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Abstract: This paper addresses the estimation of fractional composition of two
diastereomers during crystallization. The estimation is obtained through a Partial Least
Square (PLS) model that utilizes on-line Raman spectroscopy and additional process
information such as temperature and slurry density. Several PLS models are developed
that incorporate conditions that either neglect or account for variability in the additional
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process variables.

It is argued that the model that incorporates both temperature and

slurry density is the most accurate. Copyright © 2005 IFAC
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1. INTRODUCTION

The manufacturing of pharmaceuticals often
involves separation of enantiomers, which are
chiral molecules that are mirror images of each
other.  Since the physical properties of both
enantiomers (R = right handed and S = left handed)
are the same, a traditional separation method such
as crystallization by seeding is feasible but it
becomes very sensitive to the experimental
conditions (Qian and Botsaris, 1997). Thus, the
pharmaceutical industry usually relies on achiral
synthesis of the enantiopure product or reacts the
enantiomers free base with another chiral acid to
produce different diastereomers. A diastereomer is
a molecule that has more than two chiral centres.
The resulting diastereomers have different physical
properties such as solubility and often crystallize
into different crystal structures.  With these
differences, crystallization can effectively separate
the desired product with very high purity.

With strict government regulation in place, the
purity of the final product is of crucial importance.
Thus, the capability of on-line monitoring of the
optical purity of the crystals will help to develop a
robust crystallization procedure. The on-line
Raman spectroscopy is suitable for this application
since Raman can detect the lattice vibrations
corresponding to the translatory and rotatory
motion of the entire molecule within the lattice
structure of the crystal (Ferraro, 1971). As a result,
Raman spectroscopy is capable of differentiating
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similar molecules with different crystal lattice
structures. Several authors have demonstrated the
ability of monitoring the changing compositions of
two different crystals on-line during a solvent
mediated polymorphic transformation with Raman
(Berglund, et al., 2000; Glennon, et al., 2003; Ono,
et al., 2004; Myerson, et al., 2005). In addition,
chemometric techniques can be applied to the
Raman spectra to detect slight peak shifts and to
remove noise from the signals (Falcon and
Berglund, 2004; Rades, et al., 2002; Starbuck, et
al., 2002).

The use of fiber optic to collect data through an
immersion probe allows analysis of solid phase
composition in real-time. However, the Raman
intensity of the solids depends on the amount of
inelastic scattering of the solids detected by the
analyzer within the detection zone. As a result, the
relative Raman intensity corresponding to the
diastereomers in the slurry will be impacted by a
number of solid-state factors. Several authors have
suggested that Raman intensity with respect to
different polymorphs may be a function of particle
size and shape (Glennon, et al., 2003 and Wang, et.
al., 2002). This is based on the assumption that
Raman signals primarily come from the surface of
the crystals. Additionally, slurry density may be
another solid-state factor since the number of
crystals inside the detection zone will influence the
Raman intensity of the solids. In theory, the
Raman spectrum will be affected by the amount of
solvent and solids detected. Thus, slurry density
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should impact the Raman signal intensity of the
solid phase.

In the present work, we examine whether the
information provided by Raman spectroscopy is
sufficient or whether it needs to be complemented
by additional process measurements in order to
provide an accurate estimation, through a Partial

Least Square (PLS) model, of the solid
composition of one of the two diastereomers
involved in the production of an active
pharmaceutical ingredient, denoted here as

compound A. The selection of factors was based
on the cooling crystallization procedure of
compound A. Since the changing temperature,
slurry density, and percent composition of the
diastereomers in solid phase would affect the peak
position and peak intensity, those were the
variables selected in our modelling task. Partial
Least Square regression (PLS) was used to quantify
the composition of the diastereomers mixture.

2. EXPERIMENTAL SECTION

2.1. Materials

HPLC grade solvents were used as received from
commercial suppliers without further purification.
The starting materials (racemic free base of
compound A and a chiral acid, denoted here as D)
that met the specifications defined by Sepracor Inc.
were used as received from qualified suppliers
without further purification. Sepracor Inc.
provided all of the materials.

2.2. Preparation of Pure S-D Diastereomer

Racemic free base of compound A was reacted
with D (a chiral acid) in solvent and the solution
was heated and held at 5 degrees above the
saturated temperature to allow for complete
dissolution. The solution was then slowly cooled
and seeded with 2% by weight of the S-D
diastereomer at the specified seeding temperature.
The seeded slurry was cooled to a target isolation
temperature. It was then followed by a filtration
and drying step. The end product was analyzed by
a chiral HPLC method resulting in optical purity of
at least 97%.

2.3. Preparation of Pure R-D Diastereomer

The preparation of pure R-D diastereomer first
involved purifying R enantiomer from the racemic
free base of compound A. The pure R enantiomer
would then react with D to form the R-D
diastereomer. For the purification step, racemic
free base of compound A was reacted with a chiral
acid, denoted as L, in solvent and the solution was
heated and held at 5 degrees above the saturated
temperature to allow for complete dissolution. The
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solution was then slowly cooled and seeded with
2% by weight of the R-L diastereomer at a
specified seeding temperature. The seeded slurry
was cooled to a target isolation temperature. It was
then followed by a filtration and drying step. The
pure R-D diastereomer was produced by first
letting the dry R-L crystal go through a free basing
step to obtain pure R enantiomer. The pure R
enantiomer then reacted with D and crystallized to
form R-D diastereomer. The product was analyzed
by a chiral HPLC method, resulting in optical
purity greater than 98%.

2.4. Raman Spectroscopy

A RamanRxnl1™ analyzer (Kaiser Optical System,
Inc.) coupled with an immersion fiber optic probe
was used for the in-situ measurements. Raman
spectra were recorded using NIR excitation

radiation at 785nm and the spectroscopy
incorporates the TE-cooled CCD detector
technology.  All collected spectra were averaged

over five accumulations collected over 8 seconds
each.

Raman spectra were analyzed using either
PLS_Toolbox 3.5 by Eigenvector Research, Inc.
(Manson, WA) or the Unscrambler Chemometrics
Software from Camo Inc. (Trondheim, Norway).

2.5. Calibration Experiments

In order to obtain spectra of a known amount of
solid in suspension (slurry density) and percent
composition of the S-D diastereomer in solid
phase, the solution was first pre-saturated with
respect to both diastereomers at specified
temperatures (Table 1). The saturated solution was
prepared by adding excess amounts of racemic free
base of compound A and D in the solvent system
and heated until dissolution.  After nucleation
occurred upon cooling, the slurry was under
constant stirring for two hours to ensure it reached
equilibrium at the specified temperature and
finished by a filtration step. The saturated solution
was kept in a jacketed round-bottom flask to
maintain constant temperature.

Spectra of the standards were obtained for each
pure diastereomer and of different binary mixture
(from 0% to 100% of S-D) in the saturated
solution.  The spectra were collected at different
temperatures (from 0°C to 40°C) and with different
slurry densities (from 13.3 g/L to 80 g/L) that were
within the range of the crystallization procedure. A
total of 65 standards were used with varying
conditions (Table 1) and were divided into two
groups -- training and testing groups. 55 standards
were selected and used to construct the model
while the remaining 10 standards were used to test
the accuracy of the model. The 10 standards from
the testing group were randomly selected to cover
the whole experimental space. The Raman probe
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was inserted top-down into the 15mL vial and all
the spectra were collected under constant stirring
with magnetic stir bar to suspend the slurry.

Table 1 Experimental Condition for Standards

Fixed Fixed Changing # of
Variable Variable Variable samples
20°C  133g/L  0-100 % S-D 16
40°C  133g/L  0-100 % S-D 6
30°C  13.3g/L  0-100 % S-D 6
10°C  13.3g/L  0-100 % S-D 6
0°C  133g/L  0-100 % S-D 8
0°C  33.3g/L  80-95%S-D 4
0°C 20g/L  70-100 % S-D 4
15°C  26.7g/L  50-100 % S-D 3
15°C  40g/L  65-85%S-D 3
15°C  53.3g/L  80-100 % S-D 3
5°C  66.7g/L 7595 % S-D 3
5°C 80g/L  80-100 % S-D 3

2.6. Crystallization Experiment

5¢ of compound A (racemic free base) was reacted
with 1.7g of D in 238mL of solvent. The solution
was kept in a jacketed round-bottom flask under
constant stirring and the jacket was connected to a
temperature-controlled chiller. The Raman probe
was inserted at a 45-degree angle into the reaction
flask and spectra were collected at 1-minute
intervals.

The solution was first heated to 40 °C and held for
20 minutes to allow for complete dissolution. It
was then cooled at a rate of 5 °C/min to 0 °C and
the temperature remained constant for four hours.
After nucleation occurred, samples of the slurry
were drawn for HPLC analysis until the end of
experiment. A total of six samples were drawn
throughout the experiment.

The collected samples were first filtered and the
mother liquor was sent for HPLC analysis for
solute concentration and percent composition of the
diastereomers in solution phase. The wet cake did
not go through solvent wash to avoid dissolution of
the crystals during the wash. The cake was then
weighed and vacuum dried at 40 °C overnight. The
dry cake was again weighed and the solid contents
sent for HPLC analysis for percent composition of
the diastereomers in solid phase.  Since the
evaporated solvent contained residual
diastereomers in the solution phase, the amount of
solute in the evaporated solvent was calculated
with the weight difference of the cakes and
multiplied by the concentration of solute in solution
from HPLC analysis. The percent composition of
the S-D diastereomer was then corrected with the
residual solute from the solution phase.

2.7. Data Pre-treatment
Data pre-treatment using first derivative was

performed to correct any scattering effect from the
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crystals. The first derivative of all the spectra was
computed with the Savitzky-Golay method using
second-degree polynomial fit and 11 points
window (Madden, 1978).

The data matrix of the three PLS models composed
of different combinations of measurements such as
the entire Raman spectrum (spectrum range: 75cm™
to 3300cm™), temperature, and/or slurry density as
shown in Equation 1-3. The percent composition
of the diastereomers was the independent variable
of the PLS model.

D, = [Spectra] @
D, = [Temperature Spectra] 2
D3 = [Temperature Slurry Density Spectra] (3)

In order to compare the contribution of each factor
equally, temperature (T), slurry density (D),
percent composition (%), and spectra (S) were first
scaled to have zero mean and variance of one as
shown in Equation 4-9.

1w 5B

% _%i =% (6) F = J'fi(w)dw (7)
. A

ﬁ:; (®) 5, - M=F g

where the scaled values (T, D, %, and S ) were
subtracted by the average of all the standards (1:,

D, %, and F) and divided by the standard
deviation (o). However, the spectra data was

scaled slightly differently in which F (Eq. 9) is
the average of the under curve area of all spectra

(Eg. 7) and o is the standard deviation of the

under curve area of all spectra, F. It should be
noted that fi(w) is the spectrum function with
respect to w denoted as the wave number.

3. RESULT & DISCUSSIONS

3.1. Raman Spectra of Pure Diastereomers

The Raman spectra of the pure diastereomer in Fig
1 shows that there was only a slight difference
between the two diastereomers. Hence,
chemometric techniques need be employed to
account for the subtle differences in the whole
spectrum. In addition, the spectra of the pure S-D
diastereomer were compared at different
temperatures (Fig.2) and with different slurry
densities (Fig.3).  While the relative intensity
differs slightly with temperature and there was no
peak shift observed due to temperature effect, the
Raman spectra of different slurry density showed
differences in peak positions and peak shape. The
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denser sample showed in Fig. 3 had more distinct
shape peaks that resembled Raman spectrum of
pure solid. It was an indication that the Raman
analyzer detected higher amount of solids in the
slurry.

Relative Intensity
|

Pute §-I
Pure R-D

Raman Shift munber {em-1)

Fig. 1. Raman Spectra of pure R-D and S-D at the

same temperature and slurry density. The

circled regions of spectra are the slight
differences between the diastereomers.

Q

Fig. 2. Raman Spectra of pure S-D with the same
slurry density and different temperature

— Pore 5.1 with shery densiey of 13 321

— Pure S5-I with shoere density of B0gL
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Fig. 3. Raman Spectra of pure S-D with different
slurry density.

3.2. PLS Calibration Model

Three PLS models were developed to investigate
whether additional process measurements (i.e.
temperature and slurry density) would improve the
accuracy of the estimation model. Each of the PLS
models used the same training set that incorporates
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conditions that either neglect or account for
variability in the additional process variables. The
data matrix of each PLS model (Eq. 1-3) included
55 data points from Table 1.

The three PLS models were first validated with the
testing set (10 standards points) and then compared
the model estimation with the result from the
HPLC analysis of the crystallization experiment.
The testing set included standard points taken from
different days of the experiment and with varying
experimental conditions (Table 4). In addition, the
testing set data points were not used in developing
the models.

The estimation models were calculated by
regressing the data of the training set with the
percent composition using Partial Least Square
Regression (PLS). Each training sets were
divided into 4 subgroups for cross-validation. The
cross-validation method used three of the four
subgroups to build the model and tested with the
last subgroup as validation step. The process was
repeated with all combinations of subgroups as
training and testing sets. The number of Latent
Variable (LV) picked for each PLS models was
based on the result from cross-validation and the
percent variance captured by the LVs. The criteria
were that the total number of LV would capture at
least 80% of the y-block variance along with the
lowest Root-Mean-Square-Error (RMSECV) from
the Cross-Validation Error (Fig. 4). Finally, the
Root-Mean-Square-Error (RMSE) and the relative
percent error (% Error) would be used to compare
the different PLS models (Eg. 10 and 11) with the
testing set and the experimental result.

n

1 e ~ f
y i estimate yi experiment

n

i=1

RMSE =

(10)

(yi estimate yi experiment)

% Error=

1)

‘x100%

yi experiment

Where n is the number of the total data points.

From the results of the cross-validation, the number
of Latent Variable was picked as described above.
The detailed information of the models was
summarized in Table 3. In addition, the predicted
values of Y were plotted with the measured values
of Y (Fig 5 — 7) to check the accuracy of the
models. It was observed that the data points all lie
close to the line indicating small prediction error
form the models.

Table 3 Detailed Information about 3 PLS models

Model 1 Model 2 Model 3
RMSECV 7.60 8.01 7.84
% Y Variance 96% 94% 95%
# of LV 7 7 7
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1.20E+03

1.00E+03

8.00E+02

6.00E+02

RMSECV

4.00E+02

2.00E+02

performing better than the other models (Table 5-
6).

Table 4: % Composition of SD Diastereomer -
Validation result from the Testing Set

Model Model Model
Sample Measured 1 2 3

0.00E+00
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
PC number

Fig. 4. RMSECV Vs. number of Latent Variable
for the PLS model 2.

Fig. 5. Predicted Value of Y Vs. Measured Value
of Y for Model 1

Weasured Y

Fig. 6. Predicted Value of Y Vs. Measured Value
of Y for Model 2

Flg 7. Predicted Value of Y Vs. Measured Value
of Y for Model 3

The final step in developing the PLS model was to
validate the prediction result with the testing set.
Each of the three PLS models was used to predict
the percent composition of the S-D diastereomer
and validated with the same testing group (Table
4). The result showed that the third PLS models
that included all the process measurements was

IFAC

0C-75%-20g/L 75 74 75 76
0C-95%-13.3g/L 95 90 90 96

10C-55%-13.3g/L 55 62 62 60

15C-65%-40g/L 65 67 66 67

15C-80%-53.3g/L 80 81 82 83
15C-100%-26.7g/L 100 96 96 100
20C-30%-13.3g/L 30 31 30 29
20C-50%-13.3g/L 50 46 45 44
20C-90%-13.3g/L 90 91 88 87
40C-60%-13.3g/L 60 56 57 57
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Table 5: % Error of the Validation result from the

Testing Set
Sample Model 1 Model 2 Model 3
0C-75%-20g/L 1.3 0.0 1.3
0C-95%-13.3g/L 53 5.3 1.1
10C-55%-13.3g/L  12.7 12.7 9.1
15C-65%-40g/L 31 15 31
15C-80%-53.3¢g/L 13 2.5 3.8
15C-100%-26.7g/L 4.0 4.0 0.0
20C-30%-13.3g/L 3.3 0.0 3.3
20C-50%-13.3g/L 8.0 10.0 12.0
20C-90%-13.3g/L 1.1 2.2 33
40C-60%-13.3g/L 6.7 5.0 5.0

ble 6: [ lidati It I
Testing Set

Model 1 Model 2 Model 3
RMSE 3.6 3.65 3.08

3.3. Result from Crystallization Experiment

In order to verify their accuracy, the PLS models
were used to predict the percent composition of the
S-D diastereomer in a new crystallization
experiment. While the standards from the
calibration set were pre-mixed slurries in 15mL
vials, the new crystallization experiment was run in
a 250mL round-bottom jacketed flask. Six samples
were draw sequentially after the onset of nucleation
and submitted for HPLC analysis.

According to the existing knowledge of the
experimental system, the R-D diastereomer has a
wider metastable zone and a slower growth rate
compared with the S-D diastereomer.  The
crystallization experiment aimed to investigate
whether the R-D diastereomer would crystallize out
simultaneously with the S-D diastereomer in an un-
seeded environment. The HPLC analysis revealed
that as nucleation occurred, both diastereomers
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crystallized out. However, due to the slower
crystallization Kinetics of the R-D diastereomer, the
percent composition of the S-D diastereomer
slowly increased over time.

The results from the model prediction were
compared with the HPLC analysis as shown in
Table 7 and the RMSE was used as a means to
compare the models (Table 8). Although all three
models performed quite accurately with the testing
set, the accuracy in predicting the data of the new
crystallization — experiment is  understandably
smaller. However, the superiority of Model 3 is
demonstrated by including slurry density in the
model. When nucleation occurred, there was only
a thin layer of slurry in the solution. As the
experiment progressed, more material crystallized
out and the system tried to reach equilibrium
between the two solids. It should also be noted that
another PLS model (nhot included in Table 8)
utilizing only slurry density and spectra data had a
RMSE of 10.1 for the crystallization experiment.
This clearly confirmed that the inclusion of slurry
density into the PLS model improves the accuracy
of estimation.

Table 7: % Error of the % Composition of SD
Diastereomer Prediction in Crystallization

Experiment
Sample Model 1 Model 2 Model 3
1 15.6 11.3 1.9
2 18.6 15.6 4.9
3 26.0 23.2 134
4 15.2 13.9 3.8
5 29.0 25.4 16.8
6 24.9 21.1 11.7

Table 8: RMSE between Models and Experiment

Model 1 Model 2 Model 3
RMSE 18.9 16.4 9.0

4. CONCLUSION

Three PLS models were constructed with the same
65 calibration standards using Raman spectra,
temperature and/or slurry density data. The models
were further tested and compared against data from
a 250mL scaled crystallization experiment. This
paper has shown that the in-situ Raman
spectroscopy is capable of differentiating
diastereomers in a crystallization slurry, provided
the changing process parameters of temperature
and slurry density are included in the calibration
model.  Because slurry density is not easily
measured on-line without a sampling loop, it is
essential to find an alternative on-line measurement
from which to infer slurry density.
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