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Abstract

ABT-578, an active pharmaceutical ingredient (API), is a semi-synthetic tetrazole derivative of the fermented polyene macrolide rapamycin.
Reverse phase (RP)-HPLC-UV-MS and normal phase (NP)-HPLC-UV-MS methods employing an LC/MSD trap with electrospray ionization
(ESI) have been developed to track and map all significant impurities from the synthetic process. Trace-level tracking of key impurities occurring
at various process points was achieved using complimentary methodologies, including a stability indicating reverse phase HPLC method capable
of separating at least 25 starting materials and process-related impurities from the API (YMC-Pack Phenyl column, UV-MS, 210nm) and a
targeted reverse phase HPLC method capable of separating very polar compounds from crude reaction mixtures (Phenomenex Synergi Polar RP
column, UV, 265 nm). In addition, a normal phase HPLC method condition with post-column modifier infusion is described for the separation of
epimeric impurities, and analysis of aqueous-sensitive reactive species (YMC-Pack SIL column, UV-MS, 278 nm). Process control strategies were
established with these combinations of analytical technologies for impurities analyses to enable a rich understanding of the ABT-578 process.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

ABT-578 (zotarolimus), a tetrazole containing semi-
synthetic rapamycin (sirolimus) analog, is the API for
ZoMaxx™ and Endeavor™ drug-eluting stent devices. Elu-
tion of ABT-578 from these devices into surrounding vascular
structures blocks cell proliferation, preventing scar tissue for-
mation and minimizing restenosis in angioplasty patients [1,2].
Determination of the genesis, identification and fate analysis
of impurities is central to developing a deep understanding of
the commercial manufacturing process. Tracking impurities in
the ABT-578 manufacturing process is very challenging due in
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past to the API’s complex polyene macrolide structure including
15 stereogenic centers. The semi-synthetic process also intro-
duces a number of process-related impurities resulting from
side-product formation inherent in the highly reactive triflate
intermediate required for the transformation of rapamycin to
ABT-578. For example, multiple epimeric impurities can result
from sigmatropic rearrangements at C-40 upon formation of the
reactive rapamycin triflate. Additionally, the triene moiety can
invite auto-oxidation during processing, and other degradative
pathways of the ABT-578 core during bulk purification (e.g.,
macrocyclic ring opening). It is well known, for example, that
polyene macrolides undergo radical-initiated oxidative degra-
dation cascades when in amorphous form and unprotected by
an anti-oxidant [3]. The ABT-578 process generally consists
of reaction stages and large-scale chromatographic purification
stages. ABT-578 is protected in production and storage through
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the addition of small amounts of butylated hydroxy toluene observed from other pathways originating throughout the pro-
(BHT) anti-oxidant. While the utilization of this stabilizer cess, some of which can carry into final API. The process-related
greatly reduces the emergence of oxidative by-products during impurity profiles and API impurity profiles can be complex with
processing and storage, numerous low-level impurities are still ~ impurities that are difficult to distinguish from each other.

ABT-578: 40-Epi-(N1-tetrazolyl)-rapamycin Rapamyain
Numbering C-atoms per IUPAC

N2 Isomer Open Ring Acid

Ditetrazole of ABT-578

Fig. 1. Structure of ABT-578 (15 chiral centers, subject to multiple epimerizations from chemical, thermal or photo reactiveness, structures of process epimer
impurities not shown). Epimers: diastereoisomers that have the opposite configuration at only one chiral center of multiple chiral centers.
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Different aspects of impurity studies, ranging from method
development to impurity identification techniques, have been
extensively reported and reviewed in the literature [4-8]. A
main goal in early-stage pharmaceutical development is to pru-
dently and quickly establish a scaled-up synthetic process for
making acceptable API. In this regard, analytical impurities
methods used for both in-process and API release testing must
rapidly evolve to account for the detection and quantification
of all key impurities—matching the speed of a developing
and changing process. Mass spectrometry detection capabil-
ity coupled with HPLC is an important tool and there are
numerous examples that demonstrate its application to issues
associated with process development for new pharmaceuti-
cal products [9-11]. It is frequently a proceeding, and many
times sufficient step before undertaking painstaking isolation
and enrichment of impurities for NMR identification. The most
difficult thing during chromatographic method development is
accurately tracking peaks from various different columns and
conditions [12]. The authors have found that the insight gained
from using HPLC-UV-MS as a general research strategy dur-
ing process development quickly yields substantial benefits in
terms of more efficient and complete enabling of process under-
standing. With ABT-578, for example, there are generally no
particular impurities that dominate the final API impurity pro-
file, but multiple process impurities and isomers/epimers are
generated (see more discussion in Section 3.5). The impurity
profile from the process to final API is extensive and consists
of impurities that are structurally very close to ABT-578, such
as those examples shown in Fig. 1. ABT-578 is named as 40-
Epi-(N1-tetrazolyl)-rapamycin and the C-atoms are numbered
per IUPAC guidelines [13]. In recent years, the hyphenation of
mass spectrometer to HPLC analyses has become increasingly
common for process-related impurities tracking. Successful
peak tracking based on molecular weights enables the corre-
lation of results from multiple orthogonal methods, building
comprehensive impurity profiles for pharmaceutical samples
as long as the impurities do not have iso-mass ions with
respect to the analyte [14]. However, even iso-mass peaks pro-
vide differential information related to other process impurities.
To our knowledge, there are no literature reports on analyt-
ical control of a semi-synthetic process regarding macrolide
compounds.

In order to develop a comprehensive understanding of the
manufacturing process, and implement meaningful analytical
HPLC-UV controls for production (UV detection normally
used in production laboratories [15]), a research method strat-
egy was focused on tracking numerous individual impurities
through the control points to API with MS detection. In this
article, we present a comprehensive process impurity tracking
approach. This was achieved by developing a combination of
complimentary HPLC-UV-MS methods to effectively monitor
the creation and fate of all individual impurities (for process
development purposes). Strategies included the use of combined
analytical technology to achieve the best possible separation of
all process impurities with the fewest control methods (three),
track most process impurities, including reactive intermediates
and isomers/epimers, through the process by NP-HPLC-UV-

MS, develop a targeted RP-HPLC-UV method for transient
or polar process impurities, and establish a stability indicat-
ing RP-HPLC-UV-MS impurities method for API. The use
of MS detection greatly facilitated tracking impurities, using
both UV and molecular ion, correlating impurities across dif-
ferent methods and process points. A flowchart of synthesis
and purification steps for ABT-578 is shown in Fig. 2a and
an interrelationship flowchart of the process with the three
methods is shown in Fig. 2b. ABT-578 synthetic methods have
been reported previously [16—19]. The resultant studies led to
better analytical controls coupled with optimized reaction and
purification procedures, providing for more efficient production
of ABT-578.

2. Experimental

Inspection of the structure of ABT-578 reveals several intrin-
sic challenges with respect to monitoring the synthetic process.
These challenges include monitoring the integrity of multiple
stereogenic centers, and the realized possibility of regiochemi-
cal impurities on both the tetrazole and the polyene macrocyclic
skeleton (Fig. 1). Furthermore, each ABT-578-related pyran
compound can have a complimentary equilibrium isomer of
oxepane form in low-level thermodynamic ratio under RP
chromatographic conditions (Fig. 3). The equilibrium oxepane
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Fig. 2. (a) ABT-578 synthesis and purification process flowchart: S1 and S2,
starting materials; R1, triflate formation, reaction mixture; R2, tetrazole addi-
tion, reaction mixture; I1, intermediate, chromatography on silica gel, impurities
removed or generated from R2; 12, intermediate, chromatography on silica gel,
impurities removed or generated from I1; and ABT-578, final API. (b) Interrela-
tionship flowchart of process impurity controls with use of three HPLC methods:
Method A for general impurities tracking from R2 to API; Method B for epimer
impurities tracking from R1 to API and reactive intermediate tracking in R1 and
R2; Method C for polar impurities tracking from R1 to I1 (up to API if needed);
MS detection: facilitated process impurities tracking and mapping (upwards of
60-70 impurities); box size: relative impurities levels at points of the process.
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Pyran Form
CoaHzgNsOy,
Exact Mass: 965.57
Mol Wt.: 966.21

M=N
|

NN

Oxepane Isomer Form
CoaHNsOy
Exact Mass: 965.57
Mol. Wt.: 966.21

Fig. 3. Pyran and oxepane structures of ABT-578 (equilibrium isomers in solution).

isomer of ABT-578 is also reported and discussed in the liter-
ature [20]. The rapamycin/ABT-578 triene moiety absorbs at
UV lambda max of 276-278 nm, but it was determined that
some important degradation impurities were not detected at
this wavelength. Efforts to address these challenges, detailed
below, included: (a) development of a stability indicating
RP-HPLC-UV-MS method for ABT-578-related impurity pro-
file studies; (b) development of a NP-HPLC-UV-MS method
for stereo-isomer control and targeted reaction monitoring of
aqueous-sensitive process impurities; and (c) development of
a targeted RP-HPLC-UV impurity method for studies of polar
impurities in complicated reaction matrixes. Method conditions
and example studies involving tracking of key process impuri-
ties are provided. ABT-578 and the impurity structures shown in
this paper had identifications confirmed by NMR and proprietary
structures are omitted.

2.1. Reagents and materials

ACS grade ammonium acetate was purchased from J.T. Baker
(Philipsburg, NJ, USA). HPLC grade methanol (MeOH), ace-
tonitrile (MeCN), tetrahydrofuran (THF), and n-heptane were
purchased from EMD Chemicals (Gibbstown, NJ, USA). Water
was obtained from a Milli-Q ultra pure water purification sys-
tem from Millipore (Bedford, MA, USA). ABT-578, rapamycin,
and BHT were obtained from Abbott Laboratories Reference
Standards.

2.2. Instrumentation

The HPLC system was an Agilent 1100 series with autosam-
pler and column heater (Palo Alto, CA, USA). The MS system
was an Agilent LC/MSD Trap SL (Palo Alto, CA, USA). An
accurate post-column splitter from LC Packing (San Francisco,
CA, USA) was used between the outlet of the UV detector
and the inlet of the MS detector. Agilent MSD Trap control

software version 5.0 (Palo Alto, CA) was used for MS data
acquisition and data processing. The infusion pump for NP-
HPLC-MS was a KDS100 from KD Scientific (Holliston, MA,
USA). A six-column selector from Phenomenex (Torrance, CA,
USA) was also used as part of method development for column
screening.

2.3. Chromatographic conditions for main HPLC-UV-MS
methods

2.3.1. Method A: RP-HPLC-UV-MS, 210 nm, for
ABT-578-related substances and general impurities

A YMC-Pack phenyl column (4.6mm x25cm, 5pm)
was used with gradient elution from mobile phase A
(MPA) consisting of buffer (10mM ammonium acetate, pH
4.0)-water-MeCN-MeOH (30:16:44:10) to mobile phase B
(MPB) consisting of buffer—MeCN-MeOH (30:63.5:6.5) at a
flow rate of 1.0 mL/min. The column temperature was main-
tained at 45°C and the autosampler temperature was set at
4°C. The ABT-578 sample solution was injected at a concen-
tration of approximately 2.2 mg/mL with an injection volume of
20 nL. The gradient conditions for the method are listed below.

Time (min) MPA (%) MPB (%)
0.0 100 0

55.0 0 100

56.0 100 0

68.0 100 0

MS detection using ESI, operated in both positive and
negative mode, was used to help identify molecular ions
and track unknown impurities. Post-column stream splitting
was used with a 1-10 split to increase sensitivity by reduc-
ing background interference from excessive mobile phase (1
volume to MS detection and 10 volumes to waste). MS
instrument tuning was performed with an ABT-578 standard
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from post-column infusion to ensure the highest sensitiv-
ity. The trap drive was set at 69V, drying temperature at
325°C, nebulizer gas at 10 psi, drying gas flow at 5.00 L/min,
scan speed at m/z 13,000s~!, and scan range (m/z) at
100-2200.

2.3.2. Method B: NP-HPLC-UV-MS, 278 nm, for screening
process samples and API

A YMC-Pack SIL column (4.6 mm x 25 cm, 5 wm) was used
with gradient elution from MPA consisting of n-heptane to MPB
consisting of THF (BHT free) at a flow rate of 1.0 mL/min. The
column temperature was maintained at 50 °C and the sample
tray temperature was set at 4 °C. ABT-578 sample solution was
injected at a concentration of approximately 1 mg/mL with an
injection volume of 5 wL. The gradient conditions for the method
are listed below.

Time (min) MPA (%) MPB (%)
0.0 74 26

40.0 50 50

55.0 10 90

56.0 74 26

70.0 74 26

MS detection using ESI, operated in both positive and
negative mode, was used to identify additional unknown impu-
rities. To offset poor ionization with THF/n-heptane, a 1-20
post-column stream splitting of the mobile phase out of the
UV detector was used. In addition to the splitting, a post-
infusion pump was also introduced to add a modifier at
the rate of 500 wL/h consisting of buffer (10mM ammo-
nium acetate, pH 4.0)-MeCN-MeOH (12.5:12.5:75) to the
THF/n-heptane eluent. Instrument tuning was performed with
post-column modifier infusion to ensure the highest sensi-
tivity. The trap drive was set at 69V, drying temperature
at 325°C, nebulizer gas at 10psi, drying gas at 5.00 L/min,
scan speed at m/z 13,0005, and scan range (m/z) at
100-2200.

2.3.3. Method C: RP-HPLC-UYV, 265 nm, for polar
impurities of process samples and API

A Phenomenex Synergi Polar RP column (4.6 mm x 25 cm,
5wm) was used with gradient elution from MPA consist-
ing of 0.25mM ammonium acetate buffer (pH 4.0) to MPB
consisting of 100% MeCN at a flow rate of 1.0mL/min.
The column temperature was maintained at 45°C and the
autosampler temperature was set at 4°C with an injec-
tion volume at 5pL. The main purpose of Method C is
to track and quantify polar impurities in complex reac-
tion matrixes and purification processes (Fig. 2a, R1, R2,
and I1). Therefore, the linearity of polar impurities from
0.6 to 22 pg/mL was needed, and was established, with
a minimum regression correlation coefficient of 0.9999 for
each. With this wide linearity range, quantification of vari-
ous levels of polar impurities at different process points was
achieved. The gradient conditions for the method are listed
below.

Time (min) MPA (%) MPB (%)
0.0 90 10

25.0 75 25

25.5 5 95

44.0 5 95

44.5 90 10

55.0 90 10

MS detection was not necessary for Method C because of
acceptable polar impurity separation and tracking using only
UV detection.

3. Results and discussion

3.1. Method development for tracking and mapping
ABT-578 in-process and final API impurities

RP-HPLC is generally more applicable for analytical phar-
maceutical analyses than other types of HPLC. The columns
are efficient, reproducible, stable and UV-MS detection is eas-
ier with the solvents used. Structural isomers can be separated
in many cases by RP-HPLC. Method A (RP-HPLC-UV-MS,
210 nm) was developed and used as the primary procedure for
total impurity analyses of ABT-578. However, historically, the
separation of closely-related isomeric or epimeric mixtures often
require NP-HPLC than RP-HPLC due to the differences in align-
ing their polar function groups with adsorption sites (somewhat
like alock and key fit) [21]. With the range and complex nature of
ABT-578 impurities (crude reaction mixture through the down-
stream purification process; refer to Fig. 2a and b), development
of a single suitable method to comprehensively profile all impu-
rities was not realistic. Since tracking and mapping impurities
were essential for comprehensive understanding of each impu-
rity’s fate, including reactive species, Method B (NP-HPLC-U V-
MS, 278 nm) was selected as an additional research methodol-
ogy. Finally, Method C (RP-HPLC-UV, 265 nm) was used for
analysis of highly polar impurities from crude reaction mixtures.
All three methods are amenable to and capable of MS detection.

3.2. Method A development

Initial ABT-578 HPLC methodology was based on a Zorbax
Eclipse, XDB-C8 column (4.6 mm x 25 cm, 5 wm) with detec-
tion at 278 nm and gradient elution from MPA consisting of
buffer (10 mM ammonium acetate, pH 4.0) to MPB consisting
of MeCN at a flow rate of 1.0 mL/min. The column temperature
was set at 45 °C, autosampler temperature at 4 °C. The ABT-
578 sample solution was at a concentration of approximately
0.5 mg/mL with an injection volume of 50 pL. The gradient
conditions for the method are shown below.

Time (min) MPA (%) MPB (%)
0.0 50 50

65.0 30 70

66.0 50 50

75.0 50 50
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This method was adequate enough as a stability indicating
method to separate most general impurities for API analysis,
but could not meet API process development demands because
of two main issues: (1) BHT invariably co-eluted with impuri-
ties eluting after ABT-578, and (2) some degradation impurities
generated in the process could not be detected at 278 nm.
Subsequently, a YMC phenyl column (4.6 mm x 25 cm, 5 pum)
(enhancing phenyl selectivity compared with XDB-C8 column)
was selected with addition of MeOH (enhancing pi—pi interac-
tions) to the mobile phase. The gradient was also adjusted. As
a result, elution order for BHT relative to the main component
was reversed and BHT was separated from all other impurities
while preserving the elution profile of other impurities, with
minimized impact to the general impurity profile. The gradient
conditions are shown below.

However, because of unbalanced ammonium acetate buffer
concentration (preferred because of enhanced MS signals used
to track trace level impurities) in MPA and MPB during the gra-
dient, use of a lower UV detection wavelength was problematic.
Thus, the final changes were a balanced buffer concentra-
tion between MPA and MPB, and a change of the detection
wavelength to 210 nm, creating Method A. Fig. 4a—c shows
chromatogram comparisons for the method’s evolution using
the same lot of ABT-578 API sample, showing similar impurity
profiles. Relative retention time (RRT) to ABT-578 1.24-1.33
impurities are indicated in the chromatogram for understanding
of tracking and mapping discussed in Section 3.5.

3.3. Method B development

Manipulating selectivity for ABT-578 impurities that differ
by molecular weight or gross macrocyclic structure (e.g., by

Time (min) MPA (%) MPB (%) ) 5 > X :
adding/losing a methyl, additional tetrazole, or ring opened) is
528 22 zé reasonably achievable when using reverse phase conditions, but
56.0 99 1 not so with normal phase conditions. However, normal phase
68.0 99 1 conditions afford selective windows of separation for certain
closely related ABT-578 isomers/epimers by exploiting differ-
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Fig. 4. (a) ABT-578 API and related substances with C8 column at UV 278 nm: partial co-elution of BHT (1) with ABT-578-related impurities and RRT 1.24-1.33
impurities (4). (b) ABT-578 API and related substances with phenyl column at UV 278 nm: separation of BHT (1) from ABT-578-related impurities and RRT
1.24-1.33 impurities (4). (c) Method A: ABT-578 API and related substances with phenyl column at UV 210 nm: separation of API potential polar impurities (3),
potential process degradation impurities (2), and BHT (1) (much higher UV response compared with 278 nm) from ABT-578-related impurities, and RRT 1.24-1.33

impurities (4). Note: RRT 1.24-1.33 impurities were discussed in Section 3.5.
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Fig. 5. Method B: separation of a N2 isomer (1), an isomer of rapamycin (2), and rapamycin (3) (1% spiking of each impurity) from ABT-578 in normal phase

analysis.

ences in alignment of polar functional groups with adsorption
sites on the column packing. In fact, Method A separates most
general API impurities, but falls short for in-process samples
containing close isomers of rapamycin and close API-related
isomers/epimers. Method A also has the disadvantage of aque-
ous conditions not amenable to analysis of aqueous-reactive
process intermediates. Although most of these impurities are
rejected during the process, tracking them in order to aid process
optimization and control was critical. Method B was developed
and optimized for isomer/epimers separations as well as the
capability of detecting aqueous-reactive intermediates. The fol-
lowing are examples of Method B applied to in-process and API
samples.

Example of API samples: with Method B, isomers of
rapamycin and ABT-578 are successfully separated from ABT-
578 with limit of quantitation (LOQ) of 0.04%. Fig. 5 illustrates
the separation of an ABT-578 N2 isomer, an isomer of
rapamycin, and rapamycin itself from ABT-578 APL

Example of tracking three major ABT-578 in-process epimer
impurities: three major ABT-578 epimers are formed in the ini-
tial reaction and are rejected in further process purifications
(refer to Fig. 2a and b, R1, R2, and I1). Under RP conditions,
these epimers co-elute with ABT-578 or other impurities. With
Method B, these impurities are successfully separated from
ABT-578 for all in-process samples, enabling process moni-
toring and control. Fig. 6 illustrates the separation of these
epimer impurities from ABT-578 in a crude reaction mixture
(refer to Fig. 2a, R2). In addition, reactive intermediates gen-
erated in the crude reactions (refer to Fig. 2a, R1 and R2) that
would decompose under aqueous RP conditions (one structural
example in Fig. 7) are also separated from ABT-578 and other

Fig. 7. Example structure of a reactive intermediate (triflate of rapamycin).

impurities. Monitoring levels of the reactive intermediates is
important because the crude reaction mixture is placed directly
into process chromatography purification. Method B can mon-
itor levels of aqueous-reactive intermediates since the mobile
phase is composed of aprotic solvents THF and n-heptane. Fig. 6
also illustrates the separation and detection of reactive interme-
diates for ABT-578 in a crude reaction mixture (refer to Fig. 2a,
R2).

3.4. Method C development

Method B is an excellent compliment to Method A for track-
ing a range of process impurities as discussed above. However,
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Fig. 6. Method B: separation of reactive intermediates (1), N2 isomer (2), and epimers of ABT-578 (3) from ABT-578 from a crude reaction example.
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Fig. 9. Method C: comparison of polar impurities from a crude reaction mixture sample (top) to a further purification sample (bottom). Notes: Polar impurities
lutidinol (1), luditine (2), N1-LTA (3), and N2-LTA (4) were separated from ABT-578 and related impurities, and polar impurities are removed in purification process.

Quantitations were achieved on all polar impurities in matrixes.

for the very polar impurities generated early in the process, nei-
ther Method A nor B capture this final part of the full range
in a crude reaction mixture. Fig. 8 shows some example struc-
tures of polar impurities in a crude reaction mixture. Although
most of the critical polar impurities are rejected in the process
(referto Fig. 2aand b, R1 to API process), the collective levels of
these impurities when present in the process can alter subsequent
processing enough to impact the quality and yield of API. There-
fore, Method C was developed as a targeted method optimized
to cover these very polar impurities from reaction mixture stage
to final API. This was achieved by employing a special polar RP
column (Phenomenex Synergi Polar RP) to retain polar com-
pounds under typical RP conditions. This ether-linked phenyl
phase column specifically maximized the retention and selec-
tivity for polar and aromatic compounds. Fig. 9 illustrates a
chromatographic example of impurity rejection process from a
crude reaction sample to a further purification process sample.

3.5. MS detection examples

HPLC with a single UV wavelength for detection is by
far the most widely used technique to routinely track and
quantify known impurities in industrial production laborato-
ries. However, R&D laboratories use both DAD-UV and MS as
complimentary approaches during method development and to
build correlated knowledge to investigate known and unknown
impurities.

MS detection is coupled with the previously described Meth-
ods A and B to track and map impurities, study co-elution
of impurities and distinguish impurity peaks where UV detec-
tion alone would fall short. The purpose of this article is to

illustrate the use of combined analytical technologies with MS
detection as applied to efficient process development. A sig-
nificant number of process impurities were isomers, epimers,
and/or closely related analogs of ABT-578. With molecules of
this size, and many closely eluting unknown impurities in pro-
cess control methods, separation and identification by molecular
ions is a priority in order to develop detailed understanding of
what is happening from crude reaction mixtures to isolated API.
Both negative and positive MS modes with ammoniate acetate
addition were used (+18 for ammonium adduct in positive and
+59 for acetate adduct in negative mode) in combination with
UV, dramatically increasing the pace of tracking known and
unknown impurities through the process. The detailed additional
data it provided has led to better understanding and control of the
ABT-578 process chemistry. The following examples illustrate
the advantage it provided.

RRT 1.24-1.33 (refer to Fig. 4c) region impurities are
observed in crude reaction mixture samples, further process
purification samples, and API at significant levels using Method
A. Without MS detection (production laboratories generally
monitor by UV with no MS detection), an incorrect mapping
conclusion can be made due to co-elution of differing impu-
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Fig. 10. UV diode-array of RRT 1.24-1.33 process impurities (Fig. 2a, I1)
overlaid with that of ABT-578, similar triene UV spectrum.
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Fig. 11. Method A RRT 1.24-1.33 process impurities from a crude reaction mixture sample (Fig. 2a, R2) with Method B chromatography, (a) total ion chromatogram
(TIC) with the separation of peak of interests (1) and (2) that co-eluted in Method A (Fig. 3c); (b) UV trace at 278 nm; (c) MS identification of MW 896 impurity
(1) (m/z 955.5, +59 acetate adduct) and MW 966 impurity (2) (m/z not shown here).

rities from various process points (different sample matrixes) all are related impurities to rapamycin or ABT-578. The same
falling in this same chromatographic region. In this region, spectra in the region are also obtained from a crude reaction.
Fig. 10 shows the same UV diode-array response of a triene =~ When selectivity of closely eluting impurities is limited with
chromophore from a further purification sample that indicates UV alone, MS detection is then crucial for distinguishing dif-
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ammonium adduct) was distinguished from MW 896 impurity (5, m/z 914.2, +18 as ammonium adduct). Other impurities (1-20) were also tracked and mapped.
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fering impurities. Two co-eluting impurities illustrate the point.
Samples pulled from throughout the process show the ‘same
peak’ by UV and location in the RRT 1.24-1.33 region. How-
ever, process mapping with MS detection demonstrates that
this peak contains different impurities that originate at differ-
ent process points: a MW 896 impurity peak is detected in crude
reaction samples, whereas a MW 966 isomer impurity peak is
detected in the same RRT location in the API. In order to sep-
arate and further study impurities in the Method A 1.24-1.33
RRT window, Method B with MS detection was used. The sep-
aration of the MW 966 isomer impurity from MW 896 (m/z
955.3 in negative mode, +59 as acetate adduct) is shown in
Fig. 11. The resultant combination of information from using
these orthogonal methods for in-process sample tracking led to
a clear picture of which related impurities are present at vari-
ous process points. The tracking of RRT 1.23-1.33 impurities
from crude reaction mixture to final API is shown in Table 1.
With the separation of these impurities in Method B, tracking
the levels of each impurity can be achieved from crude reac-
tion to API. In addition, Method B was used to distinguish other
targeted reactive intermediates (Fig. 7) that are not detectable

Table 1

Method A RRT 1.24-1.33 process impurities mapping example with MS
detected co-elution of impurities in different process points (different sample
matrixes)

Impurities MS detected  Crude reaction  Further purification ~ API

896 impurity Yes (major) ND ND
966 (isomer A) Yes ND ND
966 (isomer B) Yes ND ND
966 (isomer C) Yes Yes (major) Yes
934 impurity Yes Yes Yes
948 impurity ND Yes Yes
1018 impurity ND Yes Yes (major)

ND: not detected. Notes: 896 impurity was the major impurity in crude reaction
(Fig. 2a, R2); isomer C was the major impurity in further purification process
(Fig. 2a, I1); 1018 impurity was the major impurity in APIL.

with Method A. A MW 1046 (m/z 1064.3 in positive mode,
+18 as ammonium adduct) reactive intermediate distinguished
from a closely eluted impurity, a MW 896 (m/z 914.2 in posi-
tive mode, +18 as ammonium adduct) impurity, is also shown
in Fig. 12.
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Fig. 13. MS spectra of ABT-578 with unique patterns and intensities of pyran and oxepane forms of ABT-578 (epimers show same patterns as ABT-578 on pyran
and oxepane forms, as well as N2 isomers and their epimers), (1): ABT-578 pyran in positive mode, (2) ABT-578 pyran in negative mode, (3) ABT-578 oxepane in
positive mode, and (4) ABT-578 oxepane in negative mode. LC and MS conditions (Method A) are described in Section 2.3.
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Table 2
Mapping ABT-578 process impurities from early process to final API
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Impurity RRT (METH. A) RRT (METH. B) Detection (METH. C) Formation Rejection API (METH. A)
Reactive intermediate A N/A 0.186 N/A Step 1 Step 2 ND
Purification 1
Reactive intermediate B N/A 0.195 N/A Step 1 Step 2 ND
Purification 1
Reactive intermediate C N/A 0.204 N/A Step 1 Step 2 ND
Purification 1
896 impurity A 1.24 0.166 N/A Step 1 Purification 1 ND
896 impurity B 1.24 0.215 N/A Step 1 Purification 1 ND
Polar impurity A 0.13 N/A Y Step 2 Purification 2 ND-LT 0.1
Purification 1
Polar impurity B 0.13 N/A Y Starting materials  Purification 2 ND
Additional process
Polar impurity C 0.14 N/A Y Step 2 Purification 1 ND-0.3
Purification 1
Polar impurity D 0.13 N/A Y Starting materials  Purification 1 ND
Degradation impurity A 0.27 N/A N/A Purification 1 Purification 1 ND-0.15
Purification 2
Degradation and process impurity A 0.58 N/A N/A Step 2 Purification 1 ND-LT 0.1
Degradation and process impurity B 0.66 N/A N/A Step 2 Purification 1 ND
Rapamycin 0.82 0.67 N/A Starting materials  Purification 1 ND-0.1
Isomer of rapamycin 0.96 0.55 N/A Step 2 Step 2 ND-0.3
Process impurity A 0.84 1.09 N/A Starting materials  Purification 1 ND-0.3
Epimer impurity A 1.00 0.75 N/A Step 2 Purification 1 ND-0.1
Purification 2
Epimer impurity B 1.08 0.68 N/A Step 2 Purification 1 ND
Purification 2
Process impurity B 1.17 0.92 and 0.94 N/A Step 2 Purification 2 LT 0.1-0.45
Process impurity C 1.28 0.92 and 0.94 N/A Step 2 Purification 2 0.27-1.18

RRT: relative retention time to ABT-578 in each method; METH.: Method; N/A: not applicable; ND: same as in Table 1; LT: less than. Note: Refer to Fig. 2a and b
for impurity formation and rejection during the synthesis and purification process.

Control of isomers/epimers is impossible without the com-
bination approaches of Methods A and B coupled with MS
detection. In the ABT-578 structure, there are at least four
reactive sites (10, 28, 39, 40, Fig. 1). These sites are sub-
ject to possible formation of N2 isomers/epimers, in addition
to ABT-578 epimers. Under chromatographic conditions, each
isomer/epimer can also show pyrane and oxepane form. The
number of potential observed process isomers/epimers can
be calculated using the following rule: ABT-578 can have
2 x (2" — 1) of epimer impurities (where n is number of active
chiral centers) [22]. N2 isomer can have 2 x 2" N2 epimer impu-
rities. Withn=4, 62 (30 from ABT-578 and 32 form N2-isomer)
impurities with the same MS of ABT-578 can be potentially
observed. Previous literature has reported studies of complex
MS/MS fragmentation patterns of a few metabolic compounds
of rapamycin and everolimus, and indicated that overlap of chro-
matographic metabolic impurity peaks made the interpretation
of MS spectra nearly impossible. Therefore, it is critical that a
HPLC system provide the highest resolution and sensitivity for
metabolic compounds analyses [23-25]. Other literature also
has reported studies of HPLC-UV and HPLC-MS for thera-
peutic drug monitoring of everolimus [26,27]. As indicated, a
strategy for process impurity tracking is generally via molecu-
lar ion identification [14,28]. In this complex ABT-578 process,
tracking and mapping impurities of numerous isomers/epimers
(co-elution) with mainly a MS/MS approach is simply not real-

istic or useful. In the article, single MS data information with
positive and negative mode is used, in conjunction with DAD.
Fig. 13 shows unique MS spectra of ABT-578 pyran form
and oxepane form in both positive and negative mode under
Method A conditions. Similar MS spectra are also observed
under Method B conditions. MS/MS of ABT-578 pyran and
oxepane, and N2 isomer, and some epimers revealed the same
MS spectra (data not show). Table 2 illustrates an example of
the type of collective mapping information that can be gained,
from early process to final API, made possible by HPLC-UV-MS
detection (positive mode and negative mode applied throughout
the process) for most important known and unknown impurities.

4. Conclusion

ABT-578 is a semi-synthetic tetrazole analog of the fermen-
tation product rapamycin, with 15 chiral centers and several
reactive sites. It is manufactured in a relatively short process
that has many complexities due to the nature of the polyene
macrolide core and its susceptibility to change. There are mul-
tiple opportunities for related impurities to arise from starting
material of rapamycin and during the formation of ABT-578 sub-
sequent processing. ABT-578 and its related impurities are not
easily separated. Their structural differences are typically minor
and tend not to provide substantial differentiation in terms of
UV spectrum or chromatographic behavior. In order to map and
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understand the process, complimentary HPLC-UV-MS methods
were employed to track impurities. Method A, RP-HPLC-UV-
MS, 210nm, as a stability indicating method, separates most
general impurities. Method B, NP-HPLC-UV-MS, 278 nm, as a
screening method and a targeted method, separates isomers of
repacking and epimers of ABT-578, as well as reactive interme-
diates. And Method C, RP-HPLC-UV, 265 nm, as a targeted
method, separates highly polar impurities. With the capabil-
ity of MS detection, the process of distinguishing and tracking
known and unknown impurities was greatly facilitated, as well
as mapping all key process impurities (Fig. 2b and Table 2).
This combination of technology helped bring about extensive
process understanding with correlation to API impurity profile,
and also validates the emerging strategy of generally applying
HPLC-UV-MS methodology to API processes and in-process
materials.
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