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We present a solvent-free thermo-mechanochemical approach for
the direct coupling of carboxylic acids and amines, which avoids
activators and additives. Detailed analysis of the reactions by ex situ
and in situ monitoring methods led to the observation, isolation,
and characterisation of multicomponent crystalline intermediates
that precede the formation of amides. We applied our methodology
for the quantitative synthesis of the active pharmaceutical ingre-
dient moclobemide.

The formation of the amide bond is of utmost importance in
chemical synthesis. Amide-based compounds find their appli-
cation in pharmaceuticals, agrochemicals,> polymers,’® etc.
Notably, around a quarter of marketed drugs contain an amide
bond, and amide coupling is the most prevalent chemical
transformation in drug discovery.? At the same time, academic
and industrial researchers called for improvement in the sus-
tainability of chemical processes that lead to amides as a top
priority,” in line with the principles of green chemistry and
sustainable development.® Among different strategies for the
preparation of amides, the most straightforward is the amida-
tion of carboxylic acids and amines (Fig. 1). Their condensation
using coupling reagents is the go-to approach for the large-scale
preparation of amides.” However, such an approach suffers
from considerable sustainability drawbacks. In the activation
step, stoichiometric amounts of coupling reagents are used to
activate the carboxylic acids by making the carbonyl group
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more susceptible to a nucleophilic attack from the amine
molecules. Although highly chemically efficient, this approach
yields significant amounts of waste and a poor atom economy.
Alternatively, solution-based direct catalysed amidation proto-
cols using boron reagents® ' and group (IV) metal catalysts'* ™
are more favourable from the perspective of green chemistry.
Yet, catalysed amidations still face a few challenges, such as
problems with catalyst loadings, recyclability, and limited sub-
strate scopes. Also, such reactions are usually performed in
solution, contributing to waste production."®

One promising avenue for the atom-efficient synthesis of
amides is solvent-free direct thermal amidation. Over 140 years
ago, Hoffman reported that amides formed by heating ammo-
nium salts of aliphatic acids at 230 °C and under high
pressure.'® Nevertheless, direct thermal amidation has been
reported in the literature only scarcely.'” In 1989, Cossy and
Pale-Grosdemange reported the synthesis of amides in
high yields by heating carboxylic acids and primary amines at
140-180 °C, in the presence of molecular sieves to trap the
forming water molecules.® Jursic and Zdravkovski showed that
a variety of amides were formed by heating primary amines and
carboxylic acids at 160-180 °C, together with the elimination of
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Fig. 1 Overview of the main strategies for the amidation of carboxylic
acids and amines.
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water from the reaction mixture, thus shifting the equilibrium
towards the amide formation.' Despite these early works
showing great promise, direct thermal amidation has been
neglected in the literature®® and is still considered limited to
simple substrates.”

In the search for atom-efficient amide synthesis, we have
turned to mechanochemical ball milling.>"** Solvent-free or
minimum-solvent mechanochemical reaction environment is
known to have tremendous sustainability benefits>* and is
known to be effective in the synthesis of amides.>®> Here,
we present a conceptually different approach that involves the
thermo-mechanochemical®® treatment of carboxylic acids and
amines for the quantitative conversion to amides without
additives. Moreover, we observed and structurally characterised
multicomponent crystalline solids as stable reaction intermedi-
ates preceding the amide bond formation. We applied our
protocol for the quantitative preparation of commercial phar-
maceutical amide moclobemide.

We first set out to investigate the coupling of benzoic acid
(1) and p-toluidine (2). After neat grinding equimolar amounts
of 1 and 2 at room temperature for 1 h (Table 1, entry 1),
powder X-ray diffraction (PXRD) analysis showed the formation
of a new crystalline product 3 (see ESI,{ Fig. S1). However, 'H
Nuclear Magnetic Resonance (*H-NMR) spectroscopy analysis
showed that the amide bond formation did not occur, although
there was a displacement in the chemical shift of the starting
materials 1 and 2 (ESLT Fig. S2). To better understand the
origin of 3, we monitored its formation by in situ synchrotron
PXRD, which showed that 3 formed within the first minute of
milling and persisted until 60 min of milling (ESI,T Fig. S3). We
grew single crystals of 3 and solved its crystal structure from

Table 1 Optimisation parameters for the synthesis of amide 5

o]

0
©AOH ©/ 30 Hz
+ —_— N
HoN A

+ H,O
(8)

benzoic acid (1) p-toluidine (2) N-(p-tolyl)benzamide
Total
Milling milling  Conversion
Entry 1 (equiv.) 2 (equiv.) temperature [°C] time [h] to 5 [%]
1 1 1 R.t. 1 0
2 1 1 100 1 3
3 1 1 160 1 25
4 1 1 190 1 38
5 1 1 190 3 58
6 1 1 190 2? 80
7 1 1 190 3¢ 89
8 2 1 190 1 52
9 1 2 190 1 11
10 2 1 190 2? 98

Reaction conditions: benzoic acid (1) (1 equiv.; 73 mg; 0.6 mmol or
2 equiv.; 147 mg; 1.2 mmol) and p-toluidine (2) (1 equiv.; 64 mg;
0.6 mmol or 2 equiv.; 129 mg; 1.2 mmol) were milled in a 12 mL
stainless steel milling jar using two 1.4 g milling balls of the same
material. © Determined by 'H NMR spectroscopy. ” After 1 h, the
milling jar was opened until cooled to room temperature then the
milling was restarted for 1 h. ¢ After 1 h, the milling jar was opened
until cooled to room temperature then the milling was restarted for 2 h.
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Fig. 2 (a) Fragment of the main 1D HB chain in the crystal structure of 3.
(b) Fragment of the crystal structure of 3 viewed down the crystallographic
b axis with the disordered neutral 2 molecules depicted as purple spacefill.

single-crystal X-ray diffraction data (SCXRD), which revealed 3
is a cocrystal salt between ionic 1 and 2. An additional neutral
molecule of 2 lies at the inversion centre, so the total 1:2
stoichiometry in the asymmetric unit is 2:1.5 (Fig. 2a and b,
Table S1 (ESIt), and ESL{ Fig. S4). The structure of 3 is
characterised by a 1D hydrogen-bonded (HB) chain of R}(12)
and R}(8) rings comprising the ionic 1 and 2 (Fig. 2a). The
neutral molecule of 1 is attached as a pendant to this chain by a
single hydrogen bond linking its OH group with a carboxylate
group of anion 1 (Fig. 2a). The neutral molecule of 2 is
disordered (its centroid corresponds to a crystallographic inver-
sion centre) and does not make strong supramolecular inter-
actions with the other crystal constituents (Fig. 2b, purple
spacefill).

Milling 1 and 2 in a 2:1 stoichiometric ratio resulted in a
different crystalline product 4 according to the PXRD analysis
(ESL Fig. S1). SCXRD data (ESL,{ Table S2) showed that 4 is a
cocrystal salt between 1 and 2 in a 2:1 stoichiometry (the
asymmetric unit contains, same as in 3, a neutral 1, and
anionic 1 and cationic 2; ESL{ Fig. S5). Also, the main 1D HB
chain motif of Rj(12) and Rj(8) rings involving ammonium
cations and carboxylate anions is analogous to the chains in 3.
Neutral molecules of 1 are also hydrogen-bonded as a pendant
to the chains. To test other stoichiometries, we performed neat
grinding of 1 and 2 in 3:1 and 1:2 ratios at room temperature
for 1 h.

However, neat grinding resulted in cocrystal salts 3 or 4,
respectively (ESLt Fig. S1). To attempt the amide bond for-
mation between 1 and 2, we employed thermo-mechano-
chemical reaction conditions with simultaneous mechanical
and thermal activation.’®®” Recently, this strategy has been
successful in obtaining amides and oligopeptides.***® We used
a protocol in which the stainless-steel jar is equipped with a
heater and controlled by a proportional-integral-derivative
device for precise temperature control.>®> Encouragingly, after
milling equimolar amounts of 1 and 2 for 1 h at 100 °C, 3% of
amide 5 was detected by "H NMR (Table 1, entry 2). Raising the
milling temperature to 160 °C resulted in 25% conversion to 5
(Table 1, entry 3), while milling at 190 °C gave 38% conversion
to 5 (Table 1, entry 4).

Prolonging the milling to 3 h at 190 °C resulted in a 58%
conversion to 5 (Table 1, entry 5). Being aware that removing
the water from the reaction mixture enhances the amide'® and
imide bond formation,*® we decided to open the hot jar after

Chem. Commun., 2023, 59, 13490-13493 | 13491
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milling 1 and 2 for 1 h at 190 °C. We then waited for the milling
jar to cool to room temperature and milled the same reaction
mixture for an additional 1 h at 190 °C (Table 1, entry 6). This
simple alteration improved the conversion to 5 to 80%. In
another experiment, we lengthened the second milling cycle
to 2 h, which increased the conversion to 5 up to 89% (Table 1,
entry 7). We used the latter reaction conditions for scaling the
reaction to a gram scale. Specifically, we milled 8.5 mmol (1.0 g)
of 1 and 8.5 mmol (0.9 g) of 2 under these reaction conditions.
Analysis by "H NMR spectroscopy showed a 92% conversion to
5 (ESL ¥ Fig. S6). Finally, after isolation by column chromato-
graphy and purification by recrystallisation (details can be
found in ESIt), we isolated 1.53 g of 5 in 85% yield.

Next, inspired by the crystal structure of cocrystal salt 4, we
performed a milling experiment with 1 and 2 in a 2:1 ratio for
1 h at 190 °C (Table 1, entry 8). Surprisingly, this resulted in
52% conversion to 5, a higher conversion rate than milling
equimolar amounts of 1 and 2 under the same conditions
(Table 1, entry 4). On the other hand, thermo-milling 1 and 2
in a 1:2 ratio favouring an excess of 2 (Table 1, entry 9) resulted
in an 11% conversion to 5. Moreover, thermo-milling 1 and 2 in
a 2:1 ratio for overall 2 h (Table 1, entry 10) gave almost
quantitative conversion to 5. Hence, there was a clear benefit of
having an excess of 1 to achieve complete amine consumption
and formation of the amide 5. To determine if cocrystal salt 4
acted as an intermediate before the amide bond formation, a
milling experiment of 1 and 2 in a 2:1 ratio at 190 °C was
stopped after 3 min of milling. Indeed, PXRD analysis con-
firmed the presence of 4 and ascertained it as a reaction
intermediate. Moreover, only heating of 4 induced amide bond
formation, in a higher conversion rate than heating of pristine
reactants (ESIt oven heating).

Interestingly, H. Charville et al. proposed a mechanism for
direct uncatalysed amidation, which involves a nucleophilic
attack of an amine to one carboxylic acid molecule from a
carboxylic acid hydrogen-bonded dimer.** They proposed a
concerted proton transfer mechanism in which a second car-
boxylic acid molecule acts as a proton acceptor from which the
water molecule is eliminated. In the case of intermediates 3
and 4, the carboxylic acid units do not form hydrogen-bonded
dimers but interact through single O-H:--O hydrogen bonds
(ESL ¥ Fig. S7). Also, the mechanism proposed by H. Charville
et al. includes neutral species without an ammonium carbox-
ylate formation. Still, the similarity to cocrystal salts 3 and 4 is
in additional carboxylic acid molecule close to the reaction
centre where the amide bond eventually forms.

Under high-temperature milling conditions, the reaction
mixture containing 1 and 2 melts, and the amide bond for-
mation proceeds in a molten phase. We verified this by opening
the hot jar and by differential scanning calorimetry (DSC)
analysis, which showed that cocrystal salts 3 and 4 melt around
53 °C and 54 °C, respectively (ESL Fig. S8 and S9). Additionally,
we wondered if the amide-forming reaction was reversible
under mechanochemical reaction conditions. We performed
liquid-assisted grinding of amide 5 with H,O for 1 h, at room
temperature and 120 °C. However, under these conditions, we

13492 | Chem. Commun., 2023, 59, 13490-13493
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Fig. 3 (a) Two-step strategy for the direct thermo-mechanochemical
synthesis of moclobemide 9. (b) Fragments of the supramolecular 1D HB
chains A and B characteristic for the structure of the intermediate 8. The
morpholine part of 7 was omitted in chain B for clarity reasons.

did not observe the hydrolytic cleavage of the amide bond,
and amide 5 persisted as a crystalline solid in the mixture (ESL T
Fig. S10 and S11).

We then turned to the direct mechanosynthesis of the commer-
cially important active pharmaceutical ingredient moclobemide
(9, Fig. 3a), marketed in more than 50 countries worldwide.*!
Mechanosynthesis of moclobemide had previously been reported
by ball milling*® and by extrusion,® although in both cases,
activated substrates (esters)*® or coupling reagents® were needed
for the amide bond formation to occur. After milling an equimolar
mixture of 6 and 7 for 1 h at room temperature, we observed the
formation of a new crystalline product 8, as confirmed by PXRD
analysis (ESLt Fig. S12). We solved the crystal structure of 8 from
SCXRD data and revealed the formation of an ammonium carbox-
ylate salt between 6 and 7 in 1:1 stoichiometry without neutral
coformer molecules (Fig. 3b, ESL;+ Table S3 and Fig. S13). Two
symmetry-independent ions of 6 and 7 form two symmetry-
independent 1D chains (designated as A and B) along the crystal-
lographic b axis of the structure stabilised by strong N-H: - -O bonds
(Fig. 3b and ESL Fig. S14). The chain A is comprised of R3(12) and
R3(8) rings analogous to those in 3 and 4, while the chain B is
formed by a single type of R}(10) ring. Subjecting a mixture of 6 and
7 to two thermo-milling cycles for 1 h at 190 °C resulted in a
quantitative conversion to moclobemide 9 (Fig. 3a). PXRD analysis
of the crude reaction mixture confirmed the formation of 9 and its
crystal phase purity (ESL Fig. S12).

We also milled a mixture of 6 and 7 in 2:1 stoichiometry for
1 h at room temperature, which resulted in the formation of a
poorly crystalline product that was likely a mixture of phases
(ESI,# Fig. S15). Nevertheless, subjecting this mixture to two
thermo-milling cycles for 1 h at 190 °C also resulted in a
quantitative conversion to 9. Finally, we calculated atom economy
(AE) and environmental factor (E-factor) and demonstrated that
thermo-mechanochemical amidation is atom-efficient (for com-
parison with other approaches, see ESIt green chemistry metrics).
It accounts for 92.1% AE and 0.27 E-factor for 5 (ESL Fig. S19),

This journal is © The Royal Society of Chemistry 2023
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and 93.7% AE and 0.07 E-factor for 9 (ESL ¥ Fig. S20). Impor-
tantly, model reactions between 1 and cyclohexanamine (10),
and 6 and 2 led to the synthesis of amides (ESL synthetic
procedures).

In summary, we developed a new protocol for direct amida-
tion that involves solvent-free grinding of carboxylic acids and
amines at elevated temperatures and avoids activators and
additives, giving water as the only byproduct of the reaction.
We observed and isolated the (cocrystal) salts between the
reactants that precede the formation of amides. Although
reports of non-covalent interactions preceding covalent bond
formation in mechanochemistry are scarce and the phenom-
enon is not yet well understood,”*™* it is becoming obvious
they could be involved in guiding many mechanochemical
reactions. In the present work, the critical step for the high
conversion to amides is milling under high temperatures and
eliminating water from the reaction mixtures. This two-step
thermo-mechanochemical methodology enabled the quantita-
tive synthesis of phase pure API moclobemide 9. We will next
broaden the scope of reagents to ascertain the generality of the
presented methodology.
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