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Despite considerable advancements in mechanochemical amide couplings, there is a paucity of studies
addressing chemoselective issues in these transformations, such as the tolerance of unmasked hydroxyl
groups. In view of the high practical significance of amide coupling reactions in the synthesis of active
pharmaceutical ingredients (APIs), we aimed to investigate the tolerance of unprotected hydroxyls in
carboxylic acids towards various reported mechanochemical amide coupling conditions. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl) in combination with ethyl acetate as a liquid-
assisted grinding (LAG) additive was revealed as the most selective amide coupling system that delivers

76-94% yields of amides from a range of hydroxycarboxylic acids, including N-Boc-protected amino acids
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Accepted 11th March 2024 serine and tyrosine. The EDC-mediated amide coupling protocol was employed in the synthesis of

imatinib, an anticancer drug included in the World Health Organization's List of Essential Medicines. The
target APl was synthesized in an overall 86% yield and 99% HPLC purity through a two-step
mechanochemical C—N bond assembling reaction sequence starting from 4-(hydroxymethyl)benzoic acid.
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Introduction

Mechanochemistry has shown great potential as a powerful tool
for advancing the sustainability goals in the synthesis of active
pharmaceutical ingredients (APIs).”* Focusing on the applica-
tions of mechanochemical C-N bond forming reactions,*” our
objective was to develop a mechanochemical method for the
synthesis of imatinib, an anti-cancer drug included in the World
Health Organization's List of Essential Medicines.® The planned
synthetic route involved the amide coupling of 4-(hydroxymethyl)
benzoic acid (1), followed by a subsequent nucleophilic substi-
tution reaction at the benzylic hydroxyl (Scheme 1). In our
previous work,” we noticed that amide coupling of 1 with N-Boc
piperazine mediated by the TCFH reagent (chloro-N,N,N',N'-tet-
ramethylformamidinium hexafluorophosphate) did not affect
the hydroxyl group of 1. However, regarding the synthesis of
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imatinib, we were uncertain whether using a poorly nucleophilic
aromatic amine would be equally successful, considering that
competitive esterification reactions can be facilitated by common
coupling reagents.”"* While numerous mechanochemical amide
coupling protocols have been reported,*'*>* limited attention has
been given to studying the chemoselectivity issues in these
transformations. In particular, the amide bond formation in the
presence of a free hydroxyl group in starting materials has not
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been systematically explored, with only sporadic instances of
such reactions reported.”**>° As a prerequisite for the synthesis
of imatinib, we aimed to perform a systematic screening of
previously reported protocols®'*'”** on a model amide coupling
reaction of 1. The goal was to identify a coupling reagent with the
best tolerance to the unmasked hydroxyl functionality of 1 and to
outline the limits of such tolerance by exploring amines with
varying nucleophilicities.

The study identified 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC-HCl) as the most efficient
amide coupler for 1 and other examples of hydroxycarboxylic
acids. Subsequently, we demonstrate the application of the
established chemoselective amide coupling methodology in the
two-step synthesis of imatinib 2.

Results and discussion

The mechanochemical amidation protocols have been screened
for the model coupling reaction of hydroxycarboxylic acid 1 with
4-bromo-3-methylaniline 3 as a poorly nucleophilic aromatic
amine® (Table 1).

Initially, we expected that free hydroxyl of 1 could act as
a competitive nucleophile,”*® thereby leading to the formation
of ester by-products. However, we observed a variety of side
processes, the prevalence of which was influenced by the
specific coupling conditions employed. The combination of

Table 1 Screening experiments for amide coupling of 1 and 3¢
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TCFH with K,HPO, (Table 1, entry 1)” afforded amide 4 in low
26% yield due to a competitive reaction between TCFH and
amine 3 with the formation of a guanidinium derivative 3a. 1,1'-
Carbonyldiimidazole (CDI, entry 4)'° demonstrated a low 10%
yield of 4 since the process was accompanied by self-
condensation of 1 that delivered ester-type by-products.
Several other reported methodologies'”** failed to provide the
amide product at all. The highest yield of 4 (90% by '"H NMR)
was attained with the EDC-HCI reagent (entry 7) and ethyl
acetate as a green LAG additive.** The use of EDC-HCI for the
mechanochemical amide coupling in combination with nitro-
methane as a LAG additive was first reported by Strukil and co-
workers,* which was followed by several examples of peptide
couplings, where nitromethane was replaced by ethyl
acetate.”* In our case, ethyl acetate demonstrated comparable
efficacy to nitromethane and sulfolane as LAG additives (Table
S1, entries 1-3 in the ESI{). This is particularly important from
a safety perspective, as it is essential to avoid the use of
hazardous nitromethane®* under mechanochemical conditions.
Pure amide 4 was isolated in 89% yield by following an opera-
tionally simple work-up protocol, which involved treatment
with water, filtration and drying.

The results demonstrate that the amide coupling is generally
more favoured with many of the tested reagent systems
compared to the ester capping of the hydroxyl group. To further
clarify the respective chemoselectivity concerns, certain amide

CO,H
w T

1+

@f ’
H,N

conditions: o Br
(Table 1)

60 min,
3 30 Hz 4

Entry Coupling reagent/base LAG additive, 7 (uL mg ") Yield of 4%, %
1 TCFH/K,HPO, EtOAc (0.19) 26°
2 COMU/K,HPO, EtOAc (0.19) g3he
3 TCFH/NMI Without 74¢
4 CDI Without 10°
5 -BUOK Without 0'€
6 EDC-HCI/DMAP CH;NO, (0.25) 0¢
7 EDC-HCI EtOAc (0.25) 90"

Structures of the reagents and identified by-products:

- o™ CN o o
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comu

NR,

e\
NH

N
X Me;N” NR,

=NMe,, 3a

or %N 0O, 3b

NMI = 1-methylimidazole, CDI = carbonyldiimidazole.

% General conditions: acid 1 (0.66 mmol, 100 mg), amine 3 (0.9-1 equiv.),

coupling reagent (1-1.1 equiv.), base (0.85-3 equiv.), LAG additive (n =

0.19-0.25 uL. mg ™), and ball milling at 30 Hz for 60 min (see the ESI for the details).  Yields are determined by "H NMR with an internal standard
(1,3,5-trimethoxybenzene). © Guanidinium derivative 3a was formed by the reaction of TCFH with 3. ¢ Guanidinium derivative 3b was formed as
a by-product. ° Ester by-products resulting from self-condensation of 1 were observed. / The reaction was performed with ethyl ester of 1.
£ Almost no reaction: starting materials with a trace of unidentified by-products. ” Anhydride 1a was formed in a reaction without amine 3.
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Table 2 Esterification of 4 with 4-(hydroxymethyl)benzoic acid 1¢

o o Br
(0]
\/©)‘\H conditions:
HO. ) N
Table 2
(Ta e ) o o H
4 + i
CO,H 60 min, 5
30 Hz
HO.
1 OH
Coupling LAG additive,
Entry reagent/base 7 (uL mg™) Yield of 52, %
1 COMU/ EtOAc (0.19) 31
K,HPO,
2 TCFH/NMI Without 40
3 TCFH/K,HPO, EtOAc (0.19) 5¢
4 EDC-HCI EtOAc (0.25) <14

% General conditions: amide 4 (0.19 mmol, 60 mg), acid 1 (1 equiv.),
coupling reagent (1—1.1 equiv.), base (3 equiv.), LAG addltlve (n =
0.19-0.25 pL mg '), and ball m1111ng at 30 Hz for 60 min. ? Yields
are determlned by '"H NMR. ¢ Anhydride 1a was formed in 70%
yield. ¢ Starting materials are left and anhydride 1a was formed in
30% yield.

EDC-HCI,
25 ul mg™")

EtOAc (1
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coupling conditions were also tested for producing ester 5
through the reaction of 4 with 1 (Table 2). Both COMU/K,HPO,
and TCFH/NMI systems afforded 5 at moderate yields of 31%
and 40%, respectively (Table 2, entries 1 and 2). However, using
TCFH/K,HPO, or EDC-HCI (entries 3 and 4) resulted in only
trace amounts of 5, with the predominant process being the
generation of anhydride 1a.

This suggests that COMU/K,HPO, and TCFH/NMI systems
are equally effective for synthesizing both esters and amides,
thus requiring to incorporate protecting groups in the starting
materials to achieve optimal yields. Conversely, EDC-HCI can
be reliably used for amide synthesis in the presence of unpro-
tected hydroxyls.

Then, the scope of the EDC-promoted coupling was briefly
investigated (Scheme 2). First, we explored the effect of the
nucleophilicity of the amine partner on the amide coupling of 1
(Scheme 2a). As a result, more nucleophilic N-Boc piperazine
smoothly delivered amide 8 in a high 91% yield, while the least
nucleophilic electron-deficient ethyl 4-aminobenzoate and
sterically hindered 2,4,6-trimethylaniline formed the corre-
sponding amides 6 and 7 in reduced 76% and 77% yields,
respectively. These results confirm that poor nucleophilic
amines are less reactive, but still amenable substrates. Besides
the hydroxycarboxylic acid 1, the amino group in (4-(amino-
methyl)phenyl)methanol was selectively acylated with benzoic
acid, affording amide 9 in 85% yield, with no ester isomer of 9

HO\.)J\
N

60 min, 30 Hz
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Scheme 2 Scope of EDC-mediated mechanochemical amide coupling: (a) influence of amine's nucleophilicity; (b) amide coupling of ami-
noalcohol; (c) synthesis of amides and dipeptides from natural hydroxy (amino)acids. ?Yield of the isolated product after treatment with water,
filtration and drying in air. ®Yield determined by *H NMR with an internal standard. “Yield of the isolated product after extraction work-up.

9Product isolated by silica gel column chromatography.
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being formed (Scheme 2b). The outcome complies with the
analogous reactions in solution®** and by
mechanochemistry.”**® Next, we explored hydroxyl group con-
taining amino acids, namely N-Boc-L-serine and N-Boc-L-tyro-
sine, in the reaction with aniline 3 and r-phenylalanine methyl
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Scheme 3 The developed mechanochemical route (a) and previously
reported mainstream solution-based (b) approach for the synthesis of
imatinib (2).
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ester (Scheme 2c). Notably, previous examples of mechano-
chemical peptide coupling reactions relied on the use of
hydroxyl-protecting groups in serine and tyrosine.’®' Amides
10 and 12 were prepared in good 82% and 90% yields in the
reactions with 3. However, column chromatography purifica-
tion was needed in these cases to separate unreacted amine 3.
Dipeptides 11 and 13 were flawlessly prepared by coupling with
t-phenylalanine methyl ester. Pure products were isolated in
84% and 83% yields after extractive workup. Importantly,
dipeptide 13 was obtained with high diastereomeric purity (99 :
1 dr), indicating the absence of notable epimerization. Lith-
ocholic acid in its coupling with 3 produced amide 14 in a high
93% yield, after simple treatment of the reaction mixture with
water and drying in air. To compare the mechanochemical
protocol with solution synthesis, dipeptide 11 was additionally
prepared in CH,Cl, solution. The solution-based reaction fol-
lowed by extractive workup also afforded pure 11 in 90% yield,
demonstrating that the chemoselectivity of the amide coupling
is attributable to the coupling reagent rather than the mecha-
nochemical conditions applied.

Subsequently, the EDC-mediated amide coupling protocol
was employed in the synthesis of anticancer drug imatinib 2
(the trade name Gleevec®) from the World Health Organiza-
tion's List of Essential Medicines.? The first synthetic route was
patented in 1993 by Zimmermann,*® followed by a number of
improved protocols,*** including flow-based approaches,*-?
and microwave-assisted solid-phase synthesis.”® However,
mechanochemical preparations have not been reported yet.

Importantly, our planned route bypasses the formation of
a chlorinated intermediate 17 with known genotoxic properties
(Scheme 3), the content of which is strictly regulated (10 ppm)**
and which is commonly encountered in the mainstream
synthetic strategies.’*-10:44-47:49-51,53

TFFH (2 equiv.)
K,HPO, (2.5 equiv.)
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H H |
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) HO
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H B ONTY N N)\N X
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Scheme 4
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(@) Mechanochemical synthesis of imatinib (2). DMI = dimethyl isosorbide. (b) The main impurities identified in the crude 2.
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After short optimization of the reaction conditions (see
Tables S4 and S5 in the ESIt), imatinib 2 was prepared by EDC-
mediated amide coupling of 1 with amine 16, followed by
nucleophilic substitution of the hydroxyl group in the formed
amide 18 with 1-methylpiperazine 19 via generation of reactive
isouronium intermediate 18a (Scheme 4a).” The crude API was
obtained in 86% overall yield, taking into account its 95% HPLC
purity. The main impurities in 2 were identified as unreacted 18
(1.3%), quaternary salt 20 (2%) and 21 (1.4%; Scheme 4b).
Purification of the crude 2 was achieved through recrystalliza-
tion from a methanol-ethyl acetate mixture (1 : 1 ratio), yielding
the target API with an HPLC purity of 99%. Crystals of inter-
mediate 18 suitable for single-crystal X-ray diffraction analysis
were obtained by crystallization from methanol solution and its
solid-state structure was revealed, in a form of methanol solvate
(CCDC 2287665, see Section 5 in the ESI}).

The genotoxic potential of intermediate 18 was checked by
performing in silico assessment. Knowledge-based and statis-
tical systems were used to predict potential mutagenicity
following the recommendations of the ICH M7 (R1) (2018)
guideline. As a result, 18 displayed no structural concern for
mutagenicity. However, genotoxic amine 16 was still present in

(a) PMI (process mass intensity)
600 520
400
212
200
9 3 I 44 17
4
0 Tlns work Liu et nl. ¥
PMI reactants = PMI solvents = PMI work-up
& o
EtOAc, DML H,0 CH,Cl,, THF, H,O
4 140 °C
(b) i
Liuetal sc\ut\on s,nmesls
EE”\ Dev (<PoCC)
O%
67% Re\atwe Process Greenness
deally  complexiy Averzge  ©
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n 2 s

Early Dev (<PoCC) ' =
5 ‘

‘I 00% 2 Relative Process Greenness
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22‘

Fig. 1 (a) Comparison of PMI values for the mechanochemical and
a benchmarking solution-based method.** (b) Graphical illustration of
green chemistry innovation using the iGAL scorecard.
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the product, in a content of ca. 560 ppm (see the ESI} for the
details). This is similar to the content in the crude imatinib
obtained by other methods and could be minimized during the
downstream processing (see Section 6.2 in the ESIT).**

Next, we applied the CHEM21 toolkit* to reveal the advan-
tages of the developed mechanochemical synthesis in compar-
ison to the similar early-stage development solution protocol
described by Liu et al* (extended data and calculations for
other similar routes are shown in Table S6 in the ESIT).

The main advantages of the mechanochemical protocol
compared to the benchmarking solution-based approach
included reduced process mass intensity (PMI, 221 vs. 564), the
use of green and sustainable solvents (ethyl acetate, dimethyl
isosorbide, and water) and room temperature operation
(Fig. 1a). The exclusion of the genotoxic intermediate 17
(Scheme 3) was another important improve.

In order to expose the green chemistry-related innovations of
the developed method even more clearly, we applied the
“innovation Green Aspiration Level” (iGAL) methodology®® by
using the respective scorecard web calculator.”” The mechano-
chemical method demonstrated an excellent relative process
greenness (RPG) of 77%, which is much higher when compared
to the RPG (30%) of the solution-based method by Liu et al.,
used as a benchmark early-stage development process (Fig. 1b).
Importantly, the mechanochemical approach exhibits a lower
waste output of 2.22 times when compared to the average value
at the early development stage. However, the developed meth-
odology still relies on the use of stoichiometric coupling
reagents (EDC-HCI and TFFH), which may pose environmental,
safety or health hazards®® and reduce the atom economy of the
reaction. Consequently, there is a need for further development
of mechanochemical amidation methods with improved atom
efficiency through the avoidance of stoichiometric amide
coupling reagents.*

Conclusions

Here we demonstrated that mechanochemical amide coupling
can be performed with unprotected hydroxycarboxylic acids by
using EDC-HCl as a coupling reagent in combination with ethyl
acetate as a LAG additive. High 76-94% yields of amides can be
achieved, while the use of poor nucleophilic amines results in
reduced coupling efficacy. The presence of an unmasked
hydroxyl group in the obtained amide products allows their
straightforward functionalization in a step-economical manner,
such as nucleophilic substitution of the hydroxyl group. The
application is illustrated by the first mechanochemical
synthesis of imatinib, an anticancer drug included in the World
Health Organization's List of Essential Medicines. The target
API was prepared in 86% total yield and HPLC purity of 99%
through a two-fold mechanochemical C-N bond construction
sequence.
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