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ABSTRACT:We describe the synthesis, chromatographic purification, and isolation of the epothilone�folic acid conjugate BMS-
753493, an investigational new drug candidate for the treatment of cancer. The main challenges for process development were the
instability of BMS-753493 in aqueous solution, the design and optimization of the preparative chromatography, and the removal of
phosphate salts and water from the purified material. The operating conditions of the batch chromatographic purification were
optimized using a column adsorption model. The free-salt active pharmaceutical ingredient was isolated via the precipitation of its
zwitterion following a careful determination of the isolation parameters that controlled thermal and pH-related decomposition. This
process enabled the manufacturing of several batches (10�30 g) of cGMP quality BMS-753493.

’ INTRODUCTION

The folate receptor (FR) is a cell surface receptor that is highly
expressed in tumor tissues of epithelial origin while minimally
expressed in normal tissues.1 The FR binds folic acid and its
conjugates tightly (dissociation constantKd < 10

�9M). Receptor
endocytosis, dissociation, and release of the conjugate inside the
cell have been demonstrated in preclinical in vitro and in vivo
models. Studies with cytotoxic folic acid conjugates in cell lines
and tumor models are consistent with the selective targeting of
cells that overexpress the FR.2 This differential tissue selectivity
suggests a potential for increased therapeutic index and reduced
toxicity. BMS-753493 (1), an epothilone�folic acid conjugate,
shows preclinical efficacy consistent with the selective delivery of
the cytotoxic epothilone into tissues that overexpress the FR and
is an investigational new drug (IND) candidate for the treatment
of cancer.3 Epothilones are cytotoxics with proven clinical
efficacy.4 Other groups are pursuing similar FR-targeted strate-
gies using different cytotoxics (e.g., vinblastine�folate).5

The dominant structural feature in compound 1 (molecular
weight 1570Da) is the highly polar peptide fragment, which has a
major influence in its physicochemical properties. Additionally, 1
contains functional groups that are pH (lactone, chiral centers,
carbonate, and aziridine), UV (folate), and chemically (disulfide
bond) sensitive. The compound contains multiple ionizable
groups, including four carboxylic acids (pKa 3.0, 4.3, 4.4, 5.9),
an aziridine (pKa 6.6), and a guanidine (calculated pKa ≈ 13.8),
with an isoelectric point (pI) in the range of 3.5�4.5.

The manufacturing of peptide-based active pharmaceutical
ingredients (API) nearly always involves a chromatographic
purification step6 as peptides are difficult to crystallize. In
addition, the aqueous solubility of charged peptides limits the
number of processing options for isolation. Understanding the
transition from reaction to chromatography, developing a robust
chromatographic purification, and defining the processing ranges
that maintained API stability were regarded as the important
issues for the development of an early-stage synthesis process of
BMS-753493. We here describe a synthesis process that ad-
dresses these issues.

’RESULTS AND DISCUSSION

Form Selection. During the discovery process, 1 was isolated
after batch reverse-phase high-performance liquid chromatogra-
phy (HPLC) as a lyophile containing sodium phosphate salts.7 A
large variation in API content (31�81 wt %) as well as in the
levels of sodium phosphate salts and water in the individual
lyophile batches occurred on scale, presumably because of the
variable amount of API injected per column volume (load)
during the chromatographic purification and the hygroscopicity
of the lyophiles.
Before undertaking process optimization, API form evaluation

studies were initiated to identify the form that offered minimal

Received: February 1, 2011



798 dx.doi.org/10.1021/op200023g |Org. Process Res. Dev. 2011, 15, 797–809

Organic Process Research & Development ARTICLE

batch-to-batch variability in potency as well as the highest
stability and processing flexibility for subsequent API formula-
tion studies. No crystalline forms of 1 were found through high-
throughput screening of counterions (Mg2þ, Zn2þ, Ca2þ, Trisþ,
Kþ, and others) at pH 2�9 using the antisolvents methanol,
ethanol, acetone, and THF. Stability studies of amorphous
lyophiles prepared at pH 7 using different counterions demon-
strated that the salts were highly hygroscopic (10�15 wt %
moisture uptake at 40�50% relative humidity).
The sodium and potassium salts exhibited comparable super-

ior solid stability than the calcium and magnesium salts as well as
the zwitterion (ZI) but were prone to hydrolysis unless stored
under subzero temperatures. Because neither of these salts could
be prepared in crystalline form, isolation required a lyophilization
step. Stringent storage restrictions would have been required to
maintain constant moisture content in these highly hygroscopic
solids. In addition, lyophilization was challenging to implement
for the production of bulk API because of the electrostatic, highly
active nature of the lyophilized solid. Similarly, the stability of the
sodium salt in aqueous solution at pH 7.0 was acceptable only
at subzero temperatures (Table 1), with �70 �C giving the
best stability over 26 weeks. As the aqueous solution was an
acceptable form because 1 is administered intravenously, these
findings led to the selection of the sodium salt as a 10�15
mg/mL solution at pH 7.08 stored at �70 �C as the API. All
further work was focused on producing this solution as the final
product.
The sodium salt of 1 in aqueous solution has only modest

stability at room temperature: its half-life at pH 7 is 11 days, and it
undergoes 82% degradation at pH 9.5 after 24 h. The selection of
sodium over potassium as the counterion during the reaction
avoided a salt-exchange step to sodium during isolation. Note
that the mobile phase of the HPLC purification also contained
sodium.
Limitations of the Discovery Process and Goals for Pro-

cess Improvements. The discovery process (up to 1 g of 1)
included steps that were not easily scalable. The synthesis of the
API involved the exchange of a cysteine thiol 2 with an activated

disulfide 3 (Scheme 1). The reaction in THF/aqueous NaHCO3

was heterogeneous, and the impure API solids were separated
using centrifugation. THF was removed by distillation, and the
resulting solution was passed through a 1-μm filter and purified
by preparative reverse-phase HPLC (NaH2PO4/Na2HPO4 and
acetonitrile). Acetonitrile was removed from the API fractions by
distillation, and the solution was lyophilized. A second chroma-
tography with water/acetonitrile to remove the phosphate salts
was followed by yet a second lyophilization to isolate1 as a lyophile.9

Such a process possessed several challenges. Solids were
removed from the reaction mixture by centrifugation because
filtration was unacceptably slow. Only the supernatant was
processed further; however, API remained in the pellet, reducing
the yield. The poor thermal stability of the API required avoiding
the high-temperature distillation of water (2%API degradation at
30 �C in 6 h in the concentration range 1.2�5.9 g/L). A second
chromatography was required to obtain the salt-free final API
solution. In addition, 1 is a potent cytotoxic agent that was
handled using the highest level of engineering controls in
specialized containment scale-up facilities, underscoring the need
for a more streamlined process.10 Strategically, we viewed the
IND toxicology campaign (5 g, 3 mmol) as an opportunity to
define an alternate synthesis strategy with process controls, to
generate process knowledge, and to define processing ranges that
maintained API stability. The first cGMP campaign (>10 g of 1)
was subsequently used to define the scalability limits of this new
synthesis process with stricter requirements for purity.
Process Development. To initiate our studies, the relation-

ship between stoichiometry and reaction outcome (product
distribution, relative reaction rates) was examined (Table 2).
The reaction followed a simple profile: excess of reagent 3
consumed its counterpart 2 and vice versa, and no significant
side products were observed. A small amount of oxidative
dimerization of peptide 2 (<5% of symmetrical disulfide dimer)
was observed in all cases. Because peptide 2 was available from a
custom commercial supplier, epothilone 3 (available in 10 steps
from the natural product epothilone A in 12% overall yield) was
used as the limiting reagent.11

We explored other organic cosolvents in an attempt to
maintain homogeneity of the reaction crude before transitioning
to the chromatography (Table 3). The reaction mixture was
homogeneous using methanol (entry 3) with an acceptable
reaction rate. Moreover, up to 40 vol % of methanol in the
reaction mixture did not appreciably change the shape or the
resolution of the BMS-753493 peak in the HPLC trace from its
closest eluting impurities during chromatographic purification.
Methanol was thus selected as the cosolvent, and the crude
reaction mixture was used directly as the feed for the
chromatography.
Transition to Chromatography. A requirement for the feed

of the chromatographic purification was a homogeneous and
chemically stable reaction crude. Table 4 shows the feed stability
(criteria: visual inspection for homogeneity and HPLC for
purity) versus time and temperature. Only a mixture at 22 �C
after 8 days produced turbidity; all other observations were clear.
We found that the major determinant for homogeneity of the
reaction crude was maintaining the pH at <6.5 by charging 1 N
HCl. If this threshold was not breached, the crude was homo-
geneous at 4 �C for 24 h and at �24 �C for 8 days. A 1-μm
filtration was performed, and the solution was ready for separa-
tion. The Na2HPO4/NaH2PO4 buffer gave a more consistent
reaction crude pH after quenching and a smaller drift toward

Table 1. Stability data of the sodium salt of 1 in aqueous
solution (pH 7.0) at �70, �20, and 5 �C

temp.

(�C) time

number of

freeze/thaw

cycles

potency

(mg/mL)a
HPLC purity at 250 nm

(area percentage [AP])

�70 initial none 10.2 97.93

1 week 1 10.8 97.87

20 weeks 8 10.4 97.50

24 weeks 9 10.5 97.48

26 weeks 1 10.2 97.65

�20 initial 1 10.5 98.00

1 week 4 10.3 97.86

4 weeks 6 10.9 97.45

15 weeks 8 10.1 97.16

5 initial 1 10.7 97.99

4 h 2 10.8 97.79

48 h 4 10.5 97.31

1 week 4 10.6 96.11
aThe method precision for sample repeatability (RSD) is e2.5%. The
variation in potency at �70 �C, RSD 2.4%, is thus not significant.
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higher pH over time compared with NaHCO3. The stability of
reaction crudes containing Na2HPO4 showed a similar behavior
as those containing NaHCO3: homogeneous, stable solutions
were obtained at 4 �C and �24 �C for at least 3 days at pH 6.3.
Chromatographic Purification. The chromatographic purifi-

cation of 1 was performed using batch mode on a column with an
internal diameter of 8 cm because only 100 g of API were required
for the clinical studies up to phase II. Batch chromatography also
afforded flexibility during development as process parameters
could be adjusted to enable the purification of reaction crudes of
variable quality. The objectives of the chromatographic purifica-
tion development were to define a protocol that separated BMS-
753493 from the excess peptide 2, mercaptopyridine byproduct 4,
and one unidentified peptide-related isomeric impurity 5 that
eluted on the compressive front of the main peak (Figure 1). The
polymeric resin Amberchrom HPR10 (polystyrene/divinylbenzene,

10 μm, 300 Å) was selected over a traditional silica-based
hydrophobic resin for its ability to withstand strongly basic
treatments (pH 14) for cleaning and depyrogenating the resin
in place.
A gradient method was initially selected to eliminate variability

in retention times caused by slight differences in the composition
of the mobile phase and to ensure process robustness. Although
an isocratic method (84/16 vol % A/B)12 offered an analytical
separation comparable to that of the gradient method, it required
controlling the composition of the mobile phase within 0.5% to
obtain reproducible retention times, a range that was difficult
to achieve consistently on scale.13 The recovery of BMS-
753493 through the elution was nearly quantitative (98%).14

The impurity profiles of the reaction crude and a representative
API sample purified by preparative HPLC are shown in Table 5.

Table 2. Effect of excess reagent on reaction profilea

composition of reaction crude quenched

after 180 min (HPLC AP at 278 nm)b

entry excess product 1 peptide 2 epothilone 3 pyridine 4

1 none 66.8 7.4 4.4 20.5

2 1.5 equiv of 2 65.8 13.0 <1 21.1

3 1.5 equiv of 3 68.0 2.8 6.1 17.5
aReaction conditions: 21 mg of 3 (0.01 M); 50/50 vol % THF/aqueous
NaHCO3 (0.06 M); room temperature; quenched with 7 mM
Na2HPO4(aq), pH 7.2 (50/50 vol % reaction mixture/quenching
solution). bAll impurities resolved by the HPLC method were inte-
grated, but not all APs are shown.

Scheme 1. BMS-753493, an epothilone�folic acid conjugate

Table 3. Effect of solvent on initial conversion to 1a

composition of reaction crude quenched

after 5 min (HPLC AP at 278 nm)b

entry solvent product 1 peptide 2 epothilone 3 pyridine 4

1 THF 32.8 50.1 7.0 10.1

2 acetonitrile 67.7 1.2 3.7 23.3

3 methanol 71.1 <1.0 2.2 25.6

4 DMFc 67.3 <1.0 1.5 23.5
aReaction conditions: 5 mg of 3 (0.01 M), 1 equiv of 2; 50/50 vol %
cosolvent/aqueous NaHCO3 (0.06 M); room temperature; quenched
with 7 mM Na2HPO4(aq), pH 7.2 (50/50 vol % reaction mixture/
quenching solution). bAll impurities resolved by the HPLC method
were integrated, but not all APs are shown. cDMF has AP of 5.8.
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The API isomeric impurity 5, derived from an isomer present in
the peptide 2, was themost difficult impurity to purge. The ability
to separate this particular impurity defined our criterion for
acceptable purity, and only fractions that produced <0.50 AP
(250 nm) upon pooling were selected.
Thewidth of the API preparative peak increased by 10%when the

load doubled from 0.6 g/L to 1.2 g/L (Table 6). Consequently, the
API amount loaded per injection (not its concentration) primarily
determined the elution volume to process through the isolation.
Note that the load was increased from 1.0 to 2.1 g/L from the
development runs (5 cm� 25 cmprepacked columnor columnwith
dynamic axial compression, DAC) to the cGMP campaign (8 cm �
30 cm DAC column). A representative API preparative peak at
production scale is shown in Figure 2. Pooled fractions were held
at�24 �C or�70 �C for several days before isolation (Table 7).
The level of the isomeric impurity 5 in the reaction crude varied

depending on the initial quality of the peptide 2. This daughter
impurity was partially separated by the initial purification method,
causing variability in the purification yield (Table 8). We found

that when the level of the parent isomeric impurity in 2 was 1 AP,
the entire API preparative peak could be collected (Figure 1b) to
meet the desired specifications (<0.50 AP of impurity 5 in the
product). However, at 2�3 AP levels, the quantity of 5 reached an
unacceptable 0.9�1.0 AP in the product if the entire API peak was
collected. As the impurity was not distributed uniformly over the

Table 4. Stability of the reaction crude versus time and
temperaturea

API HPLC purity at 278 nm (AP)

entry temp. (�C) time = 0 1 day 4 days 8 days

1 22 57.4 58.4 42.3 38.7b

2 4 57.4 59.8 48.6 51.0

3 �24 57.4 54.8 58.2 54.0
aReaction conditions: 30 mg of 3 (0.01 M), 1.4 equiv of 2; 50/50 vol %
methanol/aqueous NaHCO3 (0.06 M); room temperature; quenched
after 90 min with 7 mM Na2HPO4(aq), pH 7.2 (66/33 vol % reaction
mixture/quenching solution); pH after quenching 6.4. At time = 0,
AP of 2 = 18.7, AP of 4 = 23.1, homogeneous solution. bOnly this solu-
tion was no longer clear.

Figure 1. Preparative chromatogram of the reaction crude using the
initial purification method. Load = 1.1 g/L column.

Table 5. Impurity profiles of representative reaction crude
and isolated API purified by reverse-phase batch
preparative HPLC

HPLC purity at 250 nm (AP)

relative retention time (RRT) (�)a

sample 0.37 0.96 1.00 1.06 1.08 1.11 1.44

crude 0.52 0.63 78.59 0.00 0.00 0.51 0.36

isolated API 0.08 0.30 99.58 0.03 0.00 0.07 0.07

specification 0.79 0.50 97.0 0.65 0.50 0.50 0.73
aRetention time of key impurities, i.e., relevant to the chromatographic
purification, relative to that of the API on the HPLC analytical method.
The RRTs of API degradants are 0.37, 1.11, and 1.44. The RRTs
of API isomers are 0.96 (5, daughter impurity of isomeric impurity in
peptide 2), 1.06, and 1.08. The impurity 5 is controlled through the
chromatographic purification (its level does not increase during the API
isolation).

Table 6. Width of the API preparative peak as a function of
load using the initial purification method (0.46 cm � 25 cm,
0.7 mL/min)

[API] in crude

(mg/mL)

load

(mg)

load

(g/L column)

peak start

(min)

peak end

(min)

peak width

(min)

4.7 2.3 0.6 16.9 21.3 4.4

13.7 2.5 0.6 16.7 21.3 4.6

20.5 2.5 0.6 16.5 21.5 5.0

4.7 2.3 0.6 16.8 21.3 4.5

4.7 5.0 1.2 16.4 21.4 5.0

20.5 4.6 1.1 16.1 21.2 5.1

Figure 2. Preparative API peak using the initial purification method at
production scale (8 cm� 30 cm, 132 mL/min). Load = 1.9 g/L column.
The peak was cut into eight fractions (F1�8) to monitor the impurity 5.



801 dx.doi.org/10.1021/op200023g |Org. Process Res. Dev. 2011, 15, 797–809

Organic Process Research & Development ARTICLE

API peak, our initial approach to controlling this impurity was by
fractionating the peak and analyzing for the impurity (Figure 2).
Any early fractions that resulted in >0.50AP of 5 in the purified pool
were set aside for later recovery.
Model-Based Purification of Mixed Fractions. While our

initial purificationmethod operated efficiently, a significant quantity
of API remained mixed with the impurity 5 at >0.50 AP
levels. A viable and cost-effective purification process would
be needed to harvest this product. A modeling approach was
explored to obtain process parameters for the purification of
such fractions.15 The objectives were to maximize the overall
purification yield while still fitting the purified solutions into the
2.5-L dedicated isolation vessel in our facility. Model-based guide-
lines were used to design the purification and isolation strategy. This
information would have been difficult to obtain experimentally
through a statistical design of experiments and would have required
API amounts and analytical resources that were not readily available.
The model was constructed by using only a small amount of
material (∼150 mg), a small number of experiments (5), and
minimal separation work (2 runs with fractionation, analysis of 22
samples and 4 standards).
Batch-Elution Model. It has been shown that a lumped kinetic

model generally gives sufficient accuracy to model reverse-phase
chromatographic purifications of peptides.16 The various mass
transfer components, i.e., film diffusion, pore diffusion, and
adsorption kinetics, are lumped into a single resistance. The
governing partial differential equations are

ε� Dci
Dt

þ ð1� ε�ÞDqi
Dt

þ usf
Dci
Dz

¼ Deff
D2ci
Dz2

ð1Þ

Dqi
Dt

¼ kmðqieq � qiÞ ð2Þ

where eq 1 is the componentmass balance in the liquid phase and
eq 2 is the mass transfer equation.16 The variables ci and qi are the
concentrations of component i in the liquid and solid phases,

respectively; t is the time; z is the axial coordinate; ε* is the total
porosity; usf is the superficial flow velocity (volumetric flow rate
divided by column cross sectional area); km is the lumped
solid�liquid mass transfer coefficient; Deff = usf � dax is the
effective axial dispersion coefficient; and dax is the reduced axial
dispersion coefficient. The solid-phase concentration in equilib-
rium with ci is qi

eq, which is given by the adsorption isotherm. A
bi-Langmuir adsorption isotherm was used, where cM is the
concentration of the modifier (acetonitrile), and R1�R8 are the
component-dependent isotherm parameters. Equations 1, 2, and
3a�3f were solved numerically using appropriate initial and
boundary conditions16 and the parameter values shown in
Table 9. The experimental conditions used in this modeling
study are shown in Table 10.

qeqi

¼ ciHI, i þ q¥I, iΩI, i

1þ ∑
j

Cj
HI, j
q¥I, j

þΩI, j

 !þ ciHII, i þ q¥II, iΩII, i

1þ ∑
j

Cj
HII, j
q¥II, j

þΩII, j

 ! ð3aÞ

Hi ¼ R1, iðCMÞR2, i ð3bÞ

HII, i ¼ R3, iðHiÞR4, i ð3cÞ

HI, i ¼ Hi �HII, i ð3dÞ

q¥I, i ¼
R5, iHI, i

1þ R5, i
R6, i

HI, i
ð3eÞ

q¥II, i ¼
R7, iHII, i

1þ R7, i
R8, i

HII, i
ð3fÞ

First, using the fitted Henry functionsHi, i.e., R1 and R2, and a
set of estimated nonlinear isotherm parameters R3�R8, simula-
tions for BMS-753493 were carried out for several overloaded
runs on an analytical column (0.46 cm � 25 cm, loads 0.6�2.0
g/L) as well as on a preparative column (8 cm � 30 cm, loads
0.7�2.2 g/L). The resulting chromatograms showed reasonable
agreement with the experimental peak shapes (Figure 3). This
may be partly attributed to the structure of the adsorption-
isotherm equations, where all nonlinearities are scaled only with
the Henry coefficient of the compound studied. The deviation in
the peak retention times observed between experiments and
simulation was attributed to a systematic offset between the
experimental and simulated concentrations of acetonitrile. The
measured Henry function was assumed to be accurate, thus the
concentration of acetonitrile in the simulation input was adjusted
by a constant factor so that the experimental and simulated peak

Table 7. Stability of the pooled fractions after chromato-
graphic purification, defined as the time at which the API
HPLC purity is 0.5 AP lower than its initial puritya

sample temp. (�C) HPLC purity at 250 nm (AP) stability

1 22 97.5 <24 hb

2 �24 97.7 g8 days

3 �70 98.2 g8 days
a Initial HPLC purity = 98.2 AP. Concentration of acetonitrile is ∼20
vol % in 7 mM aqueous Na2HPO4, pH 7.2. bThe stability of the pooled
fractions at 22 �C is 8�10 h and at 5 �C is g24 h.

Table 8. Effect of reaction crude quality on purification yield

AP of peptide 2 isomera AP of API isomer 5b purification yield (%)c

1.0 <0.50 98

2.1 0.85�0.90 77�93

3.0 0.97 75
a Parent impurity of impurity 5. bCalculated for the impurities that
partially coelute with the API during the chromatographic purification
(RRT 0.96, 1.06, 1.08, and 1.11 on the HPLC analytical method).
Typical crude HPLC purity = 80.5 AP. cUsing the initial purification
method to achieve <0.50 AP of 5 in the pooled fractions.

Table 9. Parameters used in the batch-elution model for the
API 1 and the impurity 5

parameter value

ε* (�) 4 � 10�1

km (1/min) 9 � 101

dax (cm) 5 � 10�3

number of axial discretization points 4 � 102
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tails overlapped. Second, the isotherm parameters R3�R8 were
fitted byminimizing the error between the experiments carried out
on the analytical column and the corresponding simulation. The
experimental data from the preparative column were not used for
this fitting procedure because their reliability was unclear. The
results of this fitting procedure are shown in Figure 4, and the fitted

values of R3�R8 are shown in Table 11. The agreement between
experimental and simulation was satisfactory.17

Next, using the fitted parameters R3�R8, simulations for the
API 1 and the impurity 5 were carried out for several cGMP runs
(8 cm � 30 cm), where the load was increased from 0.7 to
2.8 g/L (Figure 5). The agreement between the experimental
and simulated profiles of 1 became inaccurate with increasing
loads (g2 g/L, experiments 1, 3, 6). The agreement for the
impurity was inaccurate primarily because of the poor simulation
of the peak shape of 1.
To explain the deviation between the experimental and simu-

lated peak shapes for the cGMP runs, we postulated that the
buffering strength of the mobile phase was insufficient to keep the
pH constant at high API concentrations. The aqueous buffer pH is
7.2. A typical pH of the pooled fractions after acetonitrile removal,
however, was around 6.5 (load 2.0 g/L), thus below the buffer pH.
High API concentrations would locally change the pH during the
elution, which in turn would necessitate a change in the charge of
the API. The charge of the API may change in the pH range
6.5�7.2 because the pKa of the aziridine is 6.6. By increasing the
buffering strength of the mobile phase (70 mM Na2HPO4),
Langmuir peak shapes were obtained for loads of up to 3 g/L.
Large-Scale Purification of Mixed Fractions. The batch-elution

model was then used to select operating conditions with higher
load and product purity. The elution volume was not used as a
constraint in the optimization. These optimized conditions were
verified experimentally (Table 12); the load was increased from
2.6 to 3.7 g/L although the yield predicted by the model (90%)

Figure 3. Simulation (red line) and experimental data (blue dots and line) for chromatograms at various operating conditions. The simulation used the
measured Henry coefficient and an initial set of estimated nonlinear isotherm parameters R3�R8 (no fitting). Black line indicates normalized, simulated
acetonitrile concentration at column outlet.

Table 10. Operating conditions of the chromatographic
purification of the API 1 used for the modeling study

experi-

ment method

column

diameter

(cm)� length (cm)

flow

rate

(mL/min)

load

(g/L)

1 10�50% B in 30 min 2.2� 25 10 2.8

2 10�50% B in 30 min 8.0� 30 132 7.2� 10�1

3 10�50% B in 30 min 8.0� 30 132 2.0

4 10�50% B in 30 min 8.0� 30 132 7.9� 10�1

5 10�50% B in 30 min 8.0� 30 132 8.7� 10�2

6 10�50% B in 30 min 8.0� 30 132 2.2

7 10�50% B in 30 min 0.46� 25 1 2.0

8 10�50% B in 30 min 0.46� 25 1 5.6� 10�1

9 10�50% B in 30 min 0.46� 25 1 5.6� 10�1

10 10�50% B in 30 min 0.46� 25 1 9.9� 10�1

11 10�50% B in 30 min 1.0� 25 5 7.9� 10�1

12 16% B isocratic 0.46� 25 1 2.7� 10�2

13 18% B isocratic 0.46� 25 1 2.7� 10�2

14 20% B isocratic 0.46� 25 1 2.7� 10�2
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wasnot achieved.Next, themodel was used to evaluate qualitatively
the impact of the level of the impurity 5 in the reaction crude on
the purification yield at different loads (Figure 6). For an impurity
level of 1%, the yield was 85% and independent of the load. At 5%,
the yield dropped to 65% and further down to 42% when the load

reached >4 g/L. For a level of 10%, the best yields of∼45% were
obtained at intermediate loads of 1.8�3.7 g/L. Such loads
displayed the lowest yield decrease when the impurity level
increased in the crude: ∼ 5% yield was lost per every additional
percent of impurity in the crude.
These guidelines were used to group the mixed fractions into

five sets according to the level of the impurity 5 (Table 13).
Fractions containing >12 AP of 5 were discarded outright. These
sets were then pooled into two groups for purification using
either the initial method or the model-based method. The
latter method was implemented to purify 4.7 g of API 1 contain-
ing 7.8 AP of the impurity 5 on scale (8 cm � 30 cm column,
132 mL/min, load 3.8 g/L), with a purification yield of 56%,
which was consistent with the model prediction. The addition of
this API to the quantities purified in the initial chromatography
negated the need to initiate a new, costly API production
campaign from epothilone A.
Isolation. Following purification, the remaining unit operations

consisted of the removal of acetonitrile, phosphate salts, and

Figure 4. Simulation (red line) and experimental data (blue dots and line) for chromatograms at various operating conditions, excluding cGMP runs.
The simulation used the measured Henry coefficient, fitted nonlinear isotherm parameters R3�R8, and concentrations of acetonitrile adjusted by
approximately (5%. Black line indicates normalized, simulated acetonitrile concentration at column outlet.

Table 11. Fitted isotherm parametersri for the API 1 and the
impurity 5

parameter API 1 impurity 5

R1 1.940� 1018 2.054� 1017

R2 �8.104 �7.698

R3 3.55� 10�1 3.55� 10�1

R4 7.66� 10�1 7.66� 10�1

R5 2.0� 10�1 2.0� 10�1

R6 6.0 6.0

R7 1.0� 104 1.0� 104

R8 1.8� 102 1.8� 102



804 dx.doi.org/10.1021/op200023g |Org. Process Res. Dev. 2011, 15, 797–809

Organic Process Research & Development ARTICLE

water to isolate the API as a salt-free aqueous solution. In the
discovery process, acetonitrile was distilled, and the pooled frac-
tions were lyophilized. The lyophilized API contained a mixture of
sodium phosphate salts (9 wt %) and water (12 wt %). Alter-
natively, the pooled fractions were desalted using a second
chromatography (water/acetonitrile) and lyophilized. As a refer-
ence, a 10-g input of epothilone 3 was estimated to generate 10 L

of aqueous product solution, which would have required tedious
lyophilization. Instead, we instituted an alternate strategy that
avoided lyophilization and reduced processing time.
While the formation of an insoluble zwitterion via pH control

is commonly employed for the isolation of charged peptides,6c

BMS-753493 contains several pH sensitive moieties, so the vali-
dity of pH control needed to be determined. ZIs of BMS-753493

Figure 5. Simulation after isotherm-parameter fitting (line) and experimental data (marker) for various cGMP runs: (a, b) API 1 (blue), (b) impurity 5
(red). The cGMP runs were not used to fit the isotherm parameters. Black line indicates normalized, simulated acetonitrile concentration at column outlet.
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with various counterions had been evaluated earlier as potential
forms of the drug substance but were found to be too unstable for
long-term storage and handling. Nevertheless, we revisited the
formation of an insoluble ZI as a process intermediate because it
would potentially simplify the isolation by allowing the removal
of both phosphate salts and water via filtration in a single step. In
this new context, the process design objectives were to minimize
the API losses in the filtrate and to define the processing ranges
that maintained ZI stability.

The isoelectric point of BMS-753493 in water was between
pH 3.5�4.3, as measured by its lowest solubility value.19 The ZI
could be formed using a buffer (e.g.; citric acid) or directly using
dilute HCl to adjust the pH. The ZI was collected by filtration,
resuspended in water, and redissolved by neutralization to pH 7
using 0.1 N NaOH.20 During base addition, the pH was kept
below 7.5 to minimize the chance of degradation by brief
excursions to high pH. The reconstituted solution had the
desired API concentration of 10�15 mg/mL. To minimize the
API losses during the ZI collection, we sought to determine the
relationship between the acetonitrile and API concentrations in
the purified pooled fractions and ZI solubility. The API concen-
tration before acetonitrile distillation using the initial purifica-
tion method and optimized loads (2 g/L) was ∼7.5 mg/mL
(Figure 2).
ZI formation directly from pooled fractions without acetonitrile

distillation (Table 14, entry 1, ∼20 vol % acetonitrile) showed
higher API concentration in the filtrate than if distilled (entry 2,
<1 vol % acetonitrile). On the other hand, ZI solubility was indepen-
dent of the API concentration, ∼0.05 mg/mL (entries 2�5);
therefore, the API losses in the filtrate were proportional to the
filtrate volume. The API concentration in entry 2 was at the lower
bound of the API concentration in the pooled fractions.21 Thus, ZI
formation proceeded with minimal API losses (<1% for the initial
purification method at loads of g2 g/L) following acetonitrile
distillation. A concentration of 2.4 vol % acetonitrile after distillation
gave a comparable ZI solubility of ∼0.05 mg/mL (entry 6), and it
thus was selected as the end point of the distillation.22

A homogeneous, stable reaction crude as the feed to the
chromatography, a robust chromatographic purification, and the
formation/filtration of the ZI to remove both phosphate salts and

Table 12. Experimental results for the initial and model-
based purification methodsa

initial

methodb
model-based

methodc

load (g API 1/L column) 2.6 3.7

gradient slope (g acetonitrile/L

mobile phase/min)

10.5 1.0

purification yield (%) 83.9 84.7

purity of pooled fractions (AP) 99.2 99.6

level of impurity 5 in crude (AP) 0.95 0.95

level of impurity 5 in pooled fractions (AP) 0.33 0.27
aA = 7 mM Na2HPO4, pH 7.2; B = acetonitrile (0.46 cm � 25 cm,
0.5 mL/min). b 10�50% B in 30 min. c 9.3�20.8% B in 90 min, gradient
shifted by a system suitability test (SST) (�2% B).18

Figure 6. Purification yield as a function of the level of the impurity 5 in
the reaction crude and load using the model-based purification method.
Purity of product pool: 99.7%.

Table 13. Experimental results for the model-based purification of mixed fractions

. input

set #

HPLC purity (AP of 5 unless

otherwise noted) batch # amount of 1 (g)

preparative

method

expected

yield (%)

expected

amount of 1 (g)

actual

amount of 1 (g)

1 <0.50 1, 2 1.7 initial

(sets 1, 2)

100 1.7 12.2

2 0.50�3.0 1�4 13.5 70 9.4

3 3.0�8.0 1�3 1.8 model-based

(sets 3�5)

60 1.1 3.1

4 8.0�12.0 2�4 2.9 45 1.3

5 4.0a 2, 3 0.8 90 0.7

total: 20.7 total: 14.2 total: 15.3
aDegradants due to thermal decomposition.

Table 14. Zwitterion solubility versus API concentration in
the pooled fractions after acetonitrile distillationa

entry
initial [API]
(mg/mL)b

[API] in filtrate
(mg/mL)

API losses
in filtrate (%)

yield isolated
API (%)c

1d 1.6 0.35 not available (NA) NA
2 1.6 0.05 5 95
3 2.5 0.05 2 NA
4 5.0 0.03 0.7 98
5 5.9 0.04 0.7 NA
6e 1.8 0.05 NA NA

aReactions using 50 mg of 3 unless otherwise noted. b 0.002 vol %
acetonitrile unless otherwise noted. c From pooled fractions (after
acetonitrile distillation) to final API solution. dUndistilled pooled
fractions (∼20 vol % acetonitrile). eReaction using 200 mg of 3; 2.4
vol % acetonitrile remained after distillation.
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water were the key features of the new process. Importantly, the
unit operations following the reaction � chromatography, dis-
tillation, filtration, and reconstitution � were amenable to
control and scalable in a predictable way. This aspect was critical
for process development because the API stability set the upper
bound of the allowable processing time. While the ZI solid was
unstable (<2 h at room temperature and 8 h at 5 �C, Table 15),
the pooled fractions were stable at room temperature for ∼10 h
and at 5 �C for 24 h.
During the IND toxicology campaign, the isolation steps were

carried out at room temperature. This protocol was not scalable
beyond ∼1 g as the ZI formation, filtration, and reconstitution
required ∼3 h at 1.5-g scale (Table 16), after which decomposi-
tion levels became unacceptable. We viewed the first cGMP
campaign as an opportunity to expand the processing window
to 5 �C and to possibly define the limit of the ZI isolation process.
The lowest pressure available for distillation in our organics pilot
plant was 25�30 mbar, and it was desirable to complete the ZI
isolation within a work day of 8�10 h. This isolation procedure
consisted of acetonitrile distillation at ∼25 mbar and 5 �C for
4 h to attain ∼10 vol % acetonitrile and further distillation at
room temperature for another 2 h to reach ∼2 vol %. As shown
in Figure 7, the distillation rate in a stirred tank at 26 mbar and
5 �C reached a plateau of 10�12 vol % acetonitrile after 3 h. Even
when the pressure was lowered to 10 mbar, the distillation rate
slowed down significantly, and it would have taken >10 h to reach
the target end point of 2 vol % acetonitrile. Therefore, the
distillation was carried out at room temperature after the plateau
was reached.23 The ZI formation, filtration, and reconstitution
were subsequently performed at 5 �C over 6�7 h. Isolation at
5 �C over a total of 9 h enabled the preparation of 5-g input
batches of acceptable purity (Table 16).
By performing the ZI isolation at 5 �C, 10-g individual batches

of API were isolated in laboratory-scale processing facilities
(maximum vessel volume = 2.5 L) without degradation and in
high purity (Table 17). Eventually, a total of 92 g of API were
prepared.24 Modified isolation techniques will be required to
prepare >30-g batches because of the expected increase in hold
times in the pilot-plant processing facilities that will be needed at

these scales. We anticipate that a solution to overcome such
limitationsmight be the development of a desalting procedure on
a hydrophobic resin or via diafiltration. Similar techniques are
currently in use for preparing commercial-scale quantities of
other peptides. Our initial efforts focused on employing a hydro-
phobic resin (Amberchrom CG161S, polystyrene/divinylbenzene,
35 μm, 150 Å, Rohm and Haas). The pooled fractions were
loaded on the resin ((load≈ 5 g /L) and washed with 5 column
volumes of water to remove the phosphate buffer. The API was
then released from the resin using 25/75 vol % water/acetonitrile.
The recovery was quantitative, the solution was concentrated
by a factor of 2, and the water content was reduced by a factor
of 3. After acetonitrile distillation, the API concentration was
>10 mg/mL, meeting the desired target concentration.

Table 15. Stability of the ZI solid versus temperature

sample

temp.

(�C)
initial HPLC purity

at 250 nm (AP)

final HPLC purity

at 250 nm (AP) stabilitya

1 22b 96.9 95.3 <2 h

2 5c 97.7 97.5 g8 h

3 �20 96.4 95.8 <1 day

4 �70d 96.4 97.3 1 day
a Stability is defined as the time at which the HPLC purity of the material
is 0.5 AP lower than its initial purity. bAP before ZI formation = 98.6.
cAP after 24 h = 97.1. dAP after 2 days at �70 �C = 94.4.

Table 16. Processing time of the ZI isolation at 5 �C and room temperature (RT)

processing time (h)

input of 3, temperature distillation ZI formation ZI filtration reconstitution hold total isolation estimated use of stability (%)

5 g at 5 �C/RT 1.5 (5 �C), 0.5 (RT)a 0.5 2.5b 4.0c 0.5 9.0 (5 �C), 0.5 (RT) ∼60

1.5 g at RT 4.0d 1.0 1.3e 1.0f 0.0 7.3 (RT) ∼210
aDistillation in rotary evaporator (initial volume = 1.8 L pooled fractions, 13�21mbar, 0.5 vol % acetonitrile after distillation). b Filter diameter = 12 cm,
two filters in parallel. cZI reconstituted using overhead stirring. dDistillation in stirred tank (initial volume = 1.6 L pooled fractions, 22 mbar, 1.8 vol %
acetonitrile after distillation). e Filter diameter = 9 cm. fZI reconstituted using sonication.

Figure 7. Acetonitrile distillation from 80/20 vol % 7 mM aqueous
Na2HPO4, pH 7.2/acetonitrile in a stirred tank. Initial volume = 3.3 L. At
5 �C: distillation at 26 mbar for first 4 h and 10 mbar for next 4.5 h. At
room temperature: distillation at 26 mbar for 3 h.

Table 17. Impurity profiles of API prepared via the ZI
isolation at 5 �C

HPLC purity at 250 nm (AP)

relative retention time (RRT) (�)

sample 0.37 0.96 1.00 1.06 1.08 1.11 1.44

before distillationa 0.03 0.28 99.52 0.03 0.00 0.08 0.05

after distillationb 0.00 0.30 99.60 0.00 0.00 0.10 0.04

after isolationc 0.08 0.30 99.58 0.03 0.00 0.07 0.07

specification 0.79 0.50 97.0 0.65 0.50 0.50 0.73
aOne representative preparative injection. bOne isolated sublot contain-
ing 12 g of API 1. cOne batch containing 31 g of API 1.
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’CONCLUSION

In conclusion, we have described a synthetic process to
prepare the peptidic epothilone�folic acid conjugate BMS-
753493 in up to ∼30-g batches. A robust chromatographic
purification was developed by combining experimental studies
with modeling. A batch-elution model was used to systematically
optimize the purification method and to design the purification
and isolation of API enriched with varying levels of an isomeric
impurity. Isolation without significant degradation was con-
ducted by converting the purified epothilone to a zwitterion
and filtering to remove both buffer salts and water. This
permitted us to avoid lyophilization in the preparation of bulk
API. Upon reconstitution of the ZI solution and freezing at
�70 �C, the desired “frozen-solution” API was obtained. While
the scalability of the process is limited by the stability of the ZI
solid, the development of an alternate isolation strategy is under
investigation.

’EXPERIMENTAL SECTION

General Methods.The reaction progress was monitored on a
Shimadzu LC-10AT HPLC instrument equipped with a Shimadzu
SPD-10AV UV�vis detector. The HPLC method was run on a
YMC Pack Pro C18, 3 μm, 4.6 mm � 50 mm column. The
method conditions were mobile phase A, 100/0.05 vol % water/
TFA; B, 100/0.05 vol % acetonitrile/TFA; gradient from 2% B to
90% B over 4 min; flow rate 3.0 mL/min; wavelength 278 nm.
The retention times were 0.91 min (4), 1.69 min (2), 2.22 min
(1), and 2.73 min (3). The reaction progress was monitored
using the ratio of the areas of 1 to 2 because this HPLC method
was not sensitive enough to detect traces of 3.
The impurities and degradants present in 1 were determined

on a Waters Alliance 2695 HPLC instrument equipped with a
Waters 2487 UV�vis detector. The HPLC method was run on a
Waters XBridge BEH130 C18, 3.5 μm, 4.6 mm � 250 mm
column. The method conditions were mobile phase A, 20 mM
ammonium acetate in water, pH as is; B, 20 mM ammonium
acetate in 15/85 vol % water/acetonitrile, pH as is; gradient from
1.5% B to 3.0% B over 8min, followed by gradient from 3.0% B to
23.0% B over 12 min, isocratic at 23.0% B over 6.5 min, gradient
from 23.0% B to 25.0% B over 3.5 min, isocratic at 25.0% B over
9 min, gradient from 25.0% B to 35.0% B over 5.5 min, gradient
from 35.0% B to 36.0% B over 10min, and gradient from 36.0%B
to 100.0%B over 0.5 min; flow rate 1.0 mL/min; wavelength
250 nm; column temperature 30 �C; sample temperature 4 �C.
The retention time was 37.00 min (1). The relative retention
times were 0.96 (5) and 1.00 (1).
Reaction.Methanol (0.87 L) was degassed by purging with a

vacuum/nitrogen manifold three times (degassing time per cycle =
5 min), and the epothilone 3 (19.7 g, 25 mmol corrected for
potency) was charged to obtain a clear solution at 15�20 �C. A
352 mM aqueous solution of Na2HPO4 was prepared (50 g, final
volume 1 L) and filtered through a 0.22-μm sterile PVDF filter
(Durapore, Millipore). A 7 mM aqueous solution of Na2HPO4

was prepared (0.99 g, final volume 1 L), its pHwas adjusted to 6.4
using 85 wt % H3PO4 (1.1 mL), and the resulting solution was
filtered through another 0.22-μm sterile PVDF filter (Durapore).
The peptide 2 (29.2 g, 29 mmol corrected for potency, 1.15
equiv) was suspended in water for injection (WFI, 0.87 L) at
room temperature. A portion of the 352 mMNa2HPO4 solution
(0.30 L) was added until the peptide was fully dissolved (pH 5.9).

The solution of 2 was degassed by purging with a vacuum/
nitrogen manifold three times (degassing time per cycle = 5min)
and was added to the solution of 3 over 15min at 15�20 �C. The
reaction mixture was stirred, and the reaction progress was
monitored via HPLC. At a reaction time of 3 h, the reaction
was quenched with a portion of the 7 mM aqueous Na2HPO4,
pH 6.4 (0.72 L). The pH of themixture was adjusted from pH 6.6
to 6.3 using 0.1 N HCl (0.1 L). The reaction mixture was passed
through a 1-μm nylon filter (Nylasorb, Pall) followed by a 0.45-
μm nylon filter (Nylaflo, Pall) to obtain a clear yellow solution,
and was stored at �70 �C.25
Chromatographic Purification. A solution of Na2HPO4

(20 g) in WFI (20.00 kg) was adjusted to pH 7.2 using 85 wt %
H3PO4 (34 g), and the solution was passed through a 0.22-μm
sterile PVDF filter (Durapore). Acetonitrile (1.75 kg) was
charged at room temperature and stirred for 10 min to produce
mobile phase A0 (10 vol % acetonitrile). The reaction crude was
held at 4 �C over <8 h and purified at room temperature, i.e., the
mobile phases and column were kept at room temperature, by
batch preparative reverse-phase HPLC using a 8 cm � 30 cm
DAC column (Novasep Prochrom LC80) packed with Amber-
chrom HPR10 (Rohm and Haas) and 2-μm frits (7,800�
11,200 plates at 75 mL/min), an HPLC pumping system
(Knauer, WellChrom preparative HPLC pump K-1800, 1 L/
min pump heads, maximum discharge pressure of 75 bar up to
350 mL/min), and the initial purification method (10�50% B in
30 min, where A = 7 mM aqueous Na2HPO4, pH 7.2, and B =
acetonitrile; 132mL/min). Injection volumes of 100�250 mL and
loads of up to 2.1 g/L (3.1 g BMS-753493) were used. Mixed
fractions enriched with the impurity 5 (3.0�12.0 AP) were
purified using the model-based purification method (9.3�20.8%
acetonitrile18,26 in 90 min, 132 mL/min) and a load of 3.8 g/L.
After every injection the column was flushed (95 vol % acetoni-
trile, three column volumes) and equilibrated at the initial
composition of either gradient (three column volumes). The
eluted BMS-753493 peak was divided into 8 fractions and
analyzed for HPLC purity. Fractions were selected and pooled
to maximize the purification yield while meeting the purity
specifications. Fractions were stored at �70 �C until the
purification was complete.27

The 8 cm� 30 cm columnwas back flushed briefly (30mL/min,
0.15 column volumes, 5/95 vol % buffer/acetonitrile) after every
four injections to prevent the obstruction of the frits. Bioburden
and endotoxin in the buffer solutions were controlled by using
mixtures of 90/10 vol % buffer/acetonitrile as mobile phase A0
and preparing fresh solutions daily. Adding 10 vol % acetonitrile
to the buffer suppressed bioburden and endotoxin for at least
72 h. In contrast, bioburden (3 cfu/mL) was detected in the
buffer (not mixed with acetonitrile) after 24 h. The initial
purification method was thus run as 0�44% B in 30 min using
A0 and B = acetonitrile. For cleaning and depyrogenating the
resin in place, 10/90 vol % 0.5 N aqueous NaOH/acetonitrile
was used.
Isolation. The batch was split into three sublots for isolation.

The isolation procedure for one sublot (11 g API) was as follows.
The pooled fractions were distilled under vacuum (2 mbar and
rotavapor bath temperature of 5 �C for 1.5 h followed by 4 mbar
and 19 �C for 30 min, residual acetonitrile 0.4 vol %).28 The pH
of the fractions after distillation (pH 6.7) was adjusted to 4.3 at
5 �C by adding 1 N HCl (30 mL). A yellow slurry was obtained.
The slurry was collected via filtration (1.0 μm nylon) at 5 �C
(diameter = 12 cm, two filters in parallel, 2.5 h). The ZI solid
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was washed with WFI (68 mL) and dried under house vacuum
(30 min). The ZI solid was resuspended in water at 5 �C
(440 mL) and redissolved by adding 0.1 N NaOH (194 mL)
over 4 h to pH 7.0 to afford a clear yellow solution (14.9 g/L)
containing 10.6 g of 1. The reconstituted solutions from the three
sublots were pooled and diluted at 5 �C using WFI (370 mL).
The pH of the diluted solution (pH 6.8) was adjusted to 7.0 using
0.1 NNaOH (17 mL). 31.1 g of 1were obtained in a clear yellow
solution (12.9 mg/mL, 99.6% HPLC AP, 79% yield, endotoxin
BET <2.7 EU/mg). The final API solution was passed through
a 0.22-μm sterile PVDF filter (Durapore), transferred to poly-
carbonate containers, and frozen at �70 �C.
Analytical Characterization. No melting point endotherm

was observed in the differential scanning calorimetry thermo-
gram of the solid (amorphous). 1H NMR (600 MHz, D2O/
CD3CN (3.4:1.0), 25 �C) δ 8.57 (s, 1H), 7.55 (br d, J = 6.9 Hz,
2H), 7.08 (s, 1H), 6.56 (br d, J = 6.9 Hz, 2H), 6.42 (s, 1H), 5.11
(br d, J = 7.6 Hz, 1H), 4.67 (m, 1H), 4.57 (t, J = 6.2 Hz, 1H), 4.38
(m, 2H), 4.37 (m, 1H), 4.30 (m, 1H), 4.27 (m, 2H), 4.22 (m,
2H), 4.02 (m, 1H), 3.58 (br d, J = 7.9Hz, 1H), 3.16 (m, 1H), 3.14
(m, 1H), 3.05 (m, 2H), 2.93 (m, 1H), 2.83 (m, 2H), 2.72 (m,
1H), 2.70 (m, 1H), 2.64 (m, 1H), 2.57 (s, 3H), 2.56 (m, 1H),
2.52 (m, 1H), 2.38 (m, 2H), 2.14 (m, 1H), 2.09 (m, 1H), 2.02
(m, 1H), 1.86 (s, 3H), 1.81 (m, 1H), 1.71 (m, 1H), 1.70 (m, 1H),
1.69 (m, 1H), 1.57 (m, 1H), 1.55 (m, 1H), 1.39 (m, 1H), 1.28 (s,
3H), 1.26 (m, 1H), 1.24 (m, 1H), 1.22 (m, 1H), 1.16 (m, 1H),
1.10 (d, J = 5.2 Hz, 3H), 1.00 (m, 1H), 0.93 (s, 3H), 0.90 (d, J =
3.8 Hz, 3H); 13C NMR (400 MHz, D2O/CD3CN (3.4:1.0),
25 �C): 221.9, 178.8, 178.1, 178.0, 176.4, 175.9, 174.1, 173.3,
172.9, 169.1, 167.5, 164.7, 157.2, 155.8, 155.0, 154.3, 151.3,
151.2, 149.7, 149.5, 139.4, 129.5, 127.7, 121.8, 119.9, 117.6,
112.6, 79.7, 77.3, 71.5, 68.1, 66.4, 57.0, 55.6, 54.8, 54.0, 53.7, 52.1,
46.1, 45.8, 43.8, 41.4, 41.3, 39.3, 39.1, 36.8, 36.1, 32.9, 31.7, 29.7,
29.2, 28.7, 27.3, 25.2, 24.8, 22.9, 19.6, 18.5, 18.1, 16.5, 14.9. MS
(ESI) m/z: 1569.6 [M þ H]þ.
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elution under analytical (i.e., not overloaded) conditions. The expected
retention time was calculated from the batch-elution model and the API
adsorption isotherm. If an offset between the experimental and calcu-
lated retention times was observed, it was assumed to be systematic;
thus, the initial and final compositions of the gradient were shifted
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retention time.
(19) Solubilities are >80 mg/mL at pH >6.5, >60 mg/mL at pH <2,
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buffer-free trisodium salt, i.e., no additional Na fromNaCl orNaH2PO4/
Na2HPO4 was found. The Na content of the intermediate ZI was not
measured.
(21) Unoptimized chromatographic load used in development runs.
(22) Studies of water/acetonitrile distillation using a reaction vessel

(22 �C jacket, 10�65 mbar) and rotary evaporator (30 �C bath, 30
mbar) starting from pooled fractions containing 20 vol % acetonitrile
and ∼1.6 mg/mL API indicated that distillation to remove water and
achieve >4 mg/mL API was outside the API stability window for scales
>10 g. On the other hand, the volume of acetonitrile to distill per gram of
API was approximately inversely proportional to the load because the
API elution volume during chromatographic purification was not a
strong function of the load.
(23) The entire distillation was not performed at room temperature

to minimize degradation. The stability of the pooled fractions at 22 �C is
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