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DISCOVER SOMETHING GREAT

Chiral HPLC Analysis of Milnacipran and Its
FMOC-Derivative on Cellulose-Based
Stationary Phases

ANGELA PATTL* SONIA PEDOTTI, AND CLAUDIA SANFILIPPO
Istituto di Chimica Biomolecolare del CNR, Via del Santuario 110, I1-95028 Valverde CT, Italy

ABSTRACT  The HPLC enantioseparation of the last generation antidepressive drug
milnacipran (#)-1 was investigated on different cellulose-based chiral stationary phases
(CSPs). On carbamate-type columns, Chiralcel OD and OD-H (+)-1 could be separated
with o value about 1.20 but the resolution was quite low because of the tailing of the
peaks. Direct determination of (*)-1 with high selectivity and resolution was obtained
on Chiralcel OJ in normal phase mode elution. Precolumn derivatization of milnacipran
with Fmoc-Cl gave compound (+)-2 which was enantioseparated on all the investigated
CSPs and allowed enhanced UV or fluorimetric detection. The Chiralpak IB, that could
be considered the immobilized version of Chiralcel OD-H, was found completely ineffec-
tive in the chiral recognition of ()-1 and moderately efficient in the separation of (*)-2.
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INTRODUCTION

Milnacipran [(#)-Z-diethylaminocarbonyl-2-aminomethyl-
1-phenylcyclopropane, (*)-1] is an antidepressive drug,
belonging to the class of selective serotonin reuptake inhib-
itors, developed and marketed as the racemic hydrochlor-
ide salt by Pierre Fabre Medicament (Ixel™, Dalcipran™).
It shows an equipotent inhibitory action on serotonin and
noradrenaline neuronal reuptake systems! and a total lack
of affinity for neurotransmitter receptors, thus giving a sim-
ilar efficacy to the triciclic antidepressant in the treatment
of clinical depression but with fewer side effects.? The ther-
apeutical potential of (=)-1 could be related to its activity
as N-methyl-p-aspartate receptor antagonist,® and recently
it has also been found effective in relieving the chronic pain
associated with fibromyalgia.*

Although some synthetic methodologies for the prepara-
tion of enantiomerically enriched 1 have been reported,®>™®
pharmacokinetic and bioavailability studies of milnacipran
have been mainly carried out on the racemic form.” The im-
portance of pharmacokinetic studies on the separate enan-
tiomers of a chiral drug, also in cases where a given drug is
marketed as racemate, is well documented'®!! and there is
a continuous demand for the development of suitable enan-
tioselective analytical and/or preparative methods.'?!3

The achiral determination of milnacipran in plasma has
been previously carried out by reversed-phase HPLC anal-
yses on Cyg columns using UV or fluorimetric detection'*16
or by micellar electrokinetic capillary chromatography.'’
In some articles dealing with the asymmetric synthesis of
milnacipran, the optical purity of the target product has
been indirectly determined from chiral HPLC analysis of
its lactone precursor.®® To date, the only reported enantio-
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selective separation of (+)-1 has been obtained by capil-
lary electrophoresis'® and we decided to develop a chiral
HPLC method as a useful alternative.

The present article deals with the investigation of the
direct enantioseparation of (+)-1 as well as its Fmoc-deriv-
ative, (=)-2 (Figure 1), on different cellulose-based chiral
stationary phases (CSPs). Beyond the analysis of biologi-
cal samples from patients (or animals) administered with
the drug, this study can be useful in all the cases where it
is necessary to check the optical purity of milnacipran
(e.g., asymmetric synthesis, analysis of enriched formula-
tion of the drug) or for semipreparative purpose.

EXPERIMENTAL PROCEDURES
Chromatographic Conditions and Procedures

Chromatography was performed on a Dionex Summit
HPLC equipped with a P680A LPG/4 pump, a UVD 170U
UV/Vis 4-channel detector, a TCC-thermostatted column
compartment, and ASI-100 autosampler. Typical injection
volume was 20 ul. The analyses were carried out at con-
stant temperature of 25°C with simultaneous detection at A
= 220, 235, 250, and 266 nm and the chromatographic
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data were collected on a computer running Chromeleon
CHM-1 version 6.7 software. The Chiralcel OJ and Chiral-
cel OD (both 250 X 4.6 mm LD., 10 um) columns and
Chiralcel OD-H and Chiralpak IB (both 250 X 4.4 mm
I.D., 5 um) columns were purchased from Daicel Chemical
Industries (Tokyo, Japan).

The dead time (¢)) was obtained from the elution time
of the unretained 1,3,5-tri-iso-propylbenzene and the reten-
tion factor was determined as k; = (tz; — to)/t,. The resolu-
tion was calculated from the USP formula R, = 2(tze — tr1)/
(wy, + wy) where tp; and w; are the retention time and the
baseline width of each enantiomer. A conditioning time of
90 min at least, applied whenever the eluent composition
or the temperature were changed, was found essential to
obtain data reproducibility. Retention times were mean val-
ues of three replicate determinations.

On Chiralcel O], eluting with z-hexane:EtOH 90:10 at
flow rate 1.0 ml/min, the linearity of the response was
assessed in the range 1.5 pg/ml—1.0 mg/ml concentration
of each enantiomer using nine different concentrations
and three replicates for each point. The limit of detection
(LOD) and quantification (LOQ) were determined by cali-
bration curve method.'® Solutions containing each enan-
tiomer in the range 0.5-1.0 pg/ml were analyzed in tripli-
cate and the average areas plotted against concentration.
The slope S of the obtained curve and the calculated resid-
ual variance o due to the regression were then applied in
the equations: LOD = 3.3 X ¢/S and LOQ = 10 X c/S.

Precision of the method was determined as injection
repeatability at three assay concentrations (30,125, and
500 pg/ml of each enantiomer).

For the percentage recovery determination, samples of
human plasma were spiked with known amounts of (*)-1
hydrochloride on three concentration levels and extracted
accorging to a procedure specifically described for milnaci-
pran.

Sample Preparation

In a mortar, tablets of the pharmaceutical product were
pulverized and the powder suspended in 2 N NaOH aque-
ous solution and stirred for 30 min. The suspension was
then extracted with AcOEt and the organic phase dried on
Na,SO,. After filtration, the solution was taken to dryness
to give (*)-1 as pale yellow oil, with analytical purity 95%.
Purity >98% was achieved after column chromatography
on silica gel (AcOEt:MeOH 1:1). Standard solutions, pre-
pared by dissolving 3-5 mg of analyte in 10 ml of chro-
matographic eluent, were filtered through a 0.45 pm mem-
brane filter before the injection.

The extraction of (*)-1 hydrocloride, required to spike
human plasma samples in the recovery experiments, was
carried out by suspending the pulverized tablets of the
pharmaceutical product in MeOH, stirring the suspension
for 30 min, and removing the solid by filtration. The solu-
tion was then taken to dryness affording (#)-1 hydroclor-
ide as white solid with >95% purity.

For the derivatization with 9-fluorenyl-methoxycarbonyl
chloride (Fmoc-Cl), a sample of (+)-1 (1.0 mg, 4 pumol)
was dissolved in 200 pl of a 2:1 v/v mixture dioxane: satu-
rated NaHCO3; aqueous solution and the reagent (1.2 mg,
Chirality DOI 10.1002/chir

4.4 umol) was added. The immediate formation of a white
precipitate was observed and after 5 min the mixture was
diluted with saturated NH4Cl and extracted with AcOEt
(3 X 1.0 ml). The organic phase was collected and dried
over Na,SO,. The solvent was then removed under a stream
of nitrogen and the residue dissolved in the HPLC eluent.

In a separate batch, (+)-2 was purified on silica gel col-
umn (#-hexane:AcOEt 7:3) and its identity confirmed by
'H-.NMR (400.13 MHz, CDCl;): 8 0.85 (3H, t, ] = 7.2 Hz),
1.14 (4H, bt), 1.54 (1H, m), 1.59 (1H, m), 2.84 (1H, ddd, J =
3.2, 8.9 and 14.2 Hz), 3.33 (2H, m), 3.49 (2H, m), 3.86 (1H,
ddd, J = 4.5, 8.7 and 14.2 Hz), 4.24 (1H, m), 4.36 (2H, m),
6.21 (1H, bd), 7.22-7.40 (9H, m), 7.63 (2H, m), 7.76 (2H, d,
J = 8.0 Hz).">*C-NMR (100.03 MHz, CDCly): & 12.42 (CH>),
12.97 (CHj3), 17.55 (CH,), 28.85 (CH), 33.99 (C), 39.36
(CH,), 41.80 (CH,), 42.98 (CHy), 47.29 (CH), 66.68 (CH,),
119.83 (CH), 125.18 (CH), 125.65 (CH), 126.59 (CH),
126.96 (CH), 127.52 (CH), 128.73 (CH), 140.45 (C), 141.24
(©), 144.08 (C), 156.54 (CO), 170.38 (CO).

RESULTS AND DISCUSSION
Direct Enantioseparation of (+)-1

Milnacipran (+)-1 was extracted as free base from the
commercial drug formulation, and its identity and purity
were checked by 'H- and *C-NMR analyses. Among the
commercially available cellulose-based CSPs, the tris-(3,5-
dimethylphenylcarbamate)cellulose derivative (Chiralcel
OD) and the tris-(4-methylbenzoate)cellulose-derivative
(Chiralcel QJ), both coated with silica gel, are the leader
chiral selectors allowing the resolution of a large variety of
racemic samples. The recently marketed Chiralpak IB,
where the same polymer of Chiralcel OD is chemically
bonded to a silica support, has also been included in this
study to compare the performances of these two CSPs and
gain information on the recognition mechanism. Further-
more, due to the polysaccharide immobilization, on Chiral-
pak IB it is possible to use a broader range of solvents as
mobile phases thereby introducing additional parameters
for the optimization of the enantioseparation.?’

On Chiralcel OD column, the elution with #-hexane:2-
PrOH mixtures gave a partial separation of milnacipran
enantiomers with concomitant low resolution due to the
tailing of the peaks, which was found unaffected by the
increase in the flow rate and variation of temperature.
Changing the alcohol modifier in the mobile phase with
EtOH was detrimental for the separation since (*)-1 was
eluted as a very broad single peak. (Table 1, entries 1-2).

Comparable unsatisfactory results were also achieved on
Chiralcel OD-H column with #-hexane:2-PrOH mixture, de-
spite of the smaller (5 pm) particle size with respect to Chir-
alcel OD (entry 3). The use of diethylamine (DEA) up to
0.2% as additive in the eluent to suppress the strong interac-
tion of the analyte with the CSP did not improve the separa-
tion and resolution (entries 4-5). Furthermore, higher con-
centration of a basic additive in the eluent was not allowed
due to the sensible increase in the background level which
led to severe limitation in the detection of the analyte,
which has low UV absorption at A > 220 nm.
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TABLE 1. Chromatographic parameters for the separation of (+)-1 on cellulose-based CSPs®

Entry Column Eluent Flow ky « R,
1 Chiralcel OD n-hexane:2-PrOH 90:10 0.7 391 1.20 0.63
2 n-hexane:EtOH 90:10 0.7 2.29 1.00 -
3 Chiralcel OD-H n-hexane:2-PrOH 90:10 0.7 3.85 1.23 0.97
4 n-hexane:2-PrOH 90:10 (+0.1% DEA) 0.7 3.94 1.21 0.83
5 n-hexane:2-PrOH 90:10 (+0.2% DEA) 0.7 4.05 1.22 0.84
6 n-hexane:EtOH 98:2 1.0 15.09 1.26 0.98
7 n-hexane:EtOH 98:2 1.5 12.54 1.24 1.32
8 Chiralcel O] n-hexane:2-PrOH 90:10 1.0 1.42 3.43 5.97
9 n-hexane:EtOH 90:10 1.0 1.12 2.65 6.39

10 n-hexane:2-PrOH 95:5 1.0 3.55 3.76 7.11
11 n-hexane:EtOH 95:5 1.0 2.53 3.03 7.51

#All the analyses were carried out at 25°C and the UV detection set at 220 nm.

However, on the Chiralcel OD-H column using EtOH as
alcohol modifier a separation of (*=)-1 was obtained and
more symmetrical peaks were observed. The separation
profile was found sensitive to changes in the flow rate and
good performances were obtained with n-hexane:EtOH
98:2 at 1.5 ml/min flow rate (Table 1, entries 6-7).

On the immobilized carbamate-type CSP Chiralpak IB
(#)-1 was highly retained, so that a 20% at least alcohol
concentration in the mobile phase was required, without
selectivity; a single broad peak was observed in all the
tested conditions using #n-hexane/alcohol (2-PrOH or
EtOH) eluents. Since in both Chiralcel OD, Chiralcel OD-
H, and Chiralpak IB the cellulose is derivatized with the
same carbamate group, the hydrogen-bond interactions
between the selectand and the selector, that are consid-
ered the main factor in determining the analyte enantiodif-
ferentiation,?! should be the same and give a comparable
selectivity. However, it is evident that other factors, not
easily understood due to the unknown exact chemical
structure of the immobilized selector, are responsible for
the observed differences in selectivity.

Nonconventional solvent mixtures of 20% EtOH with
tert-butyl methyl ether or chloroform as well as the
recently developed polar-mode elution?® were also unsuc-
cessful in the enantioseparation of (=)-1 on Chiralpak IB.
Furthermore, some eluent mixtures developed high back
pressure in the column giving some limitation in the allow-
able flow rate.

Large values of selectivity and resolution were found on
the benzoate-type CSP Chiralcel OJ and the separation

HoN

profiles were influenced by the nature of the alcohol in the
mobile phase; higher selectivities were obtained using 2-
PrOH whereas better resolution values were measured
with EtOH, which is more efficient in suppressing the
peak tailing (Table 1, compare entries 8-9 and 10-11).
The absolute configuration (1R, 2S) of the first eluting
enantiomer (—)-1 was determined by collecting single
enantiomers and measuring their optical activity.’

The enantioseparation of (#)-1 on Chiralcel O] was
found linear in the range 1.5 ug/ml — 1 mg/ml concentra-
tion of each enantiomer, the calibration curves showing
excellent linearity for both (+)-1 and (-)-1 with correla-
tion coefficient (R%) >0.999. LOD = 0.21 and 0.23 pg/ml
and LOQ = 0.64 and 0.70 pg/ml were determined for (—)-
1 and (+)-1 respectively. Since the analyses were carried
out with a 20 ul injection volume, the found LOQs corre-
spond to 13 ng for (—)-1 and 14 ng for (+)-1 as absolute
amount. Precision (% RSD) of injection repeatability was
0.31 for (-)-1 and 0.41 for (+)-1.

The averaged extraction recovery from human plasma
was found 75% for both enantiomers of milnacipran, con-
firming the data obtained in the achiral quantification of
this drug.'®

Representative chromatograms of the different retention
behavior of (£)-1 on the four CSPs here investigated are
shown in Figure 2.

Enantioseparation of (+)-2

Because of the high values of a and R, observed on
Chiralcel O] an easy scale up of the direct separation of

(#)-2

Fig. 1. Chemical structures of milnacipran enantiomers and the Fmoc-derivative.

Chirality DOI 10.1002/chir
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Fig. 2. HPLC chromatograms of the analysis of (+)-1 on different columns. (A) n#-hexane:2-PrOH 90:10, flow rate 0.7 ml/min; (B) n#-hexane:EtOH
98:2, flow rate 1.5 ml/min; (C) n-hexane:EtOH 80:20, flow rate 0.7 ml/min; (D) n-hexane:EtOH 90:10, flow rate 1.0 ml/min.

(+)-1 on a semipreparative column seems reasonable; on
the contrary quantitative detection of the milnacipran
enantiomers in biological samples, as required in the phar-
macokinetic studies, could be limited by the UV absorp-
tion features of the analyte.

The precolumn derivatization of primary amines to give
a fluorescent compound is a well established protocol in
liquid chromatography to enhance the detection limit.
Derivatization of (*)-1 also appeared as a useful means
for improving the determination of this drug on the carba-
mate-type CSP here investigated, whose low-selective
interaction with the analyte could be due to the free aminic
group present in (+)-1. So, although we did not have a flu-
orimetric detector, the enantioseparation of the Fmoc de-
rivative of milnacipran, the compound (#)-2, was eval-
uated using UV-detection.

Our choice was based on the good stability of (+)-2 in
organic solvent and the hypothesis that the conversion of
an aminic group into a carbamate one, structurally able to
form complementary hydrogen-bonds with the carbamate-
derivatized cellulose, should give a more enantiodifferenti-
ated analyte on this CSP.

Indeed, a baseline separation of the enantiomers of (#)-
2 was obtained on all the tested columns with #-hexane:
EtOH mixtures in the optimized conditions reported in
Chirality DOI 10.1002/chir

Table 2 and a remarkable increase in selectivity and reso-
lution was observed on Chiralcel OD changing the alcohol
modifier with 2-PrOH. However, also in this case the im-
mobilized carbamate-type Chiralpak IB was found to be
sensibly less efficient with respect to the coated analogue
Chiralcel OD (see Fig. 3).

Compound (#)-2 was quantitatively formed in 5 min
reaction and the excess of reagent as well as the side prod-
uct Fmoc-OH did not interfere in the determination of
milnacipran.

To date, there is only one report describing the enan-
tiomer resolution of some Fmoc-a-aminoacids derivatives
on Chiralcel columns.?

TABLE 2. Chromatographic parameters for the separation
of (£)-2 on cellulose-based CSPs

Column Eluent ky o Ry
Chiralcel OD  n-hexane:2-PrOH 80:20° 1295 1.51 452
n-hexane:EtOH 80:20? 450 113  1.59
Chiralpak IB n-hexane:EtOH 80:20° 323 107 130
Chiralcel O] n-hexane:EtOH 90:10° 3.87 157 311

“Flow rate 0.7 ml/min.
"Flow rate 1.0 ml/min.
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Fig. 3. HPLC chromatograms of the enantioseparation of (*+)-2 on different columns. (A) n-hexane:EtOH 80:20, flow rate 0.7 ml/min;
(B) n-hexane:2-PrOH 80:20, flow rate 0.7 ml/min; (C) n-hexane:EtOH 80:20, flow rate 0.7 ml/min; (D) #-hexane:EtOH 90:10, flow rate 1.0 ml/min.

Although maximum sensitivity in the determination of
(*£)-2 could be obtained via fluorimetric detection, from
the comparison of the UV spectra of (+)-1 and (+)-2
reported in Figure 4, it seems evident that the analysis of
milnacipran as Fmoc-derivative can be advantageously car-
ried out also by UV-detection at 1 = 220 nm, with about a
two-fold increase of the molar extinction coefficient, or A
= 266 nm where interferences of biological matrix should
be minimized.

Ll

Fig. 4. UV spectra of milnacipran (+)-1 and its Fmoc-derivative (*)-2.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

CONCLUSIONS

The first enantioselective HPLC method for the direct
determination of the enantiomers of the antidepressive
drug milnacipran can be considered developed. On Chiral-
cel OJ column, eluting with #z-hexane-alcohol mixtures
without any basic additive, high selectivity and resolution
were obtained in short analysis time and the method was
found simple, linear, and precise.

Precolumn derivatization of (#)-1 with Fmoc-Cl and
subsequent analysis shows advantageous enhanced sensi-
tivity of the assay with UV- or fluorescence detection and
allows good enantioseparation also on carbamate-type
Chiralcel columns, which were ineffective in the direct
determination of (+)- and (—)-1. The structural features of
the Fmoc group could be generally exploited for the enan-
tioseparation of amines without any additive addition in
the mobile phase.
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The Resolution of Five Racemic «-Lactams by HPLC
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ABSTRACT

The resolution of five racemic o-lactams (la-d,g) using HPLC is

reported. Five different Pirkle-type stationary phases were tested. The enantiomers of a-
lactams containing the trityl group (1a-d) were separated (selectivity factors ranging
from 1.08 to 1.20) using a mobile phase of hexane/2-propanol:98/2 and a stationary
phase consisting of the 3,5-dinitroaniline derivative of (S)-valine with a urea linkage.
Among the dialkyl-substituted o-lactams (le-g), only 1,3-di-tert-butylaziridinone (1g)
could be resolved, but only partially (selectivity factor = 1.07), with a mobile phase of
hexane/1,2-dichloroethane:95/5 and the stationary phase consisting of the 3,5-dinitro-
benzoic acid derivative of (R)-1-naphthylglycine. Chirality 20:69-74, 2008. © 2007

Wiley-Liss, Inc.

KEY WORDS: aziridinone; racemate; chiral; stationary phase; enantiomers

INTRODUCTION

o-Lactams (aziridinones, 1) are three-membered cyclic
amides. The structural requirements for all stable, isolable
o-lactams are a tertiary alkyl substituent on the nitrogen
atom (e.g. tert-butyl, 1-adamantyl, or trityl) and at least one
tertiary alkyl group at the C-3 position.! They undergo
thermal fragmentation to an aldehyde or ketone and an
isocyanide and react with nucleophiles via attack at either
the C-2 or C-3 position (see Fig. 1). Several excellent
reviews of a-lactams describing their synthesis, thermal
stability, and synthetic utility have been published.!™

Recently, a better understanding of the ring-opening
reactions of o-lactams has begun to emerge®? and their
usefulness as synthons*!? has been recognized. To further
develop the synthetic utility of a-lactams, the stereochem-
istry of these highly strained rings needs to be explored
since most stable a-lactams contain a chiral center at posi-
tion 3 of the ring. To date, only one chiral non-racemic a-
lactam, (R)-1,3-di-tert-butylaziridinone, has been reported!!
and its optical purity (91%) was determined by gas chroma-
tography (GC). However, the general use of GC to deter-
mine the optical purity of other stable o-lactams can be
problematic since many of them will thermally rearrange
at elevated temperatures. Separation of o-lactam enantio-
mers by HPLC is an attractive alternative.

This research was undertaken to determine if any of the
stable a-lactams could be resolved by HPLC, a necessary
step in the further development of a-lactams as useful syn-
thetic compounds. Specifically, the resolution of seven ra-
cemic and one non-racemic o-lactam using five different
chiral stationary phases under normal phase conditions
were attempted.

MATERIALS AND METHODS

The Waters HPLC system used in this study consisted
of a Model 515 pump with a Model 2487 UV detector (A =
254 and 238) or a PDR Advanced Laser Polarimeter detec-
© 2007 Wiley-Liss, Inc.

tor. The data obtained were analyzed by Waters Millenium
software. Chiral columns (4.6 mm X 50 mm) were pur-
chased from Phenomenex (Torrance, CA): Chirex 3005
(Column A), 3010 (Column B), 3014 (Column C), 3020
(Column D), and Chirex 3010 (Column B, 4.6 mm X
250 mm); and Regis Technologies (Morton Grove, IL):
Pirkle Chiral HPLC column 731041 (Column E, 4.6 mm X
250 mm). All solvents used in the mobile phases and all
chemicals used in the synthesis of a-lactams la-g were
purchased from Sigma-Aldrich (Milwaukee, WI) and used
without further purification. Flash chromatographic purifi-
cation of the precursors used to synthesize the a-lactams
were performed using silica gel (JT Baker, Phillipsburg,
NJ, 40 um) as the stationary phase.

Synthesis

Racemic a-lactams (1a-g). The seven racemic a-lac-
tams (la-g) were synthesized according to a published
procedure’® and all physical and spectral data were in
agreement with previously reported values. The synthesis
of non-racemic a-lactam ((—)-1g) and its precursors are
described below:

Racemic 2-bromo-3,3-dimethylbutanoic acid((-)-
3). A solution of 3,3-dimethylbutanoic acid (2) (23.23 g,
0.200 mol), SOCl, (95.18 g, 0.80 mol), and CCl; (20 ml)
was heated to 65°C for 30 min. After cooling to room tem-
perature (RT), finely powdered N-bromosuccinimide
(NBS) (42.72 g, 0.240 mol), CCl4 (20 ml), and seven drops
of 48% HBr were added to the reaction mixture and it was
heated between 70 and 75°C for 90 min.'** After cooling
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University, Jamaica, New York. E-mail: cesarev@stjohns.edu
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Fig. 1. Nucleophilic (Nu) attack and thermal fragmentation of a-lac-
tams.

to RT, the CCly and excess SOCl, were removed by
reduced pressure, CCl, (50 ml) was added and the result-
ing mixture was filtered. The solid succinimide was
washed three times with CCl, (15 ml) and all filtrates were
combined. The CCl, was removed under reduced pressure
and the remaining liquid was vacuum distilled to afford 2-
bromo-3,3-dimethylbutanoyl chloride (32.82 g, 76.9%, bp =
72°C/19 mm Hg; lit."® 93-97°C/37 mm Hg, 'H-NMR
(CDCl3): & = 1.20(s, 9H), 4.40 (s, 1H)). The resulting o-
bromoacid chloride (16.59g, 0.0777 mol) was dissolved in
tetrahydrofuran (THF) (35 ml) and distilled water (7 ml)
was slowly added at RT with stirring. After stirring over-
night, the THF was removed under reduced pressure and
the remaining aqueous layer was washed twice with ethyl
acetate (50 ml). The organic layer was dried with Na,SO,4
and the ethyl acetate removed under reduced pressure to
obtain racemic 2-bromo-3,3-dimethylbutanoic acid® (7.37 g,
48.4%, mp = 70-72°C; Lit."® 72-73°C, IR (KBr): 3200
(O—H), 2972 (C—H), 1716 cm™ ' (C=0), 'H-NMR
(CDCly): & = 1.18(s, 9H), 4.13 (s, 1H), 8.86 (bs, 1H)).

(—)-2-Bromo-3,3-dimethylbutanoic acid ((—)-3).
Optically pure (—)-2-bromo-3,3-dimethylbutanoic acid
((—)-3) was obtained following the resolution procedure
of Suzuki et al.'® Thus, racemic 2-bromo-3,3-dimethylbuta-
noic acid (4.70 g, 0.0241 mol) was added to a solution of
80% ethanol/20% water (4 ml). (S)-(—)-phenylethylamine
(2.92 g, 0.0241 mol) was added and the mixture was
warmed until a solution was obtained. After cooling for 90
min, the precipitate was filtered and recrystallized from a
solution of 80% ethanol/20% water to obtain 0.62 g of salt,
[alp = —20.4°, ethyl alcohol. The ratio of the TH-NMR
CHBr (3 = 3.84 and 3.87) signals of the two diastereo-
meric salts was used to determine the amount of each ste-
reoisomer present. The salt was hydrolyzed by the addi-
tion of 1 M HCI at 0°C and after extraction of the aqueous
layer by the addition of CH,Cl,, drying the organic layer
with Na,SO,4, and removing the CH,Cl, under reduced
pressure, optically pure acid (—)-3 was obtained, 0.37g,
[alp = —12.5°, CHClg 1it."® [a]p = —12.3°, CHCls).

Non-racemic N-trityl-2-bromo-3,3-dimethylbutana-
mide ((—)-4). Acid (-)-3 (1.95 g, 0.01 mol), SOCl,
(4.76 g, 0.04 mol), and CCl; (5 ml) were heated to 65°C
for 30 min and then stirred at RT for 12 h. The solvent and
excess SOCl, were removed under reduced pressure to
obtain crude 2-bromo-3,3-dimethylbutanoyl chloride (2.14 g,
Chirality DOI 10.1002/chir

100%), which was used without further purification. A solu-
tion of crude a-bromo acid chloride (2.13 g, 0.01 mol) in
CH,Cl, (20 ml) was dropwise added to a solution of trityl-
amine (3.63 g, 0.014 mol) and triethylamine (1.45 g, 0.014
mol) in CH,Cl, (20 ml) at 0°C. After the addition was com-
plete, the reaction mixture stirred at RT for 12 h. It was
then washed with 2 M HCI (50 ml) and twice with distilled
water (80 ml). The organic layer was dried with Na,SO,
and the solvent removed under reduced pressure to obtain
crude (—)-4 (4.10 g, 94%). After column chromatography
using a mobile phase of hexane/ethyl acetate: 90/10, pure
non-racemic (—)-4 (2.2 g, 45.9%, [alp = +1.8° (CHCly),
was obtained. The enantiomeric excess (ee) was deter-
mined to be 13.5 using column E with a mobile phase of
hexane/2-propanol:98/2.

Non-racemic (—)-3-fert-butyl-1-tritylaziridinone
((-)-1d). A mixture of CH,Cl, (3 ml), sodium hydride
(0.022 g, 0.55 mmol), and 15-crown-5 ether (0.066 g,
0.3 mmol) stirred for 30 min at RT and then non-racemic
amide (—)-4 (0.131 g, 0.3 mmol) was added. After stirring
for 2 h, distilled water (10 ml) was slowly added with stir-
ring and the organic layer was separated and washed
twice with distilled water (10 ml). The organic layer was
dried with Na,SO, and the solvent removed under
reduced pressure to obtain crude a-lactam (—)-1d (0.18 g,
88.2%). An analytical sample of pure (—)-1d was obtained
after column chromatography using a mobile phase of hex-
ane/ethyl acetate:90/10 [a] = —17.2° (CHCly), IR (CCly):
1840 cm™! (C=0) 'H-NMR (CDCly): & = 0.95 (s, 9H),
2.12 (s, 1H), 7.35 (m, 15H).

HPLC

Approximately 10 mg of a-lactams 1a-g were dissolved
in 10 ml of »#-hexane/2-propanol:98/2 and 10 ul of these
solutions were injected through columns A-D (4.6 mm X
50 mm) and columns B and E (4.6 mm X 250 mm). A
dual A UV absorbance detector was used with the 250 mm
columns while a PDR chiral detector was used to monitor
the resolution of enantiomers with the 50 mm columns.
Mobile phases consisting of hexane/1,2-dichloroethane
or hexane/2-propanol (95/5, 98/2, or 100/0) were used
at a flow rate of 0.5 ml/min for the 50 mm columns or
1.0 ml/min for the 250 mm columns. Results are shown in
Tables 1 and 2, and Figures 5 and 6.

TABLE 1. Resolution of a-lactams 1a-g using column B
(4.6 mm x 50 mm)

a-Lactam o?
la 1.07(+)
1b 1.17(+)
1c 1.0

1d 1.06(+)
le 1.0

1f 1.0

1g 1.0

Selectivity factor with mobile phase of hexane/2-propanol:98/2 and a flow
rate of 0.5 mL/min. The (+) indicates that the (+)-enantiomer eluted first.
Both the UV and polarimeter detectors were used.
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TABLE 2. Resolution of a-lactams 1a-g using column B
(4.6 mm x 250 mm) and UV detection

o-Lactam RT-1 (min) RT-2 (min) o?
la 9.77 10.28 1.08
1b 8.12 9.03 1.20
1c 9.76 10.28 1.08
1d 7.00 7.52 1.15
le 8.93 1.0
1f 8.60 1.0
1g #

RT-1, retention time of the first peak; RT-2, retention time of the second
peak.

Selectivity factor with mobile phase of hexane/2-propanol:98/2 and a flow
rate of 1.0 mL/min; #, not detectable with UV detection.

RESULTS AND DISCUSSION

The HPLC resolution of a-lactams offers unique chal-
lenges due to their instability and susceptibility to nucleo-
philic attack. Therefore, seven relatively stable a-lactams
were chosen for this study. Previously, Pirkle-type col-
umns'”*® have been reported for the resolution of B- and
vlactams. Therefore, four Pirkle-type stationary phases
(columns A-D, 4.6 mm X 50 mm) were chosen for the ini-
tial part of this study. These four columns (A-D) were pur-
chased as an HPLC method development kit and their pur-
pose was to determine the best chromatographic condi-
tions that would eventually lead to baseline resolution
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using a larger column (the chiral column kit was pur-
chased from Phenomenex®™, Torrance, CA). Their struc-
tural features are shown in Figure 2. The main reason for
selecting this chiral column kit was because it provides
the three general types of Pirkle stationary phases: r-elec-
tron acceptor/n-electron donor (column A), m-electron
acceptor (column B), and n-electron donor (column C and
D). Besides n-n interactions, factors such as hydrogen
bonding and steric crowding have been reported for enan-
tiomeric separation when using Pirkle-type stationary
phases and it was reasoned that these same factors could
be used to resolve racemic a-lactams. In addition to col-
umns A-D, the Whelk-O1 column (Regis Technologies,
Morton Grove, IL), which is one of the more widely appli-
cable Pirkle-type stationary phases, was also considered.
However, since the stationary phases of the Whelk-O1 and
column A provided in the chiral kit both possess the -
electron acceptor dinitrophenyl moiety and m-electron do-
nor naphthyl group (see Fig. 2), the decision was made to
test the Whelk-O1 column only if column A demonstrated
superior resolution of a-lactams compared with columns
B-D. An excellent review discussing the development and
general principles of Pirkle stationary phases has been
published.*®

Normal phase conditions were chosen so that relatively
non-polar mobile phases could be used. It was concluded
that the use of water and or methanol in a reverse phase
system should be avoided since it has been reported! that
these nucleophilic solvents readily react with some o-lac-
tams resulting in ring-opening products.
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Fig. 2. The stationary phases of chiral columns A-E and the Whelk-O1 column.
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Fig. 3. o-Lactams used in this study (Ad, 1-adamantyl; #Bu, tert-butyl;
Tr, trityl).

Columns A-D were evaluated for their resolving power
toward seven different racemic o-lactams (see Fig. 3):
1-(1-adamantyl)-3-tritylaziridinone (1a),?’ 3-(1-adamantyl)-
1-tritylaziridinone (1b),2° 1-tert-butyl-3-tritylaziridinone
(1¢),2° 3-tert-butyl-1-tritylaziridinone (1d),** 1-(1-adaman-
tyl)-3-tert-butylaziridinone  (1e),?  1-tert-butyl-3-(1-adam-
antyl)-aziridinone (1f),? and 1,3-di-tert-butylaziridinone
(12).%% In addition, one non-racemic o-lactam, (—)-3-tert-
butyl-1-tritylaziridinone ((—)-1d) was also synthesized and
used in this study. These a-lactams (la-g) were chosen
for their relative stability and because the three sets of iso-
mers (la-b, 1c-d, and 1e-f) might offer some insight into
the resolution mechanism.

Since non-racemic a-lactam (—)-1d has not been previ-
ously reported, the synthetic pathway used to obtain it is
shown in Figure 4.

The step used to introduce chirality in the synthesis of
(—)-1d was the resolution of 2-bromo-3,3-dimethylbuta-
noic acid® via its diastereomeric salt formation with (S)-1-
phenylethylamine. The progress of this key step was eas-
ily monitored by 'H-NMR (see experimental) and optically
pure acid (—)-3 was obtained after hydrolysis of the salt.
Using acid (—)-3, non-racemic 1-(1-adamantyl)-3-tert-buty-
laziridinone ((—)-1d) was then synthesized by the same
procedure’®!* used to synthesize racemic 1d and the
other a-lactams. Since o-bromoacid (—)-3 was optically
pure, yet the enantiomeric excess for amide (—)-4 was
only 13.5, partial racemization must have occurred during
the amide synthesis. Attempts to couple acid (—)-3 with
tritylamine under milder conditions at RT, using dicyclo-
hexylcarbodiimide or N-ethyl-5-phenylisoxazolium-3’-sulfo-
nate (Woodward’s K reagent) as the coupling reagents
were not successful. However, the purpose of the synthe-
sis of (—)-1d was to determine if an HPLC method could
be developed to calculate the enantiomeric excess of a
non-racemic a-lactam.

Two mobile phase systems (hexane/2-propanol or hex-
ane/1,2-dichloroethane) at three different concentrations
(95/5, 98/2, and 100/0) were tested. These two mobile
phase systems were chosen mainly because there would
be little chance that they would react with any of the o-lac-
tams. The best results using the 50 mm columns A-D
were obtained with column B and a mobile phase consist-
ing of hexane/2-propanol:98/2. The results using column
B, which are summarized in Table 1, indicates that only
the enantiomers of a-lactams containing the trityl group
Chirality DOI 10.1002/chir

(1a,b,d) could be partially separated and that the (+)-
enantiomer eluted first. This would indicate that the n-rt
interaction between the rn-acidic dinitrophenyl group of the
stationary phase of Column B and the trityl moiety of the
o-lactams, which are acting as a m-basic group, is impor-
tant to achieve separation of these trityl containing o-lac-
tams. When the concentration of the 2-propanol was
increased to 5%, only the enantiomers of o-lactam 1b
showed a slight separation (« = 1.02). The o-lactams
failed to elute when the mobile phase was changed to
100% hexane. No resolution of any a-lactam was observed
with columns A, C, or D using hexane/2-propanol as the
mobile phase. The only difference between columns B and
A is that the isopropyl group is replaced by the r-basic
naphthyl moiety. Therefore, it appears that the second dis-
criminating factor is steric in nature since the a-lactams
that were partially resolved by column B all contain the
bulky adamantyl or fert-butyl group. A third resolving fac-
tor of column B is most likely the potential hydrogen
bonding that can occur between the N—H groups of the
urea linkage of the stationary phase and the amide func-
tional group of the a-lactam.

When the mobile phase was changed to hexane/1,2-
dichloroethane:95/5, Column A showed partial resolution
of a-lactam enantiomers 1b (o = 1.03) and 1¢ (o = 1.07),
with the (—)-enantiomer eluting first in each case. How-
ever, varying the percentages of hexane to 1,2-dichloro-
ethane and/or the flow rate did not improve the separa-
tion.

Since column B with hexane/2-propanol:98/2 gave the
best results, all the a-lactams (1a-g) were tested using col-
umn B with dimensions of 4.6 mm X 250 mm and the
results are summarized in Table 2.

Essentially, baseline resolution was achieved for all trityl
containing o-lactams (la-d), including 1¢ which had an
o = 1.08 even though it showed no resolution on the
smaller column. When the trityl moiety is at the N-1 posi-
tion of the o-lactam ring (1b,d), better separation was
achieved than the isomeric a-lactams (1a,c), where the tri-
tyl group is at the C-3 position. The bulkier adamantyl
group (1b) versus the tert-butyl group (1d) at position 3
lead to the best separation of enantiomers, o = 1.20 for
1b (see Fig. 5), which is further evidence that steric fac-
tors are important in the resolution process.
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Fig. 4. The synthesis of non-racemic a-lactam (—)-1d, NBS, N-bromo-
succinimide; PEA, 1-phenylethylamine; Tr, trityl.
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Fig. 5. The resolution of 1-trityl-3-(1-adamantyl)-aziridinone (1b) using column B with a mobile phase of hexane/2-propanol:98/2 and a flow rate

of 1 ml/min.

To ascertain that this method could be used to deter-
mine the enantiomeric excess for a non-racemic o-lactam,
(—)-1d was resolved using column B with a mobile phase
of hexane/2-propanol:98/2. The chromatogram of non-
racemic (—)-1d is shown in Figure 6 and the enantiomeric
excess was easily determined (ee = 10).

Since better separation of a-lactam 1b was achieved
using column B compared with column A, the Whelk-O1
column initially under consideration for use in this study
was not tested. Instead, resources were used to test a new
stationary phase (column E) that is similar in structure to
column B. Both columns B and E (see Fig. 2) contain the

r-acidic dinitrophenyl group, which appears to be a neces-
sary structural feature to resolve o-lactam 1b. However,
column E contains the following structural differences
from column B which might lead to better separation of a-
lactam 1b or a better understanding of the resolution
mechanism:

1. a bulkier isobutyl group compared with the isopropyl
substituent of column B;

2. an amide linkage between the dinitrophenyl group and
the chiral center compared with the urea linkage of col-
umn B. The amide linkage alters the spatial separation
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Fig. 6. The resolution of non-racemic 1-trityl-3-fert-butylaziridinone ((—)-1d) using column B with a mobile phase of hexane/2-propanol:98/2 and a

flow rate of 1 ml/min.
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between the chiral center and the dinitrophenyl group
and only provides one N—H hydrogen bonding site.

While column B resolved a-lactam 1b with a separation
factor of 1.20, column E showed no separation (o« = 1.0)
using a mobile phase of hexane/2-propanol:98/2. There-
fore, for a-lactam 1b, the additional N—H group provided
by the urea linkage in the stationary phase or it proximity
to the chiral center and/or the m-acidic dinitrophenyl
group’s position relative to the chiral center of column B
appears to be a crucial separation factor.

CONCLUSION

In summary, it is possible to separate the enantiomers
of trityl-containing o-lactams (la-d) using a stationary
phase consisting of a 3,5-dinitroaniline derivative of (S)-va-
line with a hexane/2-propanol (98/2) mobile phase. These
highly strained o-lactams are stable to the normal phase
conditions used in the present study. In addition, the enan-
tiomeric excess of the non-racemic a-lactam (—)-1d can
be determined. The m-acidic dinitrophenyl group and the
bulky isopropyl group provided by the stationary phase of
column B appear to be important chiral recognition fea-
tures for the resolution of the trityl substituted o-lactams.
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DISCOVER SOMETHING GREAT

Synthesis of Chiral Vicinal Diols and Analysis of Them by

Capillary Zone Electrophoresis

PENG LIU, WEI HE, YAN ZHAO, PING-AN WANG, XIAO-LI SUN, XIAO-YE LI, AND SHENG-YONG ZHANG*

Research Center for Chirotechnology, Fourth Military Medical University, X'ian, Shaanxi, China

ABSTRACT  This paper describes an improved access to 1,4-bis (9-O-quininyl)
phthalazine [(QN),PHAL], a very useful chiral ligand for catalytic asymmetric dihydrox-
ylation (AD), by using CaH, as acid-binding reagent in a high yield under mild condi-
tions. The application of (QN),PHAL to the AD reactions of eight olefins exhibited
excellent enantioselectivity and activity with corresponding chiral vicinal diols. Further-
more, a capillary zone electrophoresis method was developed to separate the aforemen-
tioned chiral vicinal diols by using of neutral B-cyclodextrin (3-CD) as chiral selector
and borate as running buffer. High resolution was achieved under the optimal condi-
tions of B-CD 2.2% (w/v), pH 10, 200 mM borate buffer at 15 kV, and 20°C within 15
min. The relative standard deviations of the corrected peak areas and migration time
were less than 3.9% and 1.3%, respectively. In addition, the developed method was suc-
cessfully applied to the determination of the purity and the enantiomeric excesses value
(%ee) of the AD reaction products. Chirality 20:75-83, 2008.  © 2007 Wiley-Liss, Inc.
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INTRODUCTION

Undoubtedly, chiral vicinal diols have a prominent role
in fine chemicals and pharmaceuticals because of their
versatile utilities.® As we know, the catalytic asymmetric
dihydroxylation (AD) of olefins provides a highly effective
method for the preparation of various chiral vicinal diols.*
In order to obtain high yields and enantioselectivities of
chiral vicinal diols, the design and synthesis of chiral
ligands for the AD reaction have drawn much attention of
organic chemists over past two decades.® A lot of new and
efficient ligands have been successfully developed and
used in the AD reaction.’” 1,4-Bis(9-O-quininyl)phthala-
zine [(QN).PHAL] 2, an efficient chiral ligand for AD
reaction, was first synthesized by Song et al.,® and then,
Jiang et al. improved this synthetic method to furnish 2 in
good yield.? In the present study, we further developed a
convenient access to 2 in excellent yield under mild condi-
tions by using CaH, as an acid-binding reagent. The chiral
ligand 2 was then used to catalyze the AD reactions of
eight olefins to afford corresponding chiral vicinal diols in
excellent yields and enantioselectivities.

With the fast development of the AD reaction in organic
synthesis and industrial application, an efficient and con-
venient enantioseparation and quantitative analysis of the
chiral vicinal diols are badly needed. Among many analytic
techniques, capillary electrophoresis (CE) has been widely
used in enantioseparation because of its high efficiency,
rapid method development, short analysis time, and low
consumption of reagents.'®'* In CE, borate as background
electrolyte with vicinal hydroxyl of carbohydrates, nucleo-
sides, and 1,2-diols to form negative complexes has been
© 2007 Wiley-Liss, Inc.

extensively studied.’®'” To the best of our knowledge,
there have been only a few reports on the enantiosepara-
tion of the chiral vicinal diols with B-CD as chiral selector
and borate as running buffer.'®?! In this study, we system-
atically optimized enantioseparation conditions of eight
synthetic vicinal diols enantiomers (=+)-I-(#)-VIII by using
neutral B-CD as chiral selector in the presence of borate
buffer, and first investigated the enantioseparation of (*)-
II-(%)-VIII by capillary zone electrophoresis (CZE). Addi-
tionally, we used the optimal CZE method to monitor the
process of the AD reaction and to determine the purity
and the enantiomeric excesses value (%ee) of the AD reac-
tion products.

EXPERIMENTAL
Apparatus and Reagents

All the CZE analysis was performed with Beckman P/
ACE™ MDQ CE system equipped with a diode array de-
tector (Beckman Coulter, Fullerton, CA). The operation
was controlled by an integrated 32 karat software (version
5.0) package. Uncoated fused-silica capillary columns of
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Scheme 1. Synthesis of chiral ligand 2.

75 um id. X 375 um o.d., with a total length of 48.5 cm
and effective length of 38.5 cm, were used as the separa-
tion capillary (Yongnian Optical Fiber, Hebei Province,
China). The temperature of the cartridge holding the capil-
lary column was set at 20°C and maintained by the liquid
cooling system. All pH measurements were made with a
Delta 320-S pH meter (Metter Toledo, Shanghai, China).
'H NMR spectra was recorded on a Bruker AV-300 NMR
spectrometer (300 MHz) (Bruker, Karlsruhe, Germany),
with CDCls as solvent and TMS as internal reference.
High performance liquid chromatography (HPLC) was
performed by Agilent 1100 (Agilent Technologies, Wil-
mington, DE) interfaced to an HP 71 series computer
workstation with Daicel Chiralcel OJ-H chiral column
(Daicel Chemical Industries, Japan). Optical rotation val-
ues were measured at 25°C on a PerkinElmer 343 polarim-
eter (PerkinElmer Bodenseewerk, Uberlingen, Germany).
Melting points were uncorrected and expressed in degree
celsius.

HPLC grade methanol and acetonitrile were purchased
from Tedia (Fairfield, OH). B-Cyclodextrin hydrate (3-CD)
was purchased from Acros Organics (Geel, Belgium). Bo-
ric acid and sodium hydroxide were obtained from Sigma
(St. Louis, MO). 1,4-Dichlorophthalazine was prepared
according to literature procedure? [m.p. 163.5-164.5°C
(lit.?2 m.p. 164°C)]. Water for the experiments was purified
by Milli-Q system (Millipore, Bedford, MA). All other
chemicals used were of analytical grade.

Section 1: Organic Synthesis

Preparation of 2. A 100 ml three-necked round-bot-
tomed flask was charged with 1,4-dichlorophthalazine
(2.04 g, 10.3 mmol), quinine 1 (7.35 g, 22.66 mmol), and
anhydrous DMF (50 ml) under nitrogen. The reaction
mixtures were stirred until all the quinine dissolved. CaH,
(4.22 g, 100.3 mmol) was then added in small portions,
and the reaction mixtures were heated gradually to 105°C
and stirred until TLC indicated that 1 had disappeared. A
light brown reaction mixture was allowed to cool to room
temperature and was filtrated through Celite, and the cake
was washed with CH,Cl,. The organic layers were com-
bined, washed with water and brine, and dried over anhy-
drous MgSO,. The solvent was evaporated under reduced
pressure to give a crude product as a light yellow solid,
which was then recrystallized with EtOAc to give 2 (7.49 g,
94% total recrystallized yields); m.p. 160-161°C (lit.® m.p.
159-160°C). The structure was also established by 'H NMR
and *C NMR (Scheme 1).

Chirality DOI 10.1002/chir

AD of Olefins

Synthesis of enantiomerically pure vicinal diols.
KsFe(CN)g (1.96 g, 6.0 mmol), K,CO3 (0.82 g, 6.0 mmol),
and ligand 2 (15.6 mg, 0.02 mmol) were dissolved in
‘BuOH/H,0 (v/v = 1:1, 24 ml) at room temperature, fol-
lowed by addition of K»,0sO,(OH), (1.47 mg, 0.004 mmol)
and CH3SO,NH, (190 mg, 2.0 mmol). After stirring for
5 min, olefin (2.0 mmol) was added. The solution was cooled
to 0°C. The mixture was stirred vigorously at 0°C until TLC
showed no olefins. Na,SO5 (1.5 g) was then added, and the
mixture was allowed to warm to room temperature and
stirred for 30 min. AcOEt (20 ml) was added to the reaction
mixture, and the aqueous phase was further extracted with
AcOEt (15 ml X 3) after separation of the layers. The com-
bined organic layers were washed with 2 M NaOH (20 ml),
and were then washed with water to neutral, dried over an-
hydrous MgSQ,, and evaporated to dryness under reduced
pressure to obtain a crude product, which was purified by a
flash column chromatography (#-hexane/EtOAc, 7:3) to
afford enantiomerically pure vicinal diols (I-VIII).

I: § 7.35-7.26(m, 5H, Ar-H), 4.98-4.96(d, ] = 2.46 Hz,
1H, *CH), 4.33-4.31 (d, J = 2.87 Hz, 1H, *CH), 3.80 (s,
3H, CHs), 2.91 (br, 2H, OH). II: § 7.20 (m, 2H, Ar-H), 6.91
(m, 2H, Ar-H), 5.10 (d, J = 2.76 Hz, 1H, *CH), 4.46 (d, ] =
2.74 Hz, 1H, *CH), 3.81 (s, 3H, CHs), 2.92 (br, 2H, OH).
III: & 7.33 (m, 4H, Ar-H), 4.98 (d, / = 2.75, 1H, *CH), 4.32
(d, J = 2.74 Hz, 1H, *CH), 3.81 (s, 3H, CHj3), 2.91 (br, 2H,
OH). IV: § 7.29-7.26 (d, J = 7.75 Hz, 2H, Ar-H),7.18-7.16
(d,J = 7.78 Hz, 2H, Ar-H), 4.98 (d, /] = 1.43 Hz, 1H, *CH),
4.34 (d,J = 2.07 Hz, 1H, *CH), 3.80 (s, 3H, CHs), 2.83 (br,
2H, OH), 2.34 (s,3H, CHj). V: & 7.33 (d, / = 8.51 Hz, 2H,
Ar-H), 6.90 (d, / = 8.55 Hz, 2H, Ar-H), 4.96 (d, J = 2.67
Hz, 1H, *CH), 4.34 (d, / = 2.79 Hz, 1H, *CH), 3.81 (s, 3H,
CHa), 3.79 (s, 3H, CHs), 2.75 (br, 2H, OH). VI: & 7.32 (d,
J = 8.19 Hz, 2H, Ar-H),6.89(d, / = 8.19 Hz, 2H, Ar-H), 4.95
(s, 1H, *CH), 4.33 (s, 1H, *CH), 3.80 (s, 3H, CHy), 3.78 (s,
3H, CHs), 2.80 (br, 2H, OH). VII: § 7.57-7.20 (m, 10H, Ar-
H), 4.98 (s, 1H, *CH), 2.80 (br, 2H, OH), 1.60 (s, 3H,
CH;). VIIL: § 7.69-7.66 (m, 2H, Ar-H), 7.45-7.10 (m, 6H,
Ar-H), 5.30 (br, 2H, *CH), 2.78 (br, 2H, OH).

Synthesis of racemic vicinal diols. Racemic vicinal
diols were prepared with trans-1,2-disubstituted olefins
according to literature procedures.?®

Section 2: Analysis by CZE

Buffer preparation and electrophoretic procedures.
Borate buffers (200 mM) were prepared in purified water
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TABLE 1. Asymmetric dihydroxylation of olefins using 2 as the chiral ligand

H K,0s0,(OH), ,(QN),PHAL
>—<— R, =H., Me
K;Fe(CN);, K,CO; Ro= Ar
K Ry ‘BuOH/H,0(1:1) Ry =CO,Me, Ar
Entry Olefins Chiral vicinal diols Yield? (%) %ee® %ee” [a]Bd m.p. (°C) Config.®
1 Q/\)\O P z B 75.1 99.74 99.57 +104 84.5-85.5 2R 3S
I()H
2 M P g 86.7 99.56 99.53 +9.1 61.5-62.5 2R,3S
1—©/\)\o ,-_O/\g)\o/
1
3 . W“ P . < SN 91.8 99.06 99.55 +15.8 117-118 2R 3S
IIIOH
4 'O/\/K" - : H B 90.3 99.80 99.84 +6.3 97.5-99 2R,3S
v
5 /QQ/\)\O P o W"/ 75.6 99.90 99.60 +5.5 106-107 2R,3S
v
6 TU O/\)\O . N -v - 83.1 99.19 99.54 +5.8 105-106 2R3S
vl
7 Q 85.7 97.70 97.97 +39.2 83.5-84.5 15,28
8 89.6 99.80 99.65 —2.6 107-108 15,28

“Isolated yields by column chromatography.
e ee values were determined by HPLC analysis of the diols (See page footnote for details).*

“The ee values were determined by CZE analysis of the diols.

4[a]®’ values measured in ethanol, 1.0x10~2 g/ml (diol of I measured in CHCly).

“The absolute configurations of diols were determined by comparison of their optical rotations with literature values.

*I: Daicel Chiralcel OJ, n-hexane/'PrOH = 90:10, flow rate 1.0 ml/min,

tg (min) = 26.9(major), 39.5 (minor).

II: Daicel Chiralcel O], n-hexane/’PrOH = 90:10, flow rate 1.0 ml/min,

tg (min) = 19.8(major), 24.1 (minor).

III: Daicel Chiralcel OJ, n-hexane/’PrOH = 90:10, flow rate 1.0 ml/
min, fg (min) = 20.3 (major), 22.7 (minor).

IV: Daicel Chiralcel O], #n-hexane/’PrOH = 90:10, flow rate 1.0 ml/min,

tgr (min) = 22.7 (major), 26.7 (minor).

V: Daicel Chiralcel OJ, #-hexane/’PrOH = 85:15, flow rate 1.0 ml/min,
tg (min) = 31.2 (major), 35.6 (minor).

VI: Daicel Chiralcel OJ, #n-hexane/’PrOH = 85:15, flow rate 1.0 ml/min,
tg (min) = 33.1 (major), 38.6 (minor).

VII: Daicel Chiralcel O], #-hexane/’PrOH = 93:7, flow rate 1.0 ml/min,
tg (min) = 27.4 (major), 30.5 (minor).

VIIL: Daicel Chiralcel O], n-hexane/’PrOH = 92:8, flow rate 0.6 ml/
min, fg (min) = 50.4 (major), 54.9 (minor).

Chirality DOI 10.1002/chir
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Fig. 1. Effect of pH on resolution (a) and migration time (b) of chiral vicinal diols. Separation conditions: fused-silica capillary, 58.5 cm (48.5 cm effec-
tive length) X75 pum i.d.; BGE, 200 mM borate buffer, 2.2% (w/v) B-CD; temperature, 20°C; applied voltage, 15 kV; UV detection at 214 nm.

and the pH was adjusted with sodium hydroxide. B-CD
was dissolved in each background electrolyte (BGE) for
appropriate concentration after adjusting to the desired pH
values. Sample solutions were prepared by dissolving vici-
nal diols in a mixture of water solution containing 20%
methanol. The running buffers and sample solutions were
filtered through a 0.22 um syringe filter and were
degassed by using an ultrasonic bath for 5 min prior to
use. All the solutions were stored in the refrigerator at 4°C
for later use. New capillary column was flushed with 1.0 M
NaOH for 30 min, followed by flushing with water for 30
min, then flushed with 0.1 M HCI for 10 min, and again
with water for 10 min. At the start and end of each work-
ing day, the capillary was washed with water for 3 min, 0.1
M NaOH for 3 min, and again with water for 3 min. Prior
to every run, the capillary was rinsed with 0.1 M NaOH,
then water, followed by the running buffer, each for 3 min
at 20 psi pressure. Sample solution was introduced into
the capillary with a pressure of 0.5 psi for 5 sec. The elec-
trophoretic separation was performed at an applied voltage
of 15 kV unless stated otherwise, with the injection end at
the anode. Methanol was used as the electroosmotic flow
(EOF) marker.

Calculation. The enantiomeric resolution values were
calculated according to the method via the built-in 32 Karat
software program. The resolution (Rs) between the two enan-
tiomers was calculated by using the following formula:

lh—t
w1 + We

Rs=2

where ¢ is the enantiomer migration time and w is the
width of peak at the baseline.

Enantiomeric excess was defined as the excess of one
enantiomer in a pair of enantiomers and was calculated
according to the following formula:

ee(%) = Ei Iﬁﬂ %100

where A is the corrected peak area of enantiomer
(dividing the area of each peak with its corresponding
Chirality DOI 10.1002/chir

migration time, A/f). Logically an ee value of 100 stands
for an enantiomerically pure substance and an ee value
of 0 for a racemate.

RESULTS AND DISCUSSION
Preparation of Chiral Ligand 2

Although the synthesis of 2 was previously reported by
Song et al.® and Jiang et al.,” these two procedures were
not satisfactory enough for large-scale preparation. For our
improved method, by using CaH, as an acid-binding rea-
gent, the chiral ligand 2 was obtained under mild reaction
conditions in 94% yield (22% and 9% higher than literature
data,®® respectively). Moreover, mono-cinchona alkaloid
ligand or bis-cinchona alkaloid ligand could be yielded by
controlling the reaction time. The ligand was purified by
simple crystallization (from EtOAc).

Synthesis of Enantiomerically Pure Vicinal Diols

Eight enantiomerically pure vicinal diols were obtained
via the AD reactions of olefins with 2 as the chiral ligand,
exhibiting an excellent enantioselectivity and activity

(Table 1).

Method Optimization for the Vicinal Diols
Separation by CZE

Effect of borate buffer pH. The running buffer pH, as
an important parameter, affects chiral discrimination and
migration time, because it can affect the mobility of analyte
and EOF by changing the dissociation degree of the analy-
tes and Si—OH groups in the inner wall of the capillary.
Experiments were performed using 200 mM borate buffer
at different pH values in the range from pH 8.5 to 10.5. As
shown in Figure 1, the resolution of all the enantiomers of
vicinal diols was poor at pH 8.5. When the buffer pH
increased from 8.5 to 10.0, except for compound (=)-VII,
the resolution of all other analytes was higher than 1.6.
When the pH was higher than 10.0, compounds (#)-III,
(+)-V, and (=)-VIII kept increasing in resolution, whereas
compounds (*)-I, (=)-Il and (*)-IV were decreasing.
Moreover, the baseline worsened, and the sensitivity also
decreased when the pH was higher than 10.0. Based on
the earlier results, as a compromise, pH 10.0 was chosen
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Fig. 2. Effect of B-CD concentration on resolution of chiral vicinal
diols. Separation conditions: fused-silica capillary, 58.5 cm (48.5 cm effec-
tive length) X75 pum i.d.; BGE, 200 mM borate buffer, pH, 10.0; tempera-
ture, 20°C; applied voltage, 15 kV; UV detection at 214 nm.

as the optimal acidity of the borate buffer for subsequent
studies.

Effect of p-CD concentration. With B-CD playing a
key role in the process of chiral discrimination for racemic
vicinal diols, B-CD concentration is considered to be very
important. Wren and Rowe?*?% developed a theoretical
model, suggesting that the degree of separation depends
on the concentration of chiral selector, and an optimal con-
centration exists for the chiral selector. In addition, Jira
et al.'® proposed a dual chiral recognition mechanism that
both inclusion of the aromatic moiety into the chiral cavity
of the CD and the formation of borate complex with diol
groups are assumed to be responsible for chiral recogni-
tion. Thus, higher B-CD concentration leads to better reso-
lution, because much more inclusion complexes between
enantiomers and B-CD are formed, but when the B-CD
concentration was up to a certain degree, the complex
between the enantiomers and B-CD is in dynamic equilib-
rium, and the resolution will not be promoted even by
increasing B-CD concentration. In this study, under 200
mM borate buffer at pH 10.0, the influence of 3-CD con-
centration in the range of 0.6-2.6% (w/v) on the enantiose-
paration of the chiral vicinal diols was investigated. As can
be seen from Figure 2, raising the B-CD concentration

& —a— =}
£ —t= ()11
; —o— {=H]]
H —— (=Y
= —x— =V
= | = -]
—a— =}Vl
—&— (=]

30 o0 150 200 250 300 350

Borate concentration (mb |

from 0.6 to 2.2% (w/v) resulted in an improvement in the
separation of all analytes, except for (+)-VII. When B-CD
concentration was 2.2% (w/v), a maximum resolution for
(x)-IV, (%)-V, (£)-VI, and (=)-VIII was achieved. With
the concentration up to 2.6% (w/v), the resolution for (+)-I
and (*)-II increased slightly, whereas the resolution for
other chiral vicinal diols decreased. Hence, a B-CD con-
centration of 2.2% (w/v) was selected for the final method
and was found to provide a good resolution and a suitable
run time.

Effect of borate concentration. Borate acts as BGE
for CZE, and forms tertiary inclusion complex with B-CD
and vicinal diols. The buffer concentration affects the base-
line stability, peak shape, and separation selectivity. With
the increase of the concentration of borate, the ion
strength and the hydrophobic interaction between B-CD
and enantiomers are also increased, and sharp peaks can
be obtained. At the same time, the zeta potential and EOF
were decreased; consequently, the migration time was pro-
longed and the minor distinction of mobility was enlarged,
which promoted the separation efficiency. As borate can
provide the excellent baseline enantioseparation for the
chiral vicinal diols within 15 min, we used borate as buffer
solution. However, when the concentration of borate was
above a certain value (>300 mM), some side effects can be
observed, such as lower reproducibility, distortional peak
shape, serious baseline drift, and long migration time. The
borate concentration was investigated in the range of 50—
300 mM in the presence of 2.2% (w/v) B-CD at pH 10.0
(Fig. 3). When the borate concentration increased from 50
to 200 mM, the separation of all the analytes was substan-
tially improved. When borate concentration increased in
the range from 200 to 300 mM, only a slight increase in
the separation was observed. Meanwhile, there was also a
slight increase in migration time due to a decrease in the
EOF. Therefore, a 200 mM borate concentration was
selected as the optimal enantioseparation method.

Effect of temperature and applied voltage. Temper-
ature leads to different effects on chiral resolution. In addi-
tion to a decrease of running buffer viscosity and enhance-
ment of the diffusional band broadening, an increase in
temperature contributes to a decrease in the stability of

Migration tive {minj
=z w0

n 50 140 150k 206y 250 ki isn

Borare concentration (m )

Fig. 3. Effect of borate buffer concentration on resolution (a) and migration time (b) of the chiral vicinal diols. Separation conditions: fused-silica cap-
illary, 58.5 cm (48.5 cm effective length) X75 pm i.d.; 2.2% (w/v) B-CD; pH, 10.0; temperature, 20°C; applied voltage, 15 kV; UV detection at 214 nm.
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Fig. 4. Effect of proportion of methanol additive (%, v/v) on resolution (a) and migration times (b) of the chiral vicinal diols. Separation conditions:
fused-silica capillary, 58.5 cm (48.5 cm effective length) X75 um i.d.; BGE, 200 mM borate buffer, 2.2% (w/v) B-CD; pH, 10.0; temperature, 20°C; applied

voltage, 15 kV; UV detection at 214 nm.

the solute-CD inclusion complexes. The experimental
results showed that higher resolution and lower sensitivity
were obtained at lower temperature. When the tempera-
ture was higher than 25°C, the baseline deteriorated
because the higher current caused excessive Joule heat-
ing and then increased EOF. As a result, a temperature of
20°C was finally chosen as capillary temperature.

As the applied voltage directly affects the migration time
and the resolution, the effect of the applied voltage
between 9 and 27 KV on the separation of the analytes was
investigated. The results indicated that increasing the volt-
age shortened migration time for all the analytes, whereas
the resolution and the peak areas of the analytes
decreased. When the applied voltage was higher than
27 kV, the currents were above 280 pA, which generated
excessive Joule heating. In addition, the prolonged analy-
sis time and severe peak broadening were observed when
the separation voltage was below 9 kV. For our experi-
ments, 15.0 kV was selected as the optimal applied voltage
to accomplish a good compromise.

Effect of the organic modifier on separation behav-
ior. The addition of organic modifier to the BGE can
cause a considerable increase in separation of the enan-
tiomers. In fact, the organic modifier may influence
several parameters, such as binding constants of enan-
tiomer-CD inclusion complexes, viscosity of the BGE,
EOF, analysis time, conductivity of buffer, solubility of
enantiomers or CD.?® Two organic modifiers, methanol

—— ()1

—+— &)1
—o— ()1l
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—X—(&)-V
—o—{(#)-VI
—s— ()-VI
—a— ()
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0 1 1 1 1 1
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Proportion of acctonitrile (%, viv)

and acetonitrile, were added to the BGE within a 0-20%
(v/v) range. As shown in Figures 4 and 5, with increase in
the proportion of methanol or acetonitrile, the vicinal diols
resolution was improved. However, at higher proportion of
methanol or acetonitrile, the migration time of the analytes
was prolonged. At 5% (v/v) acetonitrile or 8% (v/v) metha-
nol, all the enantiomers of vicinal diols were more effectively
separated. Finally, 8% methanol or 5% acetonitrile was cho-
sen as the suitable proportion of organic modifier to give a
compromise between resolution and the migration time.

Optimum conditions of enantioseparation. Accord-
ing to the factors mentioned earlier, the optimal condition
was obtained with running electrolyte containing 200 mM
borate, pH 10.0, 2.2% (w/v) B-CD [0.6% (w/v (*)-VII],
20°C temperature, and 15 kV applied voltage. All the eight
chiral vicinal diols were well separated within 15 min. Elec-
tropherograms obtained under the optimized conditions
are presented in Figure 6.

Relatively high resolution (Rs > 1.6) was obtained with-
out organic modifier in running buffer, and there was a
slight decrease in the repeatability observed because of
the volatilization of methanol or acetonitrile in buffer.
Thus, the optimal CZE conditions were established with-
out organic modifier.

Repeatability, linearity, and sensitivity. Evaluation
of repeatability, linearity, and sensitivity was performed
with V, VII, and VIII as samples. Enantiomerically pure vic-
inal diols solution of 60.0 ug/ml was analyzed five times to

Migration time

Proportion of acetonitrile (%, v/v)

Fig. 5. Effect of proportion of acetonitrile additive (%, v/v) on resolution (a) and migration times (b) of the chiral vicinal diols. Separation conditions:
fused-silica capillary, 58.5 cm (48.5 cm effective length) X75 pm i.d.; BGE, 200 mM borate buffer, 2.2% (w/v) B-CD; pH, 10.0; temperature, 20°C; applied

voltage, 15 kV; UV detection at 214 nm.
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Fig. 6. Electropherograms of the eight chiral vicinal diols under optimal conditions. Separation conditions: fused-silica capillary, 58.5 cm (48.5 cm
effective length) X75 pm i.d.; BGE, 200 mM borate buffer, pH, 10.0, 2.2% (w/v) B-CD [0.6% (w/v) (=)-VII]; temperature, 20°C; applied voltage, 15 kV;

UV detection at 214 nm.

determine the repeatability of the corrected peak area (4/
f) and migration time for all analytes under the optimal
conditions. The results indicate a good repeatability of the
method, both for the corrected peak areas (RSD < 3.9%)
and migration times (RSD < 1.3%). In order to evaluate
the signal linearity, a series of the calibration solutions of
concentrations ranging from 2.5 to 500.0 ug/ml were
investigated. The calibration curves between Y (the cor-
rected peak area) and X (the concentration of samples,
pg/ml) were indicative of good linear correlations, since
the correlation coefficient (#) was in the range of 0.9990-
0.9993, while the coefficient of determination (R?) was
0.9980-0.9986. The limit of detection (LOD) and limit of
quantification (LOQ) values were in the range of 1.1-2.5
pg/ml and 5.0-10.0pg/ml, respectively (Table 2). LOD
was based on the lowest detectable peak with a signal-to-
noise ratio of 3, and LOQ was 10 times the signal-to-noise
ratio. Therefore, repeatability, linearity, and sensitivity of
the method were suitable for the determination of the
main product content of the AD reaction.

Accuracy and precision. Under the optimized CZE
conditions, the accuracy and precision was investigated by

measuring the analytes recovery (V, VII, VIII) at three dif-
ferent concentrations: 10.0, 25.0, and 60.0 ug /ml. Each
concentration was performed for six determinations. Accu-
rately adding 10.0, 25.0, and 60.0 pg/ml of enantiomeri-
cally pure vicinal diols (V, VII, VIII) into 60.0 ug/ml corre-
sponding racemic diols [(*)-V,(%)-VIL (*)-VIII] gave
these enantiomerically pure vicinal diols a final concentra-
tion in the range of 40.0-90.0 pg /ml. The results showed
that recoveries of the added enantiomerically pure vicinal
diols were in the range of 97.3-103% and the precision
expressed as relative standard deviation was found to be
less than 4.9% (Table 3). Moreover, the validity of the
method was corroborated by using the peak-purity capabil-
ity of the diode array detector, which enables detection
and identification of vicinal diols in the samples. Thus, the
accuracy and precision of the method was well suited to
the quantitative analysis of real samples.

Analysis of Synthetic Samples

Determination of the vicinal diols content. The pu-
rity of three real synthetic vicinal diols (V, VII, and VIII)
was determined by the aforementioned method of the opti-
mal CZE conditions, and the purity was 99.16%, 97.52%,

TABLE 2. Linearity and sensitivity of the method for the determination of the main product content
of the AD reaction (n = 5)

Analytes Regression equation Linear range (ug/ml) r R? LOD (ug/ml) LOQ(ug/ml)
A% Y = 41.8037X + 230.44 10.0-450.0 0.9990 0.9980 2.5 8.0
Vil Y = 28.7539X + 255.47 12.5-400.0 0.9993 0.9986 2.0 10.0
VIII Y = 36.8411X + 295.67 7.5-370.0 0.9992 0.9984 1.1 5.0

Conditions: fused-silica capillary, 58.5 cm (48.5 cm effective length) X75 um i.d.; BGE, 200 mM borate buffer, pH 10.0, 2.2% (w/v) B-CD [0.6% (w/v) (*)-

VII]; temperature, 20°C; applied voltage, 15 kV; UV detection at 214 nm.
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TABLE 3. Recovery of the enantiomerically pure
vicinial diols (n = 6)

Added Recovered Recovery+=RSD
Analytes (ng/ml) (ng/ml) (%) (n=6)
A% 10.0 9.8+04 98.2+4.5
25.0 24.9+0.7 99.6+2.9
60.0 58.4+2.6 97.3+4.5
Vil 10.0 10.3+0.5 103.2+4.9
25.0 24.8+0.9 99.2+3.8
60.0 58.8+1.5 98.0+2.5
VIII 10.0 9.8+04 97.8+4.2
25.0 25.3+0.9 101.2+3.6
60.0 59.9+0.6 99.8+1.0

Experimental conditions as in Table 2.

and 99.25%, respectively. This method was also used to
efficiently monitor the process of the AD reactions.

Determination of enantiomeric excesses (%ee).
Eight synthetic samples of the AD reactions at the concen-
tration of about 2.2 mg/ml were assayed to determine the
enantiomeric excesses value (%ee) by the optimized
method. The baseline separation of the enantiomers was

still observed at excessively high concentration level.
The results are shown in Table 1. It was found that the
enantiomeric excess value (%ee) determined by the
CZE method was in accordance with that by HPLC, indi-
cating that the proposed method is suitable for the deter-
mination of %ee value of the AD reaction samples. Typical
electropherograms of %ee determination are shown in
Figure 7.

CONCLUSION

Synthesis of chiral ligand (QN),PHAL 2 was improved
under mild conditions in an easier procedure and in high
yield. It provided a practical way to synthesize the chiral
ligand in a large scale. The chiral ligand showed high
chemical yields and excellent enantioseletivity in AD of
olefins. Furthermore, the utility of B-CD-modifed CE
method for the fast and efficient enantioseparation of eight
chiral vicinal diols was demonstrated. Under the optimal
operation conditions, an efficient separation of the diols
was obtained within 15 min. The developed method
proved to be a simple and rapid technique for monitoring
the process of the AD reaction as well as determining the
purity and the enantiomeric excesses value (%ee) of the
AD reaction products.
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Fig. 7. Typical electropherograms of %ee determination. Separation conditions: fused-silica capillary, 58.5 cm (48.5 cm effective length) X75 pum i.d.;
BGE, 200 mM borate buffer; pH, 10.0, 2.2% (w/v) B-CD [0.6% (w/v) (*)-VII]; temperature, 20°C; applied voltage, 15 kV; UV detection at 214 nm.
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DISCOVER SOMETHING GREAT

Molecular Homochirality and the Parity-Violating Energy

Difference. A Critique with New Proposals

SOSALE CHANDRASEKHAR*
Department of Chemistry, Middle East Technical University, 06531 Ankara, Turkey

ABSTRACT Previous proposals for the origin of molecular homochirality, based on
the effect of the weak neutral current (WNC) on enantiomers, and the amplification of
the resultant parity-violating energy difference (PVED), are possibly flawed. The addi-
tive amplification of PVED in crystals and polymers (“Yamagata hypothesis”) cannot
lead to detectable levels of optical activity, the original theory apparently overestimating
PVED by a factor equal to Avogadro’s number. An alternative theory based on the irre-
versible and spontaneous evolution of a dynamically fluctuating system is apparently
impractical. However, the nonlinear amplification of PVED via autocatalytic polymeriza-
tion may be possible as indicated by a simplified physico-chemical approach. This may
also occur during crystallization and melting, and form the basis of the second order
asymmetric transformation. (Thus, reported differences in the melting points of enan-
tiomers in several cases may well be real). Also, the preponderance of racemic com-
pounds over conglomerates may be based on the destabilization of the conglomerate by
the action of the WNC on the crystalline lattice. The WNC may also be involved in the
anomalous scattering of X-rays, which possibly arises from their circular polarization:
the current theory would need to be revised accordingly. Chirality 20:84-95,
2008. © 2007 Wiley-Liss, Inc.

KEY WORDS: anomalous X ray scattering; autocatalytic polymerization; circular
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polarization; conglomerate; crystallization; origin of chirality; origin of
life; racemic compound; weak neutral current

INTRODUCTION
Homochirality and the Origin of Life

The search for the origin of life is a fundamental quest
at the frontiers of modern science, but one that is predi-
cated on the question of the origin of molecular chirality.
This is because the overwhelmingly homochiral nature of
the present biosphere strongly suggests that homochiral-
ity ils 4a prerequisite for the emergence and sustenance of
life.””

The question of the origins of molecular homochirality
forms a part of the larger question of the origins of organic
molecules and their evolution, first into the early macro-
molecules and thence to the primitive life forms.! It is cur-
rently believed that prebiotic chemical evolution began
with the synthesis of the simpler hydroxy and amino
acids, by the action of lightning on the reducing atomo-
sphere of the early earth. These conditions also afforded
the purine and pyrimidine bases of the nucleic acids via
a Fischer-Tropsch type process. The early sugars are
believed to have formed from formaldehyde and lime
(the “formose reaction”). Subsequent chemical events
would form the nucleotides and their polymers, leading
to the emergence of autocatalytic and self-replicating sys-
tems (the “RNA world”).> The evolution of molecular
homochirality would have to fit into this scheme at an
appropriate stage.
© 2007 Wiley-Liss, Inc.

The origin of molecular homochirality has (understand-
ably) been the subject of much speculation and inquiry in
recent decades. Fundamentally, the essentially homochiral
nature of the biosphere raises the intriguing question of a
possible universal chiral influence that predated the emer-
gence of the first organic molecules. The possible prior ex-
istence of such an essentially nonchemical chiral force,
perhaps dating back to the origins of the universe itself, is
of considerable philosophic allure, as it indicates that the
drive towards homochirality—and the subsequent emer-
gence of life—were predestined (Pasteur had reportedly
speculated upon this possibility™®).

Indeed, theories of the origin of optical activity in nature
are apparently subject to the philosophic dichotomy of
chance and determinism. A particularly fascinating deter-
ministic theory proposes that the weak neutral current
(WNC), a minuscule chiral force binding the atomic nu-
cleus together,? is manifest in chemical compounds, and
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was somehow amplified over evolutionary time to the pres-
ent levels of homochirality.?

Other deterministic theories have involved a chiral physi-
cal force of some sort, notably circularly polarized light,*
which possibly affected the stabilities or reactivities of chiral
molecules differentially, thus leading to an excess of one of
the enantiomers. Among the chance theories, accidental
crystallization phenomena related to the second order asym-
metric transformation, have been seriously considered.

The deterministic theories are apparently rather more
reasonable, considering that chance cannot satisfactorily
explain the uniformity and the ubiquity of the chiral bias
of the biosphere. (Thus, the p-sugars and the r-amino
acids predominate overwhelmingly in all parts of the
world.) However, it must not be assumed that “chance”
implies that the same accidental event happened at differ-
ent locations (with the same chiral bias). It is possible that
the accidental production of an enantiomerically enriched
chiral chemical species gradually evolved into the early
life forms at a particular location. These primitive spe-
cies—perhaps even the “twilight zone molecules” such as
early RNA—could have catalyzed their own further
growth, thus simultaneously propagating molecular homo-
chirality and life.

It is also noteworthy that there is a school of thought
that strongly believes that the origins of molecular homo-
chirality are extra-terrestrial.”® This is because of the min-
uscule magnitude of WNC and the inherent difficulty of its
amplification under terrestrial conditions. Accordingly, it
has been proposed that molecular homochirality first
arose under the extreme conditions prevalent in outer
space, e.g., in supernovae, and was transmitted to (prebi-
otic) earth via meteorites, comets, etc.

In view of the fundamental importance of the question
of the origin of optical activity in nature (as briefly dis-
cussed earlier), this area of scientific enquiry has been fer-
tile ground for both imaginative speculation and ingenious
experimentation. The area is also well served by several
excellent reviews and monographs, written by workers
active in the area, who are thus able to provide contempo-
rary and authoritative accounts of the developments.'™

This selective review is focused on a particular aspect
concerning the effects of the WNC, briefly aforemen-
tioned. The WNC is a manifestation of a general “parity
violation” in nature, which renders the enantiomers of a
chiral molecule energetically nonequivalent. The possible
amplification of this infinitesimally small effect—the
“Yamagata hypothesis”—has been proposed to account for
the origin of natural optical activity.®!° This proposal is
critically evaluated in this article, and an alternative viable
mechanism, based on autocatalytic polymerization, is pro-
posed to explain biomolecular homochirality.

In fact, it is possible that the WNC lurks in several ster-
eochemical phenomena without being implicated (possibly
because of its controversial and esoteric nature). Particu-
larly intriguing is the possibility that it is the basis of the
anomalous scattering technique of X-ray crystallography,
which is employed to assign the absolute configurations of
enantiomers.!! This is explored in some detail later in this
article.

Also explored is a possible extension of the effect of the
WNC on the stability of crystalline enantiomers, which
might bear upon the relative stabilities of the two types of
crystalline racemate—conglomerates and racemic com-
pounds. The fact that the vast majority of racemates exist
as racemic compounds rather than as conglomerates
remains intriguing.*'? A possible mechanism to explain
this relative preponderance based on the WNC is pre-
sented herein. (Also discussed in passing are a few recent
proposals that implicate the WNC to explain certain exper-
imental observations, but apparently without justification).

The essential problem in linking the WNC with chemi-
cal phenomena is its minuscule magnitude (~10"%° per
molecule), which renders it beyond the limits of detection
with the usual experimental techniques. Clearly, amplifica-
tion mechanisms would need to be enormously efficient to
bring the WNC into the normal range of detection. Fur-
ther details of the nature of previous attempts at accom-
plishing this and of the present proposals are to be found
in the discussion below.

DISCUSSION
Current State of the Art—a Brief Review of
Previous Approaches

Parity violation and its linear amplification. An
interesting deterministic theory is based on the effect of
the WNC, which primarily binds the components of the
atomic nucleus together. The WNC has a chirality associ-
ated with it, which can be transmitted to a molecular
framework from the component atoms, via the electrons of
the chemical bonds. If the molecular framework is chiral,
the corresponding enantiomers would then have different
energies: this is the molecular equivalent of “Parity Viola-
tion,” which was originally applied to the case of electron
spin. The differing energies of a pair of enantiomers is
termed the “parity violating energy difference” (PVED).

Although it is tempting to consider PVED as the origin
of molecular homochirality, a fundamental stumbling
block is the very small magnitude of the effect of the
WNC (the “electroweak effect”). The electroweak effect,
in fact, has been estimated to be as low as 1072° E;, so
that it is normally undetectable. However, it has been
postulated that it can be amplified to levels that permit
detection by conventional experimental techniques.

An early theory by Yamagata was based on the “accu-
mulation principle,” according to which the PVED was
amplified to detectable levels via a linearly additive pro-
cess, during the polymerization of enantiomeric mono-
mers (e.g., nucleotides).? This theory was later extended
to the case of crystallization, in which the amplification was
believed to occur during the sequential addition of enantio-
meric unit cells, leading to enantiomorphic crystals.® In
both these processes, the ratio of enantiomeric products 7
was believed to be related to the “advantage factor” ¢ (as
shown in egs. 1 and 2, # being the number of cycles of poly-
merization or addition of unit cells (in the case of crystalliza-
tion). (AE,y is the PVED in terms of Gibbs free energy, kg
is Boltzmann’s constant and 7 the absolute temperature.)
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However, there are a number of problems with this simplis-
tic approach, as discussed below (these arguments have
been presented in preliminary form').

r=e"=1+une (1)

e = ANE, /kgT (2)

Assuming a value for ¢ of ~107Y, » should be >10%
for » (a measure of the enantiomeric excess in eq. 1) to be
detectable.!’ Even if the reaction were to be performed
on a nanomolar scale, this would require 10° moles of
monomer.

Another problem concerns yields. Even assuming a
yield of 99% in each step of the polymerization cycle, the
final yield after 10'” cycles would be practically 0%: the
detailed calculation shows that the amount of monomer
needed to carry out the above scheme would then exceed
a trillion powers of ten (in tons).* (The mass of the earth
is ~10'° tons!) These arguments also imply that the Yama-
gata scheme cannot lead to even a single molecule of the
polymer with 10'” monomer units.*

Furthermore, it is noteworthy that the correct expres-
sion for € would employ R (the gas constant) rather than
kg (Boltzmann’s constant), as in eq. 3. This follows the
usual convention for relating the rate constant to the corre-
sponding free energy of activation via the Eyring equa-
tion."* In eq. 3, AE) , is the PVED in J mol ' and is related
to AE,,, (eq. 2) asin eq. 4 (Na is Avogadro’s number). The
PVED per molecule would then be AE,,, and the corre-
sponding “advantage factor” would be ¢ (eq. 5).

&= AE /RT (3)
AL, = AEpNp (4)
¢ =eNy' = (AE[,Nx')/RT = AEy /RT (5)

In fact, the original Yamagata scheme employed £~10""7
and implied the sequential polymerization of ~10% mole-
cules of monomer. (Note that this would produce only a
single molecule of the polymer. These assumptions were
not explicitly stated, but neither were the earlier discussed
problems of scale mentioned.) In such a case, the appro-
priate “advantage factor” (cf. eq. 1) would be ¢’ rather than ¢.

*The reasoning is as follows: the yield (%) at the end of m polymerization
cycles would be 100 X (0.99)”; for m = 10'7 this would be ~10~? where p
= 10, Thus, 10* moles of monomer would finally yield 1 mole of poly-
mer; note that this is in addition to the 10'® moles that would be added
along the way! A single molecule of polymer would require ~10° X 102
moles of monomer, still an astronomical quantity. The following argument
is more straightforward and illuminating: even assuming 100% yield at
each step, if 1 g of monomer is added at each step, the total amount of
monomer required for 107 steps is 107 g.

Chirality DOI 10.1002/chir

With (now revised) & ~ 107, and hence & ~ 107, the
scheme would require the polymerization of >10%" mole-
cules of monomer, or ~10*" moles (a prohibitively large
amount). Thus, the scheme appeared viable because of
the enormous overestimation of either ¢ or z.

These arguments similarly invalidate the crystallization
analog of the Yamagata process.'® Crystal growth involves
the linear and sequential addition of individual unit cells,
so the appropriate “advantage factor” would be ¢ (not ¢).
Thus, giant crystals consisting of ~10%° unit cells (repre-
senting 10" moles) would need to be grown, for PVED to
be manifest. Again, these large numbers indicate prohibi-
tive quantities of materials, to say the least. The following
thermodynamic argument is also illuminating.

In the Yamagata proposal, the “accumulation” is
believed to accrue during the linear and sequential addi-
tion of monomer units. This essentially implies that the
PVEDs between the (enantiomeric) transition states add
up (linearly) over # cycles. The process may be envisaged
as occurring at either a macroscopic level or a (hypotheti-
cal) microscopic level. The macroscopic reaction would
involve a mole of material, or some fraction thereof. The
microscopic reaction would involve the growth of a single
molecule of each enantiomeric polymer. The PVED for
each cycle of the macroscopic reaction would be N, times
that of the microscopic reaction (1 mole being employed).
Assuming a PVED of 10~ J mol ™!, the most “daring”
recent estimate,? and to obtain a detectable level of accu-
mulation, say 1 J, the macroscopic process would need to
occur over 10! cycles of 1 mol each (total of 10* moles,
assuming 100% yields at each step). For the microscopic
process, the corresponding PVED would be ~10 3% J/
cycle; in order to obtain a detectable level of accumulation
(1 J), the process would need to occur over 10! cycles
(total of 10** molecules or 10* moles). Thus, although the
macroscopic and microscopic processes are distinct, both
are invalidated by the same problems of scale.

Yet another problem with the Yamagata approach is that
a grossly oversimplified kinetic scheme was employed to
represent the growth of a polymer. Thus, the overall enan-
tiomer ratio was represented as the product of the enan-
tiomer ratio of each step of the polymerization process.
However, a rigorous approach would apply the methods
employed for treating consecutive reactions, which (appa-
rently) would be very complex for the case of polymeriza-
tion. However, this is of no consequence in view of the
above fundamental invalidation of the Yamagata approach.
Similar comments apply to the criticism by Bonner that
the Yamagata approach overlooks the formation of diaster-
eomers.™” It appears that earlier treatments not only over-
estimated the amplification of PVED by a factor of N,, but
also misinterpreted the significance of the number of
growth cycles.”1°

Clearly, the above linearly-additive amplification mecha-
nisms cannot lead to detectable optical activity, without
involving prohibitive quantities of material.

PVED control of the irreversible evolution of a
randomly fluctuating (racemic) state: ‘“Anticataly-
sis.”1%17  An interesting mechanism for PVED amplifi-
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cation that has been seriously reconsidered in recent
times, is based on an earlier (1953) mechanism based on
autocatalysis.'® This proposal depends on the idea that a
particular enantiomeric product in a reaction can be a cata-
lyst for its own production, and an “anticatalyst” for the
production of its opposite enantiomer. This mechanism
has been resuscitated in recent years with the incorpora-
tion of advanced nonequilibrium kinetic models and so-
phisticated computer simulations.!”

The proposal is based on a model chemical system
which autocatalytically produces enantiomeric species
from achiral precursors. With an unrestricted supply of
precursors the system drifts away from equilibrium and
approaches a randomly fluctuating metastable state in
which both chiral products are being produced. At this
stage (“bifurcation point”) a small perturbation suffices to
tilt the system, which then produces only one of the enan-
tiomeric products. The system thence evolves irreversibly
under the influence of the perturbation, which may be as
weak as the electroweak effect. For a detectable level of
amplification, however, the system needs to evolve over a
relatively long period of time.

S+T \:\XL(D) (6)
S+ T+ XL(D) = 2XL(D) (7)
X, +Xp — P (8)

The model considered is shown in eqs. 6-8, wherein S
and T are the achiral precursors, X; ) are the enantio-
meric products, and P is the meso product of a cross-
reaction between the enantiomers Xjp). Note that the
final formation of P (eq. 8) is irreversible, whereas the ini-
tial formation of X; p) (eq. 6) and its further autocatalytic
production (eq. 7) are reversible.

The original 1953 proposal was based on the concept of
“anticatalysis,”'® which seems clearly unviable in the light
of transition state theory for solution state processes.'*
“Anticatalysis” apparently implies that the formation of a
transition state can be suppressed in some way, but this is
generally impossible. The recent version replaces the anti-
catalysis idea with that of “mutual destruction,” by which
the enantiomers effectively destroy each other by forming
the meso cross-product (eq. 8).17 This is apparently a key
requirement in the above scheme, as it results in the irre-
versible removal of the PVED-disfavored enantiomer: this
apparently leaves behind a trace excess of the PVED-
favored enantiomer for further autocatalytic renewal.

This nonequilibrium Kkinetic scheme is reinforced by
computer simulations, and is apparently compelling. How-
ever, it is practically impossible to test experimentally
(because of the reaction period of several thousand years),
although, of course, this does not disprove it. Importantly,
it apparently suffers from critical problems of scale, which
render its status uncertain. Thus, a simple calculation indi-

cates the formation of millions of tons of the cross-product
P.* In the early stages, apparently, P would be the major
product, although the PVED-favored enantiomer X, is
expected to accumulate gradually. Thenceforth, the pro-
cess as a whole, and (in particular) the formation of the
PVED-favored enantiomer, would be accelerated (presum-
ably enormously) by autocatalysis (eq. 7). This stage may
well involve the turnover of prohibitively large quantities
of material.

Another problem with the scheme is the finding that
even the minuscule electroweak effect can tilt the “precari-
ous balance” at the bifurcation point. Since other minor
chiral fluctuations of the same order would be generally
present in chemical systems, the spontaneous generation
of optical activity should be much more common than
observed. The chiral fluctuations would involve production
of a minuscule excess of one enantiomer in a reaction, etc.
This was possibly present in the prebiotic scene, and
would be in the present biosphere, which is predominantly
homochiral.

Some recent reports. Intriguingly, the Yamagata and
related linear amplification mechanisms continue to form
the backdrop for investigations into the origins of biomo-
lecular chirality.'®'® Thus, crystallization of tris(1,2-ethane-
diamine) Co (III) and tris(1,2-ethanediamine)Ir(III) reportedly
led to enantiomerically enriched material, which was
explained on the basis that the PVED was proportional to
the sixth power of the atomic number.'® Thus, the possibil-
ity of observing PVED is greater in the cases involving
heavier elements (Co and Ir in this case). Although
the experimental results are of interest, the Yamagata
mechanism (as the crystallization analog) was invoked as
explanation.

Another interesting recent study reports that the en-
thalpy changes in the helix-to-coil transitions of p- and 1-
polyglutamic acid are consistently different (by ~10%).2°
An intriguing nonconventional explanation, involving the
PVED-based preferential affinity of ortho-H>0 for the 1-pol-
yamide, that was also amplified autocatalytically during
the helix-coil transition, was proposed. This is almost cer-
tainly invalid for two reasons. Firstly, ortho-H,0 is an achi-
ral molecule and there is no reason why it should prefer-
entially stabilize one of the enantiomeric polymers (but
see later). Secondly (and more importantly), autocatalytic
amplification provides only a kinetic pathway, and cannot
explain the observed thermodynamic differences. These
most likely arise from impurities as the study employed
commercial samples of the enantiomeric polymers without
further purification. The observed solvent isotope effect in
D>0O may also be thus explained. In fact, the authors base

*The reasonmg is as follows. The reactions are con51dered to occur in a
volume (V) ~10° 1, with reactant concentrations of ~10~* M. The bimolec-
ular rate constant (k) for the irreversible formation of the cross-product P
(eq. 8) is 1073 M~ ! s7L. Assuming a steady supply of XLQ), the rate of for-
mation (v) of P would be v = RXXp] = 1077 If the reaction
occurs over a period £ and a volume v, the amount of product P formed =
oVt moles. With ¢ = 15 X 10°y, V' = 10°1, and v = 10° Ms , > 101
moles of P would be formed. If the molecular weight of P ~107, thlS indi-
cates that ~107 tons of P would be formed. This does not take into
account the (possible) increase in [X] because of autocatalysis (eq. 7).

Chirality DOI 10.1002/chir



88 CHANDRASEKHAR

their explanation on their hypothesis of “magnetic corre-
spondence,”?! according to which the 1-enantiomeric poly-
mer has a higher PVED-induced magnetism, thus prefer-
entially interacting with the magnetic field of o7tho-H,O.
The status of this proposal is unclear, and would largely
depend on whether the diamagnetic susceptibilities of
enantiomers are measurably different. In any case, how-
ever, the broad conclusions of the study seem unlikely for
the aforementioned reasons.

A very recent article by Lahav et al.,”* apart from offer-
ing a timely and critical evaluation of the current status of
the debate on PVED amplification, focuses on an earlier
report by Shinitzky et al. that claimed the differential
growth and dissolution of crystalline 1- and p-tyrosine.?
Lahav et al. attribute these observations to artifacts deriv-
ing from unidentified impurities. They based this conclu-
sion on their own detailed investigations, involving the
growth and dissolution of crystals in the presence of inten-
tionally added impurities. Importantly, they draw attention
to the effect of microscopic chiral impurities (e.g., dust) in
the environment on crystal growth, a view shared by this
author on the basis of results from his own laboratories.

These results indeed introduce a fundamental and gen-
eral caveat that applies to all experimental studies of the
origin of chirality: as the biosphere (including the atmos-
phere) is laden with chiral matter, the contamination of
any experimental set-up by chiral dust, pollen, etc., can
never be entirely ruled out. Viewed in this light, the exper-
imental search for the origin of molecular chirality is
doomed to uncertainty and skepticism. It is indeed sober-
ing—if not depressing—to consider the fact that, to the
extent that a firm answer to the question of the origin of
molecular chirality does not emerge, the origin of life will
remain a mystery. Evolutionary studies would then be con-
fined to arriving at a set of most probable scenarios, based
on sound theorizing and supported by appropriate experi-
mentation. An element of doubt, however, will always
attach to the results—defining, apparently, a fundamental
limit of experimental science.

1.2

New Proposals Involving PVED: Autocatalytic
Polymerization; Anomalous Scattering of X-rays;
Conglomerates Versus Racemic Compounds

PVED amplification via autocatalytic polymerization.
As has been elaborated in the previous section, linearly-
additive amplification of PVED as represented by the
Yamagata and analogous schemes is practically unviable.
Therefore, alternative strategies need to be explored for a
viable mechanism for PVED amplification to be developed.
Interestingly, in view of the enormous levels of amplifica-
tion needed to bring PVED (possibly) into the range of
detection, autocatalytic systems which are characterized
by exponential growth rates seem to offer some prom-
ise.?>2" The following treatment is intended to explore the
scope and demonstrate the feasibility of this approach (but
is not to be construed as “conclusive proof”).

For the simple autocatalytic reaction shown in eq. 9, the
rate of growth of the product is represented by eq. 10
(based on the treatment of Atkins®). ([A], and [P], are
Chirality DOI 10.1002/chir

the initial concentrations of reactant and product respec-
tively, x is the increment in [P] at time ¢, and % is the rate
constant.) An analogous equation would apply for the
(noncompetitive) conversion of A to a different product P,
and the ratio [x]/[x'] would be given by eq. 11; (¢’ and ¥’
are analogs of @ and b respectively). This can be simplified
to eq. 12 if it be assumed that b ~ &’ ~ 0, which is reasona-
ble if [P]y ~ 0, and @ and @' are not “excessively” large.
Equation 12 again simplifies to eq. 13 if at ~ @'t > 0. Now,
suppose that % and %' are the rate constants for the forma-
tion of enantiomeric products P and P from an achiral pre-
cursor, and that their free energies of activation differ by
PVED. It then follows that £ ~ &/, so that [x]/[x'] = 1 for
all practical purposes. Thus, a simple autocatalytic system
apparently fails to show any detectable levels of PVED
amplification.

A+P=2P 9)

x/[Po] =(e* —1)/(1 + be™)

a = ([Ao] + [Po])k; b= [Po]/[Ao] (10)

x/x = (e — 1)(1+ ey /(1 +be) (e —1)  (11)
/¥ ~ (€ =1)/(e" = 1) (12)

x/¥ ~ = (a—d) = (A + [Pk —FK)  (13)

The above treatment, however, leads to interesting
results upon extension to the case of autocatalytic poly-
merization. A formal treatment of the Kinetics of autocata-
lytic polymerization would be mathematically complex and
beyond the scope of this review,?>! but the simplified
approach described below is useful in the present context.
In fact, the possibility that terrestrial homochirality origi-
nated in autocatalytic polymerization has been explored in
a few recent articles,?®*?° but apparently inconclusively at
least wvis-a-vis PVED amplification. These mathematical
treatments apparently extend earlier approaches, and it
remains to be seen whether or not they bear fruit practi-
cally. The simplified physico-chemical approach presented
below, however, is apparently valid at least under the con-
ditions described herein.

Consider the polymerization sequence shown in
Scheme 1, involving the successive addition of Y # times
to A, leading finally to the polymer P, via the correspond-
ing intermediates B, C, etc. The kinetics of this process
can be approached with the help of the steady state
approximation to arrive at eq. 14 (the details of the deriva-

Y Y Y Y Y
A— B—> C—> —> pn_1—>

Pn

Scheme 1.
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tion are to be found in the Appendix). The key simplifying
assumptions are: (i) there is a steady input of Y into the
system, so [Y] remains essentially constant; (ii) reversibil-
ity of all intermediate steps is negligible, and the final for-
mation of P, is totally irreversible (the reaction is thus
thermodynamically driven); the rate constants of all the
steps are nearly identical. Under these conditions the reac-
tion is approximately a pseudo first order process (cf. eq.
14), with x being a “pseudo rate constant” derived from
the steady state treatment.

d[P,]/dt = "[A] (14)

% (d) /2, (1) ~ el@=
(@ — @) = ([Ao] + [(Pu)o))[(xa)" = (x)")]  (15)
2, (d) /2, (1) ~ exp|([Ao))t(xcq)" (ne)] (16)

Furthermore, consider the possibility that the final prod-
uct P, catalyzes its own sequential formation, so the above
kinetic treatment can (possibly) be applied (cf. eqs. 9-13).
Also consider that two enantiomeric sequences operate to
produce the enantiomeric products P,(d) and P, (/). Their
relative rates of growth would then be represented by eq.
15 via analogs of eqs. 10-13. Furthermore, if the free ener-
gies of activation corresponding to the sequential rate con-
stants for the formation of P,(d) and P, (/) differ by PVED,
eq. 16 follows (details being in the Appendix). This shows
that very high levels of optical activity would arise even for
low levels of polymerization: with & ~ 107%°, # = 40, kq ~
10, #[Alo ~ 107! (with appropriate units) the relative
growth rate would be ~ ¢*.

Key to the success of this scheme is the factor (iq)”
which largely overcomes the low value of €. (iq)” derives
from the sequential polymerization process, which is,
therefore, critically important for the success of the pro-
posed scheme. In this scheme the chiral selectivity, x,,(d)/
x,(), depends exponentially on the chain length » (eq.
16), as opposed to the linear dependence in the Yamagata
scheme (eq. 1). Therefore, the chiral selectivity can be
large even when # is relatively small.

Note that a value of &€ ~ 10~ 4° (corresponding to ¢, cf.
eq. 5) has been employed, to indicate the growth of a sin-
gle molecule of the polymer. The aforementioned chain
length of » = 40 implies the uptake of 40 moles of mono-
mer for every mole of polymer. To reiterate, therefore, the
factor of (kq)” resulting from the autocatalytic polymeriza-
tion sequence, obviates the need for prohibitive quantities
of material, as was the case with the Yamagata and related
schemes.

Therefore, the possibility that autocatalytic polymeriza-
tion can amplify PVED to detectable levels of enantiomeric
excess is worth further consideration, both experimentally
and theoretically. Possible examples would include the po-
lymerization of amino acids and nucleotides, this also indi-
cating that PVED amplification possibly occurred during

molecular evolution synchronously with the arrival of the
first biopolymers. (The process in the case of RNA has
been explored in a recent paper.’!) It is noteworthy that
complex biopolymers remain catalysts par excellence to
this day, thus reinforcing the above autocatalysis proposal.

Crystallizations. A possible analog of autocatalytic poly-
merization is crystallization, in which the surface of the
crystal acts as a template for its own further growth. Inter-
estingly, there are several claims of PVED amplification
involving crystallization, and in the light of the above pro-
posal, it is possible that some of these may be valid.
Unfortunately, however, it is also true that crystallization is
highly sensitive to trace (chiral) impurities. It is not the
intention here to slight investigators or pass judgement on
their work; as discussed at the end of the previous section,
all such studies are subject to the caveat of chiral contami-
nation. The article by Lahav et al. offers a comprehensive
and critical summary of the state of the art,?? and should
be consulted in this regard.

Two studies from this author’s laboratories exemplify
the above arguments. In one, an apparent PVED amplifica-
tion during the formation of inclusion compounds between
urea and racemic long chain esters, was proved to be pos-
sibly due to chiral dust.?* In another study, a consistent
difference in the melting points of the enantiomeric aspara-
gines was apparently confirmed.*> (Pasteur resolution of
the conglomerate led to the pure enantiomers, possible
chiral contamination with auxiliaries being thus avoided.)
Interestingly, melting may be viewed as the reverse of crys-
tallization and possibly as autocatalyzed, in the sense that
the liquid melt hastens the further melting of the crystal.

Therefore, the possibility that crystallization processes
can be considered as autocatalytic systems apparently
needs to be explored further, both theoretically and exper-
imentally. A better understanding of such processes would
indicate whether or not PVED amplification via crystalliza-
tion can be considered part of a likely scenario for the
emergence of life.

Second order asymmetric transformations. Interestingly,
the above ideas can be extended to the case of crystalliza-
tion-induced spontaneous generation of optical activity,
more often termed “second order asymmetric transforma-
tion (SAT).”33* An SAT process occurs when the enan-
tiomers of a chiral compound interconvert relatively rapidly
in solution during a concomitant crystallization: if one of
the enantiomers begins to crystallize out it shifts the solu-
tion state equilibrium between the enantiomers, so that
the resulting crystals are enantiomerically enriched. A
conglomerate is usually required for the process to be fea-
sible. It is currently believed that the initial crystallization
is a chance event, possibly deriving from accidental nucle-
ation of one of the enantiomers. This is apparently
supported by the observation that either of the two enan-
tiomers may result from the process, which is thus beyond
experimental control vis-g-vis the chirality of the crystal-
lized product.

A problem with the above explanation is that chance is
not meaningful at the molecular level, as molecular phe-
nomena involve an extremely large number of discrete
events occurring randomly and rapidly. In such a case, the
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probability of any particular event being selected in prefer-
ence to an “opposite” event is practically zero. In other
words, during an SAT process, not only is the probability
of initial nucleation identical for the two enantiomers, but
also the nucleation of one of them should be rapidly fol-
lowed by the nucleation of the other.

An alternative explanation for SAT involves the pre-
ferred nucleation of the PVED stabilized enantiomer, that
is autocatalytically amplified during crystallization (vide su-
pra). “Nucleation” has a broad reference here, and could
also mean the formation of a precrystalline aggregate.
However, although this explains the spontaneous genera-
tion of optical activity, it does not explain the fact that the
PVED destabilized enantiomer may also be obtained, appa-
rently with nearly equal probability. (Although a bias
towards one of the enantiomers is often observed during
SAT, the statistical significance of this is unclear. As
always, the problem of chiral contaminants remains.)

An interesting and possible explanation for the above, is
that the PVED destabilized enantiomer is obtained if the
solution becomes supersaturated in the PVED stabilized
enantiomer. “Supersaturation” is a general term referring
to a case in which the thermodynamically stable phase
does not separate out of a mixture.>® In the case of SAT it
is conceivable that the precrystalline aggregates of both
the enantiomers are formed competitively, and that crystal-
lization is initiated by the collapse of the PVED stabilized
aggregate. Supersaturation corresponds to the state when
the latter event is slow, thus allowing the PVED destabi-
lized enantiomer to collapse to a crystal.

It should be noted that in the early stages of crystalliza-
tion PVED amplification would be minimal, resulting in a
fine balance between chance and determinate mecha-
nisms. The formation and subsequent collapse of precrys-
talline aggregates, however, appears fundamentally differ-
ent from simple nucleation, which is statistically far more
random in principle. It is plausible that the collapse of
the aggregate initiates rapid autocatalytic growth and the
destruction of the (opposite) enantiomeric aggregate.
(The enantiomeric aggregates are presumed to be in equi-
librium during an SAT.) The formation of precrystalline
aggregates, therefore, apparently offers a window of oppor-
tunity for a determinate mechanism to operate. The above
tentative proposals, of course, await further work and
developments.

Conglomerates versus racemic compounds. Crys-
talline racemates are of two forms: “racemic compounds”
and “conglomerates.”*!? In the former both enantiomers
are present (generally) in the same centrosymmetric crys-
tal lattice; in conglomerates the enantiomers crystallize
separately in enantiomeric crystal lattices (hence “sponta-
neous resolution”). Intriguingly, it has been known for
long that the number of racemic compounds far exceeds
that of conglomerates.

A thermodynamic basis for this has also been inferred
from Wallach’s rule,®® which states that the density of a ra-
cemic compound is generally greater than that of its corre-
sponding chiral crystal (i.e., conglomerate form). This led
to a belief that the presence of opposite enantiomeric pairs
Chirality DOI 10.1002/chir

in a crystalline lattice leads to better packing. It was also
proposed that the lattice of a racemic compound benefits
from the entropy of mixing,'? because of the presence of
both enantiomers, and is hence thermodynamically pre-
ferred over the corresponding conglomerate form.

However, it has also been argued that any listing of ra-
cemic comounds and corresponding conglomerates would
be statistically biased in favor of the former,*® as such a
list can only be drawn up when the racemic compound is
more stable, the corresponding chiral forms then being
obtained via resolution. (In other words, chiral crystals,
i.e., conglomerates, may be obtained regardless of their
stability, whereas racemic compounds may be obtained
only when they are more stable.) It should be noted, how-
ever, that this argument applies only to the simultaneous
listing of racemic compounds and conglomerates, and
thus only in the context of Wallach’s rule. Therefore, the
general validity of this objection may not be assumed.

In other words, the general experimental observation
that racemic compounds are generally encountered far
more often than conglomerates cannot be ignored. This is
highly likely to have a general thermodynamic basis. The
argument based on the entropy of mixing is also an in-
triguing one (vide supra), and apparently only applies to
the case of single crystals of racemic compounds and corre-
sponding chiral forms. In a collection of such crystals, how-
ever, the entropy of mixing for both forms would appear to
be identical as they include both the enantiomers.*®

On the other hand, it is unclear whether the entropy of
mixing should be considered at the molecular or crystal-
line level, in these cases. In the formation of a conglomer-
ate, spontaneous resolution has occurred and the enan-
tiomers are located in separate lattices, separated in space.
The individual crystal would then need to be considered
as the chiral object, and not the molecule. In other words,
the chiral crystals are mixed but not the molecules. The
entropy of mixing would then be far less at the level of the
crystals as these are far fewer in number than molecules.

This is apparently a conceptual gray area at present, and
a resolution of the paradox must await further work. To
this writer, it appears that the entropy of mixing of a con-
glomerate should lie between the values for the homochi-
ral and racemic compound forms, i.e., 0 and RIn2 respec-
tively. The exact value may also depend on the state of
crystalline subdivision, as this will determine the number
of chiral crystals present (vide supra). Thus, a collection of
relatively small crystals would possess greater entropy
(per mole), which would approach the limiting value of
Rin2 as the crystalline size decreases. This implies that
conglomerates would tend to produce smaller crystals, but
crystal size is determined by a variety of factors.

It is also noteworthy that the entropy of mixing (=RIn2)
amounts to <2 kJ/mol in terms of Gibbs free energy at
normal temperatures. Although this is not insubstantial,
the enthalpic difference between a racemic compound and
its conglomerate form may well be larger than this, and
thus outweigh the entropic effect. It seems unlikely, there-
fore, that entropic effects would explain the preferred for-
mation of racemic compounds. Intriguingly, in fact, it is
possible that PVED has a role to play, as discussed below.



MOLECULAR HOMOCHIRALITY AND PARITY-VIOLATION 91

Possible role of PVED. The manifestation of the WNC
in chemical compounds is believed to occur via a mecha-
nism akin (but not identical) to that involved in the cou-
pling of nuclear spins through the intervening chemical
bonds.?® It is thus that the WNC is transmitted to the mo-
lecular skeleton. It is interesting to consider an extension
of this mechanism to the multitude of weak interactions
that compose a crystalline lattice. These are usually van
der Waals and related forces, hydrogen bonding, n stack-
ing, etc., that are evidenced by the short contacts obtained
from X-ray diffraction analysis.*” Interestingly, the opera-
tion of the WNC through these weak “bonds” would (pos-
sibly) permit the PVED to manifest itself at the level of the
entire lattice, overlaid over the normal molecular level
PVED, which would be identical for racemic compound
and conglomerate.

Furthermore, the effect of such an operation of the
WNC at the lattice level would be different for racemic
compounds and conglomerates. In the case of a racemic
compound there would be no PVED as the lattice is (gen-
erally) centrosymmetric. In the case of the conglomerate,
however, the WNC would destabilize one of the enantio-
meric lattices, and with it the overall conglomerate form.
The autocatalytic amplification of this relative destabiliza-
tion during crystallization would ensure that the racemic
compound forms preferentially.

The key assumption in the above argument is that the
PVED arises from the destabilization of the “wrong” enan-
tiomer rather than the stabilization of the other. In princi-
ple, the PVED may arise either from the stabilization of
one enantiomer or the destabilization of the other (or, of
course, both). If the WNC generally stabilizes a molecular
skeleton, its effect at the lattice level would be similar both
on the racemic compound and one enantiomer; however,
the “wrong” enantiomer would be less stabilized, and
(overall) the conglomerate form would be relatively desta-
bilized. These possibilities are shown in Figure 1.

An interesting question that now arises is why conglom-
erates form in some cases. A possible answer may be that
the molecular and lattice level PVEDs may not always sup-
port each other, so the overall destabilization is nullified;
alternatively, the lattice level PVED may be negligible
per se: in all such cases conglomerates may be preferred
on the basis of other lattice packing considerations.

The general preponderance of racemic compounds vis-
a-vis conglomerates is an intriguing phenomenon that is
not easily rationalized. Earlier explanations based on the
effects of symmetry on crystal packing (cf. Wallach’s rule),
entropy, etc.,, seem unlikely to be generally valid. The
above explanation based on the lattice level PVED repre-
sents a conceptual departure from earlier approaches, and
offers a fundamental deterministic basis for the phenom-
enon. Again, however, these tentative proposals await fur-
ther developments in our understanding of the WNC and
its chemical manifestation.

Anomalous scattering of X-rays. An important exten-
sion of the Xray crystallographic method of structure
determination is the technique based on anomalous scat-
tering (or dispersion). This enables the direct determina-

tion of the absolute configuration of a chiral molecule
and has come to play a key role in modern stereo-
chemistry. 112841

The current theory is apparently based on a breakdown
of Friedel’s law when X-ray scattering by electrons occurs
via absorption (hence “anomalous”). This resonance con-
dition occurs when the frequency of the X-rays corre-
sponds with the energy required to excite the valence
electrons of the scattering atom (scattering occurring at
the “absorption edge”). This is believed to alter the atomic
structure factors in such a way as to include real and imag-
inary dispersion corrections.

The theory is then developed with the help of vector
diagrams, and apparently hinges critically on the assump-
tion that the normal imaginary corrections, but not the
anomalous ones, are inverted for two enantiomerically
related lattices. This results in a nonzero “Bijvoet differ-
ence” leading finally to the breakdown of Friedel’s law,
which essentially implies that the scattering factors are
different for the enantiomeric lattices: F(hkl) # F(ikl).
(The assignment of the absolute configuration involves
an extension of this approach, and is also briefly dis-
cussed further below.)

To those schooled in the traditional concepts of organic
stereochemistry, however, the above treatment appears
unconvincing. It is a fundamental tenet of stereochemistry
that the discrimination of enantiomeric systems (mole-
cules, crystalline lattices, etc.), is only feasible by the
imposition of an additional or external chiral agency, such
as a chiral auxiliary (chemical agency), circularly polarized
radiation (physical agency), etc. The current theory of
anomalous dispersion, however, attempts to discriminate
between enantiomeric crystalline lattices without involving
any external chiral agency (X-rays are considered to be
achiral). As the experimental observations themselves are
not in doubt, i.e., the anomalous dispersion effects are
real, their current theoretical treatment may not be rigor-
ously valid.

Interestingly, it is possible that anomalous dispersion of
X-rays involves parity violation in some manner. The sim-
plest explanation would be that X-rays are circularly polar-
ized during their generation because of the weak nuclear
current (WNC). Xrays are generated by bombarding
heavy metals with high energy electrons; the resulting
electronic excitation and subsequent relaxation generates
X-rays.®**! Although the WNC is primarily a nuclear
force, its effect on the valence electrons of a metal atom
may be considerable and possibly exceed that proposed
for the case of molecules (cf., discussion on PVED amplifi-
cation above). Also, the above effects are observed only
upon anomalous dispersion possibly because anomalous
dispersion involves a more intimate interaction between X-
rays and the lattice (vide supra).

Thus, the WNC would impart chirality to a metal atom,
which is otherwise achiral, so the PVED and its amplifica-
tion are irrelevant. Also, as the WNC is invariant, it would
impart the same chirality to the generated X-rays in all
cases, i.e., either right or left circularly polarized. How-
ever, the degree of circular polarization will be small, as
the WNC is minuscule, which is apparently evidenced by

Chirality DOI 10.1002/chir
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Fig. 1. Representation of the possible effect of the WNC on enantiomers (arbitrarily denoted by + and —) giving rise to the PVED, in terms of the
Gibbs free energy (G): (a) the (+) enantiomer is destabilized but the (—) enantiomer and the racemic compound (+) are essentially unchanged; (b)
the (+) enantiomer is essentially unchanged but the (—) enantiomer and the racemic compound (*) are stabilized. The dotted lines represent the
altered energy states. The dashed line indicates the PVED (AGpy). The operation of either of these modes at the level of the crystal lattice would desta-
bilize the conglomerate form relative to the racemic compound. (This is possibly manifested via amplification during crystal growth.)

the weakness of the observed effect. (A heavy atom is
required for the anomalous dispersion technique to be
applied.*)

It is noteworthy that the circular polarization of X-rays
would represent the first direct experimental evidence in
support of the WNC as manifested in atomic and molecu-
lar phenomena.

Davankov has recently proposed that chirality is “an in-
herent general property” of matter because of the parity
violating effects of the WNC.*? While this is incontesta-
ble, the problem remains that the WNC is a very weak
force, and its thermodynamic effect on the equilibrium
between left- and right-handed forms of matter and radia-
tion must perforce be marginal. The WNC is also largely
localized in the atomic nucleus. All these indicate that it
will only be manifested upon enormous kinetic amplifica-
tion.

It is noteworthy that the theory of anomalous dispersion
was developed before parity violation was well established.
The vectorial approach, although ingenious, would now
appear to be a convenient artifice. Admittedly, however,
the anomalous dispersion method leads consistently to the
correct stereochemical configuration, insofar as can be
correlated by chemical methods. This is clearly intriguing
and a possible explanation is presented later.

It must be recognized that the current theory of anoma-
lous dispersion is based on assumptions that are tanta-
mount to introducing an external chiral influence: in fact,
the breakdown of Friedel’s law is an assumption that is
introduced via the hypothesis that the normal and anoma-
lous corrections are different (vide supra). Therefore, the
theory cryptically involves an “external influence” of a con-
sistent and determined chirality, whose interaction with a
chiral lattice is predictable vis-q-vis its enantiomeric coun-

*An alternative explanation would be that X-rays are not circularly polar-
ized but that anomalous scattering effects arise from PVED between the
enantiomeric lattices; the problem here, of course, is that of amplification,
as PVED per se is too small to manifest a detectable difference in the
scattering.
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terpart. The external influence is proposed to be circularly
polarized X-rays. The new proposals may then be summar-
ized as follows.

The scattering of X-rays results in a phase shift, because
of which the structure factors are represented as complex
quantities involving real and imaginary parts. In normal
scattering, the structure factors for a given lattice and its
enantiomeric pair are inverted with respect to the vectors
for both the real and imaginary parts, so Friedel’s law is
obeyed. In the case of anomalous scattering a correction is
applied to the structure factors, which also includes both
real and imaginary parts. However, the above inversion
applies to the normal (nonanomalous) part as also to the
real part of the anomalous correction, but not to the imagi-
nary part of the anomalous correction. Accordingly, Frie-
del’s law is not obeyed.

The reason for the anomalous imaginary correction
being exempted from the vectorial inversion has so far
been unclear. It is now suggested that this is a conse-
quence of the differential interaction between circularly
polarized X-rays and the Friedel pairs: i.e., the diastereo-
meric interaction between the chiral X-rays and the enan-
tiomeric lattices is represented by the fact that the anoma-
lous imaginary correction is vectorially unaltered. This
resolves—in a way—the above conundrum on the break-
down of Friedel’s law, and explains the success of the Bij-
voet approach in assigning absolute configurations.

Possible experimental tests of this proposal would
involve the intentional generation of X-rays possessing a
high degree of circular polarization, as these would lead to
an enhanced anomalous dispersion effect. Clearly, how-
ever, further theoretical and experimental approaches are
indicated in order to arrive at a satisfactory final explana-
tion for the phenomenon.

CONCLUSIONS

The possibility that there is a fundamental deterministic
basis for biomolecular homochirality has tantalized theo-
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retical and experimental researchers alike, and inspired
efforts that have increased in sophistication over several
decades. At stake is no less than the origin of life itself, as
this most fundamental of all scientific riddles cannot be
approached without first understanding the origin of bio-
molecular chirality. The possible manifestations of the chi-
ral weak nuclear force at the molecular level, and the
amplification of the resulting parity violating energy differ-
ence (PVED) in the case of enantiomers, form the domi-
nant backdrop to both experimental and theoretical work.

A fundamental problem is the minuscule magnitude of
the WNC, which makes the PVED practically undetect-
able. Early theories for the amplification of the PVED to
detectable levels were based on a linearly additive process,
which was believed to occur during competitive polymer-
ization and crystallization processes. However, these were
fundamentally flawed as they employed grossly overesti-
mated values for PVED and consequently need to be aban-
doned. It seems possible, however, that autocatalytic poly-
merization processes can amplify PVED to practical levels.
As crystallization and related processes are possibly auto-
catalytic, these offer a window of opportunity for PVED
amplification, and could explain the origin of biomolecular
homochirality.

Thus, the reported cases of the spontaneous generation
of optical activity during crystallization may well be genu-
ine. However, these are predicated on a general caveat: as
the biosphere is overwhelmingly chiral, the possibility of
chiral contamination can never entirely be ruled out in any
experimental study; in fact, this may well define an impor-
tant limit of experimental science in its approach to the ori-
gin of life.

It seems possible that the WNC may be the basis for a
broad range of stereochemical phenomena, although this
is generally unrecognized because of the minuscule mag-
nitude and esoteric nature of the WNC. Several crystalliza-
tion phenomena, particularly involving second order asym-
metric transformations, may be based on PVED amplifica-
tion. This could also explain the observed general
preponderance of racemic compounds over conglomer-
ates, via the action of the WNC at the lattice level, current
explanations based in conventional thermodynamics being
unsatisfactory. Particularly intriguingly, the current theory
of anomalous Xray diffraction, a technique widely
employed in stereochemistry to assign absolute configura-
tions, may need to be revised: it is possible that it arises
from the circular polarization of X-rays, itself a conse-
quence of the WNC.
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APPENDIX
Autocatalytic Polymerization: Derivation of
Equations 14-16

Derivation of eq. 14. The steady state approximation®®
is applied to the reaction sequence in Scheme 1. The rates
of formation and disappearance of the penultimate product
P, are thus equated, to arrive at eq. Al, which leads to
eq. A2 (k,_q is the rate constant for the conversion of P, _;
to P, and k], that for the reverse process, P, », k, 2 and

" _, having an analogous significance.)

kn—Z[Pn—Z][Y] + szl[Pn] = kizfz [Pn—l] + kn—l[Pn—IHY]
(A1)

[Pua] = {ko2[Puo][Y] + Ky 1 [Pal}/ {5, 5 + kn 1 [Y]}
(A2)

The rate of formation of P, may then be represented by
eq. A3 noting that, as there is a steady and constant input
of Y into the system, [Y] is constant; combining eqs. A2
and A3 then leads to eq. A4 for the rate of formation of P,
Chirality DOI 10.1002/chir

d[Py)/dt = k1 [Py 1)[Y] = ky, 1 [Po-1], Wherek, ; =k, 1[Y]
(A3)

d[Pu)/dt =k, {kn2[Py-2][Y] + K,y [P]}/ (R, 5 + K, )
(Ad)

Equation A4 simplifies to eq. A5 as the formation of P,
is irreversible, i.e. £, ; [P,] = 0:

d[Py)/dt ={k, 1kn—2[Pa-2][Y1}/ (k5 + K, 1)
=k 1Ky o [Po2]/ (k5 + Ky 1) = k[P (A5)

where, k,_, = ky2[Y]andx, = k,_ik,_»/(K,_o +k, )
[P,_»] can be represented by eq. A6, the analog of eq.

(P2] = {kn3[Pu3|[Y] + &, 5 [Pua]}/ ks 5 + Ra2[Y]}
(A6)

This simplifies to eq. A7 if it is assumed that the forma-
tion of P, is irreversible, i.e., &, _, [P,—;] = 0, and noting
that k,_»[Y] = &, ,and &,  [Y] = k|

(Pu-s] = Ky alPu-sl/ (By 5 + By ) = Kua[Pas] (A7)
where x,_1 =k),_5/(k_s +k,_,); note also that k], ,[P, 1]
is neglected but not &, , and k], ; as [P,_4] is presumed
to be <1 (by the steady state approximation).

Combining eqs. A5 and A7, leads to eq. A8 for the rate
of formation of P,:

d[P,]/dt=x,[P,_3] = nkn_1[Pp_s] (A8)

Clearly, the above protocol may be repeated until original
substrate A is reached, to obtain eq. A9, leading to eq. A10 if it
is assumed that k, ~ K1 ~ Kp_2 ~ .. . Kp—pm ... ~ K] = K

d[P,]/dt=Knky_1....x1]A] (A9)

d[P,)/di=<"[A] (A10)

Equation Al10 is identical to eq. 14, noting that the poly-
merization is overall pseudo first order and «” a pseudo
first order rate constant. It should also be noted that,
in general, x,_,, are dimensionless except for «, which
possesses the dimensions of a pseudo first order rate
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constant, bearing in mind that [Y] is kept constant in all
the cases. Thus, k" also may be treated as a pseudo first
order rate constant. (Note: more rigorously, a standard
state of 1 M may be assigned to [Y]; the overall autocata-
Iytic process would be a second order reaction, cf. eq. 9,
the above comments pertaining to the uncatalyzed pro-
cess, which should be first order in [A] for the above treat-
ment to be applied.)

Derivation of eqs. 15 and 16. As the polymerization
reaction in Scheme 1 is a pseudo first order process, eq.
10 may be applied to eq. 14 to obtain eq. All, k" being
substituted for k:

= (eat -1)/1+ beat)
a= ([Ao] +

x/[Po]

[Po])x"; b= [Po]/[Ao] (A1)

Equation 15 is analogous to eq. 13, x referring to x,(d)
and ¥’ to x,(]), the incremental increase in the concentra-
tions of the right and left handed final polymer products.
[(kp)” and (k)" are the pseudo first order rate constants
for the formation of the enantiomeric polymers.] Equation
16 then follows by applying the Eyring equation to x4 and
k1, thus relating these pseudo rate constants to their re-
spective free energies of activation, AGq™ and AG;* (egs.
A12 and A13, the symbols having the usual significance):

x/x/ ~ e(afa )t

(@—d) = (A + [Pk —F) (13)
2(d) 2 (1) ~ €@
(@—a') = ([Ao] + [(Pa)o])[(xa)" — (x1)")] ~ (15)
kg = (kT /h) exp(—AG,*/RT) (A12)
— (kT /h) exp(—AGi*/RT) (A13)

The difference [(x;)" — (
mated as follows:

[(ka)" = (k1)")] = (ka)"[1 = (x1)"/(xa)")]

k1)")] in eq. 15 may be esti-

(Al4)

Also, (x1)"/(ka)" =
A13,

(k1/x4)", and from eqs. A12 and

(x1/x4) = exp[AG,t — AGH)/RT) = ¢ (A15)

(k1/xa)" = " (A16)

where ¢ = (AGdi - AGli), assuming that the difference in
the free energies of activation for the individual steps of
the polymerization sequence is of the order of PVED (g).
Equation Al4 then reduces to eq. Al7, via the approxima-
tion (e ~ 1 + x) for x <1 (the absolute value |ng| is con-
sidered as [(x;)" — (x1)")] is defined arbitrarily with
respect to the enantiomers):

[(ka)" = (x1)")] = (k)" (1 = €") = (ka)"me  (A17)
From eqs. 15 and A17 follows eq. Al18:
(@—a') = ([Ao] + [(Pu)o])[(ka)" — (x1)")]
= ([Ao] + [(P)o]) (xa)"ne  (A18)

If the initial concentration of the final polymer product
[P n]O ~ 0:

(@a—a') = ([Ao))(xa)"ne (A19)
Introducing eq. A19 into eq. 15 leads to eq. 16:
%n(d) /%4 (1) ~ exp[([Ao])t(xa)" (ne)] (16)

Chirality DOI 10.1002/chir
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The Chiral Pyrethroid Cycloprothrin: Stereoisomer Synthesis
and Separation and Stereoselective Insecticidal Activity
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ABSTRACT

The synthesis and separation of the isomers of the pesticide cyclopro-

thrin have been realized for the first time. Complete separation was achieved on a DAI-
CEL CHIRALCEL®™ OJ-H column (25 X 0.46 cm) for (1R, a*)-cycloprothrin isomers and
on a DAICEL CHIRALCEL OD-H column (25 X 0.46 cm) for (1S, a*)-cycloprothrin iso-
mers. The insecticidal activity of (1R, aR)-cycloprothrin for the larvae of Mythimasepar-
ata and Aphismedicagini was found to be about six times and four times higher, respec-

tively, than that of racemic cycloprothrin. Chirality 20:96-102, 2008.
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INTRODUCTION

Chirality is an important concept in the pharmaceutical
and life sciences. Its significance was long recognized in
relation to the relative biological activity of the individual
enantiopure isomers of natural compounds and synthetic
drugs.’™ Chiral pesticides currently constitute about 25%
of all pesticides used and this ratio has been continuously
increasing, as more complex structures are introduced.*®
For economic reasons, chiral pesticides are primarily used
as mixtures of enantiomers, or racemates.® However,
enantiomers usually differ in their biological properties as
a result of their interaction with enzymes or other natu-
rally occurring chiral molecules. Enantioselectivity plays
an important role in the environmental fate and ecological
risks of a chiral compound, as many biologically mediated
environmental processes are enantioselective. Chirality
occurs widely in synthetic pyrethroids and organophos-
phates, which are the mainstay of modern insecticides.
For example, studies have shown that enantiomers of syn-
thetic pyrethroids, such as permethrin, behave signifi-
cantly differently in terms of their bioaccumulation and
biodegradation in the environment.”® Earlier synthetic
pyrethroids were usually prepared from a natural product
such as chrysanthemic acid, pyrethrolone etc.’ However,
more recently, novel synthetic pyrethroids have been pre-
pared without using natural product precursors but were
nevertheless enantiopure. Because of the presence of mul-
tiple asymmetric carbon positions, many pyrethroids con-
tain four or eight optical isomers. Cycloprothrin (Fig. 1), a
synthetic pyrethroid, is used in controlling insects and aca-
roids of crops. Each year these pests destroy an estimated
15% of agricultural crops in the United States and even
more in developing countries. Despite the great public
concern associated with the use of the insecticides, the bi-
ological and environmental significance of the Chirality of
cycloprothrin is poorly understood. In this study, we asym-
metrically synthesized and resolved isomers of cyclopro-
© 2007 Wiley-Liss, Inc.

thrin on chiral columns, and evaluated the enantioselectiv-
ity of their insecticidal activity. Dramatic differences of the
isomers were observed in their acute toxicity to Mythima-
separata, Aphismedicagini. The insecticidal activity of (1R,
aR)-cycloprothrin towards the larvae of Mythimaseparata
and Aphismedicagini, respectively, was about six times and
four times higher than that of racemic cycloprothrin.

MATERIALS AND METHODS

'H NMR and ¥C NMR spectra were recorded at 300
MHz using a Varian EM-360A spectrometer in CDCl3 solu-
tion with TMS as the internal standard. Chemical shift (5)
values are given in ppm. MS were recorded with HP-
5989A spectrometer using the EI or ESI method. Melting
points were determined on an SGW X-4 melting point
apparatus and are uncorrected. Optical rotations were
obtained with a Perkin-Elmer 341 Polarimeter.

Racemic Cycloprothrin

Racemic cycloprothrin (Scheme 1) was synthesized as
the literature described'® and identified by 'H NMR spec-
troscopy.

(+)S-2,2-Dichloro-1-(4-ethoxyphenyl)
Cyclopropanecarboxylic Acid (S-(4))

The racemic acid 4 (3.0 g) and (—)-a-methylbenzyl-
amine (1.5 ml) in ethyl acetate (25 ml) was heated to 40°C
and then left standing for 4 days at room temperature. The
precipitated salt was collected and recrystallized twice
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Fig. 1. Chemical structure of synthetic cycloprothrin with (*) indicat-
ing chiral positions.

from ethyl acetate and then from acetone, yielding color-
less needles of the salt. The salt was dissolved in ethanol
and acidified with HCI (2 N). The crystals were collected
after 24 h and washed with water and aqueous ethanol to
give S-(4) (1.35 g, 45%). 'H NMR(CDCl;, 300 MHz) & =
7.42 (d, ] = 10.8 Hz, 2H), 6.94 (d, J = 12.0 Hz, 2H), 4.09
(q,J = 6.9 Hz, 2H), 2.65 (d, J = 7.5 Hz, 1H), 2.11 (d, ] =
7.8 Hz, 1H), 1.47 (t, ] = 7.2Hz, 3H); [«]3! = 66.56 (¢ 1.0,
CHCls); ee = 99%.

(—)R-2,2-Dichloro-1-(4-ethoxyphenyl)
Cyclopropanecarboxylic Acid (R-(4))

The reaction was carried as described for S-(4) above
using (+)-a-methylbenzylamine to give R-(4) in 46% yield.
'H NMR(CDCls, 300 MHz) & = 7.42 (d, J = 10.8 Hz, 2H),
6.94 (d, J = 12.0 Hz, 2H), 4.09 (q, /] = 6.9 Hz, 2H), 2.65 (d,
J =75Hz 1H), 211 (d, J = 7.8 Hz, 1H), 147 (t, ] =
7.2Hz, 3H); [a]3’ = —67.40 (¢ 1.0, CHCl3); ee = 99%.

(1S, «*)-Cycloprothrin

A solution of the carboxylic acid S-(4) (1.1 mmol),
4-(N,N-dimethylamino) pyridine (DMAP) (1.0 mmol), and
2-hydroxy-2-(3-phenoxyphenyl) acetonitrile (5) (2.2 mmol)
in dried methylene chloride (20 ml) was stirred in an ice
bath. 1-Ethyl-3-[3-(dimethylamino) propyl]carbodiimide hy-
drochloride (EDCI, 2.0 mmol) was added, and the reaction
mixture was stirred at 0°C for 2 h and left at room temper-

ature overnight. The solvent was removed in vacuo, and
the product purified by flash chromatography on silica gel
(hexane: EtOAc = 20:1) to give (1S, a*)-cycloprothrin as a
yellow oil; yield: 88%. H NMR(CDCls, 300 MHz) & =
7.43-6.30 (m, 13H), 6.31 (d, J = 7.5 Hz, 1H), 4.01 (q, / =
6.9 Hz, 2H), 2.62 (d, J = 7.5 Hz, 1H), 2.09 (d, / = 7.5 Hz,
1H), 1.41 (t, J = 6.9 Hz, 3H); MS (EI) m/e 445 M *-HC],
1.91), 384 (14.0), 355 (12.1), 302 (10.0), 273 (99.3), 245
(100); HRMS(EI) calcd for Co6Ho1NO4Cl: 446.1159. Found:
446.1146. [alg' = +23.9 (c 1.0, EA).

(IR, «*)-Cycloprothrin

The procedure was carried out as described for (1S,
a*)-cycloprothrin using R-(4). Yield 88% 'H NMR(CDCls,
300 MHz) & = 7.40-6.83 (m, 13H), 6.31 (d, / = 8.1 Hz,
1H), 4.01 (q,J = 7.2 Hz, 2H), 2.61 (d, / = 7.5 Hz, 1H), 2.09
d,J = 7.5Hz, 1H), 1.41 (t, ] = 6.9 Hz, 3H); MS (EI) m/e
445 (M*-HC], 1.91), 384 (14.0), 355 (12.1), 302 (10.0), 273
99.3), 245 (100); HRMS (EI) calcd for CogHpNOLCIL:
446.1159. Found: 446.1173. [a]3® = —22.2 (c 1.0, EA).

Synthesis of (1S, &S )-Cycloprothrin and
(IR, 45 )-Cycloprothrin

2-Cyano-(3-phenoxyphenyl) methyl acetate (6) (277.2
mg, 1.04 mmol), butanol (38.5 mg), lipase from Pseudomo-
nas sp. (19 mg, 22 units/mg) and diisopropyl ether (22
ml) were mixed and heated at 35°C. After 7 h, the reaction
mixture was divided into two equal parts. One part was
treated with S-(4) (71.4 mg, 0.26 mmol) and the other was
treated with R-(4) (71.4 mg, 0.26 mmol) following the pro-
cedure for (1S, a*)-cycloprothrin to yield (1S, aS)-cyclo-
prothrin and (1R, aS)-cycloprothrin, respectively, in 64%
yield.

Chromatographic Separation and Peak
Identification (Fig. 2)

Separation of individual enantiomers was carried out on
a Daicel Chiralcel® OD-H column (25 X 0.46 cm) for (1S,

o 1.TsOH/PhCH3, Cl
)k OH reflux Cl
COZMe CO-Me 2. HCC|3
2 KF/A,O3 COMe
TiCly/ALOs, EtO 90% EtO
OEt  DCM, -15°C 3
1 85% 2 9
NaOH/MeOH | 95%
N Cl
c /@ socl, cl
o o on COOH
O CN o)
o oy E©O 4
cycloprothrin
9% I

Scheme 1. Synthesis of racemic cycloprothrin.
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Fig. 2. Chromatographic separation by chiral HPLC and peak identification: (a) separation of (1S, o*)-cycloprothrin on the Chiralcel™ OD-H column;
(b) separation of (1S, aS)-cycloprothrin on the Chiralcel® OD-H column; (c) separation of (1R, a*)-cycloprothrin on the Chiralcel® OJ-H column; (d)

separation of (1R, aS)-cycloprothrin on the Chiralcel®™ OJ-H column.

o ¥)-cycloprothrin isomers using hexane/IPA (9:1 by vol-
ume) as the mobile phase and on a Daicel Chiralcel OJ-H
column (25 X 0.46 cm) for the (1R, a *)-cycloprothrin iso-
mers with hexane/IPA (7:3 by volume) as mobile phase,
flow rate: 1 ml/min, detection wavelength: 254 nm and col-
umn temperature: 35°C. Assignment of absolute configura-
tions to the resolved peaks was made by comparing chro-
matograms from enantiopure samples and racemates
using peak retention time as the evaluation criterion. To
obtain the individual enantiomers used for bioassays and
spectroscopic analysis, the resolved isomers were man-
ually collected into glass vials. The fractions were evapo-
rated to dryness under a stream of nitrogen. The spectral
data for the four isomers are as follows:

(1S, aR)-Cycloprothrin. 'H NMR(CDCl;, 300 MHz)
8 = 7.34-6.78 (m, 13H), 6.24 (s, 1H), 3.94 (q, J = 6.9 Hz,
2H), 2.56 (d, ] = 7.5 Hz, 1H), 2.03 (d, / = 7.5 Hz, 1H), 1.34
(t, J = 7.2 Hz, 3H); 3C NMR (CDCl;, 75 MHz) & = 166.1,
159.3, 158.0, 156.2, 132.7, 131.8, 130.5, 129.9, 124.6, 124.0,
121.7, 120.3, 119.1, 117.3, 115.2, 114.3, 63.7, 63.4, 61.4,
43.8, 30.6, 29.6, 14.7;, MS (ESD m/e 481 (M™);
HRMS(MALDI) calcd for CyHyNO4CIoNa+1: 504.07399.
Found: 504.0754. ee = 98%. [a]Z’ = 64.99 (¢ 1.0, EA).

(1S, aS)-Cycloprothrin. 'H NMR(CDCls, 300 MHz)
8 = 7.34-6.78 (m, 13H), 6.27 (s, 1H), 3.94 (q, /] = 6.9 Hz,
2H), 2.56 (d, J = 7.5 Hz, 1H), 2.03 (d, ] = 7.5 Hz, 1H), 1.34
t, J = 7.2 Hz, 3H); 3C NMR (CDCl;, 75 MHz) & = 166.1,
159.3, 158.0, 156.2, 132.7, 131.8, 130.5, 129.9, 124.6, 124.0,
121.7, 120.3, 119.1, 117.3, 115.2, 114.3, 63.7, 63.4, 614,
Chirality DOI 10.1002/chir

43.8, 30.6, 29.6,14.7; MS (EI) m/e 445 (M*-HCI, 1.91), 384
(14.0), 355 (12.1), 302 (10.0), 273 (99.3), 245 (100); HRMS
(ED caled for CygHoiNO,CL: 446.1159. Found: 446.1167.
ee = 98%. [a]® = +5.47 (c 1.0, EA).

(1R, aR)-Cycloprothrin. 'H NMR(CDCl;, 300 MHz)
8 = 7.34-6.78 (m, 13H), 6.34 (s, 1H), 3.94 (q, J = 6.9 Hz,
2H), 2.56 (d, J = 7.5 Hz, 1H), 2.03 (d, ] = 7.5 Hz, 1H), 1.34
t, J = 7.2 Hz, 3H); 3C NMR (CDCl,, 75 MHz) & = 166.1,
159.3, 158.0, 156.2, 132.7, 131.8, 130.5, 129.9, 124.6, 124.0,
121.7, 120.3, 119.1, 117.3, 115.2, 114.3, 63.7, 63.4, 61.4,
43.8, 30.6, 29.6, 14.7; MS (EI) m/e 445 M*-HCI, 1.91), 384
(14.0), 355 (12.1), 302 (10.0), 273 (99.3), 245(100); HRMS
(ED) caled for CosHoiNO4CIL: 446.1159. Found: 446.1173.
ee = 83%. [a]Z = —6.30 (c 1.0, EA).

(1R, &.S)-Cycloprothrin. 'H NMR(CDCl;, 300 MHz)
d = 7.34-6.78 (m, 13H), 6.29 (s, 1H), 3.94 (q, J = 6.9 Hz,
2H), 2.56 (d, ] = 7.5 Hz, 1H), 2.03 (d, / = 7.5 Hz, 1H), 1.34
(t,J = 7.2 Hz, 3H); 3C NMR (CDCl;, 75 MHz) & = 166.1,
159.3, 158.0, 156.2, 132.7, 131.8, 130.5, 129.9, 124.6, 124.0,
121.7, 120.3, 119.1, 117.3, 115.2, 114.3, 63.7, 63.4, 614,
43.8, 30.6, 29.6, 14.7; MS (ESD m/e 481 (M™);
HRMS(MALDD caled for C26H22NO4C12: 482.09204.
Found: 482.0919. ee = 94%. [a]® = —31.9 (¢ 1.0, EA).

Bioassay of Insecticidal Activities (Table 1)

Newly hatched larvae of Tetranychus cinnabarnus and
Aphismedicagini laid by female adults 24 h before bioassay
and third instar larvae of Nilaparvatalegen and Mythimase-
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TABLE 1. The insecticidal activity for cycloprothrin and its stereoisomers®

Mortality (%)
Ni® (mg/1) Tc® (mg/1) Ap (mg/1) My*© (mg/1)
Compounds 500 250 250 100 20 250 100 20
Racemic cycloprothrin 0 0 98 83 77 100 100 90
(1R, o*)-Cycloprothrin 0 0 98 93 69 100 100 99
(1R, aR)-Cycloprothrin 0 0 100 99 84 100 100 100
(1R, «S)-Cycloprothrin 0 0 100 78 66 100 100 33
1S, a*)-Cycloprothrin 0 0 52 2 0 10 22 0
(1S, aS)-Cycloprothrin 0 0 0 0 0 0 0 0
(1S, aR)-Cycloprothrin 0 0 0 - - 0 - -
Untreated 0 0 0 - - 0 - -

*Method of bioassay is described in materials and methods.
YNi: Nilaparvatalegen

“Tc: Tetranychus cinnabarnus.

9Ap: Aphismedicagini.

°My: Mythimaseparata.

parata were reared in laboratory at (27 = 1)°C. In the first
screen, the compounds were tested for insecticidal activity
by Potter Tower spraying methods!! at concentrations of
250 or 500 mg/l. For the second screen, the compounds
in food media were tested for killing Mythimaseparata and
Aphismedicagini larvae. Two to three replicates of each
test were performed and the mortality assessed after 24 h
for Aphismedicagini larvae and 72 h for Nilaparvatalegen
larvae. Control group insects, reared in food media were
treated with water only.

Toxicity Test

The compounds were tested for killing Mythimaseparata
and Aphismedicagini larvae with food media by dipping
poison methods!! at different concentrations. Two to three
replicates of each test were performed and mortality was
assessed after 24 h for Aphismedicagini larvae and 72 h for
Nilaparvatalegen larvae. The insecticidal effects and toxic-
ity were determined by counting survivors at the end of
the exposure period. The control morality was adjusted by
using Abbot’s formula. Toxicity is expressed as a media
concentration (LCsg). All tests were carried out in accord-
ance with SOP guidance.!!

RESULTS AND DISCUSSION
Synthesis of Racemate and Isomers

Recently, we have reported an efficient synthesis
(Scheme 1) of the racemate methyl 2-(4-ethoxyphenyl)-2-
hydroxypropanic acid'® via highly regioselective Friedel-
Crafts reactions of 1l-ethoxybenzene with pyruvate ester
promoted by TiCl, in the presence of basic Al,O3 for 3 h at
—15°C. This is followed by dehydration simply by heating
in toluene with a catalytic amount of p-toluenesulfonic acid
and dichlorocyclopropanation with chloroform in the pres-
ence of KF/Al,O3 in acetonitrile at room temperature. Hy-
drolysis of the ester afforded racemic 2,2-dichloro-1-(4-
ethoxyphenyl)cyclopropane carboxylic acid in 95% yield.

The racemic cycloprothrin was prepared by esterification
of its acid chloride with 2-hydroxy-2-(3-phenoxyphenyl)
acetonitrile in 90% yield.

The Chirality of cycloprothrin arises from the acid and/
or the alcohol moieties. Racemic acids are commonly
resolved into their enantioisomers by fractional crystalliza-
tion of diastereoisomeric salts formed with a suitable opti-
cally active amine. Thus, 2,2-dichloro-1-(4-ethoxyphenyl)
cyclopropanecarboxylic acid (4) was treated with (4)
and/or (—)-o-methylbenzylamine in ethyl acetate, fol-
lowed by acidification with hydrogen chloride in ethanol
to remove the amine. The precipitated free acid was
recrystallized from ethanol twice to afford the pure anti-
podes (R)-4 ([a]3*® = —67.4 (¢ 1.0, CHCl;) and ee 99%)
and (54 ([a]3*® = 66.6 (¢ 1.0, CHCLy), ee 99%)'>1?
(Scheme 2).

The chiral pyrethroids, having an alcohol moiety of
(aS)-cyano-3-phenoxybenzyl alcohol ((S)-CPBA) usually
shows higher bioactivity than its (R)-enantiomer.® Many
methodologies have been developed for synthesis of (S)-
CPBA, among which the chemo-enzymatic process pro-
vided an efficient process for preparation (S)-CPBA in
high enantiomer excess.'*!” Racemic CPBA was con-
verted into a-cyano-(3-phenoxyphenyl)-methyl acetate (6).
Finally, the transesterification resolution of the racemic
ester by a highly enantioselective lipase from Pseudomonas
sp. afforded (S)-CPBA in 43.4% yield with 95% ee!®
(Scheme 2).

The insecticidal activity and configuration of each iso-
mer of cycloprothrin could now be individually assessed.
With (R/S)-acid 4 and alcohol (S)-CPBA-5 in hand, dia-
stereoisomers of cycloprothrins were prepared. The classi-
cal esterification procedure by the reaction of acid chloride
with alcohol 5 was found to give racemic cycloprothrin
because of the racemization of the acid 4 when it was
treated with thionyl choride. However, the ester formation
was carried out by treatment of the (R/S)-acid 4 with race-
mic CPBA 5 in presence of l-ethyl-3-[3-(dimethylamino)-

Chirality DOI 10.1002/chir



100 JIANG ET AL.
Cl Cl
cl resolution Cl
COOH <-——m (S) COOH
1. SOCl, EtO EtO
Et0 2. H,0
4 (S)-4 (R)-4
For (S)-4: (-)-a-methyl-benzylamine
For (R)-4. (+)-a-methyl-benzylamine
OH OAc OH OAc
o Ae0 N i’ii’seudomonas sp. ACN N
pase
—_— - +
OPh OPh OPh OPh
5 6 (S)-5 (R)-6

Scheme 2. Resolution of chiral acid 4 and preparation of (S)-CPBA 5.

propyl] carbodiimide hydrochloride (EDCI) and 4-(V,N-
dimethylamino)pyridine (DMAP) in CH,Cl, to give (1R,
a*)/ (1S, a*)-cyloprothrin in high yields without racemiza-
tion (Scheme 3).'® The most insecticidally active isomer of
the respective compound in this synthetic pyrethroid
group had an absolute configuration that corresponded to
the (1R)-configuration of chrysanthemic acid.’® In syn-
thetic pyrethroids such as (2S,aS)-fenvalerate, (25)-flucy-
thrinate and (2S)-fluvalinate, those with a (15)-phenylalko-
noic acid moiety have higher insecticidal activity than
those racemates that were developed and marketed.'® Tak-
ing these reported results into consideration, the two iso-
mers (1R, aS)- and (1S, aS)-cyloprothrin were synthesized
directly by the reaction of (R)-acid 4 or (S)-acid 4, respec-
tively, with (S)-CPBA 5 (Scheme 3).

Isomer Separation, Analysis, and Peak Identification

Chiral separation by HPLC has advanced to become the
most powerful method not only for analyzing enantiom-
ers,'” but also for obtaining them in significant amount of
the pure form for bioassay.?’ Separation of racemic cyclo-
prothrin could not be effectively achieved using a variety
of chiral HPLC columns. However, complete separation
was achieved on a Chiralcel OD-H column (25 X 0.46 cm)
for (1S, a*)-cycloprothrin isomers and a Chiralcel OJ-H
column (25 X 0.46 cm) for (1R, a*)-cycloprothrin isomers
(Figs. 2a and 2c¢). The effective preparative separation of
(1S, a*)-cycloprothrin on a Chiralcel OD-H column (25 X
0.46 cm) gave two peaks with retention times of 18.8 min
(peak I) and 63.1 min (peak II) with hexane/IPA = 9:1
(flow rate: 1 ml/min). The elution of a known sample of
(1S, aS)-cycloprothrin under the same conditions gave a
major peak at 18.6 min, indicating that peak I corre-
Chirality DOI 10.1002/chir

sponded to (1S, aS)-cycloprothrin; therefore, the second
peak II was (1S, aR)-cycloprothrin (Figs. 2a and 2b). Run-
ning (1R, a*)-cycloprothrin on Chiralcel OJ-H column (25
X 0.46 cm) gave two peaks with retention time of 23.9 min
(peak I) and 41.0 min (peak II) with hexane/IPA = 7:3
(flow rate: 1 ml/min). The retention time of authentic (1R,
aS)-cycloprothrin was 41.0 min, indicating that peak I is
(1R, aR)-cycloprothrin and peak II is (1R, aS)-cyclopro-
thrin (Figs. 2c and 2d). The adequate resolution allowed
individual isomers to be recovered for use in bioassays.

Stereostructure-Activity Relationship
for Insecticidal Activity

The insecticidal activity of the racemates and four ste-
reoisomers of cycloprothrin were assessed against the lar-
vae of Tetranychus cinnabarnus, Nilaparvatalegen, Mythi-
maseparata, and Aphismedicagini. As listed in Table 1, in a
primary screen, the compounds were tested for insectici-
dal activity by the Potter Tower spraying method!! at con-
centrations of 250 or 500 mg/l. Cycloprothrins proved to
be toxic to the larvae of Mythimaseparata and Aphismedica-
gini, but not to larvae of Tetranychus cinnabarnus or Nila-
parvatalegen. Cycloprothrins with the R-acid moiety had
much higher insecticidal activity than those with the S-
acid moiety. The (1R, aR)-cycloprothrin showed the high-
est insecticidal activities against larvae of Mythimaseparata
and Aphismedicagini. The second screen tests were car-
ried out with different concentration (20-100 mg/1) for lar-
vae of Aphismedicagini and Mythimaseparata with food
media by dipping poison methods.?’ Racemic cyclopro-
thrin had 100% mortality to Mythimaseparata larvae at a
concentration of 20 mg/1, and (1R, «R)-cycloprothrin had
90% mortality at the very low concentration of 2.25 mg/1.
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Scheme 3. Synthesis of isomers of cycloprothrin.

Furthermore, racemic cycloprothrin had 98% mortality to
Aphismedicagini larvae at a concentration of 250 mg/1, and
(1R, aR)-cycloprothrin had 84% mortality at 20 mg/1. Nei-
ther (1S, a*)-, (1S, aS)- nor (1S, aR)-cycloprothrin showed
any insecticidal activity at a concentration of 20 mg/1
towards larvae of Aphismedicagini and Mythimaseparata.
On the basis of the above primary results of mortality
tests, one of the isomers, (1R, aR)-cycloprothrin was cho-
sen for toxicity testing in comparision with racemic cyclo-
prothrin.™ The toxicity test against the third instar larvae of
Mpythimaseparata showed that this organism was the most
susceptible to (1R, aR)-cycloprothrin (LCs, 0.64 mg/1) com-
pared with racemic cycloprothrin (LCs, 3.66 mg/1). The in-
secticidal activity of (1R, aR)-cycloprothrin for this larvae is
thus about six times higher than that of racemic cyclopro-
thrin. Toxicity tests against newly hatched larvae of Aphis-
medicagini showed that the (1R, aR)-cycloprothrin again
had a higher activity (LCso 3.71 mg/L) with racemic cyclo-
prothrin some four times less active (LCso 15.15 mg/1).
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ABSTRACT B-Blockers are widely used in the treatment of cardiovascular disease
and act by antagonizing the effects of adrenaline (epinephrine) and noradrenaline (nor-
epinephrine) on B-adrenergic receptors. All B-blockers currently used in the treatment
of cardiovascular disease contain at least one chiral center and, while most are mar-
keted as racemates, their cardiac antihypertensive activity generally resides in the S-
enantiomer. Nebivolol is a third generation B-blocker that is highly selective for the ;-
adrenoceptor. The nebivolol molecule contains four chiral centers and is marketed as a
racemate of (+)-nebivolol (SRRR-configuration) and (—)-nebivolol (RSSS-configuration).
Nebivolol differs from all other B-blockers with a hydroxypropanolamine substructure
in that its cardiac antihypertensive activity resides in the R-enantiomer at the hydroxy
group, whereas all other B-blockers have antihypertensive activity in the S-enantiomer.
Two of the four chiral centers in nebivolol are part of a ring structure and the increased
rigidity of this structure may be related to nebivolol’s divergence from the standard
pharmacophore model of B-blockers. Chirality 20:103-109, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: -blockers; hydroxypropanolamine structure; enantiomer; eutomer;

racemate

INTRODUCTION

Nebivolol (Nebilet™) is a racemic mixture of (+)-nebi-
volol, which has selective Bireceptor blocking activity,
and (—)-nebivolol, which causes vasodilation. The nebivo-
lol molecule contains four chiral centers; (+)-nebivolol has
the SRRR-configuration whereas its enantiomer (—)-nebi-
volol has the RSSS-configuration. The constitution of nebi-
volol is fundamentally different from the typical first gener-
ation B-blockers.! In this article, the absolute configuration
of nebivolol and that of the hydroxypropanolamine sub-
structure is discussed with regard to propranolol and the
native enantiomerically pure neurotransmitters adrenaline
(epinephrine) and noradrenaline (norepinephrine).

f-BLOCKERS: STEREOCHEMICAL CONSIDERATIONS

B-Blockers are used widely in the treatment of cardio-
vascular conditions including angina, hypertension, and
arrhythmias. These agents act by antagonizing the actions
of adrenaline (epinephrine) and noradrenaline (norepi-
nephrine) on B-adrenoceptors. All currently available -
blockers contain at least one chiral center in their struc-
ture, and interaction of B-blockers with B-adrenoceptors is
highly stereoselective?; the binding pocket of these recep-
tors is a good example of chiral recognition.

Propranolol, the first successful B-blocker to be devel-
oped, is a nonselective B-adrenoceptor antagonist that
blocks B;- and Boreceptors to similar extents. Like many
B-blockers used in the treatment of cardiovascular disease,
© 2007 Wiley-Liss, Inc.

propranolol is marketed as a racemic mixture consisting of
the R- and S-enantiomers in a fixed 1:1 ratio. Remarkably,
the stereoisomer of propranolol with R-configuration at the
hydroxy group (dexpropranolol; Fig. 1A) has no pharma-
ceutical importance and it is the S-enantiomer that
accounts for the cardiac B-blocking effects of propranolol
(Fig. 1B); a phenomenon that has been observed with
other B-blockers.® In fact, certain p-blockers used for the
treatment of hypertension are produced as enantiomeri-
cally pure compounds containing only the enantiomer
which is more active (that is, the eutomer), including timo-
lol (Dispatim™), levobunolol (Vistagan@), penbutolol
(Betapressin®™), and esatenolol (Atpure™).

A feature common to the chemical structure of B-block-
ers is the presence of at least one aromatic residue
attached to a side alkyl chain that possesses hydroxy and
amine functional groups; in all cases B-blockers contain
one or more chiral centers, one of which is always a car-
bon atom in the alkyl chain directly attached to a hydroxy
group.? The neurotransmitters adrenaline (Fig. 1C) and
noradrenaline (Fig. 1D), which exert B-sympathomimetic
activity in the body, contain just such a chiral center for

*Correspondence to: Carsten D. Siebert, Eltviller Straf3e 4, D-65936 Frank-
furt/Main, Germany. E-mail: dr.cdsiebert@web.de
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Fig. 1. Dexpropranolol (R-configuration) (A) is less potent than the S-enantiomer of propranolol (B). The neurotransmitters adrenaline (C) and nor-
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Fig. 2. (+)-Nebivolol is the SRRR-eutomer of racemic nebivolol. The absolute configuration of (+)-nebivolol is determined by digraphs. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

which the absolute configuration has been determined to
be R.

Binding at the B-adrenoceptor binding site requires
hydrogen bonds, ionic, and n—n interactions. A compari-
son of adrenaline and propranolol reveals a distinct spatial
orientation of the hydroxy group, the amino group, and
the aromatic residue that is essential for binding at the
adrenoceptors. Reversal of the hydroxybenzene moiety in
adrenaline (Fig. 1C) as, for example, is seen in propranolol
(Fig. 1B) leads to an antagonistic effect upon binding at
the binding site of the receptor.*

As illustrated in Figure 1, the absolute configuration of
adrenaline and S-propranolol is contrary although their
spatial orientation is similar. This difference in absolute
configuration (R vs. S) depends on the Cahn-Ingold-Prelog
(CIP) rules for describing a chiral center. The spatial ori-
entation of the ligand is critical to eliciting sympatholytic
and sympathomimetic activity at the B-adrenoceptor.

Some types of B-blocker have more than one chiral cen-
ter. Labetalol, although not a propanolamino-type (-
Chirality DOI 10.1002/chir

blocker, has two chiral centers and is marketed as a race-
mate of four stereoisomers. Its RR-stereoisomer accounts
for most of its B-blocking activity, whereas the SR-stereo-
isomer is responsible for most of its a-blocking activity.®
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Fig. 3. The constitution (not the configuration) of nebivolol. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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When labetalol was tested in anaesthetized dogs, the
isomer  (—)-2-hydroxy-5-[ (R)-1-hydroxy-2-((R)-1-methyl-3-
phenylpropylamino)ethyl]benzamide (dilevalol) showed
nonselective B-antagonism, 2-hydroxy-5-[(S)-1-hydroxy-2-
((R)-1-methyl-3-phenylpropylamino) ethyl]benzamide  was
the most potent antagonist at aj-adrenoceptors, whereas
the enantiomer of dilevalol, (+)-2-hydroxy-5-[(S)-1-
hydroxy-2-((S)-1-methyl-3-phenylpropylamino) ethyl]benza-
mide, showed weak activity at both adrenoceptors.® This
example shows that the influence of stereoisomers is not
limited to nebivolol, but the topology of the most active
labetalol stereoisomer is the same as in adrenaline and
noradrenaline. In both molecules the hydroxy group has
R-configuration. Comparison of a 50:50 mixture of the RR
and SR stereoisomers with racemic labetalol (RR, RS, SR,
SS) in rats confirmed that these two labetalol isomers are
responsible for the treatment effects in systemic hyperten-
sion.>® Nevertheless, dilevalol was withdrawn from the
market due to liver toxicity.

THE g-BLOCKER NEBIVOLOL

Unlike racemic propranolol, which shows no selectivity
for Bi- over Bs-adrenergic receptors, nebivolol is highly
selective for Bi-adrenergic receptors’ and is not associated
with Bs-mediated bronchoconstrictive effects. Nebivolol is
at present the only B-blocker which differs fundamentally
from the structure derived from propranolol. For all other
B-blockers with a hydroxypropanolamine substructure, the
S-configuration at the chirality center (i.e. at the chiral car-
bon attached to the hydroxy group) is responsible for the
molecule’s antihypertensive effect, with the S-enantiomers
generally having about 100-fold greater cardiac B-blocking
activity than the R-enantiomers.’ To understand the
unique properties of nebivolol, the precise orientation of
the four chirality centers must be considered (Fig. 2).

To investigate the stereochemical properties of nebivo-
lol, all possible stereoisomers were synthesized by enan-
tioselective reactions.®® The starting materials were (R)-
6-fluorochroman-2-carboxylic acid and (S)-6-fluorochro-
man-2-carboxylic acid, respectively.’ In the next step, the
carboxylic acid was reduced to yield the aldehyde,
which was converted into 6-fluoro-2-oxiranylchroman.
The four 6-fluoro-2-oxiranylchroman key intermediates
were prepared in the desired stereochemical configura-
tion: (R,R), (R,S), (S,R), and (S,S). These compounds
were separated by reverse-phase liquid chromatography.
Subsequent ring-opening of two building blocks with
benzylamine delivered 2-{benzyl-[2-(6-fluorochroman-2-yl)-2-
hydroxyethyl]amino}-1-(6-fluorochroman-2-yl)ethanol, the
N-protected (*)-nebivolol, and its stereoisomers. After
debenzylation, all isomers were purified by chiral chroma-
tography (preparative chiral chromatography on a Chiral-
pak AD column using MeOH [0.1% N,N-diisopropylethyl-
amine] as the eluent)!! and isolated as hydrochloride
salts. The stereochemical purity of all isomers is shown in
Table 1; impurities of more than 1% were analyzed to
exclude the existence of constitutional byproducts. Single
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TABLE 1. Stereochemical purity of nebivolol isomers

Stereochemical Impurities
Stereoisomer purity (area %) (area %)
SRRS 99.7 -
RSSR 99.9 -
RSRS 99.0 -
RRRS 99.9 -
RSSS 99.9 -
RRRR 99.9 -
RRSR 97.0 1.6 RSSS,
1.3 SRSS
SRSS 99.0 -
RRSS 99.2 -
SSSS 96.7 3.3 RRSS

crystals were prepared and the unit cells were investigated
by Xray crystallography,'? additionally 'H and *C NMR
data confirmed the structures. The spatial orientation of all
isomers was found to correlate with the four chirality cen-
ters and the crystallized compounds demonstrated definite
differences in extension. Notably, (#)-nebivolol is less
flexible than other stereoisomers and the two aromatic
moieties are approximately coplanar. To understand the
geometric properties a stereochemical consideration is
helpful.

STEREOCHEMICAL RESEARCH

The constitution of nebivolol is symmetric in that the
two substituents on nitrogen have the same constitution
(although not the same configuration). The absolute con-
figuration of both enantiomers leads to C;-symmetry in the
molecule. A Cs-axis and a mirror plane o, do not exist. In
Figure 3 the two elements of symmetry are drawn in the
constitution formula.

The number of possible stereoisomers for a chiral or-
ganic compound with unsymmetric constitution is deter-
mined by N, = 2" stereoisomers (N, = real number of ste-
reoisomers, # = number of chirality centers). Figure 4
shows all 16 of the theoretically possible stereoisomers of
nebivolol. Reflecting the images on the mirror planes oy
and o, reduces the number of stereoisomers from eight
enantiomeric pairs (16 compounds) to 10 compounds (Ta-
ble 2). It is important to realize that reflection on o, and
oy gives the same result (Fig. 5). This theoretical treat-
ment is sufficient and drawing of all stereoisomers is not
necessary—this is very useful if a number of compounds
with many stereogenic units are of interest.

Thus, nebivolol (1-(6-fluorochroman-2-yl)-2-[2-(6-fluoro-
chroman-2-yl)-2-hydroxyethylamino]ethanol), with its four
chiral centers, exists as only 10 possible stereoisomers.
Two of them are meso-compounds (i.e. they have an intra-
molecular mirror plane) and the others are enantiomeric
pairs. All other relationships between the stereoisomers
are diastereomeric. All actual stereoisomers are listed in
Table 2. Only two of them have intrinsic activity: (+)-nebi-

Chirality DOI 10.1002/chir
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volol (SRRR) and (—)-nebivolol (SSSR). The term intrinsic
activity is used to denote that a ligand-receptor complex
shows a desired effect in the organism, in this instance
antihypertensive activity; the assumption is that this
results from the binding of a drug molecule at its receptor.

The number of actual stereoisomers (z = 10) is less
than the number of possible stereoisomers (2* = 16)
Chirality DOI 10.1002/chir

because the constitution of nebivolol is symmetric. The
identical sets of stereodescriptors are named in Table 3.
Now it becomes much clearer that (+)-nebivolol can be
described stereochemically by two sets of stereodescrip-
tors: SRRR and RRRS. This knowledge is helpful when
searching and reading scientific literature: for chiral mole-
cules with symmetric constitutions, pairs of molecules are
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TABLE 2. Actual stereoisomers of nebivolol

Reflected Isomeric Point
Image image relationship group =10
RRRR SSSS Enantiomeric Cy 2
RRSR SKSS Enantiomeric Cy 2
SRRR [(+)-nebivolol] SSSR [(—)-nebivolol] Enantiomeric C 2
RRSS RRSS Meso-compounds Cs 1
RSRS RSRS Meso-compounds C 1
KSSR SRRS Enantiomeric C, 2

identical when the sequence of stereodescriptors for one
is exactly the reverse of another, e.g. an RRRS-configura-
tion is identical with an SRRR-configuration. Reading for-
ward or backward is allowed.*

To help elucidate the stereochemistry at the hydroxy
group, the configuration of the enantiomerically pure B-
blockers timolol, penbutolol, levobunolol, and esatenolol is
shown in Figure 6. Levobunolol is an ingredient of racemic
bunolol and esatenolol is the S-enantiomer of atenolol
(Atehexal™).

It can be seen from Figure 6 that the hydroxy group is
always in the S-configuration to get an antihypertensive
systemic effect (excepting ophthalmic use'®). Conversely,
the pure R-configuration enantiomer dexpropranolol
(Fig. 1A) has no pharmacological relevance. Nevertheless,
most of the more than 100 agents with B-blocking activity
are administered as racemates.

The determination of the absolute configuration of nebi-
volol is described in detail in Figure 2. The CIP rules for
the determination of priority are applied to specify the con-
figuration of a chiral center. The substituents are ranked
and the position of the hydrogen atom which is above or
below the plane of the paper must be considered. A clock-
wise numbering with hydrogen (the substituent of lowest
priority) below the plane of the paper results is deemed
the R-configuration. An anticlockwise counting is deemed
the S-configuration.

Fig. 5. Nebivolol contains 10 possible stereoisomers instead of the
n = 2° = 16 stereoisomers. For nebivolol pairs of isomers are identical
when the sequence of stereodescriptors for one is exactly the reverse of
another, e.g. the RRRS-configuration is identical with an SRRR-configura-
tion. This simple rule allows elimination of identical stereoisomers without
the necessity of drawing all 16 compounds by reflection on oy and oy.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Comparison of the first generation B-blockers and
nebivolol indicates that the orientation of the hydroxy
group relative to the neighboring aryl residue is impor-
tant (R-configuration in nebivolol and S-configuration in
enantiomerically pure aryloxyaminopropanol deriva-
tives). The topology of these structural elements is not
comparable although their intrinsic activity (i.e. cardiac
antihypertensive activity) is comparable.

The binding of (4)-nebivolol, (—)-nebivolol and the
eight stereoisomers to Bi-adrenoceptors from rabbit lung
membrane preparations was tested in an in vitro assay.'*
The ICs, values of the stereoisomers are listed in order of
decreasing potency in Table 4. The binding of the SSSS-
stereoisomer was about 1200-fold weaker than that of (+)-
nebivolol, and binding of the RSSS-stereoisomer, (—)-nebi-
volol, was 175-fold weaker than that of (+)-nebivolol. Most
of the stereoisomers with a hydroxy group in the S-config-
uration had weak binding affinities. Both symmetric meso-
compounds showed only high nanomolar activity. All
enantiomeric couples had very different binding affinities.
It is obvious from these findings that a relationship
between configuration at the chirality centers and binding
affinity is not simple.

It is surprising that (+)-nebivolol (SRRR) is about 175
times more active than (—)-nebivolol (RSSS). It is diffi-
cult to reconcile this finding with the stereochemistry of
other B;-selective blocking agents; that is, the orientation
of the hydroxy group and the neighboring bicyclic sys-
tem is not in accordance with that observed in all other
B-blockers. Obviously, the established pharmacophore

TABLE 3. SRRR and RRRS are identical because the
sequence for one stereodescriptor is exactly
the reverse of another

Stereo- Stereo- Isomeric Point
descriptor 1 descriptor 2 relationship group =6
RSSS SSSR [(—)- Identical G 1
nebivolol]
SRSS SSRS Identical G 1
RRSS SSRR Identical Cs 1
RSRS SKSR Identical Cs 1
SRRR [(+)- RRRS Identical Cy 1
nebivolol]
RSRR RRSR Identical Cy 1

Chirality DOI 10.1002/chir
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model for the interaction of ligands at the receptor bind-
ing site must be extended. All other sympatholytics con-
tain only 1 or 2 chiral centers and have more degrees of
freedom because of their linear carbon chains. In the
case of nebivolol, in which two chirality centers are part
of a ring structure, increased rigidity seems to be impor-
tant for this deviation from the standard pharmacophore
model of B-blockers.

Nebivolol is a B-blocker with an unusual constitution
and configuration and has an interesting pharmaceutical
profile. Racemic nebivolol differs from all other B-blockers
and its antihypertensive properties and beneficial effects
on left ventricular function result from the combined and
synergistic actions of both enantiomers. The (+)-enan-
tiomer shows Bi-blocking activity and the (—)-enantiomer
acts as a vasodilator.’*'” Vasodilation may be achieved by
NO release, as indicated by studies in animal models and
in humans, with possible mechanisms including an
increase in NO synthase and stimulation of P2Y-purinocep-
tor-mediated NO release.'® Consideration of stereochemi-
cal properties and the application of modern analytic meth-

TABLE 4. ICs values in a rabbit lung p,-adrenoceptor
binding assay'*

Stereoisomer 1C59 (M)
SKRR [(+)-nebivolol] 0.8
SRRS 2.7
RRSR 3.8
RRRR 11
SRSS 30
SRSR 38
RSSR 84
RRSS 133
RSSS [(—)-nebivolol] 140
SSSS 945

Chirality DOI 10.1002/chir

ods delivers deeper insights into the antihypertensive pro-
file of nebivolol.
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Synthesis of a New C>-Symmetric Chiral Catalyst
and Its Application in the Catalytic Asymmetric
Borane Reduction of Prochiral Ketones
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ABSTRACT

A new C,symmetric chiral catalyst 3,5-bis[(2S)-(hydroxy-diphenyl-

methyl)- pyrrolidin-1-ylmethyl]-1,3,4-oxadiazole was successfully synthesized by the
reaction of 2,5-dichloromethyl-1,3,4-oxadiazole with (S)-a,a-diphenyl-2-pyrrolidinemetha-
nol, and applied to the catalytic asymmetric reduction of prochiral ketones with borane.
When the catalyst loading was 1 mol %, enantiomeric excesses of up to 86.8% and 94.5%
were observed in reduction of aromatic and o-halo ketones, respectively. Chirality

20:110-114, 2008.  © 2007 Wiley-Liss, Inc.
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ketones

INTRODUCTION

The borane-mediated asymmetric reduction of prochiral
ketones has attracted considerable attention owing to its
usefulness in preparing enantiomerically enriched second-
ary alcohols.!™ After the reports by Itsuno and coworkers®
and Corey et al.>® using chiral 1,3,2-oxazaborolidines as
catalysts in the enantioselective borane reduction of pro-
chiral ketones, considerable efforts have been directed to
develop more effective catalysts derived from prolinols.”
Co-symmetric catalysts have also received much attention
and have been used in many reactions,'> ™ as it has been
suggested that the C, ligands enhance the enantioselectiv-
ity of the reaction by reducing the number of competing
diasteromeric parthways due to the homotopic nature of
the remaining coordination sites of the complexes formed
by the ligand.?° Du and coworkers’ used 1 and 2 as cata-
lysts in the borane reduction of prochiral ketones. Their
results demonstrated that catalyst containing a monoproli-
nol 1 was better than the Cy-symmetric ligand 2 (Fig. 1).
To further understand the structural effect of the catalysts
on their catalytic activity, we designed and synthesized a
modified ligand 3 based on the mechanism proposed by
Du and coworkers.” Two major structural changes were
made compared to catalyst 2: (1) a more highly coordi-
nated N atom; and (2) expanded space between two proli-
nol parts. Ligand 3 was employed as a catalyst in the
reduction to examine whether these changes would be
beneficial for the improvement of the enantiosectivity.
Its crystal structure [Crystal data for 2,5-bis[(2S5)-(hydroxy-
diphenylmethyl)-pyrrolidin-1-ylmethyl]-1,3,4-oxadiazole.
CHCl;: Empirical formula: C39H,;ClsN4O3, formula weight:
720.11, monoclinic, space group P2;(No. 4), a =
13.6651(3), b = 10.8796(3), ¢ = 13.6653(3) A, a = 90°, B
= 116.5180(10) °, y = 90°, V = 1817.89(8) A3, Z = 2, D,
=1316gcm !, p = 0.295 mm ™}, A(MoK,) = 0.71073 A,
© 2007 Wiley-Liss, Inc.

F(000) = 756.0, crystal size 0.3 X 0.27 X 0.2 mm®, R( >
2s) = 0.0541, wR? = 0.1409. Detailed X-ray crystallo-
graphic data are available from the Cambridge Crystallo-
graphic Data Center, 12 Union Road, Cambridge CB2
1EZ, UK (CCDC No646244)] was also confirmed by X-ray
analysis. It was obtained as an air-stable, colorless single
crystal upon slow evaporation in acetate-chloroform. A per-
spective view of it is shown in Figure 2.

EXPERIMENTAL SECTION
General Methods

Melting points were taken on an X-6 melting point appa-
ratus and the data were uncorrected. FT-IR spectra were
obtained on a Nicolet FT-170SX spectrometer with KBr
disc. 'H NMR spectra were recorded on a DRX-300 MHz
spectrometer with tetramethylsilane (TMS) serving as in-
ternal standard. Electron ionization mass spectra were
obtained on a Hewlett-Packard HP5988A mass spectrome-
ter. ESI-MS was recorded on a Mariner® biospectrometer.
Optical rotations were measured on a Perkin-Elmer 341
Polarimeter spectrometer. Elemental analyses were car-
ried out on an Elementar Vario EL instrument. The ee
value determination was carried out using chiral HPLC on
a Daicel Chiracel® OB-H (or OJ-H) columns on Waters®™
with a 996 UV-detector or on a Daicel Chiracel® OD-H col-
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SYNTHESIS OF A NEW C,-SYMMETRIC CHIRAL CATALYST
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Fig. 1. Structures of 1, 2 and 3.

umn on Varian® with a UV detector. The absolute configu-
ration of the major enantiomer was assigned according to
the sign of the specific rotation. All reactions were carried
out under an argon atmosphere. THF and toluene was
dried over sodium and freshly distilled before use. Borane-
dimethyl sulfide was obtained from Acros.

Preparation of the Chiral Ligand 3

2,5-Dichloromethyl-1,3,4-oxadiazole 4: Compound 4 was
prepared according to the literature?! as a colorless liquid
in 42% yield; IR (KBr): v3030, 2970, 1583, 1567, 1429, 1384,
1235, 992, 786, 763, 721, 657 cm™; '"H NMR (300 MHz,
CDCly): & 4.70(s, 4 H); **C NMR (75 MHz, CDCly): 32.58,
163.55; MS (ED): m/z: 167.8[M+1]7, 116.8, 130.9, 165.8;
Anal. Caled for C,H,CIN,O: C, 28.77; H, 2.41; N, 16.78;
Found: C, 28.64; H, 2.21; N, 16.70.

(S)-a,a-Diphenyl-2-pyrrolidinemethanol 5: Compound 5
was prepared according to a literature procedure® in 65%
overall yield as a colorless solid. [a]Z’= -55 (¢ 0.33,
CH;0H) [1it.* [a]lf'= -54.3 (c 0.261, CH;0H)]; Mp 76.4-
78.6°C [lit.2 Mp 79-79.5°C]; IR (KBr): v 3600-3100 (br),
3060, 2957, 2886, 1491, 1450, 1400, 1181, 753, 706, 635
cm ™% 'H NMR (300 MHz, CDCly): & 1.54-1.67(m, 2H),
1.69-1.79(m, 2H), 2.91-3.07(m, 2H), 4.26(t, ] = 7.5 Hz,
1H), 7.14-7.19(m, 2H), 7.25-7.32(m, 4H), 7.50(d, J = 8.1
Hz, 2H), 7.58(d, /] = 8.1 Hz, 2H); MS (ESD: m/z:
254.2[M+1]"; Anal. Calcd for Ci;H;oNO: C, 80.60; H,
7.56; N, 5.53; Found: C, 80.36; H, 7.60; N, 5.27.

2,5-bis[ (25)- (hydroxy-diphenylmethyl)-pyrrolidin-1-yl-
methyl]-1,3,4-oxadiazole 3: To a solution of 2,5-dichloro-
methyl-1,3,4-oxadiazole 4 (1 mmol) in absolute ethanol
was added anhydrous potassium carbonate (2 mmol) and
KI (5 mg). The solution was stirred at 40°C for 0.5 h and
then (S)-a,a-diphenyl-2-pyrrolidinemethanol 5 (2 mmol)
was added. The reaction was stirred and refluxed. After
the completion of the reaction as indicated by TLC, the
mixture was filtered and the solvent was removed under
reduced pressure. The crude product was purified by col-
umn chromatography (petroleum ether-ethyl acetate 10:1)
and recrystallization from ethyl acetate/chloroform (5:1)
to afford a colorless solid 590 mg in 82% yield. [a]?’ =
+18 (c 0.26, CHCI3); Mp 109.2-111.4°C; IR (KBr): v 3408,
3333, 2817, 1577, 1491, 1446, 1364, 1216, 1169, 1121, 1032,
983 cm % 'H NMR (300MHz, CDCly): & 1.66-1.82(m,
6H), 1.89-2.00(m, 2H), 2.63-2.71(m, 2H), 3.06-3.11(m,
2H), 3.31, 3.39(AB system, J = 15.6Hz, 4H), 4.22-4.27(dd,
J = 4.2, 8.7 Hz, 2H), 4.44(br s, 2H), 7.13-7.34(m, 12H),

7.60(d, J = 7.5 Hz, 4H), 7.70(d, J = 7.8 Hz, 4H); 1*C NMR
(75 MHz, CDCly): 22.74, 29.89, 48.36, 55.67, 69.10, 78.18,
125.76, 125.79, 126.74, 126.90, 128.43, 128.55, 146.10,
147.66, 164.59; MS (ESD: m/z: 601.5[M+1]"; Anal. Calcd
for Cg9H4;CIsN,O4: C, 65.05; H, 5.74; N, 7.78; Found: C,
65.14; H, 5.80; N, 7.61.

Typical Procedure for the Reduction
of Prochiral Ketones

To a stirred solution of 3 (0.005 mmol) in dry THF
(3 mL) was added BH3-Me,S (0.3 mL, 2M) under argon at
0°C. The resulting solution was heated to reflux and then
stirred at refluxing temperature for 3 h. A solution of the
ketone (0.5 mmol) in dry THF (3 mL) was added dropwise

Fig. 2. ORTEP diagram of catalyst 3.
Chirality DOI 10.1002/chir
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Scheme 1. Synthesis of catalyst 3.

over a period of 1 h at refluxing temperature. After reflux-
ing for a further 1 h, the reaction mixture was cooled and
decomposed by dropwise addition of aqueous HCl (2N,
2 mL). When gas emission ceased, the alcohol product
was extracted into ethyl acetate (10 mL X 3). The organic
extract was washed with brine and dried over anhydrous
sodium sulfate. After concentrated by rotatory evaporation,
the product was purified by column chromatography on
silica gel (petroleum ether/ethyl acetate 8:1) to afford the

Increasing the catalyst loading is known to increase the
asymmetric induction in some cases. The effect of catalyst
loading on the enantioselectivity of the acetophenone
reduction was revealed by using different amounts of the
catalyst from 10 mol % to 0.1 mol %. When the reaction
was carried out at reflux in THF using 10 mol % catalyst

TABLE 1. Enantioselective borane reduction

. X . of acetophenone®
corresponding secondary alcohol. The enantiomeric ex-
cess was determined by HPLC with chiral columns. ° o
)k + BH; - SMg > /k
Ph CHy solvent P CHs
RESULTS AND DISCUSSION 3 Temperature Yield® ee®
The new chiral Co-symmetric prolinol derivative 3,5- Entry (mol%) Solvent ) %) (%) Config!
bis[(2S)-(hydroxy- diphenylmethyl)-pyrrolidin-1-ylmethyl]- 1 = THF %5 % 273 2
1,3,4-oxadiazole 3 was first synthesized from N-alkylation 2 5 THF 50 36 490 R
of (S)-a,a-diphenyl-2-pyrrolidinemethanol 5 with 2,5- 3 5 THF refluxing 88 703 R
dichloromethyl-1,3,4-oxadiazole 4. Compound 4 was 4 5 Toluene 35 90 100 R
obtained in 42% yield from inexpensive and commercially 5 5 Toluene 50 90  13.1 R
available chloroacetyl chloride and hydrazine hydrate by a 6 5 Toluene 66 87 331 R
known procedure?! (Scheme 1). 7 5 Toluene 90 8 345 R
The C,-symmetric chiral ligand 3 was first evaluated in 8 5 Toluene  refluxing 87 405 R
the catalytic enantioselective borane reduction of aceto- 9 10~ THF refluxing 80 519 R
phenone under various experimental conditions to find the 10 75 THF refluxing 83 571 R
optimum reaction conditions. The results were summar- E ?'5 ¥g§ regux}ng gg ;gg z
ized in Table 1. It was found that the enantiomeric purity 13 05 THF igﬂﬁiigg 88 814 R
of the secondary alcohol product was greatly affected by 14 025 THF refluxing 80 662 R
the reaction temperature.”®> At low temperature 35°C) 15 01 THF refluxing 78 388 R

the reaction gave product with poor ee’s of 27.3% and
10.0% in THF and toluene, respectively. When the reaction
was carried out at refluxing temperature, 70.3% (in THF)
and 40.5% (in toluene) ee values were achieved (Table 1,
entries 3 and 8). These results also suggested that THF
was better than toluene.

Chirality DOI 10.1002/chir

AReaction was carried out on a 0.5-mmol scale, molar ratio of ketone:
BH3-Me,S = 1:1.2.

bIsolated yield by column chromatography.

ee values were determined by HPLC (Daicel Chiracel OD-H Column).
9The absolute configuration of the product was determined by comparison
of the sign of the specific rotation to the literature data.*~?
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loading, the corresponding secondary alcohol (R)-1-phe-
nylethanol was obtained in 51.9% ee. A decrease in the cat-
alyst loading from 10 to 1 mol % resulted in an increase in
the enantioselectivity. When the catalyst loading was
decreased from 1 to 0.5 mol %, ee decreased slightly. How-
ever, when the catalyst loading was further decreased
from 0.5 to 0.25 or 0.1 mol %, obvious decrease of the
enantiomeric excess was observed.

To understand the applicability of catalyst 3, a variety of
aromatic ketones were subjected to the conditions opti-
mized for acetophenone (refluxing in THF 1 mol % catalyst
loading). As the results summarized in Table 2 show, the
enantioselectivities obtained for prochiral ketones contain-
ing electon-withdrawing groups were higher than that of
electron-donating ones(Table 2, entries 2-6). The decrease
in enantioselectivity for the reduction of the ketone 4-
methyloxyacetophenone may be rationalized to the coordi-
nation of the heteroatom with the boron atom in the cata-
lyst and borane.>'3 Probably because of steric effects,
ketones containing substitution at the ortho position and 1-
acetonaphthone gave lower enantioselectivities (Table 2,
entries 7-9). The ee values of the corresponding product
decreased with increasing size of alkyl group (Table 2,
entries 1 and 10). A dramatic decrease in selectivity was
observed in the case of the cyclic ketone (Table 2, entry
12), which probably results from its relatively rigid confor-
mation.

Catalyst 3 was also employed as a ligand in the reduc-
tion of a variety of a-halo ketones (Table 3), ee value of up
to 94.5% was obtained. From these results it can also be
concluded that a-halo ketones provide higher enantiose-
lectivities than simple aryl alkyl ketones.

Under the optimized reaction conditions (THF, reflux-
ing, 10 mol % catalyst loading), catalyst 2 gave 81% (aceto-
phenone), 54% (n-butyrophenone), and 84% (a-bromoace-
tophenone) enantioselectivities. Compared with 2, ligand

TABLE 2. Enantioselective reduction of aromatic ketones®

Entry Ketone Yield®®%) ee® (%) Config®
1 Acetophenone 88 82.6 R
2 4-Nitroacetophenone 89 86.8¢ R
3 4-Fluorocetophenone 85 86.0¢ R
4 4-Chloroacetophenone 85 82.3 R
5 4-Bromoacetophenone 88 79.14 R
6 4-Methoxyacetophenone 86 51.2 R
7 2-Chloroacetophenone 86 63.5 R
8 2-Bromoacetophenone 87 69.14 R
9 2-Methoxyacetophenone 82 56.9¢ R

10 n-Butyrophenone 86 61.3 R
11 I-Acetonaphthone 85 35.7 R
12 o-Tetralone 80 36.6 R

“Reaction was carried out on a 0.5-mmol scale, molar ratio of ketone:
BH3-Me,S: 3 = 1: 1.2: 0.01.

bIsolated yield by column chromatography.

‘ee values were determined by HPLC (Daicel Chiracel OD-H Column).

dee values were determined by HPLC (Daicel Chiracel OB-H Column).
“The absolute configuration of the product was determined by comparison
of the sign of the specific rotation to the literature data.®142+-27
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TABLE 3. Asymmetric reduction of prochiral
a-halo ketones®

Q OH
3(1mol%)
)k/x + BH; - SMe; )\/ X
R THF R

Entry R X Yield” (%) ee® (%) Config'
1 Ph Br 93 90.5 S
2 Ph Cl 92 88.7 S
3 p-CH;Ph Br 90 91.5 S
4 $-CH;Ph Cl 92 94.5 S
5 $-BrPh Br 93 91.2¢ S
6 $-CIPh Br 91 88.44 S
7 pNO,Ph  Br 89 80.5¢ S

“Reaction was carried out on a 0.5-mmol scale, molar ratio of ketone:
BH3-Me,S: 3 = 1: 1.2: 0.01.

PIsolated yield by column chromatography.

‘ee values were determined by HPLC (Daicel Chiracel OD-H Column).
dee values were determined by HPLC (Daicel Chiracel OJ-H Column).

‘ee values were determined by HPLC (Daicel Chiracel OD-H Column)
analysis of the corresponding acetate.

The absolute configuration of the product was determined by comparison

of the sign of the specific rotation to the literature data.?*

3 increased the e.e. slightly when acetophenone was used
as a substrate (Table 1, entry 12). As for #-butyrophenone
and o-bromoacetophenone, more obvious increased ee
(about 7%) was observed. In contrast, 3 provided lower
enantioselectivity than 1. Decrease of ee about 15% was
observed when acetophenone and z-butyrophenone were
used as substrates. However, when a-bromoacetophenone
and l-acetonaphthone were used, the decrease of ee’s was
not so obvious (about 2%). Further studies to extend the
scope for this catalyst are under way in our laboratory.
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Candida rugosa Lipase-Catalysed Kinetic Resolution of 2-
Substituted-Aryloxyacetic Esters with Dimethylsulfoxide and
Isopropanol as Additives
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MARIALUIGIA FANTACUZZI, LETIZIA GIAMPIETRO, CRISTINA MACCALLINI, AND MARIA LUISA TRICCA

Department of Drug Sciences, University of Chieti “G. d’Annunzio”, via dei Vestini, Chieti, Italy

ABSTRACT Candida rugosa lipase-catalysed hydrolysis of three different 2-substi-
tuted-aryloxyacetic esters was performed in aqueous buffer containing dimethyl sulph-
oxide and isopropanol from 0 to 80% v/v as additives, in order to obtain an enhancement
of the enantioselectivity. For 2-(p-chlorophenoxy)acetic acid and 2-n-butyl-2-(p-chloro-
phenoxy)acetic acid ethyl esters, DMSO enhanced enzyme enantioselectivity more than
IPA with an opposite enzymatic enantiopreference. The cosolvents moderately improved
Candida rugosa lipase enantioselectivity for 2-phenyl-2-(p-chlorophenoxy)acetic acid
ethyl ester. Chirality 20:115-118, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: 2-substituted-aryloxyacetic acids; kinetic resolution; Candida rugosa

lipase; dimethylsulphoxide; isopropanol

INTRODUCTION

Lipases are frequently used in enantiomeric discrimina-
tion because of their widely recognized potential for the
production of enantiomerically pure compounds,® but their
most common limitation is insufficient enantioselectivity.
A strategy to obtain an enhancement of enzymatic enantio-
selectivity is the addition of additives to the reaction
media; it has been demonstrated that organic cosolvents
or ionic liquids enhance the enantioselectivity of lipase-cat-
alysed resolution of a wide range of compounds.>* The
inclusion of polar organic solvent changes the lipase con-
formation from the less hydrophobic closed form (the
active site is covered by lid) to a more hydrophobic open
form (the active site is open), favoring the binding of
hydrophobic substrate to lipase.” Among various types of
lipases, Candida rugosa lipase (CRL) is one of the most
versatile and widely used enzymes for the resolution of
esters and alcohols in both aqueous and organic media. In
addition to stereoselective ester conversions, CRL can be
used to perform regioselective and chemoselective acyla-
tions, deacylations and simple hydrolysis of esters under
mild reaction conditions.®

The group of chiral 2-aryloxy acids includes compounds
like Dichlorprop and Mecoprop, which are used as herbi-
cides’; their racemic mixtures have been applied for many
years. However, because only the (R)-forms have herbici-
dal properties, since the 1980s regulatory action prescribe
the use of only pure active enantiomers.® Other chiral 2-
aryloxy acids are the analogues of Clofibrate, that were
found to exhibit antilipidemic activity; the role of enantio-
selectivity was demonstrated in the hypolipidemic action,
human platelet function, chloride channel conductance,
and peroxisome proliferation.” Several methods for the re-
solution of these racemic compounds were developed,
© 2007 Wiley-Liss, Inc.

including fractional crystallization, chromatographic enan-
tioseparations on chiral stationary phases, dynamic kinetic
resolution, and enzymatic kinetic resolution.'® 12

Herein we report the CRL-catalysed hydrolysis of 2-sub-
stituted aryloxyacetic esters 1-3 (Fig. 1) in the presence
of dimethyl sulphoxide (DMSO) and isopropanol (IPA)
from 0 to 80% v/v as additives to the aqueous media, in an
effort to improve enantioselectivity in the enzymatic syn-
thesis of interesting herbicidal and antilipidemic com-
pounds. Owing to the preliminary nature of this study, we
began our work selecting DMSO and IPA according to
published data regarding enzyme activation.'>* In particu-
lar, we directed our attention to the influence that the sub-
stituent at the stereogenic centre could exert upon the dif-
ferent enzymatic chiral recognition in the different media
employed.

MATERIALS AND METHODS
General

Solvents (analytical grade) and buffers were used with-
out further purification. A commercial preparation (Sigma)
of lipase from Candida rugosa was used. Optical rotations
were measured on a DIP 135 Jasco instrument. TLC was
performed on silica gel plates (Merck 60 F254). Samples
were analyzed by a HPLC device (Waters, model E600)
equipped with a UV detector. A Chiracel IA (250 X 4.6

Contract grant sponsor: Italian MIUR

*Correspondence to: Rosa Amoroso, Department of Drug Sciences,
University of Chieti “G. d’Annunzio”, via dei Vestini, 66100 Chieti, Italy.
E-mail: ramoroso@unich.it

Received for publication 12 July 2007; Accepted 19 October 2007

DOLI: 10.1002/chir.20505

Published online 11 December 2007 in Wiley InterScience
(www.interscience.wiley.com).



116

O rac-1 R =Me
0O
/©/ OEt  ;4c-2 R=nBu
R
Cl rac-3 R =Ph

Fig. 1. 2-Substituted-aryloxyacetic esters used as CRL substrates.

mm, Daicel) chiral column was used at room temperature
to determine both the conversion and the enantiomeric
excess (eey) of the substrate.

Enzymatic Hydrolysis of Racemic Esters 1-3

Racemic ethyl esters 1-3 were synthesized by known
procedures.'® Each compound (0.025 mmol) was added to
0.01 M phosphate buffer pH = 7.4 (1 ml) containing
DMSO or IPA (0-80 vol %), followed by ultrasonic disper-
sion (40 kHz). CRL (10 mg) was added and the reaction
mixture was shaken at 37°C. At appropriate time intervals,
200 pl of the mixture was withdrawn and CH3CN (0.5 ml)
was added. After centrifugation (4500 rpm for 5 min), 5 pl
of supernatant was analysed by HPLC.

HPLC Analysis

The mobile phase was #-hexane for compound 2, and,
for compounds 1 and 3, #-hexane with the TFA 0.03 vol %
or 0.05 vol %, respectively. Flow rate was 1 ml/min and
detection was at 254 nm.

Stereochemistry of Unreacted Esters 1-3

Racemic 1, 2, and 3 (0.2 mmol) were suspended in
phosphate buffer (8 ml) containing, respectively, 20, 40,
and 0 vol % of DMSO; after ultrasonic dispersion (40 kHz),
CRL (80 mg) was added (Table 1, entries 3, 11, and 13).
The reaction mixtures were stirred at 37°C for 1 h, 4.5 h,
and 48 h respectively, and then CH3CN (5 ml) was added.
After centrifugation (4500 rpm), the supernatant was fil-
tered and concentrated in vacuum. The residue was resus-
pended in ether (5 ml) and washed with NaHCO3 (7 ml).
The organic layer was dried on Na,SO, and evaporated
under reduced pressure to give a pale oil containing the
unreacted (R)- or (S)-enantiomer. Optical rotation of the
residues were

1. [o]®: —90.0° (¢ 0.50, CHCly);
2. [o)3: +21.2° (¢ 0.50, CHCly);
3. [o)3:+ 63.3° (¢ 0.15, CHCls).

RESULTS AND DISCUSSION

In this work, the kinetic resolution of three 2-substi-
tuted-aryloxyacetic acids by CRI-catalyzed hydrolysis was
investigated; reactions were carried on until no further
improvement in enantiomeric excess of the substrate
could be found upon monitoring by HPLC, injecting the
sample on the chiral column at appropriate time intervals.
Enantioselectivity of the kinetic resolution was estimated
from the selectivity factor (F value), which is a convenient
Chirality DOI 10.1002/chir
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TABLE 1. Effects of addition of DMSO on the CRL-mediated
hydrolysis of substrates 1-3 in aqueous buffer

DMSO Time Conversion, eeg E
Entry Compd %v/v (h) ¢ %) %)  value*

1 1 0 7 >90 0 -

2 10 2 50 58 4.8

3 20 1 55 96  >200

4 30 0.5 52 90  186.0

5 40 0.5 48 88 1220

6 50 2 47 82 65.0

7 60-70 72 <20 0 -

8 2 0-10 24 >90 0 -

9 20 4.5 52 20 1.7
10 30 4.5 46 34 3.0
11 40 23 50 62 8.0
12 50-80 72 <15 0 -
13 3 0 48 72 90 5.6
14 10 72 60 49 3.0
15 20 48 70 76 4.1
16 30 48 49 48 4.7
17 40 48 42 40 49
18 50-80 72 <20 0 -

#Calculated by using following equation: In[(1 — O)(1 — eey)]/[Q1 — O
+ eey)].

and often-used parameter for describing the efficiency of
enzymatic resolution reactions.®

Initially, the commercially available enzyme was
screened with the rac-ethyl esters 1-3 in a reaction under
standard conditions and then the CRL-mediated resolution
of each racemic mixture was performed at 37°C in phos-
phate buffer (pH 7.4) containing DMSO or IPA up to 80%
v/v (Scheme 1).

Effect of DMSO

Table 1 shows the extent of the conversion (¢), the opti-
cal purity of the unreacted substrate expressed as enantio-
meric excess (ees %), and the E value, for the hydrolysis of
substrates 1-3 into the corresponding acids, using DMSO
as cosolvent. For compound 1 (R = Me), hydrolysis with-

O
O
R
Cl

rac-1-3

CRL, phosphate buffer,
cosolvent, 37 °C

0 O
O ”
jona RNenay
R
Cl R Cl

Chiral 4-6 Chiral 1-3

Scheme 1. Lipase-catalysed hydrolysis of 7ac-1-3 with CRL.
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TABLE 2. Effects of addition of IPA on the CRL-mediated
hydrolysis of substrates 1-3 in aqueous buffer

IPA Time Conversion eeg E
Entry Compd  (%v/v) (h) © % %)  value®
1 1 0 7 >90 0 -
2 10 1 52 71 10.2
3 20 2 60 72 6.0
4 30 0.5 44 74 74.0
5 40 0.5 41 16 1.8
6 50-80 2 <20 0 -
7 2 0 24 >90 0 -
8 10 48 50 58 6.5
9 20 44 49 10 1.3
10 30-80 72 <10 0 -
11 3 0 48 74 90 5.1
12 10 72 60 25 1.7
13 20 48 46 9 1.3
14 30-80 72 <20 0 -

#Calculated by using following equation: In[(1 — O)(1 — eey)]/[Q1 — O
+ eey)].

out cosolvent proceeded until 90% of substrate conversion,
but no chiral discrimination was observed. The addition of
DMSO to the reaction medium produced a dramatic
enhancement of the enantioselectivity. In these conditions,
the optimum DMSO amount was 20% v/v (E > 200). Good
enantiomeric excesses were observed also when the cosol-
vent was between 30% and 50%, while an excess of DMSO
(>50%) resulted in a loss of both enzymatic enantioselec-
tivity and activity, probably due to an irreversible deforma-
tion of CRL.

Then we tested the effect of DMSO on the other sub-
strates. Regarding compound 2 (R = #-Bu), in the ab-
sence of cosolvent, no substrate enantiomeric excess was
observed up to 90% of substrate conversion, while addition
of DMSO to the reaction medium gave a moderate
increase to the enantioselectivity of the hydrolysis (F val-
ues between 1.7 and 8.0). The highest enantiomeric
excess was reached after 23 h of reaction at 40% of cosol-
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vent. Finally, for compound 3 (R = Ph), hydrolysis with-
out addition of DMSO gave good enantiomeric excess of
the unreacted substrate, although, after 48 h of reaction,
conversion was quite high. Adding DMSO to the reaction
media reduced both conversion and enantiomeric ex-
cesses with no substantial increase of the selectivity fac-
tor E. From the comparison of the earlier results, it
appears that the DMSO-induced enantioselectivity was
affected by the nature of the substituent at the stereogenic
centre of the substrate; indeed, it was quite high for mole-
cule 1, moderate for substrate 2, and negligible for com-
pound 3. The main finding that DMSO improves enantio-
selectivity for the compound 1 closely parallels that of
Watanabe, who found similar results for the butyl ester
analogue of 1.3

Effect of IPA

Compared to DMSO, addition of IPA to the reaction me-
dium resulted in a moderate improvement of the enantio-
selectivity, which was, also in this case, higher for sub-
strate 1 than for esters 2 and 3. Table 2 summarizes the
results for the enantioselective hydrolysis of 1-3 using
IPA as cosolvent. For compound 1, adding 30% IPA to
CRL showed the highest selectivity after 0.5 h (E = 74).
For compound 2, a small enhancement in enantioselectiv-
ity was reached only at 10% of IPA, while for compound 3
addition of the cosolvent made CRL selectivity worse.

Evaluation of the Enzymatic Enantiopreference

To establish which enantiomer was preferably hydro-
lyzed by CRL, we have performed preparative scale enzy-
matic hydrolysis of esters 1-3 in the presence of the opti-
mum amount of DMSO (Table 1, entries 3, 11, and 13).
Reaction mixtures were analyzed with HPLC and the chiral
separation of unreacted substrates is shown in Figure 2.
For evaluation of the enantiopreference of lipase, the opti-
cal rotation values of remaining chiral substrates were
compared to [a]p values from literature.!® For compound
1, (S)-enantiomer was found to be the unreacted optical

0,08 ®
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Fig. 2. HPLC enantioseparation of 1-3 esters after hydrolysis with CRL in the presence of optimum amount of DMSO. Conditions: column Diacel
Chiralpak IA 0.46 cm X 25 cm, 5 um; mobile phase #-hexane +0.03% TFA, 1 ml/min. [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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TABLE 3. Enatiopreference of CRL in the hydrolysis of
substrates 1-3

Absolute conf. of

Entry  Compd Experimental [a]3 inalterate ester
1 1 —90.0° (¢ 0.5, CHCl3) S
2 2 +21.2° (¢ 0.5, CHCl5) R
3 3 +63.3° (¢ 0.15, CHCl3) R

%Evaluated from the unreacted residue after the preparative CRL-mediated
hydrolysis.

antipode, while the opposite was observed for esters 2 and
3 (Table 3). So CRL preferentially hydrolyzed the (R)-
enantiomer of compound 1 and the (S)-enantiomers of
compounds 2 and 3; these results are in agreement with
the entantiopreference of the lipase expressed in exclu-
sively aqueous media.'?

In conclusion, we have reported the effect of two cosol-
vents in the enantioselectivity of CRL-catalysed hydrolysis
of three 2-substituted-aryloxyacetic esters. The results
obtained show that DMSO is a more efficacious cosolvent
than IPA in enhancing enzyme selectivity when the substit-
uent in 2-position is a methyl or a #-butyl group. When it is
a phenyl group, addition of both DMSO or IPA does not
increase CRL enantioselectivity. This preliminary work, that
clearly calls for further detailed experimentation, suggests
that small substituents allow better enantiomeric discrimi-
nation by the DMSO/IPA-modified CRL active site.
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ABSTRACT  Tetrahydropalmatine (THP) is the active component in Rhizoma coryda-
lis and the medicine Yuanhu-Baizhi (YB), which consists of Rhizoma corydalis and Radix
angelicae dahuricae. The aim of this work was to compare pharmacokinetic features of
THP enantiomers in rats dosed with racemic THP (rac-THP), Rhizoma corydalis, or YB
extracts. A single dose of rac-THP (5 mg kg™ ') or extracts of Rhizoma corydalis and YB
(both equivalent to 5 mg kg™ ! of rac-THP) was given orally to three groups of Sprague-
Dawley rats, respectively. Blood samples were collected periodically and plasma concen-
trations of THP enantiomers were determined using an achiral-chiral high-performance
liquid chromatographic (HPLC) method previously reported, with some modifications.
The C,,. ratio (—/+) of THP was 2.91, 1.38, and 1.19, and the AUC,, ., ratio (—/+) of
THP was 2.84, 1.50, and 1.35 in rats after dosed with rac-THP, extracts of Rhizoma cory-
dalis and YB, respectively. The mean AUC,._., and Cy.x of (+)-THP dosed with YB
extracts were 0.652 = 0.30 ug h ml ! and 0.148 + 0.09 pg ml %, significantly higher
(P < 0.05) than those dosed with 7ac-THP and Rhizoma corydalis extracts. The mean
AUC,.., and Ty of 7ac-THP dosed with YB extracts were 1.500 + 0.56 pg h ml™ ! and
2.12 + 1.1 h, significantly higher (P < 0.05) than those dosed with rac-THP or Rhizoma
corydalis extracts. These findings suggested the stereoselectivity in pharmacokinetics of
THP enantiomers in rats was decreased when dosed in plant form, while the AUCy,
of rac-THP increased when YB extracts were dosed, confirming the compatibility in
drug combination of Rhizoma corydalis and Radix angelicae dahuricae. Chirality 20:119-
124, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: Rhizoma corydalis (Yuanhu); prescription Yuanhu-Baizhi extracts;

tetrahydropalmatine enantiomers; pharmacokinetics

INTRODUCTION

Rhizoma corydalis, the dried tuber of Corydalis yanhusuo
W.T. Wang, is a traditional Chinese medicine, named as
Yuanhu in Chinese.! As a widely used medicinal herb to
treat spastic pain, abdominal pain, and pain due to injuries,
Rhizoma corydalis is known to be rich in alkaloids.>™
Among these alkaloids, tetrahydropalmatine (THP) is one
of the most active ingredients with hypnotic and anodyne
activities.® THP is used clinically as the racemic mixture.
Pharmacological studies revealed that (—)-THP blocks do-
pamine receptor in central nervous system, accounting for
most of analgesic activity, while (+)-THP acted as initia-
tive substance of dopamine emptier.” In previous studies,
we reported a sequential achiral-chiral high-performance
liquid chromatographic (HPLC) method for the quantifica-
tion of the two enantiomers of THP in dog plasma, and
revealed the stereoselective disposition of THP in dogs,
the AUCy_., and Cn.x of (=) THP were significantly
higher than that of (+)-THP.® The stereoselective disposi-
tion kinetics of THP was further demonstrated in rats, and
© 2007 Wiley-Liss, Inc.

rac-THP at 40 mg kg~ ! and the (—)-THP at 20 mg kg !
produced comparable plasma concentration—time profiles,
Cinaxo AUCq o, and #1,» of the (—)-enantiomer, indicating
no enantiomeric interaction for THP enantiomers in rats
and dogs.®

Radix Angelicae dahuricae (Chinese name: Baizhi), the
dried root of Angelica dahurica Benth. et Hook., has been
used as a natural remedy since ancient times to treat com-
mon cold and headache, pain in supra-orbital ridge, tooth-
ache, swelling, and abscesses.!® Its main active compo-
nents include essential oils and coumarins.!! Yuanhu-
Baizhi (YB), a traditional Chinese prescription containing
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Rhizoma corydalis Yuanhu) and Radix angelicae dahuricae,
is officially recorded in the Chinese Pharmacopoeia.'? Chi-
nese medicine practitioners usually include both Rhizoma
corydalis and Radix angelica dahurica in their prescriptions
to treat various pains. This clinical practice suggests that
there might be synergic effects between the herbs. Data
obtained from pharmacokinetic studies on the active com-
pounds of medicinal herbs could help to understand the
complex action and compatibility of Chinese herbal medi-
cines in combination and to predict efficacy and toxicity of
herbs and herbal prescriptions.'®!*

In the present study, the pharmacokinetic features of
THP enantiomers given to rats in different chemical envi-
ronments, i.e. dosed with rac-THP, extracts of Rhizoma
corydalis or YB were investigated and compared. The
results help to explore the synergic effects of YB and
understand the compatibility in drug combination of Rhi-
zoma corydalis and Radix angelica dahurica from the phar-
macokinetic point of view.

MATERIALS AND METHODS
Herb Materials, Chemicals, and Reagents

Rhizoma corydalis (Yuanhu) and Awngelica dahurica
(Baizhi) were purchased from Lei-Yun-Shang Pharmaceuti-
cal (Shanghai, China) and were authenticated by Depart-
ment of Pharmacognosy in our university.

Rac-THP (purity 99.5%) and its enantiomer, (—)-THP
(optical purity 99.5%) were provided by Nanning Pharma-
ceuticals (Guangxi, China). HPLC-grade acetonitrile and
ethanol were obtained from Merck Company (Darmstadt,
Germany). Hexane, 2-propanol, triethylamine, sodium
hydroxide, and phosphoric acid, of analytical reagent
grade, were purchased from Shanghai Reagents Company
(Shanghai, China). Double-distilled water was used for the
preparation of all solutions and 0.45 pm pore size filters
(Millipore, MA) was used to filter the solutions.

Animals

Sprague-Dawley rats weighing 280-320 g were obtained
from the Laboratory Animal Center of Chinese Academy
of Sciences (Shanghai, China). Animals were housed
under normal conditions and allowed to acclimatize for at
least 1 wk before initiation of studies. Water and standard
laboratory food were given until 12 h before the experi-
ments. Animal studies were approved by the Second Mili-
tary Medical University Animal Ethics Committee. The ex-
perimental procedures were carried out in accordance
with the Guidelines for Animal Experimentation of Second
Military Medical University (Shanghai, China).

Apparatus and Chromatography

The HPLC system consisted of a LC-10 ATvp pump (Shi-
madzu, Kyoto, Japan), a Rheodyne injector with 100 ul
loop (Rheodyne 7125, Cotati, CA), and a SPD-10 ATvp
multiwavelength detector (Shimadzu, Kyoto, Japan). Achi-
ral separation was performed on a C;g reversed-phase col-
umn (150 mm X 4.6 mm, 5 um) (Kromasil, Akzo Nobel,
Stockholm, Sweden) maintained at 25°C. The mobile
phase (I) was comprised of acetonitrile-0.1% phosphoric
Chirality DOI 10.1002/chir
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Fig. 1. Representative chromatograms of rac-THP on achiral system.
(A) A blank plasma, (B) plasma spiked with 7ac-THP, and plasma samples
after oral administration of rac-THP (C), extracts from Rhizoma corydalis
(D) and YB (E), respectively. Chromatographic conditions: a Cyg re-
versed-phase column (150 mm X 4.6 mm, 5 um); mobile phase, acetoni-
trile-0.1% phosphoric acid solution (adjusted with triethylamine to pH 6.63,
47:53, v/v); flow rate, 1 ml min~'; UV detection, 230 nm; column tempera-
ture, 25°C. Peak:1 = rac-THP. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

acid solution, adjusted with triethylamine to pH 6.63
(47:53, v/v). Chiral separation of THP enantiomers was
conducted on a chiral stationary phase (Chiralcel OJ-H, 250
mm X 4.6 mm, 5 um), protected by a guard column (10 mm
X 4 mm) packed with the same packing material (Daicel
Chemicals, Japan). The mobile phase (II) was anhydrous
ethanol, flow rate of 0.5 ml min ! and temperature at 30°C.
The detection wavelength was 230 nm.
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Fig. 2. Representative chromatograms of THP enantiomers obtained from chiral system. (A) Standard solution of 7ac-THP, (B) plasma sample after
oral administration of 7ac-THP. Chiral separation conditions: Chiralcel OJ-H column (250 mm X 4.6 mm, 5 pm), protected by a guard column (10 mm X
4 mm); mobile phase, anhydrous ethanol; flow rate, 0.5 ml min~%; column temperature, 30°C; UV detection, 230 nm. Peaks: 1, (+)-THP; 2, (—)-THP.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Preparation of Rhizoma corydalis and YB extracts

The preparation of both kinds of extracts was based on
the method in Chinese Pharmacopoeia.'? Briefly, 200 g of
Rhizoma corydalis was extracted with 2000 ml of 60% etha-
nol by refluxing on a water bath at 100°C for 3 h and then
filtered. The extraction was repeated twice and the filtrates
were combined. The filtrates were evaporated under
reduced pressure and the reserved extract was stored at
4°C until administration to rats.

Rhizoma corydalis and Radix angelica dahurica were
weighed and mixed in 2:1 ratio. The mixture was extracted
with the same procedure as that of Rhizoma corydalis. The
rac-THP content of Rhizoma corydalis and YB extracts was
determined to be 2.15mg g~ 'and 1.84 mg g !, respectively,
and was identified by LC-MS and quantified by HPLC.

Drug Administration and Blood Sampling

Sprague-Dawley rats were divided into three groups (30
rats per group) and received rac-THP at a dose of 5 mg
kg™t or Rhizoma corydalis extracts or its prescription YB
extracts (both equivalent to 5 mg kg™ ! of 7ac-THP) by

gavage. Blood samples were collected at 0.083, 0.25, 0.5, 1,
1.5, 2, 3, 4, 6, and 8 h from the inner canthal vein (vena
angularis) with a glass capillary (0.9 mm X 1.2 mm i.d.).
Each group was subdivided into five subgroups of six rats
for sampling, i.e. 0.083 and 2 h, 0.25 and 3 h, 0.5 and 4 h,
1 and 6 h, and 2 and 8 h. About 0.5 ml of blood was with-
drawn each time. Plasma was separated by centrifugation
at 3000 rpm for 10 min and stored at —20°C until analysis.

Determination of THP Enantiomers in Rat Plasma

The concentrations of THP enantiomers in rat plasma
were determined by using a previously reported achiral-
chiral HPLC method® with some modifications. Briefly,
THP enantiomers were extracted from calibration stand-
ards, control solutions, or samples from dosed animals by
liquid-liquid extraction. Aliquots (250 ul) of plasma were
alkalinized with 50 ul of 1 M NaOH and extracted (2.0 ml)
with a mixture of hexane and 2-propanol (95:5). After cen-
trifugation (3500 rpm) for 10 min, an accurately measured
volume (1.6 ml) of the organic layer was evaporated to
dryness under a stream of nitrogen. The residue was
reconstituted in 100 pl of the mobile phase (I), and 80 ul

Chirality DOI 10.1002/chir
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Fig. 3. Plasma concentration-time profiles for THP enantiomers in rats
following oral administration of 7ac-THP (A), ethanol extracts from Rhi-
zoma corydalis (B), and its prescription YB (C). (¢) (+)-THP, (@) (—)-
THP. Each data point represents the mean values *= SD from six rats.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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aliquot of the sample was injected into the C;g column.
The THP fraction (8.2-9.2 min) was collected and
extracted with a mixture of hexane and 2-propanol (95:5).
After evaporation, the residue was dissolved in 100 pl etha-
nol and 80 pl aliquot of the supernatant was directly
injected into the same HPLC system fitted with the Chiral-
cel OJ-H column. Using this system, 7ac-THP can be sepa-
rated and quantified as the mixture of (+) and (-)-THP
using achiral Cyg-column and the (—)/(+) ratio can be
measured on the chiral column, and thus the concentra-
tion of each enantiomer was calculated.’

Assay validation was performed in rat plasma. Linearity
of calibration curve was estimated for the peak area of rac-
THP as a function of the analyte concentration in plasma
over the range of 0.020-1.0 ug ml !, and the data were
Chirality DOI 10.1002/chir
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subjected to least squares regression analysis. The lower
limit of quantification (LLOQ) was estimated at a signal-to-
noise ratio of 10:1. The accuracy and precision of the
method were determined over 5 days by replicate analysis
of blank rat plasma spiked with rac-THP at three concentra-
tions (0.040, 0.20, and 1.0 ug ml%). Each day, one calibra-
tion curve and 15 determinations of five quality controls at
three concentrations were performed. The within-day (#» =
5) and between-day (» = 5) results for accuracy and preci-
sion were expressed as deviation from the theoretical value
(RE) and relative standard deviations (RSD). The extraction
recovery was calculated by comparing the peak area of
plasma-extracted standards versus that of neat standards.

Pharmacokinetic and Statistical Analyses

Pharmacokinetic parameters were determined using a
noncompartment model and calculated with an in-house
validated computer program. The maximum plasma con-
centration (C,,,) and the time to reach maximal plasma
concentration (7},.x) were obtained by inspection of the
concentration-time curves. The area under the plasma
concentration-time curve (AUC) and the area under the
firstmoment time curve (AUMC) were calculated by the
trapezoidal method, and were extrapolated to infinity using
the last detectable plasma concentration and the terminal
elimination rate constant. Mean residence time (MRT)
was calculated using the equations MRT = AUMC/AUC.
The terminal elimination halflife (¢;,5) was derived by lin-
ear regression analysis of the terminal phase of the plasma
concentration-time curve.

All values are reported as means * standard deviation.
Differences between pharmacokinetic parameters for the
two enantiomers were evaluated by the Paired #test. Com-
parisons of administration of different extracts versus rac-
THP were made by an independent measured ftest. A
value of P < 0.05 was considered statistically significant.

RESULTS AND DISCUSSION
Assay Validation

Representative chromatograms of blank plasma and
spiked plasma sample from the achiral system and the
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Fig. 4. Plasma concentration-time profiles for 7ac-THP in rats following
oral administration of 7ac-THP (4), ethanol extracts from Rhizoma coryda-
lis (W) and its prescription YB (A). Each data point represents the mean
values = SD from six rats. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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TABLE 1. Noncompartment pharmacokinetic parameters of THP enantiomers in rats after i.g. ethanol extracts from

Rhizoma corydalis and YB (mean = SD, n = 6)

Rac'THP Rhizoma corydalis
Parameter (+)-THP (—)-THP (+)-THP (—)-THP (+)-THP (—)-THP
Cnax (ug ml?) 0.077 = 0.02 0.224 + 0.10% 0.091 = 0.03 0.126 = 0.03 0.148 =+ 0.09" 0.176 = 0.07
Tinax (h) 0.56 = 0.56 0.71 = 0.62 1.39 £ 1.2¢ 1.56 = 1.0 2.02 = 1.1° 183 £ 1.1
AUC, (ug mI'! h) 0.172 = 0.04 0.587 + 0.18* 0.323 = 0.17 0.485 = 0.23 0.523 + 0.29° 0.666 = 0.24
AUCg.o ug ml™* h) 0.246 = 0.09 0.698 + 0.24* 0.381 + 0.20° 0.571 = 0.27 0.652 = 0.30° 0.877 = 0.34
Ty/2 (h) 6.47 = 4.5 3.10 = 1.2* 3.01 = 14° 294+ 14 3.50 + 2.9° 3.50 = 1.7
MRT (h) 7.25 =53 4.07 £ 1.6* 448 + 1.6 456 = 1.6 5.70 = 3.8 5.67 = 2.2

Significantly different from (+)-THP at P < 0.05.

bSignificantly different from the results of (+)-THP dosed with 7ac-THP or Rhizoma corydalis extracts at P < 0.05.
“Significantly different from the results of (+)-THP dosed with 7ac-THP at P < 0.05.

chiral system are shown in Figures 1 and 2, respectively.
In achiral system, the retention time of rac-THP was about
8.4 min. No endogenous interference at the retention
times of peaks of interest was observed in chromatograms
of blank rat plasma or plasma spiked with rac-THP. The
chiral system was suitable for the separation of THP enan-
tiomers and the retention times for (+)-THP and (—)-THP
were about 16.3 and 19.1 min, respectively.

Calibration curves for rac-THP showed good linearity
over the concentration range 0.020-1.0 pg ml ! in rat
plasma (r = 0.9995). The LLOQ estimated at a signal-to-
noise ratio of 10:1 was 0.020 pug ml™! for 7ac-THP and
0.010 pg ml ™! for (+)-THP or (—)-THP. The within-day
(m = 5) and between-day (#z = 5) results for accuracy
(expressed as RE) and precision (expressed as RSD) were
less than 10%. The extraction recoveries of 7ac-THP from
rat plasma, determined at three concentrations (0.040,
0.20, and 1.0 ug ml™ %), were 90.1% *+ 5.6%, 93.2% = 4.3%,
and 94.8% + 6.1%, respectively. These results demon-
strated that the assay was reproducible and accurate for
quantification of 7ac-THP and its enantiomers in rat plasma
samples.

Stereoselectivity of THP Enantiomers in Difterent
Chemical Enviroment

Single doses of 7ac-THP (5 mg kg ') and extracts of
Rhizoma corydalis and YB (both equivalent to 5 mg kg !
of rac-THP) were given orally to three groups of Sprague-
Dawley rats, respectively. Plasma concentration-time pro-
files of THP enantiomers are illustrated in Figure 3. For
the group dosed with rac-THP, the maximum concentra-

tions of (+)-THP and (—)-THP were found at approxi-
mately 0.25 h after administration. The concentration-time
courses of individual THP enantiomers in plasma were dis-
tinctly different. The plasma concentration of (—)-THP,
was higher than that of (+)-THP at each time point, as
shown in Figure 3A. For the groups dosed with extracts of
Rhizoma corydalis and YB, the maximum concentrations of
(+)-THP and (—)-THP occurred approximately 1.5 h after
administration, significantly later than after dosing with
rac:THP. The plasma concentration of (—)-THP was
higher than that of (+)-THP at most time points (as shown
in Figs. 3B and 3C). However, the difference in concentra-
tion-time courses of individual THP enantiomers was
reduced, especially for that dosed with YB extracts. The
plasma concentrations of (+)-THP after dosing with YB
extracts was higher than that of (+)-THP aftrer »ac-THP
or extracts of Rhizoma corydalis.

Pharmacokinetic parameters of THP enantiomers deter-
mined by noncompartmental method are summarized in
Table 1. The Cpax ratio (—/+) of THP was 2.91, 1.38, and
1.19, and the AUC,,_ ., ratio (—/+) of THP was 2.84, 1.50,
and 1.35 after rac-THP, extracts of Rhizoma corydalis and
YB, respectively. For the group dosed with rac-THP, the
Cpax and AUCy.., of (—)-THP were about three times
higher than those of (+)-THP, respectively, indicating sig-
nificantly greater adsorption and distribution of (—)-THP.
Similarly, the other pharmacokinetic parameters of the
enantiomers were also significantly different. The stereo-
selectivity in the pharmacokinetics of THP enantiomers
was evident after rac-THP. The above results were consist-
ent with our previous report.” When the rats were given

TABLE 2. Noncompartment pharmacokinetic parameters of rac-THP in rats after i.g. ethanol extracts from
Rhizoma corydalis and YB (mean = SD, n = 6)

Parameter Dosed with rac-THP Dosed with extracts from Rhizoma corydalis Dosed with extracts from YB
Cinax (g ml™Y 0.299 + 0.12 0.210 = 0.05 0.320 = 0.16

Tmax (h) 0.56 = 0.56 1.25 = 0.56% 212 +1.1°

AUCy—; (ug ml™! h) 0.760 = 0.17 0.808 = 0.39 1.190 = 0.50
AUC)— o (g ml~ ! h) 0.915 + 0.25 0.950 = 0.47 1.500 = 0.56*

T1/2 (h) 341+ 1.1 294+ 14 335+1.8

MRT (h) 427 = 1.5 4.50 = 1.6 547 = 2.3

“Significantly different from the results dosed with 7ac-THP at P < 0.05.

Chirality DOI 10.1002/chir



124

extracts of Rhizoma corydalis or YB, which contained more
components than rac-THP, C,,.x, and AUC,,_., of (—)-THP
were still greater, but not significantly than those of (+)-
THP, when compared with those obtained after dosed
with »ac-THP.

Furthermore, the pharmacokinetic parameters of THP
enantiomers dosed with YB extracts were compared to
those dosed with 7ac-THP or Rhizoma corydalis extracts.
The Cyax and AUCy... of (—)-THP dosed with YB extracts
were not statistically different from that of (—)-THP when
dosed with rac-THP (P > 0.05). However, the mean
AUCy.., and Cp.x of (+)-THP after dosed with YB
extracts were 0.652 = 0.30 ug h ml™! and 0.148 = 0.09 pg
ml ™}, significantly higher (P < 0.05) than after 7ac-THP or
Rhizoma corydalis extracts. The results indicated greater
absorption of (+)-THP after dosing with YB extracts,
which might be affected by other components in the YB
extracts. Thus, the difference in the stereoselective phar-
macokinetics of THP enantiomers in rats was decreased
as its chemical environment became more complex.

Compatibility of the Combination Use of Rhizoma
corydalis and Radix angelica dahurica

Plasma concentration-time profiles of 7ac-THP are illus-
trated in Figure 4. Compared with the concentration-time
course after rac-THP, slower absorption and elimination of
rac-THP were observed after Rhizoma corydalis and YB
extracts. The mean AUC,. ., and T},.x of 7rac-THP follow-
ing YB extracts were 1.500 = 0.56 ug h ml™! and 2.12 +
1.1 h, significantly higher (P < 0.05) than those dosed
with rac-THP or Rhizoma corydalis extracts (Table 2). The
Cmax and MRT of rac-THP dosed with YB extracts were
0.320 = 0.16 pg ml~ ! and 5.47 + 2.3 h, also greater than
those dosed with 7ac-THP or Rhizoma corydalis extracts
(Table 2). These results suggested that the combination
use of Rhizoma corydalis and Radix angelica dahurica
might improve the AUC of rac-THP.

Zhu and Yu'® used the two mice analgesic test models,
i.e. acetic acid tailflick test and hot plate test, to compare
the analgesic effect of YB extracts, Rhizoma corydalis
extracts, and Radix Angelica dahurica extracts. The results
showed that YB extracts had an analgesic effect, obviously
stronger than Rhizoma corydalis and Radix angelica dahur-
ica extracts, which suggests that Rhizoma corydalis and
Radix angelica dahurica are synergistic in combination.
The pharmacokinetic results in our study also support the
combination use of Rhizoma corydalis and Radix angelica
dahurica.

The active components of Radix angelica dahurica are
coumarins, which have been reported to inhibit drug me-
tabolism enzymes such as cytochrome P450s.15718 In this

Chirality DOI 10.1002/chir
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study, greater absorption of (+)-THP from YB extracts
was observed, which might be affected by other compo-
nents like coumarins in YB extracts. Further experiments
focusing on the influence of coumarins on the metabolism
of THP enantiomers are in progress.
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Stereoselective Degradation of Benalaxyl in Tomato, Tobacco,

Sugar Beet, Capsicum, and Soil
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Department of Applied Chemistry, China Agricultural University, Beijing, China

ABSTRACT  The stereoselective degradation of the racemic benalaxyl in vegetables
such as tomato, tobacco, sugar beet, capsicum, and the soil has been investigated. The
two enantiomers of benalaxyl in the matrix were extracted by organic solvent and deter-
mined by validated chiral high-performance liquid chromatography with a cellulose-tris-
(3, 5-dimethylphenylcarbamate)-based chiral column. Rac-benalaxyl was fortified into
the soil and foliar applied to vegetables. The assay method was linear over a range of
concentrations (0.5-50 ug ml~?!) and the mean recoveries in all the samples were more
than 70% for the two enantiomers. The limit of detection for both enantiomers was
0.05 pug g L. The results in soil showed that R-(—)-enantiomer dissipated faster than
S-(+)-enantiomer and the stereoselectivity might be caused by microorganisms. In
tomato, tobacco, sugar, beet, and capsicum plants, there was significantly stereoselec-
tive metabolism. The preferential absorption and degradation of S-(+)-enantiomer
resulted an enrichment of the R-(—)-enantiomer residue in all the vegetables. Chirality
20:125-129, 2008.  © 2007 Wiley-Liss, Inc.
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INTRODUCTION

Nowadays, more and more chiral pesticides, up to 25%
of the total, have been introduced into environment in
racemic form.! Chiral pesticides consist of at least two
enantiomers or stereoisomers, which have identical physi-
cochemical properties? but show differences in bioactivity,
toxicity, metabolism, and excretion in asymmetrical
matrices.>*

Benalaxyl, methyl-N-phenylacetyl-N-2,6-xylyl alaninate,
is a systemic fungicide with protective, curative, and eradi-
cant action belonging to the acylalanine family.” It can be
absorbed by the roots, stems, and leaves, with transloca-
tion acropetally to all parts of the plant. It can be used to
control late blight of potatoes and tomatoes, downy mildew
of hops, vines, tomato, sugar beet, onions, soya beans,
tobacco, capsicum, and other crops. Benalaxyl has a chiral
carbon and consists of two enantiomers. Its absolute con-
figuration was confirmed with (=) rotation of the R-enan-
tiomer and (+) rotation of the S-enantiomer (Fig. 1). The
activity of this fungicide is mainly attributed to the R-(—)-
enantiomer.® A number of methods have been reported for
the determination of benalaxyl residues in various sam-
ples, such as enzyme-linked immunosorbent assay and
gas chromatography. Determination of benalaxyl enan-
tiomers in soil and water® was reported with (R, R) Whelk-
O 1 as chiral stationary phase (CSP). The stereoselective
degradation of benalaxyl in cucumber® and metabolism in
rabbit plasma’ was also reported.

In this contribution, we investigated the behavior of the
two enantiomers of benalaxyl in vegetables (tobacco,
tomato, sugar beet, and capsicum) and the soil. We also
© 2007 Wiley-Liss, Inc.

developed a high-performance liquid chromatography—chi-
ral stationary phase (HPLC-CSP) technology” to determine
the two enantiomers of benalaxyl and set up methods of
extraction of benalaxyl from soil and plant matrices. These
methods were then successfully applied to study the ste-
reoselective bioaccumulation, degradation, and metabo-
lism of 7ac-benalaxyl in four breeds of plant and soil.

MATERIALS AND METHODS
Chemicals

All analytical grade reagents were from Yili Fine Chemi-
cals (Beijing, China). Mobile phase reagents such as 2-pro-
panol and n-hexane were distilled and filtered through a
0.45-um filter membrane before use. Water was purified
by a Milli-Q system (Millipore Purification Systems). Rac-
benalaxyl (purity, 98.0%) and benalaxyl-EC (20.0%) were
obtained from Lianyungang Liben Agrochemical (Jiangsu
Province, China). Stock solution of rac-benalaxyl was pre-
pared in 2-propanol and stored at —20°C. Working stand-
ard solutions were prepared by dilutions of the stock solu-
tion with 2-propanol.
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Fig. 1. Chemical structure of benalaxyl enantiomers.

Treatment of Soil

The test soil was from the region (0-15 cm horizon)
where the plants were grown (Beijing, China). The region
had not been treated with benalaxyl in the last 5 yr. The
physical and chemical properties of the soil were: sand
52.5%, silt 39.8%, clay 7.7%, and organic matter 2.16% and
pH 8.9 (suspension of soil in water, 1:2.5 v/v).

The soil was air-dried at room temperature and sieved
through a 2.0-mm sieve; the moisture content of the soil
adjusted to 25% and kept in the dark at 25 (+2)°C for 2 wk
activation period. After that period, batches of 25 g soil
(based on dry weight) were weighed into 250-ml conical
flasks. One milliliter of solution was added to give equiva-
lent to 5 mg kg~ ! rac-benalaxyl for per gram soil. Finally,
the flasks were sealed with cotton—-wool plugs and stored
at 25 (+2)°C in the dark and water added to maintain the
initial moisture.

For aseptic experiment, soil was sterilized with an elec-
trothermal autoclave (YXQGO2, 0.14 MPa). Sterilized soil
was treated the same as above except that the water added
was sterilized and the experiment was conducted in an
aseptic console.

Extraction Procedure of the Soil

Acetone (40 ml), silica gel (1 g), activated carbon (0.03 g),
and sodium chloride (3 g) were added to the sample coni-
cal flask. After shaking for 30 min (machine), the soil was
filtered through a Buchner funnel with glass fiber filter
paper. Acetone (10 ml thrice) was used to rinse the ho-
mogenizer jar and the Buchner funnel to further extract
the fungicide. The acetone was evaporated under reduced
pressure the aqueous phase transferred with 40 ml dis-
tilled water to a 250-ml separation funnel. One gram so-
dium chloride was added and the mixture was extracted
three times (30 ml + 15 ml + 15 ml) with dichlorome-
thane. The organic phase was filtered through anhydrous
sodium sulfate (15 g) and concentrated to 1 ml by vacuum
rotary evaporator at 40°. The concentrate was dried under
nitrogen and diluted to 1 ml with isopropanol. The sample
was filtered (0.45-um pore size).

Chirality DOI 10.1002/chir
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Plant Care and Fungicide Application

The plant (tomato, tobacco, capsicum, and sugar beet)
seeds were purchased from Beijing Vegetable Research
Center. Benalaxyl-EC was used as foliar spray at rate of
0.3 kg ai. ha ! at 30 days (blossom stage) after sowing.
Plant materials were sampled immediately after treatment
and at 0, 1, 2, 4, 6, 8, 10, 15, 20, and 25 days after treatment
(there was no natural rainfall during the study period). All
samples were rinsed for 10 min with distilled water and
stored at —20°C until analysis.

Extraction and Purification Procedure of Plants

Ten gram triturated plant sample was weighed in a
250-ml conical flask and 50 ml ethyl acetate, 10 g anhy-
drous sodium sulfate, and 3 g sodium chloride added. The
mixture was filtered through fiberglass with glass fiber
filter paper into a 250-ml evaporation flask. The conical
flask and the filter were rinsed with ethyl acetate (10 ml).
The ethyl acetate was removed under vacuum (40°C) to
about 1 ml and evaporated under a stream of nitrogen.
The evaporation flask was washed with 10 ml petroleum
ether. The concentrate was then passed through a column
of anhydrous Na,SO,/silica gel + activated carbon (2 g +
0.6 g)/anhydrous Na,SO,4, which was prerinsed by 20 ml
acetone and 20 ml petroleum ether. The extraction solu-
tion was transferred to the column with 15 ml petroleum
ether and eluted with 40 ml petroleum ether: ethyl acetate
(80:20 by volume). The first 15 ml eluate was discarded and
the remainder was collected and dried.

High-Performance Liquid Chromatographic Analysis

The HPLC system used was an Agilent 1100 series
HPLC equipped with a G1322A degasser, G1311A pump,
G1316A column compartment, G1315B diode array detec-
tor (DAD), G1328B manual injector, and a 20 pl sample
loop (Wilmington, DE). The signal was received and proc-
essed by an Agilent Chemstation.

The enantiomers of benalaxyl were separated on a cellu-
lose tris-(3,5-dimethylphenyl-carbamate) (CDMPC) 250 X
4.6mm? (i.d.) prepared by us.” The chromatographic sepa-
ration was conducted at 20°C. The mobile phase used was
a mixture of n-hexane and 2-propanol (90:10 for the soil
and 98:2 for plant samples) flow rate of 1.0 ml min~}
detection wavelength was 210 nm. The first eluted enan-
tiomer was R-(—)-form and the second was S-(+)-form
determined by the previous research work.®

Calibration Curves and Assay Validation

The series of rac-benalaxyl standard solutions (0.5, 5,
50, 100, and 125 mg 1Y) were prepared by diluted with 2-
propanol. Injection volume was 20 pl.

Calibration curves were prepared by plotting peak area
of each enantiomer versus the concentration. The stand-
ard deviation (S.D.) and the relative standard deviation
(RS.D.) (RS.D. = S.D./mean X 100%) were calculated
over the calibration range. Three concentration levels
were investigated for recovery estimation. A given series
of the racemate standard solutions were added in 25 g
blank soil to give final concentrations equivalent to 0.5, 1,
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Fig. 2. Representative chromatograms of rac-benalaxyl, extract from
soil fortified with 7ac-benalaxyl (5 pg g~ 1) (B), extract from tomato leaves
fortified with rac-benalaxyl (2ug g~ ) (n). [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

and 5 mg kg !, respectively. The plant samples were

prepared by adding the racemate standard solutions to
10 g plant to get final concentrations of 0.04, 0.20, and
2.00 mg kg~ 1. The samples were extracted, cleaned, and
determined as described. Recovery of the method was esti-
mated by comparing the peak area of each enantiomer
extracted from soil and plant to those of an equivalent
amount of the standard solution. The lowest possible
standard on the calibration curve was accepted as the limit
of quantitation (LOQ). All the studies of calibration curves
and recovery validations were performed in duplicate and
repeated three times (# = 3).

Pharmacokinetic and Statistical Analysis

It was assumed that the degradation of the enantiomers
in soil® and plant? accorded with first-order kinetics. From
the linear range of semilogarithmic plots, corresponding
rate constants k for the R-(—)- and S-(+)-enantiomer were
determined, R and S versus time ¢, respectively.

C = Cpe ™ 1)

The enantiomer fraction (EF) was used to measure the
enantioselectivity of the degradation of enantiomers in the
soil and plant samples. This ranged from 0 to 1 and the
racemate represent EF = 0.5. EF was defined as follows:

EF = peak areas of the(—)/[(—) + (+)] (3)

RESULTS AND DISCUSSION
Calibration and Method Validation

S-(+) and R-(—)-benalaxyl were baseline separated.
There were no endogenous interfering peaks eluted at the
retention times of the two enantiomers. Typical chromato-
grams of samples fortified with rac-benalaxyl standard so-
lution are shown in Figure 2. Good linear calibration
curves were obtained over the range of 0.5-50 pug g !
(n = 5) for both R-(—)-, (y = 71.812¢x + 106.63, R® =
0.9998) and S-(+)-enantiomers (y = 73.004x + 56.326,
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TABLE 1. Summary of recoveries (%) (+ SE?) data for the
enantiomers of benalaxyl in soil and plants (n = 3)

rac-benalaxyl Recovery (%)
Test fortification
materials (ng/g) R-(—)-benalaxyl  S-(+)-benalaxyl
Soil 0.20 90.68 = 3.51 92.81 = 3.42
1.00 94.71 = 1.19 93.83 = 2.29
5.00 97.69 = 1.08 99.22 + 1.17
Tobacco 0.04 77.94 + 4.03 74.82 = 3.52
0.20 7891 + 2.44 78.48 + 2.65
2.00 80.32 + 3.27 78.69 = 3.21
Tomato 0.04 71.95 *= 4.70 72.68 = 4.25
0.20 76.43 + 4.33 75.71 = 3.97
2.00 74.16 + 2.64 76.35 = 3.08
Capsicum 0.04 77.64 + 2.69 72.93 + 3.15
0.20 79.31 + 2.12 76.85 = 2.94
2.00 80.23 + 1.98 77.24 = 2.36
Beet 0.04 71.62 + 4.52 73.78 = 3.57
0.20 72.85 + 3.97 72.46 = 5.04
2.00 7549 + 1.22 7491 = 2.93

Values represent the means = SD.

R? = 0.9994). The mean recoveries of the two enantiomers
from soil and plant samples were determined at three lev-
els and are summarized in Table 1. Recoveries from soil
samples of rac-benalaxyl at 0.5, 1, and 5 pug g ! ranged
from 90.68% = 3.51% to 99.22% *+ 1.17%, and from plants at
0.04, 0.20, and 2.00 pg g ! ranged from 71.62 + 4.52 to
80.32 = 3.27. The limit of detection (LOD) (S/N > 3) for
both enantiomers, defined as the concentration, was 0.05
ng g ! of soil and plant samples.

Benalaxyl Degradation in Soil

Under laboratory conditions, the degradation of the two
enantiomers in soil followed first-order kinetics. The deg-
radation Kkinetics of R-(—)- and S-(+)-enantiomers are
shown in Table 2. The halflife of the S-(+)-enantiomer
was more than twice that of R-(—)-enantiomer. The EF
value of benalaxyl in soil sample decreased from 0.497 to
0.031 (Fig. 4A) after 77 days.

TABLE 2. Regression functions for the metabolism of the
enantiomers on benalaxyl in test plants

Regressive Half-life
Plants Enantiomer functions® (days)
Tobacco R(-)  y=098183e "% (09973 4.60°
S-(+) y = 1674.40 e %2913 0.9955  3.44P
Sugar beet  R-(—)  y=1051.00 e %¥%% 09730 2.52
S-(+) y=852.09 e 0300 09724 231
Capsicum R(-)  y=113850e %% (9973 0.63"
S-(+) y=2151.6 e 15314 10000 0.45°
Tomato R(-)  y=39.011e *%8% (9027 259"
S-(+) y=41.701 e *812¢ 09951 0.85"

“The regressive functions were obtained based on the mean value of three
replicates.
bSignificantly different from each other, P < 0.05 (Student’s paired #test).
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STEREOSELECTIVE DEGRADATION OF BENALAXYL

Microorganisms in soil may play an important role in
the stereoselective metabolism of many chiral com-
pounds.>**1® The two enantiomers of benalaxyl degraded
very slowly in sterilized soil but there was no difference in
degradation rates. The EF value of benalaxyl in the steri-
lized samples was unchanged (about 0.5) showing no ste-
reoselectivity (Fig. 4A). This result implied that the stereo-
selectivity seen with the enantiomers of benalaxyl in test
soil was caused by microorganisms. Organic matter, pH,
and other properties of soil might also influence the degra-
dation of the fungicide.>*°

Bioaccumulation and Biodegradation of
Benalaxyl in Plants

Obvious stereoselective behavior was found in the test
vegetables. Degradation in the test plants can be divided
into first-order and pseudo first-order kinetics.

The degradation curve in tomato (Fig. 3E) showed that
the degradation of both enantiomers followed first-order
kinetics: the concentrations of the two enantiomers
decreased gradually with time. The half-life of the R-(—)-
enantiomer was nearly three times that of S-(+)-enan-
tiomer. The EF value in tomato was 0.663 at first day after
applying benalaxyl indicating selectivity. The EF value
increased with time and reached to 0.852 at the 4th day
(Fig. 4E). The S-(+)-enantiomer was preferentially metab-
olized and it could not be detected after 8 days.

From the degradation curves of tobacco, sugar beet,
and capsicum (Figs. 3B-3D), the degradation followed
pseudo first-order kinetics. The degradation rate constants
are shown in Table 2. The concentrations of the two enan-
tiomers in capsicum increased and reached the maximum
value at the 2nd day, and then degraded gradually with
the half-lives (Ty/5) for R-(—)-benalaxyl and S-(+)-bena-
laxyl of 0.63 day and 0.45 day, respectively. Figure 4D
shows that the EF value in capsicum increased from 0.509
to 0.727 after 4 days. The S-(+)-enantiomer was not
detected on the 6th day. The concentration of R-(—)-enan-
tiomer was higher than that of S-(+)-enantiomer (Fig.
3D), and the S-(+)-enantiomer was preferentially metabo-
lized by capsicum. The maximum concentration of the two
enantiomers in tobacco and sugar beet occurred at about
the 10th day. The EF value in tobacco decreased from
0.494 to 0.453 in the first 8 days and then increased to
0.687 after 17 days (Fig. 4B). The EF value in sugar beet
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rose slowly from 0.526 to 0.665 on day 19 (Fig. 4C). The
data showed capsicum metabolized benalaxyl enantiomers
faster than other plants. Greater stereoselectivity occurred
in tobacco, capsicum, and tomato. The preferential absorp-
tion and degradation of the S-(+)-enantiomer resulted in
an enriched residue of R-(—)-enantiomer in these vegeta-
bles. It was also found that benalaxyl degraded faster in
the plants than in the soil.
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ABSTRACT A series of organophosphorous compounds (OPs), 1-(substituted phe-
noxyacetoxy)alkylphosphonates containing a chiral carbon atom, show notable herbici-
dal activities. In this study, the enantioselective separation and biological toxicity of all
these compounds were investigated. The enantioselective separation on the columns of
Chiralpak AD, Chiralpak AS, Chiralcel OD, and Chiralcel OJ were compared under vari-
ous chromatographic conditions. All the analytes investigated obtained baseline resolu-
tion (Rs > 1.5) on Chiralpak AD column, which showed best chiral separation capacity.
Further investigation was carried out on Chiralpak AD to evaluate the influence of the
mobile phase composition and column temperature. The effect of the structural features
on discrimination was also examined. The resolved enantiomers were distinguished by
their signs of circular dichroism. The acute aquatic toxicity of enantiomers and race-
mate to Daphnia magna (D. magna) were assessed. The in vivo assays showed
that compound 3 was about 2-148.5 times more toxic than the other four analogues to
D. magna. The racemates of compounds 3 and 5 showed intermediate toxicity compare
to their enantiomers, while those of compounds 1, 2, and 4 showed synergistic or
antagonistic effect. These results suggest that the biological toxicity of chiral OPs to
nontarget organisms is enantioselective and therefore should be evaluated with their
pure enantiomers. Chirality 20:130-138, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: organophosphorous compounds; enantiomeric separation; enantioselective

toxicity

INTRODUCTION

About 25% of current-use pesticides are chiral, and this
ratio is yet increasing as compounds with more complex
structures are introduced.! Organophosphorous com-
pounds (OPs) are one of the most important classes of ag-
ricultural insecticides used to protect crops and livestock
in the past 60 years.? Chirality can be commonly found in
OPs. Numerous OPs are chiral and their potential biologi-
cal effects may be enantioselective.®> Nowadays, all chiral
OPs are still applied in their racemic forms, as equimolar
mixtures of enantiomers.

Chiral OPs can be divided into two main classes: com-
pounds with asymmetric phosphorus and those with an
asymmetric carbon atom. The significance has long been
recognized in regard to enantiomeric selectivity in biologi-
cal activities such as toxicity,>* endocrine disruption>®
and fate in the environment for individual enantiomers of
natural and synthetic compounds. For instance, toward
some chiral OPs, only one enantiomer has biological
effects on target organisms, with other enantiomers being
less effective or even completely inactive. Therefore, it is
imperative to assess the environmental safety of chiral
© 2007 Wiley-Liss, Inc.

OPs in their enantiopure forms. However, synthesis and
purification of enantiomers are challenging. Search for
new and effective chiral selectors capable of separating a
wide variety of enantiomeric compounds is an ongoing
process. With the development of chiral separation tech-
nology, semipreparation of enantiomer standards has been
gradually made possible. Studies on chiral separation of
OPs by high performance liquid chromatography (HPLC)
with specific mobile phase on different chiral stationary
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1-(SUBSTITUTED PHENOXYACETOXY)ALKYLPHOSPHONATE HERBICIDES

TABLE 1. Chemical structures of the compounds
investigated in this study

R'0_ 0 =
RZO/ §—O 04<7_//
— \_ Ay
O
Compound R! R? R® X Y
1 C,Hs C,Hs CHj; 2-Cl 4-Cl
2 CH; CH; CoHs 2-Cl 4-Cl
3 CH; CHj3 CHj3 - 4-Cl
4 CH; CH; CH; 2-Cl -
5 CH; CH; CH; - 4-F

phases (CSPs) have been reported and these methods are
becoming increasingly available. A series of 14 O-ethyl O-
phenyl N-isopropyl phosphoroamidothioate enantiomers
containing a phosphorus atom as a chiral center have
been separated by HPLC on a Prikle model chiral station-
ary phase.”Chiral resolution of 12 OPs such as malathion,
isofenphos, and fonofos was conducted on several polysac-
charide chiral stationary phases and achieved almost base-
line resolution.® Capillary electrophoresis was also used
for enantiomeric separation of OPs.>1°

In the past few years, the enantioselective aquatic toxic-
ity of chiral OPs has also received increasing attention.
Lin et al. reported that the (+)-enantiomer of methamido-
phos was 7.0 times more toxic than its (—)-enantiomer to
D. magna in 48" tests.!! The acute aquatic toxicity of tri-
chloronate to D. magna was also found to be selective that
the (—)-form was 8-11 times more toxic than its (+)-form,
while the racemate showed intermediate toxicity.'?

A series of 1-(substituted phenoxyacetoxy)alkylphospho-
nate herbicides have been synthesized. They possess
notable herbicidal activities,”>'® some of which are the
inhibitors of PDHc E1.1"1® While OPs have an asymmetric
carbon atom, the stereoisomeric separation and aquatic tox-
icity of their racemates and enantiomers have not been well
tested. In this study, we evaluated the HPLC separation of
enantiomers of five 1-(substituted phenoxyacetoxy) alkyl-
phosphonates on CSPs. The chiral resolution was compared
among four chiral columns, Chiralpak AD, Chiralpak AS,
Chiralcel OD, and Chiralcel OJ. Separation of the enantio-
mers of the five OPs was further investigated on Chiralpak
AD and Chiralcel OD in order to evaluate the effects of mo-
bile phase composition and temperature. CD detector was
used to distinguish between the resolved enantiomers. The
biological toxicity of the resolved enantiomers and race-
mates were assayed by in vivo acute aquatic toxicity to D.
magna under static conditions. As that these chiral OPs are
used as herbicides in racemate forms, the knowledge of the
acute aquatic toxicity of analogous derivatives and individ-
ual enantiomers will play an important role in assessing
their environmental safety.
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MATERIALS AND METHODS
Chemicals

Analytical standards of racemic O,O-diethyl-1-(2,4-
dichlorophenoxyacetoxy)ethylphosphonate (compound 1,
97%), O,0-dimethyl-1-(2,4-dichlorophenoxyacetoxy)propyl-
phosphonate (compound 2, 98%), O,0-dimethyl-1-(4-chlor-
ophenoxyacetoxy)ethylphosphonate (compound 3, 97%);
0,0-dimethyl-1-(2-chlorophenoxyacetoxy)ethylphospho-
nate (compound 4, 97%), O,O-dimethyl-1-(4-fluorophe-
noxyacetoxy)ethylphosphonate (compound 5, 94%) were
synthesized and purified according to the methods
described in the literature.”>*® General structures of these
five herbicides are listed in Table 1. Other solvents and
chemicals used in this study were of analytical or HPLC
grade.

Apparatus

Chiral separation was performed on a Jasco LC-2000
series HPLC system (Jasco, Tokyo, Japan). This chromato-
graphic system consists of a PU-2089 quaternary gradient
pump, a mobile phase vacuum degasser, an AS-2055 intelli-
gent sampler with a 100-uL loop, a CO-2060 column ther-
mostat, a UV-2075 detector, a variable-wavelength CD-
2095 circular dichroism (CD), and an LC-NetlI/ADC data
collector. Chromatographic data were acquired and proc-
essed with computer-based ChromPass software (version
1.7.403.1, Jasco). The injection volume was 20 pl.

Chromatographic Conditions

Four commercial HPLC columns were evaluated in this
study: Chiralpak AD [amylase tris-(3, 5-dimethylphenyl-
carbamate)], Chiralpak AS [amylase tris-((S)-1-methyl-
phenyl-carbamate)], Chiralpak OD [cellulose tris-(3, 5-
dimethylphenyl-carbamate)] and Chiralcel O] [cellulose
tris-(4-methylbenzoate)]. All the columns, purchased
from Daicel Chemical Industries (Tokyo, Japan), were
250 X 4.6 mm i.d. with the enantioselective phase coated
onto a 5-um silica gel substrate.

The mobile phase was a normal-phase eluent of hexane
as the apolar solvent and ethanol or isopropanol as the po-
lar modifier. The analysis was investigated on different col-
umns with hexane/isopropanol = 90/10 for the initial test.
The percentage or type of polar modifier was changed if
the resolution obtained under the initial conditions was
not satisfactory. These reagents were filtered through a
0.45-um filter and degassed in vacuum prior to use. Col-
umn temperature, flow-rate and detection wavelength
were 25°C, 1 ml/min and 220 nm, respectively. The effect
of temperature was evaluated in the range of 10-40°C
under the pre-determined optimal mobile phase condition.

Chiroptical Detection

Although absolute configurations of the enantiomers in
this study were not determined, they were differentiated
based on the CD signs due to the differences in absorbing
right and left circularly polarized lights. CD signals are
intrinsically stable during temperature and solvent
changes, making it gradient compatible. The sign of (+)
or (—) in this article indicates the CD signal, and is used

Chirality DOI 10.1002/chir
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to compare the order of elution between columns since
the chromatographic conditions were equivalent.

CD spectra were recorded by stop-flow technique in the
chromatogram peaks as well as using the “wavelength
mode” in the spectral range of 220-420 nm, a resolution of
0.2 nm, 10 X accumulation, a set of fast response and a
scan speed of 50 nm min’. The Chromatogram evaluation
and data handling were performed using BORWIN 1.50
for Window.

Chromatographic Characterization

The chromatographic parameters, including retention
factor (%), separation factor (o), and resolution factor (Ry)
for resolved enantiomers were calculated using the follow-
ing formulas, which were subsequently used to evaluate
the enantioselectivity of the CSPs. The retention foctor %’
for each enantiomer was calculated as:

k/:tR—tO
to

where fy is the average retention time of the analyte taken
at peak maximum and f, is the column void time deter-
mined by recording the first baseline perturbation. The se-
lectivity was then be expressed as the ratio:

K
o =-=
ky
where k] and &) are the respective retention factors for the
less retained and more retained enantiomer peaks. The re-
solution factor R, was calculated as:

where #; and f, represent the respective peak retention
times of the first and second eluted enantiomers, and w;
and w,, are the peak widths measured at the peak bases of
the less and more retained peaks, respectively.

Aquatic Toxicity Assays

The resolved stereoisomers for subsequent bioassays
were manually collected at the column outlet. They were
evaporated to dryness under a nitrogen stream and redis-
solved in acetone. The concentrations of enantiomers
were determined by assuming the same response factor
for enantiomers as for the racemate and also by analyzing
an aliquot on a gas chromatograph coupled with a nitro-
gen-phosphorus detector (GC-NPD). Each enantiomer
with the purity of more than 98% was obtained under its
best HPLC separation conditions.

Enantioselectivity in aquatic toxicity was evaluated
through 48h acute toxicity assays using D. magna as the
test species. The test organisms were obtained from con-
tinuous culture maintained at 22° + 1°C in M4 culture me-
dium!® with photoperiod of 12 h/day and a density of <50
animals per liter. The medium was renewed three times a
week, and D. magna were fed daily with the alga Scenedes-
Chirality DOI 10.1002/chir
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mus obliquus, which were cultured in the laboratory using
a nutrient medium. Stock organisms were originally
obtained from the Chinese Academy of Protection and
Medical Science (Beijing, China). Prior to testing, a sensi-
tive test for D. magna to potassium dichromate (K>Cr,07,)
was performed as a positive control, and the LC50 (24-h)
value was in the range of 0.6-1.7 mg 1 11! The overall
testing procedures followed the EPA guidelines.?° Briefly,
test solutions containing a given enantiomer or racemate
with a range of concentrations were prepared (by dilution)
from the resolved enantiomers using M4. The maximum
content of acetone in the final test solutions was <0.2% (by
volume). Twenty milliliter of the prepared solutions were
transferred to 50 ml glass beakers, and four replicates
were prepared for each concentration level. Five active D.
magna aged 6-24 h were added into each beaker. The test
organisms were fed with Scenedesmus obliquus 6 h prior to
the exposure. All beakers were monitored at 24-h intervals
until reaching 48 h of exposure. The concentration that
caused 50% morality of the test population, or LCs,
(mg 1Y), was determined by probit analysis (ToxCalc™
v5.0, Tidepool Scientific Software, McKinleycille, CA).

RESULTS AND DISCUSSION
Evaluation of Enantioselective Columns

The five chiral organophosphorous compounds in Table
1 all have a chiral carbon directly bonded to phosphorus,
with only slight distinction in other positions. This diver-
sity would seem to require equally divergent enantioselec-
tive separation mechanisms in enantioselective HPLC col-
umns. The best separation data on each column were sum-
marized in Table 2. In the present investigation, the main
aim was to develop a HPLC method for enantioselective
separation.

These four CSPs of derivative cellulose and amylase are
reported to separate a wide range of racemic com-
pounds.®?*?! It is believed that the higher order structure
of the CSP greatly influences its enantioselective ability.
For all the compounds tested, successful enantiomeric
separation were obtained on Chiralpak AD with proper
mobile phase compositions. Less or no separation was
obtained for compounds 2, 3, and 5 on Chiralcel OD, for
compound 2 on Chiralcel O], and for compound 5 on
Chiralpak AS. Typical chromatograms of these five herbi-
cides are shown in Figure 1.

Although Chiralcel OD had the same D-glucose constit-
uents as chiral absorbing sites as Chiralpak AD (the same
chiral selector), it only gave partial resolution of com-
pounds 2, 3, and 5. The different chiral recognition mech-
anisms could be attributed to the higher order structures
arising from their different arrangements of the glucose
units (Fig. 2). The analyte-CSP interactions leading to the
formation of hydrogen bonding, n—=, dipole-dipole, dipole-
induced dipole and inclusion, may be distinctive. Chiral-
pak AS also showed an excellent selectivity toward the
four compounds. Their separation factor a and resolution
obtained were substantially greater than on Chiralpak AD,
Chiralcel OD, and Chiralcel O], and the elution times
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TABLE 2. Separation of 1-(substituted phenoxyacetoxy)alkylphosphonate herbicides on polysaccharide chiral
stationary phases, 25°C, 1 ml min~!

Chiral column Compound Hexane/isopropanol k; ko a R, CD pk1/pk2
Chiralpak AD 1 90/10* 1.88 2.53 1.34 4.75 —/+
2 90/10 3.03 3.76 1.24 2.65 +/-
3 90/10 3.93 4.49 1.14 1.60 -/+
4 95/5 11.38 12.36 1.09 1.59 —/+
5 95/5 7.07 7.98 1.13 2.37 —/+
Chiralpak AS 1 90/10 1.72 4.06 2.36 8.53 —/+
2 90/10 2.36 3.22 1.37 2.33 -/+
3 90/10 4.99 6.70 1.34 3.23 —/+
4 90/10 11.72 20.55 1.75 5.88 —/+
5 90/10* 1.87 2.07 1.10 1.10 —/+
Chiralcel OD 1 90/10 2.96 3.46 1.17 1.50 -/+
2 95/5 6.46 6.70 1.04 0.56 +/-
3 90/10 4.06 4.50 1.11 1.12 -/+
4 95/5 1.51 2.00 1.33 2.32 —/+
5 90/10% 4.15 4.15 1.00 0 nr
Chiracel O] 1 90/10 2.33 2.86 1.23 1.93 +/—-
2 90/10% 4.89 4.89 1.00 0 nr
3 90/10 12.09 12.86 1.06 1.66 +/—
4 90/10 22.60 28.28 1.25 2.09 +/-
5 90/10* 6.29 7.15 1.14 1.73 —/+

“Hexane/Ethanol.

were relatively short. Baseline resolution of four com-
pounds in test, except compound 5, was easily obtained
under the initial chromatographic conditions (hexane/iso-
propanol = 90:10) on Chiralpak AS. Another chiral column
involved was Chiralcel O]. Although four compounds
achieved baseline resolution (R, > 1.5), their retention
times were too long, which would prevent a semiprepara-
tive application, as shown in Table 2. In general, the com-
plexity of chiral recognition mechanisms resulted in differ-
ent enantioselectivity among different CSPs. It was difficult
to elucidate which models were involved, but may be
attributed to the following several mechanisms. First, all
the 1-(substituted phenoxyacetoxy)alkylphosphonates
studied contain carbonyl (C=0) group. The C=0 can
directly interact through dipole-dipole contact with the
C=0 group on each column tested, and form hydrogen
bonding with NH group on Chiralpak AD, Chiralpak AS,
Chiralcel OD (no NH group in Chiralcel OJ) (Fig. 2). Sec-
ond, different stability of the transient diastereomeric com-
plexes between enantiomers and CSPs may be formed.
Moreover, the degree of steric fit into the chiral cavities of
CSPs may also play an important role in chiral recognition
and the chiral cavities of different CSPs may have different
accessibilities for the compounds.

Overall, the columns Chiralpak AD and Chiralpak AS
performed better in separation than the columns Chiralcel
O] and Chiralcel OD for these five compounds, although
Chiralcel O] was slightly better than Chiralcel OD. Chiral-
pak AD was chosen for more specific tests.

Influence of Mobile Phase Composition

Isopropanol and ethanol were used as the polar modi-
fiers in order to search for the best enantiomeric selectiv-
ity for the five analytes. It is known that changing the po-

larity of mobile phase by varying the percentage or the
type of polar modifier can greatly influence the elution
time and resolution.???* The effect of mobile phase compo-
sition on the elution time and selectivity for the enantio-
mers of five compounds was investigated on Chiralpak AD
by varying the isopropanol content from 5 to 15% (by vol-
ume). The chromatographic results shown in Figure 3
revealed that an increase in the content of isopropanol
decreased the retention. This was observed for all the ana-
lytes investigated. The increase of isopropanol content
showed a dramatic decrease in retention, indicating that
hydrogen bonding was the dominant interaction for reten-
tion.?* The hydrogen bonding between the C=0 of the
analyte and NH group of the CSP could be the dominant
interaction for the retention. With increasing the polarity
of the mobile phase, the hydrogen bonding interaction
could be disturbed.?® In other words, due to the decrease
in solvent polarity, the ability of the solvent to displace the
solute from CSP decreased.?®*”

For the separation factor o, however, the change did not
follow a specific trend when the polarity of the mobile
phase was altered (Fig. 4). As expected for the normal-
phase behavior of these CSPs, the o value generally
decreased with increasing the content of isopropanol
(compound 2). It may be due to the competition of the
alcohol for the chiral bonding sites with chiral solutes.
However, long retention time was needed if no isopropa-
nol or ethanol was added to the mobile phase. Sometimes
no resolution was obtained if the polarity of mobile phase
was too weak. For instance, a slight increase in o value
was observed for compound 1 when the polarity of the
mobile phase was increased. It is suggested that alcohol in
the mobile phase can alter the steric environment of the
chiral cavities on CSPs by bonding to achiral sites at or

Chirality DOI 10.1002/chir
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Fig. 1. HPLC chromatograms of chiral 1-(substituted phenoxyacetoxy) alkylphosphonate herbicides using Chiralpak AD column: (a) compound 1,

(b) compound 2, (¢) compound 3, (d) compound 4, (¢) compound 5; mobile
= 90/10 (v/v), (d) and (e), hexane/isopropanol = 95/5 (v/v).

near the chiral cavity. Consequently, appropriate alcohol
content is beneficial for chiral separation. For some com-
pounds, the « values were affected little by the concentra-
tion of organic modifier.?® This may be explained that
there was no competition between the analyte and the
organic modifier for the active sites of CSPs.

In general, the resolution is determined by the polarity
of the mobile phase. Sometimes, it is additionally affected
by the type of the mobile phase. According to the Ry value
(4.75), the separation of compound 1 on Chiralpak AD at
90/10 hexane/ethanol was excellent. By comparison, no
baseline resolution was obtained when isopropanol was
used in place of ethanol as organic modifier. The resolu-
tion varied from 0.69 to 0.55 to 0.57 when the content of
isopropanol was changed from 10 to 5 to 2%. For com-
pound 5 on Chiralpak AD, ethanol was also a better or-
ganic modifier. For the same compound on different col-
umns, in fact, solvents performed differently. With isopro-
panol, the separation of compound 1 on three columns
was better than on column AD, in contrast to the separa-
tion with ethanol on the latter column. The results were
due likely to the steric differences between the two solvent
molecules, leading to quite different chiral surfaces on the
stationary phases.2”?

Chirality DOI 10.1002/chir

phase: (a), Hexane/Ethanol = 90/10 (v/v), (b) and (c), hexane/isopropanol

From these results, we concluded that the addition of a
polar additive was essential to obtain satisfactory enantio-
selectivity for OPs and the selection of the additive
depended not only on the compound tested but also on
the column used.

2, o CHy B Chy
=] Rz —\I.'!- A= —P-n—é
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OFR
0 CHs a
i P He —E EHy
S v B Y
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Fig. 2. Structures of derivatized polysaccharide CSPs: (a) Amylose-O-
R, Chiralpak AD and Chiralpak AS; (b) Cellulose-O-R, Chiralcel OD and
Chiralcel OJ.
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Effect of Chemical Structures of the Analytes

The characteristics of a chiral analyte (e.g., position,
number, and size of substituents) are often critical to the
chiral recognition. Interactions between analytes and the
derivatives of polysaccharides have been proposed to
include hydrogen bonding, dipole-dipole, n—r interactions
and inclusion. In this work, Chiralpak AD and Chiralcel
OD were compared to determine the effects of chemical
structures of analytes with hexane/isopropanol = 90/10
(v/v). From the differences in the chiral separation
between compounds 1 and 2, it was observed that the
substitution of ethyl for methyl on asymmetric carbon
atom and the substitution of methoxyl for ethoxyl on phos-
phorus resulted in a good baseline resolution on Chiralpak
AD. On Chiralcel OD, the result was completely opposite
(Fig. 5). The inconsistency in the resolution of compounds
1 and 2 indicates that higher steric hindrance of ethyl or
methoxyl than methyl or ethoxyl in fitting into the chiral
cavities of Chiralpak AD, and that methyl or ethoxyl was
more difficult than ethyl or methoxyl in fitting into the chi-
ral cavities of Chiralcel OD column. In addition, the selec-
tivity () of compounds 3 and 4 which contain the same
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Fig. 4. Influence of isopropanol percentage in the mobile phase on
selectivity (|A).

substituent at different positions on the aromatic ring
changed to a certain extent on both Chiralpak AD and
Chiralcel OD under the same chromatographic conditions
(hexane/isopropanol = 90/10, v/v), as shown in Table 3.
On Chiralpak AD, the separation factor o value of para-
substituent analog 3 was higher than that of the ortho-

Chiralpak AD
cempaurd | conpamd T
L] 11 1n iz 1 12 15
Charalesl OO HL
pre— rasgpoend 2
i 10 12 13 14 5

Fig. 5. HPLC chromatograms of compounds 1 and 2 using Chiralpak
AD column and Chiralcel OD column. Hexane/isopropanol = 90/10 (v/v)
at the flow rate of 1.0 ml min .
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TABLE 3. Separation of 1-(substituted phenoxyacetoxy)alkylphosphonate herbicides on Chiralcel OD and Chiralpak AD
using hexane/isopropanol = 90/10 (v/v), 25°C, 1 ml min!

Column
Chiralpak OD Chialcel AD
Compound ky ko o Ry CD pk1/pk2 ky ko, o R, CD pkl/pk2
1 2.96 3.46 1.17 1.50 —/+ 2.43 2.55 1.05 0.69 —/+
2 3.46 3.46 1.00 0 nr 3.03 3.76 1.24 2.65 +/—-
3 4.06 4.50 1.11 1.12 —/+ 3.93 4.49 1.14 1.60 —/+
4 4.71 5.14 1.09 0.86 —/+ 3.66 3.94 1.08 0.55 —/+
5 4.15 4.15 1.00 0 nr 3.36 3.73 1.11 1.44 —/+

substituent analog 4. On Chiralcel OD, the o value of para-
substituent analog 3 was 1.11, while that of ortho-substitu-
ent analog 4 was 1.09. The para-position was apparently
better than the ortho-position on both Chiralpak AD and
Chiralcel OD. From the chromatographic data for com-
pounds 3 and 5 bearing different halogen substituents at
the same position, it was interesting to note that their sepa-
ration factors were higher for the chloro- than for the fluoro-
substituted. On Chiralcel OD, the « values of chloro- and
fluoro-substituted analogs were 1.11 and 1.00, respectively.
The existence of smaller groups involves the formation of a
n—n complex between phenyl of the CSP and the aryl sub-
stituent of the organic phosphours compound as well as the
hydrogen bonding of the amino tethering group of CSP
with the halogen atom of the aromatic ring of the analyte. It
seems that the n—n and H-bonding effects are favorable
when electron-donating atom (halogen) is in the para posi-
tion on both Chiralpak AD and Chiralcel OD columns. Fur-
thermore, compared to fluorine atom, the nm—r and H-bond-
ing effects are more favorable when chlorine atom is in para
position. In the study by Robert Berkecz et al., the H-bond-
ing effect was favorable when electron-donating atoms were
in the meta or para position, and unfavorable when electron-
donating atoms were in the ortho position.

Effect of Column Temperature

The effect of temperature was investigated on Chiralpak
AD in the range of 10-40°C using the mobile phase com-
position of hexane/isopropanol (90/10, v/v) at the flow
rate of 1.0 ml min~*. The calculated parameters including
retention factor (k’), separation factor (o), and resolution
(Ry) are summarized in Table 4. As a potential factor, tem-
perature can affect chiral separation at least in two ways.

One is the effect of viscosity and diffusion coefficient of
solute. The other is the thermodynamic effect that
changes the separation factor («).>° Generally, the former
is often negligible, while the latter is more important and
can be investigated using the following two equations:
k/
AG° = —RTIn (—) (1)
¢
where %' is a retention factor, R is the gas constant, ¢ is

the column phase ratio (stationary phase volume over the
mobile phase volume) and T is the temperature in K.

_AH°
RT

+%+ln¢

Ink = (2)

where AH® and AS° are the standard transfer enthalpy and
entropy of the analyte from the mobile phase to the sta-
tionary phase. They are obtained from the slope and inter-
cept of the straight line from eq. 2, respectively. The corre-
sponding AAH® and AAS® values can be obtained as the
differences (AH; — AH7) and (AS5 — ASY), or can be esti-
mated from the selectivity factor (o) if the temperature
range investigated is sufficiently small that the plots of Ina
vs. 1/T can be fitted by a straight line (eq. 3). The Gibbs
free energy change AAG® for the separation also can be
obtained (eq. 3). All the data from this study are presented
in Table 4.

AAG® = —~RTIna = AAH® — TAAS® (3)

In the present study, all the plots of natural logarithms of
retention factors (In k) of enantiomers as a function of the
inverse of temperature (1/7) could be fitted by straight

TABLE 4. Effect of temperature on the separation of five 1-(substituted phenoxyacetoxy) alkylphosphonate
herbicides on Chiralpak AD column

Column Compound

AD 1 2 3 4 5

T (OC) k1 kg o Rs kl k2 ¢4 Rs k1 k2 o Rs k1 kz (¢4 Rs k1 kg o Rs
10 291 3.07 106 056 3.26 435 133 449 447 524 117 222 700 798 114 178 4.09 480 1.17 212
20 238 249 105 059 272 336 124 350 3.75 429 114 217 554 623 113 179 327 3.76 115 2.19
30 2.00 2.10 1.05 0.69 227 264 116 253 3.15 3.66 1.16 257 456 514 113 196 2.77 3.17 114 227
40 1.68 1.80 1.07 1.00 198 218 1.10 1.64 274 3.26 119 322 401 492 123 3.00 244 295 121 3.22

Chirality DOI 10.1002/chir
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Fig. 6. The van't Hoff plots of ¥ and |A for the enantiomers of com-
pound 2. Chromatographic conditions: Chiralpak AD column, and hex-
ane/isopropanol (90/10, v/v) at the flow rate of 1.0 ml min 1.

lines. Only the variation of compound 2 in In « versus 1/7,
according to the van’t Hoff model, showed a linear relation-
ship in the range of 10-40°C. The result can be explained
that the temperature range was not appropriate for the
other four investigated compounds that the relationship
between Ina and 1/7 went beyond the linear range.?® The
parameters such as AAH® and AAS® of compound 2 can be
obtained from Figure 6, and they were —4.8 kJ mol™! and
—14.5 kJ mol ™}, respectively. The negative values of AAH®
suggest that better enantioselectivity of compound 2 on
Chiralpak AD may be achieved at a lower temperature. In
this case, a decrease in temperature, along with a decrease
in flow-rate in some cases, increased the enantioselectivity
and resolution R which increased from 1.64 to 4.49 when
the temperature decreased from 40 to 10°C. Similar phe-
nomenon has been reported by A. Péter et al.>!

Enantioselectivity in Aquatic Toxicity

Acute aquatic toxicities were measured for the race-
mates and individual enantiomers of the five 1-(substituted
phenoxyacetoxy)alkylphosphonates using a 24-h and 48h
static test to D. magna. The LCs, values are listed in Table
5. From the LCs, values for the five derivatives, significant
differences were observed among these compounds,
although they have similar chemical structures. Especially,
compound 3 which possesses outstanding toxicity against
D.magna was 2-148.5 times more toxic than the others.
There was also a significant difference in LC50 between
the two enantiomers of compound 3, with the (+)-form

TABLE 5. LCs, (48 h mg I'!) for racemate and enantiomers
of 1-(substituted phenoxyacetoxy)alkylphosphonate
herbicides to D. magna

Compound (*) (+) (-)
1 0.24 = 0.06 0.18 = 0.03 0.14 + 0.08
2 1.14 = 0.32 1.87 = 0.15 1.41 + 0.05
3 0.020 = 0.003 0.012 = 0.008 0.097 = 0.007
4 2.97 = 0.28 1.99 + 0.44 2.72 = 0.35
5 2.54 +0.42 2.30 = 0.36 9.77 + 0.88
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enantiomer being 8.08 times more toxic than the (—)-
form. It was revealed that the (+)-enantiomer of com-
pound 3 showed higher toxicity than its (—)-form and ra-
cemic form. From the LC50 values measured for the indi-
vidual enantiomers, it can be calculated that the (+)-enan-
tiomer of compound 3 contributed about 91% to its activity
against D. magna in the racemate. According to Table 5,
enantioselective toxicities of the other four compounds
also can be obtained. Although the difference between the
enantiomers was not remarkable (1.2-4.2 folds), it also
can be inferred that the toxicities of most chial OPs are
enantioselective. Similar to our finding (compounds 3 and
5), the in vivo toxicities of fenamiophos,® leptophos,®
and methanmidophos''to D. magna arose primarily from
their (+)-enantiomer. In contrast, the toxicity to D. magna
of the other three chiral OPs, fonofos, profenofos* and tri-
choronate,'? was primarily from their (—)-enantiomers.

The toxicities of these OPs were enantioselective. For
compound 2, it was interesting to note that the toxicity of
racemate was slightly higher than that of individual enan-
tiomers. By comparing compound 1 with compound 4, we
observed that their racemates showed lowest toxicity,
while compounds 3 and 5 showed intermediate toxicity.
These results indicate that the toxicological effects of race-
mate or equimolar mixture of enantiomers cannot be pre-
dicted as the simple addition of the effects of the individual
enantiomer. Since OPs are widely applied in their racemic
forms in modern agriculture and sometimes only one of
the two enantiomers contributes primarily to the activity of
the racemate, further investigations on the enantioselec-
tive environmental behavior of chiral OPs are needed.
Moreover, the synergistic and antagonistic interactions
between enantiomers may exist in biological processes
and must be taken into consideration in pesticide risk
assessment.

CONCLUSIONS

This study demonstrated that Chiralpak AD Column can
be used for the determination of a series of five 1-(substi-
tuted phenoxyacetoxy) alkylphosphonate derivatives con-
taining a chiral carbon atom, as compared to Chiralpak
AS, Chiralcel OD and Chiralcel O] columns. Mobile phase
composition, column temperature and chemical structure
all together affect the separation. This work also revealed
that the biological toxicity of these five compounds to D.
magna is stereospecific. The significant enantioselectivity
of these compounds in aquatic toxicity suggests that enan-
tiomers and racemate need to be individually assessed for
the environmental safety to evaluate the overall toxicity of
chiral OPs. Because most chiral pesticides are still used in
racemic forms, more comprehensive studies are needed to
evaluate their enantioselective environmental behaviors
and ecological risks.
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The Application of Preparative Batch HPLC, Supercritical Fluid
Chromatography, Steady-State Recycling, and Simulated Moving
Bed for the Resolution of a Racemic Pharmaceutical Intermediate
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ABSTRACT  This article discusses the chromatographic resolution of a racemic
pharmaceutical intermediate. Preparative batch high performance liquid chromatogra-
phy (HPLC), supercritical fluid chromatography (SFC), steady-state recycling (SSR),
and simulated moving bed (SMB) were used to resolve a total of 12.2 kg of a racemic
pharmaceutical intermediate. In this study, a first batch of 0.8 kg of racemate was sepa-
rated on the preparative batch HPLC and SFC, and subsequently another 5.9 kg of race-
mate was separated on the SSR. Lastly, a third batch of 5.5 kg was separated on the
SMB. The separation conditions and results of these techniques are discussed. The pro-
ductivities and solvent costs of SFC versus HPLC are compared. The productivities and
solvent costs of SMB, SSR, and HPLC are also compared. The analytical method devel-
opment and process optimization of these processes are also discussed in this article.
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INTRODUCTION

Enantiomer separation is one of the most important
types of binary separations in the pharmaceutical industry.
Enantiomers have been demonstrated to have different bi-
ological activities. Therefore, it is essential to test the tox-
icity and efficacy of the individual enantiomer in the early
stages of drug development. There are two ways to get
enantiomerically pure pharmaceutical intermediates, asym-
metric synthesis of the desired enantiomer or resolution
of a racemic mixture into individual enantiomers. In the
early stages of pharmaceutical research and development,
the resolution of the racemic mixtures is the preferred
choice because development time is of the utmost priority.
Therefore, preparative chromatographic resolution of race-
mates is being used increasingly in the pharmaceutical
industry for rapidly accessing enantiomerically pure mate-
rials.!™® Most frequently used modes of preparative chro-
matography for chiral resolution include simulated moving
bed (SMB), steady-state recycling (SSR), batch high per-
formance liquid chromatography (HPLC), and supercriti-
cal fluid chromatography (SFC). SMB is a continuous pro-
cess and almost always requires less solvent to separate a
given quantity of racemate. SMB or other multicolumn
chromatography is predominating at large scale (>20-kg
scale). At this scale, SMB process is often less expensive
than batch HPLC process having higher productivity and
less solvent consumption. In the past a few years, SMB for
enantiomeric separations has been used at manufacturing
scale (>100 kg) by numerous pharmaceutical companies.®®
© 2007 Wiley-Liss, Inc.

© 2007 Wiley-Liss, Inc.

pharmaceutical

In addition, SMB gives a better production rate for a sep-
aration with low separation factor. The major disadvantage
of SMB is capital cost. SMB systems are significantly
more expensive than batch HPLC systems. A relatively
new technique, SSR, has shown promise in approaching
the performance of SMB for medium to large scale (0.5
20 kg) separations. When compared with SMB, this SSR
technique incorporates a relatively simple design, low
cost, and relatively high efficiency.”? SSR is a chromato-
graphic technique for the separation of binary compo-
nents, especially good for separations with low selectivity.
SSR only uses one column and one mobile phase pump.
The capital costs of an SSR system are marginally higher
than those of the batch HPLC system, but they are sub-
stantially lower than those of an SMB system. The simplic-
ity of SSR process makes it a “phase appropriate” technol-
ogy for the early development support.!’ However, the
SSR separation efficiency is lower than SMB. The effi-
ciency of the SSR process is only ~50% that of an SMB
process. The SSR process is only able to compare with a
nonoptimized SMB process.'? Batch HPLC has been often
used for small quantity of chiral resolution due to its rapid
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turn around time (a few grams to several hundreds grams
of racemate). This method requires good selectivity and
uses large quantity of solvent. To achieve high purity and
yield of both enantiomers, a baseline separation is nor-
mally desired for the batch HPLC separation. In this
mode, only a portion of the column bed is utilized, there-
fore the separation efficiency is usually low. SFC has been
proven to be a very efficient tool for separation of small
amounts of chiral compounds.’**® It has been widely
used to support discovery chemists in the pharmaceutical
industry. The low viscosity and high diffusivity of the
supercritical fluid allow the SFC to work at higher linear
velocity through the column. Therefore, SFC separations
are usually fast and also allow the use of more efficient
media such as 5-um stationary phase. SFC also has its
unique selectivity, which often offers an alternative way to
HPLC separations. However, for the large-scale chiral sep-
arations, the capital and facility costs to use SFC can be
substantial.'® Moreover, SFC systems currently conduct
separations in batch mode only. The separation efficiency
at the large scale is limited when compared with a continu-
ous chromatography process such as SFC-SMB. Proto-
type SFC-SMB systems have been described by Nova-
sep'” and Johannsen et al.!® These SFC-SMB systems
show some promise for separations at industrial scale, and
offer a more efficient approach for chiral separations. An
SMC-SFC system was described by Zhang et al. SMC
uses two or three short columns connected in series, and
enables the unresolved enantiomers to separate repeatedly
and exclusively through each of the columns until suffi-
cient resolution is attained.® SMC-SFC increases the
number of SMC cycles with significantly less band broad-
ening compared with HPLC.2® A new SFC tandem column
screening tool was discussed by Welch et al. This instru-
ment is a useful tool for facilitating the screening of tan-
dem column arrangements for separation of complex mix-
tures of stereoisomers or other multicomponent mixtures.
In this article, we used batch HPLC, SFC, SSR, and SMB
techniques for an enantiomeric resolution of a pharmaceu-
tical intermediate. We will discuss the separation condi-
tions, the purity and yield, the productivity and the solvent
consumption for the separations of 12.2 kg of racemate
using these four techniques. The racemate was used as an
intermediate for the toxicity batches. This racemate was
made in three batches. The first batch (0.8 kg) was used
for a 14-day toxicity study, the second batch (5.9 kg) was
used for a 28-day toxicity study, and a third batch (5.2 kg)
was used for a GLP toxicity study. By isolating the race-
mate mixture, the drug development time was shortened
while allowed more time for the synthetic chemists to opti-
mize the drug development process.

EXPERIMENTAL
Material

The racemate to be separated was a pharmaceutical in-
termediate belonging to and synthesized at Amgen phar-
maceuticals (Thousand Oaks, CA). The compound con-
tains an aliphatic cyclic group and an amine group at the
Chirality DOI 10.1002/chir

YAN ET AL.

asymmetric center. The partial structure can be described
as follows:

NHz

R

The mobile phase used was reagent grade methanol
from a variety of sources. The chiral stationary phase
(CSP) was ChiralPAK-AD and was obtained from Chiral
Technologies (Exton, PA). The bulk material (20 um) was
used for preparative HPLC purification. The prepacked
column (5 pm) from Chiral Technologies also was used
for preparative SFC separation.

Preparative Batch HPLC

The preparative batch chromatographic system was a
prep-star system from Varian (Wakefield, RI). The prepara-
tive HPLC run was performed using a MODCOL spring
loaded column from Grace (Hesperia, CA) with an inner
diameter of 10.3 cm and was packed to a length of ~40 cm
with 2.0 kg of CSP. The column was jacketed and the mo-
bile phase passed through a heat exchanger before enter-
ing the column. The heat exchange fluid was thermostated
at 30°C. The mobile phase was 100% methanol. The flow
rate was 400 ml/min. The racemate was dissolved in meth-
anol. The concentration was 25 mg racemate/ml. The sam-
ple solution was filtered through a 30-50-um sintered glass
funnel before injecting into the system.

Preparative SFC

The preparative SFC system was a Supersep 30/50 from
Novasep (Wakefield, PA). The flow rate was 180 g CO,/
min. The operating pressure was 100 bars. The SFC run
was performed using a pre-packed column (3 cm i.d. X 25
cm length containing of ~100 g of ChiralPAK-AD-H, 5 pum,
Chiral Technology). The column was placed in an oven,
which was thermoset at 40°C. Methanol was used as a co-
solvent. The percentage of the methanol was varied from
10 to 20% in supercritical fluid CO,. The racemate was dis-
solved in methanol. The concentration was 25 mg race-
mate/ml. The sample solution was also filtered through a
30-50-um sintered glass funnel before injecting into the
system.

SSR

The SSR experiments were performed at Amgen using a
steady cycle system from Hitachi (San Jose, CA). The
instrument consists of four 20-ml injection loops, which
were connected in series to give the desired injection vol-
ume. SSR process was developed by using three conven-
tional recycle methods. Recycled data from the first cycle
and second cycle were graphically overlaid using Micro-
soft Excel to determine the approximate position for iso-
mer fraction cuts and midpoint of the profile for injection
of racemate. The preparative SSR run was performed
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TABLE 1. Performance of the six selected columns for SMB

study

Columns K1 K2 N1 N2 o«

1 0.18 0.39 1501 1322 2.01
2 0.17 0.40 1630 1401 2.03
3 0.18 0.38 1585 1388 2.02
4 0.18 0.39 1705 1459 2.03
5 0.19 0.41 1648 1420 2.01
6 0.17 0.41 1698 1448 2.02
Mean 0.19 0.42 1619 1407 2.02
RSD 4.85 4.23 4.08 4.51 0.78

using a MODCOL spring loaded column with an inner di-
ameter of 10.3 cm and was packed to a length of ~20 cm
with 1.0 kg of CSP. The column was also jacketed and the
mobile phase and column were thermostated to 30°C
using a heat exchanger. The mobile phase was 100% meth-
anol. The flow rate was 400 ml/min. The racemate was dis-
solved in methanol at a concentration of 25 mg racemate/
ml. The sample solution was also filtered through a 30-
50 pum sintered glass funnel before injecting into the system.

SMB

Process development of SMB. A small-scale SMB
system was used for the process development of the SMB
separation. This unit uses six column configurations. Six
columns (1 cm id. X 10 cm length) were packed using
the slurry method with ChiralPAK-AD as CSP, 20 um. Iso-
propanol and heptane at a ratio of 50:50 were used as
slurry solvent. Each column contained ~5.1 g of CSP for a
total of 30.6 g. The performance of the six columns was
tested. A sufficient reproducibility from column to column
was achieved. Repacking would have been necessary if
the reproducibility was not satisfied. The test results of
these columns are listed in Table 1. These six columns
were then used for the process development. The small
unit and columns are used at this stage to eliminate
unnecessary solvent waste and to minimize the amount of
target compound consumed. The separation parameters
are initially estimated based on the data obtained from the
analytical chromatograms and sample loading studies. The
unit is operated and the final separation parameters are
obtained from the instrument based on the feed through-
put (productivity) and purity of both the raffinate and the
extract.

SMB separation. After the process development from
the small SMB unit, the separation was scaled to the pilot
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SMB system. Six column configurations were also used
on this system. Six columns (b cm i.d. X 10 cm length)
were each packed with ~132 g ChiralPAK AD under a
pressure of ~60 bars using 50/50 heptane/isopropyl alco-
hol as a packing solvent. The columns were then flushed
and equilibrated with methanol. The column performance
was tested. The reproducibility of each column was then
ensured. Separation parameters were estimated using the
data obtained on the process development unit. The SMB
parameters were optimized based on the final productivity
and purity required. Because the parameters scale quite
readily from the smaller unit, the process is much less
time consuming at this point. The instrument only needs
small manipulations to obtain the final parameters needed
to produce material within specifications. At this stage,
because of the high flow rates, the solvent and feed usages
are much greater than that consumed during the process
optimization on the smaller unit.

The experimental conditions of the four different proc-
esses are summarized in Table 2.

RESULTS AND DISCUSSIONS
Batch HPLC and SFC Separations

The first batch of ~800 g of racemate was used for a 14-
day toxicity study. This batch was separated by using both
batch HPLC and SFC. Because only a small SFC column
(3 cm i.d. X 25 cm length) was available, the timeline to
process 800 g of racemate was not acceptable. Therefore,
both batch HPLC and SFC were used for the separation of
the first 800 g of racemate. Approximately 600 g of race-
mate was purified using batch HPLC and ~200 g of race-
mate was purified on SFC. For HPLC analytical method
development, various CSPs (ChiralPAK-AD, ChiralPAK-
AS, ChiralPAK-IA, Chiralcel-OD, Chiralcel-OJ, Kromasil
TBB, Whelk-O, RR, and Whelk-O, SS) and solvents (meth-
anol, acetonitrile, ethanol, IPA, and mixture of IPA and
heptane) were evaluated. The best separation on the
HPLC analytical column was achieved using ChiralPAK-
AD with a mobile phase of 100% methanol. The analytical
HPLC chromatogram is shown in Figure 1. The best sepa-
ration condition was chosen based upon the selectivity,
the retention time, the solubility, and viscosity. The sam-
ple solubility was estimated by weighing small amount of
sample into vials. A certain amount of selected solvents
were added into the vials to make concentrations of solu-
tion at 10, 20, 30, 50, 100, and 150 mg/ml. The contents in
the vials were subsequently stirred for at least 30 min at a
temperature of 30°C. The sample solubility was estimated

TABLE 2. Summary of the experimental conditions for batch, SFC, SSR, and SMB processes

Processes Stationary phase Mobile phase Number of columns Flow rate (ml/min) Temperature (°C)
Batch HPLC AD 100% Methanol 1 400 30
SFC AD 20% Methanol 1 ~220% 40
SSR AD 100% Methanol 1 400 30
SMB AD 100% Methanol 6 ~240 25

#Combined flow rate of supercritical fluid and co-solvent.

Chirality DOI 10.1002/chir
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Fig. 1. Analytical HPLC separation. Analysis conducted on ChiralPAK-
AD column (250 mm X 4.6 mm i.d.), detection at 230 nm. Mobile phase:
100% methanol, flow rate: 1 ml/min.

to be ~30 mg/ml in methanol. The temperature of 30°C
was chosen on the basis of sample solubility and stability.
The preparative batch HPLC separation was carried out
with a conventional recycling method to minimize the sol-
vent usage and improve the resolution of enantiomers.
The HPLC chromatogram is shown in Figure 2. The pro-
file was recycled once and then the pure enantiomers
were collected on the second cycle. Approximately 2.0 g of
racemate was loaded on the column each cycle at a cycle
time of ~16.5 min. A total of ~300 cycles were performed
for the separation of the first 600 g of racemate. To ascer-
tain the purities of the both enantiomers, a small overlap
fraction was collected at the valley between the peak-1 and
the peak-2. This overlap fraction was reprocessed at the
end of the separation. The productivity for this process
was estimated at 110 g racemate per kilogram stationary
phase per day (55 g product per kilogram stationary phase
per day) using a racemate concentration of 25 mg/ml. The
separation results from batch HPLC in terms of productiv-
ity and solvent usage were compared with the SFC pro-
cess.

For SFC analytical method development, various CSPs
(ChiralPAK-AD, ChiralPAK-AS, ChiralPAK-IA, Chiralcel-
OD, Chiralcel-OJ, and Whelk-O, SS) and solvents (metha-
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Fig. 2. Preparative batch HPLC chromatogram. Experiment conducted
at a flow rate: 400 ml/min, wavelength: 230 nm, mobile phase: 100% meth-
anol. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 3. Analytical SFC separation. Analysis conducted on ChiralPAK-
AD-H column (250 mm X 4.6 mm i.d.), detection at 230 nm. Mobile
phase: 20% methanol as co-solvent, flow rate: 3 g CO,/min. Pressure: 100
bar. Temperature: 40°C.

nol, acetonitrile, and IPA) were evaluated. ChiralPAK-AD-
H column with a mobile phase of 20% methanol as co-sol-
vent showed a very promising of separation on SFC. The
analytical HPLC chromatogram is shown in Figure 3. This
analytical condition was then scaled up to the preparative
condition. The preparative SFC separation was optimized
based on the flow rate, the column pressure and the
amounts of the co-solvent. For a 5-um preparative SFC col-
umn, due to the back pressure limitation, the flow rate and
column pressure should normally operate at their full
capacities as the system allows. The speed of the separa-
tion is dependent on the flow rate and the column pres-
sure. Therefore, a flow rate of 180 g CO,/min and column
pressure of 100 bars were chosen based on this considera-
tion. The productivity and solvent usage were also related
to the amounts of co-solvent. At 20% co-solvent, the cycle
time was very short, the productivity was higher, but, the
solvent usage was also higher. The effects of the amounts
of co-solvent on the productivity and the solvent usage
were studied. The results are listed in Table 3. From Table
3, we can see that the solvent usage is reduced to half by
using 10% methanol as co-solvent, but, the productivity
was also slightly lower due to the longer cycle time. The
preparative SFC chromatogram with 20% co-solvent is
shown in Figure 4. From Figure 4, the two enantiomer
peaks are well separated. Approximately 25 mg of race-
mate was loaded on the SFC column each cycle at a cycle
time of ~1.0 min. The desired purity of 98% ee (enan-

TABLE 3. Productivity and solvent usage of SFC and batch

HPLC processes

Productivity Solvent

(g racemate/ consumption

kg CSP/day) (1/g racemate)
SFC, at 10% methanol 329 0.76
SFC, at 15% methanol 345 1.14
SFC, at 20% methanol 362 1.52
Batch HPLC 110 2.10
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Fig. 4. Preparative SFC chromatogram. Experiment conducted at a

flow rate: 180 g CO,/min, co-solvent: 20% methanol, pressure: 100 bar,
temperature: 40°C.

tiomer excess) was achieved on both enantiomers.
Approximately 27 mg sample loading per cycle was also
performed on the same SFC column, but, the purities of
both enantiomers were below the specification (98% ee).
The productivity for the SFC process is estimated to be
362 g racemate per kilogram stationary phase per day (181
g product per kilogram stationary phase per day) using a
racemate feed concentration of 25 mg/ml with 20% co-sol-
vent. These results of SFC purification were compared
with the batch HPLC separation. The results are also listed
in Table 3. From this table, the SFC productivity increases
more than three times whereas the solvent usage is
reduced to more than two times when it compares with
the batch HPLC process.

SSR Separation

The second batch of 5.9 kg of racemate was used for a
28-day toxicity study and a formulation study. This batch
was separated with an SSR process. The SSR method de-
velopment was started with conventional recycling. The
sample loading tests were performed on the three conven-
tional recycle processes. Three cycles were normally per-
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Fig. 5. SSR method development—three initial cycles. Experiment
conducted at a flow rate: 400 ml/min, wavelength: 230 nm, mobile phase:
100% methanol. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Fig. 6. SSR method development—overlay profile. Experiment con-
ducted at a flow rate: 400 ml/min, wavelength: 230 nm, mobile phase:
100% methanol. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

formed to obtain the best estimation for the cycle time.
The best sample loading can be estimated by observing a
~2/3 peak valley on the first cycle and a close to baseline
separation in the third cycle. The three conventional cycle
process are described in Figure 5 and the overlay graphic
from first cycle to second cycle is described in Figure 6.
From Figures 5 and 6, the cycle time, the peak collection
time and the injection time of SSR process are estimated.
Once these time events were obtained, the steady-state
recycling process was then started. It took ~10 cycles to
reach the steady state. The material, generated before a
steady state, is often below the specification. We normally
recombined it into the crude racemate for reprocessing.
The steady-state recycle profile is shown in Figure 7. A de-
tector signal (ascending height) of ~2% of the full scale
was used as a trigger point to start a timer, the times of
peak-1 and peak-2 collection time and injection time were
then defined relative to this trigger time. In this separa-
tion, ~40 sec of clean fraction of peak-1 was collected and
followed by ~2.0 min of recycling the middle overlap pro-
file back to the column and then ~70 sec of clean fraction
of peak-2 was collected at the end of the profile. The cycle
time was ~4.2 min. Approximately 1.1 g of racemate was
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Fig. 7. SSR steady state profile. Experiment conducted at a flow rate:
400 ml/min, wavelength: 230 nm, mobile phase: 100% methanol. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Fig. 8. SSR internal profile. Analysis conducted on ChiralPAK-AD col-
umn (250 mm X 4.6 mm i.d.), detection at 230 nm. Mobile phase: 100%
methanol, flow rate: 1 ml/min. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

loaded on the column at each cycle. The desired high pu-
rity was achieved on the both peak-1 and peak-2 at >98%
ee. At the end of the separation, the fractions were col-
lected across the profile every ~0.3 min to understand the
distribution of the enantiomers within the steady-state pro-
file. Each fraction was then analyzed by analytical HPLC.
The results are shown in Figure 8. As shown in Figure 8,
the fractions are collected for peak-1 and peak-2 are essen-
tially pure, the peak-1 was collected before the enan-
tiomer-2 appears and the concentration of enantiomer-2
having decreased nearly to zero at the end of cycle.
Approximately 5000 cycles were performed for the separa-
tion of 5.9 kg of racemate. The total purification time for
the 5.9-kg racemate was ~190 h. The solvent usage was
~800 1/kg racemate. A total of ~2708 g of the desired
enantiomer was recovered, thus, the yield was estimated
to be ~95.2%. This yield was defined as the desired enan-
tiomer yield [(the amount of the desired enantiomer recov-
ered after the purification/the amount of the desired enan-
tiomer present in the original batch) X 100%]. The produc-
tivity of SSR process is estimated to be 358 g racemate per
kilogram stationary phase per day (179 g product per kilo-
gram stationary phase per day) using a racemate feed con-
centration of 25 mg/ml. The separation results from SSR
purification in terms of productivity and solvent usage
were compared with the batch and SMB processes. The
purification results are listed in Table 4.

SMB Separation

The third batch of 5.5 kg of racemate was used for a
GLP toxicity study. This batch was separated using SMB.

TABLE 4. Productivity, solvent usage, purity, and yield of
SMB, SSR, and batch HPLC processes

Productivity Solvent Yield

(g racemate/ consumption Purity (desired

kg CSP/day) (/g racemate) (ee %) enantiomer %)
SMB 500 0.55 ~99 ~91.7
SFC 362 0.76 ~99 >95
SSR 358 0.80 ~99 ~95.2
Batch 110 2.10 99 ~97.5

HPLC
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Fig. 9. Sample loading chromatograms of SMB process. Analysis con-
ducted on ChiralPAK-AD column (250 mm X 4.6 mm i.d.), detection at
230 nm. Mobile phase: 100% methanol, flow rate: 1 ml/min. [Color figure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

From the solubility study, a racemate concentration of 28
mg/ml was used as the feed solution. A loading study was
carried out using this feed solution with an isocratic
method used 100% methanol as mobile phase and Chiral-
PAK-AD as the CSP (column: 0.46 cm id. X 25 cm L,
20 pm; flow rate: 1.0 ml/min and temperature: 30°C). The
results are shown in Figure 9. The data from the loading
study were used for the estimation of isotherm parame-
ters. The in-house software was used to determine SMB
parameters (external flow rate and switch time). The cal-
culated parameters for small-scale SMB unit include the
various flow rates, switch time and the production rate,
and solvent usage. These initial SMB parameters were
used for the experimental runs. After the steady-state was
reached, samples at the extract and raffinate streams were
collected and analyzed on an analytical HPLC system.
From these analytical results, the raffinate was at over 99%
ee, whereas the extract stream was at ~90% ee. The opti-
mization started by increasing the switch time to improve
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Fig. 10. Internal profile of SMB process. Analysis conducted on Chi-
ralPAK-AD column (250 mm X 4.6 mm i.d.), detection at 230 nm. Mobile
phase: 100% methanol, flow rate: 1 ml/min. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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the purity at extract stream. For the further optimization,
in terms of operating pressure, an overall increase of the
external flow rate was also carried out. The results of the
optimization on the small SMB unit are listed in Table 5. It
shows the optimized separation parameters experimentally
determined after process development for a feed composi-
tion of 28 mg/ml racemate in 100% methanol. Productivity
was estimated to be 505 g racemate per kilogram station-
ary phase per day (253 g product per kilogram stationary
phase per day) using a racemate feed concentration of 28
mg/ml. This method scaled well to the larger pilot SMB
system. Table 6 shows the optimized separation parame-
ters experimentally determined after final scale-up and
process development for a feed composition of 28 mg/ml
racemate in 100% methanol. The productivity at this scale
was 500 g racemate per kilogram stationary phase per day
(250 g product per kilogram stationary phase per day)
using a racemate feed concentration of 28 mg/ml. The sol-
vent usage was estimated at ~550 1 per kilogram of race-
mate. The recovered extract and raffinate were then ana-
lyzed and dried down by rotovaping. The purities of both
extract and raffinate are in specification. Overall, about
5.5 kg of feed were processed. The product was deter-
mined to be over 2.5 kg. The yield of the desired enan-
tiomer after the purification was ~91.7%. The yield loss
was attributed to an early SMB system malfunction. The
material generated during the malfunction was not reproc-
essed. During the last cycle of the production run, frac-
tions were collected using an “on-line” loop, once at the
beginning of a switch and once in the middle of it for a
total of 16 fractions. From the analysis of such fractions
the internal concentration profile was obtained. The profile
is shown in Figure 10. This profile shows that the separa-
tion is running in stable conditions and is as highly loaded
as possible.

The separation results of SMB were compared with the
SSR and batch HPLC purifications. The results are also
listed in Table 3. The productivity of the SMB process was
the highest whereas the solvent usage was the lowest in
Table 4. However, the SMB process required more mate-
rial for the process development. The column packing and
testing were also time consuming. A relatively low yield of

TABLE 5. Optimized separation parameters for process de-

velopment SMB unit
SMB parameters Description Value
Number and size To the SMB valve 6; 10 mm X
of columns module 100 mm
Column Column in each 1-2-2-1
configuration zone
Cycle time Time for one 5.5 min
complete cycle
Feed flow Flow rate of feed 0.5 ml/min
Mobile phase flow Flow rate of eluent 17.5 ml/min
Raffinate flow Flow rate of 9 ml/min
raffinate
Recycle flow Flow rate of 2.5 ml/min
recycle
Extract flow Flow rate of extract 9 ml/min

TABLE 6. Optimized separation parameters for scale-up

SMB unit
SMB parameters Description Value
Number and size To the SMB valve 6; 50 mm X
of columns module 100 mm
Column Column in each 1-2-2-1
configuration zone
Cycle time Time for one 10 min
complete cycle
Feed flow Flow rate of feed 0.61/h
Mobile phase flow Flow rate of eluent 14.21/h
Raffinate flow Flow rate of 9.11/h
raffinate
Recycle flow Flow rate of 1.51/h
recycle
Extract flow Flow rate of extract 421/h

SMB process was observed because the off specification
material was not recovered from the process development.
The SSR process significantly improved the productivity
and solvent usage when compared it with the batch HPLC
process. The process development time for SSR was less
than a day. However, the separation efficiency of SSR pro-
cess was lower than the efficiency of SMB process. The ef-
ficiency of the separation processes can be arranged in
this order: SMB > SFC > SSR > Batch HPLC.

CONCLUSIONS

Batch HPLC, SFC, SSR, and SMB chromatography
were utilized for the chromatographic resolution of 12.2
kg of racemate. SMB, SSR, and SFC are more efficient
processes and use much less solvent than batch HPLC.
Higher productivities and lower solvent usage were
observed with SMB relative to the SFC, SSR, and batch
HPLC chromatography. The SFC improved the separation
efficiency when compared with batch HPLC. The produc-
tivity and solvent consumption of SFC separation was also
related to the amount of co-solvent usage. At 10% co-sol-
vent, the solvent usage of SFC was reduced to half amount
compared with that of 20% co-solvent. However, the pro-
ductivity was also reduced due to the longer cycle time.
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ABSTRACT  The HPLC chiral separation of 21 kinds of 2-aryl-1,3-dicarbonyl ana-
logues was investigated in normal phase mode with amylose tris(3,5-dimethylphenylcar-
bamate), amylose tris((S)-1-phenylethylcarbamate), cellulose tris (3,5-dimethylphenylcar-
bamate), and cellulose tris(4-methylbenzoate) chiral stationary phases, respectively.
The whole set of 2-aryl-1,3-dicarbonyl analogues shows better enantioselectivity and en-
antioseparation on amylose tris(3,5-dimethylphenyl carbamate) (Chiralpak AD-H). The
temperature dependence of enantioselectivity was studied to improve the enantiosepara-
tion. In addition, efforts are made to relate analyte structure with the quality of the
achieved chiral separation. Chirality 20:147-150, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: enantiomer separation; 2-aryl-1,3-dicarbonyl analogues; polysaccharide

chiral stationary phases

INTRODUCTION

Liquid chromatographic separation of the enantiomers
using chiral stationary phases (CSPs) has had a great
impact on the pharmaceutical industry as well as such
fields as asymmetric synthesis and biochemistry. At pres-
ent there are many chiral stationary phase (CSP) high-per-
formance liquid chromatography (HPLC) columns avail-
able that can directly separate enantiomers."® Among
these CSPs, polysaccharide derivative CSPs have shown
excellent enantiomeric recognition because of their versa-
tility, durability, and in particular, loadability."* These
materials are very useful both for analytical® and prepara-
tive® purpose. Polysaccharide-type CSPs not only effec-
tively recognize enantiomers of a wide variety of chiral
analytes but also may be used in combination with various
mobile phases such as normal-phase alcohol-hydrocarbon
mixtures,” reversed-phase buffered and unbuffered aque-
ous-organic mobile phase® and pure polar organic sol-
vents.” As a result, a number of CSPs based upon cellulose
and amylose have been developed and are well known as
the commercially available Chiralcel OD, Chiralcel O],
Chiralpak AD and Chiralpak AS columns, etc.

1,3-dicarbonyl structures can be used as building blocks
for the preparation of natural and modified (unnatural) bio-
logically active compounds.'® In consequence of the wide-
ranging utility of these compounds, much attention has
been paid to their enantioselective synthesis,!**® which
requires analytical methods to control the chiral purity of
the final products.

This article describes the HPLC separation of a series of
2-aryl-1,3-dicarbonyl analogues on different chiral station-
ary phases of polysaccharide-based: cellulose (Chiralcel
© 2007 Wiley-Liss, Inc.

OD and OJ) and amylose (Chiralpak AD-H and AS). Sepa-
ration of the enantiomers of some 2-aryl-1,3-dicarbonyl
analogues was investigated further on Chiralpak AD-H col-
umn. It turned out that Chiralpak AD-H was the most suit-
able for resolving the enantiomers of 2-aryl-1,3-dicarbonyl
analogues. In this work, the contributions of various func-
tional groups of the chiral analytes to binding affinity and
chiral recognition of the enantiomers of selected chiral 2-
aryl-1,3-dicarbonyl analogues were studied.

EXPERIMENTAL
Equipment

HPLC system consisted of a Waters 515 pump, a 2487
dual A absorbance detector (Milford, MA) and a Rheodyne
Model 7725i injector (Cotati, CA). Chromatograms acquisi-
tion and processing was performed by Junrui SrAdv soft-
ware package (China). Generally, the analyses were car-
ried out at 15°C, with UV detection at 230 nm. Flow rate of
a mobile phase was 0.5 or 1.0 ml min~'. Any other condi-
tions are indicated. The column temperature was regu-
lated and controlled by a HCT-360 HPLC column thermo-
stat (Quandao, Shanghai, China). The dead-time (f,) of the
column was determined by injecting 5 pl of a 1.0 mg ml™*
solution of Tri-tert-butylbenzene (Acros, Geel, Belgium).
The following HPLC columns (Daicel Chemical Industries,

*Correspondence to: X. Xu, Shanghai Institute of Organic Chemistry, Chi-
nese Academy of Sciences, Shanghai 200032, China.
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Tokyo, Japan) were used: Chiralpak AD-H [amylose
tris (3,5-dimethylphenylcarbamate), 150 mm X 4.6 mm
LD., 5 pm], Chiralpak AS [amylose tris((S)-1-phenylethyl-
carbamate), 250 mm X 4.6 mm L.D., 10 um], Chiralcel OD
[cellulose tris(3,5-dimethylphenylcarbamate), 250 mm X
4.6 mm L.D., 10 pm], Chiralcel O] [cellulose tris(4-methyl-
benzoate), 250 mm X 4.6 mm L.D., 10 pm].

Chemicals and Reagents

Analytical-grade n-hexane (hex), 2-propanol (IPA) and
ethanol (EtOH) were made in China.

Compounds 1-21 were synthesized in our laboratory.
The structures of the compounds studied are presented in
Figure 1. The sample solutions of the investigated analytes
(0.1-1.0 mg ml™Y) were prepared in mobile phase and
injected after filtration on a 0.45 pm Millipore filter.

RESULTS AND DISCUSSTION
Chiral Separation with Various CSPs

A series of 21 2-aryl-1,3-dicarbonyl analogues were chro-
matographed on four polysaccharide CSPs, using a #-hex-
ane-alcohol mobile phase. Each analogue has a chiral cen-
ter at the a-position of the aromatic ring. To simplify the
presentation, only the chromatographic results that gave
the best resolution on different columns are presented in
the tables. The results relating to the separation of 2-aryl-
1,3-dicarbonyl enantiomers on polysaccharide-based col-
umns were to be seen in Table 1.

Of 21 chiral analytes investigated in this study, baseline
enantioseparations were observed for 16 compounds and
only one was not resolved at all. Representative chromato-
grams of some analytes were demonstrated in Figure 2.
Many compounds could be separated on more than one
CSP (e.g. compound 13 racemate was separated on the
Chiralpak AD-H (Table 1) and on the Chiralcel OJ (Fig.
2)). However, it could be found that Chiralpak AD-H is a
effective column resolving a wide range of 2-aryl-1,3-dicar-
bonyl racemates. About 75% of all analytes presented in
Figure 1 were separated on this column.

NHGOCF;

R?00C" R!

1 R'=Me, R2=Et, R®=Me

2 R'=Me, R?=Et, R®= COMe

3 R'=Et, R?2=C(CH;),Bn, R¥=H

4 R'=Me, R?=Et, R® = COOMe

5 R'=Me, R?=FEt, R®=H

6 R'=Me, R?= C(CHg),Bn, R®=H

7 R'=Me, R?= cyclohexyl, R®=H

8 R'=Et, R?=C(CHj3),Bn, R®=COMe
9 R'=Me, R>= C(CHg),Bn, R®= COOMe

10R"=Me, R?=Bn, R®=H

NH&OCF;; NHgOCFg
3 < OM
o

20 21

11 R'=Et, R?=Et, R®=H

12 R'=Et, R?=Bu, R®=H

13 R'=allyl, R?=Et,R®=H

14 R'=Et, R? = C(CH,),Bn, R®= COOMe
15 R'=allyl, R? = C(CHj3),Bn, R¥=H

16 R'=Bu", RZ=Et,R*=H

17 R'=Me, R?=Pr, R®=H

18 R'=allyl, RZ=Bu', R®=H

19 R'=Me, R?=Ph,R¥=H

Fig. 1. Structures of chiral 2-aryl-1,3-dicarbonyl analogues. The chiral
center is marked with an asterisk.
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TABLE 1. Enantioseparation of 2-aryl-1,3-dicarbonyl
analogues on polysaccharide-based columns
in normal-phase mode

Compound CSP Eluent (v/v) k4 o Rs
1 AS 90,104 1.391 1245 2212
2 AD-H 95/5%¢ 0985 1295  3.261
3 oD 100/1%4 3520 1391  2.001
4 AD-H 95/5%¢ 2506 1188  2.769
5 AD-H 90/10>¢ 0.782 1205 2.358
6 AD-H 95/5%¢ 1116 1176 1.553
7 AD-H 95/5>¢ 0.809 1361  3.697
8 AD-H 90/10%¢ 1132 1157  1.436
9 AD-H 90/10>¢ 0.884 1114  1.160

10 AD-H 80/20"¢ 1.097 2016 5.738

11 AD-H 100/1%¢ 1754 1290  1.768

12 AD-H 100/1*¢ 1.755  1.035  1.288

13 AD-H 100/1%¢ 5519 1187  1.606

14 AD-H 95/5>¢ 0959 1321  1.499

15 AD-H 95/5%¢ 1.640  1.248  3.432

16 0J 90,104 0933 1405 1.897

17 0J 100/1%4 3418 1591 2014

18 oD 100/1%¢ 2979 1216  1.024

19 oD 90,104 0.917 1 NR

20 AD-H 95/5%¢ 7.000  1.090 1.628

21 AD-H 95/5>¢ 3.867 1233  3.670

NR means no separations were obtained on four columns.
Chromatographic conditions: Mobile phase: hex/IPA; hex/EtOH;
Flow-rate: 1.0 ml min~%; %0.7 ml min~"; ©0.5 ml min~%; Detection: 230 nm;
15°C.

The effect of mobile phase composition on the selectiv-
ity of the Chiralpak AD-H column of the enantiomers of 2,
4-15, and 20-21, was investigated by decreasing the alco-
hol (IPA or EtOH) concentration from 20 to 1% by volume.
An increase in the amount of alcoholic modifier in the mo-
bile phase gave a decrease of £’ values for all compounds.

It was apparent from early observations, that tempera-
ture was an important parameter to control in HPLC.1*% It
is suggested that at least two different effects of tempera-
ture can affect chiral separation.? One is a kinetic effect
that influences the viscosity and diffusion coefficient of the
solute. Another is the thermodynamic effect that changes
the separation factor. Mostly, a higher temperature leads
to a decrease in retention factors, selectivity and resolu-
tion. In few cases, the enantioselectivity o of 4 compounds
(compounds 5, 8, and 20-21) increased when the column
temperature rose.

Effect of the Analyte Structures

Particular attention was paid to the mechanism of chiral
discrimination of 21 2-aryl-1,3-dicarbonyl enantiomers.
One of the interesting effects observed was the influence
of the substituents on the aryl ring (electron-withdrawing
vs. electron-donating) on the enantioseparation character-
istics. Comparing the different substituted analogues
(compounds 1, 2, 4, 5, Table 2), compound 1, with an
aryl ring substituted by electron-donating group (R® =
-Me), was not baseline separated on Chiralpak AD-H.
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Fig. 2. Representative chromatograms of Compounds 1, 3, 10, 13, 16-18. Chromatographic condition: Compound 1: Chiralpak AS, hex/EtOH 90/
10 (v/v), 0.7 ml min~*; Compound 3: Chiralcel OD, hex/IPA = 100/1 (v/v), 0.7 ml min !; Compound 13: Chiralcel OJ, hex/EtOH = 95/5 (v/v),
0.7 ml min~%; Compound 16: Chiralcel OJ, hex/IPA = 90/10 (v/v), 0.7 ml min~!; Compound 17: Chiralcel OJ, hex/IPA = 100/1 (v/v), 0.7 ml min " %;

Compound 18: Chiralcel OD, hex/IPA = 100/1 (v/v), 0.5 ml min '

Replacement of the methyl group with electron-deficient
group (R> = —COMe and —COOMe for compounds 2
and 4, respectively) led to larger selectivity factor (a-value
of 1.37 and 1.20, respectively) (Table 2). Compound 5 (R®
= H) showed an a-value of 1.07 with a baseline separation.
It seemed that, when the substituents on the aryl ring
were more electron deficient, the column produced
increased separation efficiency (Table 2). We presume
that this is a result of a hydrogen bonding and/or n—=n
interaction between analytes and amylose-type CSP.
Compounds 5-7, 10 and 19 have different esteratic site
adjacent to chiral center. Compound 19, with a —COOPh
substituent, cannot achieve resolution on four polysaccha-
ride CSPs. This might be due to its larger steric hindrance
produced by phenyl group in its interaction with the CSP.
While the sterically less hindered R? group in compounds

TABLE 2. Effect of substituent on the aryl ring on
enantioselectivity on Chiralpak AD-H

Comp. k4 a R Comp. k' a R

1 4.17
2 1.61

1.06
1.37

1.045 4
4.389 5

2.50
1.67

1.20
1.07

2.833
2.833

Mobile Phase: hex/IPA (95/5) with a flow-rate of 0.5 ml min~%; UV detec-
tion: 230 nm,; Injection volume: 5 pl; 10°C.

5-7, leads to a baseline separation. On the other hand,
alkyl group adjacent to chiral carbon has an effect to some
extent on the separation factor (o) and resolution (Rs).
The methyl substituted compound 5 was separated with
the largest Rsvalue (3.058) on Chiralpak AD-H, whereas
the n-butyl derivative compound 16 was not separated
and the ethyl derivative compound 11 displayed a smaller
Rg-value of 1.768.

CONCLUSIONS

In the present study 21 variously substituted chiral 2-
aryl-1,3-dicarbonyl analogues were separated by direct
enantioselective HPLC employing four different polysac-
charide columns. In all but one (compound 19) full or par-
tial separation of enantimers was achieved with at least
one of the four polysaccharide CSPs. The influences of the
mobile phase composition and column temperature on the
resolution on the Chiralpak AD-H column were studied.
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ABSTRACT  We report the synthesis and characterization of amino acid ester based
chiral ionic liquids, derived from L- and p-alanine fert butyl ester chloride. The synthesis
was accomplished via an anion metathesis reaction between commercially available 1-
and p-alanine fert butyl ester chloride using a variety of counterions such as lithium bis
(trifluoromethane) sulfonimide, silver nitrate, silver lactate, and silver tetrafluoroborate.
Both enantiomeric forms were obtained as confirmed by bands of opposite sign in the
circular dichroism spectra. The 1- and p-alanine fert butyl ester bis (trifluoromethane)
sulfonimide were obtained as liquids at room temperature and intriguingly exhibited
the highest thermal stability (up to 263°C). In addition, the ionic liquids demonstrated
enantiomeric recognition ability as evidenced by splitting of racemic Mosher’s sodium
salt signal using a liquid state °F nuclear magnetic resonance (NMR) and fluorescence
spectroscopy. The 1- and p-alanine fert butyl ester chloride resulted in solid salts with ni-
trate, lactate, and tetrafluoroborate anions. This illustrates the previously observed tuna-
bility of ionic liquid synthesis, resulting in ionic liquids of varying properties as a func-

tion of varying the anion. Chirality 20:151-158, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: chiral ionic liquids; chiral selectors; synthesis; chiral recognition

INTRODUCTION

Ionic liquids (ILs), commonly termed room temperature
ionic liquids (RTILs), are a class of organic salts. These
molecules typically contain an organic cation with delocal-
ized charge and a bulky inorganic anion. Interest in RTILs
continues to grow because of their potential as greener
solvent alternatives to conventional environmentally dam-
aging organic solvents.! In addition, ILs have unique prop-
erties such as lack of measurable vapor pressure, high
thermal stability, and recyclability.' Such environmental-
friendly properties make ILs relatively benign solvents for
cleaner processes to minimize toxic chemical wastes which
have become a priority for chemical industries.® Room tem-
perature ILs have been used in various applications such as
replacing conventional organic solvents in organic synthe-
sis,” solvent extractions,® electrochemical reactions,”° lig-
uid-liquid extractions,!* and in enzymatic reactions.'? In
addition, analytical applications of ILs such as their use as
buffers in capillary electrophoresis,'® as stationary phases
in gas chromatography'*1° as well as high performance lig-
uid chromatography,'® and enhancement of sensitivity in
thermal lens measurement have also been investigated.!” A
review of several analytical applications of ILs has been
reported by Baker et al.'® In addition, Baker et al. have
developed an optical sensor based on an ionic liquid.*®

Analysis of chiral molecules is very important since dif-
ferent enantiomers of a chiral racemic drug may display
© 2007 Wiley-Liss, Inc.

different properties.?® For example, one enantiomer of a
chiral drug may have the desired medicinal properties,
while the other enantiomer may be harmful. Various chiral
selectors, such as cyclodextrins, molecular micelles, anti-
body, and crown ethers have been widely used because
of their chiral recognition abilities.>'"?* However, the use
of many current chiral selectors is often limited because of
low solubility, difficult organic syntheses, instability at
high temperature, as well as high cost. In addition, many
currently available chiral selectors require the use of
another solvent and sometimes more than one solvent sys-
tem if the analyte and the chiral selector are not soluble in
the same solvent. Therefore, there is a need for the devel-
opment of new chiral selectors that can be used simultane-
ously as solvent and chiral selector. Thus, the use of chiral
ILs have gained popularity since they can be used as
chiral solvents for asymmetric induction in synthesis.?®
Chiral ILs can also serve as chiral stationary phases in
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chromatography as demonstrated by Ding and Armstrong
in capillary electrophoresis.?® Tran and coworkers have
also recently used chiral ILs for determining the enantio-
meric composition of pharmaceutical products.?”?®

To our knowledge, the first chiral ionic liquid, 1-butyl-3-
methyl imidazolium lactate was reported by Seddon and
his coworkers in 1999.% This chiral ionic liquid, with a chi-
ral anion, was prepared via anion metathesis using 1-butyl-
3-methyl imidazolium chloride and sodium (S)-2-hydroxy-
propionate. This ionic liquid also afforded good endo/exo
selectivity in a Diels-Alder reaction. Recently, ILs with chi-
ral carboxylates have been synthesized by Allen et al.*
This synthesis was achieved in water by reacting tetrabu-
tylammonium hydroxide with the corresponding amino
acids or chiral carboxylic acids. In 2002, Wasserscheid
et al. synthesized chiral ILs from chiral starting materials
affording many different chiral ILs in good yields.>' A
novel imidazolium based chiral ionic liquid with planar
chirality was synthesized by Saigo and coworkers in
2002.%2 However, this ionic liquid could only be obtained
as a racemic mixture and required further separation of
the enantiomers before investigating its applications.
Other chiral ILs based on imidazolium,**** ephedrinium,*
and pyridinium®® cations have been synthesized.**3¢ How-
ever, chiral precursors for ILs are often used in a multistep
synthesis. A detailed review of chiral ionic liquid synthesis
has been reported.” Tao et al. have also successfully pre-
pared chiral ILs from amino acids and their correspond-
ing methyl and ethyl esters.®® These chiral ILs from
amino acid esters had low melting points compared with
those derived from amino acids. Other interesting amino
acid derived chiral ILs have also been synthesized
recently.>**! Ding et al. have successfully synthesized
chiral ILs via a simple anion exchange between a com-
mercially available halide salt with N-lithiotrifluorometh-
anesulfonimide.*? This approach provides an attractive
one step synthesis with a chiral precursor, while allowing
the product to be easily purified by washing with water.
The same approach was employed by Tran and Oliveira
to prepare chiral ILs.?” The variety and applications of
these ILs suggest that other chiral ILs need to be
explored in order to obtain ILs for different applications.

Natural materials are often used as precursors for pre-
paring chiral ILs in multiple step synthesis. As an example,
the use of amino acids for preparation of imidazolium cati-
ons is clear evidence of such use.*®* Chiral induction in
some reactions may be required to afford chiral ILs,
mostly in one enantiomeric form. In addition, the few com-
mercially available chiral ILs are often very expensive. The
high cost, combined with the difficulty in chiral ionic lig-
uid synthesis, has limited their extensive study and appli-
cations.

The primary objective of this study was to synthesize
and characterize both enantiomeric forms of new chiral
ILs from commercially available amino acid ester chlor-
ides. The presence of a chiral center in the precursor fur-
ther simplifies the synthesis, alleviating the need for asym-
metric induction. In addition, esterification reduces hydro-
gen bonding of amino acids affording low melting point
ILs.2® By varying the anions, the synthesis of ILs can be
Chirality DOI 10.1002/chir
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tailored, resulting in ILs of different properties that may be
used for various applications. In addition, this study
reports an investigation of the enantiomeric recognition
ability of a variety of chiral amino acid ester based ILs.
The synthesis of chiral ILs was accomplished via a simple
anion metathesis reaction and characterization was per-
formed using nuclear magnetic resonance (NMR), thermal
gravimetric analysis (TGA), differential scanning calorime-
try (DSC), circular dichroism (CD), and elemental micro-
analysis. The relatively simple synthetic procedure and
the presence of chiral centers in the precursors is a tre-
mendous advantage for our approach. Finally, the chiral
recognition ability of 1- and Dp-alanine fert-butyl ester bis
(trifluoromethane) sulfonimide ionic liquid was evaluated
using F NMR with a racemic Mosher’s sodium salt sub-
strate and fluorescence spectroscopy with some chiral flu-
orescent analytes.

EXPERIMENTAL PROCEDURES
Chemicals and Materials

- and p-alanine fert butyl ester hydrochloride [1- and p-
AlaC,Cl)], bis(trifluoromethane) sulfonimide lithium salt
(LiNTY,), silver tetrafluoroborate (AgBF,), silver lactate
(Aglac), silver nitrate (AgNO3), 2-methoxy-2-(trifluoro-
methyl) phenylacetic acid (Mosher’s acid), and methanol
(ACS certified) were purchased from Sigma Aldrich
Chemicals (Milwaukee, WI). In addition, enantiomerically
pure K- and S-enantiomers of warfarin, naproxen and 2,2,2-
trifluoroanthrylethanol (TFAE) were purchased from
Sigma Aldrich Chemicals (Milwaukee, WI). All chemicals
were used as received.

General Instrumental Methods

The NMR spectra were recorded in dg-DMSO on a
Bruker-250 MHz instrument with tetramethyl silane
(TMS) as an internal standard. Melting point (7},,) was
determined by differential scanning calorimeter using a
thermal analysis instrument TA SDT2960 at a scanning
rate of 5°C min~!. Thermal decomposition temperature
(T4eo) of ILs was determined with a thermal analysis
instrument 2950 TGA HR V6.1A (module TGA 1000°C).
The heating rate for TGA was 5°C min~ ! under nitrogen
from 25 to 300°C. A Jasco-710 spectropolarimeter was
used to obtain the CD spectra of our ILs. Steady-state fluo-
rescence measurements were recorded at room tempera-
ture by use of a Spex Fluorolog-3 spectrofluorimeter
(model FL3-22TAU3; Jobin Yvon, Edison, NJ) equipped
with a 450-W xenon lamp and R928P photomultiplier tube
(PMT) emission detector. Fluorescence emission spectra
were collected in a 4-mm quartz fluorescence cuvet with
slit widths set for entrance exit bandwidths of 4 nm on
both excitation and emission monochromators for warfa-
rin, 2 nm for TFAE, and 1.5 nm for naproxen, respectively.
Fluorescence for warfarin, TFAE, and naproxen were
respectively monitored at excitation wavelengths of 306,
365, and 280 nm. In addition, all fluorescence spectra were
blank subtracted before data analysis.
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19F NMR Experiment

Racemic Mosher’s sodium salt was prepared from
Mosher’s acid by reacting with an equivalent of sodium
hydroxide in water and the salt was dried under vacuum
before 1°F NMR measurement. The racemic Mosher’s so-
dium salt (8.38 mg, 0.03 mmol) and 129.07 mg (0.3 mmol)
of 1- or D-AlaC4NTf, were dissolved in 0.75 ml of dg
DMSO. The mixture was shaken vigorously for 10 min on
an orbital shaker before recording '°F NMR spectra.

Synthesis of L- and p-Alanine tert Butyl Ester Bis
(trifluoromethane) Sulfonimide AlaC/NTY,

0.5 g (2.75 mmol) of 1- or p-alanine fert butyl ester chlo-
ride was dissolved in water. An equimolar amount (0.79 g,
2.75 mmol) of bis (trifluoromethane) sulfonimide lithium
salt was dissolved separately in water. The two solutions
were mixed and stirred for 2 h at room temperature. The
mixture resulted in two layers, of which the lower layer
was separated and dried under vacuum overnight. This
resulted in 0.94 g (79% yield) of colorless ionic liquid. The
decomposition temperature (Tge.) of this ionic liquid was
found to be 263°C by use of TGA measurements. 'H NMR
(250 MHz, dg DMSO) 8 (ppm) 8.19 (s, 3H), 3.97 (q, 1H),
1.45 (s, 9H), 1.36 (d, J = 7.0 Hz, 3H). >*C NMR & (ppm)
170.12, 83.66, 49.19, 28.32, 16.69. Anal. Calcd. for
C9H16N20682FGZ C, 25.35; H, 3.78; N, 6.57. Found: C,
25.07; H, 3.98; N, 6.52.

Synthesis of1- and p-Alanine tert Butyl Ester of Nitrate,
Tetrafluoroborate, and Lactate

Representative procedure: Synthesis of L-alanine
tert butyl ester nitrate. 0.1 g (0.55 mmol) of 1-AlaBuCl
was dissolved in methanol. An equimolar amount of silver
nitrate (0.0935 g, 0.55 mmol) was suspended separately in
methanol. The two solutions were mixed and stirred, and
the precipitate was then filtered. The product was evapo-
rated in vacuo and purified by crystallizing in methanol/
ether to obtain 0.08 g (77% vyield) of the product r-
AlaC4NO3 as white crystals (7}, 104°C). This ionic liquid
was thermally stable up to 130°C. 'H NMR (250 MHz, dg
DMSO) 3 (ppm) 8.36 (s, 3H), 3.92 (q, 1H), 1.44 (s, 9H),
1.35 (d, J = 7.0 Hz, 3H). '3C NMR & (ppm) 170.05, 83.51,
49.18, 28.36. Anal Calcd. for C;H{gN2Os: C, 40.38; H, 7.75;
N, 13.45. Found: C, 44.97; H, 8.53; N, 9.03.

L-alanine fert butyl ester tetrafluoroborate. Yield:
80%. Ty, 93°C; Tyee, 125°C. 'H NMR (250 MHz, ds DMSO)
S (ppm) 8.18 (s, 3H), 3.94 (q,1H) 1.45 (s,9H), 1.36 (d, ] =
7Hz, 3H). *C NMR & (ppm) 170.13, 83.68, 49.19, 28.38,
16.74. Anal. Calcd. for C;H;sNO,BF,: C, 36.08; H, 6.92; N,
6.01. Found: C, 35.71; H, 7.31; N, 6.13.

L-alanine fert butyl ester lactate. Yield: 86%. T,
114°C; Tyee, 132°C. '"H NMR (250 MHz, ds DMSO) &
(ppm) 5.53 (s, 3H), 3.79 (q, 1H), 3.62 (q, 1H), 1.40 (s, 9H),
1.25 (d, J = 7 Hz, 3H) 1.15 (d, / = 6.75, 3H). *C NMR &
(ppm) 209.50, 178.31, 173.10, 110.00, 81.97, 67.28, 49.91,
28.46, 21.87, 18.98. Anal Calcd. for C;oH51NOs: C, 51.05;
H, 8.99; N, 5.95. Found: C, 50.85; H, 8.96; N, 5.96.
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Scheme 1. Synthesis of 1-AlaC,NTf,.

RESULTS AND DISCUSSION
Synthesis and Characterization of a New Amino Acid
Ester Chiral Ionic Liquid (1- or p-AlaC4NTY>)

The synthesis of both enantiomeric forms of alanine
tert-butyl ester bis (trifluoromethane) sulfonimide was
accomplished via anion metathesis reaction of the corre-
sponding amino acid ester chloride and bis (trifluoro-
methyl) sulfonylimide lithium salt (Scheme 1). The reac-
tion proceeded well in water with good yield (79%) of 1- or
p-alanine fert-butyl ester bis (trifluoromethyl) sulfonyli-
mide (- or p-AlaC4NT%,). The 'H NMR (Fig. 1) and *C
NMR (see Fig. 2) of the ionic liquid was consistent with
the chemical structure of AlaC4NTf,. The NMR spectra
obtained for other ILs were very similar to that of
AlaCyNTf,. The similarity in NMR spectra was expected
since only the anions were varied. The alanine tert-butyl
ester bis (trifluoromethyl) sulfonylimide ionic liquid was
found to be a desirable liquid at room temperature and sta-
ble up to 263°C, as indicated by thermal gravimetric analy-
sis (TGA) measurement (Fig. 3A).

The ionic liquid 1-AlaC4;NTf, was also heated at 225°C
for 2 h to verify and confirm whether decomposition
occurs at a lower temperature. From Figure 3B, it seems
that at this isothermal plateau (225°C), there is a constant
rate loss of 0.42%/min for the span of 120 min. The con-
stancy of the weight loss rate might be an indication that a
physical phenomenon (e.g. evaporation), rather than a
chemical decomposition process, is occurring. The rather
low decomposition temperature for the BF, salt (125°C), is

Chirality DOI 10.1002/chir
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Fig. 1. Proton (‘H) NMR spectrum of 1-AlaC,NT¥, in ds DMSO with
tetramethyl silane (TMS) as an internal standard at room temperature.

still uncertain and may not be solely due to the cation
instability upon moderate heating. This is because as
much as the cation might not be very stable at moderate
heating, the same cation had relatively higher stability
(263°C) with the NTf, anion.

The high thermal stability of alanine tert-butyl ester bis
(trifluoromethyl) sulfonylimide makes it a preferred chiral
selector and chiral solvent for reactions at high tempera-
ture or as a coating in gas chromatography. It is indeed
extremely important that the chiral center in the precursor
be retained in the final ionic liquid product. According to
Jodry and Mikami, some imidazolium based chiral ILs will
sometimes undergo racemization after synthesis.>* The
possibility of racemization in the synthesized ILs was
investigated by use of circular dichroism (CD) measure-
ments of the ionic liquid products and their precursors.
Examples of the CD bands obtained for both enantiomeric
forms of the ILs are as shown in Figure 4. As expected,
the CD bands of the precursors were in the same direction
as those of the ionic liquid products, confirming retention
of configuration. In addition, the opposite CD bands con-
firmed that the 1-and p-configurations of the ILs had been
retained (see Fig. 4).

e AR T W |

T T T T T T T T T T T T T T T T T T T T

ppanafly 150 100

Fig. 2. Carbon-13 (**C) NMR spectrum of L-AlaC,NTf, in ds DMSO
with tetramethyl silane (TMS) as an internal standard at room tempera-
ture.
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Fig. 3. Thermal gravimetric analysis of 1-AlaC4,NTf, with a heating rate
of 5°C min~! under nitrogen (A) from 25 to 300°C, and (B) from 25 to
225°C, then isothermally at 225°C for 2 h.

Chiral Recognition Study of ILs Using '°F NMR

As previously noted, 1- and p-alanine fert-butyl ester bis
(trifluoromethane) sulfonimide are liquids at room temper-
ature. It was therefore interesting to investigate their abil-
ity to act both as solvent and chiral selector. The chiral
recognition ability of 1- and Dp-alanine fer-butyl ester bis
(trifluoromethane) sulfonimide was investigated by use of
F NMR and racemic Mosher’s sodium salt. In this
experiment, various solvents such as methylene chloride,
deuterium oxide, dimethyl sulfoxide (DMSO) as well as
chloroform were examined. However, d¢-DMSO demon-
strated good solubility as compared with other solvents
investigated. The results of the '°F NMR study for enantio-
meric recognition ability of 1- and p-alanine fert-butyl ester
bis (trifluoromethane) sulfonimide are shown in Figure 5.
The diastereomeric interactions lead to a shift in the °F
NMR signal of the racemic Mosher’s sodium salt. In addi-
tion, the F NMR signal of the racemic substrate was split
by both enantiomeric forms of the ionic liquid demonstrat-
ing their enantiomeric recognition (see Fig. 5). This con-
firms that this ionic liquid can be a suitable chiral selector
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Fig. 4. Circular dichroism spectra of 1- and p- (A) AlaBuCl, (B) AlaBuBF,, (C) AlaBuNOs, and (D) AlaBuNTf, at room temperature.

for various applications such as determination of enantio-
meric composition of chiral molecules of pharmaceutical,
biomedical, and environmental interest.

Chiral Recognition of ILs Using
Fluorescence Spectroscopy

Steady-state fluorescence spectroscopy was further used
to evaluate the chiral recognition ability and enantio-selec-
tivity of the chiral ILs on 2,2 2-trifluoroanthrylethanol

A j \ “\\;: ]

Racemic sodium Mosher’s salt

lm

C s
N

— T
ppm (f1) -10.00

L
-70.50 -71.00

Fig. 5. 9F NMR spectra of (A) racemic sodium Mosher’s salt; and a
mixture of the racemic sodium Mosher’s salt with (B) p-AlaC,NTf,, and
(C) 1-AlaC4NTT, at room temperature.

(TFAE), warfarin, and naproxen chiral analytes. The
choice of these chiral analytes in this study was due to
their fluorescence properties; furthermore, they are of
environmental and pharmaceutical interest. For instance,
warfarin is an anticoagulant drug used for the treatment of
thromboembolic diseases and is also generally used as a
pesticide, while naproxen is used as an anti-infammatory
drug.

The emission spectra of the 10 uM R- and S-enantiomers
of TFAE, warfarin, and naproxen analytes in the presence
of 1-AlaC,NT¥, chiral ILs are, respectively, shown in Fig-
ures 6Al, B1, and C1. The intensity of emission of the R-
enantiomers obtained in the presence of ionic liquid sol-
vent and chiral selector is noted to be higher than that of
the S-enantiomers for all three analytes investigated. A dif-
ference in emission intensity of R- and S-enantiomers in
the presence of chiral selectors is due to different diaster-
eomeric interactions between the enantiomers and the IL
chiral selectors. Such spectral shifts have been widely
reported and associated with enantioselectivity of chiral
selectors as a result of diastereomeric complexes.*>°

Finally, a mean-centered plot of emission spectra was
used to gain better insight into the enantiomeric selectivity
and chiral recognition ability of the chiral ILs. The mean
centered plot of the emission spectra depicted in Fig-
ures 6Al, B1, and C1 are shown in Figure 6A2, B2, and
C2, respectively. The spectra were obtained by subtracting
the spectrum of R- and S-enantiomer in the presence of
chiral selectors from the R- and S-mean spectra. It is of
great importance to note that R- and S- enantiomers have
opposite mean spectra, further demonstrating the chiral
recognition ability and enantio-selectivity of the ionic lig-
uid chiral selector.

Chirality DOI 10.1002/chir
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Fig. 6. Fluorescence emission and mean centered spectral plots of 10 uM R- and S- (A) TFAE, (B) warfarin, and (C) naproxen enantiomers in the
presence of 1-AlaC4NTf, chiral ionic liquid. The emission spectra of TFAE, warfarin, and naproxen were monitored at excitation wavelength of 365, 306,

and 280 nm, respectively, at room temperature.

Synthesis and Characterization of Novel Amino Acid
Ester Chiral ILs (1- or p-AlaC4NO3, AlaC,BF,, AlaC/JLac)

A similar anion metathesis reaction used for the synthe-
sis of AlaC4,NTf, was employed for the synthesis of
AlaC4NO,, AlaC,BF,, and AlaC4Lac. However, the reaction
was performed in methanol at a shorter time of 5 min

(Scheme 2). The silver chloride precipitate was filtered off
in each case affording good yields of the respective chiral
ILs after removing methanol iz vacuo.

Alanine fert-butyl ester nitrate (AlaC4NOs3) crystallized
to form a white solid at room temperature. AlaC,BF, was
obtained as a colorless greasy solid, whereas AlaC4Lac

CHs CHs3
MY
CHs » CH3
CHs r.t., S min CHs
M=Ag L-AlaC,Y
L-AlaC,Cl Y = NO,, BF,, Lac it

Scheme 2. Synthesis of AlaC4NOs, AlaC,BF,, AlaC,Lac.
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forms clear needle-like crystals at room temperature. The
fact that solid ILs were obtained upon changing the anion
demonstrates the tunability of the ILs synthesized in this
study. By varying the anion or cation, different ILs with dif-
ferent properties is obtained for various applications.
These results illustrate that bis (trifluoromethane) sulfoni-
mide is probably a poorly coordinating anion with an ala-
nine tert butyl ester cation. The poor crystal packing
between the anion and cation results in ionic liquid. Del
Po’ polo describes this as frustrated packing between a
bulky inorganic anion and cation leading to lower melting
point ILs.*® Their findings are in agreement with our
results that bis (trifluoromethane) sulfonimide being the
largest of the anions yielded an ionic liquid product that
was liquid at room temperature. The other smaller anions
such as nitrate afforded ILs that was solid at room temper-
ature.

CONCLUSION

In summary, we have successfully synthesized a series
of new chiral ILs in both enantiomeric forms using a sim-
ple metathesis reaction between the chiral chloride ester
salt and the corresponding anion sources. Alanine fert-
butyl ester bis (trifluoromethane) sulfonylimide is desir-
ably liquid at room temperature and is thermally stable up
to 263°C. It can therefore be used in high temperature
reactions or as a chiral selector in gas chromatography.
Furthermore, the ILs presented here has the same chiral
configuration as the chloride salt precursors indicating
that enantiomeric salts were obtained upon anion metathe-
sis. Both enantiomeric forms of alanine fert-butyl ester bis
(trifluoromethane) sulfonylimide ionic liquid demonstrated
enantiomeric recognition of racemic Mosher’s sodium salt.
This is an advantage since the ionic liquid can serve both
as solvent and chiral selector, alleviating the need for use
of environmentally damaging solvents to dissolve the ana-
Iyte. As an example, this compound could probably be
used to provide chiral selectivity in the determination of
enantiomeric composition of pharmaceutical products and
in chiral separations. While the solid ILs could not be
used for this purpose, we believe that their synthesis and
characterization is a step towards exploring their potential
applications.
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ABSTRACT Polymorphonuclear neutrophils (PMNSs) are shortlived leukocytes that
die by apoptosis. Although PMNs are crucial in the defense against infection, they have
been implicated in the pathogenesis of tissue injury observed in inflammatory diseases.
The induction or prevention of PMN apoptosis is currently discussed as a key event in
the control of inflammation. Caspase-3 activation is the first step in the execution phase
of apoptosis. In the study, effect of racemic mixtures and enantiomers of 2-arylpropionic
acid derivatives: ketoprofen, flurbiprofen (FBP), and (+4)-S-naproxen and 2-arylbutyric
acid: indobufen on apoptosis activation via caspase-3 and phosphatidylserine (PS) trans-
location (annexin-V binding) in human neutrophils in vitro has been investigated. Cas-
pase-3 activation was detected by Western blotting, fluorometric assay of DEVD-AMC
cleavage, and flow cytometry with carboxyfluorescein (FAM) labeled caspase inhibitor.
PMNSs were isolated and cultured up to 24 h. The chiral nonsteroidal anti-inflammatory
drugs (NSAIDs) were found to modulate human PMN apoptosis in a dose- and time-de-
pendent manner. The greater activation of caspase was found at 75-150 ug/ml concen-
tration of racemates as well enantiomers, especially for FBP, whereas NSAIDs at
smaller quantities (15 pg/ml) were inactive. At concentration of 75 pg/ml, NSAIDs
increased the rate of PS externalization in PMA-stimulated and non-stimulated neutro-
phils. Additionally, no cytotoxic effect of the NSAIDs was observed at concentration up
to 75 pg/ml that induce apoptosis. Regulation of caspase activity by NSAIDs may repre-
sent a potent target to trigger apoptosis and resolve inflammatory disorders. Chirality
20:159-165, 2008.  © 2007 Wiley-Liss, Inc.

KEY WORDS: 2-arylpropionic acid derivatives; 2-arylbutyric acid; racemic mixtures;
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enantiomers; polymorphonuclear neutrophils; reactive oxygen species;

PMN oxidative burst

INTRODUCTION

Polymorphonuclear neutrophils (PMNs) play a crucial
role in host response to injury and infection. Upon activa-
tion, PMNs produce and release various mediators and
enzymes as well as reactive oxygen species (ROS), which
are some of the most toxic mediators, with the resultant
development of inflammation. Microorganisms are eq-
uipped with an extensive defense system against toxic oxy-
gen metabolites. However, under certain pathophysiologi-
cal conditions, this defense system is insufficient to pre-
vent oxidative damage to tissues or cells.! Injuries and
inflammatory reactions can initiate and promote carcino-
genesis because of the peroxidative activity of ROS, which
are generated mainly by activated PMNs infiltrating the
inflammation site. The oxidative lesions in the DNA of the
nearby cells can cause mutagenic and/or carcinogenic
changes.?

Under normal conditions, apoptosis is a crucial way of
removing PMNs from the site of inflammation.>* Activated
PMNs alter their volume and shape and are then recog-
nized by macrophages and undergo phagocytosis. Clear-
ance of dead cells precludes release of noxious cellular
contents, thus allowing for extensive cell death without
© 2007 Wiley-Liss, Inc.

eliciting tissue disruption or inflammation.> A common
recognition signal for phagocytes is the loss of phospho-
lipid asymmetry and attendant externalization of phospha-
tidylserine (PS) on the outer leaflet of the plasma
membrane of apoptotic cells.” Neutrophil apoptosis is
modulated by diversified factors, e.g. bacterial lipopolysac-
charide or TNF-o, which can affect proteins engaged
directly in cell death.® Caspases play a central role in apo-
ptotic cell death by degradation of regulatory and struc-
tural proteins essential for cell survival. Activated nucle-
ases and caspase-3 are considered to be important media-
tors of apoptosis.”

Recent reports have shown that nonsteroidal anti-inflam-
matory drugs (NSAIDs) can induce apoptosis.®1° NSAIDs
are an integral part of therapy of rheumatoid arthritis (RA)
and other inflammatory diseases.!! An increasing number
of NSAIDs has become available recently, most of which
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tical Biochemistry, Poznan University of Medical Sciences, Swiecickiego
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are as effective as aspirin, but with lower adverse effects.?
2-Arylpropionic acid (2-APA) and 2-arylbutyric acid (2-
ABA) derivatives possess an asymmetric a-carbon and
occur as (+)-S and (—)-R enantiomers. In vivo, the (—)-R-
enantiomer of some 2-APA derivatives undergoes a unin-
directional bioinversion to the active (+)-S-enantiomer via
the formation of their acyl CoA thioesters. The rate and
extent of inversion varies from species to species, and it is
significant for ibuprofen (IBP), fenoprofen, and benoxapro-
fen but is insignificant for flurbiprofen (FBP), indoprofen,
and ketoprofen (KTP). Although their pharmacological ac-
tivity, inhibition of cyclooxygenases-1 and -2 (COX-1 and
COX-2), resides principally in the (+)-S enantiomer, they
have been used in medical treatment as racemates, except
for naproxen (NPX).'?!® IBP and KTP are also marketed
as the (+)-enantiomer formulations. However, published
investigations indicate that the (—)-R enantiomers are not
devoid of pharmacodynamic activity. It contributes to the
analgesic activity of the racemic KTP.!* Moreover, the
(—)-R enantiomer of IBP and FBP may inhibit synthesis of
B-amyloid related to Alzheimer’s disease.®

Thus, the aim of the present study was the assessment
of the influence of the racemic mixtures (rac-) and enan-
tiomers of the 2-arylpropionic acid derivatives: KTP, FBP,
(+)-S-NPX, and the 2-ABA:indobufen (INDB; Fig. 1) on
caspase-3 activation and plasma membrane translocation
of PS in human PMN:s in vitro.

MATERIALS AND METHODS
Chemicals

NSAIDs [Fig. 1; 7ac-KTP and (+)-S-KTP (optical purity
(0.p.) 99.0%; S:R was 99:1%], rac-FBP, and (+)-S-FBP (o.p.
98.0%), and (+)-S-NPX (o.p. 98%)) were purchased from
Sigma Chemical Co. (St. Louis, MO). rac-INDB and (+)-S-
INDB (0.p. 99.6%) were obtained from Pharmacia &
Upjohn (Milan, Italy). Stock solutions of NSAIDs were pre-
pared in dimethyl sulfoxide (DMSO) and diluted in phos-
phate buffered saline (PBS). The final concentration of
DMSO was always 0.2% (v/v).

Chirality DOI 10.1002/chir

Density gradient medium for the neutrophil isolation,
Gradisol G (dextran and uropoline mixture, d = 1.115 g/
ml), was supplied by Aqua-Medica, Poland. DMSO, diphe-
nylene iodonium (DPI), fetal bovine serum, r-glutamine, 7-2-
hydroxyethylpiperazyne-N'-2-ethanesulfonic acid (HEPES),
penicillin, phorbol 12-myristate 13-acetate (PMA), RPMI
1640 medium, streptomycin, and trypan blue were provided
by Sigma Chemical Co. Other reagents of the highest
available grade were obtained from common chemical
suppliers.

Isolation and Culture of Human Neutrophils

Peripheral venous blood from healthy volunteers, antico-
agulated with heparin (10 U/ml blood), was layered on
Gradisol G and centrifuged at 500g for 30 min. PMNs
were collected and washed in PBS.}® The population
obtained consisted of ~96% neutrophils. Freshly isolated
PMNs (2 X 10° cells) were maintained in RPMI 1640 me-
dium (supplemented with 10% heat-inactivated fetal bovine
serum, 2 mM r-glutamine, 100 units/ml penicillin and 100
pg/ml streptomycin, and 5 mM HEPES) in 40-mm culture
dishes. Cells were preincubated for 1 h with PBS alone
(controls) or various concentrations of NSAIDs, and then
incubated in the presence or absence of PMA (200 nM),
the protein kinase C activator, or DPI (10 uM), an inhibi-
tor of the NADPH oxidase, at 37°C in a humidified atmos-
phere containing 5% CO,. Three culture dishes were used
for each experiment. After 2 or 24 h of incubation with
NSAIDs, a 1% trypsin solution was used to detach adher-
ent cells.

Western Blotting

The cleavage of procaspase-3 was determined by West-
ern blotting. Whole cell lysates were obtained by extract-
ing 2 x 10° PMNs in RIPA buffer. Sixty micrograms of
protein was resuspended in sample buffer and separated
on 12% Tris-glycine gel using SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were transferred
from the gel to nitrocellulose membrane (0.2 pm; Sigma),
which was blocked with 5% milk in Tris buffered saline/
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Tween. The immunodetection was performed with 1:1000
diluted polyclonal rabbit antihuman caspase-3 antibodies
(Santa Cruz Biotechnology), which recognize both inac-
tive procaspase-3 and its cleavage product. Thereafter, the
blots were incubated for 1 h with goat anti-rabbit IgG-HRP
conjugated (HRP-horseradish peroxide) antibody (Santa
Cruz Biotechnology). The membranes were reblotted
with anti-actin HRP-conjugated antibodies (Santa Cruz
Biotechnology) to ensure equal protein loading of the
lanes. Bands were revealed using Lumi-Light western
Blotting kit (Roche) and Hyperfilm ECL Amersham (Pis-
cataway, NJ).

Determination of Ac-DEVD-AMC Cleavage

Caspase-3 activity was measured using a caspase-3 fluo-
rogenic substrate Ac-DEVD-AMC Caspase-3 assay kit (BD
Bioscience Pharmingen, San Diego, CA). Briefly, cultured
cells were washed with ice-cold PBS (pH 7.4) and lysed in
buffer provided by the kit [10 mM Tris-HCl; 10 mM
NaH,P0O,/Na,HPO, (pH 7.5); 130 mM NaCl; 1% Triton®™-
X-100; 10 mM NaPP; (sodium pyrophosphate)] for 30 min
on ice, and protein concentration was determined accord-
ing to the method of Lowry et al.1” Cell lysates (containing
~100 pg of protein) and substrate Ac-DEVD-AMC (20
uM) were combined in a standard reaction buffer (20 mM
HEPES pH 7.5; 10% glycerol; 2 mM DTT). After 1-h incu-
bation at 37°C, fluorescence of AMC liberated from Ac-
DEVD-AMC was determined in a Hitachi F-2500 spectro-
fluorimeter (hex = 388 nm, hey = 450 nm). The activity of
caspase-3 was expressed in AMC fluorescence units. The
competitive inhibitor DEVD-CHO completely blocked the
activity of caspase-3, which demonstrated the specificity of
the assay. Blanks were measured in the absence of cell
lysate to determine background fluorescence.

Flow Cytometry Detection for Caspase-3 Activity

Detection of active caspase-3 in live cell cultures was
performed using an ApoFluor® carboxyfluorescein (FAM)
caspase detection kit (ICN Biomedicals). The kit detects
active caspases in living cells through the use of a FAM-la-
beled DEVD fluoromethyl ketone (FMK) caspase inhibi-
tor, which irreversibly binds to active caspase-3.}® The in-
hibitor is cell-permeable and noncytotoxic. FAM-DEVD-
FMK binds to the other caspases participating in apoptosis
with lesser affinity: caspase-8 > caspase-7 > caspase-10 >
caspase-6 in the order of decreasing binding affinity.'® The
kit was used as recommended by the manufacturer.
Briefly, 10 ul of 30X working dilution FAM-Peptide-FMK
was added to 300 pl of cell culture medium (2 x 10° cell)
after 2 h or 24 h of incubation with NSAIDs. Cells were
incubated for 1 h at 37°C under 5% CO,, protected from
light. Then the cells were centrifuged and washed twice
with 1X working dilution wash buffer. The resuspended
cell pellets in 400 pl of wash buffer were then labeled with
2 ul PI for 15 min at RT. The green (caspase-positive cells)
and red (PI) fluorescent signal of individual cells was
determined by flow cytometry (Cytoron Absolute, Ortho)
at 488-nm excitation wavelength and standard setting of
the emission filters.
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Annexin-V Staining of Externalized PS

PS exposure was determined by flow cytometric detec-
tion of annexin-V using the protocol outlined in Annexin-V-
FLUOS Staining Kit (Roche Diagnostics GmbH, Ger-
many). Neutrophils were treated with or without PMA
(200 nM) and incubated with NSAIDs (75 pg/ml). After
4 h, cells were stained with 2 pl Annexin-V-Fluos labeling
reagent and 2 ul propidium iodide for 15 min in the dark.
Fluorescence of cell surface- (AV) or DNA-bound (PI)
markers was analyzed with flow cytometry (Cytoron Abso-
lute, Ortho) at 488 nm (excitation).

MTT Assay for Cell Viability

Cell viability was determined with the Cell Proliferation
Kit I [3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium
bromide (MTT); Roche Diagnostics GmbH, Germany].
This colorimetric assay is based on the absorbance of the
formazan dye which is produced only in live cells by
reductive cleavage of the tetrazolium salt MTT.2® PMNs
(1 x 10° cells/well) were treated with different concentra-
tions of each NSAID (up to a final concentration of 150
ug/ml) for 24 h at 37°C, together with untreated control
samples. Cells were subsequently incubated in a 96-well
plate with MTT solution for a further 4 h. The water-insol-
uble formazan dye was solubilized overnight at 37°C
before measurement of absorbance using an ELISA reader
at 570 nm, with a reference wavelength of 690 nm.

Statistical Analysis

Differences between the means of treatment were com-
pared after analysis of variance by the Student t-test. Dif-
ferences were considered significant if P < 0.05.

RESULTS AND DISCUSSION

NSAIDs are widely used in the treatment of chronic
inflammation.'! In addition, they show promise for the pre-
vention and therapy of cancer.?’”** The mechanism for
this response is not clear, but it might result from accumu-
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Fig. 2. Western blot analysis of procaspase-3 cleavage in PMNs.
PMNs were cultured 24 h in the absence (nonstimulated PMNs) or in the
presence of PMA (200 nM) (stimulated PMNs) and NSAIDs (75 pug/ml).
Then whole cell lysates were subjected to SDS-PAGE, and Western blot
was performed with a caspase-3 polyclonal antibody. In PMA-stimulated
and nonstimulated PMNs incubated with NSAIDs, procaspase-3 was
cleaved, and a 20 kDa cleavage product appeared. B-Actin bands were as
the internal control. Results are representative of three independent
experiments.
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Fig. 3. Caspase-3 activity in neutrophils from healthy people under-
going spontaneous and PMA-stimulated or PMA-stimulated apoptosis in
the presence of DPI (10 umol/L), after 2 and 24 h in culture, as measured
by cleavage of specific fluorogenic substrate DEVD-AMC. Results are
expressed as mean * SE of five independent experiments. Significantly
different from the unstimulated control: *P < 0.05; **P < 0.01.

lation of the substrate arachidonic acid, the absence of
prostaglandin product, or diversion of the substrate into
another pathway.?*

The apoptosis of neutrophils is one existing mecha-
nisms known to limit inflammatory reactions. Delayed rec-
ognition and removal of activated neutrophils which con-
tain aggressive proinflammatory mediators is responsible
for the prolongation of the inflammation of joints.>” There-
fore, controlled cell death prevents damage to healthy tis-
sues and is necessary for the resolution of inflammation.?
It is widely emphasized that neutrophils contribute to
inflammatory diseases® and they are significant in the eti-
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Fig. 4. Caspase-3 activity in neutrophils from healthy people under-
going spontaneous and PMA-stimulated apoptosis after 2 and 24 h of race-
mic mixture and (+)-S-enantiomer of flurbiprofen treatment, as measured
by cleavage of specific fluorogenic substrate DEVD-AMC. Data are pre-
sented as mean = SE (n = 5).
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ology of malignancy, RA, reperfusion injury, and arterio-
sclerosis.?

The aim of this study was to estimate apoptosis of neu-
trophils treated with the racemic mixtures and enantiom-
ers of KTP, FBP, INDB, and (+)-S-NPX. We studied cas-
pase-3 processing during spontaneous and PMA-stimu-
lated apoptosis by Western blotting. Upon PMA activation,
nonmitochondrial oxygen uptake is initiated by the PMNs,
resulting in the production of ROS. This process, known
as the oxidative burst, is the result of the assembly of the
multienzyme NADPH-oxidase system that promotes the
one-electron reduction of oxygen to superoxide anion.?
Caspase-3 is expressed in normal PMNs as a 32-kDa inac-
tive precursor (Fig. 2, lane 1), which is proteolytically
cleaved into an active form on mediation of apoptosis.?
This cleavage generates a large (17-20 kDa) and a small
(3-12 kDa) subunit. Neutrophils aged for 24 h showed
loss of caspase-3 precursor and a band of an ~20-kDa
cleavage product (Fig. 2, lane 2); in contrast, the amount
of B-actin remained constant. The expression of the 20-
kDa active form was substantially increased in the pres-
ence of NSAIDs when compared with PMA-stimulated
control cells after 24 h (Fig. 2, lanes 3-9).
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Fig. 5. Caspase-3 activity in nonstimulated PMNs after 24 h exposure
to racemic mixture (A) and (+)-S-enantiomer (B) of NSAIDs.
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To confirm this result, the enzymatic activity of cas-
pase-3 was measured in the cell lysates obtained from
nonstimulated control cells as well as from PMA-stimu-
lated cells. Using a fluorogenic substrate bearing the cas-
pase-3-specific cleavage site DEVD,? caspase activity was
detected as early as 2 and 24 h of culture in nonstimulated
control cells. Treatment with PMA, either for 2 or 24 h,
did not significantly change the caspase-3 activity in com-
parison with the nonstimulated cells (Fig. 3), suggesting
that the products of neutrophil oxidative burst prevented
caspase-3 from acting. This observation corroborates the
finding of Fadeel et al.,?® who compared the apoptotic
reactions in resting and stimulated PMNs and found that
under stimulation of neutrophils and subsequent NADPH
oxidase activation and resulting ROS production, there
was no apoptosis. Importance of NADPH oxidase activity
in the caspase-3 regulation was also found in a separate
set of experiments, where PMNs were incubated with
DPI (NADPH oxidase inhibitor) prior to phorbol stimula-
tion (Fig. 3).

Fadeel et al.?® concluded that elevated concentrations of
ROS suppress caspase-3 action in neutrophils. Similar sug-
gestions emerge from the work of Arroyo et al.,?® who
showed that, in neutrophils present in inflamed tissues,

A, stimulated PMINs after 24h
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Fig. 6. Caspase-3 activity in stimulated PMNs after 24 h exposure to
racemic mixture (A) and (+)-S-enantiomer (B) of NSAIDs.
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Fig. 7. Influence of NSAIDs at concentration of 75 ug/ml on caspase-3
activity in stimulated PMNs after 24-h exposure. Data are mean = SE
from five independent experiments. Significantly different from control:
*P < 0.05; **P < 0.01; ***P < 0.001; unpaired t test.

two concurrent pathways may appear: ROS-mediated inac-
tivation of caspase-3 and delay of apoptosis and, in the
presence of NADPH oxidase inhibitors/ROS scavengers,
caspase-3 activation occurs and leads to apoptosis. This
may be the case in our experiments, where in the isolated
human PMNs pretreated with FBP, in the concentration
range of 37.5-150 pg/ml, there was a time- and dose-de-
pendent induction of caspase activity (Fig. 4). The highest
activity of caspase-3 was observed in stimulated PMNs cul-
tured for 24 h.

The NSAID racemic mixtures and enantiomers at con-
centrations 37.5-150 pg/ml also induced cell death in com-
parison to control samples. FBP was the most efficacious,
but the differences between the drugs are not statistically
significant. Figures 5 and 6 present caspase-3 activity as a
function of dose in nonstimulated and stimulated cells pre-
treated with NSAIDs for 24 h.

A significant increase of caspase-3 activity was observed
at higher concentrations of NSAIDs (75-150 pg/ml)
(Fig. 7). This shows that the modulatory role of the
NSAIDs on the processing of the procaspase corresponded
to the enzymatic activity of caspase-3 in the cell lysates.
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Fig. 8. Simultaneous detection of caspase-3 activation and nonviable
cells in cultured human neutrophils after 2- and 24-h incubation with 75
ug/ml of NSAIDs. Detection of active caspase-3 was performed in live cell
cultures using a FAM-labeled DEVD fluoromethyl ketone (FMK) caspase
inhibitor, which irreversibly binds to active caspase-3. The percentage of
neutrophils undergoing primary apoptosis in the presence of NSAIDs is
significantly increased at 24 h compared to control. *P < 0.05. Values are
means + SE of three experiments.
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e -l il Pt . sk PS translocation was evident at 4 h and was markedly
_— accelerated after PMA-stimulation compared with
2 : - s untreated neutrophils (untreated cells:12.65 + 2.20; PMA-
f 5 - gy~ S treated cells: 38.50 = 2.40; mean *= SE; » = 3; Fig. 9),

:- g e e < demonstrating that changes similar to those observed in
E n =T T | apoptotic cells are taking place. Increased annexin-V bind-
. P Wl |H|L | ”-L ‘ ing on the cell's surface was observed after 4-h treatment
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Fig. 9. Phosphatidylserine externalisation measured by annexin-V
binding assay in PMA-stimulated and nonstimulated neutrophils after 4-h
incubation with 75 pg/ml of NSAIDs. Values are means = SE of three
experiments. Differences statistically significant between control and
treated cells: *P < 0.05; **P < 0.01.

The presence of caspase-3 substrate-specific fluores-
cence in NSAID-treated samples, where the PMA:-in-
duced oxidative burst leads to the indirect conclusion
that these compounds interfere with NADPH oxidase
and/or ROS and promote apoptosis. This result agrees
with the suggestions of Arroyo et al?® and Wilkie
et al.>° on the oxidative inhibition of caspase-3 activity in
stimulated PMNs.

Next, to visualize of active caspase-3 directly in living
cells, a FAM-labeled peptide caspase inhibitor (FAM-
DEVD-FMK) was employed (see Materials and Methods).
Caspase-3-positive neutrophils were detected after 2 and
24 h culture of PMNs with NSAIDs at a concentration of
75 pg/ml. PMNs cultured for 2 and 24 h without stimula-
tion undergo spontaneous apoptosis, 6.62% * 0.32% and
48.50% * 3.30%, at 2 and 24 h, respectively (Fig. 8). After
24 h treatment of PMNs with NSAIDs, apoptosis was sig-
nificantly increased when compared with control incuba-
tions. In the presence of both the racemate and enantiom-
ers of FBP, apoptosis was maximal (65.30% + 5.08% and
67.42% *+ 5.69%, respectively) (Fig. 8).

Caspase activation was compared with a relatively early
apoptosis marker, plasma membrane translocation of PS
as monitored by annexin-V binding. Freshly isolated
PMNs contained 95.8% * 2.1% live cells, which were nega-
tive for both annexin-V and PI (data not shown). However,

ptosis of polymorphonuclear leukocytes. It might be
supposed that the restoration of balance in tissues
through stimulation of apoptosis at neutrophils could be
a new, effective strategy of treatment of chronic inflam-
matory diseases. However, the highest concentration of
NSAIDs used, i.e. 150 pg/ml, turned out to be toxic for
cells, what corresponds to the data of Raz' who
observed an inhibition of cell proliferation and/or a
stimulation of apoptosis/necrosis by NSAIDs at concen-
trations 10-250 times higher than those needed to in-
hibit COX. Hence some investigators suggest that the
antiproliferative effects of NSAIDs are independent of
inhibition of COX inhibition. The results from cell cul-
ture studies confirm the necessity of using very high,
often toxic concentrations of NSAIDs (piroxicam at 900
uM, indomethacin at 300 pM, NPX at 200 uM, aspirin
at 1 mM) with the aim of inhibiting neoplastic transfor-
mation. As proapoptotic effects are independent of COX
inhibition, they are seen in both cells that contain COX
enzymes and cells that are devoid of them.! The viabil-
ity of PMNs pretreated for 24 h with the examined
NSAIDs in concentration of 37.5-75 pg/ml exceeded
90%, indicating that none of the compounds displayed
any toxicity up to 75 pg/ml (Table 1).

In the present research we did not record statistically
significant differences between the effect of racemates
and their enantiomers. In view of the trend to introduce
pure enantiomers instead of racemic drugs, it is impor-
tant to carry out studies leading to the accurate explana-
tion of mechanisms of NSAID action. Hence, the present
observations are to be treated as initial results, which
must be confirmed with respect to the (—)-R-enantiomers
in particular.

TABLE 1. Cytotoxicity of NSAIDs measured by the MTT incorporation to polymorphonuclear neutrophils

Incorporated MTT (% of control)

NSAID
concentration (ug/ml)  (+)-SNPX racFBP (+)-S-FBP 7acINDB (H)SINDB  7acKTP  (+)-SKTP
150.0 662 + 6.1* 661 +59* 709+ 29* 780+ 74** 799+ 73 653+ 96 847+ 96
75.0 852 + 103  79.7 = 47 807 =27* 913 =102 924 = 147 847 £ 49** 907 = 7.0
37.5 945+ 95  90.1 = 86 940 =49  923+49 93749 91786 958 49
15.0 1010 121 99.0+43  1000+70 101.0+96  988=70 97027  981=30

“Results are expressed as mean * SE of percent control for » = 3 independent experiments. More then 90% viable cells were considered to be unaf-
fected by NSAIDs. 80-90% as modestly affected, and values of less than 80% viable cells were ascribed to cytotoxic effect of the compounds. Absorbance

value of control PMNs was 0.119.
bSignificantly different from the untreated control.
*P < 0.01; **P < 0.05.
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