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Abstract

The development of new approaches for assessing enantiomeric purity is an area of critical need in the pharmaceutical and
biotechnological industries. Recent work has shown that two enantiomers, although virtually identical physically, may exhibit
widely divergent physiological properties. In extreme situations, the contaminant enantiomer may itself be physiologically active
leading to significant health consequences. Laser-based polarimetric detection, in combination with a chiral-selective separation
mode, has been shown to be capable of assessing enantiomeric purity in situations where the two enantiomers exist as either a
racemic or near racemic mixture. The laser-based polarimetric detector responds directly to the intrinsic optical activity of the
eluting analyte. The sign of the response can provide unique information with respect to which enantiomer, of the enantiomeric
pair is eluting. The detector has been shown to be sensitive and linear under analytical conditions. However, this combined
methodology has not been rigorously evaluated under conditions of low enantiomeric excess(ee). Such situations would be
encountered, for example, when one is attempting to characterize a pharmaceutical preparation marketed as enantiomerically pure.
In this work, laser-based polarimetric detection, in combination with a chiral-selective separation mode will be evaluated under
conditions at the extreme of the ee scale. Under such conditions, this approach will be shown to be capable of making
measurements below 0.2%ee, even in the presence of a 1000-fold excess of the major enantiomer. UVyVis detection, evaluated
under identical conditions, could not accurately predict the ee even when baseline resolution of the enantiomers was possible.
This was attributed to the presence of absorbing impurities that can co-elute with the minor enantiomer. Since the polarimetric
detection system responds only to optically active analytes, these impurities do not affect the quality of the enantiomeric
measurement.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Enantiomers are defined as non-superimposable mir-
ror image molecules and provide a number of targets
for pharmaceutical and biotechnology research and
development. Enantiomers often exhibit different biolog-
ical activity in living organisms, thus driving the need
for analytical methodology appropriate for the rapid and
precise determination of enantiomeric purity. For exam-
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ple, thalidomide was marketed as a racemate in the
1960s for the suppression of morning sickness and when
distributed, caused severe birth defects in newborn
children. The non-therapeutic enantiomer was later
found to be metabolized into a teratogenic compound in
humans. Thus the separation of enantiomers andyor the
development of enantio-selective synthetic methods for
production must be carefully monitored in order to
assure safety.
Currently, commercially manufactured chiral mole-

cules are synthesized via either symmetric or asymmetric
synthesis. The most time efficient trend is to develop a
symmetric synthetic protocol for the production of both
enantiomers. Once this has been accomplished and a
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patent application has been submitted, research into an
asymmetric synthetic approach often begins. This meth-
od of developing a symmetric process followed by
asymmetric synthesis is commonly termed the racemic
switch. It is advantageous for pharmaceutical or biotech-
nology firms to implement such methods in order to
prevent competitors from developing synthetic
approaches for either the pure enantiomers or racemates.
Such competition has been discussed in detail in a recent
article in Chemical and Engineering Newsw1,2x.
Unless a chiral molecule is marketed as a racemate,

new technologies and methodologies are needed for
enantiomeric analysis in order to meet new criteria for
purity assessment. In the case of symmetric synthesis,
large-scale enantio-selective separation systems, such as
simulated moving bedw3–6x, super-critical fluid w7x,
and prep-scalew8–10x high-performance liquid chro-
matography must be implemented in order to produce
the pure enantiomers in large quantities with a high
level of selectivity. However, once the large-scale sepa-
ration is complete, an analytical separation and detection
method must be implemented in order to quantitate,
with high accuracy and precision, the enantiomeric
content. A similar enantiomeric purity determination is
required when using asymmetric synthesis, however,
with asymmetric synthesis, large-scale separation of
enantiomers is not required.
This accurate and precise determination of enantio-

meric content has become necessary, not only due to
the difference in bioactivity of each enantiomer, but also
because the Food and Drug Administration has imple-
mented strict guidelines with respect to the identification
and quantitation of chiral pharmaceutical candidates.
The sale of single-enantiomer drugs has steadily
increased over the last decade and it is estimated that
by 2005, sales will reach 171 billion dollars or 44% of
total drug salesw2x. With the rapid increase in single-
enantiomer drugs, the pharmaceutical industry is looking
for new alternatives for the analysis of enantiomeric
content, especially when typical methods of analysis do
not provide adequate sensitivity, such as for a drug
candidate that does not contain an ultraviolet absorbing
chromophore or fluorophore.
The primary indicator of enantiomeric content is the

determination of enantiomeric excess(ee). Enantiomeric
excess is defined by the following equation:

m ymq y%ees =100 (1)
m qmq y

wherem , represents the mass of the(q) enantiomerq

and m , represents the mass of the(y) enantiomer.y

Thus, the closer the value is to 100%, the greater the
enantiomeric purity. This calculation provides a numer-
ical assessment of the enantiomeric content based on
the relative masses of each individual enantiomer. Based

on Eq.(1), the sign of the %ee determines which of the
two enantiomers exists in excess.
The assessment of enantiomeric excess can be accom-

plished using either an enantio-selective separation pro-
cedure followed by detectionw11–13x, or simultaneous
determination of the ratio of the two enantiomers using
direct, enantio-selective detectionw14x. Currently, the
most common method employed for the determination
of enantiomeric excess utilizes a chiral chromatographic
separation procedure. These methods can be used with
several different commercially available detectors and
the only requirement for quantitation is the presence of
baseline enantiomeric resolution. The most commonly
used detection method is UVyVis absorbance detection
due to its versatility for a wide range of analytes,
however, it requires that an absorbing chromophore be
present in the target analyte. In addition to UVyVis
absorbance detection, circular dichroism(CD) detection,
which responds directly to the chirality of a given
molecule, has also been used for detection of enantio-
mers following chiral selective separationw15,16x. CD
offers the advantage of chiral selectivity, however, it
also requires that the absorbing chromophore and the
chiral center be within close electronic proximity for
efficient detection. With its implementation as a com-
mercially available detector for HPLC, fluorescence has
created a niche due the increased sensitivity of approx-
imately one order-of-magnitude over other absorbance
detection methodsw17x. However, the addition of a
fluorophore either pre- or post-column can be time
consuming, expensive and problematic. Thus either an
increase in instrument sensitivity or selectivity must be
justified in order for implementation of HPLC compat-
ible fluorescence detection. With the recent commer-
cialization of a turn-key detector, laser-based polarimetry
has also become a popular detector for enantiomeric
analysis due to its chiral-selective responsew11,18x. The
only requirement for laser-based polarimetric detection
is the presence of optical activity. However, it is often
the case that laser-based polarimetry is less sensitive
than UVyVis and fluorescence absorbance detection.
Prior to the development of chiral selective separation

methods, the use of achiral methodologies utilizing both
laser-based polarimetry and circular dichroism for the
assessment of enantiomer excess were the primary meth-
ods of analysisw14,19x. The general disadvantage of
most achiral methods are the relatively poor detection
limits with the majority of achiral methods only quan-
titating at, or above the 2%ee level. Two relatively new
detection methods for achiral determination of ee are
mass spectrometry(MS) w20x and nuclear magnetic
resonance spectroscopy(NMR) w21x. They both offer
ee quantitation in the 2–4% range. MS has an increased
potential to become a component of chiral detection
methodologies when coupled with HPLC, however, the
chief concern is that the HPLC eluent has the potential
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to interfere with the MS determination, especially when
utilizing electrospray ionization.
The focus of this work will be the assessment of

enantiomeric excess with chiral selective HPLC using
both ultraviolet absorbance and laser-based polarimetric
detection under conditions of extreme ee()99%) val-
ues. UVyVis absorbance detection derives its response
from Beer’s Law as follows:

As´bc (2)

where´ (M cm ) is the molar absorptivity, whichy1 y1

is constant for a given wavelength,b is the path length
(cm), and c (M) is the concentration of the analyte.
The response for laser-based polarimetry can be
described by a similar equation, as follows:

w xas a bc (3)

where a (deg) is the observed rotation,wax is the
specific rotation (deg dm (gyml) ), which is ay1 y1

constant for a given wavelength, temperature, and sol-
vent,b is the path length(dm), andc is the concentration
(gyml). When considering an equal path length and
concentration for the two detectors, the only variables
are the molar absorptivity and specific rotation. Thus, it
is conceivable that the magnitude of these two constants
will be directly proportional to the instruments sensitiv-
ity, with respect to a given analyte.
In order to accurately quantitate extreme ee()99%)

values using HPLC coupled with UVyVis absorbance
and laser-based polarimetric detection, several chromat-
ographic parameters become vitally important for suc-
cess. The two main parameters that must be optimized
for ee determination are enantiomeric resolution(r )s
and capacity factor(k9). Enantiomeric resolutions greater
than 1.0 is required for accurate integration of each
enantiomeric chromatographic peak or distribution, thus
eliminating the possibility that peak overlap could inter-
fere with quantitation. The capacity factor represents
another important chromatographic parameter for
extreme %ee assessments, due to the probability that
impurities or anomalous responses could be present at
the dead volume of the chromatographic column; thus
a k9 value of 1.0 or greater would be ideal. Once the
chiral chromatographic parameters have been optimized,
the detection methods can be evaluated under such
conditions.
Both UVyVis and fluorescence spectroscopic methods

have the potential for quantitation at, or below the 1%ee
level, however, both are mass dependent detection meth-
ods and, in the case of absorbing impurities or non-
baseline resolution, precise peak integration can become
problematic. When considering the close proximity of
retention times characteristic of chiral chromatography
for enantiomeric pairs, coupled with the fact that 99%ee

equates to a relative ratio of 200:1 for the two enantio-
mers, the possibility of absorbing interferences from
impurities or non-baseline chromatographic resolution is
greatly increased. Thus, the utilization of a detector that
only responds to optically active materials could poten-
tially allow the quantitation of peak area in the presence
of non-optically active impurities, as well as quantitation
under conditions with non-baseline enantiomeric reso-
lution. To date, no chiral selective detection method has
demonstrated the ability to quantitate with high precision
at the-2%ee level. In this work, laser-based polari-
metric detection will be shown to be capable of detecting
and quantitating at an ee of 0.2%, or below. Based on
the signal-to-noise ratio(SyN) of the detector during
these experiments, it is conceivable that a level of
0.1%ee could be detectable. Furthermore, for the chosen
probe, mandelic acid, polarimetry will be shown to be
a more sensitive detection method when compared to
UVyVis absorbance detection.

2. Experimental

All chromatographic experiments were performed
using a Hewlett–Packard high-performance liquid chro-
matography(Model 1100, Palo Alto, CA) system cou-
pled in-series with a PDR-Chiral, Inc. laser-based
polarimeter(Palm Beach Gardens, FL). Detection cell
volumes for the absorbance and polarimetric detectors
were 14ml and 21.5ml, respectively. The effluent from
the separation column was directed first through the
polarimeter(l s670 nm), and then, in-series todetection

the UV absorption detector(l s254 nm). Thedetection

UV absorbance was measured at 254 nm for all exper-
iments. The mobile phase for all experiments was
composed of 1% triethylammonium acetate(TEAA)
buffer at pH 4.0, at a flow rate of 1.00 mlymin. A
Chirobiotic T (Advanced Separation Technologies Inc.,
Whippany, NJ) chiral chromatography column
(250=4.6 mm) was used for chiral separation of the
enantiomers.
Mandelic acid was purchased from Aldrich Chemical

Company(Milwaukee, WI) in 99q% enantiomerically
pure form. The mandelic acid was dissolved in the 1%
TEAA buffer at pH 4.0 in order to create standard
solutions for both of the pure enantiomers. Varying
concentrations and enantiomeric excesses were prepared
by volumetric dilution from the concentrated standards.
Raw data were collected on a PC at a rate of 2 Hz

after digitization using an external Hewlett–Packard
35900 E AyD converter. All data processing was per-
formed using Microsoft Excel and HP Chemstation
software.

3. Results and discussion

With the growing need for rapid high precision
measurement of enantiomeric excess, new analytical
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Fig. 1. Molecular structure of(S)-(q)-mandelic acid(a) and (R)-
(y)-mandelic acid(b)

Table 1
Effects of mobile phase composition on enantiomeric resolution

eOH (%) 1% TEAA (%) Rs a k9

30 70 9.14 3.64 0.38
20 80 7.64 2.98 0.52
10 90 7.15 2.59 0.64
0 100 6.26 2.18 0.87

Fig. 2. Linear calibration plots for(R)-(y)-mandelic acid utilizing UVyVis absorbance detection(a) and laser-based polarimetric detection(b).

instrumentation and methodologies must be developed
to address this challenge. Ultraviolet spectroscopy has
been the most commonly used approach for ee deter-
mination; however, not all chiral analytes contain UV
active chromophores. Thus, the use of other, more
selective optical detectors such as laser-based polarime-
try as an adjunct to UV spectroscopy has become of
significant interest to the scientific community, especial-
ly when considering the potential for improved sensitiv-
ity for optically active analytes with low molar
absorptivity valuesw22–24x.
The model analyte chosen for this study was mandelic

acid due to its moderate optical activity and UVyVis
absorbance. The molecular structure of the enantiomers
of mandelic acid are depicted in Fig. 1. Mandelic acid
standards were readily available in 99q% purity for
both enantiomers and an established chiral chromato-
graphic separation method was available from the chro-
matographic column manufacturer, Advanced Separation
Technologies Inc.(ASTEC). This separation methodol-
ogy would serve as a starting point for the optimization
of the chromatographic retention parameters that drive
the success of high precision enantiomeric excess
determinations.
Calibration data were experimentally obtained for

mandelic acid, using both the ultraviolet absorbance and
laser-based polarimetric detectors, as shown in Fig. 2.
This calibration data provides assurance that both detec-
tors provide a linear response over the injected mass
range of interest. It was experimentally determined that
both detectors provided a linear response,R s0.999,2

from 1.0 to 120mg of mandelic acid under the optimized
chromatographic conditions. The calibration data were
collected in triplicate for each injection mass to ensure
that adequate precision(-3% RSD) and reproducibility
were obtained.
Once the calibration data set was obtained, studies

into the effect of mobile phase composition on the
chromatographic enantiomeric resolution(R ), relatives

retention(a), and capacity factor(k9) were performed
with racemic mandelic acid. The results are summarized
in Table 1. From this data, one can conclude that a
decrease in the percentage of methanol in the mobile
phase subsequently decreases the enantiomeric resolu-
tion and relative retention. However, the opposite effect
occurs with respect to the capacity factor; a decrease in
methanol provides an increase in capacity factor. It was
important to choose a proper balance of mobile phase
composition that both provided substantial enantiomeric
resolution and a reasonable()1.0) capacity factor.
Thus, a 80% TEAA buffer and 20% methanol compo-
sition was chosen for the high precision experiments
due to consideration of both retention characteristics and
enantiomeric resolution.
With the acquisition of calibration data and optimi-

zation of mobile phase composition, chromatographic
experiments were designed in order to maximize the
accuracy and precision for the determination of %ee. It
was found that in order to provide the most accurate
samples for analysis, large volumes of standard solutions
of each enantiomer must be prepared in order to limit
inaccuracies obtained via balance transfer and mass
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Fig. 3. UVyVis (a) and laser-based polarimetric(b) detector responses for a chromatographic injection of 20ml of a 98.00%ee mandelic acid
standard. The mandelic acid enantiomers were separated on a Chirobiotic T 250=4.6 mm chromatography column at a flow rate of 1.00 mlymin
with a mobile phase composition of 1% TEAA pH 4.0.

measurements. The first eluting enantiomer,(q)-man-
delic acid, would be designated the minor impurity with
the (y)-mandelic acid receiving the designation of the
major enantiomer of interest. With these designations,
stock solutions were prepared at a predetermined con-
centration so that mixing the solution together at equal
volumes would provide the desired enantiomeric excess.
Once these stock solutions were mixed together, subse-
quent quantitative analysis via HPLC with UVyVis
absorbance and laser-based polarimetric detection could
be evaluated at the given enantiomeric excess level. It
is important to note that the minor enantiomer must be
prepared in large volumes due to the relatively dilute
concentrations required for extreme enantiomeric excess.
The initial set of experiments focused on the ability

of laser-based polarimetry to quantitate enantiomeric
excess at a level of 98.0%, or 1 part of the minor
enantiomer per 100 parts of the major enantiomer. It
was determined that evaluating this methodology on a
more macro %ee scale would allow the determination
of its viability as a detection approach. Thus, stock
solutions of 2 mM (q)-mandelic acid and 200 mM
(y)-mandelic acid were prepared by dissolving the pure
standards in the 1% TEAA buffer at pH 4.0. Once
prepared, the stock solutions were mixed at equal vol-
umes using volumetric pipettes in order to maximize the
accuracy and precision, and then subsequently analyzed
via HPLC.
Fig. 3a represents the UVyVis absorbance response

signal obtained via a single chromatographic analysis of
98.0%ee mandelic acid separated on a Chirobiotic T
chiral chromatography column at a flow rate of 1.00
mlymin and a mobile phase consisting of 1% TEAA
buffer at pH 4.0. This figure is scaled in order to
emphasize the signal corresponding to the minor eluting
(q)-mandelic acid enantiomer(t f6.0 min.). Fig. 3bR

represents the laser-based polarimetric response signal
obtained for the same injection, with the minor enanti-

omer eluting at approximately 5.5 min. It is important
to note the DC calibration signals ofy100 andq1000
m deg obtained via the internal standard for the laser-
based polarimeter at a retention time of approximately
2–3 min. This calibration signal based on the Faraday
effect allows the user to confirm the accuracy of the
polarimeter’s response signal in real time and track
changes for normalization. In both Fig. 3a,b, the minor
enantiomer exhibits peak area sufficient for integration
with baseline resolution and adequate capacity factor.
Under these experimental conditions, quantitation of the
minor enantiomer should provide little challenge for
either detector.
Using the previously obtained regression data for

mandelic acid, the %ee was experimentally calculated
from the integrated peak areas for a series of 10
consecutive chromatograms obtained via injections of
the prepared 98.00%ee samples. It is possible to deter-
mine the mass associated with the minor eluting enan-
tiomer and subsequently obtain a %ee calculation. Upon
integration of peak areas and subsequent calculation of
%ee for the 10 chromatograms, it was determined that
the experimental %ee was equal to 98.00"0.01% and
98.16"0.04% for the UVyVis absorbance and laser-
based polarimeter, respectively. From these calculations,
it is apparent that the accuracy and precision of both
the UVyVis absorbance and laser-based polarimetric
detectors are extremely high. Chromatogram reproduci-
bility and peak area integration facilitated this high
accuracy and precision. With the success at the
98.00%ee level, solutions were prepared in order to
create a 99.8%ee sample for further evaluation of this
methodology.
Fig. 4a represents the response obtained from the

UVyVis absorbance detector from a 20ml injection of
a 1:1 mixture of 0.2 mM(q)-mandelic acid and 200.0
mM (y)-mandelic acid separated on a Chirobiotic T
chiral chromatography column at a flow rate of 1.00
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Fig. 4. UVyVis (a) and laser-based polarimetric(b) detector responses for a chromatographic injection of 20ml of a 99.80%ee mandelic acid
standard. The mandelic acid enantiomers were separated on a Chirobiotic T 250=4.6 mm chromatography column at a flow rate of 1.00 mlymin
with a mobile phase composition of 1% TEAA pH 4.0.

mlymin and a mobile phase consisting of 1% TEAA
buffer at pH 4.0. Using this mixture of enantiomers, the
theoretical %ee was calculated to be 99.80% or one part
of (q)-mandelic acid per 1000 parts of(y)-mandelic
acid, assuming that both the mandelic acid standards
were 100% enantiomerically pure. The first eluting
chromatographic peak corresponds to the(q)-mandelic
acid, followed by the(y)-mandelic acid. As seen
previously, the(q)-mandelic acid could be considered
the minor enantiomeric impurity due to its relatively
small injected mass when compared to the(y)-man-
delic acid. With the absorbance detector, integration of
the peak areas is possible for the quantitation of %ee
due to the chromatographic resolution of approximately
1.0 for the two enantiomeric distributions. Upon inte-
gration of peak area and subsequent calculation of %ee
for the ten chromatograms, it was determined that the
experimental %ee was equal to 99.73"0.01%. Due to
the large chromatographic tailing effect from the major
eluting enantiomer as seen in Fig. 4, it becomes appar-
ent, that in order maximize peak integration of the minor
enantiomer, the experiment should be designed so that
the minor enantiomer elutes first.
Fig. 4b represents the response obtained from the

laser-based polarimetric detector from the same sample
of 99.80%ee mandelic acid. The chromatographic reso-
lution is such that integration of the minor enantiomer
is possible, unfortunately integration of the major enan-
tiomeric peak cannot be accomplished because the
dynamic range of the instrument was exceeded causing
clipping of the top of the peak distribution. Thus, a
relative ratio of the two peak area distributions cannot
be used to determine the relative mass ratios and
subsequent %ee calculations. Therefore, one must inte-
grate only the area that corresponds to the minor eluting
enantiomer and convert this value to mass. Once the
mass of the minor eluting enantiomer has been deter-
mined, subsequent %ee calculations can precede based
on the total mass injected of mandelic acid. The calcu-

lated %ee was found to be 99.73"0.01% when using
laser-based polarimetric detection. This experimentally
determined value for enantiomeric excess agreed very
well when compared to the ultraviolet absorbance detec-
tor and the theoretical evaluation of the contrived
sample.
For the previous calculations of enantiomeric excess,

it was assumed that the mandelic acid standards were
100% enantiomerically pure due to the fact that the
supplier did not perform quantitation of the standards at
levels greater than 99%. In order to compare the %ee
obtained from the absorbance and laser-based polari-
metric detectors and the theoretical %ee, the absolute
enantiomeric purity for the mandelic acid standards must
be evaluated. This was accomplished using the same
chiral separation system previously utilized, however,
injections of the standards were made independent of
each other in order to gain an absolute purity assessment
for each. With the previously obtained calibration data,
quantitation of the two eluting peaks if present, would
provide a measure of the absolute purity of the standards.
The major focus of this purity assessment was the
(y)-mandelic acid because it was considered the major
eluting enantiomer in all of our studies and represented
the greatest percentage of injected mass. Any impurities
in the major eluting enantiomer, whether chiral or
achiral, could potentially contribute to the mass associ-
ated with the minor eluting enantiomer and subsequently
lower both the accuracy and precision of the obtained
%ee values. It was found from the ultraviolet absorbance
detector that the(y)-mandelic acid had an enantiomeric
purity of 99.97% (wtywt) based on the previously
obtained calibration plot. The peak area associated with
the impurity in (y)-mandelic acid exhibited the same
retention time as(q)-mandelic acid. Thus, for every
injection of (y)-mandelic acid, 0.03% was assumed to
be (q)-mandelic acid based on the chromatographic
evidence.
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Fig. 5. Comparison of normalized response obtained from 99.6 and
99.8%ee mandelic acid injections using UVyVis (a) and laser-based
polarimetric and(b) detector responses.

Once the contribution of the enantiomeric impurity
from the (y)-mandelic acid was considered, the exper-
imentally determined %ee, based on Fig. 4, was calcu-
lated to be 99.77"0.01% and 99.80"0.02% for the
UVyVis absorbance and laser-based polarimeter, respec-
tively. Thus, when comparing the experimentally deter-
mined %ee from both the absorbance and laser-based
polarimetric detectors to the theoretical %ee, the detec-
tors provided accurate and precise %ee assessments
when used in conjunction with a chiral separation
system. This accuracy and precision can be attributed to
the high degree of linearity and high signal-to-noise
ratio for both detectors over a large range of injected
masses.
The use of either an absorbance or laser-based polar-

imetric detector for the rapid screening of closely related
enantiomeric excess values can be a valuable analytical
tool for the pharmaceutical and biotechnology industries.
Rapid screening could be of major importance when
considering if an enantiomerically purified product
meets quality control and assurance specifications or
requires further purification processing. The difference
between 99.6%ee and 99.8%ee could potentially equate
to the difference between having a marketable product,
or having one that requires further purity processing.
Fig. 5A illustrates the minor enantiomer,(q)-mandelic
acid, of two subsequent injections of 99.6% and 99.8%ee
mandelic acid using an ultraviolet absorbance detector.
It is apparent that the magnitude of the two responses
are very similar, thus implying that rapid assessment of
enantiomeric excess would not be possible using this
detector even if a chiral separation existed and calibra-
tion data was previously obtained. The peak height or
peak area for the absorbance signal from the 99.8%ee
sample does not have the one-half relationship with the
99.6%ee sample signal one would expect. This can be
attributed to either the small response slope generated
for mandelic acid using the ultraviolet absorbance detec-
tor at 254 nm under these specific chromatographic
conditions, or it may possibly indicate contributions
from non-optically active materials that co-elute with
the analyte.
Fig. 5b shows the same injections of 99.6 and

99.8%ee using a laser-based polarimetric detector. The
response generated from the minor enantiomer appears
to be approximately one-half in peak height and peak
area. This can be attributed to a much larger response
slope for mandelic acid under these specific chromato-
graphic parameters. With its large slope, the laser-based
polarimeter would appear to be a more sensitive and
selective detector, when compared to the ultraviolet
absorbance detector at 254 nm, for mandelic acid under
the conditions listed previously. With its large response
slope and adequate signal-to-noise ratio, the laser-based
polarimeter appears to be a powerful analytical tool for

the rapid determination of closely related %ee values
under the given chromatographic conditions.
The use of laser-based polarimetry has been proven

to provide accurate and precise quantitative information
with respect to extreme enantiomeric excess determina-
tions when chiral separation has occurred. This tech-
nique could provide a powerful adjunct to an absorbance
detector when used in high-performance liquid chro-
matographic separation systems for the analysis of anal-
ytes with small molar absorptivities. The use of mandelic
acid for these experiments is an ideal case for laser-
based polarimetry, however, analytes with significantly
smaller specific rotations should follow the methodology
provided the chiral separation conditions meet the requi-
rements previously stated. Under these circumstances,
significantly larger injection masses could be used in
place of a large specific rotation. This methodology
could also be useful for compounds that have relatively
small molar absorption constants, but large specific
rotation values.
It must be reiterated that detection at the one part per

thousand level for a minor enantiomer in the presence
of a major enantiomer is a significant analytical achieve-
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ment, especially when considering the fact that enanti-
omers are virtually identical compounds. The only
structural difference in the two enantiomers of mandelic
acid is a subtle change in the molecular configuration
at one carbon(out of eight) located directly adjacent to
the aromatic ring. Thus, enantiomeric separation is a
difficult task itself, however, the ability to separate and
detect enantiomeric compounds at a relative enantio-
meric ratio of 1:1000 is a challenging measurement, but
one that potentially could have very significant appli-
cation in both the pharmaceutical and biotechnology
industries. The use of a chiral-selective detection meth-
od, i.e. laser-based polarimetry, for such extreme %ee
determinations has an inherent advantage due to its
ability to respond directly to optically active materials.
In comparison, absorbance detection methods respond
directly to all absorbing materials, chiral or achiral,
present in the detection cell for a given probing wave-
length. This is an important difference due to the fact
that pharmaceutical formulations often contain a variety
of trace impurities and major component incipients;
however, these impurities are generally achiral. Laser-
based polarimetric detection thus has been shown to be
advantageous for the enantiomeric quantitation at the
extreme ranges of the %ee scale, and could potentially
serve as the basis for purity certification of pharmaceu-
tical formulations.
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