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Abstract

Preparative HPLC and simulated moving bed (SMB) chromatography were used to resolve significant quantities of a racemic pharmaceutical
intermediate. In addition, smaller scale studies using closed-loop recycling and steady state recycling (SSR) were performed so that a
meaningful comparison of all these techniques could be made using the same real world separation. A highly optimized, six-column SMB
process was clearly the superior technique and was used for the process-scale (247 kg of racemate) resolution. At the more moderate lab-scals
(33 kg of racemate and 19 kg of racemate), a frequently used but less optimized eight-column SMB process was used. It was found that SSR
was comparable to the lab-scale SMB process in productivity and solvent consumption. Thus, it appears that SSR can be a useful choice at
such moderate scales. Finally, at moderate scales when neither SSR nor SMB is available, it was found that acceptable results were obtainec
with both closed-loop recycling and with a two-step preparative process.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction separate commercial scale quantities of enantiof@&r28]
In this paper, we will compare several chromatographic tech-

The use of chromatographic techniques to obtain signifi- niques in the enantiomeric separation of a proprietary phar-
cant quantities of enantiomerically pure drugs and drug inter- maceutical intermediate with the aim of determining under
mediates is well establishddi-11]. Closed-loop recycling  what circumstances and at what scales each technique would
has been shown to be a useful technique in chiral separa-be most useful.
tions in which resolution is poofl2]. Simulated moving
bed (SMB) chromatography in recent years has become a )
routine technique for the separation of enantionfi8s-22] 2. Experimental
Closed-loop steady-state recycling (SSR), a relatively new
technique[23,24] has shown promise in approaching the

performance of SMB25]. The racemate to be separated was a proprietary phar-

Although chromatographic purification is generally an ex- maceutical intermediate belonging to and synthesized at
pensive process, the economics of the pharmaceutical induspparmacia (Skokie, IL, USA). The compound contains an
try has made chromatography cost effective in the large Scalehydroxyl group at the asymmetric center.

separation of enantiomef26]. This is especially true with
SMB where several companies are using this technique to

2.1. Racemate

2.2. Mobile phase and chiral stationary phase (CSP)

- _ Acetonitrile, from various sources, was the mobile phase
* Corresponding author. Tel1-847-982-7499; . . .

fax: +1-847-982-4771 in each of the chromatographic techniques reported here. In
E-mail addresscharles.m.grill@pharmacia.com (C.M. Grill). eac_h case, the_ CSP was Chiralpak ASpa0 particle size
! Present address: Amgen, Thousand Oaks, CA, USA. (Daicel Industries, Tokyo, Japan).
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2.3. Preparative HPLC All fractions collected using preparative LC, closed-loop
recycling, and SSR were analyzed by analytical HPLC.

The preparative HPLC run was performed at Phar- The mobile phase was HPLC grade acetonitrile, and the

macia (Skokie, IL, USA) using a pre-packed column flow rate was 1.0 ml/min. The column, having dimensions

(10cmid. x 50cm, 2.35kg CSP) obtained from Chiral 4.6 mmid. x 250 mm, was packed with Chiralpak AS, par-

Technologies (Exton, PA, USA). The preparative chromato- ticle size 1Qum (Chiral Technologies, Exton, PA, USA).

graph was an SepTech ST/1000 XPS system (Varian, Wake-Detection varied from 290 to 300 nm.

field, RI, USA) The flow rate was 500 ml/min. The sample

solution was made by dissolving a sufficient quantity of 2.5. Laboratory scale SMB

racemate or enriched enantiomeric mixture in acetonitrile

to give a final concentration of 30 mg/ml. The laboratory scale SMB work was performed by con-
tractors at two different sites (Contractors #1 and #2). Both
2.4. SSR and closed-loop recycling groups used Licosep Lab 8-50 SMB systems (NovaSep,

Nancy, France). The CSP was 2t Chiralpak AS (Dai-
The SSR and closed-loop recycling experiments were cel Industries, Tokyo, Japan) and was packed into eight Self
performed at the Pharmacia laboratories in Skokie, IL, USA Packer columns, each with 50 mm i.d. (Merck KGaA, Darm-
using a NovaPréd 200 preparative chromatograph (man- Stadt, Germany). Each column was packed with 110 g of CSP
ufactured by Varian Inc., Wakefield, RI, USA) modified to give an average cm bed length of 10.7 cm. The operating
to perform the SSR process. This instrument has been de-conditions used by each group are summarizetainle 1
scribed elsewherf25]. The 10 ml injection loops used in The collected products were analyzed by analytical
the SSR processes were made of 1/8in OD stainless steeHPLC. At Contractor #1 the column, having dimensions
tubing, three or four of which were connected in series to 4.6mmid. x 250mm, was packed with Chiralpak AS.
give the desired injection volume. Detection varied from 250 to 330nm. At Contractor #2,
LC ReSponder control software (Varian, Wakefield, RI, the column, having dimensions.&dmmid. x 250 mm,
USA) was used to automate the system in both the SSR andvas packed with Chiralpak AD. The mobile phase was
closed-loop recycling modes. ethanol/isohexane 5/95, and the flow rate was 1.0 ml/min.
In the SSR experiments reported here, the relative time Detection was at 254 nm.
method[23,25]was used to determine the initiation times of
collection and injection events. In this method, the leading 2.6. Process-scale SMB
edge of the profile was detected by setting a time window in
which the control software looked for a detector signal (“as-  The process-scale SMB work was performed at a third lo-
cending height”) of 5-10% of full scale. When this condi- cation by Contractor #3 using a Licosep 6-200 SMB system
tion was met, the collection valve for Fraction 1 was opened (NovaSep, Nancy, France). The CSP was packed into six
and a timer was started: the times of all other collection and dynamic axial compression columns, each with 202 mm i.d.
injection events were then defined relative to the opening (Merck KGaA, Darmstadt, Germany). Five of the columns
of the Fraction 1 collection valve (hence the term “relative were packed with 2.2 kg of CSP to give an average cm bed
time”). Detailed accounts of how the SSR technique is per- length of 10.9 cm; the sixth column was packed with 1.8 kg
formed are given elsewhe[23,25] of CSP to give a bed length of 8.6 cm. The operating con-
The preparative column used for the SSR and the ditions are summarized ifiable 1 The collected products
closed-loop recycling runs was a Prochrom 50 nan k were analyzed by chiral analytical HPLC.
500 mm column (NovaSep, Nancy, France), packed with
240g of CSP. The bed length was 20 cm. 2.7. Purity and yield specifications
The sample solution was made by dissolving a sufficient
guantity of racemate in acetonitrile to give a final concen- The second-eluting enantiomer (Enantiomer 2) was

tration of 30 mg/ml. the desired species. In the SMB runs, Enantiomer 2 was
Table 1
SMB operating conditions
Group SMB system Feed concentration Temperature®C)  Flow ratedP Switch time

(mg/ml) - (min)

Feed Eluent Extract  Raffinate  Recycle

Contractor #1 Licosep 8-50 36.1 30 24.67 128 98.38 54.29 374.19 0.62
Contractor #2 Licosep 8-50 30 30 22.5 84.75 66.0 41.25 376.5 0.51
Contractor #3 Licosep 6-200 40 25 55 182.2 129.4 107.8 480.3 0.66

@ Flow rates expressed in ml/min for Licosep 8-50 systems.
b Flow rates expressed in I/h for Licosep 6-200 system.
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collected in the extract. The project specifications called
for an Enantiomer 2 optical purity c£99% (>98% enan-

tiomeric excess, ee) and an Enantiomer 2 recovery of

>90%.

3. Results
3.1. Preparative HPLC

The preparative HPLC separation was carried out in two
steps as shown iRig. L In the first step, 7.0 g of racemate
were injected onto the column. Three fractions were col-
lected in the first step: most of the undesired, first-eluting
enantiomer (Enantiomer 1) was collected in Fraction 1; a
small overlap fraction was collected in Fraction 2; and the
rest of the profile consisting of a small amount of Enan-
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Fraction 3 was dried using rotary evaporation and redis-
solved in acetonitrile to give a concentration of 30 mg/ml.

In the second step, 4.5¢g of the Fraction 3 product, con-
sisting of Enantiomer 1: Enantiomer 2 in the weight ratio of
3:97, were re-injected onto the column. The stacked injec-
tion technique was used in each step to maximize through-
put. In this technique injections are made before the profile
from the previous injection elutes. The timing of the injec-
tions is such that the profiles are as close together as possi-
ble without overlapping. In the first step, the cycle time was
5.5min; in the second step, 4.5 min.

As shown inTable 2the purity and recovery of Enantiomer
2 were within specifications at 98 and 93% ee, respectively.
The solvent usage was 0.71l/g of racemate, and the overall
production rate for the two-step process was 435 g racemate
per day/kg CSP. Because the evaporation process was faster
than the chromatography process, the chromatography pro-

tiomer 1 and all of the desired, second-eluting enantiomer cess never had to shut down to wait for product from the

(Enantiomer 2) was collected in Fraction 3. Fraction 2 was
ultimately discarded.

evaporator. Thus, the evaporation step did not adversely af-
fect the production rate.

Enantiomer 2

Waste  Enantiomer 1
Overlap
b e i
0 1 2

Retention Time, min.

Re-inject Fraction 3
(enriched in
Enantiomer 2)

Waste

Enantiomer 2

Retention Time, min.

Fig. 1. The two-step preparative process. Column dimensions were 10cm b8.cm. In the first step, 7.0 g of racemate were injected. In the second
step, 4.5g of Fraction 3 from step 1, which was enriched in Enantiomer 2 (93% Enantiomer 2), was re-injected after an evaporation step.
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28 3.2. Closed-loop recycling
T T
=
- @ .
§ g | o359 The two-step preparative process described above is rather
88 |© ocseeo labor-intensive in that two automated methods, one each for
steps 1 and 2, must be developed. Also, from a chromato-
p p . . .
_ graphic perspective, this process is an inefficient method
g of recycling because the partial separation accomplished
s O in the first step is lost when the profile is collected: upon
s £ o < re-injection the separation of Enantiomers 1 and 2 must be-
8 % @ o 3% S89Q gin anew. Closed-loop recycling with peak shaving is gen-
é % e erally considered to be a more efficient method of recycling
[12]. In this technique, as the chromatographic profile elutes
= from the outlet of the column it is sent through the mobile
° hase pump directly to the inlet of the column. Thus, the
o\ P pump ; X . in(s)
~ . partial separation accomplished during the previous trip(s
N
@ °§’ through the column is preserved. The leading and trailing
S § O gmo? < © edges of the profile will eventually be quite pure in Enan-
?g & 28583 % & s tiomers 1 and 2, respectively. Thus, the leading and trail-
oo 5 ing edges can be shaved as needed during each cycle to
2 achieve the desired purities of each enantiomer. The profile
29 £ can be sent through the column as many times as necessary
S S| § § ¢ to achieve the desired purity and recovery.
St 5 § %> An experiment was performed to ascertain whether an im-
E g ale TunD588 £ provement in productivity could be expected if the_ racemic
E 28|y bgg3Iag § - pharmaceutical intermediate were separated using closed
;é loop recycling. As shown irFig. 2, 1200 mg of racemate
2% were injected on the 50 mx 200 mm column. The resolu-
J
o g9 .
® % =) tion of the enantiomers increased each cycle, and the leading
§ o €3 o and trailing edges of the profile were shaved as needed to
g g £ § - achieve the desired purity and recovery of Enantiomer 2. As
£8 |g 288 -3 shown inTable 2 the purity (98.4% ee) and recovery (>90%)
25 | ococoggny 2 % ; of Enantiomer 2 were within the project specifications. The
<< N 32& solvent usage was 0.941/g of racemate and was somewhat
oS : . .
€ &3 higher than that obtained using the two-step preparative pro-
22 g g
= .- ThG cess. The productivity (514 g racemate per day/kg CSP) was
w E m < m - . . . - .
» % S S 2 © § T % calculated assuming a stacked injection cycle time of 14 min
- [t .
S5 |8 RR8xxi% S ER and was somewhat higher than the two-step result.
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o= |- N8 5o 8 3.3. Steady state recycling (SSR)
= c L o
] 2389
5 > § ; 2 Two SSR methods, summarizedliable 3were developed
8o ° ';’;f % as proofs-of-principle in order to compare SSR to the other
EE 0o © 3 Eg § chromatography techniques. The purpose was not to produce
zg8 |4 “ 74 § § 39 significant quantities of the desired enantiomer, as sufficient
= ) g _% guantities were already on hand from the SMB separations
R s ”H? gg > discussed below. Rather the purpose was to determine the
79 g @@ § §E relative usefulness of SSR and where it might reasonably be
(8] . .
558 |2E s used in future projects.
2LE S 5B .
g @ § S8c 222 In SSR Method #1, 900 mg of racemate were injected
£ P EE, |$B8c0o0w each cycle (se€ig. 3). With a cycle time of 3.25min, this
= Sa L QW 8cEosso .
2 5 § QQQU_ © § o *?g 85 gave a production rate of 1662 g racemate/kg CSP per day.
5 SoB¥ES3, |29C-55% The purity and recovery of Enantiomer 2, as showFitn 3
5 | o 5 % gSgnd g S8425%5% were 98.3% ee and 94.8%, respectively, and were well within
~F |2 5% 22288 |Seg£888 project specifications. This SSR production rate represents
2 g % S 2 § rrooo 3': - oo an increase by a factor of 3.2 relative to closed-loop recycling
c3 e 8§ 683555 and an increase by a factor of 3.8 relative to the two-step
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Fig. 2. Closed-loop recycling with peak shaving in which 1200 mg of racemate were injected.. Column dimensions were 5 @®drd. R: recycling,
W: waste, F1: fraction 1, F2: fraction 2.

Table 3

Conditions and event times for the SSR processes showigs 3 and 4

Event

Description

Flow rate: 125 ml/min, cycle time:

Flow rate: 125 ml/min, cycle time:

3.25min Fig. 3 3.50min Fig. 4)
Time, min Time, min
Absolute Relative Absolute Relative
1 Inject valve to load position, valve W opened 0.0 - 0.0 -
2 Load injection loop 0.17 - 0.17 -
3 Collection of Fraction 1, valve F1 opened 0.18 0.0 0.25 0.0
4 End of Fraction 1 0.78 0.60 0.90 0.65
5 Injection of sample 1.18 1.00 1.25 1.00
6 Collection of Fraction 2, valve F2 opened 226 2.08 2.3% 2.08
8 Mobile phase pump switched off 3.10 2.92 3.17 2.92

@ These are the values entered into the LC ReSponder control program. To determine the actual cut points of Fraction 2 on the chromatogram as
shown inFig. 3, subtract 0.24 min. This correction is necessary because for these events, the volume of the injection loop (30.0 ml) separates the detector
and the collection valves. At a flow rate of 125 ml/min, this represents a lag time of 0.24 min between passage of the cut point through the detector and
its arrival at the collection valve manifold. Similarly, féiig. 4 (loop size 40 ml) subtract 0.32 min.

Waste

A

Enantiomer 1
89.9% e.e Inject 900 mg

Enantiomer 2
98.3% e.e
94.8% Recovery

\ Racemate
D
()
=
<
2
5 ~ UV Trace
w
= " Enant 1
<
™ Enant 2
| e e ; s Yoo
0 1 2 3

Time, minutes

Fig. 3. SSR Method #1 in which 900 mg of racemate were injected each cycle. Column dimensions were 5.&cB0cch. The UV trace is indicated
by the line with no symbols, the®) indicates the concentration profile of enantiomer 1, and Bgigdicates the concentration profile of enantiomer 2.
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Waste Enantiomer 1 Inject 1200 mg Enantiomer 2
81.0% e.e Racemate 97.8% e.e
\ \J\ 89.6% Recovery
2
s — UV Trace
E " Enant 1
< * Enant 2
i IR e e et
0 1 2 3

Time, minutes

Fig. 4. SSR Method #2 in which 1200mg of racemate were injected each cycle. Column dimensions were 5.0«cm®0iain. Note that the purity
and recovery of enantiomer 2 are slightly outside project specification of >98% ee and 90%, respectively. The UV trace is indicated by the line with no
symbols, the ®) indicates the concentration profile of enantiomer 1, and Mg itdicate the concentration profile of enantiomer 2.

preparative process. Also, at 0.26l/g of racemate, the SSR3.4. Lab-scale SMB
solvent usage was significantly lower than the those of the
recycling techniques (by a factor of 2.7 compared to the The lab-scale SMB techniques used in this study, whose
two-step preparative process and by a factor of 3.6 comparedoperating conditions are shownTable 1, can be described
to closed-loop recycling). These results are summarized inas conventional SMB in that in each case all eight columns
Table 2 had the same length. As summarizedatble 2 the lab-scale
To ascertain the distribution of the enantiomers within SMB procedure used at Contractor #1 gave a production
the steady state profile, fractions were collected across therate of 1454 g racemate/kg CSP per day, a purity and recov-
profile every 0.08 min. Each fraction was then analyzed by ery of the desired enantiomer of 99.5% ee and 91%, and
HPLC. The results are shown Fig. 3. The data with di- a solvent usage of 0.171/g racemate. The lab-scale SMB
amonds represent Enantiomer 1; the data with squares repprocedure used at Contractor #2 gave a production rate of
resent Enantiomer 2; and the top curve is the UV trace of 11059 racemate/kg CSP per day, a purity and recovery of
an earlier steady state profile. As shown, Fraction 1 con- the desired enantiomer of >98% ee and 98.4%, and a sol-
tains some Enantiomer 2, but the recovery of Enantiomer 2 vent usage of 0.16 I/g racemate. As showTable 2 these
in Fraction 2 is greater than the required 90%. Fraction 2 is results are comparable to those obtained with SSR Method
essentially pure in Enantiomer 2, the concentration of Enan-#1. The solvent usage obtained with the SSR Methods were
tiomer 1 having decreased nearly to zero before the Fractionhigher than those obtained with the lab-scale SMB methods.
2 collection point. We have reported similar results previously, i.e. lower SMB
In SSR Method #2Kig. 4), 1200 mg were injected ev-  solvent usage when the SSR and SMB production rates are
ery 3.5min to give a production rate of 2057 g racemate/kg comparablg25].
CSP per day. Solvent usage decreased to 0.211/g of race-
mate. As shown irFig. 4, the purity and recovery of Enan-  3.5. Process-scale SMB
tiomer 2 (97.8% ee and 89.6%) were slightly outside project
specifications. It is likely that minor adjustments, such as  The process-scale SMB procedure used in this study is
shifting the injection point slightly to the right and taking unconventional in that one column (column 6) is shorter than
a slightly larger first fraction[25], would have improved  the other five. This shorter column corrects for dead volume
the yield and purity of Enantiomer 2. Unfortunately, time in the system caused by the recycle pump and other com-
constraints precluded such tweaking of the SSR parametersponentg29]. As fewer columns and less CSP are required,
However, assuming that such minor adjustments would havethis SMB technique, when optimized, frequently results in
been successful, the SSR Method #2 gave a production ratehigher production rates relative to conventional SMB.
4.0 times greater than closed-loop recycling and 4.7 times The process-scale SMB operating conditions are given
greater than the two-step preparative process. These resultsy Table 1 and the results of the separation are shown
are summarized iffable 2 in Table 2 At 4100 g racemate/kg CSP per day, the
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process-scale SMB separation gave by far the largest pro-ware was not available for the lab scale systems that would
duction rate. The solvent usage, 0.111/g racemate, was als@redict the flow rates and switching time for either the
the lowest of the techniques. The purity and recovery of the six-column process or the fully optimized eight-column
desired enantiomer, 98.4% ee and 93%, were comparableprocess. Thus, it was felt that the extra effort needed to
to the other techniques. develop an optimized SMB method empirically was not
justified for this scale of separation (33kg for Contractor
#1 and 19kg for Contractor #2). It appears, therefore, that
4, Discussion at the scale of tens of kilograms of racemate where it might
not be worth the effort to fully optimize an SMB separation,
As a general principle it is possible to obtain the re- SSR could be a viable choice. Other factors are that for
quired purity and recovery of the desired components re- systems of comparable capacity, the complexity and cap-
gardless of which chromatographic technique is chosen forital cost of an SSR system are less than those of an SMB
a given separation. This is reflectedTable 2in which all system.
of the techniques, with the exception of SSR Method #2, Finally, as shown inTable 2 the production rate for
met the purity and recovery specifications of the separation. closed-loop recycling was somewhat higher than that ob-
Thus, the most meaningful way to compare preparative- andtained with the two-step preparative process. However, the
process-scale techniques is to compare production rate andwo-step preparative process used less solvent than the
solvent consumption results. These quantities are the mostclosed-loop recycling method. Thus, the results of this study
important factors in determining operating costs. The higher show no clear advantage of closed-loop recycling over the
the production rate, the shorter the time required to processtwo-step preparative process.
a sample using a given amount of CSP. This translates into
lower utility and labor costs. The lower the solvent con-
sumption, the lower the amount of solvent that must be pur- 5. Conclusions
chased, evaporated/distilled, and disposed of as hazardous

waste. For the separation discussed in this study, the six-column
Using the criteria of production rate and solvent usage, SMB technique was the best choice for the process-scale
the six-column SMB technique used in the process-scaleprocess in which 247 kg of racemate were separated. How-
separation is clearly the superior technique. Relative to the ever, for the moderate scale separation (33 kg for Contractor
Scaled-up eight'C()lUmn SMB method used in the |ab'Scale#1 and 19 kg for Contractor #2) where Comp|ete Optimiza_
work, the six-column method would require significantly tion of the SMB separation was not justified, productivity
less CSP, processing time, and solvent recovery for a givenand solvent consumption obtained with the lab-scale SMB
throughput. Recently a new enhanced SMB process, thesystem appear to be comparable to those expected with an
Varicol process, has been report@,30,31] Preliminary ~ SSR system of similar capacity. Thus, SSR appears to have
modeling suggests that if the Varicol process were used, theg place at moderate scales (tens of kg of racemate). Finally,
productivity could be increased by 10%, and the solvent con- when neither SSR nor SMB is available, both external and
sumption could be reduced 7% relative to the six column closed-loop recycling appear to give acceptable results for
SMB process. those separations in which complete resolution of the com-

A comparison of the SSR and lab-scale SMB results ponent(s) of interest is not possible using preparative sample
is interesting. As shown imable 2 the two techniques |gads.
had comparable production rates. Also, the SSR solvent
usage was higher than those of the lab-scale SMB runs,
but was significantly lower than the two-step preparative
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