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LCMS incorporating a quadrupole time of flight mass spectrometer was used to identify impurities found
in a chemical process development sample of a novel integrase inhibitor, raltegravir. The combination
of accurate mass measurement in full scan mode followed by construction of targeted masses for fur-
ther MSMS interrogation allowed for the determination of atomic composition and connectivity. The
fragmentation pattern of raltegravir was used as a model compound, and the product ion spectra of an
impurity was compared to both the model fragmentation pattern and the atomic composition generated
in the full scan experiment to deduce a structure.
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. Introduction

Process research plays an extremely important role in the drug
evelopment process within the pharmaceutical industry. Devel-
pmental efforts can encompass early lead discovery through
roduct launch [1]. The primary objectives of process chemical
esearch are the development of cost effective, efficient, scaleable
nd safe reproducible synthetic routes to drug candidates within
he developmental space including the support of pre-clinical and
linical programs and acting as a framework for commercial pro-
uction. Some recent reviews have described elegant synthetic
hemical routes to a wide array of pharmaceutically active agents,
llustrating the challenges and creativity of the process chemist
1,2]. Tangential benefits are the development of enabling tech-
ologies supporting synthetic efforts and leveraging of intellectual
roperty by patent protection of chemical routes [3].

Development and optimization of viable processing routes to
nvestigational materials operates under the constraint of generat-
ng compounds not having a wide degree of variability. This ensures

hat drug metabolism, safety and clinical studies are not jeopar-
ized by inconsistent purity or impurities having potential harmful
oxological properties. Regulatory guidelines promulgated by the
nternational Conference on Harmonization (ICH) dictates rigorous
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identification of impurities at levels of 0.1% and greater depend-
ing upon dosage, followed by appropriate toxicological studies, if
needed, for qualification [4].

Raltegravir, a 6-oxo-1,6-dihydropyrimidine-4-carboxamide, 1,
belongs to a new class of compounds chosen for development as
inhibitors of HIV integrase, an enzyme catalyzing the integration
of viral DNA into the host genomic DNA, thus preventing further
virus replication [5–7]. It has been approved by the US Food and
Drug Administration for sale and is marketed as ISSENTRESSTM as
a complimentary agent to existing anti retroviral therapies. Dur-
ing chemical process development of raltegravir, we were required
to identify several impurities appearing in a sample of drug sub-
stance which was produced by a potential commercial route.
LCMS has been a popular approach for impurity identification in
pharmaceutical drug substances, and recent reports using high
resolution MS with accurate mass measurements for determina-
tion of atomic composition have illustrated the advantages of this
approach over low resolution/nominal mass measurement using
quadrupoles [4,8,9]. We describe the use of LCMS and LCMSMS
using a quadrupole time of flight mass spectrometer (QTof) for the
identification of the impurities of interest.

2. Experimental
2.1. Materials

Acetonitrile and water were Optima grade and were pur-
chased from Fisher Scientific (Bridgewater, NJ, USA). Trifluoroacetic
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Fig. 1. HPLC–UV chromatogram of impurities observed i

cid, 99.9+%, spectrophotometric grade, trifluoroacetic acid-d
99 at.%), deuterium oxide (99 at.%), leucine enkephalin, alanine
nd polyalanine were purchased from Aldrich (St. Louis, Mo,
SA). A sample of raltegravir was prepared by the Process
esearch Department of Merck Research Laboratories (Rahway, NJ,
SA).

.2. LC/MS

Chromatographic separations were performed on a Waters
lliance model 2695 HPLC equipped with a photodiode array
etector monitored in wide band from 220 to 400 nm. The col-
mn used was a Waters Atlantis C18, 250 mm × 4.6 mm, 5 �m
article size operated at a flow rate of 1 ml/min at a temper-
ture of 30 ◦C. The mobile phase was water and acetonitrile
ith 0.02% (v/v) trifluoroacetic acid added to each. A linear gra-
ient from 20% acetonitrile to 85% acetonitrile in 20 min was
sed. The injection volume was 1 �l. Deuterium exchange exper-

ments were performed substituting trifluoroacetic acid-d, and
euterium oxide for the protic components. The mass spectrom-
ter was a Waters/Micromass QTof API Ultima US equipped with
n electrospray interface connected in series to the diode array
etector and operated in positive ion mode. The electrospray volt-
ge was 1.5 kV and the sample cone voltage was 25 V. The Tof
oltage was 9.1 kV and the MCP plates were operated at 2200 V.
he source temperature was 100 ◦C and the desolvation tem-
erature was 350 ◦C. Nitrogen was used for the desolvation and
one gas and was set at 550 and 30 l/h, respectively. The ana-
yzer was operated in V optics mode at a resolution (FWHM)
f 10,000. The collision gas was argon operated at a cell pres-
ure of 12 psi. For MSMS measurements, the collision energy was
et at 25 eV. Full scan data acquired in continuum mode was
ollected from 100 to 1200 amu and MSMS data collected from
0 to 600 amu. The data acquisition rate was 1 s with an inter-
can delay rate of 0.1 s. In order to alleviate dead time effects,
ntensities less than 200 counts/s were used for data analysis. The

ockmass was leucine enkephalin (m/z 556.2771) and was infused
t 10 �l/min at a concentration of 1 ng/�l. A solution of polyala-
ine containing 20% (w/w) alanine was used for mass calibration.

nstrument control and data analysis was performed using Mass
ynx 3.5.
cess development sample of raltegravir drug substance.

2.3. Sample preparation

The sample concentration was 100 �g/ml using 50:50 water
acetonitrile as the diluent. The sample was maintained at 10 ◦C in
the autosampler.

3. Results and discussion

3.1. Chromatography

Previous bioanalytical methods used for the measurement of
raltegravir in human plasma have utilized reversed phase HPLC.
One LC–MS approach was a combination of water:methanol with
formic acid for pH control [10]. EDTA has been used as an additive
in combination with water:methanol and formic acid to alleviate
complexation with alkali cations, thus simplifying the MS measure-
ment [11]. An alternative approach used water:acetonitrile with
triethylammonium phosphate as an additive for pH control and flu-
orescence detection [12]. All of these approaches resulted in good
chromatographic efficiency for raltegravir.

In this study, we were required to reproduce the HPLC gra-
dient impurity control assay which used water:acetonitrile and
phosphate salt for pH control. Since phosphate is not compatible
with atmospheric pressure ionization, we incorporated dilute tri-
fluoroacetic acid as a substitute for phosphate. This resulted in a
reasonable match to the phosphate-based control assay with good
efficiency and selectivity. A representative separation employing
UV detection is shown in Fig. 1. Five impurities were separated and
detected and all were subjected to further MS analysis for identifi-
cation. The UV spectrum of raltegravir, retention time 13.84 min,
acquired using the diode array detector showed a shoulder at
240 nm and a maxima at 304 nm. All the impurities of interest
exhibited similar UV characteristics with the exception of the
impurity eluting at retention time 4.79 min. This impurity showed
maxima at both 245 and 300 nm, suggesting a subtle structural
dissimilarity compared to the other impurities and raltegravir.
3.2. Mass spectrometry of raltegravir

The product ion spectrum of raltegravir was used as a template
for assignment of the atomic composition of fragment ions and
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Fig. 2. Product ion spect

F
s

t
i
i
c
o
p
a
e

c
o
A
c
t
a
c
c
p
m
t
a

T
A

ig. 3. Structure of raltegravir and proposed fragmentation pattern observed in this
tudy.

o establish connectivity. This was accomplished by flow injection
ntroduction of raltegravir into the mass spectrometer and selected
ntroduction of the protonated molecule, m/z 445 into the collision
ell. The collision energy was varied until approximately 10–20%
f the intensity of the protonated molecule relative to the base
roduct ion, m/z 361, was observed. The collision energy associ-
ted with this criteria was 25 eV, and was used for further structural
lucidation. The collision cell pressure was kept constant at 12 psi.

The product ion spectrum of raltegravir observed under these
onditions is shown in Fig. 2. The theoretical protonated molecule
f raltegravir, m/z 445.1636, was used as an internal lock mass.
lthough several product ions were observed, five were chosen for
omparison to the product ion spectra observed for the impuri-
ies of interest. These were m/z 361, 318, 278, 253 and 109. These
ssignments are shown in Fig. 3 and accurate masses and atomic
ompositions are shown in Table 1. In general, the assignments
over most of the molecule with some redundancies with trans-

arency noted for the methyloxadiazoyl moiety. Accurate mass
easurements of the fragments ranged from 0.4 to 12 ppm devia-

ion from theoretical atomic composition. The m/z 361 and 109 ion
ssignments have been reported previously and were used as the

able 1
ccurate mass data for the product ions of raltegravir observed in this study.

Ion composition m/z (theory) m/z (measured) ppm error

C17H18N4O4F 361.1312 361.1316 1.1
C16H17N3O3F 318.1254 318.1267 4.0
C13H13N3O3F 278.0941 278.0942 0.4
C10H13N4O4 253.0937 253.0941 1.6
C7H6F 109.0453 109.0466 12
rum of raltegravir.

basis of LCMSMS assays using standard multiple reaction monitor-
ing procedures [10,11].

3.3. LCMS and LCMSMS of unknowns

Full scan LCMS was performed initially for exact mass mea-
surement of the impurities of interest to establish the atomic
composition. Subsequent LCMSMS studies were performed by
construction of a mass list of the impurities of interest and per-
forming the product ion experiments by interrogation of the mass
list only. The mass list was constructed using a narrow mass
window of ±20 mDa around each target mass. In this way, the
product ion experiments for all of the impurities could be com-
pleted in a single chromatographic run. The full scan and product
ion spectra are shown in Figs. 4 and 5. Table 2 shows the accu-
rate mass data for the protonated molecule as well as structural
assignments.

The first impurity at retention time 4.79 min showed a proto-
nated molecule of 335.1530 with a significant amount of a sodium
adduct, m/z 357. By limiting the potential atomic composition to
carbon, nitrogen, oxygen and fluorine, which seemed reasonable
given the process chemistry, and applying an error constraint of
no more than 5 ppm error relative to the theoretical composition,
the assignment was consistent with C16H19N4O4F. The experimen-
tal error was 3.3 ppm. The atomic difference relative to raltegravir,
C20H21N6O5F, was C4H2N2O2 which suggested the loss of the
methyloxadiazoyl group. The product ion spectrum obtained using
leucine enkephalin as the lock mass showed only two fragments
at m/z 109.0460 and 278.0939, which were also observed for ral-
tegravir and assigned as C7H6F and C13H13N3O3F. The assignment
of the impurity was the free amine, 2 (Table 2), the penultimate
intermediate used in the synthesis, and was confirmed by a spike
experiment.

The second impurity at retention time 8.01 min showed a pro-
tonated molecule of 390.1940. Using the same criteria as that
applied to the free amine impurity, 2, the atomic composition
was consistent with C19H24N5O3F, with an experimental error
of −0.3 ppm. The product ion spectra using the theoretical value
of the protonated molecule as the internal lock mass did show
m/z 318.1255 and a low intensity m/z 109.0459, which sug-
gested the methylethyl dihydropyrimidine carboxamide portion,

C16H17N3O3F was intact. The mass difference, C3H7N2 suggested
three possibilities for connectivity in the remaining portion of
the molecule based upon the process chemistry; (CH3)2NCH N–,
NH CHCH2CH2NH– or NH2CH CHCH2NH–. A second line of evi-
dence was the prominent m/z on at 113.1076, consistent with
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Fig. 4. Full scan mass spectra observed for impurities 2 (top) to

6H13N2 and suggesting the methylethyl group intact at the 2 posi-
ion of the dihydropyrimidine again leaving C3H7N2 accounting for
he difference. Hydrogen/deuterium LCMS exchange experiments
sing deuterated mobile phase additives in place of protic ones
howed an m/z of 393 for the impurity indicating 2 exchangeable
rotons. Thus the correct assignment was the N,N dimethyl imine,
. This was subsequently confirmed by 1H NMR.

The third impurity at retention time 11.42 min showed a proto-
ated molecule of 406.1520, consistent with an atomic composition

f C18H20N5O5F with an experimental error of −1.7 ppm. The prod-
ct ion spectra using the theoretical mass for the protonated

mpurity as the internal lock mass showed m/z 109.0457, 278.0935,
18.1237 and 361.1320 suggested the methylethyl dihydropyrim-

ig. 5. Product ion spectra observed for impurities 2 (top) to 6 (bottom) at a collision ene
ttom). Leucine enkephalin was used as the external lock mass.

idine carboxamide was intact up to the 2 position side chain
carboxamide. The m/z 363.1467 ion, arising from the transfer of
2 protons to the m/z 361 ion, confirmed this sub assignment. The
atomic difference of the m/z 363 and 361 product ions relative to
the unknown moity adjacent to the carboxamide at the 2 position
was CH2NO. This indicated the structure was the carboxamide, 4.

The fourth impurity at retention time 12.67 min showed a proto-
nated molecule of 427.1736, consistent with an atomic composition
of C20H22N6O5 with an experimental error of 1.4 ppm. The lack of

product ion masses at m/z 361 and 109 with product ion masses
m/z 343.1411 and 91 0551 using C20H23N6O5 as the internal lock
mass was consistent with the assignment as the desfluoro analog
of raltegravir, 5.

rgy of 25 eV. Leucine enkephalin was used as an external lock mass for impurity 2.
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Table 2
Accurate mass data and structural assignments of the impurities observed in a process development sample of raltegravir drug substance.

Structure Formula M + H (measured) ppm error

C16H19N4O3F 335.1530 3.3

C19H24N5O3F 390.1940 −0.3

C18H20N5O5F 406.1520 −1.7

C20H22N6O5 427.1736 1.4

C20H23N4O6F 435.1684 0.9
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The fifth impurity at retention time 17.12 min showed a proto-
ated molecule of 435.1684, consistent with an atomic composition
f C20H23N4O6F and experimental mass error of 0.9 ppm. The prod-
ct ion spectra using the impurity theoretical mass as the internal

ock mass, showed fragment ions at m/z 109.0457, 278.0937,
18.1253 and 361.1307, suggesting a difference in the methyloxa-
iazoyl group. The atomic difference of the impurity relative to the
/z 361 fragment was C3H5O2. The assignment of the impurity was

he ethyl oxamide ester, 6.

. Conclusions

Impurities found in a potential commercial route to raltegravir
rug substance were identified by a determination of atomic com-
osition and interpretation of product ion spectra made possible
y accurate mass measurements using a QTof mass spectrome-
er.
Full scan experiment accuracy ranged for −0.3 to 3.3 ppm while
roduct ion accuracy ranged from 0.4 to 12 ppm. Most of the

mpurities originated during construction of the methyloxadiazoyl
ortion of raltegravir. The desfluoro analog of raltegravir can be
ttributed to an impurity introduced in a raw material. This infor-
mation allowed the process chemistry team to further optimize the
process to generate a cleaner drug substance profile.
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