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Chapter 6

6.1. Abstract

Amide bond formation is a key transformation in organic synthesis, especially for the
preparation of active pharmaceutical ingredients (APIs). In this work, we report the
development of a bio-organocatalytic cascade, combining stereoselective transamination
catalyzed by w-transaminases (o-TAs) in neat organic solvent and choline chloride (ChCl)-
mediated direct amidation. This strategy enables the synthesis of chiral amides from prochiral
carbonyl compounds and carboxylic acids under solvent-free microwave conditions. After
optimizing the biocatalytic transamination in MTBE, we applied the method to the synthesis
of key intermediates of Racecadotril and AVR-48, achieving full conversions and enantiomeric
excess above 99%. The amidation step, promoted by ChCl without traditional activating agents,
proved highly efficient for a wide range of aliphatic and aromatic carboxylic acids, affording
the target amides in 60—86% yields. Solvent evaporation after the transamination step was
essential to remove interfering by-products such as acetone, thus improving amidation yields.
Overall, this integrated methodology provides a green, efficient, and scalable route to access
amide-based building blocks in high optical purity, opening new avenues for sustainable

pharmaceutical manufacturing.
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6.2. Introduction

Amide bond formation is a fundamental transformation in chemistry, particularly for
the synthesis of active pharmaceutical ingredients (APIs); for instance, about 122 of the Top
200 Small Molecule Drugs by Retail Sales in 2024 contain at least an amide functional group.!!
However, conventional methods for amide synthesis often require stoichiometric amounts of
activating reagents, harsh reaction conditions, and toxic solvents, leading to significant

[2-14

environmental concerns.”'* As a result, the pursuit of sustainable and environmentally

friendly amidation strategies remains a prominent and ongoing challenge in organic chemistry.

Additionally, many bioactive molecules and APIs feature amide groups alongside
stereogenic centers, which critically influence their biological activity. As the FDA increasingly
prioritizes the approval of single-enantiomer drugs over racemic mixtures, the demand for
stereoselective synthesis strategies has intensified. In this context, biocatalysis has emerged as
a promising approach.['>?] Among biocatalysts, w-transaminases (o-TAs) have garnered
significant attention due to their ability to enable the asymmetric synthesis of amines from
prochiral ketones, as well as the kinetic resolution of racemic amines./?*3*! Notably, these
enzymes can retain catalytic activity in neat organic solvents at controlled water activity, albeit
with reduced reaction rates compared to aqueous buffer systems.*>*71 The use of inexpensive
amine donors, such as 2-propylamine, in neat organic solvents or in an aqueous buffer in the
presence of a high volume of an organic cosolvent further underscores the industrial relevance

of ®-TAs in organic synthesis.[?>36: 38-40]

Organocatalysis incorporating synergistic,
multicomponent, or cascade reactions along with emerging activation strategies such as
electrocatalysis and photocatalysis also represents a compelling alternative.[*!*?] Despite these
developments, bio-organocatalytic strategies for direct amide bond formation from carbonyl

compounds remain largely underexplored, highlighting an urgent need for further innovation.

In a recent study, we developed an amide bond formation approach using choline
chloride (ChCl) as a reaction mediator, eliminating the need for traditional activating reagents
and hazardous solvents.[**] ChCl, in combination with hydrogen bond donor (HBD) molecules,
forms complex hydrogen bond interactions, which facilitate direct amidation of amines and
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carboxylic acids under mild conditions, providing a green alternative for pharmaceutical

synthesis.[ 4

In recent years, racecadotril has emerged as an important therapeutic agent for the
treatment of acute diarrhea, owing to its ability to selectively inhibit the enzyme enkephalinase.
Its clinical relevance is supported by its pharmacological profile as well as its distinct chemical
structure, which features a methoxy-substituted aromatic ring, a thioether linkage, and a
defined amide moiety.[*] A structurally related compound, AVR-48, currently under clinical
investigation for the treatment of respiratory conditions such as bronchopulmonary dysplasia,

shares a similar molecular scaffold but introduces stereoselectivity as a key design element.[*®!

Although racecadotril and AVR-48 differ in therapeutic indication, both compounds
represent valuable molecular targets due to their shared amide functionality and
stereochemically rich frameworks (Figure 6.1). As an example, racecadotril is traditionally
synthesized through multistep procedures that rely on the direct thioacetylation of
benzylacrylic acid, followed by amidation with benzyl glycinate, as described in patent
WO02011116490A1.147 A graphical overview of the industrial method, including its advantages,
limitations, and environmental impact, is provided in the supplementary data (see section 6.6.1,
Figure S6.1). While this industrially adopted strategy provides high yields (up to 80-85%), it
requires hazardous solvents such as dichloromethane and coupling agents such as DCC and
HOBt, which generate significant waste streams and raise safety concerns. Alternative
synthetic routes have also been reported, yet these approaches generally afford low yields and
involve the use of environmentally unfriendly reagents.!?!

From a synthetic perspective, the core structures of racecadrotril and AVR-48 could be
efficiently accessed through a biocatalytic approach involving enzymatic transamination,
followed by a chemical or enzymatic amidation step, offering a greener alternative that avoids

stoichiometric activating agents and hazardous solvents.
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Figure 6.1. Chemical structures of racecadotril and AVR-48

In this work, we explore the potential of integrating biocatalysis and organocatalysis to
establish a powerful strategy for stereoselective synthesis of amide-based building blocks of
racecadotril and its analogue AVR-48. By leveraging the synergistic potential of w-TAs and
ChCl-mediated activation, this approach aims to achieve high yields and enantiomeric purity
while adhering to the principles of green chemistry. This study seeks to expand the synthetic
toolbox for sustainable and selective amide bond formation, paving the way for more

environmentally benign methodologies in pharmaceutical development.
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6.3. Results and discussion

As illustrated in Figure 6.2, a retrosynthetic analysis suggests that these molecules
could arise from analogous carbonyl precursors, such as ketones or aldehydes, that are targets
for stereoselective transamination. This strategy not only provides access to enantiomerically
enriched intermediates but also enables a greener and potentially more sustainable route to

pharmaceutically relevant amide-containing compounds.
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AVR-48
Figure 6.2: Retrosynthetic analysis for racecadotril (A) and AVR-48 (B).

In this study, we selected two specific transaminases, Cv-oTA and AsR-oTA, due to
their demonstrated high enantioselectivity for the production of S- and R-configured amines
from ketones, as reported in the literature.*> *-32 At the beginning, we focused on optimizing
the reaction conditions in organic solvents to look for compatibility between the biocatalytic
and the organocatalytic steps. For this initial screening, we employed the benchmark substrate
acetophenone (2), as reported in a previous work,*> and the structurally analogous
benzaldehyde (1) (Figure 6.3). Although these model substrates had limited relevance to our
final synthetic goals, they allowed us to establish the optimal reaction parameters. With a
suitable protocol in hand, we turned our attention to the synthesis of two pharmacologically
relevant API intermediates as targets (compounds 7, (R)-8 and (S)-8, see Figure 6.3).
Remarkably, these compounds were obtained in full conversion due to the favorable
thermodynamic equilibrium, confirming the applicability and robustness of the developed

method for the synthesis of the desired amine intermediates (Figure 6.3).
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Figure 6.3: General scheme for transamination reaction.
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Various solvents, including MTBE, toluene, and hexane, were tested to optimize the
reaction conditions for the transamination steps (Figure 6.4). Our data show that the solvent
effect is highly substrate-dependent, specifically, for the benchmark substrates benzaldehyde
(1) and acetophenone (2). For those substrates, the best conversions were observed in toluene
and hexane, respectively, indicating that these solvents provide more favorable environments
for the conversion of smaller carbonyl substrates. Figure 6.4 also shows the conversion results
of the reactions in MTBE with substrates 1 and 2. As observed, both enzymes provided good

conversions, in agreement with the influence of the solvent and reagents.

Reactions performed in hexane and toluene exhibit higher conversion with substrates 1
and 2, but as we can see from the values, they showed more variability than the reaction

performed in MTBE, especially with substrates 3 and 4.

263



Chapter 6
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Figure 6.4: Comparison of transamination conversions by substrate, solvent, and
enzyme. All data are reported as the mean for 3 single replicates. Reaction conditions: o-TA
(20 mg CFE at aw = 0.6), organic solvent (1 mL, saturated with 0.8% in volume of H-0),
carbonyl compound as substrate (50 mM), 2-propylamine (150 mM), 30 °C. See the

experimental part for details.

However, when the reaction was extended to the bulkier substrates 3 and 4, a significant
drop in conversion was observed in both hexane and toluene, while reactions performed in
MTBE consistently achieved conversions above 99% with enantiomeric excess (ee) between
97-99%. This behavior can be explained by the impact of solvents with different
hydrophobicities (log P values) on enzyme flexibility and substrate accessibility.[>>>%1 It is
known that in more hydrophobic solvents, such as hexane and toluene, enzymes may adopt

more rigid conformations, which can hinder the access of larger substrates to the active site,
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thus explaining the poor conversion observed with 3 and 4 in these solvents. MTBE, on the
other hand, appears to balance retention of enzyme activity and substrate solubility, while
enabling sufficient enzyme flexibility for the access of larger substrates to the active site
(Figure 6.3 and Table S6.1).°”' Moreover, among ethers, MTBE is one of the best alternatives
in terms of health and environmental score according to the CHEMZ21 solvent selection guide,
and it is considered “usable” by the solvent selection guides of Pfizer, GSK and Sanofi.l**! The
main concern is about safety, due to its volatility. Nevertheless, safer alternatives, such as
cyclopentyl methyl ether (CPME), were not suitable for the reaction because, as it will be
discussed in the next section, the organic solvent must be removed before amidation without

losing volatile amines.

Once the reaction conditions for the biocatalytic transamination were established, the
focus shifted to the bio-organocatalytic cascade reaction (Figure 6.5). As shown in Figure 6.5,
the objective is to synthesize the amide starting from the amine intermediate obtained after the
first transamination step on the carbonyl compound, by simply adding choline chloride and the
carboxylic acid at the end of the transamination to initiate the second step. This method
effectively bridges biocatalytic transamination of carbonyl compounds with organocatalytic

amidation between carboxylic acids and amines.

oy S D ©”’“’ 3 AP
\ . & N <y

MTBE, 0.6 aw, O/\l“ MW, 80 °C, 6 cycles of 3 mins
Ci

30 °C, 170 rpm for 24h ChCl
@\ Enyme (8 o) (5)-8 NH; (5)-10 HN\IrR
O R:a :"LL‘/\/

4 QO’Y A OH ©\0’Y

Y

=§, o] .
£ L
e

Figure 6.5: General approach for the bio-organocatalytic amidation reaction

|
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Therefore, we initiated a series of preliminary tests, including cascade reactions with

and without solvent evaporation (product 9a, (S)-10a and (R)-10a, see Figure 6.6).

Specifically, we performed solvent evaporation using a nitrogen stream after the

transamination. Figure 6.6 shows the results of the cascade reaction: starting from compound

3, amides 9a-f were produced, while starting from compound 4 led to the formation of chiral

amides (R)-10a-f and (S)-10a-f.
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Figure 6.6: Bio-organocatalytic amidation of compounds 3 and 4. a) General reaction

conditions in MTBE with evaporation of solvent: MW 80 °C, 6 cycles of 3 min each; b)

Reaction conditions in MTBE without evaporation of solvent: MW 80 °C, 6 cycles of 3 min

each.
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The results from the tests conducted without solvent evaporation revealed
incompatibility under such conditions, with the production of amides falling below 2%

(procedure [b]), confirming the need for solvent evaporation.

As shown in Figure 6.5, during the conversion of the carbonyl compound to the amine,
one equivalent of 2-propylamine is transformed into acetone. We speculate that this by-product
could interfere with the binding of ChCl, potentially reducing or even preventing its
coordination during the amidation reaction under microwave conditions. By evaporating the
solvent using a nitrogen stream, it is possible to remove this by-product as well, thereby greatly
enhancing the yield of the ChCl-organocatalyzed step. We noticed that the organocatalytic
amidation of intermediate aldehyde 7 yielded the final products 9a—f with excellent purity
(>99%) without the need for further work-up, whereas the same reaction on ketone
intermediate 8 resulted in detectable traces of by-products, possibly due to the lability of the
phenoxy moiety. The products (R)-10a—f and (S)-10a—f required purification by column

chromatography, and in a few cases, the removal of by-products proved difficult.

In all cases, yields ranged from 60% to 86% across the various substrates tested.
Aliphatic acids afforded good yields with both amines (entries 9a, 9b, 9¢, (R)-10a, (R)-10b,
(8)-10a, ($)-10b, Figure 6.6). As expected, the reactions with aromatic acids also proceeded
with good yields (9d, 9e, 91, (R)-10d, (R)-10e, (R)-10f, (S)-10d, (S)-10e, (S)-10f, Figure 6.6).
Moreover, the absolute configuration of the stereogenic center of the amine 8 (R or S) did not
influence the outcome of the subsequent organocatalytic reactions. The only exception was
observed in the reaction between substrate 8 (R or S) and acid ¢, where no conversion was

obtained. In these cases, traces (<2%) of undesired side-products were formed.

It is known from literature that pimelic acid (¢) can form crystalline or semi-crystalline
aggregates with molecules containing amino or amide functionalities,’®’5%! where the stability
of these structures depends on the nature of the interaction partner and the presence of specific
templates.l>” It is therefore conceivable that the amines derived from ketones, such as the 1-
(benzyloxy)propan-2-amine (8), could participate in the formation of such aggregates, thereby
hindering the progress of the reaction—unlike amines derived from aldehydes such as 7, which
may not exhibit this behavior. Indeed, the formation of a stable supramolecular complex, where

ChCl enables the activation of the carboxylic acid and stabilization of the ammonium
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intermediate through hydrogen bonding, remains critical for the success of the amidation

reaction, particularly under solvent-free microwave conditions.’]

To better investigate this aspect, we evaluated the reactivity of pimelic (¢), malonic (g),
and succinic (h) acids with amines structurally analogous to (R) and ($)-8, namely (R) and (S)-
I-methoxypropan-2-amine ((R) and (5)-13), and (R) and (S)-1-(benzyloxy)propan-2-amine
((R) and (8)-14), as reported in section 6.6.3 in the supplementary data (Figure S6.2). As
expected, no conversion was observed for the reactions involving pimelic (¢), as observed in
the case of using amines (R) and (5)-8 (section 6.6.3, Table S6.2). In contrast, reactions with
succinic acid (h) afforded measurable amounts of the desired products (R) and (S)-15, along
with unidentified side-products. Similarly, reactions with malonic acid (g) yielded measurable
amounts of the desired products (R) and (§)-16, again accompanied by unidentified side-
products. Concerning the stereoselectivity, the carbonyl substrates used in the cascade reaction
were proven to be converted into enantiomerically pure amines, essential intermediates for

active pharmaceutical ingredients (APIs).!’!
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6.4. Conclusion

In this study, we successfully developed and optimized a bio-organocatalytic cascade
for chiral amide synthesis using prochiral carbonyl compounds and carboxylic acids as
reagents. We also demonstrated its significant potential for applications in drug synthesis by
synthesizing structural analogues of racecadotril and AVR-48 building blocks. By establishing
optimal conditions for the two steps of the cascade, we achieved high yields and excellent
enantiomeric purity. A key finding was the essential role of solvent evaporation during the
cascade reaction, after the transamination, in enhancing the reaction yields to the final amide
product. By exploring a diverse set of acids, we expanded the reaction scope. Notably,
microwave irradiation at 80 °C for 18 minutes provided the most efficient conditions, yielding
high-purity amides with superior yields. In summary, this work contributes significantly to
synthetic chemistry by offering robust and sustainable methods for amide synthesis. The
techniques developed hold promise for advancing pharmaceutical research and production,
facilitating the transition from laboratory-scale experiments to industrial-scale applications,
respecting sustainability requirements. This work not only enhances the toolkit of synthetic

chemists but also paves the way for future innovations in the green synthesis of chiral amides.

Looking ahead, several challenges must be addressed to further improve the
environmental profile of the cascade. Increasing substrate concentration and achieving full
conversion will be essential for process intensification and may be enabled by w-TA
immobilization, enzyme stabilization strategies, or variants engineered for improved solvent
tolerance. The sustainability of the organocatalytic step could be further enhanced by
minimizing by-product formation under microwave conditions and by exploring alternative
hydrogen-bond donors or ChCl analogues derived from renewable feedstocks. In addition, both
MTBE and ChCl are amenable to closed-loop recycling, a key requirement for future large-
scale applications that will be systematically evaluated in follow-up studies. Overall, these
improvements are critical to unlocking the full potential of the cascade for sustainable

pharmaceutical manufacturing.
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6.5. Experimental section

6.5.1. Enzyme expression and purification

The enzymes were expressed in E. coli BL1(DE3) cells. Glycerol stock of these E. coli
cells harbouring the plasmid encoding for the enzyme was added in LB medium (25 g/L)
supplemented with kanamycin or ampicillin (kan; 50 pg/mL or amp; 100ug/mL), and grown
overnight at 37 °C, 170 rpm. Next, 15 mL of this preculture was added to a 2 L flask containing
800 mL of LB (25 g/L)/Kan (50 ug/mL) or Amp (100 pg/mL) medium, and shaken at 37 °C,
170 rpm. After around 3 h the ODsoo was checked and it was found to be in the range of 0.6—
0.9. Next, the culture was induced with IPTG (final concentration 0.5 mM) and further shaken
at 170 rpm, at 25 °C, for 24 h. Culture was harvested, centrifuged (4500 rpm, 4 °C), and the
cell pellets were washed with an aqueous solution of NaCl 0.9% w/w. The total amount of wet
cells per 800 mL of culture was between 5.0 and 5.50 g. Finally, the cell pellets were frozen

and stored at -20 °C.

A Ni?* column (HisTrap FF, 5 mL) was washed with distilled water (50 mL) and
conditioned with lysis buffer (10 mM imidazole, pH 8, 50 mM KH;PO4, 300 mM NaCl, 50
mL). Wet cells containing the enzyme were suspended in the lysis buffer (5-10 mL buffer added
for 1 g of cells wet weights). Next, the cells were sonicated until the suspension became darker
and less viscous (10 s pulse ON, 10 s pulse OFF, amplitude 45%); the resulting suspension was
centrifuged (14500 rpm, 4 °C, 60 min) and the supernatant was filtered through a 0.45 pm
filter. In the case of NOx, before the disruption of cells containing overexpressed enzyme, a
tiny amount of FAD was externally added The solution was loaded to the column after the lysis
buffer. The column was then washed with washing buffer (25 mM imidazole, pH 8, 50 mM
KH2PO4, 300 mM NaCl, 55 mL). Afterwards, the column was eluted with elution buffer (200
mM imidazole, pH 8, 50 mM KH>PO4, 300 mM NaCl, 10-15 mL). Both the washing and
elution fractions were analyzed by SDS-PAGE.

The combined solution of the elution fractions was dialysed overnight in KP1 buffer 50

mM, pH 8. The enzyme solution was concentrated, and the final concentration was measured
270



Stereoselective Bio-Organocatalytic Cascade to Chiral Amides

via a spectrometer by measuring the absorption at 280 nm and using the extinction coefficients

of the enzyme (¢). Finally, the purity of the enzyme solution was judged by SDS-PAGE.

When the enzyme has been used as cell-free extract, after the sonication and the
centrifugation, the supernatant was poured into a flask, shock-frozen with liquid nitrogen and

connected to the lyophilizer overnight to dry the lysate and obtain a powder.

6.5.2. General

All chemicals (carbonyl compounds: benzaldehyde, acetophenone,
benzyloxyacetaldehyde, 1-(benzyloxy)propan-2-one, 1-methoxypropan-2-one, and 1-
(benzyloxy)propan-2-one (1-4, 11 and 12); carboxylic acids: butyric acid, pentanoic acid,
pimelic acid, 4-bromo benzoic acid, phenylacetic acid, hydrocinnamic acid, malonic acid, and

succinic acid (a-h)) were obtained from Merck and used as received.

Glycerol stock of E. coli BL21(DE3) cells harbouring the plasmid for expression of the
®-TAs have been used in this study. These ®-TAs were overexpressed in E. coli
BL21(DE3)/pET21 cells using the OnePot automated system. Electrophoresis gel imaging
using Gel Doc EZ from Biorad allows high-quality analysis of enzyme expression during

bacterial growth.

The MW-assisted reactions were performed in the high-energy-density laboratory CEM
Discover MW oven equipped with an external IR sensor for temperature control; reactions
were run in dynamic mode, working with borosilicate glass vessels equipped with a silicon cap

and septum.

Biocatalytic transamination were performed in an Eppendorf Thermomixer compact
5350. The protein expression analyses were performed using a Gel Doc EZ from Biorad. The

Optical Density (OD) calculation has been performed by a WPA Bioware.

GC-MS analyses were performed by a Focus GC (Thermo Scientific) equipped with a
Varian VF-5m capillary column (30 m % 0.25 mm x 0.25 um) and coupled to a single

quadrupole mass spectrometer (DSQII Thermo Scientific).
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Conversions of amines were determined by GC using a 7890A GC system (Agilent
Technologies), equipped with a FID detector, using H2 as carrier gas, and a DB1701 column
from Agilent (30 m, 250 um, 0.25 um). The enantiomeric excess of the chiral compounds was
measured using a ChiraSil DEX-CB column from Agilent (25 m, 320 um, 0.25 um) after

derivatization.

Proton nuclear magnetic resonance (‘H NMR) spectra and carbon nuclear magnetic

resonance (1*C NMR) spectra were recorded on a Bruker AV400.
6.5.3. Amination in MTBE with 2-propylamine on analytical scale.

The lyophilized cell free extract (CFE) containing overexpressed ®-TA (20 mg) was
placed in an Eppendorf tube and methyl tert-butyl ether (MTBE) was added (1 mL, saturated
with 0.8% in volume of distilled water). The sample was shaken for about 30 min, at 25 °C and
750 rpm in an Eppendorf Thermomixer. Then, an additional amount of water (16 pL to reach a
final approximate aw of 0.6) was added and the sample was shaken for another 30 min to
equilibrate the system. Carbonyl substrate (50 mM from a MTBE stock solution) and 2-
propylamine (150 mM) were added and the sample was shaken in an Eppendorf thermomixer
at 30 °C and 750 rpm. The conversions were determined by GC-FID with the method reported
in the Supplementary data (section 6.5.7). The procedure for the determination of enantiomeric

selectivity 1s described in the Supplementary data (section 6.5.7)

6.5.4. General procedure for MW-assisted direct amidation

In a typical reaction, the reagents were added into vessels equipped with a silicon cap
and septum with a ratio of 1.0:1.0:1.0 eq. of ChCl (2 mmol), carboxylic acid (2 mmol), and
amine (2 mmol). The mixture was heated in the MW reactor (CEM Discover Sp) at 80 °C for
six reaction cycles lasting 3 min in “dynamic mode” (P 80 W), and the temperature was read
with an IR probe. Solid reagents were heated in an oil bath, up to 80 °C, for 2 min before
inserting them into the MW oven. The reaction was monitored by GC-MS. After phase
separation, the organic phase was taken, 10 mL of a saturated solution of CuSO4 (x3) was
added, and the organic phases collected were dried over Na;SOs, followed by evaporation

under reduced pressure to give the corresponding products 9a-f, (R)-10a-f, (S)-10a-f. Products
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9a-f were obtained in pure form after the workup, while compounds (R)-10a-f, (S)-10a-f were
purified by column chromatography on silica (DCM:MeOH 9:1). Yields were determined as
isolated products. All unknown products were characterized with GC-MS and 'H and '*C NMR

(see section 6.7).
6.5.5. Expression of w-TAs using the OnePot system

Cv-o-transaminases and AsR-w-transaminases were expressed in E. coli BL21(DE3)
cells using the OnePot automated system (Katakem). Glycerol stocks of E. coli cells harbouring
the plasmid encoding for Cv-m-transaminases and AsR-w-transaminases were used to inoculate
a pre-culture. For this, 80 mL of sterilized LB medium supplemented with kanamycin (50
pg/mL) for Cv-o-transaminases or ampicillin (100 pg/mL) for AsR-w-transaminases was
prepared in a flask. A small aliquot of cells from the glycerol stock was added, and the mixture
was incubated overnight at 37 °C on an orbital shaker at 170 rpm. For the main culture, 1000
mL of LB medium was added to the OnePot system, followed by 15 mL of the pre-culture. The
mixture was heated to 37 °C and agitated at 50 rpm for 120 minutes to allow bacterial growth.
Once the optical density (OD) reached 0.6—0.8, the culture was induced with IPTG (final
concentration 0.5 mM). The induction was carried out by heating the culture to 30 °C while
maintaining rotation at 50 rpm for 600 minutes to ensure optimal enzyme expression.
Following induction, the culture was harvested by centrifugation, and the cell pellet was
washed with an aqueous solution of NaCl (0.9% w/w). The collected biomass was stored at -
20 °C for further use. The total amount of wet cell mass obtained per liter of culture was
between 4.8 and 5.0 g for Cv-o-transaminases and between 6.0 and 6.5 g for AsR-w-
transaminases. The ®TA preparation displayed enzymatic activity only when the cells were
disrupted in the presence of pyridoxal-5'-phosphate (PLP) (1 mM), followed by centrifugation

and lyophilization.

6.5.6. General procedure for the derivatization and determination

of ee

The enantiomeric excess of the amine products was determined as follows. 1 mL of

sample was derivatised using a 4-dimethylaminopyridine (DMAP) solution in acetic anhydride
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(50 mg/mL). 20 uL of this derivatisation solution was used for the reactions catalysed by AsR-
wTa and Cv-wTa at 10 mM substrate concentration. The Eppendorf tubes were incubated for 1
h, 170 rpm, at 30 °C. Next, 500 uL of HoO were added to the mixture and it was incubated for
1 h, 170 rpm, at 30 °C. Finally, the solution was centrifuged (14500 rpm, 5 min), the organic
phase was dried over MgSO4 and analysed by GC-FID on an Agilent Chirasil-DEX-CB 30 m

column.
6.5.7. Analytical methods

The reaction conversion was determined by GC-FID through peaks % area comparison
using an Agilent Technology GC System 7890B, equipped with a DB1701-30m-A (Agilent
Technology) column. The instrument conditions were: constant pressure 6.9 psi, split ratio
50:1, T injector 250 °C. H2 carrier gas. The temperature program was the following: T initial
60°C; hold 6.5 min, gradient 20 °C/min up to 100 °C; hold 1 min, gradient 20 °C/min up to
280 °C; hold 2 min.

For the determination of the enantiomeric excess, the same instrument was equipped
with a Chirasil-Dex-B (Agilent Technology) column, with the following conditions: constant

flow: 1.4 mL/min, ratio 10:1, T injector 200 °C. H2 carrier gas.

Temperature program: T initial 60 °C, gradient 5 °C/min up to 100 °C; hold 2 min,
gradient 10 °C/min up to 180 °C; hold 2 min.
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6.6. Supplementary data

6.6.1. Comparison between patented approach to Racecadotril

and our method

Patented method WO2011116490A1
g

o
o
ethanethioic S-acid HZN\)I\ _@_ \Fo
o . HOsS CH.
s H ° °
y 70 oA

HO 5 HO (¢} (&)
o 0.5-3,60-70 °C o DCC/HOBY, CH,Cly, 5-25 °C, 4-8 h ©
Racecadotril
yield = 80-85 %

i 3-(acetylthio)-
2-bi I I
en:zigcry © 2-benzylpropanoic acid
yield = >90%

This work ©
3-phenylpropanoic acid
NHZ (f) \fo
S
o
o] ~-NH; /\,“ Il r
07N o) 0
o Analogue to
2-(benzyloxy)acetaldehyde MTBE, 0.6 aw 2- (benzyloxy)ethan 1-amine MW, 80°C, N-(2-(benzyloxy)ethyl)-3-phenylpropanamide Racecadotril
(3) 30 °C, 170 rpm fro 24h, 6 cycles of 3 mins, (9f)
ChCl yield = 65%

Enzyme (15 mg) yleld >99 %

Figure S6.1: Comparison of the industrial method used for the synthesis of racecadotril

and the biocatalytic and organocatalytic cascade developed in this work.
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6.6.2. Biocatalytic transamination in analytical scale

Table S6.1: Biocatalytic transamination in analytical scale (reaction volume of 1 mL)

Entry Enzymes Substrates Product Solvent Conversion eel? [%]
1 Cv-oTa 1 5 Hexane 77% -
2 Cv-oTa 2 6 Hexane 38% 97 (S)
3 Cv -oTa 3 7 Hexane 65% -
4 Cv -0Ta 4 8 Hexane 30% 97 (S)
5 AsR-0Ta 1 5 Hexane 27% -
6 AsR-wTa 2 6 Hexane 56% >99 (R)
7 AsR-wTa 3 7 Hexane 50% -
8 AsR-oTa 4 8 Hexane 13% >99 (R)
9 Cv-0Ta 1 5 Toluene 88% -
10 Cv-oTa 2 6 Toluene 5% 97 (S)
1 Cv -0Ta 3 7 Toluene 66% -
12 Cv-oTa 4 8 Toluene 20% 97 (S)
13 AsR-wTa 1 5 Toluene 39% -
14 AsR-wTa 2 6 Toluene 38% >99 (R)
15 AsR-wTa 3 7 Toluene 46% -
16 AsR-wTa 4 8 Toluene 23% >99 (R)
17 Cv-oTa 1 5 MTBE 74% -
18 Cv-oTa 2 6 MTBE 29% 97 (S)
19 Cv -oTa 3 7 MTBE >99 -
20 Cv-oTa 4 8 MTBE >99 97 (S)
21 AsR-wTa 1 5 MTBE 23% -
22 AsR-oTa 2 6 MTBE 49% >99 (R)
23 AsR-oTa 3 7 MTBE >99 -
24 AsR-oTa 4 8 MTBE >99 >99 (R)
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6.6.3. Evaluation of diacid reactivity

To further evaluate the reactivity of diacids under the ChCl-mediated amidation
conditions, we performed additional reactions using chiral amines 13 and 14 (R/S), obtained
from ketones 11 and 12, in combination with diacids g, h and ¢ (Figure S6.2). As summarized
in Table S6.2, only a few reactions (entries 3, 4, 7 and 8) afforded detectable amounts of the
desired amide products, and even in these cases the product conversions were markedly lower
than those reported for the other reactions in the main manuscript. In most experiments, either
no amidation occurred or multiple side products were observed, indicating that the diacids
behave significantly different form the monoacids used in the main study.

These results reinforce the hypothesis discussed in the main manuscript that diacids can
readily form crystalline or semi-crystalline aggregates with molecules containing amino or
amide functionalities.

In parallel to conversion measurements, each reaction mixture was analyzed using both
GC-MS and GC-FID. The conversion values calculated from peak area were close agreement
across the two analytical techniques.

NH, o]
/o\/\ HN )]\ R
o e i (R)-13 i R
oM PN A O
- (R)-15
or
1 v NH k_ or o
2
o ) hiy
o MTBE, 0.6 aw, ~ MW, 80 °C, 6 cycles of 3 min HNT R
30 °C, 170 rpm for 24h S)-13 ChCl o
O\)k Enzyme (15 mg) (8)- o - S)-15
or R:g= \s’fJLOH or O
e X
12 0 o_ -
o TN
c= \FH/\/\)LOH
(R)-14 (R)-16
0
or
M, HN )J\ R
O\/'\ °
()16

(S)-14

Figure S6.2: General approach for the bio-organocatalytic amidation reaction using

different diacids (c, g, h) and (S) and (R) configured amines 13 and 14.
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of chiral amines with dicarboxylic acids.

Table S6.2: Conversion values for products and side-products obtained from reactions

Entry Amine Carboxylic Product Product Conversion Side-product
acid (%) conversion (%)

1 ($)-13 c (S)-15¢ - -

2 (R)-13 c (R)-15¢ - -

3 5)-13 g 8)-15¢ - 25
4 (R)-13 g (R)-15¢g - 23
5 $)-13 h (8)-15h 16 74
6 R)-13 h (R)-15h 17 70
7 (5)-14 c (S)-16¢ - -

8 (R)-14 c (R)-16¢ - -

9 (5)-14 g (S)-16g 12 26
10 (R)-14 g (R)-16g 10 25
11 (5)-14 h (S)-16h - 40
12 (R)-14 h (R)-16h - 36
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6.7. NMR spectra

N-(2-(benzyloxy)ethyl)butyramide (9a): 68%, yellow solid, Rf 0.25 in TLC
(DCM/MeOH 9:1); 'TH-NMR (400 MHz, CDCls) &: 7.42 — 7.30 (m, 5H), 5.93 (s, 1H), 4.50 (q,
1H, J=7.0 Hz), 3.58 (td, 1H, J=5.6), 3.53-3.45 (m, 1H), 2.34-2.17 (dd, 2H, J = 8.1), 1,68 (d, J
=7.4, 1H), 1.00 (t, 3H, J=7.3); EUMS = m/z 221.1 [M]", 178.1 [HeCsH.COH,CH>CNHCO]",
108 [HeCsH2CO]", 91 [HsCsH2C]", 79 [HeCs]"

@/\DWNI\/\

N-(2-(benzyloxy)ethyl)pentanamide (9b): 75%, yellow solid, Rf 0.29 in TLC
(DCM/MeOH 9:1); '"H-NMR (400 MHz, CDCls) 8: 7.42 — 7.28 (m, 5H), 5.93 (s, 1H), 4.53 (q,
1H, J = 7.0 Hz), 3.58 (td, 1H,J=5.5), 2.23-2.12 (m, 1H), 1.70-1.54 (m, 2H), 1.45-1.24 (m,1H)
1.00 (t, 3H, J = 7.0); EI/MS = m/z 235.1 [M]", 178.1 [HeCsH.COH>CH.CNHCO]", 121
[HeCcH2COH,CT", 108 [HsCsH2COT", 91 [HeCcH2C]", 79 [HeCs]"

@/\le\] \n/\/\/\",DH

o 0

7-((2-benzyloxy)ethyl)ammino)-7-oxoheptanoic acid (9¢): 68%, brown solid, Rf
0.28 in TLC (DCM/MeOH 9:1); 'H-NMR (400 MHz, CDCls) §: 7.40 — 7.28 (m, 5H), 5.93 (s,
1H), 5.12 (q, 1H, J=7.0), 3.67 — 3.41 (m, 4H), 2.33 (ddd, 1H, J=7,6), 1.76-1,56 (m, 3H), 1.53-
1.21 (m, 2H, J = 7.0 Hz); EI/MS = m/z 293.1 [M]", 178.1 [HeCcH.COH,CH,CNHCO]", 121
[HeCcH2COH,CT", 108 [HsCsH2COT", 91 [HeCcH2C]", 79 [HeCs]"

Br
N
07N
o
N-(2(benzyloxy)ethyl)-4-bromobenzamide (9d): 70%, brown solid, Rf 0.31 in TLC

(DCM/MeOH 9:1); 'H-NMR (400 MHz, CDCLs) §:7.90 — 7.20 (m, 9H), 6.54 (s,1H), 4.50
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(q,1H, J=7.0), 3.55 (d,2H, J=2.6); EUMS =m/z 334 [M]", 227 [HoCH.CNHCOC¢H¢Br]", 182.9
[OCeHeBr]", 154.9 [CsHeBr]", 91 [HeCeH,C]"

H
A~
O

o

N-(2-(benzyloxy)ethyl)-2-phenylacetamide (9¢): 86%, Rf 0.22 in TLC (DCM/MeOH
9:1); '"H-NMR (400 MHz, CDCls) §:7.43 — 7.17 (m, 10H), 5.93 (s,1H), 4.45 (q,1H, J= 7.0),
3.72-3.41 (m, 1H); E/MS = m/z 269.1 [M]", 178.1 [H¢CcH.COH,CH,CNHCO]", 108
[HsCsH2CO]", 91 [HsCsH2C]", 79 [HoCs]"

SARS AR

N-(2-(benzyloxy)ethyl)-3-phenylpropanamide (9f): 65%, Rf 0.21 in TLC
(DCM/MeOH 9:1); 'H-NMR (400 MHz, CDCls) §:7.41-7.16 (m,10H), 5.93 (s,1H), 4.5
(q,1H,J=7), 3.68-3.38 (m,2H), 2.98 (dd, 2H, J=8.7), 2.49 (dd, 3H, J=8.7); EI/MS = m/z 283.1
[M]", 178.1 [HeCsH2COH,CH>CNHCOT]", 133 [HsCsH.COHCH2C]", 91 [HsCsH2CT"

(R)-N-(1-phenoxypropan-2-yl)butyramide ((R)-10a): 80%, Rf 0.25 in TLC
(DCM/MeOH 9:1); '"H-NMR (400 MHz, CDCls) §:7.48-7.28 (m,5H), 5.93 (s,1H), 4.44-4.35
(m,1H), 3.98 (qd,1H, J=9.3), 2.17 (dd, 2H, J=8.1), 1.83-1.59 (m, 1H), 1.00 (t, 3H, J =7.3);
EI/MS =m/z 221.1 [M]*, 134.1 [HeCsH2COH,CH,C]", 91 [HeCsH2C]*

(R)-N-(1-phenoxypropan-2-yl)pentanamide ((R)-10b): 60%, Rf 0.29 in TLC
(DCM/MeOH 9:1); '"H-NMR (400 MHz, CDCls) 8:7.38-6.96 (m,5H), 5.93 (s,1H), 4.42 (m,1H),
3.98 (qd,1H, J=9.3), 2.44 —2.01 (m, 1H), 1.43-1.08 (m, 2H), 1.00 (t, 3H, J =7.3); E/MS =m/z
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235.1 M, 142.1 [H:CHCHCNHCOCH;CH>CH,CHs], 134.1 [HeCeH2COHCHLCT', 78
[HeCs]"

(R)-4-bromo-N-(1-phenoxy-2-yl)benzamide ((R)-10d): 60%, Rf 0.23 in TLC
(DCM/MeOH 9:1); 'H-NMR (400 MHz, CDCls) 8:7.98-7.0 (m,9H), 5.93 (s,1H), 4.50-4.45
(m,1H), 4.10-3.91 (m,1H), 1.42 (dd, 1H, J=22,4); EI/MS = m/z 241 [M]", 182.9 [COC¢H¢Br],
154.9 [C¢HeBr]", 134.1 [HeCsOH2CH2C]", 78 [H6Cs]"

SO
©/ *

(R)-N-(1-phenoxypropan-2-yl)-2-phenylacetamide ((R)-10e): 70%, Rf 0.27 in TLC
(DCM/MeOH 9:1); 'H-NMR (400 MHz, CDCls) 6:7.34-6.84 (m,10H), 5.93 (s,1H), 4.39
(m,1H), 3.96-3.88 (m,1H), 3.59 (s,1H), 1.26 (d, 2H, J=10,1); EI/MS = m/z 269.1 [M]*, 176.1
[HoCH,CHCNHCOCH2C¢Hg], 134.1 [HeCsOH2CHACT", 77 [HeCo]"

[#]

o

(R)-N-(1-phenoxypropan-2-yl)-3-phenylpropanamide ((R)-10f): 86%, Rf 0.22 in
TLC (DCM/MeOH 9:1); 'H-NMR (400 MHz, CDCls) 6:7.30-6.90 (m,10H), 5.64 (s,1H), 4.40
(d,1H, J=17.5), 3.90 (d,1H, J=3.8), 2.99 (t,1H, J=7.6), 1.31-1.22 (m,4H); EI/MS = m/z 281.3
M]", 190.1 [HoCH.CHCNHCOCH:>CH:2CsHs], 147.1 [HsCsH2COH>CH>CN]", 119.1
[HeCcH,COH,CH,CNH]", 91 [HsC6O]", 77 [HeCcO]*

8]
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(S)-N-(1-phenoxypropan-2-yl)butyramide (($)-10a): 80%, Rf 0.25 in TLC
(DCM/MeOH 9:1); 'H-NMR same as reported for 11a; E/MS = m/z 221.1 [M]", 134.1
[HeCsH.COH>CH2C]", 91 [HeCsH2C]"

o

oL
o

(S)-N-(1-phenoxypropan-2-yl)pentanamide ((S)-10b): 60%, Rf 0.29 in TLC
(DCM/MeOH 9:1); 'H-NMR same as reported for 11b; EI/MS = m/z 235.1 [M], 142.1
[HoCH,CHCNHCOCHCH>CH2CH3], 134.1 [HeCcH2COH2CHLC]", 78 [H6Co]"

(8)-4-bromo-N-(1-phenoxy-2-yl)benzamide ((S)-10d): 62%, Rf 0.23 in TLC
(DCM/MeOH 9:1); 'H-NMR same as reported for 11d; EI/MS = m/z 241 [M]", 182.9
[COCsHeBr], 154.9 [CsHeBr]", 134.1 [HeCsOH2CH,C]", 78 [HeCs]"

S
©/ *

(S)-N-(1-phenoxypropan-2-yl)-2-phenylacetamide ((S)-10e): 70%, Rf 0.87 in TLC
(DCM/MeOH 9:1); 'H-NMR same as reported for 1le; EI/MS = m/z 269.1 [M]", 176.1
[H,CH,CHCNHCOCH:C¢Hs], 134.1 [HsCsOHCH2C]", 77 [H6Cs]"
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9]

HHM
@/D\,J?\
(S)-N-(1-phenoxypropan-2-yl)-3-phenylpropanamide ((S)-10f): 86%, Rf 0.32 in

TLC (DCM/MeOH 9:1); 'H-NMR same as reported for 11f: EVMS = m/z 283.1 [M]*, 190.1
[H.CH,CHCNHCOCH2CH,CsH], 134.1 [HsCsOH.CHLCT*, 77 [HeCo]"
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