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Abstract

Consideration of some basic aspects of the separation of enantiomers on chiral stationary phases suggests that the
coupling of dissimilar chiral columns to afford a broad-spectrum screen for the separation of otherwise pure enantiomers
cannot be recommended. However, this arrangement can sometimes be useful for the separation of enantiomers in complex
mixtures. An analysis of various arrangements is discussed, including tandem column arrangements containing dissimilar
chiral packings, columns containing mixed packings or mixed selectors, and the use of columns containing selectors of

varying degrees of enantiopurity.
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1. Introduction

Development of chiral stationary phases (CSPs)
which are capable of resolving the enantiomers of a
wide variety of structurally diverse racemates is the
goal of a number of researchers, including ourselves.
A number of times, we have been asked if, by
mixing several different chiral packings, one might
obtain a column having a broader scope than any
single packing. The frequency with which this idea
has been suggested over the years is testimony to its
seductive allure. Such mixed-packing experiments
have been reported [1] and more recently, the
separation of enantiomers using two or more dissimi-
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lar chiral columns, coupled in a tandem arrangement,
has been described [2,3].

The use of coupled columns and mixed-bed
packings is a well known and useful strategy when
separating mixtures of rather different compounds, as
has been discussed quite recently [4]. However, the
separation of enantiomers presents a somewhat dif-
ferent problem. Consideration of some chromato-
graphic fundamentals allows one to anticipate the
outcome of coupled-column experiments as well as
that of the conceptually equivalent use of mixed-bed
stationary phases. Suspecting that many of those
engaged in the chromatographic separation of en-
antiomers may not fully appreciate the implications
of coupled chiral column/mixed chiral packing
experiments, we examine several possible situations
and ask the question, ‘‘When, if ever, is the use of
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tandem dissimilar chiral columns the optimal means
for the separation of enantiomers?’’

2. Discussion

Since the mechanistic details of how a given CSP
actually differentiates between enantiomers are not
always well understood, a great deal of ‘trial and
error’ experimentation is often involved in finding a
CSP-mobile phase combination which satisfactorily
separates the enantiomers of a given compound.
Presumably, the idea behind using an assembly of
different chiral columns is the hope that at least one
of the columns in the assembly will separate the
enantiomers of interest. Indeed, the view that one
might thus ‘‘reduce the number of analyses to be
carried out on individual CSP columns before ac-
ceptable separation of racemates is achieved’’ has
been expressed [2].

In considering possible outcomes of attempts to
separate enantiomers using coupled columns con-
taining dissimilar CSPs, we specifically address the
use of two columns, although the arguments can be
extended to apply to any number. In all cases, we
assume isocratic elution on brush-type CSPs in
columns of equal dimensions and phase ratio unless
otherwise stated. We also assume operation in an
analytical mode where retention is not influenced by
sample size. This is done to simplify the presentation
and is not essential to the arguments themselves.

One key thing to remember is that the retention
time observed for an analyte on a tandem column
arrangement is simply the sum of the retention times
afforded by each of the columns in the series,
independent of the order of the columns. For exam-
ple, the coupling of identical chiral columns will
double the retention times of each enantiomer and
will not change retention factors (k') or enantio-
selectivity (o) but will increase resolution (R,) owing
to the increased number of theoretical plates (N).
Clearly, this can be advantageous at times; it is
simply equivalent to using a longer column.

Consider the case where the analyte enantiomers
are separated on neither of two chiral columns. There
will, of course, be no separation with the tandem
column arrangement. In the case where only one of
the columns (column A) provides separation, the

degree of separation provided by the tandem arrange-
ment will always be less than that afforded by
column A. This diminution in enantioselectivity is
further exacerbated when the retention afforded by
column B is large (Table 1). In situations where
column A is operating near its limit of ability to
provide a useful separation, the efficiency of the
tandem column arrangement is important. What will
be the effect of tandem column B on the resolution,
R,, afforded by column A? Column B affords no
separation of the enantiomers but it does contribute
to the broadening of the chromatographic bands.
Thus, column B does not alter the distance between
the bands but does broaden them. Clearly, resolution
will be reduced and the tandem arrangement is
inferior to the use of column A alone. Since enantio-
mer separations are often marginal under the best of
conditions, many small but useful separations af-
forded by a single column will fall below the limit of
resolution of the tandem column arrangement.
When column A and B both separate the analyte
enantiomers, the separation factor provided by the
tandem arrangement will always be less than that
provided by the better of the two columns were it
used alone. This result is intuitively expected in the
case where the two columns have opposite elution
orders, but it also obtains in the case when both
columns have the same elution order (Table 2). As in
the previous case, when the separation factor af-
forded by column B is less than that afforded by
column A, the enantioselectivity of the tandem
arrangement is attenuated, particularly when the
retention afforded by B is large relative to that of A.
In most instances, resolution, R, will be intermediate
between that achievable on each of the individual
columns. Thus, at the cost of increased analysis time,
the coupled dissimilar column approach will afford

Table 1

Comparison of chromatographic parameters for the separation of
enantiomers on two separate columns and on the tandem column
arrangement when one of the columns affords no enantioselec-
tivity

Column A Column B Tandem A+B
k' a k' a k' a
1.00 1.06 1.00 1.00 1.00 1.03
1.00 1.06 5.00 1.00 3.00 1.01
1.00 1.50 9.00 1.00 5.00 1.05
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Table 2

Comparison of chromatographic parameters for the separation of
enantiomers on two separate columns and on the tandem column
arrangement when both columns separate enantiomers with the
same elution order

Column A Column B Tandem A+B
k', a k', a k', a
1.00 1.06 1.00 1.02 1.00 1.04
1.00 1.06 5.00 1.02 3.00 1.03
1.00 1.50 9.00 1.20 5.00 1.23

results inferior to those obtainable using the better of
the two columns alone. Only when the two dissimilar
CSPs afford similar « values, R_ values, and elution
orders will the coupled-column arrangement out-
perform the better of the two columns used alone. In
this event, one has approximated the coupling of two
identical columns.

In the case where columns A and B both separate
the enantiomers, but with opposite elution orders, the
diminution of enantioselectivity observed for the
tandem column arrangement is more severe (Table
3). How does one avoid this undesired result?'
Without prior knowledge, one is just as likely to
couple columns affording unlike as like elution
orders. Consequently, separations which would be
satisfactory using either column alone might be
missed if one used only the tandem arrangement.
Thus, the use of coupled chiral columns of different

Table 3

Comparison of chromatographic parameters for the separation of
enantiomers on two separate columns and on the tandem column
arrangement when the columns separate enantiomers with oppo-
site elution orders

Column A Column B Tandem A+B
k', « k', a k', a
1.00 1.06 1.00 1.02 1.01 1.02
1.00 1.06 5.00 1.02 3.03 1.01
1.00 1.50 2.50 1.20 2.00 1.00

' Undesired if one is endeavoring to separate enantiomers. Actual-
ly, this is a useful means of determining whether two CSPs afford
the same elution order. This approach can be used with minute
quantities of racemic sample in the absence of chiroptic detectors
or enriched samples. One compares the sums of the retentions on
the individual columns with the values observed for the tandem
arrangement.

types to search for a separation of enantiomers is
clearly a risky business.

In our view, one should not couple chiral columns
when searching for a means to chromatographically
separate the enantiomers of an otherwise pure sub-
stance but should examine columns singly. This is
not to say that enantiomers cannot be separated using
tandem column arrangements, for clearly they can
and have been [2]. We are simply saying that this is
not the approach which maximizes enantioselectiv-
ity, resolution, and productivity.

In response to repeated suggestions that we mix
different chiral sorbents in the same ‘mixed-bed’
column, we have always maintained that this is
precisely what one does not want to do. Since almost
all of the surface of modemn-day silica-based ad-
sorbents is inside pores, each particle acts indepen-
dently of its neighbors. Thus, a series of coupled
columns containing different adsorbents is equivalent
to a longer column containing these same sorbents
mixed together [S5]. However, once mixed, the par-
ticles are not easily separated, where as a series of
columns can be disconnected and either reconnected
in a different combination or used individually (Fig.
1).

The mixing of different chiral selectors so as to
produce a heterogeneous population of selectors on
the surface of silica particles might appear to be
equivalent to the ‘mixed-bed’ approach [1]. This is
not necessarily the case. To whatever extent an
analyte molecule can interact simultaneously with
two or more immobilized chiral selectors (Fig. 2b) or
to whatever extent two or more nonidentical chiral
selectors interact with each other (Fig. 2c) the
situation may differ. When these interactions occur,

Fig. 1. Tandem column arrangement (a) is equivalent to a single
column containing the two stationary phases in either separate (b)
or intermingled (c) regions.
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Fig. 2. Mixed-bed chiral stationary phase (a) differs from mixed-
selector CSPs which can allow simultaneous interaction of an
analyte with both selectors (b) or interaction of the two selectors

(©).

retention mechanisms become available on the
heterogeneous surface which are not available on the
homogeneous surfaces. These multiple interactions
are known to occur [5-7] and are doubtless more
common than is generally realized. Simultaneous
interaction of an analyte molecule with two or more
immobilized selectors is most apt to occur when the
analyte is large and/or polyfunctional. Rigorously,
one cannot anticipate just how the ‘mixed-selector’
approach will differ from the ‘mixed-bed’/‘coupled-
column’ approach, but, to the extent that nonidentical
selectors interact with each other, it seems likely that
both retention and enantioselectivity will be reduced.

An interesting special case of the ‘mixed-selector’
approach involves CSPs prepared from a selector
which is not enantiopure. It is useful to model this
arrangement as a pair of tandem columns of opposite
elution order and of varying length (a model which
assumes independent selector action). For example,
suppose a column containing an enantiopure selector
affords a separation factor of 100 for a given
racemate. If the enantiopurity of the selector is
reduced to 98% ee (i.e. a 99:1 ratio) the performance
of the resulting column can be modeled as a tandem
arrangement of a column containing 99 units of
enantiopure CSP and a column containing 1 unit of
the antipodal (but otherwise identical) CSP. Such an
arrangement reduces the separation factor from 100
to 50. Reduction of the enantiopurity to 90% ee (i.e.
a 95:5 ratio) results in a separation factor of 16. High
selector enantiopurity is much less important when
enantioselectivity is low, but, in order to achieve
high levels of enantioselectivity, selector enantio-
purity is critical (Table 4) [9].

From the preceding discussions the reader might
form the opinion that we advise against any use of
coupled chiral columns. This is not the case. We are
merely pointing out some of the considerations
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Table 4

Effect of CSP enantiopurity on separation factor

CSP %ee Separation factor (a)

100 100 10.0 2.00 1.50 1.05
98 49.8 9.09 1.97 1.49 1.05
90 16.0 6.58 1.86 1.44 1.04
50 292 2.38 1.40 1.22 1.02
20 1.50 1.39 1.14 1.08 1.01

involved in these experiments and noting that, poten-
tially, there is a better approach to the separation. In
fact, there are times when it is advantageous to
couple dissimilar chiral columns.

Suppose that one has a mixture of two racemic
diastereomers and hopes to perform a separation of
all four stereoisomers. Further, suppose that only
three peaks are present in the chromatogram (Fig. 1).
Two explanations are possible: (i) the enantiomers of
one diastereomer may have been separated and do
not coelute with the nonseparated enantiomers of the
other diastereomer; (ii) the column may have sepa-
rated the enantiomers of each diastereomer, but there
may be accidental coelution of one enantiomer of
each diastereomer. In the first case, one knows that
an identical CSP of the other absolute configuration
will separate the enantiomers of the previously
unresolvable diastereomer but not those of the
previously resolvable diastereomer. Finding a chiral
column capable of separating the enantiomers of
both diastereomers will require a further search.
However, a simple remedy for the case (ii) situation
can be suggested (Fig. 3).

g. case i) g case ii)
enantiopure b b e b
CsP
e b ab
racemic g b eb
cspP ” M
R T
tandem g-
enuntiopure b b ab a B
racemic CSP
=T

Fig. 3. Use of tandem column arrangement containing an enantio-
pure and a racemic CSP can be useful in the analysis of
diastereomers or other complex mixtures.
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To a first approximation, a racemic version of a
chiral column will perform a separation just as does
its enantiopure counterpart, except that it does not
separate enantiomers [10]. In principle, other achiral
(or even chiral) columns could be similarly em-
ployed. However, these would have to be found by
trial and error experimentation and would not neces-
sarily afford the desired chromatographic behavior
using the mobile phase required by the chiral col-
umn. The racemic column does separate diastereo-
mers by essentially the same mechanism(s) as its
enantiopure counterpart, therefore the two columns
may be coupled and, using the same mobile phase,
the time interval between the elution of the dia-
stereomers can be changed while keeping the time
interval between the elution of enantiomers un-
changed. One should now separate all four stereo-
isomers unless accidental coelution of a different pair
of stereoisomers has occurred. In this case, the
intervals between the peaks can be predictably
adjusted by altering the length of the racemic column
segment(s). Several short columns containing the
racemic version of the chiral phase are useful if one
is separating complex mixtures of stereoisomers. In
effect, one is using a longer column of lower
enantiomeric purity (or a mixed bed of the enantio-
meric CSPs). We have found that for a particular
series of repetitive assays, a mixed bed column
containing a 2:1 ratio of enantiomeric CSPs was
helpful. The least retained enantiomer was caused to
be retained longer than early-eluting impurities and
the more retained enantiomer was caused to elute
earlier, reducing analysis time [8].

The coupling of chiral and achiral columns to alter
the dispersion of peaks is not a new idea and has
been practiced in a number of laboratories. However,
despite earlier advocacy [10], it is not widely ap-
preciated that one can use the racemic analog in
series with a chiral column to accomplish the same
end in a predictable manner.

3. Conclusion

Consideration of some basic aspects of the sepa-
ration of enantiomers on chiral stationary phases

suggests that the use of coupled dissimilar chiral
columns will never afford the best separations (as
judged by R, and separation factor) of otherwise pure
samples of enantiomers. Moreover, an unfortunate
combination could cause one to overlook the fact
that one or both of the columns would be satisfactory
if used alone. Similar arguments are advanced for
‘mixed beds’ of different chiral adsorbents and for
‘mixed-chiral selector’ stationary phases. However,
the coupled-column approach can be advantageous
when more complex mixtures are encountered. The
greater dispersion of the various components of the
mixture afforded by the coupled columns may be
necessary to cause the enantiomers of interest to
stand ‘free and clear’ and, even though the quality of
the separation of the enantiomers themselves may be
somewhat reduced, the separation may still be
adequate for the purpose at hand.
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