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In this study, we used a flow microreactor for acylation with acid
chlorides in a homogeneous aqueous medium, suppressing
hydrolysis and providing up to 98% yield. Quenched-flow analysis
indicated an associative transition state. This method applies to
amines, phenols, thiols, and pharmaceuticals. Acylation of
oseltamivir proceeds with a throughput of 2.1 g h~%, demonstrating
scalability and practicality.

Condensation reactions that form amide bonds are essential in
medicinal chemistry and peptide synthesis (Figure 1A).173
According to recent analyses, amide bond formation reactions
account for approximately 16% of all the transformations used
in the synthesis of new drug candidates, which indicates their
importance in drug discovery.* Although amidation is usually
carried out in organic solvents, interest in aqueous media has
been increasing, especially for reactions with water-soluble
compounds such as pharmaceuticals and biomolecules.>4
From the viewpoint of green chemistry, aqueous systems are
considered more environmentally friendly and practical.
Activated esters and condensation reagents are often used for
amidation in water; however, many of them have low reactivity
and require long reaction times.'21>1® Therefore, the
development of highly reactive reagents for rapid amide bond
formation in agueous media is strongly desired.

Among the various acylating reagents, acid chlorides are known
for their extremely high reactivity, enabling rapid amidation
reactions.1517.18 However, under agueous or water-containing
conditions, they are inevitably hydrolyzed, making it difficult to
efficiently promote the desired transformation (Figure 1B).1819
Although the Schotten—Baumann reaction, conducted in a
biphasic system of water and organic solvent, is widely used to
suppress hydrolysis,?° its scale-up is often limited by the small
interfacial area and inefficient mass transfer.21.22 Therefore, the
development of efficient acylation reactions in homogeneous
water-containing solvents, remains an important challenge.
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Figure 1. (A) Examples of pharmaceuticals containing an amide bond, (B)
amidation with acid chloride and competing hydrolysis, and (C) amide synthesis
using a flow microreactor (FMR).
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Figure 2. Amidation of 2a in a batch-type reactor.

In this study, we focused on flow microreactor (FMR)
technology to achieve efficient amide bond formation in
homogeneous water-containing systems (Figure 1C).141523-26
FMR enables rapid mixing on a millisecond timescale, allowing
reactions involving unstable species to proceed efficiently.?7-34
In addition, FMR systems exhibit high durability, making them
well-suited for integration into continuous chemical production
processes.3>36 Positing that acid chlorides, which are typically
unstable in aqueous media, can be utilized for amidation
reactions using FMR, we demonstrated that FMR enhances the
yield of amide formation reactions and enables kinetic analysis
using quenched-flow techniques using the same setup.
Furthermore, we successfully applied this method to the
acylation of pharmaceutical compounds.
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Figure 3. (A) Amidation of 2a under various mixers and flow rates and (B) effect
of total flow rate on the yield of 3a.

A

)OL at0°C
cl 6 mL/min
1a,0.1 M
in ACN ﬂ
T250 O/ ¥
NH 6 mL/min ©
O/ 3a
2a, 0.1 M in H,0
+ x eq. base
B c 100
——— 80 —
Base Yield/ %
LiCH 87 ® 6 /
NaOH 86 z |/
KOH 82 > 4
NayCOs 79 5
KoCOs 80
C52003 70 0 3 3 7

2
eq. of base

Figure 4. (A) Amidation of 2a using various bases, and effect of (B) base type and
(C) base equivalents on the yield of 3a.

First, we attempted the N-acylation reaction under aqueous
conditions in a batch reactor. A 0.1 M solution of acetyl chloride
1 in acetonitrile was mixed with a 0.1 M aqueous solution of
cyclohexylamine containing 1.2 eq. of NaOH, following the
procedures in Table 1. Addition of the amine solution to the
acetyl chloride solution produced the desired amide product in
only 12% yield, likely because of the hydrolysis of acetyl chloride
by excess water in the system. In contrast, the addition of acetyl
chloride solution to the aqueous amine solution resulted in 76%
yield. These results indicate that although the reaction
proceeded with a reasonable yield, the mixing method still had
a significant influence on the yield, possibly due to local
differences in water concentration in the reactor.
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Figure 5. (A) Quenched-flow experiment of amidation of 2a, (B) side reaction of

amidation, and (C) AH* and AS* values determined for the condensation and
hydrolysis reactions.
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Next, we investigated the reaction using FMR. To optimize the
reaction conditions, a series of experiments were conducted by
varying the inner diameter of the micromixer (2: 250 and 500
um) and total flow rate (Q: 1.5-12 mL/min). Consequently,
increasing the flow rate led to higher yields, with a maximum of
86% at Q = 6 mL/min. The micromixer with a 250 um inner
diameter provided higher yields than the micromixer with 500
um. This is presumably because insufficient mixing at lower flow
rates leads to the hydrolysis of acetyl chloride. Based on these
investigations, the optimal conditions were determined to be a
micromixer with a 250 pm inner diameter and a flow rate of 6
mL/min. These results demonstrate that the FMR-based system
achieves higher yields than the corresponding batch process.

Subsequently, the effect of the base on reaction was
investigated. No significant improvement in yield was observed
among the different bases tested. We examined the effect of
NaOH loading by varying the number of equivalents from 0 to
5. The results showed that the yield reached 1.2 eq with
increasing NaOH equivalents. Based on these findings, NaOH, a
commonly used base, was selected as the optimal base, and the
optimal amount was determined to be 1.2 equivalents. Under
these conditions, the desired amide produced 87% yield.

The reaction kinetics was also investigated using the quenched-
flow (QF) method. The QF method enables monitoring of fast
reactions by rapidly quenching them.3” Here, the amidation
reaction was quenched with an excess amount of "PrNH;
following the acid chloride reaction with CyNH; (Figure 5A).
Reaction progress was monitored by varying the residence time
(tr), and a fitting analysis was performed to determine the
kinetic parameters. The activation enthalpies (AHY) for
condensation and hydrolysis were 25.0 and 49.4 kJ mol?,
respectively, and the activation entropies (AS*) were —81.3 and
-41.9 J mol™ K1, respectively. These results demonstrate that
amidation proceeds via a highly ordered associative transition
state, as evidenced by the large negative AS* value.38

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Scope of amidation using an FMR system.
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Figure 6. Continuous-flow synthesis of acylated oseltamivir 7.

The substrate scope of amidation is shown in Figure 6. Reactions
with primary amines (3a—e) yielded 83-90%. Acylation of 2-
aminoethanol yielded 59% of N-acylated product (3f). This
method, although also applicable to anilines (3g), reactions with
secondary amines produced low yields, except for piperidine
with 68% vyield (3h—j). Although N-acylation of glucosamine
resulted in low vyield (3k), corresponding products were
obtained in moderate-to-good yields with amino acid methyl
esters (3l-0). Extension of this method to other acid chlorides
revealed its applicability to various acyl chlorides (3p-r) and
sulfonyl chlorides (3u—w), although methanesulfonyl chloride
(3u) gave a lower yield likely due to its rapid hydrolysis. The
protocol was also successfully applied to S-acylation of an
aliphatic thiol and O-acylation of phenols (3s and 3t), whereas
O-acylation of ethanol (3x) resulted in a low yield even with 3
equivalents of acid chloride. The results demonstrate the

This journal is © The Royal Society of Chemistry 20xx
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versatility of the flow method for amidation reactigns,involving
a wide range of nucleophiles and acyl doR8fs!0.1039/D5CC06943B

Finally, the flow method was applied to the synthesis of a
pharmacological compound. Oseltamivir (6), an antiviral
agent,3%40 was subjected to N-acylation using the flow setup in
Figure 7. Product 7 was obtained in 66% yield, with a
throughput of 2.1 g h™! and a space—time yield of 1.3 x 10* g h?!
L 1. Product 7 was converted via ester hydrolysis to compound
8, a neuraminidase inhibitor active against new variants of the
virus, via ester hydrolysis.** These results demonstrate the
applicability of the developed flow method for the efficient
synthesis of pharmaceutically relevant molecules.

In conclusion, we developed an efficient FMR method for amide
bond formation in homogeneous water-containing systems
using acid chlorides as highly reactive acyl donors. Rapid mixing
in FMR suppresses competitive hydrolysis and enables
amidation under mild conditions. This method covers a broad
range of nucleophiles and acyl donors, allowing kinetic analysis
via quenched-flow experiments conducted in a similar setup.
This approach was successfully applied to the synthesis of
pharmaceutically relevant molecules. The results demonstrated
that the developed FMR-based amidation strategy provides a
powerful and scalable platform for the rapid, selective, and
sustainable formation of amide bonds in aqueous media.
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