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ABSTRACT

Background: The purification of drug enantiomers is an essential technique because
pharmacological activity differs depending on individual enantiomers. Nowadays,
supercritical fluid technology is utilized for various purposes in the pharmaceutical field.
Methodology: In this study, an efficient and streamlined method development strategy
for finding an effective analytical method in supercritical fluid chromatography (SFC)
is presented in detail for scaling up to preparative scale and achieving enantiomerically
pure product, using ibuprofen as a model compound. Results: Through the optimized
preparative method presented, the individual (R) enantiomer of the commercial racemate
of ibuprofen can be obtained with a recovery yield of 80.0% and an enantiomeric excess
of 95.1 and the individual (S) enantiomer can be obtained with a recovery yield of 77.6%
with an enantiomeric excess of 99.3, respectively. Conclusion: The use of analytical
and preparative SFC systems has advantages over the conventional chromatography
systems in terms of separation time, reduced solvent consumption and high productivity
for ibuprofen's enantiomeric purification.

Key words: Ibuprofen, Analytical supercritical fluid chromatography (Analytic-SFC),
Preparative supercritical fluid chromatography (Prep-SFC), Drug, Enantiomer, Purification.

INTRODUCTION

There has been a dramatic increase in interest
in chiral drugs which do notindicate whether
they are racemic, single enantiomeric, or a
mixture of diastereoisomers. Chiral drugs
were mostly presented as racemates, a
mixture of equal parts left-handed and
right-handed enantiomers with the same
The
pharmaceutical activities of the enantiomers
in the human body are often dissimilar and
sometimes reversed because of their optical
property differences.> Chloroquine and
hydroxychloroquine which are mentioned
most recently as potential cures for corona
19, have been reported to be toxic in the

molecular formula and structure.'

state. of S(+) enantiomer in mammals.’
Thalidomide, a typical example of nervine
medicine, also exists in a racemic mixture

614

of (R)- and (S)-enantiomers. Though
the (R)-enantiomer is responsible for its
intended sedative effects, the (S)-enantiomer
is, unfortunately, teratogenic and was directly
responsible for the tragic births of thousands
of severely disfigured babies in the 1960s.*
The racemic drug benaxoprofen, though a
highly effective anti-inflammatory medicine,
is no longer sold on the market because the
active (S)-enantiomer accumulates in the
body to a dangerous degree, causing severe
kidney and liver impairment to eldetly
patients.® Furthermore, the (R)-enantiomer
directly contributes to the (S)-enantiomer
inhibiting  specific
metabolic pathways.”® As a result, the levels
of the (S)-enantiomer almost doubles in

accumulation by

some patients, resulting in an overdose.’
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In the case of ibuprofen, itis one of the most commonly
sought-after over-the-counter medications for patients
experiencing anything from toothaches, headaches and
minor injuries to back pain, arthritis and menstrual
cramps." It is sold under many brand names and even
more as generics, but most notably, it has been sold as
a racemic mixture of its (R) and (S) enantiomers. To
provide an enantiomerically pure ibuprofen medication
to maximize benefit and minimize risk to the patient,
preparative purification methods are required.

There are several methods to produce enantiomerically
pure compounds including preparative  high-
performance liquid chromatography (HPLC),'""
supercritical fluid chromatography (SFC),'*'® and

1718 Diastereomeric

diastereomeric  crystallization.
crystallization is a commonly applied technique, but
it is often confined to a particular case, requiring
reagents that are only effective for a particular system."
Consequently, HPLC and SFC have been standard
first alternative purification methods to crystallization.
However, compared to HPLC, SFC provides a unique
selectivity and is an environmentally friendly technology,
where the carbon dioxide mobile phase is non-toxic,
non-flammable and recyclable and replaces hexane or
heptane as a solvent** Over the past two decades,
supercritical fluid technology has greatly grown in
importance in many fields, such as the food, cosmetic
and pharmaceutical industries.”®

This study aims to establish a suggested approach for
enantiomeric purification in SFC by streamlining the
analytical method development optimization process
and preparative method development scale-up process
for large scale production of single enantiomers. A
fast and effective SFC method was developed using
ibuprofen as a model compound. Additionally, (R) form
of ibuprofen was obtained in such high purity that it
could be considered to be of standard, which is not
currently commercially available.

MATERIALS AND METHODS
Chemicals and Reagents

Carbon dioxide (99.9% purity) was obtained from
Samjung Industries Co. (Gyeongsangbuk-do, Korea).
All solvents (methanol, ethanol and isopropanol) were
of high purity HPLC grade purchased from ] T. Baker
(Philipsburg, NJ, USA). Ammonia solution, 2.0 M in
methanol was obtained from Alfa Aesar Inc. (Ward
Hill, USA). A 20mM ammonia solution was prepared
from dilution of a stock solution of 2.0 M ammonia
in methanol. The racemate standard of ibuprofen
[(£)-2-(4-isobutylphenyl) propanoic acid] and (S) form

of ibuprofen [(§)-(+)-2-(4-Isobutylephenyl) propionic
acid] were purchased from Sigma-Aldrich (St. Louis,
USA). All of the samples were dissolved in methanol.
The sample concentrations were 1 mg/mlL and 25
mg/ml in the analytical and preparative conditions,
respectively.

Instrumentation

For the rapid screening of multiple columns with
different solvent conditions, a Nexera UC Analytical
SFC System (Shimadzu Corporation, Kyoto, Japan);
equipped with dual head solvent pumps for carbon
dioxide (CO,) and co-solvents, a column oven, a back
pressure regulator (BPR) and a diode-array detector;
was used for SFC analysis. The chiral columns used were
Chiralpak® AD- H, AS-H, 1C, AZ-H, Chiralcel® OD-H,
OJ-H and OX-H (all with the following dimensions: 4.6
mm x 150 mm, 5 um) (Chiral Technologies, Inc. West
Chester, PA). The flow rate of the mobile phase was
set at 3.0 mL/min. The injection volume was 3 pL. The
back pressure regulator (BPR) was maintained at 10
MPa. For the purification of ibuprofen’s enantiomers,
an SFC-PICLAB PREP100 (PIC Solution Inc., CA,
USA); equipped with dual head solvent pumps for CO,
and co-solvent, a column oven, a BPR and UV Detector;
was used for SFC preparative purification. Additionally,
its fraction collection system consists of one waste and
four collection fractions. Fractions were collected based
on time and UV threshold with slope. The UV detection
wavelength was set at 220 nm for preparative SFC.

RESULTS AND DISCUSSION
Analytical SFC

The analytical method development was approached
with a column-focused strategy to develop an optimized
separation method for racemic ibuprofen efficiently.
Of the many factors contributing to a successful chiral
separation; such as column, mobile phase, temperature
and pressure; column choice is generally the most
important factor.”” However, many factors remain to
be tested; such as modifier choice, isocratic modifier
concentration and modifier additive choice. Testing these
all individually in isocratic methods with every column
would take a prolonged time. The approach taken in
this study was to combine all modifier choices into
one “cocktail” modifier and use it in a gradient method
to screen the potential columns. If a chromatogram
showed even just a partial separation, it could be
deduced that at least one of the solvents in the cocktail
is effectively contributing to the separation and would
be a good choice for further method optimization. In
this study, seven chiral stationary phases (CSPs) were
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tested: Chiralpak AD-H®, Chiralpak AS-H®, Chiralpak
IC®, Chialpak AZ-H®, Chiralcel OD-H®, Chiralcel
OJ-H® and Chiralcel OX-H®. These CSPs wete tested
with a gradient method using a mobile phase consisting
of a mixtute of commonly used SFC modifiers: an equal
volume mixture of methanol, ethanol and isopropanol
with 20mM ammonia. The gradient method was used at
this point as it is commonly initially used to see the full
profile of a sample; isocratic methods were optimized
afterward for the prep SFC. Ammonia was added
because basic additives are commonly used to improve
peak shape and efficiency in SFC chiral separations.”®*
The modifier gradient conditions were 7% (at t=0),
7-55% (from t=1 to t=8) and 7% (at t=8.01). As shown
in Figure 1, Chiralcel OX-H® demonstrated the best
separation among the seven CSPs.

To determine the optimal mobile phase conditions, each
constituent of the “cocktail” mobile phase was tested
with the Chiralcel OX-H® column. Methanol, ethanol
and isopropanol, each with 20mM ammonia, were used
in a 10% modifier isocratic condition, as shown in Figure
2. As there was no significant difference in separation

{a) Chinalpak AD-H
(b) — chiratest oD
() Chinlpak AS-H
300000 | (d) Chinalce] O3H
| (&) ——Criralpak 1
250000 | I. {f) —— Chinleel OX-H

{g) — Chinalpak AZ-H
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|

140000

1ooo0 (d)
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Figure 1: Chromatograms of ibuprofen enantiomers on
different CSP columns by analytical SFC.
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Figure 2: Chromatograms of ibuprofen enantiomers on
Chiralcel OX-H® column using three different co-solvents.
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and elution time between the modifiers, methanol with
20mM ammonia was chosen for further investigation
because it is the easiest to evaporate among the three
solvents and is the most inexpensive, both of which are
important considerations in the preparative purification
stage.

With the Chiralcel OX-H® column and methanol

chosen as the modifier, modifier additives were
further investigated. Diethylamine (DEA) and
monoisopropylamine (MIPA), each at a 02%

concentration in methanol, were used in a 10% isocratic
condition as shown in Figure 3.

As the MIPA additive displayed the best baseline
separation, MIPA was chosen as the additive in
methanol. As a result, the final optimized analytical
method used the Chiralcel OX-H® column in a 10%
isocratic method using methanol with 0.2% MIPA as
the modifier as shown in Table 1.

Preparative SFC

With the optimized analytical SFC method obtained
above, preparative the
ibuprofen enantiomers was attempted. Unfortunately,
these conditions did not scale-up perfectly and baseline
separation was not achieved as in the analytical scale
(Figure 4a). As a result, several variables, such as
injection volume, co-solvent percentage and flow rate,
were explored. Adequate preparative scale separation
was achieved with a 7% isocratic method of methanol
with 0.2% MIPA at 60mL/min with 0.1 mL injections

purification scale-up of

Table 1: Optimized separation method of analytical

and preparative scale for ibuprofen enantiomers.

Condition Analytical SFC Preparative SFC
Column Chiralcel OX-H Chiralcel OX-H
.Colum.n 5um 4.6x150mm 5um 21x150mm

Dimension

0.2% 0.2%
Mobile Phase | Monoisopropylamine | Monoisopropylamine
in methanol in methanol
i 0,
Isocratic Method Organlggs/) 0, (€2 Organic 7%, CO,93%
0
Flow Rate (mL/
Min) 3 60
Injection Volume 3 100
(WL)
Sample
Concentration 1 25
(mg/mL)
Back Pressure
Regulator (MPa) iy iy
UV detection 222 220
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of a 25mg/ml sample of racemic ibuprofen (Figure
4b) (Table 1).

With this preparative method, ten injections were stacked
and the (R)- and (S)-form enantiomers were purified and
collected within 50 min as shown in Figure 5. The peaks
of (S)-ibuprofen enantiomer at the retention times
from 3.5 to 3.8 and from 4.0 to 4.4 for (R)-ibuprofen
enantiomer were collected. The retention times for ten
runs were measured and the relative standard deviations
(RSDs) were calculated to ensure the accurate collection
of fractions. The percentage RSD values of around
0.31% were acceptable for the preparative separations.
This demonstrates the reproducibility of the mobile
phase composition and also that of the sample injection
system.

Table 2 showed the collection parameters for the
purification of ibuprofen enantiomers. The cycle time
(5 min) was the time between the elution of the front
of the first peak and the tail of the final peak and the
separation time (6 min) was the time elapsed between
the injection and the elution of the tail of the final peak.
The real amount of two enantiomers recovered by
preparative SFC system was calculated in percentage
(%) according to equation 1.

m
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Figure 3: Chromatograms of ibuprofen enantiomers on
Chiralcel OX-H® column depending on the two types of
modifier additives. (a) 0.2% DEA in methanol (b) 0.2% MIPA in
methanol.

Wherein, (79)R is the recovery of each enantiomer; 7, . is
the theoretical weight; and 7 is the measured weight
after purification in respective load injected.” Products
were recovered at 80.0% yield for (R)-enantiomer and
77.6% yield for (S)-enantiomer as shown in Table 3.

Contrary to the previous reports,”™! whose results
took more than ten minutes to separate ibuprofen
enantiomers, the method presented in this study reduced
the separation time to be within five minutes. Gowramma
et al. (2011) reported that the retention times were 6.3
and 10.4 min for (R) and (S) ibuprofen respectively on
Lux 5p cellulose column in a mobile phase of mixture
of perchloric acid (pH 2) and acetonitrile with their
optimized HPLC procedure. Another result (Reshetova,
et al. 2012) showed that although it may depend on
parameters such as temperature, sample volume, mobile-
phase composition, on the chiral stationary phase (S,S)-
Whelk-O1 in a prep-LC system, separation time of (R)
and (S) ibuprofen took more than 15 min. Furthermore,
the concentration and injection volume of the sample
was minimized to complete separation. Prep-SFC
is more efficient than prep-LC under this condition
since Prep-SFC relative to prep-LC offers increased
flow rates.’ In addition, after separation, CO, can
be passively removed through a gas-liquid separator in
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Figure 4: Preparative scale separation of ibuprofen
enantiomers (a) before and (b) after optimization.

Table 2: Preparative purification system’s collection parameters.

Line ;I'r::lne) Fraction Threshold Slope - (sec) + (sec)
1 3.5 1 100 Positive 60 60
2 3.8 Waste 50 Negative 60 60
3 4.0 2 100 Positive 60 60
4 4.4 Waste 50 Negative 60 60
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Table 3: Recovery yields of each enantiomer from

isolation process by prep SFC.

. Measured weight
. Theoretical - Recovery
Enantiomer A after purification 5
weight (mg) (%)
(mg)

(R)-form 12.5 10 80.0
(S)-form 12.5 9.7 77.6
Total 25 19.7 -

Sample
5508
- B 9m R fom
Nege gy g
2 X0~ (min) : ;
: Standard
A= Defvigtion 000y o0&
‘ \ (min)
RO 027 031
S L L |
‘?539-.—'“—'—| J .LJ pr— \‘.—“.
02459 1 15 16H

Tim (min)

Figure 5: Enantiomer separation and purification of ibuprofen
with stacked injections and collections by prep SFC (three of
ten total injections are shown).

Prep-SFC, whereas prep-LC systems require a greater
amount of the solvent to be evaporated.” Although
these L.C studies did not disclose the enantiomeric excess
of the separated (R)- and (S)-ibuprofen enantiomers,
this study discloses below the process of determining
the enantiomeric excess of the collected enantiomers
after preparative purification.

Determination of (R)- and (S)-ibuprofen
enantiomeric excess after purification

The optical purity (expressed as a percentage) is a
comparison of the optical rotation of a pure sample
of unknown stereochemistry versus the optical rotation
of a sample that is neither optically pure, nor a racemic
mixture.” In the majority of cases, enantiomeric excess
(ee) is a measurement of purity used for chiral substances
and was equated with optical purity.””® It reflects the
degree to which a sample contains one enantiomer in
greater amounts than the other,” and is more commonly
expressed as a percent enantiometric excess, as detailed in
the following equation 2.

excess of one enantiomer over other

Y% Enantiomeric excess= X 100

entire mixture
| (S) form-(R)form |

= x 100
(§) form+(R) form
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Figure 6: Chromatograms of the enantiomeric excess of (a)
(R)-ibuprofen and (b) (S)-ibuprofen after preparative SFC
purification.

In this study, enantiomeric excess (e.e.) of ibuprofen
enantiomer was measured after purification according
to equation 2. When analyzed with the Chiralcel
OX-H® column, the (S)-form ibuprofen enantiomer
was shown to elute before the (R)-form ibuprofen
enantiomer. Analyzing the (R)-form fraction obtained
by prep SFC purification, the fraction was shown to
have an enantiomeric excess (e.e.) of 95.1, as shown
in Figure 6 (a). Unfortunately, the e.e. of the (S)-form
fraction obtained by prep SFC purification was difficult
to accurately determine because the impurity peak had
co-cluted with the tail of the major peak. Thus, other
columns were investigated to determine if the elution
order of the enantiomers would be reversed. The
Chiralpak AZ-H® column showed a reversed elution
order of the (R) and (S)-form enantiomers of ibuprofen
and was used to determine the e.e. of the (S)-form
fraction. As a result, the (S)-form fraction obtained by
prep SFC purification was shown to have an e.e. of 99.3
on the Chiralpak AZ-H® column as shown in Figure

6 (b).

CONCLUSION

An SFC method for the separation of ibuprofen
enantiomers was developed at an analytical scale on a
Chiralcel OX-H® column with a mobile phase of CO,
and 0.2% MIPA in methanol. The analytical method was
scaled up to a preparative SFC method to fractionate
(R)- and (S)-enantiomers of a racemic ibuprofen sample.
Each enantiomer was purified with high enantiomeric
excess (95.1 and 99.3 e.e. respectively). Supercritical
Fluid Chromatography is particulatly attractive as it
makes it drastically easier to achieve enantiomerically
pure product in a shorter time compated to the
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conventional HPLC purification methods and could

become an alternative method to separate chiral drug

substances and intermediates.
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SUMMARY

In this present research project, a streamlined SFC
method development strategy was utilized to purify
preparative quantities of racemic ibuprofen into its
respective (R) and (S)-form enantiomers. Analytical
SFC method development was executed with rapid
column screening techniques to find optimal column,
modifier (co-solvent) and modifier additive conditions
for preparative scale-up. Preparative SFC was executed
with the conditions found in the analytical SFC method
development phase and factors such as injection
volume, mobile phase modifier percentage and total
flow rate were optimized for the preparative scale.
The streamlined method development strategy greatly
reduced total solvent usage and total purification time,
from the analytical method development stage to the
preparative scale purification stage. The (R) and (S)-
form ibuprofen enantiomers were successfully purified
with 95.1 e.e. and 99.3 e.e., respectively.
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