/z 315, were detected for nuarimol. In
addition, accurate ion masses (331.0409, 268.0531,
259.0097, 81.0458, 315.0699, 252.0831, and 243.0380)
were measured by HPLC/quadrupole-time-of-flight MS

(Bruker micrOTOF-QII Q-TOF MS, USA). The proposed
fragmentation pathways of the molecular ions of fenarimol
and nuarimol, along with tentative structures, are shown in
Fig. 3a and b. The mass measurement error of the TOF–MS
was lower than 2.1 mDa. For fenarimol, transitions m/z
331→268 and 331→259 were selected for quantification
and confirmation, respectively, whereas for nuarimol, tran-
sitions m/z 315→252 and 315→243 were selected for
quantification and confirmation, respectively. These transi-
tions were selected on the basis of their high response and
low background interference.

Fig. 4 Effect of mobile phase organic modifier (methanol or acetonitrile) on chiral resolution of nuarimol (a, b) and fenarimol (c, d). Column: Lux
Cellulose-3

Fig. 3 a Fragmentation
of m/z 331 for the deprotonated
fenarimol by MS/MS. b
Fragmentation of m/z 315 for
the deprotonated nuarimol by
MS/MS
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Effect of CSP and mobile phase composition

It is common to use either acetonitrile or methanol as
organic modifiers under reversed-phase conditions. In
this experiment, the initial conditions were set at 80 %
methanol or 70 % acetonitrile, a flow rate of 0.2 mL min−1,
and column temperature of 25 °C. The two fungicides were
separated on three cellulose-based columns (Lux Cellulose-1,
Lux Cellulose-2, and Lux Cellulose-3). If enantioseparation
was unsatisfactory, optimization steps such as changing the
mobile phase compositions were considered. Generally, chiral
resolution improved with the increase of the aqueous solution
content in the mobile phase.

In this study, the best resolution of fenarimol and nuar-
imol was achieved with Lux Cellulose-3 and methanol. The
structures of Lux Cellulose-1 and Lux Cellulose-2 contain
carbamate moieties, whereas that of Lux Cellulose-3 con-
tains benzoate moieties. It has been reported that the use of
columns with carbamate groups result in better chiral
separation of triazole fungicides [25, 26]. However, for

fenarimol and nuarimol, Lux Cellulose-3 gave better results
than Lux Cellulose-1 or Lux Cellulose-2. This suggests that
the retention mechanism of the individual enantiomers is
different in every CSP. Although there are many reports on
the chiral separation of compounds, the chiral recognition
mechanism of the cellulose-based CSPs is still unclear, so
chiral recognition is still a “trial and error” process.

Moreover, methanol and acetonitrile may induce different
effects on the separation of the same compound on the same
CSP column. Figure 4 shows the differences in the enantiose-
paration of fenarimol and nuarimol when methanol and
acetonitrile were used on the same column (Lux Cellulose-3).

In summary, the best simultaneous resolution of the two
fungicides was achieved on Lux Cellulose-3, with a solvent
system consisting of methanol/0.1 % formic acid (80:20, v/v).
Figure 5 shows the separation and typical SRMchromatograms
of the two fungicides. Under the optimized conditions, a base-
line separation of the enantiomers of fenarimol and nuarimol
was achieved in less than 8 min. However, it took approxi-
mately 1 h to obtain baseline separation of the nuarimol

Fig. 5 Typical SRM chromatograms of (±)-nuarimol (5 μg L−1) and (±)-fenarimol (5 μg L−1) in the standard solution on Lux cellulose-3 column

1988 H. Zhang et al.



enantiomers and partial separation of the fenarimol enan-
tiomers with GC [8]. With regards to CE, partial separation
of the nuarimol enantiomers was obtained within nearly
17 min [9].

Effect of column temperature

Temperature is considered to be an important parameter in
enantiomer separations. To investigate the effect of temper-
ature on the resolution of the two fungicides, the column
(Lux Cellulose-3) temperature was increased from 10 to
40 °C, with 5 °C increments. Methanol/0.1 % formic
acid (80:20, v/v) was used as a mobile phase. The
thermodynamic parameters were calculated using the
following van’t Hoff equations [27, 28]:

ln k
0 ¼ ΔH

RT þ ΔS
R þ ln f ¼ � ΔH

RT þΔS*

ln a ¼ � ΔΔH0

RT þ ΔΔS0

R

where ΔH and ΔS are the standard transfer enthalpy and
entropy of the analyte from the mobile phase to the station-
ary phase, R is the gas constant, T is the absolute tempera-
ture, ф is the phase ratio, ΔΔH0 and ΔΔS0 are the
differences (ΔH2−ΔH1) and (ΔS2−ΔS1), respectively.
Provided that ln ф is independent of temperature, a plot
of ln k′ vs. 1/T will be linear with a slope of −(ΔH /R)
and an intercept of ΔS*. For the linear plot of ln α vs.
1/T, the slope and intercept are −(ΔΔH0/R) and ΔΔS0/R,
respectively.

Figure 6 shows the linear van’t Hoff plots of fenarimol
and nuarimol, for temperatures from 0 to 40 °C, using
methanol/0.1 % HCOOH (80:20, v/v) as the mobile phase.
Plots of ln k′ and ln α versus 1/T for fenarimol and nuarimol
were linear (R2>0.98). The calculated ΔH, ΔS*, ΔΔH0,
and ΔΔS0 values for every van’t Hoff plot are given in
Table 1. The fact that the ΔH values were negative suggests
that the transfer of the stereoisomers from the mobile to the
stationary phase was enthalpically favored, and the conclu-
sions that the values of ΔΔH0 and ΔΔS0 were negative
indicate an enthalpy-driven separation [27, 28].

Method validation

Fungicide extraction based on the buffered QuEChERS
method [29, 30] was performed, omitting the ultrasound-
assisted extraction mentioned in the article. Validation of the
proposed method included linearity, recovery, and repeat-
ability. Good linear calibration curves for each enantiomer
were obtained over the range of 1–500 μg/L. Table 2 lists
the linear equations for the enantiomers in standard solu-
tions and matrix-matched solutions. The matrix effect was
calculated by comparing the slope of matrix-matched stan-
dard curve with the slope of the standard calibration curve
[31], and Table 2 shows the slope ratios of matrix-matched
to solvent-based calibration. In general, there was no signif-
icant matrix effect for the four enantiomers in apple, grape,
cucumber, and tomato, as the slope ratios of matrix-matched
to solvent-based calibration were in the range of 0.943–

Fig. 6 The van’t Hoff plots for
k′ and α of nuarimol and
fenarimol with methanol/0.1 %
HCOOH solution (80:20, v/v)
on Lux Cellulose-3
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1.030. However, signal suppressions for the four com-
pounds were observed in the soil matrix extracts, as the
slope ratios for (R)-nuarimol, (S)-nuarimol, (R)-fenarimol,
and (S)-fenarimol were 0.829, 0.841, 0.845, and 0.862. As a
result, matrix-matched calibration standards were used to
remove the matrix effect error and to obtain more accurate
results for the soil samples. The recoveries were calculated
by comparing the concentrations of the blanks to the con-
centrations of the fortified samples. Repeatability was
expressed as relative standard deviation (RSD). Recoveries
in low, intermediate, and high spiked levels were in the

ranges of 76.5–87.7 %, 83.8–103 %, and 85.4–98.6 %,
respectively. RSDs of the recoveries were in the range of
2.1–11.8 %. The recoveries and repeatability obtained prove
that the method was efficient and reliable (Table 3). In this
article, the LODs of fenarimol and nuarimol enantiomer in
fruit and vegetable samples were estimated to be 0.8 and
0.5 μg kg−1, respectively, whereas those of fenarimol and
nuarimol enantiomers in soil samples were estimated to be
1.2 and 0.75 μg kg−1, respectively. The LOQs were estimated
to be 5 μg kg−1 for each enantiomer, based on the lowest
fortified level in apple, grape, cucumber, tomato, and soil.

Table 2 Comparison of matrix-matched calibration and solvent
calibration (1–500 μg L−1)

Compound Matrix Standard linear
equation

R2 Slope of
matrix/slope
of solvent

(R)-Fenarimol Solvent Y027,982X+3,385 0.9998 –

Soil Y023,644X+8,263 0.9990 0.845

Apple Y028,756X−1,744 0.9962 1.028

Grape Y027,936X+1,547 0.9993 0.998

Cucumber Y027,362X−4,069 0.9988 0.978

Tomato Y026,387X+5,011 0.9959 0.943

(S)-Fenarimol Solvent Y028,089X+1,438 0.9995 –

Soil Y024,217X+5,676 0.9981 0.862

Apple Y028,921X−2,252 0.9975 1.030

Grape Y028,788X+711.4 0.9996 1.025

Cucumber Y027,212X+2,418 0.9980 0.969

Tomato Y026,680X+4,974 0.9968 0.950

(R)-Nuarimol Solvent Y041,469X+2,195 0.9997 –

Soil Y034,384X+6,845 0.9982 0.829

Apple Y041,940X−1,277 0.9959 1.011

Grape Y041,433X+3,394 0.9991 0.999

Cucumber Y041,304X−3,363 0.9955 0.996

Tomato Y039,989X+4,982 0.9977 0.964

(S)-Nuarimol Solvent Y042,196X−6,079 0.9996 –

Soil Y035,477X+9,219 0.9979 0.841

Apple Y043,259X−3,930 0.9999 1.025

Grape Y040,788X+8,016 0.9994 0.966

Cucumber Y041,257X−3,241 0.9962 0.978

Tomato Y040,504X+2,018 0.9993 0.960

R2 coefficients of determination

Table 1 Thermodynamic parameters of nuarimol and fenarimol

Compound Operation conditions ln k′ ΔH0 (kJ/mol) ΔS* ln α ΔΔH0 (kJ/mol) ΔΔS0 [J/(mol K)]

Nuarimol Lux Cellulose-3 ln k1 −15.91 −6.73 – – –

CH3OH, 80 % ln k2 −21.89 −8.62 ln α12 −5.98 −1.89

Fenarimol Lux Cellulose-3 ln k1 −16.51 −6.54 – – –

CH3OH, 80 % ln k2 −20.21 −7.66 ln α12 −3.69 −1.12

Table 3 Accuracy and precision of the proposed method in five
matrixes

Compound Matrix Mean recoveries (n015; %) (RSDa %, RSDb %)

Spiked level (μg kg−1)

5 50 250

(R)-Fenarimol S 84.3 (5.9, 10.2) 83.8 (6.4, 9.5) 90.7 (3.2, 7.6)

A 86.7 (4.6, 8.7) 93.8 (3.5, 9.3) 92.9 (6.7, 5.1)

G 81.0 (7.4, 10.5) 94.6 (8.3, 6.7) 85.4 (3.8, 5.0)

C 80.2 (8.2, 9.3) 91.4 (9.0, 5.8) 90.5 (3.9, 7.2)

T 82.7 (6.5, 11.0) 96.3 (4.7, 9.5) 98.6 (4.3, 8.9)

(S)-Fenarimol S 83.1 (5.3, 8.7) 89.4 (7.2, 9.9) 95.3 (5.6, 7.2)

A 87.7 (6.2, 7.0) 96.2 (4.7, 8.2) 94.1 (7.6, 9.8)

G 81.9 (5.3, 11.8) 86.5 (5.4, 8.9) 89.4 (4.3, 9.4)

C 82.1 (6.6, 11.2) 95.6 (3.9, 7.3) 96.0 (6.8, 8.0)

T 79.5 (4.7, 10.7) 103 (5.6, 9.4) 92.3 (3.4, 7.9)

(R)-Nuarimol S 85.7 (7.4, 11.1) 90.8 (5.2, 8.8) 94.1 (2.1, 8.7)

A 81.8 (4.4, 8.4) 97.5 (2.3, 7.0) 94.0 (7.8, 4.3)

G 83.4 (5.0, 9.8) 87.3 (4.8, 9.3) 92.4 (3.7, 8.2)

C 81.6 (4.7, 9.0) 93.5 (2.7, 4.5) 87.7 (5.6, 9.0)

T 76.5 (5.9, 11.7) 91.1 (6.4, 9.2) 95.2 (3.3, 4.7)

(S)-Nuarimol S 82.5 (4.8, 10.4) 92.3 (3.7, 6.9) 91.7 (7.8, 9.3)

A 85.7 (6.6, 9.0) 97.8 (2.1, 8.5) 92.6 (7.2, 9.6)

G 78.0 (3.7, 6.9) 91.6 (6.5, 4.2) 94.9 (6.8, 4.4)

C 87.2 (6.1, 10.3) 92.7 (4.6, 9.8) 90.9 (5.1, 8.5)

T 82.6 (4.7, 9.3) 90.2 (3.4, 7.5) 93.0 (4.8, 7.9)

RSD relative standard deviation, S soil, A apple, G grape, C cucumber,
T tomato
a Intraday (n05)
b Interday (n015)
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Conclusion

A reliable quantitative HPLC–MS/MS method for the
analysis of fenarimol and nuarimol enantiomers in fruit,
vegetable, and soil samples was developed. Complete enantio-
separation was achieved on cellulose tris(4-methylbenzoate)
by optimizing the experimental conditions. In the proposed
method, the LOQs of the enantiomers of both fungicides were
5 μg kg−1. The recoveries at spiked levels of 5–250 μg kg−1 in
five matrixes were in the range of 76.5–103%, with associated
RSDs of 11.8 % or lower. In addition, the absolute configu-
rations of fenarimol and nuarimol enantiomers were deter-
mined by the combination of experimental and predicted
ECD spectra. The proposedmethodwas useful for determining
trace fenarimol and nuarimol and their enantiomers in fruit,
vegetable, and soil samples and could be used for enantiose-
lective degradation studies in plant and environmental
samples.
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