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Efficient and robust synthetic processes of active pharmaceutical ingredients (APIs) are highly desirable,
and continuous flow chemistry is a critical component of this endeavor. The clinical importance of
ondansetron, a World Health Organization essential medicine, prompted us to investigate continuous
synthetic approaches to this APl. Our efforts to improve the synthetic processes led to a continuous
condensation step and a continuous Mannich reaction. A continuous work-up and purification process
was also established for the former. A batch process was employed for an elimination and Michael addition
step, as it not only accommodated the physical properties of the reaction mixtures, but also provided a
high productivity of the desired product. Taken together, these findings demonstrate the complementary

Received 26th April 2023,
Accepted 19th May 2023

DOI: 10.1039/d3re00249g

Open Access Article. Published on 01 June 2023. Downloaded on 4/7/2026 6:53:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/reaction-engineering

Introduction

Ondansetron is a 5-HTj; receptor antagonist and used for the
prevention of nausea and vomiting associated with cancer
chemotherapy, radiotherapy or surgery.! Developed by Glaxo
Group Limited in 1980s*° and approved by the U.S. Food and
Drug Administration (FDA) in 1991 as the first 5-HT; receptor
antagonist," ondansetron was the 20th-highest-selling brand-
name pharmaceutical in the United States in 2005. The first
generic version of ondansetron was approved by the U.S. FDA
in 2006,* and it has been on the World Health Organization's
model list of essential medicines since 2009.”

|

Ondansetron (1)

Continuous flow synthesis (flow chemistry) is an
enabling platform for the synthesis of active pharmaceutical
ingredients (APIs)° for many reasons, including control of
reaction parameters with greater accuracy and precision’
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advantages of flow and batch chemistry in API synthesis.

and efficiencies that are often realized upon scale-up of a
continuous flow synthesis.® We have recently demonstrated
the continuous flow synthesis of several APIs, including
tramadol, enalapril, imatinib, and linezolid.” The ongoing
interest in efficient synthetic processes for APIs and the

clinical importance of ondansetron prompted us to
investigate continuous synthesis approaches to
ondansetron.

A recently published study demonstrated the synthesis of
an ondansetron precursor (5) in a continuous flow manner,
followed by a two-step, one-pot batch process to give the API
in an overall 65% isolated yield (Scheme 1).'° In this report,
the condensation of 1,3-cyclohexanedione (2) with 1-methyl-
1-phenylhydrazine (3) and the Fisher indole synthesis of the
resulted intermediate (4) were achieved in a continuous flow
manner, affording the carbazolone (5) in 75% yield, which in
turn was converted in batch by way of a Mannich reaction
and substitution of dimethylamine with 2-methylimidazole
(8), giving ondansetron in 87% yield. We envisaged that the
use of alternative, readily available starting materials and
continuous flow technology might lead to further
improvement. Accordingly, we chose N-methylaniline (9) as a
more readily available starting compound than 1-methyl-1-
phenylhydrazine (3), surmising that condensation of 9 with
1,3-cyclohexanedione (2) would give enaminone 10, which
could be converted into the same ondansetron precursor (5)
by oxidative cyclization."® During the course of our study, a
comparable oxidative cyclization of 10 to 5 in a flow
photochemical process was reported,’> prompting us to shift
our focus to the other three steps in the ondansetron
synthesis. Herein we describe our improvements to the
synthetic process of ondansetron by the development of
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Scheme 1 Previous approaches and our experimental plan.

continuous synthesis methods for the initial condensation
noted above (step 1), the Mannich reaction (step 3), and
substitution with 2-methylimidazole (8) (step 4).

Results and discussion

The batch conditions previously described'” were used as a
starting point for our initial studies of the condensation step
(step 1). We found that the reaction time of 16 hours in batch
could be reduced to a 30 minute residence time in flow.
Important modifications that secured the practicality of this
flow approach included changing the reaction solvent from
toluene to  1,2-dichloroethane  (DCE), in  which
1,3-cyclohexanedione (2) was much more soluble (Table 1,
entry 1). The target compound (10) was afforded in 79% yield
with 14% of N-methylaniline (9) remaining. We also found
that increasing the reaction temperature and lengthening the
residence time did not improve the yield (Table 1, entries 2-
3). Next, other solvents in which 1,3-cyclohexanedione (2) has
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appreciable solubility, such as acetonitrile (MeCN), ethanol
(EtOH) and dioxane were screened; however, conversion of 9
was low to moderate in all cases (Table 1, entries 4-6). As the
use of water-miscible solvents such as MeCN and dioxane
gave lower conversion than the use of DCE, we posited that
conversion might be hampered by the presence of water in
the reaction system and therefore was accelerated in batch by
the use of the Dean-Stark apparatus.'® Nevertheless, contrary
to this hypothesis, when acetic acid (AcOH) was used as a
solvent, the conversion improved dramatically, affording the
target compound (10) in 97% yield (Table 1, entry 7).
Furthermore, similar results were observed in the absence of
p-toluenesulfonic acid monohydrate (TsOH-H,0), yet 1.2
equiv. of 1,3-cyclohexanedione (2) were needed to ensure
good conversion (Table 1, entries 8-9). Thus, the positive
effect of AcOH as a solvent was confirmed."”” Further
experimentation revealed that the concentration of the
reactant solution could be increased to 2.0 M from 0.2 M and
the residence time could be shortened to 5 minutes from 30

This journal is © The Royal Society of Chemistry 2023
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Table 1 Reaction condition screening of step 1
3 mL, 0.03"ID
. Flow rate BPR
g " (uL/min) 2.8 bar 0o
5 + N +  Additive
(] 0,
3 o o (5 moi%) <] ©\
B 2 9 N
§. Solvent, Concentration of 2, 9 and additive (M) |
-]
o 10
%)
® Temperature (°C)
g Residence time: tg (min)
E NMR yield”
8 Entry Reaction parameter (%)
c
S ~
z Solvent Additive Conc. (M) [2, 9, additive] Temp. (°C) tr (min) Flow rate (uL min™") 9 10
c
% 1 DCE p-TsOH-H,0O 0.2, 0.2, 0.01 110 30 100 14 79
_-g 2P DCE p-TsOH-H,0 0.2, 0.2, 0.01 130 30 100 15 79
2 3? DCE p-TsOH-H,O 0.2, 0.2, 0.01 130 60 50 11 81
@ 4 MeCN p-TsOH-H,0 0.2, 0.2, 0.01 110 30 100 30 61
g 5P EtOH p-TsOH-H,0 0.2, 0.2, 0.01 110 30 100 64 25
IS 6 DOX p-TsOH-H,0O 0.2, 0.2, 0.01 110 30 100 21 70
8 7 AcOH p-TsOH-H,O 0.2, 0.2, 0.01 110 30 100 2.7 97
g 8 AcOH — 0.2, 0.2, — 110 30 100 6.7 90
§ 9 AcOH — 0.24, 0.2, — 110 30 100 2.3 96
(s} 10 AcOH — 2.4,2.0, — 110 5 600 3.3 96
«
ko) “ The NMR yield was determined using 1,3,5-trimethoxybenzene as an internal standard. ? 6.9 bar of the back pressure was applied.
5
-§ Table 2 Continuous work-up process of step 1
@
(]
= EtOAc
(2] Vapourtec Pump
®
S
i) N
2} =
E g [phase separation]
1mL, 0.03"ID 20 mL, 0.04" ID rt
2.2min
; 10mL Vapourtec Pump
o 5 @*N\H 200 uL/min Z%Pki)r %,{955 4480 uL/min  Decanter 2440 ui/min ,\,|gcso?1 . dry o
ixer - & .

o > Q1,0
— 24M 20M N
g |

AcOH (8.74 eq, 4.7 V) 10

Syrris Asia Pump 110°C ~ rt
5 min N 4.5 min
[reaction] tg [quench] Dropping by Gravity

35% KgPOy aq

8.83 eq
Vapourtec Pump

(1.01eq
to AcOH)

50V

aqueous waste

K,HPO,
KOAc
diketone 2

pH=10.0

Running time (h)

NMR yield” (%)

9 10
0 3.3 94
1 3.0 96
2 2.7 97
3 3.0 95
4 3.7 96
5 3.7 96
6 3.3 95
7 3.0 97

“ The NMR yield was determined using 1,3,5-trimethoxybenzene as an internal standard.
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Scheme 2 Conditions reported by Hesoun and Hykl, and homogeneous reaction conditions for step 3.

minutes (Table 1, entry 10)."* With this change, the
processing rate of N-methylaniline (9) increased 60 times
from 0.13 to 7.8 mL per hour. As further attempts to achieve
complete conversion, such as increasing the reaction
temperature and using a catalytic amount of TsOH-H,O did
not improve the yield of 10,'* we turned our attention to a
continuous work-up process using the reaction conditions of
entry 10.

The reaction solution stream was mixed with 35%
potassium phosphate aqueous solution and ethyl acetate
after passing through a back pressure regulator (Table 2).
This two-phase solution flowed into a decanter used to
separate the phases. The organic phase containing the
desired product (10) was pumped into the storage tank from
the top of the decanter, and the aqueous phase was removed

with N-methylaniline (9) processed at the rate of 2.6 mL per
hour. The target compound (10) was obtained at a consistent
yield of around 96% during this experiment. The excess
amount of 1,3-cyclohexanedione (2) was removed into the
aqueous phase. AcOH was not detected in the organic phase
residue by "H NMR analysis, and we concluded that a tube
reactor, rather than a continuously stirred tank reactor, was
efficient enough to remove the AcOH solvent with a residence
time of a few minutes. The unreacted N-methylaniline (9) was
removed by filtering a slurry of the crude organic phase
residue in hexane, affording the target compound (10) in an
isolated yield of 94.9%.

For the Mannich reaction involving 5 and
2-methylimidazole (8) (steps 3 and 4), we observed similar
results with a batch, one-pot procedure reported by Hesoun

from the bottom of the decanter. The robustness of this and Hykl, giving ondansetron (1) in a good yield after
process was confirmed by running the system over 7 hours  recrystallization from cold methanol (Scheme 2, top)."”
Table 3 Reaction condition screening of step 3 (ref. 14)
12.355 mL, 0.04" ID
50 feet (15.24 meters)
o]
FI 1t
QgD - A i o S
\ NN . Y
10 Ak oS oS
\ N N
B I I
0.165 M in AcOH s !
Temperature (°C)
Residence time: tg (min)
Entry Reaction parameter HPLC (area%)
Equivalent [diamine, MsOH, Ac,O] Temp. (°C) tr (min) Flow rate (uL min™") 5 6 7 5+6+7
1 1.20, 1.22, 1.05 110 60 206 8.10 84.31 6.09 98.50
2 1.20, 1.22, 1.05 120 60 206 2.08 73.93 19.45 95.46
3 1.20, 1.22, 1.05 130 30 412 3.23 69.99 21.84 95.06
4 1.20,1.22, 0 130 30 412 2.85 62.02 29.40 94.27
5 1.20, 1.22, 2.10 130 30 412 2.18 77.88 15.16 95.22
6 1.20, 1.22, 3.15 130 30 412 5.46 74.47 15.07 95.00
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Table 4 Extended-time experiment of step 3
12,355 mL, 0.04" ID
50 feet (15.24 meters)
o)
Flow rat
| | (@1 ; ‘:Lr/am?n) ZBBT Q N O
\ * NN + MsOH + A0 18.ar \
N D— { {
| N N
. \ I
0.165 M in ACOH 0.198 M 0201M 0347 M 6 7
Temperature (130 °C)
Residence time: tg (30 min)
Running time (h) HPLC (area%) reactant solution HPLC (area%) reacted solution
5 5 6 7 5+6+7
-1.5 99.59 — — — —
0 99.45 3.61 76.87 15.47 95.95
1 99.18 3.47 77.18 15.29 95.94
2 99.11 3.50 76.80 15.55 95.85
3 99.12 3.46 76.84 15.56 95.86
4 99.09 3.37 77.17 15.31 95.85
5 98.99 3.38 76.93 15.52 95.83
6 99.00 3.37 77.16 15.50 96.03
7 99.02 3.38 77.22 15.20 95.80
All collected solution — 3.45 76.95 15.46 95.86

Because the reaction mixture of steps 3 and 4 was a thick
slurry due to limited solubility of the reactants and the
products in DMF,'® we determined that these conditions
would not be suitable for a plug-flow reactor system due to
the likelihood of clogging by particles of different size and
density."”

To prepare a homogenous reactant solution for step 3 and
to maintain the homogeneity during the last two steps, the
solubility of the substrate (5) and ondansetron (1) were
examined, and AcOH was chosen as a promising solvent."®
The further studies revealed that the Mannich reaction of 5
proceeded with the liquid reagents such as N,N,N,N-
tetramethyldiaminomethane and methanesulfonic acid in a
solvent amount of AcOH, successfully making the reaction
mixture of step 3 a homogeneous solution (Scheme 2, bottom).
However, the Michael addition of 2-methylimidazole (8) (step
4) became sluggish in AcOH, and a solvent switch was
necessary between steps 3 and 4."* Since AcOH could not be
used for step 4 and ondansetron (1) could be crystallized
from the reaction mixture because of its low solubility in
other solvents, we envisaged that a flow setup for step 3 and
a batch setup for step 4 could lead to a practical and robust
process.

First, the homogeneous conditions shown in Scheme 2
were adapted to the flow configuration for step 3. For
example, the batch reaction time was reduced from 4 hours
to a 60 minute residence time in the flow system (Table 3,
entry 1). However, conversion was incomplete with 8.10 area
% of the starting material (5) unreacted. When the
temperature was increased to 120 °C, the conversion was
increased to 98% (Table 3, entry 2). Further increase of the
reaction temperature to 130 °C allowed the residence time to
be shortened to 30 minutes, giving 97% conversion (Table 3,

This journal is © The Royal Society of Chemistry 2023

entry 3). However, the impurities tended to increase at a
higher temperature, and therefore reaction temperatures
greater than 130 °C were not examined. Next, the
stoichiometry of acetic anhydride (Ac,O) was investigated.
When 3.15 equiv. of Ac,O were used, the conversion was
reduced to 94% (Table 3, entry 6). In contrast, when 0 to 2.10
equiv. of Ac,0 were used, the conversions were almost equal,
while the product distribution between 6 and 7 was different
(Table 3, entries 3-5). Product 6 was generated more and
product 7 was generated less when the larger amount of Ac,O
was used. It was assumed that product 6 had higher
solubility than product 7 in AcOH because of the
dimethylamine moiety; therefore, the conditions of entry 5
were selected for the extended-time experiments directed
toward minimizing the risk of system failure.

The process integrity was demonstrated over 7 hours
without any clogging observed. The starting material (5) was
processed at the rate of 0.81 g per hour, and the target
compounds (6) and (7) were generated in consistent yields
(Table 4). We also studied the stability of the reactant
solution by monitoring the concentration of 5 by HPLC over
time. Over 8 hours, 0.6 area% of the initial 5 were converted
to the reaction products, consistent with the simple notion
that the reaction of interest proceeds very slowly at room
temperature. We reasoned that this slow background reaction
in the reactant solution did not create any concerns that
would require mitigation.

The substitution of the dimethylamine moiety by
elimination and the Michael addition of 2-methylimidazole
(8) (step 4) was conducted in batch after a solvent switch,
affording ondansetron (1) in 91.8% yield over the last 2 steps
(Scheme 3). The recrystallization of this product from ethanol
gave ondansetron (1) in 93.4% yield, >99.5 area % purity.

React. Chem. Eng., 2023, 8, 2275-2283 | 2279
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Conclusions

In summary, we have developed a practical and scalable
synthesis of ondansetron (1) by a multi-platform, built-for-
purpose approach. Continuous flow synthesis provided
significant improvements in steps 1 and 3, as did a
continuous work-up process that was developed for step 1. In
contrast, a batch process for step 4 was developed due to its
high throughput and physical properties of the reaction
mixtures. Taken together, this overall process highlights the
complementary strengths of batch and flow approaches to
API synthesis.

Experimental section
General information

All reactions were performed with commercially available
reagents and solvents that were used as received unless
otherwise specified. The reagents and solvents were
purchased from Sigma Aldrich, Alfa Aesar, TCI, Combi-
Blocks, Thermo Scientific, Oakwood Chemical or STREM
Chemicals. Batch reactions were performed in round bottom
flasks under an argon or nitrogen atmosphere unless
otherwise noted. Flow reactions were performed using the
commercially available components supplied from IDEX
Health & Science, Upchurch Scientific, Swagelok Company,

Harvard Apparatus, Syrris, Vapourtec, Zaiput Flow
Technologies and Luzchem Research. Reactions were
monitored by thin-layer chromatography (TLC), high-
performance liquid chromatography (HPLC) or proton

nuclear magnetic resonance (‘H NMR). Concentration and
removal of solvents was performed using a Buchi Rotavapor
R-210. Column chromatography was carried out using a
prepackaged Teledyne ISCO RediSep High-Performance silica
gel column on a Biotage Isolera chromatography system.
Proton nuclear magnetic resonance ("H NMR) spectra and
proton-decoupled carbon nuclear magnetic resonance
(C{'H} NMR) spectra were recorded on either a two-channel
Bruker avance-III HD Nanobay spectrometer, a three-channel
Bruker Avance Neo spectrometer, or a two-channel JEOL ECZ
spectrometer at ambient temperature at operating
frequencies of 500/400 MHz ('H) or 125/100 MHz (**C).
Chemical shifts (d) are reported in parts per million (ppm)
relative to the solvent residual peak (CDCls; 7.26 ppm for 'H

2280 | React. Chem. Eng., 2023, 8, 2275-2283

cooled tor.t. 9 N/ﬁ
filtered _
5
W
N
|

recrystallization
1 from EtOH
91.8% isolated yield 93.4% isolated yield
from 5 >99.5 pa%

NMR and 77.16 ppm for *C NMR). Data are represented as
follows: chemical shift, multiplicity (br = broad, s = singlet, d
= doublet, t = triplet, q = quartet, p = pentet, m = multiplet, o
= overlap), coupling constants (J) in Hertz (Hz), integration.
1,3,5-Trimethoxybenzene and dimethyl terephthalate were
used as an internal standard for quantitative 'H NMR
spectroscopy. High-performance liquid chromatography
(HPLC) analysis was performed using an Agilent 1200 series
quaternary HPLC system with an Agilent Poroshell 120 EC-
C18 2.7 um, 4.6 X 50 mm column. The HPLC measurement
conditions were as follows: flow rate: 1.000 mL min ', UV
detection wavelength: 254 and 210 nm, mobile phase: [A] is
0.1% trifluoroacetic acid containing aqueous solution and [B]
is 0.1% trifluoroacetic acid containing acetonitrile solution,
gradient: linear gradient of 5% to 100% solvent [B] for 10
minutes was performed and 100% solvent [B] was maintained
for 2 minutes and 5% solvent [B] was maintained for 2
minutes, column temperature: 35 °C, injection volume: 2.00
puL, sample preparation: an appropriate amount of samples
was dissolved in 1 mL of 80% MeCN aq. High-resolution
mass spectrometry data were acquired on a JEOL AccuTOF 4F
LC-plus equipped with an ionSense DART (Direct Analysis in
Real Time) source. IR spectra were recorded on a Bruker
Alpha II FTIR spectrometer with a Diamond Crystal ATR
(attenuated total reflectance) accessory and only significant
absorptions were listed.

Procedure for reaction condition screening of step 1 (Table 1,
entry 10)

N-Methylaniline 9 (5.42 mL, 50 mmol, 1 eq.),
1,3-cyclohexanedione 2 (6.17 g, 55 mmol, 1.1 eq.) and
p-TsOH-H,0 (476 mg, 2.5 mmol, 0.05 eq.) were added to a 25
mL volumetric flask. AcOH was added to the 25 mL line of
the volumetric flask. The reactor was constructed from the
fluorinated ethylene propylene (FEP) tubing (1/16” outside
diameter, 0.03” inside diameter, 658 cm, 3 mL), the
complementary polyether ether ketone (PEEK) fittings, and
the Upchurch Scientific's back pressure regulator (40 psi, 2.8
bar). The prepared reactant solutions were pumped into the
reactor by the Syrris Asia pump at the designated flow rate
(600 uL min™'). The reaction tube was immersed in an oil
bath and heated at the designated temperature (110 °C). The
reaction was equilibrated for 15 minutes, which was three

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3re00249g

Open Access Article. Published on 01 June 2023. Downloaded on 4/7/2026 6:53:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

times longer than the residence time. After the equilibration,
6 mL of the solution was collected for 10 minutes. To the
collected solution, was added 1,3,5-trimethoxybenzene (673
mg, 4 mmol, 1/3 eq. of the collected reaction scale) as a
standard compound. 0.1 mL of this solution was washed with
5% NaHCOj; aq (6 mL), extracted with EtOAc three times (6 +
6 + 6 mL), dried over MgSO,, filtered, concentrated and
analyzed by 'H NMR. The methoxy peak (3.77 ppm, 9H) or
the aromatic peak (6.08 ppm, 3H) of 1,3,5-trimethoxybenzene
was used as a reference. The methyl peak (3.24 ppm, 3H) of
the target compound 10" and the methyl peak (2.84 ppm,
3H) of N-methylaniline 9 were used to determine the NMR
yields.

Procedure for continuous work-up process of step 1 (Table 2)

N-Methylaniline 9 (21.67 mL, 200 mmol, 1 eq.),
1,3-cyclohexanedione 2 (26.91 g, 240 mmol, 1.2 eq.) were
added to a 100 mL volumetric flask. AcOH was added to the
100 mL line of the volumetric flask. The reactor was
constructed from the fluorinated ethylene propylene (FEP)
tubing (1/16" outside diameter, 0.03” inside diameter, 219
cm, 1 mL), the complementary polyether ether ketone (PEEK)
fittings, and the Upchurch Scientific's back pressure
regulator (40 psi, 2.8 bar). The quenching and extraction tube
was constructed from the perfluoroalkoxy (PFA) tubing (1/16”
outside diameter, 0.04"” inside diameter, 2467 cm, 20 mL),
and the complementary polyether ether ketone (PEEK)
fittings. The decanter was constructed from the 10 mL glass
syringe, the complementary polyether ether ketone (PEEK)
fittings, and the rubber septa. The prepared reactant
solutions were pumped into the reactor by the Syrris Asia
pump at the designated flow rate (200 pL min™'). The
reaction tube was immersed in an oil bath and heated at the
designated temperature (110 °C). 35% K;PO, aq and EtOAc
were pumped into the quenching and extraction tube by the
Vapourtec pumps at the designated flow rate (2.14 mL
min'). The organic phase was pumped out of the decanter
into the storage tank at the designated flow rate (2.14-2.19
mL min""). The system was equilibrated for 36 minutes,
which was three times longer than the residence time. After
the equilibration, 32.1 mL of the organic phase was collected
for 15 minutes every hour. To each of the collected solution,
was added 1,3,5-trimethoxybenzene (336.4 mg, 2 mmol, 1/3
eq. of the collected reaction scale) as a standard compound.
This solution was dried over MgSO,, filtered, concentrated
and analyzed by "H NMR. The methoxy peak (3.77 ppm, 9 H)
or the aromatic peak (6.08 ppm, 3 H) of 1,3,5-
trimethoxybenzene was used as a reference. The methyl peak
(3.24 ppm, 3H) of the target compound 10" and the methyl
peak (2.84 ppm, 3H) of N-methylaniline 9 were used to
determine the NMR yields. To the 674 mL of the organic
phase which was collected for 315 minutes, was added
MgSO, (6.7 g, 0.01 W). The mixture, which could contain
25.41 g of the target compound 10 theoretically, was filtered,
washed with EtOAc and concentrated to 31.10 g. To the
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residue, was added hexane (127 mL, 5 V). The solution was
concentrated to 28.63 g. To the residue, was added hexane
(127 mL, 5 V). The solution was concentrated to 30.51 g. To
the residue, the seed crystal was added if necessary. To the
solid, was added hexane (127 mL, 5 V). The slurry was stirred
at 5 °C for 1 h. The slurry was filtered, washed with cold
hexane (127 mL, 5 V), and air-dried overnight to afford the
title compound 10" (24.115 g, 94.9% yield, 97.62 pa%, yellow
solid, MWL loss: 1.4%). "H NMR (500 MHz, CDCl;) 6: 7.41 (t,
J = 7.7 Hz, 2H), 7.31 (t, ] = 7.4 Hz, 1H), 7.15-7.11 (m, 2H),
5.32 (s, 1H), 3.24 (s, 3H), 2.31 (t, J = 6.5 Hz, 2H), 2.21 (t, J =
6.2 Hz, 2H), 1.89 (p, J = 6.3 Hz, 2H). ">*C NMR (125 MHz,
CDCl;) d: 197.7, 165.1, 145.5, 129.8 (2C), 127.6, 127.3 (2C),
100.7, 40.9, 36.3, 28.7, 22.7. IR (neat) v: 3042, 2938, 2891,
1610, 1556 cm . HRMS (DART) m/z: caled for C13H;sNO" [(M
+H)'] 202.1226, found 202.1220.

Procedure for homogeneous reaction conditions of step 3
(Scheme 2, bottom)

To a 250 mL round bottomed flask, were added the substrate
5 (2.00 g, 10.04 mmol, 1 eq.), and AcOH (60 mL, 30 V). The
mixture was stirred at 24 °C for 10 minutes to make a
homogeneous solution. To the solution, were added N,N,N,N-
tetramethyldiaminomethane (1.64 mL, 12.04 mmol, 1.20 eq.),
MsOH (0.80 mL, 12.25 mmol, 1.22 eq.), Ac,O (1.00 mL, 10.54
mmol, 1.05 eq., 0.5 V) in this order. The reaction mixture was
warmed to 110 °C and stirred at 110 °C for 4 hours. The
reaction mixture was concentrated to 13.06 g, 6.53 W. To the
residue, was added toluene (60 mL, 30 V). The reaction
mixture was concentrated to 8.51 g, 4.26 W. To the residue,
was added toluene (60 mL, 30 V). The reaction mixture was
concentrated to 6.82 g, 3.41 W. To the residue, were added
NMP (8 mL, 4 V) and 2-methylimidazole 8 (5.00 g, 60.93
mmol, 6.07 eq.). The reaction mixture was warmed to 110 °C
and stirred at 110 °C for 3 hours. The reaction mixture was
cooled to 100 °C. To the mixture, was added H,O (62.5 mL,
31.25 V) over 10 minutes. The reaction mixture was cooled to
r.t., filtered and washed with H,O (60 mL, 30 V). The solid
was air-dried overnight to give ondansetron 1'° (2.735 g,
93.0% yield, 97.58 pa%, off-white solid, MWL loss: 1.3%).

Procedure for reaction condition screening of step 3 (Table 3)

The substrate 5 (1.64 g, 8.25 mmol, 1 eq.), N,N,N,N-
tetramethyldiaminomethane (1.35 mL, 9.90 mmol, 1.2 eq.),
MsOH (0.65 mL, 10.07 mmol, 1.22 eq.) and Ac,O (0 mL, 0
mmol, 0 eq., or 0.82 mL, 8.66 mmol, 1.05 eq., or 1.64 mL,
17.32 mmol, 2.10 eq., or 2.46 mL, 25.99 mmol, 3.15 eq.) were
added to a 50 mL volumetric flask. AcOH was added to the
50 mL line of the volumetric flask. The reactor was
constructed from the perfluoroalkoxy (PFA) tubing (1/16”
outside diameter, 0.04” inside diameter, 15.24 m (= 50 feet),
12.355 mL), the complementary polyether ether ketone
(PEEK) fittings, and the Upchurch Scientific's back pressure
regulator (40 psi, 2.8 bar). The prepared reactant solutions
were pumped into the reactor by the Syrris Asia pump at the
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designated flow rate (206, 275, 412, 494 or 618 uL min ).
The reaction tube was immersed in an oil bath and heated at
the designated temperature (110, 120 or 130 °C). The reaction
was equilibrated for 60, 75, 90, 135 or 180 minutes, which
was three times longer than the residence time. After the
equilibration, 6.18 mL of the solution was collected for 10,
12.5, 15, 22.5 or 30 minutes, depending on the flow rate. The
collected solution was analyzed by HPLC to determine the
conversion.

Procedure for extended-time experiment of step 3 (Table 4)

The substrate 5 (8.22 g, 41.25 mmol, 1 eq.), N,N,N,N-
tetramethyldiaminomethane (6.75 mL, 49.50 mmol, 1.2 eq.),
MsOH (3.27 mL, 50.33 mmol, 1.22 eq.) and Ac,O (8.19 mL,
86.62 mmol, 2.10 eq.) were added to a 250 mL volumetric
flask. AcOH was added to the 250 mL line of the volumetric
flask. The reactor was constructed from the perfluoroalkoxy
(PFA) tubing (1/16” outside diameter, 0.04” inside diameter,
15.24 m (= 50 feet), 12.355 mL), the complementary polyether
ether ketone (PEEK) fittings, and the Upchurch Scientific's
back pressure regulator (40 psi, 2.8 bar). The prepared
reactant solutions were pumped into the reactor by the Syrris
Asia pump at the designated flow rate (412 pL min™"). The
reaction tube was immersed in an oil bath and heated at the
designated temperature (130 ©°C). The reaction was
equilibrated for 90 minutes, which was three times longer
than the residence time. After the equilibration, 173.04 mL of
the solution was collected for 420 minutes. The collected
solution was analyzed by HPLC to determine the conversion,
stored at 0 °C and used in the next step.

Procedure for substitution with 8 and recrystallization
(Scheme 3)

The collected solution was concentrated to 34.05 g, 5.98 W.
To the residue, was added toluene (57 mL, 10 V). The
reaction mixture was concentrated to 24.64 g, 4.33 W. To the
residue, was added toluene (57 mL, 10 V). The reaction
mixture was concentrated to 19.69 g, 3.46 W. To the residue,
were added NMP (22.8 mL, 4 V) and 2-methylimidazole 8
(14.23 g, 173.30 mmol, 6.07 eq.). The reaction mixture was
warmed to 110 °C and stirred at 110 °C for 4 hours. The
reaction mixture was cooled to 100 °C. To the mixture, was
added H,O (177.8 mL, 31.25 V) over 10 minutes. The reaction
mixture was cooled to r.t., filtered and washed with H,O
(170.7 mL, 30 V). The solid was air-dried overnight to give
ondansetron 1'° (7.69 g, 91.8% yield, 97.07 pa%, off-white
solid, MWL loss: 1.3%). To a 1 L flask, were added
ondansetron 1 (7.69 g, 26.21 mmol) prepared in the
preceding step, activated charcoal (769 mg, 0.1 W) and EtOH
(423 mL, 55 V). The slurry was stirred at 78 °C for 1 h. The
hot slurry was filtered through celite and washed with hot
EtOH (38 + 38 mL, 5 + 5 V). The solution was concentrated to
107.66 g, 14 W. The resulted slurry was cooled to 5 °C and
stirred at 5 °C for 1 h. The slurry was filtered and washed
with cold EtOH (11.5 + 11.5 mL, 1.5 + 1.5 V) to afford
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ondansetron 1*° (7.18 g, 93.4% yield, 99.76 pa%, off-white
solid, residual EtOH 4200 ppm, MWL loss: 2.9%). '"H NMR
(500 MHz, CDCl;) d: 8.29-8.22 (m, 1H), 7.36-7.28 (m, 3H),
6.93 (d, J = 1.3 Hz, 1H), 6.89 (d, J = 1.5 Hz, 1H), 4.67 (dd, J =
14.6, 4.3 Hz, 1H), 4.08 (dd, J = 14.6, 8.9 Hz, 1H), 3.71 (s, 3H),
3.01 (ddd, J = 17.2, 5.2, 3.4 Hz, 1H), 2.94-2.80 (m, 2H), 2.44
(s, 3H), 2.23-2.15 (m, 1H), 1.96-1.84 (m, 1H). *C NMR (125
MHz, CDCl3) d: 191.7, 151.4, 145.1, 137.8, 127.6, 124.8, 123.5,
123.1, 121.7, 119.9, 112.4, 109.5, 47.4, 45.8, 30.0, 26.7, 21.6,
13.5. IR (neat) v: 3125, 3100, 2934, 2872, 1621, 1578, 1529,
1479, 1458 cm '. HRMS (DART) m/z: caled for C;gH,oN;O"
[(M + H)"] 294.1601, found 294.1607.
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