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INTRODUCTION

Since the first commercial organophosphorus pesticides
(OPs) was produced in 1930s', organophosphorus pesticides
are widely used as commercial chemicals in agriculture, for
its high efficiency, high toxicity to pests and rapid degradation.
It is predicted that organophosphorus pesticides have about
40 % of the worldwide market and occupy an important position
in the future’. With the wide recognition of the importance
of chirality, stereogenic center was initially introduced into
organophosphorus pesticides, in the late 1960s’® and now 30 %
of organophosphorus pesticides are chiral. These chiral organo-
phosphorus pesticides can be divided into three categories:
chiral phosphorus centers, chiral carbon centers and chiral
centers on both phosphorus and carbon atoms®. Several refer-
ences report chiral organophosphorus pesticides have
enantioselective biological activities, toxicology® and different
degradation rates’®. Therefore, the pure enantiomeric forms
are required by scientists for their bioactivity, toxicity and
metabolic mechanisms. While racemates are mainly marketed
and produced in the present’. The important access to obtain
optical-enantiomer standards is separation of racemates with
chromatography techniques, such as high-performance liquid
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Phenomene Lux cellulose-1, Lux cellulose-2 and Lux amylose-2 with 2-propanol/hexane and on Lux cellulose-1 and Lux amylose-2
with acetonitrile/water as mobile phase. The results of optical rotation detections showed that (+)-enantiomer of crufomate was firstly |
eluted on Lux cellulose-1 and Lux amylose-2 both on NP-HPLC and RP-HPLC, while the (-)-enantiomer was firstly eluted on Lux |
cellulose-2 and Lux cellulose-3 on NP-HPLC. The influences of column temperature from 5-40 °C on separation were investigated on |
three chiral stationary phases. The thermodynamic parameters were calculated using van't Hoff equations to study the enthalpy-driven and |
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chromatography (HPLC) and gas chromatography (GC) and
capillary electrophoresis (CE)".

Crufomate (Fig. 1) is one of the most important organo-
phosphorus pesticides. Crufomate is considered as an organic
substitute for a highly toxic pesticide, used to handle livestock
and prevent the torsaloes, parasites in vitro and intestinal
worms. Its acute toxicity to rats have been studied, is only 1/10-
1/20 of methamidophos in oral way''. According to the chiral
organophosphorus pesticides classes, crufomate contain only
one asymmetric phosphorus center and correspondingly
present two enantiomers.
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Fig. 1. Chemical structure of crufomate
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The chromatographic techniques, including HPLC and
capillary electrophoresis with a suitable chiral-selective
columns and reagents, have been researched for resolution of
crufomate enantiomers. HPLC with chiral stationary phases
(CSPs) is one of the fastest growing methods. Ellington's team
studied the enantioselectivity of crufomate on CHIRALCEL®AD,
CHIRALCEL®OD and CHIRALCEL®OJ columns on normal-
phase HPLC (NP-HPLC)’. Some reports involved in enantio-
separation of crufomate in the most common mode of capillary
electrophoresis, named micellar electrokinetic chromatography
(MECC or MEKC) with hydroxypropyl-B-cyclodextrin (HP-
B-CD), B-cyclodextrin (B-CD) and/or y-cyclodextrin (y-CD)"%.

In present research, the enantioselectivity of crufomate
on cellulose- and amylose-based chiral stationary phases on
NP-HPLC and RP-HPLC were comparatively investigated.
The influences of column temperature and the chiral stationary
phases on resolution were also studied. The elution orders on
different separation conditions were determined by an optical
rotation (OR) detector.

EXPERIMENTAL

Racemic standard and reagents: Racemic crufomate
(95 %) was purchased from Dr. Ehrenstorfer GmbH (Germany).
Stock solution was prepared by dissolving crufomate in
2-propanol (IPA). Working standard solution was prepared in
acetonitrile (ACN)/water (50/50, v/v ) for RP-HPLC and the
concentration was 100 mg L. For NP-HPLC, the working
standard solution was prepared at 500 mg L in hexane. ACN,
IPA and hexane were HPLC grade (Fisher, UK). Water was
prepared from a Millipore Milli-Q system.

Separations were achieved with an Agilent 1200 series
HPLC equipped with G1322A degasser, G1311A quatpump,
G1316B column compartment, G1315C diode array detector,
G1329A autosampler and a 20-uLL sample loop (Wilmington,
DE, USA). The UV signals were acquired and manipulated
by an Agilent Chemstation. The optical rotation signals of
crufomate enantiomers were identified by Chiralyser-MP
optical rotation detector produced by Ibzmesstechnik Company
(Germany) and provided by Beijing Separation Science &
Technology Development Co. Ltd. (Beijing, China). The optical
signals were received and processed by an Agilent Chemstation
through signal transformation with an Agilent 35900E A/D
converter.

Chromatographic conditions: Several chiral columns
with different chiral stationary phases including Lux cellulose-
1 (cellulose tris-(3,5-dimethylphenylcarbamate), CDMPC),
Lux amylose-2 (amylose tris-(5-chloro-2-methylphenyl-
carbamate), ACMPC), Lux cellulose-2 (cellulose tris-(3-
chloro-4-methylphenylcarbamate), CCMPC), Lux cellulose-3
(cellulose tris-(4-methylbenzoate), CTMB) were used for
enantioseparation on NP-HPLC and RP-HPLC. All chiral col-
umns obtained from Phenomenex Incorporation (USA) were
250 mm x 4.6 mm, packed with 5 um particles. The chemical
structures of these chiral stationary phases were shown in Fig. 2.

The mobile phases were different percentages of 2-propanol
and hexane for NP-HPLC, acetonitrile and water for RP-HPLC.
The column temperatures were varied from 5-40 °C. In both
systems, the flow rate was 1.0 mL min" and the UV detection
wavelength was set at 210 nm. The injection volume was 10 pL.
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Fig. 2. Chemical structures of four chiral stationary phases

The first-enantiomer capacity factor (k;), the second-
enantiomer capacity factor (k,), the separation factor (o) and
the resolutions (Rs) were calculated from the equations: k =
(t-to)/to, to was the void time at given conditions; & = ko/k;; Rs
= 2(t-t))/(W; + W), W, and W, were the peak width of the
first and second enantiomers, respectively.



Vol. 25, No. 2 (2013)

Enantioseparation of Crufomate with Cellulose- and Amylose-based Chiral Stationary Phases 799

RESULTS AND DISCUSSION

Enantioseparation on NP-HPLC: The separation results
on NP-HPLC were summarized in Table-1. Enantiomers of
crufomate was completely separated (Rs > 1.5) on Lux
cellulose-1, Lux amylose-2 and Lux cellulose-2. With the
decrease of 2-propanol in mobile phase, the Rs values of
crufomate increased. The right (+) rotation enantiomer was
firstly eluted from Lux cellulose-1 and Lux amylose-2, but
conversely the left (-) rotation enantiomer was firstly eluted
from Lux cellulose-2 and Lux cellulose-3. Both enantiomers
can't be eluted in 40 min from Lux cellulose-2 when using
2-propanol/hexane (2/98, v/v) as mobile phase. Although
crufomate enantiomers could not be significantly separated
on Lux cellulose-3 with UV detector, the elution orders could
be given by optical rotation detector. The typical resolution
chromatograms of crufomate were shown in Fig. 3.
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Fig. 3. Typical UV and OR chromatograms of crufomate enantiomers on Lux

cellulose-1 (1) (3), Lux amylose-2 (2) (4) and Lux cellulose-2 (5),
Lux cellulose-3 (6). Chromatographic conditions: ACN/water (40/60)
with flow rate of 1.0 mL min™ at 20 °C for (1) (2); 2-propanol/hexane
(5/95) with flow rate of 1.0 mL min™" at 20 °C for (3) (4) (5); 2-propanol/
hexane (1/99) with flow rate of 1.0 mL min™ at 10 °C for (6)

Ellington’ had reported crufomate enantiomers can obtain
separation on Chiralcel®’AD with ethanol/heptane (Rs = 2.8),
on Chiralcel®OD with ethanol/heptane (Rs = 1.1) and on
Chiralcel®OJ with ethanol/hexane (Rs = 0.9). Chemically, the
chiral stationary phase of Lux Cellulose-1 was CDMPC and
same to that of Chiralcel®OD, Lux cellulose-2 was CCMPC

and same to that of Chiralcel®0Z, Lux cellulose-3 was CTMB
and same to that of Chiralcel®0J, Lux amylose-2 was ACMPC
and same to that of Chiralpak®AY, Chiralcel°’AD was ADMPC
(amylose tris-(3,5-dimethylphenylcarbamate). In Ellington's
report, the elution orders of crufomate enantiomers on ADMPC
with ethanol/heptane and on CTMB with ethanol/hexane were
(-)/(+) and reverse to that on CDMPC with ethanol/heptane.
But in this study, when the mobile phase was 2-propanol/
hexane, the elution orders on ACMPC were (+)/(-) and same
to that on CDMPC. The reasons of reverse elution orders may
be different solvent composition of ethanol/heptane and 2-
propanol/hexane, or different substituted groups on phenyl-
carbamate of ADMPC and ACMPC although they both are
amylose-derivatized chiral stationary phases.

By comparison with present separation results, CCMPC
showed better chiral discriminability for crufomate than other
three chiral stationary phases. The substituted group of 3-
chloro-4-methyl on phenylcarbamate of cellulose-based chiral
stationary phases was more effective on chiral discrimination
than those of 3,5-dimethyl and 4-methyl and had stronger
interaction with (+)-crufomate than (-)-crufomate. But this
interaction was reverse on CDMPC and lead to preferential
elution of (+)-enantiomer. Additionally, the change of organic
modifiers from 2-propanol to ethanol didn't change the elution
order on CTMB with (-)-enantiomer firstly eluted and the
change from ethanol/heptane to 2-propanol/hexane also didn't
change that on CDMPC.

In the enantiomer-chiral stationary phases interactions and
recognition mechanisms, the key enantioselectivity was owed to
derivatized glucose polymer, which interacted with enantiomers
through hydrogen bonding, dipole moments, -7 interaction
etc.""". Phenylcarbamate played significant roles not only in
interacting with enantiomers directly, but also in keeping deep
bonding with free hydroxyls of the glucose polymer'®'®, By
comparing the resolution results and elution orders in present
study with Ellington's report, it could be suspected the polar
modifier in the mobile phase may participate in the interaction
between enantiomers and chiral stationary phases. The weaker
polar solvent such as 2-propanol and lower concentration of
the polar component caused better separation on NP-HPLC.

Enantioseparation on RP-HPLC: Acetonitrile was used
as one component of mobile phase on RP-HPLC, for its low
viscosity, low chemical reactivity, suitable eluting strength on

TABLE-1
ENANTIOMERIC SEPARATION OF CRUFOMATE ON NP-HPLC AT 20 °C

Column IPA/hexane (v/v) k, k, o Rs Elution order

20:80 - - - -
10:90 1.74 215 1.24 1.52

Lux cellulose-1 5:95 3.45 420 122 2.31 )
2:98 9.92 11.86 1.20 278
20:80 - - N N
10:90 1.62 1.84 1.14 1.84

Lux amylose-2 5:95 3.64 3.98 1.09 2.03 )
2:98 8.46 9.94 1.18 3.55
20:80 . — . -
10:90 2.02 251 1.24 3.29

Lux cellulose-2 5.95 436 535 123 4.08 /)
2:98 No elution in 40 min

Lux cellulose-3 1:99 - - - - /(+)
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TABLE-2
ENANTIOMERIC SEPARATION OF CRUFOMATE ON RP-HPLC AT 20 °C

Column CH,CN/Water (v/v) k, k, o Rs Elution order

30:70 No elution in 50 min
40:60 5.87 6.69 1.14 2.75

Lux cellulose-1 50:50 2.24 2.52 1.13 2.09 /=)
60:40 0.99 1.12 1.13 1.50
70:30 0.51 0.58 1.13 1.13
30:70 3.81 6.29 1.65 3.56
40:60 3.73 4.30 1.15 3.05

Lux amylose-2 50:50 1.62 1.80 1.11 1.92 /)
60:40 0.99 1.06 1.07 1.07
70:30 - - - -

Lux cellulose-2 30:70 — — — — —

Lux cellulose-3 30:70 — — — — —

the polysaccharide-type chiral stationary phases and outstanding
ability to obtain good enantioselectivity". The effects of volume
proportion of acetonitrile on separation were investigated at
20 °C. Table-2 shows the chromatographic separation results
on RP-HPLC. Baseline enantioseparation of crufomate on Lux
cellulose-1, Lux amylose-2 was obtained on suitable conditions,
while better resolution can't be achieved on Lux cellulose-2
and Lux cellulose-3. Rs values rose with the decrease of
acetonitrile percentage in mobile phase. When percentage
of acetonitrile/water was 70/30, Lux amylose-2 can't separate
crufomate enantiomers but Lux cellulose-1 can partially sepa-
rate them. Additionally, crufomate can't be eluted in 50 min
from Lux cellulose-1 when using acetonitrile/water (30/70, v/v)
as mobile phase.

The elution orders of crufomate on Lux cellulose-1 and
Lux amylose-2 on RP-HPLC were same to that on NP-HPLC
with the (+)-enantiomer eluted firstly, indicated the change of
mobile phase from 2-propanol/hexane on NP-HPLC to aceto-
nitrile/water on RP-HPLC didn't affect stronger interactions
of (-)-enantiomer with two chiral stationary phases than (+)-
enantiomer. However, this change significantly affected chiral
discriminability of Lux cellulose-2 for crufomate and lead to
noneffective separation on this column on RP-HPLC. Addi-
tionally, unlike detection of crufomate enantiomers on NP-
HPLC, their elution orders could not be obtained on Lux
cellulose-3 by both UV and optical rotation detectors after
this change. The typical resolution chromatograms were shown
in Fig. 3.

The hydrophobic combination, one of the enantiomer-
chiral stationary phases interactions, played a significant role
to illustrate the enantioselectivity in aqueous/organic mobile
phases, consisting of a buffer solution mixed with acetonitrile
and/or methanol. In aqueous/organic mobile phases, all the
strong and weak combinations were sensitive to the organic
substance®?'. According to the enantioseparation on RP-
HPLC, it was apparently shown that the hydrophobic bondings
of two enantiomers-chiral stationary phases were both weak-
ened and the retention times were shorter with the increase of
acetonitrile percentage in mobile phases. However, the
resolutions values decreased because of different hydrophobic
interactions of two enantiomers with chiral stationary phases.

As anovel separation method for crufomate enantiomers,
RP-HPLC provided a faster reply compared with NP-HPLC
for chiral stationary phases/mobile phase combination and

could be used to develop more sensitive enantiomeric analytical
method by combining with mass spectrometry. However, the
resolutions can be also improved on NP-HPLC and would be
helpful to obtain more adequate enantioseparation conditions
to prepare optical pure enantiomers.

Influence of temperature on resolution: The effects of
column temperatures from 5-40 °C on NP-HPLC and RP-HPLC
on different columns were investigated for enantioseparation.
The results were summarized in Tables 3 and 4.

TABLE-3
IMPACT OF TEMPERATURE ON DIFFERENT COLUMNS ON
NP-HPLC
Conn  TEPSTUC o Bdon
5 420 536 128 3.16
Lux 10 391 498 127 3.07
cellulose- 20 345 433 126 270 (H)/(-)
* 30 3.11 380 122 225
40 2.82 337 120 1.88
5 1196 1334 1.12 3.10
Lux 10 1145 1278 1.12 3.18
amylose- 20 10.70 11.94 1.12 350 (H/()
2° 30 9.75 1099 1.13 3.76
40 8.84 10.07 1.14 4.11
5 497 627 126 423
Lux 10 480 601 125 405
cellulose- 20 453 556 123 4.13 )/+)
2° 30 437 5.29 121 4.00
40 4.34 5.16 1.19 3.81

“[PA/hexane (5/95) at flow rate of 1.0 mL min™', *IPA/hexane (2/98) at
flow rate of 1.0 mL min.

TABLE-4
IMPACT OF TEMPERATURE ON
DIFFERENT COLUMNS ON RP-HPLC
Column Temg"g)a‘“re K k o  Rs E;;‘ég“
5 435 452 104 107
Lux 10 404 425 105 138
Amylose- 20 332 359 108 231 (MO
2 30 258 292 1.3 367
40 215 245 114 401
5 708 812 115 275
Lux 10 668 7.63 1.14 271
Cellulose- 20 594 673 113 261 (O
1° 30 525 589 112 242
40 464 515 L1l 229

2ACN/Water(40/60) at flow rate of 1.0 mL min™.
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The van't Hoff equations as follows in chemical thermo-
dynamics relates the change in temperature (T) to the change
in capacity factor given the standard enthalpy change (AH®)
and entropy change (AS°®) for the process of analyte from the
mobile phase to the stationary phase?*.

1nk=—AH + AS +In¢
RT R
AAH®  AAS°
Ino=-
RT R

The second equation is derived from the first. AAH® and
AAS? are difference of AH,°-AH,® and AS,°-AS,°, respectively.
If plots of In k versus 1/T are linear, -AH°/R and AS°/R + In f
are the slope and intercept, respectively. For linear plots of
In o versus 1/T, the slope and intercept are -AAH®/R and
AAS°/R, respectively. The thermodynamic factors were listed
in Table-5.

On NP-HPLC, the capacity factors, separation factors,
resolution factors of crufomate enantiomers decreased with
the increasing temperature on Lux cellulose-1 and Lux cellu-
lose-2. However, the separation factors and resolution factors
on Lux amylose-2 were reverse to that. It was usual that the
temperature was lower, the enantioselectivity of enantiomers
was better on cellulose-based chiral stationary phases but worse
on amylose-based chiral stationary phases**. The resolution
values increased from 3.10 at 5 °C to 4.11 at 40 °C on above
three columns. All plots of In k versus 1/T, In o versus 1/T
were good linearization. The values of AH® were negative on
Lux cellulose-1, Lux cellulose-2 and Lux amylose-2. The AH,°
values were more negative than the AH,° values on Lux cellu-
lose-1 and Lux cellulose-2, which meant the weaker interaction
of first enantiomer with chiral stationary phases. On the
contrary, the AH,° values were less negative than the AH,° value
on Lux amylose-2, suggested the stronger interaction of first
enantiomer with chiral stationary phases. The AS® values on
Lux cellulose-1 were negative but they were positive on Lux
cellulose-2. The AS,° and AS,° were negative and positive on
Lux amylose-2, respectively. The value of AAH® was positive
on Lux amylose-2, suggested higher temperature was helpful
to get better resolution. The values of AAH® were negative on
Lux cellulose-1 and Lux cellulose-2, indicating lower tempe-
rature was helpful to get better resolution and reverse to that
on Lux amylose-2. The AAS® values on Lux cellulose-1 and Lux
cellulose-2 were negative, which meant that the enantioseparation
on two columns were an enthalpy-driven progress. But the

positive AAS® value on Lux amylose-2 was unmanageable
which indicated that the enantioselectivity was not an enthalpy-
driven course.

On RP-HPLC, with the column temperature lower, the
separation factors and resolution factors increased on Lux
cellulose-1 but decreased on Lux amylose-2. The separation
factors on Lux amylose-2 were decreased from 1.14 at 40 °C
to 1.04 at 5 °C. The values of AH® were negative on Lux cellu-
lose-1 and Lux amylose-2, indicating an enthalpy-driven
progress. The AH,° values were more positive than the AH,°
values and the AS° values were negative both on Lux cellulose-
1 and Lux amylose-2. The value of AAH® was negative on
Lux cellulose-1, indicated lower temperature was constructive
to obtain better separation and contrary to that on Lux amylose-
2. The AAS® value on Lux amylose-2 was positive, indicating
not an enthalpy-driven progress.

Conclusion

In present study, crufomate enantiomers were separated
on Lux cellulose-1, Lux amylose-2, Lux cellulose-2 and Lux
cellulose-3 on NP-HPLC and RP-HPLC. The effects of mobile
phase percentage and column temperature on resolution were
investigated. The elution orders on different chiral stationary
phases were given by an optical rotation detector. In both HPLC
systems, the baseline enantioseparations were obtained on Lux
cellulose-1 and Lux amylose-2 and the elution orders were
identical. The good resolution was achieved on Lux cellulose-
2 on NP-HPLC but difficult to get on RP-HPLC. The (-)-crufomate
was firstly eluted on Lux cellulose-2 on NP-HPLC, while the
(+)-crufomate was firstly eluted on Lux cellulose-1 and Lux
amylose-2 on NP-HPLC and RP-HPLC. Lower temperature
was helpful to obtain better separation on cellulose-based chiral
stationary phases, while higher temperature was more cons-
tructive on amylose-based chiral stationary phases both on
NP-HPLC and RP-HPLC. Although baseline separation of
crufomate enantiomers could not be obtained on Lux cellulose-
3 on NP-HPLC, the elution orders had been detected with the
(-)-enantiomer firstly eluted. The substituted groups on cellulose-
based chiral stationary phases significantly affect their chiral
discriminabilities for crufomate and lead to reverse enantiomeric
elution orders on different chiral stationary phases. This work
is helpful to prepare enantiomer-pure crufomate for toxico-
logical evaluation and develop effective analytical methods
for study on enantioselective behaviours of crufomate in
agriculture and environment.

VAN’T HOFF EQUATIONS AI\TDA ?ﬁEMODYNAMIC PARAMETERS
System Column  Ink*=-AHYRT +AS’R R/ ( kJA/ﬁ‘;D (J/Ar:;) Ino=-AAHYRT + AASYR R} AAH®  AAS°
Ceu]f;llgse-l 11‘:1 11‘(1; 9191(;;?//;_-22.';733 (1):(9)3?) :g:ig :;ggi In o= 163.1/T-0.336 0958 -136 -2.79
NP-HPLC Amly‘l‘z‘s o 11111‘ 11(‘21:67839839//;+%116177 g:ggg :g:;;‘ '()1"9379 In o = -49.60/T+0.284 0.820 041 236
Colllose2  Inko 494940044 0990 411 o M@=lSST020 0998 121 241
N ol | iE 12: i?g;ﬁig;i g:ggz :g:;g jg:gg Ino=77.02/T0.130 0993 -064 -1.16
Aml}jlli)xse—Z iE 112: iggég:iigg 8:335 :}42123(3) :iig; In ot = -245.5/T+0.92 0968 204 765

‘k, and k, were respectively calculated for first- and second-eluted enantiomers of crufomate.
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