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Abstract

Effective process control can only be achieved through an understanding of the operating issues of the reaction. The
development and use of effective and rugged analytical methods is necessary to monitor these parameters. The intent
of this paper is to present some key analytical issues encountered in the synthesis of MK-0679, an LTD, antagonist.
In a key step of the compound’s synthesis, a prochiral diester intermediate undergoes an enantioselective enzymatic
hydrolysis (in the presence of Triton X-100) leading to the (S)-ester acid. Subsequent processing transforms the ester
acid into the final product. The residual amount of the detergent in the final product, the rapid determination of the
enzymatic activity and the optical purity of the final product emerged as key issues in the control of the reaction. As
a solution, two techniques were utilized and are presented: flow injection analysis and HPLC.
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1. Introduction

The stereochemistry of a drug can play an
important role on its biological activity, toxicology
and metabolism. Tremendous differences in these
properties have been observed for the enantiomers
of chiral drugs [1-3]. Based upon recent projec-
tions [4—6] and general regulatory guidelines [5-
11], chiral drugs marketed as racemates will be
considered as combinations of individual entities

* Corresponding author. Tel: (908) 594-5055; fax: (908)
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or enantiomers. As a result, many pharmaceutical
companies are evaluating the biological activity,
toxicity and metabolism of each enantiomer in the
early stages of racemic drug development [12]. In
many cases, this approach to development leads to
the production of enantiomerically pure drugs
through the use of asymmetric synthesis [13], cata-
lytic kinetic resolution [14], resolution of racemates
through stereoselective crystallization [15], chiral
chromatography [16] and biocatalytic processes
[1,17,18]. Biocatalytic processes feature the use of
enzymes as enantiomeric discriminators of racemic
substrates [19-26].
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Scheme 1. Synthetic pathway for MK-0679.

MKUO0679, a leukotriene D, antagonist [27], is
enantioselectively prepared utilizing lipases
derived from Pseudomonas species [28—-31]. The
drug’s chiral center is generated through the enzy-
matic hydrolysis of the prochiral diester to the
(S)-ester acid, the penultimate of MKO0679.
Scheme 1 describes the synthetic pathway for
MK-0679 starting from the diester 1. In the pres-
ence of the lipase LPL80 under aqueous buffer
conditions at pH 7.5, the diester 1 undergoes a
selective enzymatic hydrolysis to the ester 2. To
insure that the reaction is performed in a homoge-
neous medium and to enhance the solubility of 1,
Triton X-100 (T-X) was added as a surfactant at
a concentration above the critical micelle concen-
tration. After 2 has been isolated as a solid, it
undergoes an aqueous wash to remove T-X. Mon-
itoring the residual amounts of T-X in both solid
and liquid samples is necessary in order to estab-
lish the number of washes required for the re-
moval of the detergent. In addition, the
determination of the enzyme activity is also neces-
sary in order to ascertain the number of cycles
that the enzyme can be reused during the hydroly-
sis step. The ester acid 2 is reacted with dimethyl
amine to form the final product MK0679. Theo-
retically, during this step of the reaction, some
racemization may occur, and consequently the
determination of the optical purity of the final
product is required. From an analytical point of
view, three issues are to be solved: the determina-
tion of the enzyme activity, the determination of
T-X and the determination of the enantiomeric
purity of the final product.

The three analytical methods reported here are
used in the manufacturing process control of the
MKO0679 drug substance. The first method is a
flow injection analysis (FI) method, which evalu-
ates the lipase activity. Another FI method for the
determination of Triton X-100, a surfactant in the
reaction medium, utilizes an on-line solid-phase

cation-exchange extractor [32]. The third method
involves the determination of the MK0679 enan-
tiomeric purity through the formation of naph-
thylethylamine disasteromers and their separation
on a chiral (R)-urea bonded phase.

2. Materials and methods

2.1. Reagents

MOPS and HEPES were purchased from Sigma
(St. Louis, MO). Hexane, triethylamine, acetoni-
trile, isobutyl alcohol and 2-propanol (HPLC
grade), Triton X-100 and phosphoric acid were
purchased from Fisher Scientific (Springfield, NJ).
MKO0679 and the intermediates 1 and 2 were
obtained from the Process Research Department
(Merck Research Laboratories, Rahway, NJ). The
lipase enzyme from Pseudomonas cepacia was pur-
chased from Amano Enzyme Co. (Japan). (S)-
Naphthylethylamine and ethyl chloroformate
were purchased from Aldrich (Milwaukee, WI).
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Fig. 1. Detector response after injecting 10 u1 of 0.5 mg ml~!
solution of lipase into the FI system.
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Influence of flow rate on the peak area and RT

Flow rate Peak area RT

(ml min—") (counts) (min)
0.80 5 740 405 4.81
0.70 6 314 763 5.48
0.50 8 266 183 7.62
0.30 23 698 369 13.17
0.20 36 607 899 19.56
0.10 66 894 177 38.78
0.05 161 764 822 76.51

2.2. Apparatus

The FI system used for the determination of the
enzyme activity consisted of a Beckman model
126 HPLC pump, a Beckman model 507 au-
tosampler (Fullertown, CA) equipped with a
Rheodyne model 7126 injection valve, a knitted
PTFE reactor (0.5 mm x 15 m) (Aura Industries,
Staten Island, NY) and a Waters conductivity
detector (Milford, MA).

The FI system used for the determination of
Triton X-100 consisted of a Varian Vista 5500
liquid chromatograph (Walnut Creek, CA, USA)
equipped with a Varian UV-200 variable-wave-
length detector and a Varian model 8085 au-
tosampler with a 20 ul loop. The solid-phase
extractor consisted of a Whatman Partisil 10 SCX
strong cation-exchange high-performance liquid
chromatographic column (25x0.46 cm id.)
(Maidstone, Kent, UK).
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Fig. 3. Kinetics of the hydrolysis of 1 when its concentration
in the carrier was 45 uM.

The enantiomeric separation of the MK-0679
final product was performed on a Spectra-Physics
system (San Jose, CA, USA) equipped with
SP8800 pumps and an SP8775 autosampler
equipped with a Rheodyne valve with a 10 ul
loop. For the detection of the two enantiomers, a
Spectroflow 757 absorbance detector (Applied
Biosystem, Foster City, CA) was used.

All the data were collected and analyzed with a
PE Nelson Access Chrom chromatography data
acquisition system (Cupertino, CA, USA).
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Fig. 2. Influence of the concentration of 1 on the slopes.
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Fig. 4. Influence of flow rate on the dispersion factor of T-X.
Carrier composition: 65% 5 mM KH,PO, (pH 2), 35%
isobutyl alcohol-acetonitrile (50:50, v/v). Detection: UV at
276 nm.
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Table 2
Influence of organic modifier on the retention of the
intermediates®

Organic modifier (%) Retention time (min)

30 4.55
32 3.98
35 332
38 3.26
40 3.23
42 3.11

2 The intermediates elute as a single peak.
2.4. FI analysis for the enzyme activity assay

The carrier used for the determination of the
lipase activity consisted of a buffer containing 5
mM MOPS, 5 mM HEPES, 15% Triton X-100
and various concentrations of 1. The pH of the
buffer was adjusted to 7.5 with sodium hydrox-
ide. The enzyme solution was prepared by dis-
solving the lipase in carrier solution without 1
to obtain a concentration of 0.5 mg ml~'; 10 ul
of the lipase solution were introduced into the
FI system. Lipase activity was then determined
from the magnitude of the peak caused by the
formation of 2.

2.5. FI analysis for the determination of Triton
X-100

The carrier used for the determination of Tri-
ton X-100 consisted of two solutions: (A) 5 mM
KH,PO,, the pH of which was adjusted to 2.0
with orthophosphoric acid, and (B) isobutyl al-
cohol—acetonitrile (50:50, v/v). Solutions A and
B were pump mixed in the ratio 65:35 (v/v).

Table 3
Influence of ionic strength of the carrier on the retention of the
intermediates®

Tonic strength (mol 17") Retention time (min)

0.005 3.35
0.010 2.35
0.015 1.89

2 The intermediates elute as a single peak.

The monitoring of T-X was performed at 276
nm. Samples of isolated intermediate 2 were
prepared by dissolving approximately 200 mg of
solid sample in 10 ml of the carrier. A heat gun
and a sonicating bath were used to aid in the
dissolution. When the temperature returned to
ambient, the samples were passed through a
Genex 0.25 um PTFE filter (Gaithersburg, MD,
USA) and introduced into the FI system. If the
samples were liquid, 1-5 ml were introduced
into 10 ml calibrated flasks and an aliquot (3.5
ml) of solution B was added to the contents of
each flask. The mixture was diluted to the mark
with solution A and passed through a Genex
0.25 um PTFE filter prior to introduction into
the FI system. The matrix is retained by the
solid extractor, leading to its separation from
T-X.

2.6. Determination of enantiomeric purity of
MKO0679

The chromatographic chiral separation of
MKO0679 and its enantiomer was performed on
a Supelco LC-(R)-Urea column (Supelco, Bell-
fonte, PA, USA) (25 x 0.46 cm i.d.) packed with
a 5 um particle size material. The mobile phase
used for the separation of the enantiomers con-
sisted of two solutions: (A) 0.3% triethylamine
in hexane and (B) 2-propanol-acetonitrile
(50:50, v/v). Solutions A and B were pump
mixed in the ratio 95:5 (v/v). The two enan-
tiomers were derived with (S)-naphthylamine ac-
cording to the following procedure: 10 mg of
each enantiomer were introduced into a 10 ml
vial and dissolved in 2 ml of tetrahydrofuran
using vortex mixing to aid in the dissolution. A
100 ul of 0.2 M triethylamine dissolved in ace-
tonitrile followed by a 100 yl aliquot of 0.2 M
ethyl chloroformate dissolved in acetonitrile
were added to the vial. The reaction mixture
was vortex mixed and allowed to react for 10
mins. The solvent was evaporated under nitro-
gen and reconstituted in 3 ml of ethanol. An
aliquot of 10 ul of this solution was introduced
into the HPLC system. The detection of the two
diastereomers was performed by UV spectropho-
tometry at 278 nm.
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Fig. 5. Repeatability of FI for T-X. FI conditions as in Fig. 4. Numbers above peaks are concentrations of T-X.

3. Results and discussion
3.1. Determination of enzyme activity

From an analytical process point of view, the
determination of the lipase activity must be a
rapid, rugged and reproducible assay. To deter-
mine the enzyme activity, a flow injection (FI)
approach was selected. For this analysis, 1 was
dissolved in the carrier and continuously
pumped through the system. The pH of the car-
rier was adjusted to 7.5. At this pH, the con-
ductivity of the buffer was insignificant. The
enzyme is introduced into the system, as a dis-
crete injection plug, the hydrolysis process be-
gins and 2 is obtained. At the working pH, the
carboxyl group is totally deprotonated and it
can be detected by the conductivity detector.
The effect of an injection of 10 ul of enzyme
solution into the system is depicted in Fig. 1.
Variation of the flow rate produces a variation
of the reaction time between enzyme and 1.
Table 1 shows that the peak area of 2 decreases

with increasing flow rate, owing to a decrease in
the residence time (RT) of lipase in the system.
A plot of RT vs. the area counts of the peak
proved to be linear with r? =0.999. The concen-
tration of 1 in the carrier was varied from 30 to
70 uM. For all of the concentrations, plots of
RT vs. area counts proved to be linear with
r>>0.99. The slopes of the plots, at various
concentrations of 1 in the carrier, are related to
the rates of the reaction. Fig. 2 shows the rela-
tionship of the concentrations of 1 to the slopes
of the lines. A maximum was obtained between
40 and 45 yM of 1 in the carrier. The decrease
in the slopes observed at higher concentrations
of 1 is consistent with an enzymatic inhibition
by substrate [32). The rate constant was deter-
mined where the reaction rate was maximum.
Under these circumstances, if it is considered

that the reaction
K lipase i
diester(1) —— ester acid(2)

M

proceeds irreversibly to completion, then the
rate law is [33]
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Fig. 6. Top: UV spectrum of pure T-X dissolved in the carrier
described in Fig. 4. Bottom: UV spectra of T-X peak from a
process sample obtained through F1 using a Waters photodi-
ode-array detector. For FI conditions, see Fig. 4.

—d[1)/dr = k(1] @)

Eq. (2) can be solved by integration between the
time limits z,, taken as zero, and time ¢ and
between the concentrations [1], and [1]. The inte-
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Fig. 7. FI trace of a solid sample. For FI conditions, see
Fig. 4.

Table 4
Comparison of the results obtained from the calibration graph
and standard addition

Sample Concentration of T-X determined
(mg ml~")
Calibration Standard
graph addition
Solid samples
1 0.09 0.10
2 0.07 0.07
3 0.15 0.14
4 0.10 0.10
Liquid samples
Supernatant 16.82 16.53
Filtrate 16.52 16.60
Aqueous wash 9.12 9.07

grated rate expression has the form

(1] = [1]o exp(—k?) 3)

An alternative to Eq. (3) can be written when the
concentration of 2 is used as a variable instead of
[1]. Thus, considering that [1] + [2] = [1],, Eq. (3)
becomes

(2] = [1]o[1 — exp(—k1)] (4)
or
In{l —([2)/[1)o)} = —kt &)

Eq. (5) predicts that a plot of In{1 — ([2]/[1],)} vs.
time should be a straight line with a slope k,
which is the rate constant of the reaction.

The plot of In{l — ([2)/[1];)} vs. time is linear
(r?=0.999) and is presented in Fig. 3. Since every
point investigated has the same rate constant, a 5
min assay (minimum reaction time investigated)
can be achieved. The rate constant obtained from
the FI experiments was comparable with that
obtained using batch experiments [30].

Lipase activity was calculated as follows. A
sample of lipase was introduced into the system at
a flow rate of 1 ml min~'. The generated peak
area was correlated with ester acid concentration
obtained from a calibration curve. Assuming a
first-order reaction and a one to one stoichiome-
try, the lipase activity was calculated as [34]

specific activity = units/g lipase ©6)
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Scheme 2. Derivatization pathway for MK-0679. For conditions, see Materials and methods section.

where one unit of enzyme activity is defined as the
enzyme quantity which produces 1 ugmol of
product in 1 min. Using this assay, a lot of lipase
was analyzed and the activity was determined to be
800 000 units g ', which was in agreement with the
manufacturer’s specification of 813 000 units g—'.
The relative standard deviation of the analysis was
0.5%.

3.2. Determination of Triton X-100

Triton X-100 (T-X) is a non-ionic surfactant and
appears as a mixture of oligomers. Determination
of this surfactant by chromatographic methods
requires the summation of the area under a number
of peaks. Such an approach is cumbersome owing
to the complexity of the mixture. FI with an on-line
strong cation-exchange solid-phase extractor was
found to be a useful technique for the quantitation
of the surfactant. The extractor retains the MK-
0679 components while allowing the T-X through
unretained for quantiation. In this sense, analysis
of this type falls into the FI category.

Reviewing the reaction in Scheme 1, a common
functionality of all the components in the reaction
is the quinoline ring. The pK, of the quinoline
nitrogen was determined by non-aqueous tritration
to be 5.06 [35]. Using a carrier of pH 2.0, all the
quinoline derivatives will be retained on the extrac-
tor. The T-X will be uncharged and pass through
the extractor unretained.

In defining the optimum conditions for FI, the
flow rate of the carrier stream is important. An
increase in the flow rate will lead to a short
residence time of the analyte in the FI system.
Since T-X is quantified in the dead volume of the
extractor, an increase in the flow rate will also
minimize the axial diffusion of the compound in
the carrier. A small axial diffusion will lead to a
sharper peak and consequently a better detection
limit. A low dispersion factor is considered as a
measure of the T-X peak sharpness [36] and, under
our experimental conditions, this phenomenon can
be casily seen (Fig. 4). As the flow rate increases,
the dispersion factor of the T-X peak decreases,
resulting in a better detection limit.
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Fig. 8. Influence of IPA concentration on the separation between the two enantiomers of MK-0679.

The solid-phase extractor used in our experi-
ments consisted of a strong cation exchanger.
Special care was taken to establish the conditions
under which the intermediates were retained on
the extractor. One factor that influences the inter-
action between MK-0679 intermediates and the
solid-phase extractor is the amount of organic
modifier [isobutyl alcohol-acetonitrile (50:50,
v/v)] in the carrier. As the amount of modifier in
the carrier stream increases, the intermediates and
the solid support are solvated and their interaction
with the extractor is diminished. The carrier
stream composition was adjusted such that all the
intermediates would elute as a single peak that is
well resolved from the T-X. The data in Table 2
show that, as the composition of the organic
modifier increases, the retention of the intermedi-
ates decreases. In order to keep the analysis time
short, a level of 35% organic modifier was chosen.
This organic modifier concentration provides for
fast analysis without compromising the separation
between the T-X peak and the intermediates peak.

Increasing the ionic strength of the carrier led to
a shielding of the electrostatic interaction between
the intermediates and the solid support (Table 3).
At high ionic strengths a decreased retention of
the intermediates could lead to potential contami-
nation of the T-X peak because of peak co-elu-

tion. A pH,,, of 2.00 and 5 mM K,PO, in the
carrier were selected to achieve a reasonable reten-
tion of the intermediates on the extractor.

The spectra of T-X indicates that it has absorp-
tion maxima at 255 and 276 nm. Because of the
interference of the carrier in low-UV region, a
wavelength of 276 nm was chosen for the detec-
tion of the analyte. A series of T-X concentrations
ranging from 0.01 to 6.50 mg ml~' were prepared
under the conditions described under Experimen-
tal (Fig. 5). A least-squares tregtment of the data
indicated a linear correlation fy =221 399.7x +
324.7, r? =0.9999). Since the data covered a con-
centration range over two orders of magnitude,
the linearity was checked in the lower range of the
graph (0.01-0.20 mg ml™") and r?=0.9999 was
also obtained. A detection limit of 0.005 mg ml~"
was obtained at a signal-to-noise ratio of 3:1.

With the FI system optimized, the next step was
to evaluate the sample preparation. Since T-X is a
surfactant with a tendency to interact with many
different surfaces, it was necessary to establish
that the T-X was not retained on the PTFE
membrane filters. A range of T-X solutions with
concentrations from 0.06 to 5 mg ml~' were
prepared. The solutions were passed through the
PTFE filter and analyzed before and after filtra-
tion. A straight line was obtained with a slope of
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Fig. 9. Influence of the addition of acetonitrile to the mobile phase on the separation of the two enantiomers of MK-0679.

unity and an intercept of zero, indicating that T-X
was not retained on the filter.

With the solid samples (isolated intermediates),
where the amount of T-X was expected to be below
the detection limit, a large sample size (ca. 20 mg
mL ') was needed to bring the T-X concentration
into the range of the calibration graph. To prove
that there was no co-elution of the intermediates
with the T-X peak under these overloading condi-
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Fig. 10. Separation of MK-0679 from its enantiomer at a level
of 99.9:0.1. For experimental conditions, see Materials and
methods section.

tions, it was necessary to check the T-X peak purity.
By using a Waters Model 991 photodiode-array
detector, spectra of the T-X peak were taken at the
front, apex and end of the peak. The spectra
obtained indicated peak homogeneity. These spec-
tra were compared with the spectrum of a pure T-X
sample taken on an AVIV Model 118DS spec-
trophotometer. The results are presented in Fig. 6.
The three sets of spectra are identical, indicating
that no co-elution of the MK-0679 intermediates
occurred. A typical trace of a solid sample is
presented in Fig. 7.

The validation for the determination of T-X was
performed on actual process samples. The samples
were prepared as described under Experimental.
The amount of T-X was determined in two ways,
first by using a calibration curve and second by
using a standard addition method. With the stan-
dard addition method, an amount of T-X equiva-
lent to 25% of the amount determined by the
calibration curve was added to each sample. Each
sample was then injected twice, with and without
T-X added. The concentration was calculated ac-
cording to

S\=(A’_A)/M\

Y=A/S,
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where S, is the calibration factor, 4 is the peak
area of the sample without the standard addi-
tion, A’ is the peak area of the sample with the
standard addition, M, is the mass of T-X added
and Y is the mass of T-X is the unknown
sample.

The result of the comparison of the two meth-
ods are presented in Table 4 and show good
agreement.

3.3. Determination of the enantiomeric purity of
MK-0679

The determination of the enantiomeric purity
of the compound using several direct separation
methods was attempted. The results of the sepa-
rations were unsuccessful. The separation was fu-
tile owing to the position of the functional
groups from the chiral center able to undergo
interaction with a chiral phase. Therefore, an
indirect method was pursued.

The approach consisted of the formation of an
active ester of MK-0679 by reacting MK-0679
with ethyl chloroformate. The ester formed was
reacted with a chiral reagent, naphthylethy-
lamine, to form a diastereomer (Scheme 2). If the
enantiomeric purity of the amine is high, then
the separation of the two diastereomers of MK-
0679 will correspond to the separation of the two
enantiomers of MK-0679. The attempts to sepa-
rate the resulted diastereomers under achiral re-
versed-phase HPLC [28] conditions led to very
broad peaks, allowing the determination of only
2% of the minor diastereomer. Achiral normal-
phase conditions for the separation of the two
diastereomers also proved to be unsuccessful.

A new approach using the derivatized com-
pound was attempted by trying the separation on
a chiral column. Examination of the derivatized
compound shows that the compound contains an
amide bond at the derivatized functional group.
To achieve the separation, a chiral phase should
be chosen to complement the amide group by
interaction through hydrogen bonding. There-
fore, a urea column was selected which can un-
dergo hydrogen bonding at the carbodiamide
functionality as the leading interaction. A mobile
phase consisting of a hexane—2-propanol (IPA)

was selected. The effect of variation of the per-
centage of IPA in hexane is shown in Fig. 8.
Hexane—IPA (95:5, v/v) was selected for further
optimization because at this composition the best
resolution was produced. However, the peak
shape was broad and the resolution was not
baseline. To improve the peak shape, acetonitrile
was added to the mobile phase. The increase in
the acetonitrile concentration was performed at
the expense of IPA concentration, such that the
final concentration of the polar components was
kept constant at 5%. The results are presented in
Fig. 9. The best separation of the two enan-
tiomers was achieved with a mobile phase con-
sisting of hexane—IPA-acetonitrile (95:2:3,
v/v/v). Under these conditions, the separation
was baseline, and allowed the determination of
0.1% of the minor enantiomer (Fig. 10). No in-
terferences or bias was observed in the chro-
matography due to the derivatization procedure.
Spiking experiments showed complete recovery.

4. Conclusions

The critical analytical issues for in-process test-
ing of MK-0679 were the determination of the
enzyme activity, determination of T-X and deter-
mination of the enantiomeric purity of MK-0679
final product. The use of flow injection for the
determination of enzyme activity was demon-
strated and the experimental results were com-
parable to those of the batch experiments. The
method used for the determination of T-X pro-
vided rapid and accurate results. Standard addi-
tion and calibration curve methods correlated
well for the determination of T-X. Lastly, the
determination of the enantiomeric purity of MK-
0679 final product was achieved using a mixed
approach, derivatization of the compound with a
chiral reagent and the separation of the two
diastereomers on a chiral column. The use of this
method allowed for the determination of 0.1% by
area of the minor enantiomer as compared with
the major enantiomer. With the use of the meth-
ods described, a good overall understanding of
the issues of the synthesis was established.
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