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Abstract

Simulated moving bed (SMB) chromatography is often perceived in the pharmaceutical industry as chromatographic method for separating
binary mixtures, like racemates. However, SMB can also be used for unbalanced separations, i.e. binary mixtures of varying compositions
and multi-component mixtures. These less common application modes of isocratic SMB chromatography are exemplified for four different
compounds (racemates and diastereomers) and discussed in view of the so-called ‘triangle theory’ from an industrial perspective.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

In the recent years simulated moving bed (SMB) chro-
atography on chiral stationary phases (CSPs), especially
elical homochiral polymers derived from naturally occur-
ing macromolecules, such as cellulose or amylose, has
ecome an essential tool for the chromatographic resolu-

ion of racemates on a preparative scale[1]. The technology
as shown in some cases distinct advantages over synthetic
outes involving chiral or prochiral precursors and “classical”
esolutions. The impact of enantioselective chromatography
n the development of pharmaceuticals has been reviewed
ecently by Francotte[2,3] and others[4,5].

Efficient criteria for the optimal design of SMB systems
ave been developed, which allow one to account for the non-

inear character of the involved adsorption equilibria and to
ptimize the productivity per kg CSP easily[6]. Following the
o-called ‘triangle theory’ constraints on these criteria have
een derived which allow for complete separation of a binary

� A part of this work has been presented during the Prep 2002 confer-
nce, the 15th International Symposium, Exhibit & Workshops on Prepara-

ive/Process Chromatography, Washington, June 16–19, 2002.

mixture following the Langmuir and the modified Langmu
isotherm[7] and the most general case of a bi-Langm
multi-component adsorption isotherm[8]. Today, develop-
ment, scale-up and optimization of SMB separations fol
a straightforward protocol and can be performed within a
days.

In comparison to preparative HPLC chromatograp
separations using SMB units show several distinct adv
tages, especially a lower solvent consumption and a lo
inventory of chiral stationary phase. These time and c
saving advantages prompted us to study possibilities to
SMB units not only for racemate resolutions, but also
more complex separation problems such as “unbalan
(i.e. not 1:1 ratio of binary substrates) and multi-compon
mixtures. It should be emphasized that multi-component
arations using the SMB technology are common practic
the petrochemical industry and that the Molex process
neered by UOP as described by the first patent filed on S
[9] in 1961 by Broughton and Gerhold is intended for the s
aration of linear and branched hydrocarbons. Today a num
of industrial scale processes similar to the Molex are use
a 100,000 t/a scale. However, all of them use either zeoli
or ion-exchangers as stationary phases and do not em
∗ Corresponding author at: Chiral Technologies Europe,

arc d’Innovation, Bd. Gonthier d’Andernach, F-67400 Illkirch,
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E-mail address: mjuza@chiral.fr (M. Juza).

high pressure liquid chromatography[10].
Various examples for pharmaceutical applications will

be given for such less-common application modes, paying
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special attention to benefits to be gained in comparison
to more conventionalmodi operandi. All purifications,
about which we will report in the following paragraphs, are
performed for investigational new drugs, which have not
yet been submitted for patent application. Thus presently
the structural information cannot be disclosed. However,
we aim to present scenarios, which can be generalized
and can easily be transferred to other chromatographic
purifications.

2. Experimental

2.1. Equipment

The analytical HPLC unit used was an Agilent HP1090
system (Basel, Switzerland) consisting of a quaternary pump,
auto sampler and a diode array detector.

Two Licosep 10× 50 units, produced by Novasep (Pom-
pey, France) were used for the pilot runs. A detailed descrip-
tion of the unit layout has been given recently[11]. It
was equipped with eight NW-50 (non-jacketed) columns
produced by Merck (Darmstadt, Germany) with a mea-
sured internal diameter of 48 mm. The column length can
be adjusted up to a maximum of 120 mm. The columns can
be self-packed easily.
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system (cf. Section2.1) equipped with a Jasco CO-1560
oven (Omnilab, Mettmenstetten, Switzerland) and ther-
mostated at the operating temperature of the SMB unit
±0.1◦C.

A simulation software called “softSMB” is supplied with
the SMB and allows one to approximate the adsorption
isotherms of binary mixtures and to optimize the operating
parameters before starting the unit itself. Based on a few
injections at increasing volume of a concentrated product
solution on analytical HPLC columns filled with Chiral-
pak AD or Chiralcel OD the Novasep software package
“softSMB” correlates through a curve-fitting procedure the
equilibrium experimental results with a postulated modified
Langmuir competitive isotherm (cf. Eq.(1)), which takes
the form:

ni = λci + N̄iKici

1 + ∑2
k=1Kkck

(1)

In this equationni andci are the adsorbed and the fluid
phase concentration, respectively;λ is a dimensionless
coefficient;Ki the equilibrium constant of theith component,
which accounts for the overload effects; the upper limit of
ni is given by the saturation capacitȳNi.

The Henry constants give the slope of a component’s
adsorption isotherm under linear conditions, i.e. at infinitely
s
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.2. Materials

The chiral stationary phases (CSPs) were obtained
hiral Technologies Europe (Illkirch, France) as 20�m bulk
acking. All compounds submitted for purification were s

hesized in the laboratories of CarboGen AG (Aarau, Swi
and). The solvents used as eluents were reagent gra
etter quality and obtained from SDS, Peypin, France.

ytical in process control of extract and raffinate stream
erformed employing the same stationary phase and e
s for the preparative separation. Dilution with the eluent
mployed when necessary.

.3. Column packing and testing

Bulk CSPs were packed into eight NW-50 columns
hased from Merck (Darmstadt, Germany). Each col
ontained exactly 110.0 g dry mass of the stationary ph
he column volume was determined individually for
olumns, which were tested with a preparative HPLC sy
rovided by Knauer (Berlin, Germany), which consisted
-1800 pump with a 1000 mL/min pump head, a HPLC-B
nd a K-2500 UV detector.

.4. Determination of adsorption isotherms, Henry
onstants and start parameters for the separations

Analytical HPLC columns, containing various lots
hiralpak AD or Chiralcel OD were installed into a HP10
r

mall concentration:

i = Hici (2)

At low concentrations the modified Langmuir isothe
cf. Eq.(1)) allows a calculation of the Henry constants:

i = N̄iKi + λ (3)

The ratio of the Henry constants is equal to the enant
ectivity α. It should be noted that the constants, which ca
etermined independently from simple experiments[12], are
ffected by variations in bed density and the resulting ov
orosityε* .

.5. SMB hardware and control software

Two different SMB units of identical layout were us
or the separations. The Licosep 10× 50 SMB units from
ovasep (Pompey, France) are controlled by a central sy
omposed of a Siemens PLC (type S7-300) and a per
omputer as the user interface. The supervision soft
orks under DOS or Windows 2000 and allows the
ontrol of the unit parameters (valves, pumps, flow ra
ressures) when the unit is running or under test. All r
ant parameters and data are continuously stored in file
uality control. The software allows an easy access to

ime curves (flow rates, temperature, pressure). All mea
ents are transmitted from the Licosep 10× 50 through a

ontrol board, containing the PLC and all required interfa
nd supplies.
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3. Results and discussion

3.1. Design of operating conditions for a SMB
separation

Simulated moving bed units are complex systems, whose
operation requires the choice of several parameters, e.g. the
flow rates in the four sections (1,. . ., 4) of such a unit,
the period after which the in- and outlet ports are switched
and the feed composition. Neglecting axial dispersion and
mass-transfer resistance an ‘equilibrium theory’ model can
be used to design optimal operating conditions and to explain
experimental results, when the equivalency between the true
moving bed and SMB is exploited. This “triangle theory”
allows an easy graphical description of the internal flow-
rates and the switch time, which both determine the flow-rate
ratios,mj, defined in Eq.(4).

mj = Qjt
∗ − Vε∗

V (1 − ε∗)
(j = 1, . . . , 4) (4)

Here,Qj, j = 1, . . ., 4, are the volumetric flow rates in sec-
tions 1–4 of the SMB,ε* is the overall void fraction of the
columns,t* the switch time, andV the single column volume.
The isotherm parameters (cf. Section2.4) and the feed com-
position allow one to define several regions in an ‘operating
p
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stream (more retained component(s)) is pure, and on the left
side of this triangle a region is located where only the raffi-
nate stream (less adsorbed component(s)) is pure. Between
the regions of pure raffinate and extract (above the vertex of
the triangle) another region is located, where neither stream
is pure. The area under the diagonal of them2, m3 plane
has no physical meaning. The interested reader is referred
to the literature where the ‘triangle theory’ is explained and
applied in great detail[6–8]. The area of complete separation
becomes larger if the difference between the Henry constants
is great and becomes smaller at lower loading capacities (N̄i)
and higher feed concentrations.

Sections 1 and 4 are not described by them2, m3 plane,
but have to fulfill certain criteria, likem2 andm3, in order to
provide pure outlet streams as summarized below (Eq.(5)):

H2 < m1

H1 < m2 < m3 < H2

m4 < H1

(5)

The requirements on zones 1 and 4 can be visualized
by a plot of them1, m4 plane (cf.Fig. 2). Only flow rate
ratios, which lie in the gray area inFig. 2 will allow for
complete regeneration of mobile and stationary phase. If the
operating point is located below the area of regeneration, the
stronger adsorbed component will not be desorbed from the
s tion
4 eam.
I the
fl the
l as a
c

, a
c cted.
I .

F in
t linear
i

arameter plane’ spanned by the flow rate ratiosmj in the
entral sections of the SMB unit (m2, m3) as drawn inFig. 1
or linear adsorption behavior.

Various areas in this plane can be distinguished. A tria
ar region describes an area where the flow-rates in sect
nd 3 of the SMB lead to a complete separation. This tria

s determined through adsorption isotherms and conce
ion of the two species to be separated, and the two H
onstants (see Eq.(3)) H1 andH2 of the two compounds[13].
bove this triangle a region is found where only the ext

ig. 1. Regions in them2, m3 plane with different separation regimes
erms of purity of the outlet streams, for a system described by a
sotherm withH1 = 0.75,H2 = 1.25.
tationary phase in zone 1. It will be carried over to sec
and eventually section 3 and pollute the raffinate str

f the operating point lies to the right of the gray area
ow rate in section 4 will be too high for adsorbing
ess retained component completely in this zone and,
onsequence, the extract will be polluted.

If the constraints on all flow rate ratios are fulfilled
omplete separation of the two components can be expe
n practice sufficient safety margins must be applied, i.em1

ig. 2. Regions in them1, m4 plane with different separation regimes
erms of purity of the outlet streams, for a system described by a
sotherm; (�) exemplary operating point for complete regeneration.
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should be at least 10% higher thanH2 andm4 should be at
least 10% lower thanH1.

3.2. Unbalanced two component separations

A multitude of reports on racemate resolution via the
SMB technology have been published during the last 10 years
[14–36]. However, only in a few cases mixtures with unequal
amounts of two components have been separated[37]. There-
fore some general considerations on non-balanced (i.e. not
50:50) crude feed-stocks will be summarized in the follow-
ing. These feedstocks can originate either from stereoselec-
tive reactions leading to enantiomerically enriched materials,
or from reactions leading to a diastereomeric enrichment, like
crystallizations with chiral acids or bases. In some cases it will
also be necessary to purify non-racemic solutions obtained
during optimization or malfunctions of “regular” SMB chro-

matographic runs, where racemates are resolved on chiral
stationary phases (CSPs).

3.2.1. Case study I: 1 versus 1 and 1 versus 10
An example of the latter case is given inFig. 3. A

racemic mixture (called in the following compound A) with
a chemical purity of 82% and a sodium chloride content
of approximately 30% was separated on a 7.5 kg scale
using Chiralpak AD as stationary phase and a solvent mix-
ture consisting of acetonitrile/IPA/DEA (95:5:0.2, v:v:v) as
eluent.

As mentioned above the adsorption isotherm governs the
shape of the triangular region of complete separation under
overloaded conditions. The competitive adsorption isotherms
for compound A have been determined using the procedures
developed by Novasep; it was found that the experimen-
tal data fits well into the modified Langmuir competitive

F
c
(

ig. 3. Separation of compound A; regions in them2, m3 plane with different sep
omplete separation for three different scenarios: (——) for isotherm parametλ =
B) c1 = c2 = 32.2 g/L; (C)c1 = 57.96 g/L,c2 = 6.44 g/L; (�) operating point.
aration regimes in terms of purity of the outlet streams. Predicted region of
ers:0.8, NK1 = 0.392, NK2 = 1.076,N̄i = 20; (A)c1 = 6.44 g/L,c2 = 57.96 g/L;
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isotherm model. The model can be written as described in
Eq.(1).

It should be noted that for a Langmuirian behavior the
triangle under non-linear conditions becomes compressed to
the lower left part of them2, m3 diagram as can be seen in
Fig. 3B for a racemic mixture of compound A. However,
the adsorption isotherm determined by the Novasep software
“soft-SMB” does not agree in all cases with the experi-
mental results, which necessitates experimental fine-tuning.
After optimization the target enantiomer (Raffinate) could
be obtained in sufficient enantiomeric purity (i.e. >98% ee).
Since the desired overall yield of the target enantiomer could
not be met after the first pass through the SMB unit it was
decided to concentrate the (enriched) out-of-specification
material and to submit the concentrated solution again to
enantioselective chromatography.

Fig. 3A and C shows how the shape of the triangle changes
when the more and less retained enantiomer are abundant
to 90%, respectively. For comparison the operating point of
the first separation (ratio 1:1) has been maintained in the
graphics. InFig. 3A the region of complete separation is
even more compressed than for the original case (1:1) and
the operating point, which used to lie inside the triangle, is
now in the region of pure extract. Obtaining two pure outlet
streams will be quite a challenge in this case, whereas it can
be expected that a feedstock already enriched in the more
r ure
f sed.
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During early scale-up experiments compound A was also
separated via preparative HPLC (column size: 230 mm×
100 mm ID). The productivity for the preparative HPLC was
50 g/day/kg CSP with an eluent consumption of 430 L/day.
As expected the performance of the SMB technology is supe-
rior to preparative HPLC and the use of this technology leads
to lower eluent consumption.

3.3. Three component separations via SMB

Separation of more than two components is a task often
encountered in pharmaceutical industry. A broad range of
feed stocks falls under this category, ranging from racemates
which contain an undesired impurity to compounds contain-
ing unreacted material from a previous step to racemates
which show after reaction or storage significant amounts of
an undesired third (side-)product.

3.3.1. Case study II: three component separations –
beneficial scenarios

It is obvious that when the desired compound is eluting
either first or last (cf.Fig. 4, 1 or 3) it can be collected in
raffinate or extract, respectively.

In the first case it is required that both non-desired com-
ponents are retained in zone 2 of the SMB and are collected
i t-
i tion
b at
t

F t (i.e.
p raf-
fi of
t kept
i y the
m affi-
n rbed
a chi-
r enry

compo tract.
etained enantiomer will be found in enantiomerically p
orm in the extract when the same operation point is u
n Fig. 3C the operating point is far to the left of the trian
nd would result in pure raffinate. In order to obtain the m
etained enantiomer out of a depleted mixture of enantio
ignificant changes in the operating conditions would
eeded.

The productivity of the racemate separation was∼818 g
acemate/day/kg CSP with an eluent consumption
46 L/kg crude/day. Overall 23% of the target enantio
ith an ee of >99.6% and a chemical purity of 91.6% co
e isolated in the given time frame. It seems worth men

ng that the low overall yield of this separation has its rea
n the chemical purity of the starting material (i.e. 82% a
PLC, see above) and the fact that the overall yield was d
ined after an additional extraction step of the crude ta
nantiomer after chromatography.

Fig. 4. Binary separation of three components (1, 2, 3) via SMB, target
n the extract stream (cf.Fig. 4, left). Therefore the opera
ng point for a system characterized by a linear adsorp
ehavior andH1 < H2 < H3 should be selected in a way th

hese conditions are fulfilled:

H3 < m1

H1 < m2 < m3 < H2

m4 < H1

(6)

or a system where the target compound is eluted las
eak3) the non-desired components are collected in the
nate (cf.Fig. 4, right). The separation in zones 2 and 3
he SMB requires that the most retained component is
n zone two, while the less retained species are carried b

obile phase up-stream, i.e. into the direction of the r
ate. However, in zone 1 all components must be deso
nd in zone 4 all components must be adsorbed by the
al stationary phase. These conditions lead to a set of H

und is eluting either first or last and can be collected in raffinate or ex
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Fig. 5. Separation of compound B on Chiralpak AD, eluentn-heptane/IPA (60:40, v:v); the vertical line in the HPLC trace indicates the division between
raffinate and extract. The impurities are eluted in the raffinate before and under the non-target diastereomer.

constants andmj values for linear conditions as described
below:

H3 < m1

H2 < m2 < m3 < H3

m4 < H1

(7)

Despite several successful multi-zone SMB applications
in Academia[38–40]and low pressure applications[41,42],
currently no commercial SMB unit can be used for collec-
tion of more than two product streams. Therefore separations
where the target compound elutes in the middle of two peaks
require the application of at least two unit-operations, e.g.
crystallization and chromatography, or two-step chromato-
graphic purification. An example for this “unwanted” sce-
nario is given below (cf.case study III—unwanted scenario,
compound C).

In practice linear adsorption isotherms are seldom
observed and the internal flow rates of the SMB unit
must be adapted to the non-linearity of the adsorption
isotherms.

A mixture of diastereomers (called in the following
compound B) was separated on a 3.0 kg scale using
Chiralpak AD as stationary phase and a solvent mixture
consisting ofn-heptane/IPA (60:40, v:v) as eluent. The target
diastereomer was eluted last, while an impurity and the
n tively
( 5 g
c /kg
c a de
o The
o ure
e ual
a ugh
d d in
E

ifi-
c nds
d od

development, separation and isolation of the target diastere-
omer.

3.3.2. Case study III: three component separations –
unwanted scenario requiring two separation steps

Especially during the first phases of the drug development
cycle racemates, which can contain significant amounts of
side products, are submitted for chromatographic resolution.
The SMB technology can be applied in a straightforward
manner to isolate first or last eluting components. However,
when the target is eluted “in the middle of the chromatogram”
it can become necessary to use either batch HPLC or to resort
to subsequent SMB runs. A scenario for the latter approach
is given inFig. 7.

A racemic mixture (called in the following compound C)
was separated twice on a 100 g scale via preparative HPLC
using Chiralpak AD as stationary phase and a solvent mix-

F t
s ion of
c ,
N -
t

on-target diastereomer eluted first and second, respec
cf. Fig. 5). The productivity of the separation was 75
rude/day/kg CSP with an eluent consumption of 519 L
rude/day, overall 40% of the target diastereomer with
f >99% could be isolated from the crude compound B.
perating points had to be moved into the region of p
xtract (seeFig. 6), since the compound exhibited an unus
dsorption behavior, which could not be predicted in eno
etail using a modified Langmuir model as propose
q.(1).
No protocol for crystallization or chromatographic pur

ation on achiral media could be developed in our ha
uring the given time frame of four weeks for meth
ig. 6. Separation of compound B; regions in them2, m3 plane with differen
eparation regimes in terms of purity of the outlet streams. Predicted reg
omplete separation: (——) for isotherm parameters:λ = 1.5, NK1 = 0.0953
K2 = 2.174,N̄i = 30;c1 = c2 = 30.0 g/L; (�) operating points for optimiza

ion, (�) final operating point.
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Fig. 7. Separation of compound C on Chiralpak AD, eluent: ethanol/DEA
(100:0.1, v:v). Top trace: racemic compound C, middle trace: racemic com-
pound C and two side products, lower trace: enantiomerically pure compound
C with diastereomeric impurity eluting in front. Vertical lines in the two
lower HPLC traces indicate the division between raffinate (left) and extract
(right).

ture consisting of ethanol/DEA (100:0.1, v:v) as eluent. The
target enantiomer was eluted first, while the non-target enan-
tiomer eluted second (cf.Fig. 7, top trace). The productivity
of the separation was 177 g racemate/day/kg CSP with an elu-
ent consumption of 1926 L/kg crude/day, overall 45% of the
target enantiomer with an ee of >99.9% could be isolated.
When a larger amount of the compound was synthesized
a significant over-reduction of an aromatic moiety in the
molecule was observed. This side reaction resulted in two
enantiomeric compounds, which eluted before and after the
target compound (cf.Fig. 7, middle trace). In order to obtain
the target enantiomer it became necessary first to remove
the non-desired enantiomer and one of the new species via
SMB chromatography and then to subject the pre-purified
target enantiomer (cf.Fig. 7, lower trace) to a second SMB
chromatographic step. The first separation step allowed for
a specific productivity of 1.6 kg racemate/day/kg CSP with
an eluent consumption of 185 L/kg crude/day, the second
separation step allowed for a specific productivity of 2.4 kg
racemate/day/kg CSP with an eluent consumption of 40 L/kg
crude/day. The overall yield was 26% of the target enantiomer
with an ee of >99.9%.

Fig. 8. Separation of compound C; regions in them2, m3 plane with
different separation regimes in terms of purity of the outlet streams.
Predicted regions of complete separation: (——) for isotherm parame-
ters:λ = 0.9, NK1 = 0.129, NK2 = 1.802,N̄i = 40; c1 = c2 = 24.75 g/L; (�)
operating point for enantiomer separation; (- - -) for isotherm parameters:
λ = 0.6, NK1 = 0.069, NK2 = 0.428,N̄i = 100;c1 = c2 = 24.75 g/L; ( ) oper-
ating point for separation of enantiomer and impurity.

It should be noted that the specific productivity of the
SMB separations is by a factor of 10 higher than observed for
preparative HPLC, which easily justifies the two chromato-
graphic runs in the SMB mode. SMB was also the method
of choice for the purification of three more batches (with-
out the reduction side product) subsequently submitted for
enantioselective chromatography.

Fig. 8 shows the regions of complete separation for
the chromatogram inFig. 7 (middle trace). Two triangular
regions can be observed, one for the separation of the target
enantiomer and early eluting impurity (raffinate) from the
later eluting impurity and non-target enantiomer (extract);
the second (much smaller) for the separation of the two for-
mer compounds. The first operating point in the triangle with
the basisH2 andH3 allowed to obtain streams with a purity
of >99.9% in the extract and of 99.8% in the raffinate. The
second separation—described by the triangle with the basis
H1 andH2 yielded an extract purity of >99.9% (target enan-
tiomer) and a raffinate purity of 97.8%.

The separation of compound C shows that the applica-
bility of SMB is by far larger than often assumed. If a
solvent/stationary phase system can be found, which allows
for sufficient selectivity it can be used also for separations,
Fig. 9. Generalized structure of compound D.



E. Huthmann, M. Juza / J. Chromatogr. A 1092 (2005) 24–35 31

Fig. 10. Separation of compound D on Chiralcel OJ (top trace) and Chiralpak AD (bottom trace).

Fig. 11. Separation of compound D on Chiralpak AD (left methyl ester, right ethyl ester), eluent: methanol/ethanol (50:50, v:v) for the ethyl ester, ethanol/hexane
(80:20, v:v) for the methyl compound. An arrow indicates the targetR,S enantiomer.

which are less common than the typical racemate resolu-
tion.

3.4. Multi-component separations via SMB

Chemical development in the pharmaceutical industry is
often driven by the objective to be “faster on the market”.
Therefore sometimes procedures from medicinal chemistry
have to be transferred under high time pressure to larger

Fig. 12. Elimination product of compound D.

scale, especially during the preclinical phase of the com-
pounds, when only some 100 g are needed for toxicological
studies. While no concessions to safety are acceptable, low
yields and in some cases lower purity can be accepted for
the time being, also under the perspective that more than
90% of all chemical entities never reach the first clinical
phase.

3.4.1. Case study IV: multi-component separations –
complex scenarios

Compound D (cf.Fig. 9) is one of these very fast
candidates in the drug development and was obtained in
a six-step synthesis. Since compound D bears two chiral
carbon atoms four diastereomers are formed following a
non-stereoselective pathway for synthesis. However, only
one of the enantiomers leads to the desired active pharma-
ceutical ingredient. Initial studies showed that the elution
of the target enantiomer as isolated peak was not possible
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Fig. 13. Overall reaction scheme and distribution of compounds into extract and raffinate. TheR,S enantiomer is eluted last and collected in the extract, all
other compounds are collected in the raffinate.

Table 1
Comparison of multi-component SMB separations

Compound CSP/mobile phase Productivity of
sepn. (g/kg
CSP/day)

Yield (%) Purity (%), ee (%)

Ethyl R,S Chiralpak AD MeOH/EtOH 50:50 1005 90 76.4 (100)
Methyl R,S Chiralpak AD EtOH/Hex 80:20 760 83 59.0 (100)
Methyl (wrong enantiomer)S,R Chiralpak AD MeOH 1123 84 86.2 (100)

Fig. 14. Simultaneous separation of ethyl ester of compound D in non-target compounds (non-target enantiomer, diastereomers and two elimination products)
and the target enantiomer on Chiralpak AD.
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on Chiralcel OJ (cf.Fig. 10, top trace), but, after a thorough
screening of commercially available stationary phases in
combination with various mobile phases a simultaneous
resolution of diastereomers and enantiomers could be
obtained (cf.Fig. 10, bottom trace).

The target enantiomer (either methyl or ethyl ester with
R,S configuration) (cf.Fig. 9) could be obtained as the
last eluting peak on Chiralpak AD (cf.Fig. 11) using
methanol/ethanol (50:50, v:v) as eluent.

The high selectivity for the separation allows to perform
the resolution at 35◦C, thus decreasingk′ values of the com-
pounds and the viscosity of the mobile phase.

During scale-up of the reaction it was observed that two
new side products were formed, namely the elimination
products (cis andtrans), whose chemical structure is shown
in Fig. 12.

Overall six major components were present in the crude
material submitted for enantioselective HPLC (cf.Fig. 13).
The simultaneous resolution represents a shortcut to the
conventional two step approach often employed for such
problems, resolving first diastereomers and side products via

crystallization or chromatography on achiral media, followed
by an enantioselective purification employing HPLC on a
CSP (or other methods). Such a one-step purification – neces-
sitating the use of a CSP – is a time effective process requiring
less unit operations than other resolution protocols and uses
efficiently the stationary phase when the SMB technology
is applied. However, it requires one to “binarize” the sepa-
ration, i.e. to develop the separation in a way that only the
target enantiomer elutes in one of the outlet streams of the
SMB.

The first batch of compound D (1.63 kg, ethyl ester) had a
chemical purity of 76.4% and displayed a solubility of 40 g/L
in the eluent (methanol/ethanol, 50:50, v:v). All non-target
compounds (non-target enantiomer, diastereomers and two
elimination products) are baseline separated from the target
enantiomer, which accounted to about 16% of the crude mate-
rial (cf. Fig. 14).

The triangle theory was applied as described (cf. com-
pounds A–C) for designing and optimizing the separation of
compound D. For brevity only the results of the separations
are summarized.
Fig. 15. Isolation of the non-target enantiomer (S,R methyl ester
 of compound D) on Chiralpak AD and methanol as eluent.
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A total of 0.24 kg (overall yield: 90%) of the target enan-
tiomer (R,S configuration (ethyl ester); ee >99.99%) were
obtained using 380 L of eluent/kg crude compound D. This
result is equivalent to a productivity of 1.0 kg crude/day/kg
CSP.

TheR,S methyl ester of compound D (2.13 kg with a chem-
ical purity of 74.7%) could be separated in a similar way by
employing ethanol/hexane (80:20, v:v) as eluent and Chiral-
pak AD as stationary phase (cf.Fig. 11, left chromatogram).
Overall 0.26 kg (overall yield: 83%) of the target enantiomer
(ee >99.99%) were obtained using 276 L of eluent/kg crude
compound D. This result is equivalent to a productivity of
0.76 kg crude/day/kg CSP.

In view of the low overall yield for theR,S methyl ester
of compound D it was decided to use the enantiomer of the
target compound for formulation studies. It was possible to
isolate theS,R enantiomer out of the raffinate stream of the
first separation (1.26 kg with a chemical purity of 64.3%)
by changing the eluent from ethanol/hexane (80:20, v:v)
to methanol (100%) (cf.Fig. 15). Overall 0.24 kg (overall
yield: 84%) of the non-target enantiomer (ee >99.99%) were
obtained using 307 L of eluent/kg crude compound D. This
result is equivalent to a productivity of 1.12 kg crude/day/kg
CSP.

Table 1 summarizes the results of the three multi-
component separations of compound D.
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5. Nomenclature

c mobile phase concentration
H Henry constant
K adsorption equilibrium constant
m flow rate ratio, defined by Eq.(4)
n adsorbed phase concentration
N̄ saturation capacity
Q volumetric flow rate
t* switch time in a SMB unit
V volume of a single column in a SMB unit

Greek letters
ε* overall void fraction of the bed
λ linear coefficient of the modified Langmuir isotherm

given by Eq.(1)

Subscripts
i component index
j section index
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