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navoximod was investigated using online HPLC via a modified EasySampler probe that enables selective
solution phase sampling of heterogeneous reaction mixtures. By employing both chiral and achiral
stationary phases, the effects of time, temperature and equivalents of chiral resolving agent on the reaction

yield and e.e. were interrogated. An inline racemization approach was applied after the CIDT and selective
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Introduction

Navoximod is an orally bioavailable small molecule that
inhibits indoleamine 2,3-dioxygenase (IDO), an enzyme
leading to tryptophan depletion, kynurenine generation and
ultimately interfering with the immune system's ability to
detect cancer cells.”* Given the importance of IDO,
navoximod has recently been explored as a potential
treatment for a variety of advanced tumours.® A recent
publication® outlined a highly stereoselective and efficient
route to this active pharmaceutical ingredient (API), with its
penultimate precursor being formed via a combination of
solution-phase racemization and diastereomeric salt
formation to eventually isolate the desired (S)-1 enantiomer
upon freebasing. This approach, known as a crystallization-
induced dynamic resolution (CIDR) or a crystallization-
induced diastereomer transformation (CIDT), is capable of
controlling product stereochemistry and has the potential to
afford near quantitative yields when the desired product
crystallizes out of solution.® This reaction was key to set the
(S)-imidazoindole benzylic center of navoximod.

The reported CIDT used r-dibenzoyl tartaric acid (.-DBTA)
to create diastereomeric salts with rac-1, facilitating
preferential crystallization of the less soluble (S)-1-1-DBTA salt
(Fig. 1). The acidic nature of the 1-DBTA was proposed to
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racemization over decomposition was demonstrated.

facilitate protonation of the imidazole moiety and allow
racemization via the conjugated intermediate 2. This
crystallization approach afforded control over this key (S)-
benzylic stereocenter late in the synthesis and resulted in 89%
yield of 95% e.e. (S)-1-.-DBTA from the racemic precursor (rac-1).

However, although time, temperature, .-DBTA equiv. and
solvent were all optimized for the reported reaction, little
understanding was obtained regarding how each of these
parameters affected the overall process.

In this work, we set out to obtain a deeper understanding of
the interdependence of these parameters and the overall CIDT
process of resolving (S)-1-.-DBTA and sought to demonstrate
how the design of data-rich experiments can be used to
improve the CIDT process. To enable this, we implemented
process analytical technology (PAT) such as online HPLC to
obtain real-time to inform further experimental optimization.

Our group has previously demonstrated the utility of this

technology ~ for  monitoring  reactions,’ including
B oH
o A.LDBTA (")'
R
N=\
o NH
(R)-1-L-DBTA L 2 | (S)-1-L-DBTA

Previous Optimized Conditions:
Solvent Time (h) Temperature (°C) Equiv L-DBTA |Yield (%) e.e. (%)
EtOH 9 73 1.4 | 89 95.3

Fig. 1 Optimized conditions for crystallization-induced diastereomer
transformation (CIDT) of (S)- 1-.-DBTA recently reported by St-Jean et al.*
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homogeneous® "' and heterogeneous (liquid-liquid*®> and
solid-liquid"®) systems. More recently, we developed a filter
attachment for Mettler-Toledo's EasySampler probe that
enables solution-phase selective sampling of crystallizing
systems."* We then applied this tool to study and optimize
the continuous controlled crystallization of a different API
precursor using online chiral HPLC to monitor enantiomer
concentrations."” Additionally, we demonstrated the utility of
using real-time turbidity measurements to profile
crystallization events and assist in solid-phase interrogation.
As such, we sought to apply the same tools to the CIDT of
(S)-1 to understand the reaction and investigate potential
improvements. To further improve our understanding of the
CIDT process we used a combination of chiral and achiral
online HPLC. This allowed us to monitor the individual
enantiomers concentrations and the concentrations of
impurities.

Materials and methods

The reaction vessel was sampled using a custom-built filter
attachment to Mettler-Toledo's EasySampler probe'* which
facilitated solution phase-selective sampling of crystallizing
reaction mixtures. Standard additions were performed at the
beginning and end of each experiment to calibrate our peak
areas and convert to concentration vs. time data. Manual
solid and solution phase samples were acquired for offline
analysis to confirm these results.

Turbidity measurements were measured using Mettler-
Toledo's EasyViewer probe, which also provided microscopic
images of the crystallizing solution and particles therein.

Initial CIDT monitoring was performed in a Mettler-
Toledo EasyMax 102 Thermostat unit with a 100 mL reactor
vessel. Selective racemization studies and post-CIDT
implementation of inline racemization were conducted
using a custom-built 3D printed coil to house 7.4 mL of
tubing within an EasyMax reactor well. A 20 PSI
backpressure regulator was used to facilitate racemization at
temperatures above the solvent boiling point. A Vapourtec
SF-10 pump was used to pull the solution phase through a
filtered inlet and deliver it through the racemizer and back
into the reaction vessel.

Results and discussion
Monitoring CIDT and initial lessons

Before monitoring the reaction, we began by replicating the
procedure reported by St-Jean et al. on a smaller scale.” Given
this smaller scale, our resulting 85% yield and 93% e.e. was
within acceptable variation of the reported 89% yield and
95% e.e. (Fig. 1), giving us the confidence to begin our
investigation (see ESIT for scale discussion).

Initial reaction monitoring using our online HPLC system
gave significant insight into the original reported reaction
conditions.* While initial investigations showed racemization
of rac-1 occurred fastest at higher temperatures (see ESI} for
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Fig. 2 Reaction monitoring of the reported CIDT of rac-1 with
L-DBTA, using online HPLC with a chiral stationary phase and selective
solution-phase sampling.

details), a maximum temperature of 70 °C was chosen to
minimize solvent loss due to evaporation.

L-DBTA solution in ethanol (1.4 equiv.) was added in one
portion to a homogeneous 70 °C solution of rac-1 in ethanol
(Fig. 2). Attempts to seed the solution with (S)-1-.-DBTA solids
proved unsuccessful as crystals formed immediately upon
L-DBTA addition, as evidenced by a spike in turbidity and fine
particles formation (see ESI{). Online chiral HPLC data
showed that the solution-phase concentration of (R)-1
dropped due to dilution immediately after the 1-DBTA
solution was added. However, the concentration of (S)-1
decreased significantly more than (R)-1, indicating that (S)-1
was selectively crystallizing out of solution.

After this initial decrease in both enantiomers,
racemization of (R)-1 into (S)-1 occurred over 8 h while a
reaction temperature of 70 °C was maintained. The
unchanging (S)-1 concentration over this time suggested that
the rate of (S)-1-.-DBTA crystallization was faster than the rate
of (R)-1 racemization. Additionally, racemization ended
before the two enantiomers' concentrations were the same,
indicating that significant unracemized (R)-1 was left in
solution. This was the first indication that this process could
potentially be improved.

After 8 h at 70 °C the reaction was cooled to 20 °C and
desaturation of (S)-1 was again observed while (R)-1
remained in solution, illustrating how cooling further
increases the final yield of (S)-1:1-DBTA via selective
crystallization. The isolated solids had an e.e. of 90%,
closely mirroring the reported e.e. of 95% and confirming

the validity of our initial experiment.}"®

1 The 5% e.e. discrepancy between the enantiopurity of the reported solids
(95%) and our obtained solids (90%) can be ascribed two possible sources. The
lack of seeding performed during our procedure provides worse control over the
initial crystallization event, allowing for initial impurity incorporation that
perhaps did not occur in the original report. Alternatively, a minimal amount of
solvent was used in our procedure to wash the isolated solids. Since the
undesired (R)-1-1-DBTA salt is more soluble than the desired (S)-1-.-DBTA solids,
significant washing in the original procedure may have increased the e.e.
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While the isolated solid phase showed trace levels of
impurities, offline HPLC analysis of the filtrate showed many
compounds present besides .-DBTA and 1. We identified the
major decomposition species as undesired epimerization of
rac-1 to form cis-isomer 3, esterification of L.-DBTA with EtOH
to generate 4, and additional minor transesterification
products.” To gain insight into the formation of these
impurities we repeated the initial CIDT experiment while
monitoring with achiral online HPLC (Fig. 3). The data
showed decreasing trends for both 1-DBTA and 1 (purple, the
sum of (R)-1 and (S)-1). While both 1-DBTA and (S)-1 were
crystallizing out of solution as (S)-1-.-DBTA, decomposition
of rac-1 and 1-DBTA also contributed to this decrease.
This decomposition of resolving agent at elevated
temperatures underscored the importance of optimizing
racemization time to achieve balance between maximum
purity and yield. Since racemization of (R)-1 slowed
dramatically by 6 h and was complete by 8 h, optimizing
the cooling window should minimize these decomposition
processes.

To confirm the importance of having excess 1-DBTA
present, the experiment was re-examined while performing
an undercharge of resolving agent (Fig. 4). After the initial
1-DBTA addition, we observed a significantly higher solution
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Fig. 3 Reaction monitoring of the reported CIDT of rac-1 with
L-DBTA, using online HPLC with an achiral C18-stationary phase and
selective solution-phase sampling.
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Fig. 4 Reaction monitoring of the CIDT of rac-1 with an undercharge
(0.9 equiv.) of L-DBTA, using online chiral online HPLC with selective
solution phase sampling.

concentration of (S)-1 at the 1 h timepoint than in the
previous experiment (0.092 M vs. 0.036 M previously). We
also observed an increase in the (S)-1 solution phase
concentration over 10 h as the mixture was held at 70 °C.
This rise in solution concentration reduced the isolated yield
to 64% compared to the reported 89% yield.* Undercharging
1-DBTA in this experiment therefore resulted in a significantly
lower isolated yield of (S)-1-.-DBTA due to (S)-1 being starved
of 1-DBTA as it decomposes. Adding excess L-DBTA was
therefore necessary to maximize yield at the cost of slowly
degrading 1-DBTA and introducing impurities.

Improving the CIDT process with inline racemization

With an increased understanding of the relationship between
1-DBTA equivalents, heating temperature/time and final
isolated (S)-1-1-DBTA yield, we proposed a circulating flow
reactor design to attempt to improve upon the initial reaction
conditions (Fig. 5).

By continuously circulating reaction solution from a low
temperature crystallization flask into a high temperature
inline racemization coil we expected that optimal conditions
for both racemization and crystallization could be achieved.
This approach has been very recently demonstrated in a
variety of similar setups to achieve high yields for
crystallization processes.'®>' However, such a setup requires
conditions selective for racemization over decomposition of
rac-1 or L-DBTA. A variety of temperatures and flow rates were
therefore screened with our inline racemization coil to find
optimal conditions (see ESIt for screening). Based on the
screen we selected a residence time of 5.1 min at 130 °C as
our optimal inline racemization conditions.

Once our inline racemization conditions had been chosen,
a cold slurry mixture of equal parts (R)-1-.-DBTA and (S)-1-L-
DBTA solids in ethanol was prepared. The solution phase of
this slurry was then passed through a filtered line into the
racemization coil with a jacket temperature of 130 °C. The

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Conceptual diagram of continuously flowing reaction vessel/
inline racemization approach to CIDT of enantiopure (S)-1..-DBTA
crystals, including pump and back pressure regulator (BPR) to heat
solution above its boiling point.

composition of the solution phase in the reaction vessel was
monitored by online HPLC (Fig. 6).

Similar to when an undercharge of .-DBTA was performed,
the total concentration of 1 rose steadily over the first 16 h.
We suggest that this rise was due to .-DBTA decomposition
changing the solution phase composition and therefore
increasing the solubility of the solid phases present. After 16
h we observed an inflection point in the total concentration
of 1. This was clearly indicative of some change occurring in
our system, which could be tracked in the solid phase data
obtained from manually sampling.

Analysis of the solid phase over time showed a slow
enantioenrichment over 20 h plateauing at 82% e.e. This
change was likely due to (R)-1-.-DBTA dissolution and
racemization/crystallization into (S)-1-.-DBTA occurring for
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Fig. 6 Monitoring inline racemization by passing a slurry mixture of
rac-1 and L-DBTA in ethanol through a filtered line into a ~100 °C
racemization coil and sampling the solution phase via achiral online
HPLC and offline manual sampling.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

the first 16 h as the solid phase was depleted of (R)-1-.-DBTA.
After this point only the racemization of (R)-1 and
crystallization of (S)-1..-DBTA were therefore observed,
resulting in the decreasing trend for 1.

To confirm this hypothesis, we performed the same
experiment while monitoring the solution phase with chiral
online HPLC to investigate the individual enantiomers'
behaviours (Fig. 7). As expected, the concentration of (R)-1-L-
DBTA increased until 16 h. This is consistent with the initial
(R)-1-.-DBTA and (S)-1:.-DBTA solids having different
solubility profiles, and the more soluble (R)-1-.-DBTA
dissolving over time.§ Subsequently, the concentration of (R)-
1--DBTA began to decrease after 16 h due to racemization.
However, the concentration of (S)-1-.-DBTA continuously
increased throughout the experiment, suggesting that its
solubility was changing over time. This change in solubility
was again proposed to be due to rL-DBTA decomposition
changing the solution phase composition.

Monitoring past 25 h revealed that (R)-1-.-DBTA
racemization eventually stops as the difference in enantiomer
concentrations shrinks, mirroring the behaviour seen in
Fig. 2 where racemization stalled before the enantiomer
concentrations equalized. Ultimately, this suggested that our
inline racemization could convert solution-phase (R)-1 into
(S)-1, but that there might be a limited operation window
where this racemization would be effective.

Given the fourfold increase in duration of this experiment,
it was proposed that inline racemization be added after the
original batch experiment to potentially improve it. By first
performing the original batch experiment and then cycling
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Fig. 7 Monitoring inline racemization by passing a slurry mixture of
rac-1 and L-DBTA in ethanol through a filtered line into a ~100 °C
racemization coil and sampling the solution phase via chiral online
HPLC and offline manual sampling.

§ Although the data from Fig. 6 and 7 supports most of the (R)-1 forming a more
soluble (R)-1-.-DBTA solid phase, the plateauing e.e.s of 80-90% in these and
other experiments suggest a small amount of (R)-1 was incorporated into the (S)-
1-.-DBTA solids. See ESIf for further details and solid phase impurity analysis.
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Fig. 8 Reaction monitoring of the reported CIDT of rac-1 with
L-DBTA, using online HPLC with an achiral stationary phase and
selective solution-phase sampling. Inline racemization was started at
12 h, and manual offline sampling performed throughout.

the solution phase through the inline racemizer, we
hypothesized that this could increase yield and e.e. while
minimizing impurity formation.

The batch conditions were again performed while
monitoring the solution composition with achiral online
HPLC (Fig. 8). The solid phase e.e. remained relatively
consistent throughout the initial experiment, improving
slightly from 83% to 91% before cooling occurred.| Inline
racemization was then started at 12 h, with an immediate
impact on the concentrations of both 1 and 1-DBTA as they
both began to decrease.

The concentration of .-DBTA decreased over 10 h as the
solution phase was continuously passed through the
racemizer, but the concentration of 1 stopped decreasing
significantly after only two hours. This suggested that
racemization may have been complete by this point, with
undesired epimerization of 1 into 3 causing the slow decrease
in 1 after 14 h. No change in solid phase e.e. was observed
after performing inline racemization, suggesting the solid
phase was not drastically impacted by this step (see ESIt for
in-depth solid phase impurity and phase analyses).

Notably, our inline racemization conditions caused
relatively little increase in decomposition products 3 or 4
compared with their rising concentration during the first 8 h at
70 °C. This confirmed that our inline racemization conditions
favoured racemization over decomposition pathways.

Final improvements and optimizations

With all observations and understanding in hand, we were
able to recommend a process improvement, involving a

9 Again, as with Fig. 6 and 7 the plateauing of solid phase e.e.s at ~90% in
Fig. 8 and 9 suggests that some (R)-1 was trapped within the (S)-1-.-DBTA solids
and therefore unavailable for racemization, preventing the solids from reaching
enantiopurity. See ESIt for further details and solid phase impurity analysis.
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Fig. 9 Reaction monitoring of the reported CIDT of rac-1 with
L-DBTA, using online HPLC with a chiral stationary phase and selective
solution-phase sampling. Inline racemization was started at 11 h, and
manual offline sampling performed throughout.

hybrid approach with both batch CIDT at elevated
temperature, followed by recapture of remaining dissolved
(R-1 by employing inline racemization. Visualizing this
process by chiral HPLC (Fig. 9) allows each phase of the
process to be readily apparent. Initial dosing of L.-DBTA leads
to the selective loss (S)-1 from the solution phase, while the
gradual consumption of (R)-1 confirms epimerization while
heating. At 8 h the epimerization driving force is nearly
exhausted as the solution phase is nearly racemic, allowing
the process to proceed to cooling crystallization. The drop in
(S)-1 with the concomitant invariance in the concentration of
(R)-1 while cooling (Fig. 9, ¢t = 8-10 h) confirms that the solid
phase consists of (S)-1-.-DBTA. A portion of the remaining
(R-1 can finally be recovered by initiating in-line
racemization (Fig. 9, ¢t = 11-13 h) allowing an additional ~5-
8% recovery of final (S)-1-.-DBTA product.

However, this process still shows signs of diminishing
returns on extended operation. After 13 h the concentration
of (S)-1 begins to rise (Fig. 9), confirming that extended
operation damages the isolated yield likely due to depletion
of the 1-DBTA resolving agent through esterification and
decomposition. The combination of decomposition of
L-DBTA to 4 and epimerization of (S)-1 to 3 become highly
detrimental to high yield beyond 13 h of process time.

Conclusions

In summary, we used a combination of chiral and achiral
online HPLC in conjunction with a filter to selectively sample
the solution phase of a reactive crystallization. This time course
data significantly increased our understanding, allowing us to
improve the complex CIDT system that generates key
intermediate (S)-1-1-DBTA. Both reaction time and temperature
impacted undesired epimerization of rac-1, as well as
additional decomposition pathways. We observed that under
batch conditions the reaction was complete by 8 h, and that
excess L-DBTA was required to maximize (S)-1-.-DBTA yield.

This journal is © The Royal Society of Chemistry 2023
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Applying an inline racemization after performing the
initial reaction showed preferential racemization over .-DBTA
decomposition for the first two hours, but the selectivity
switched afterwards. Altogether, this suggests that combining
the initial CIDT procedure with inline racemization holds
great potential for increasing the yield of (S)-1-.-DBTA
compared with the original batch procedure, while
minimizing the risk of forming additional impurities. Proof
of concept of the selectivity of our flow setup for
racemization over decomposition allows for further
development of a continuous flow approach for the entire
reaction to minimize the undesired decomposition pathways
inherent to the batch approach.
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