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Introduction 

Since the release of the pioneering monograph entitled “Green Chemistry: Theory and 
Practice” by Anastas and Warner in 1998,[1] the chemical community has devoted 
significant attention to the advancement of sustainable chemical processes. The ongoing 
transformation of the chemical industry, guided by the 12 principles of green chemistry, 
is geared toward developing cleaner, more efficient, and safer methodologies, placing a 
particular emphasis on the pharmaceutical industry as the most waste-intensive sector[2] 
and the main application area of fine organic synthesis. Notably, considerable waste and 
safety concerns typically stem from the use of solvents, accounting for up to 90% of the 
total mass consumption in a given industrial process.[3] In this context, the growing 
popularity and success of mechanochemical organic synthesis can be largely attributed 
to its solvent-free nature. By eliminating solvents from manufacturing processes, 
mechanochemistry not only enhances safety records but also significantly reduces waste 
generation.[4] 

Considering the ubiquitous presence of nitrogen-containing compounds in natural 
products and synthetic materials, the construction of the C–N bond holds significant 
importance, especially in the synthesis of active pharmaceutical ingredients (APIs). Due 
to its high relevance to pharmaceutical synthesis, the advancement of sustainable amide 
coupling techniques, along with the direct nucleophilic substitution of alcohols, 
particularly for the preparation of amines, has been identified as a top research priority 
in green chemistry by the American Chemical Society Green Chemistry Institute 
Pharmaceutical Roundtable (ACS GCIPR).[5] Hence, there is an imperative need to develop 
greener and more sustainable C–N bond-forming methods. 

This doctoral thesis starts with an overview of mechanochemistry, highlighting its 
remarkable potential and shedding light on its advantages and limitations in comparison 
to conventional solution-based approaches. Subsequent sections of the literature review 
cover the progress made in employing mechanochemistry for the construction of C–N 
bonds in amides and amines, mainly focusing on its relevance to API synthesis. 

The primary objectives of this thesis were to expand the current mechanochemical 
synthetic toolbox by introducing novel C–N bond-forming transformations that address 
the limitations of existing protocols and present practical applications in API synthesis. 

The results demonstrate the efficient mechanochemical synthesis of a diverse  
range of amides and amines, including APIs. Initially, a novel mechanochemical  
approach for the direct synthesis of amides was developed (Publication I). Subsequently, 
the nucleophilic substitution of alcohols with amines was investigated under 
mechanochemical conditions (Publication II). Then, mechanochemically generated 
organomagnesium reagents were examined in C–N and C–C bond formation  
(Publication III). Thereafter, the possibility of the chemoselective amide coupling of 
hydroxycarboxylic acids was explored via ball milling (Publication IV). Finally,  
the developed C–N bond-forming reactions were applied to the synthesis of  
bioactive compounds, including important APIs such as the stimulant drug  
1-methyl-4-benzylpiperazine (MBZP), the antidepressant piberaline, and the anticancer 
drug imatinib – a globally renowned and commercially successful pharmaceutical. 

The presented research has significant implications for the pharmaceutical industry, 
as a pivotal contributor to the global economy. Numerous blockbuster drugs command 
significant market shares, contributing billions of dollars in revenue. For example,  
top-selling medications addressing chronic conditions (anti-diabetics, anti-hypertensives, 
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etc.) or widespread diseases (anti-infectives, anticancer, etc.), involve complex API 
synthesis. The adoption of the novel mechanochemical methods could potentially 
influence the cost-effectiveness of API synthesis and impact the economic dynamics of 
the pharmaceutical market. 
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Abbreviations and pictograms 

Ac acetyl 

ACS GCIPR American Chemical Society Green Chemistry Institute 
Pharmaceutical Roundtable  

AE atom economy 

AFM atomic force microscope  

API active pharmaceutical ingredient 

Ar aryl 

Boc tert-butyloxycarbonyl 

Bu butyl 

CALB Candida antarctica lipase B 

CDI carbonyldiimidazole 

COMU (1-cyano-2-ethoxy-2-oxoethylidenaminooxy) dimethylamino-
morpholino-carbenium hexafluorophosphate 

CPME cyclopentyl methyl ether 

Cy cyclohexyl 

DABCO 1,4-diazabicyclo[2.2.2]octane 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCC N,N'-dicyclohexylcarbodiimide 

DCM dichloromethane 

DIC N,N'-diisopropylcarbodiimide 

DIPEA N,N-diisopropylethylamine 

DMAP 4-dimethylaminopyridine 

DMF dimethylformamide 

DMI dimethyl isosorbide 

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

Et ethyl 

EtOAc ethyl acetate 

EWG electron-withdrawing group 

Fmoc fluorenylmethyloxycarbonyl 

FTIR Fourier-transform infrared 

HATU hexafluorophosphate azabenzotriazole tetramethyl uronium 

HBTU hexafluorophosphate benzotriazole tetramethyl uronium 

HOBt hydroxybenzotriazole 

HPLC-MS high-performance liquid chromatography - mass spectrometry 

HPLC-UV high-performance liquid chromatography - ultraviolet 

HT-S hydrotalcite mineral 

iGAL Innovation Green Aspiration Level 

im imidazle 

IUPAC International Union of Pure and Applied Chemistry 

LAG liquid-assisted grinding 

Me methyl 



12 

Ms methanesulfonyl 

NMR nuclear magnetic resonance 

Su N-hydroxysuccinimide  

Oxyma ethyl cyanohydroxyiminoacetate 

pKa negative logarithm of the acid dissociation constant 

PMI process mass intensity 

PMMA poly(methyl methacrylate) 

ppm parts per million 

PTFE polytetrafluoroethylene  

p-Ts-Im 1-(para-toluenesulfonyl)imidazole 

PXRD powder X-ray diffraction 

RME reaction mass efficiency 

SEM scanning electron microscopy 

ssNMR solid-state nuclear magnetic resonance 

Su N-hydroxysuccinimide 

TBAI tetra-n-butylammonium iodide 

t-BuOK potassium tert-butoxide 

TCFH chloro-N,N,N′,N′-tetramethylformamidinium hexafluorophosphate 

TCT 2,4,6-trichloro-1,3,5-triazine 

TEA triethylamine 

TEM transmission electron microscopy 

TFFH fluoro-N,N,N′,N′-tetramethylformamidinium hexafluorophosphate 

THF tetrahydrofuran 

TMS-NCO trimethylsilyl isocyanate 

TMU tetramethyl urea 

TPP tetraphenyl porphyrin 

TSE twin-screw extrusion 

UV–Vis ultraviolet–visible 

  

 
ball milling 

 twin-screw extrusion 

 treatment with water, filtration and drying 

 treatment with solvent, filtration, and evaporation of the filtrate 

   
extraction work-up 

    
column chromatography purification 

 recrystallization or precipitation 
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1 Literature review 

1.1 Mechanochemistry 

The development of greener and safer organic synthetic methodologies has become 
exceptionally crucial in addressing environmental concerns. Over the past decade, 
mechanochemistry[6–10] has emerged as a powerful tool for green synthesis, gaining 
widespread recognition as a valuable alternative to conventional approaches. This 
technique utilizes mechanical force to induce chemical transformations of solid reactants 
into products via grinding and shearing, therefore minimizing the excessive use  
of organic solvents. Mechanochemistry has demonstrated high efficiency in the  
synthesis of a diverse range of compounds and materials, including organic,[11–16] 
organometallic,[17] coordination[18,19] and supramolecular structures.[20–22] Notably, in 
2019, the International Union of Pure and Applied Chemistry (IUPAC) recognized 
mechanochemistry as one of the 10 world-changing chemical innovations.[23] 

1.1.1 Techniques and equipment 
Since ancient times, the manual grinding of materials using a pestle and mortar (Figure 1, 
A) stands as the earliest example of performing mechanochemical relations.[24] However, 
this approach has notable limitations, including safety concerns and a lack of process 
reproducibility, reliability and controllability; this arises from variations in mechanical 
energy input, which is directly dependent on the physical abilities of the experimentalist. 
To address this issue, fully automated milling devices have become widely 
adopted.[12,15,25–28] Three types of mills are predominantly used: mixer or shaker mills, 
planetary mills, and twin-screw extruders (Figure 1, B, C, and D respectively). 

 

 

Figure 1. A. – Pestle and Mortar. B. – FTS-1000 shaker mill, Form-Tech Scientific. C. – Pulverisette 
5/4 planetary mill, Fritsch (image reproduced from https://www.fritsch-international.com/).  
D. – HAAKE™ MiniLab 3 Micro Compounder (twin-screw extruder), Thermo Fisher Scientific (image 
reproduced from https://www.thermofisher.com/). E. – Zirconia-coated milling vessels and 
zirconia-made milling balls. F. – Schematic representation of a shaker mill. G. – Schematic 
representation of a planetary mill. H. – Schematic representation of a twin-screw extruder. 

https://www.fritsch-international.com/
https://www.thermofisher.com/
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The most popular milling machines in synthetic laboratories are various ball mills, 
namely shaker and planetary mills. In a shaker mill, the vessels (or jars) are fixed 
horizontally and shaken at the desired frequency (Figure 1, F).[27] On the other hand, in a 
planetary mill, the vessel rotates around a central axis while simultaneously rotating 
around its own axis, leading to the so-called “planetary” movement (Figure 1, G).[29] Such 
variation in the type of agitation directly affect the forces applied by milling balls to 
chemical reagents during the milling process. In shaker ball mills, the trajectory of the 
balls induces increased direct impact and compressive forces, while shear and friction 
forces take a secondary role, primarily occurring along the vessel walls. Conversely, in 
planetary ball mills, shear and friction forces take precedence over impact and 
compressive forces.[27,30] 

Milling vessels and balls, or milling media (Figure 1, E), are typically composed  
of materials like stainless steel, tungsten carbide, zirconium dioxide (zirconia) or  
plastics, such as polytetrafluoroethylene (PTFE) and poly(methyl methacrylate) 
(PMMA).[7,12,15,25,28] Since the materials used vary in density and hardness, they represent 
a direct means of controlling energy input and, consequently, reactivity. Milling media 
also differ in chemical resistance; for instance, stainless steel is susceptible to corrosion 
when exposed to strong acids. Moreover, the chemical leaching of traces of iron, nickel, 
and chromium, as well as metal contamination through extended milling wear, could 
potentially influence reaction outcomes. Notably, milling jars or balls composed of 
copper, nickel, or palladium can also serve as heterogeneous catalysts.[31,32] The selection 
of the milling vessel material is crucial for in-situ monitoring techniques (Section 1.1.3) 
and is limited to optically transparent solids, such as PMMA. 

Furthermore, the volumes of laboratory scale milling jars and the sizes of balls differ 
between shaker and planetary ball mills. Shaker mills find greater application in small-
scale laboratory reactions, featuring milling vessels with internal volumes ranging from 
1.5 to 125 mL, alongside milling ball diameters from 1 to 70 mm. On the other hand, 
planetary mills can be implemented in both small- and medium-scale operations, utilizing 
jars between 40 and 900 mL in internal volume and milling balls spanning from 0.1 to 
40 mm in diameter.[28] 

However, it is challenging to cover the full range of reaction scales without upsizing 
ball milling devices. In addition, the effective regulation of temperature during the ball 
milling process is currently not well established.[28] The temperature increases during 
milling mainly due to ball collisions and friction, particularly when operating at higher 
grinding frequencies.[33,34] More importantly, maintaining a specific operational 
temperature within the reactors is essential to accommodate the endothermic or 
exothermic nature of the transformations taking place.[28] This limitation has been partly 
overcome through the utilization of custom-made reactors, where the milling jars can be 
modified to facilitate the circulation of thermal bath fluids around a jacket, thus enabling 
the regulation of both high and low temperatures.[33,35,36]  

Moreover, twin-screw extrusion (TSE) has emerged as a promising and efficient 
alternative for providing temperature control and enhancing the scalability of 
mechanochemical processes (Figure 1, D).[37–39] As a continuous mechanochemical 
process, TSE can provide the capability to achieve a diverse range of throughputs, ranging 
from gram·min-1 to kg·min-1, where the scaling-up process does not necessarily entail 
increasing the size of the equipment.[28] In TSE, the conveyance of the materials occurs 
within a confined space, or barrel, driven by the co- or counter-rotation of a pair of 
intermeshing screws (Figure 1, H). The configuration of the screws can be potentially 
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adjusted to control the total shear and compressive forces encountered by the material 
during its progression through the extruder. Furthermore, TSE allows for temperature 
regulation inside the barrel, a critical factor in altering the viscosity of the reaction 
mixture and accelerating the reaction time. The screw speed and feed rate of the starting 
reagents can also be varied, directly influencing the overall compressive force 
experienced by the material.[37] 

1.1.2 Liquid-assisted grinding and grinding auxiliaries 
The addition of a small volume of liquid can significantly accelerate, and in some cases, 
enable mechanochemical reactions between solids. These additives primarily act as 
lubricants, leading to a notable enhancement of the mixing process and, consequently, 
improving the homogeneity of the mixture and promoting molecular diffusion.[25] In 
order to describe such mechanochemical reactions, the concept of liquid-assisted 
grinding (LAG) has been introduced.[7,8] LAG is characterized by the parameter η 
(µL·mg-1), measured as the ratio of the liquid additive (μL) to the total mass of the 
reactants (mg).[40] As the volume of added liquid increases, η varies from 0 µL·mg-1, 
indicating neat grinding, to 1 µL·mg-1, corresponding to LAG; furthermore, η ranges from 
approximately 1–10 µL·mg-1 for slurry reactions and exceeds 10 µL·mg-1 for typical 
solution reactions (Figure 2).[7] 
 

 

Figure 2. Liquid-assisted grinding (LAG), showing the η scale (in μL·mg-1). 

 
The concept of LAG originally emerged from systematic investigations into 

mechanochemical cocrystallization.[40] Within the η range of approximately 0–1 µL·mg-1 
(LAG), reactions are enhanced without being affected by the relative reactant solubilities 
in the liquid additive. As the η value increases, reaching slurry conditions, the influence 
of reactant solubility on the reactivity becomes increasingly pronounced; further 
increases lead to a homogeneous solution, where the reactivity is mostly controlled by 
the solubilities of both reactants and products. Moreover, by adjusting the type and 
quantity of the introduced liquid, LAG facilitates the regulation of crystal 
polymorphism.[41] This phenomenon is important in the pharmaceutical industry, 
specifically in the context of selecting suitable crystal forms of active pharmaceutical 
ingredients (APIs) for clinical development purposes. As an example, LAG has enabled 
polymorphism control during the synthesis of the API tolbutamide.[42] 

Alongside liquid additives, mechanochemical reactions can be enhanced by 
introducing solid components.[25] This becomes particularly critical when dealing with 
liquid or soft organic reactants as they can potentially form sticky wax or gum-like 
reaction mixtures, impeding effective mass and energy transfer. Therefore, a variety of 
auxiliary materials, such as silica, alumina, talc, and inorganic salts,[43,44] are used to 
intensify the mechanical action of the milling balls by increasing the powder-like nature 
of the reaction mixture. These additives are primarily abrasive and chemically inert 
solids, though some, such as basic alumina catalysts, can also carry out a chemical role.[45] 
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1.1.3 Fundamentals of mechanochemistry and real-time monitoring techniques 
The absence of a bulk solvent makes the mechanochemical reaction environment unique 
compared to the traditional synthetic methods. While there is still limited understanding 
of mechanochemical reaction mechanisms, a crucial factor likely contributing to the 
reactivity is the highly concentrated environment influenced by the mass transfer of 
reactants and products.[46] In addition, such high concentrations are responsible for 
accelerating mechanochemical reactions, in contrast to solution reactions, where 
enhanced temperature is typically required to increase the reaction rate. 

According to the official IUPAC definition, mechanochemical reactions are induced by 
the direct absorption of mechanical energy.[47] However, this statement mostly holds in 
cases where a controlled force is applied to a single molecule (polymer), using a 
stretching machine or an atomic force microscope (AFM).[48] Consequently, the observable 
deformations of single molecules directly result from the applied mechanical force. 
However, such examples are rather rare, and in most cases, complex analysis is essential 
to determine whether mechanochemical transformation results from the direct transfer 
of mechanical energy, or arises as a consequence of improved contacts between species 
and enhanced mass transfer, or results from mechanical stress relaxation (heating, 
defects, fresh surfaces, etc.).[49] 

To elucidate the driving forces behind mechanochemical reactions, a variety of  
solid-state characterization techniques can be employed, such as powder X-ray 
diffraction (PXRD), Raman spectroscopy, solid-state nuclear magnetic resonance 
(ssNMR) spectroscopy, etc. Generally, these measurements are conducted ex-situ, where 
the grinding process is stopped intermittently to sample the jar content for analysis 
(Figure 3).[25] These frequent interruptions and exposure of the reaction mixture to the 
open atmosphere may impact the reaction outcomes. Additionally, halting the milling 
process does not always imply that the reaction stops. Therefore, significant efforts  
have recently been invested in the development of in-situ monitoring techniques  
(Figure 3),[50,51] where measurements are conducted in real-time during the milling 
process to allow for the monitoring and characterization of the intermediates and 
products formed. Moreover, in-situ techniques allow for precise kinetic measurements, 
providing improved insights into the mechanisms of mechanochemical reactions. 

A highly penetrating synchrotron X-ray radiation source is required to monitor the 
mechanochemical transformations of crystalline materials through the vessel walls via 
PXRD.[52] The ideal single-point scattering can be approximated by minimizing the X-ray 
beam path through the reactor; this, alongside innovations in data treatment strategies, 
allows for the reliable real-time quantitation of mechanochemical transformations.[53] 

Raman spectroscopy represents another technique for the in-situ analysis of the 
composition of a reaction mixture.[54] In contrast to PXRD, Raman spectroscopy is not 
limited to the study of only crystalline materials. The technique allows for the 
measurement of a material’s vibrational spectrum, therefore providing a probe into  
its chemical structure, including the formation or breaking of chemical bonds. 
Consequently, it proves highly effective in exploring chemical transformations[55] or the 
formation of multicomponent materials, such as cocrystals, in which new strong 
intermolecular interactions emerge.[56] However, Raman spectroscopy may not always 
be ideal for investigating solid-state transformations, such as polymorphism, where no 
generation or breakage of covalent bonds occurs. This limitation arises due to the 
method’s lower sensitivity to changes in the crystallographic structure compared to 
PXRD. Notably, recent studies have demonstrated the advantages of combining PXRD 
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and Raman spectroscopy into a single experimental setup,[57,58] allowing for the 
comprehensive study of milling processes at both the molecular and crystal levels and, 
thus, enabling the generation of reliable data for mechanistic studies. 

 

 

Figure 3. Comparison of ex-situ and in-situ characterization techniques for mechanochemical 
reactions; adapted from reference 25. 

 
Despite the apparent benefits of in-situ techniques, they present several limitations, 

including lower accessibility in traditional laboratories; a narrower choice of mechanical 
treatment devices; reduced data quality; and the ability to probe only a portion of the 
sample, which may not be representative.[59] For instance, the X-ray beam is focused on 
a very small portion of the milling jar, analyzing only the material that passes through it; 
this assumes a significant level of sample homogeneity, which is not always readily 
attainable. Another issue arises when typically used zirconia or steel jars are replaced 
with ones made from soft transparent polymers (e.g., PMMA). While these materials 
allow the easy penetration of the probing radiation, they may potentially influence the 
outcomes of mechanochemical reactions. For instance, sample-jar interactions are 
different for steel and plastics due to distinctions in their mechanical properties, 
thermoconductivity, surface charge, hydrophilic or hydrophobic properties etc.[60] 

A relatively new approach to monitoring mechanochemical transformations involves 
time-resolved ssNMR, [61] with Schiffmann et al. [62] demonstrating the first successful 
in-situ study by integrating a miniaturized ball mill into a self-made static ssNMR probe. 
Very recently, Bolm, Wiegand and co-workers made the first attempts to follow the 
reaction within the NMR rotor in-situ, exploring the effects of centrifugal pressure during 
magic-angle spinning (MAS).[63] However, the reaction rate within the continuously 
spinning NMR rotor was significantly lower compared to that in the ball mill, revealing 
the importance of efficient mixing in the latter. Nevertheless, the kinetics of product 
formation was analyzed, and an intermediate phase was detected by in-situ NMR 
measurements. Hence, further advancements in MAS ssNMR are needed for a better 
mechanistic understanding of the chemical reactions occuring in ball mills. 
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With regard to the driving forces behind mechanochemical reactions, Ma et al.[34] 
proposed a “pseudo-fluid” model for a ball-milled reaction. They used Raman 
spectroscopy to monitor a mechanochemical reaction between ZnO and imidazole (im) 
in the presence of dimethylformamide (DMF) to yield Zn(im)2·nH2O. The schematic 
model suggested for the mechanochemical transformation follows a series of stages 
(Figure 4). Initially, milling is required to reduce the particle size and thoroughly mix the 
reactants, promoting close contact between them and their subsequent surface 
reactions; this occurs rapidly because initially, no product layer is presented to separate 
the reactants. However, the reaction is self-limiting; as the product forms, the reactants 
must diffuse through it and travel longer distances to continue their collisions. Notably, 
when the ball milling is stopped, the reaction also ceases (Figure 4, A). Conversely, 
continued milling removes the product layer through attrition, effectively stirring the 
reaction mixture (Figure 4, B). These effects foster additional reactive contacts, 
facilitating the progression of the reaction. 

 

Figure 4. Schematic model of the milling process, where product formation only occurs while milling 
continues. A. – The contact reaction between the reactants is fast but self-limited by the product 
layer at the interface. B. – The overall kinetics is determined by the rate of contact formation 
between the reactants; adapted from reference 34. 

 
Therefore, similar to diffusion-controlled reactions in solution, where the frequency 

of reactive encounters between molecules plays a critical role, the rate-determining 
factor in mechanochemical processes is the frequency of reactive encounters  
between particles. Thus, the reaction mixture can be considered a “pseudo-fluid” due to  
milling-induced particle mobility. 

Furthermore, transformations that occur after or during the mechanical treatment of 
the sample may result from secondary processes via mechanical stress relaxation 
(heating, the generation of defects, amorphization, the enhancement of interparticle 
contact, mass and heat transfer, etc.). These secondary phenomena are responsible for 
altering the state of the solid sample subjected to mechanical impact. Different models 
have been proposed to characterize the state of a sample after being hit, including the 
hot spots model, the bruise model, the magma–plasma model, contact melting, defect 
formation, etc.[49] 

Hence, understanding the mechanism of mechanochemical transformations often 
requires detailed investigations to elucidate whether the observed changes stem directly 
from mechanical impact, or arise due to efficient mixing and improved mass transfer,  
or result from secondary processes via mechanical stress relaxation. 
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1.1.4 Sustainability assessment of mechanochemistry using 12 principles of 
green chemistry 
Over the past decade, mechanochemistry has demonstrated its potential as a powerful 
tool for advancing toward goals of sustainability in chemical synthesis. Notably, all 12 
principles of green chemistry, as proposed by Anastas and Warner (Figure 5),[1] can be 
related in some manner to mechanochemistry.[64] Six of the 12 principles that are the 
most closely associated with mechanochemistry merit a detailed discussion. 

 

 
 
Figure 5. The 12 principles of green chemistry.[1,65] Reprinted with permission from reference 65, 
Springer Nature. 

 
Waste prevention. This principle is perhaps the most crucial, stating that the 

prevention of waste is more favourable than its treatment or cleanup after being 
generated. Solvents, which play a pivotal role in chemical reactions and in subsequent 
separation and purification processes, are primary sources of waste. Considering this, 
mechanochemical reactions, occurring in the absence of bulk solvents or employing 
minimal solvent quantities (LAG), significantly reduce the generation of waste. However, 
the isolation and purification of the corresponding products may still require classical 
methods of solvent treatment. On the other hand, some purification strategies (e.g., 
filtration) facilitate the isolation of products after mechanochemical reactions by using a 
minimal amount of organic solvents or water, thereby producing less waste. 

Safer solvents and auxiliaries. Many commonly used solvents present safety issues, 
with a significant number of them classified as problematic, hazardous, or highly 
hazardous.[66] In mechanochemistry, the absence of solvents eliminates the need for 
solvent-related safety considerations. However, LAG experiments typically employ 
minimal quantities of solvents; nevertheless, these do not strictly function as the reaction 
medium but rather serve more as catalytic additives. Due to their minimal addition, most 
solvents are considered acceptable despite their safety profiles, although replacement 
with more sustainable alternatives is highly desirable. It is crucial to highlight again that 
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not all mechanochemical transformations result in entirely solvent-free processes, from 
the initial synthesis of the products to their final isolation. Therefore, when required, 
careful consideration should be given to the selection of solvents and the minimization 
of their use in isolation processes. 

Design for energy efficiency. The energy consumption during mechanochemical 
treatment and conventional solution stirring is not equivalent. Nevertheless, the reduced 
reaction time in mechanochemical processes compensates for this disparity in the overall 
process. Furthermore, mechanochemical reactions are typically carried out without 
external heating, in contrast to solvothermal reactions. Consequently, the energy 
consumed by the mill is lower compared to the energy needed for heating in similar 
solvothermal reactions. A moderate increase in the temperature of mechanochemical 
reactions (e.g., thermally controlled TSE) can additionally accelerate the transformations, 
thus shortening the milling time from the order of hours to that of minutes and leading 
to a reduction in overall energy usage. 

Catalysis. The term direct mechanocatalysis was proposed by Borchardt and 
co-workers to characterize mechanochemical reactions catalyzed by milling media, 
typically composed of a catalytically active material.[32] Ideally, catalysis takes place on 
the surface of the milling media, facilitating a straightforward recovery of the catalyst 
without significant contamination of the reaction mixture. However, in practice wear is 
often unavoidable, necessitating additional purification of the products. 

Real-time analysis. As mentioned earlier, several in-situ real-time monitoring 
techniques, including synchrotron PXRD,[52] Raman spectroscopy,[54] and their 
combination,[57,58] have been employed to investigate solid-state changes in  
crystalline materials and structural modifications at the molecular level. However,  
the widespread adoption of these techniques is constrained by the need for 
sophisticated instrumentation, which may not always be readily available in conventional 
laboratories. 

Safer chemistry and accident prevention. The enhanced safety profiles of 
mechanochemical reactions are primarily attributed to the elimination of hazardous 
solvents and the ability to conduct the reactions without external heating. Nevertheless, 
prior to initiating a mechanochemical reaction, an assessment of the starting materials, 
products, and potential by-products is imperative.[67] For instance, screening all 
structures for potential explosive properties or functional groups such as explosophores 
is essential. Additionally, in the case of reactive metals, the reduction in particle size 
during milling can lead to the generation of pyrophoric materials. Furthermore, 
evaluating the potential increase in temperature and pressure within the milling jars, 
depending on the nature of the specific reaction, is an integral component of the risk 
assessment process. 

Several toolkits have been introduced to provide a quantitative or semi-quantitative 
evaluation of the sustainability or “greenness” of chemical process, including the 
Chem21 metrics toolkit[68] and the DOZN 2.0 green chemistry evaluator.[69] Additionally, 
the Innovation Green Aspiration Level (iGAL) scorecard calculator has been established 
to assess innovation in sustainable drug manufacturing within the pharmaceutical 
industry.[70] To measure the “greenness” of a process, diverse metrics are typically 
calculated; among these, mass balanced metrics are particularly important, including the 
reaction yield, atom economy (AE), reaction mass efficiency (RME), process mass 
intensity (PMI), and E factor, as defined in Equations 1–4: 
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AE =  
molecular weight of product

total molecular weight of reactants
× 100 (1) 

RME =  
mass of isolated product

total mass of reactants
× 100 (2) 

PMI =
total mass in a process

mass of product
 (3) 

𝐸 factor =
mass of waste

mass of product
 (4) 

 
AE reflects the theoretical efficiency of reactant utilization, while the RME represents 

the actual maximum efficiency of reactant utilization. In contrast, the PMI 
comprehensively accounts for all mass-based inputs, such as solvents, catalysts, 
reagents, and work-up components, in addition to the yield and stoichiometry.  
An additional metric, the environmental factor (E factor), quantifies the wastefulness of 
a process, where higher values indicate greater waste generation and, consequently,  
a more negative environmental impact. The ideal E factor is, thus, zero. Significantly,  
a comparative analysis of E factors across various segments of the chemical industry  
has revealed pharmaceutical synthesis as the most waste-intensive branch, with  
E factors ranging from 25–100 kg of waste per kg of product (the E factors for the 
synthesis of bulk and fine chemicals are 1‒5 and 5‒50 kg of waste per kg of product, 
respectively).[2] 

In the context of mechanochemistry, which eliminates the use of solvents, significant 
potential exists to considerably reduce the PMI and E factor, thereby enhancing the 
overall environmental sustainability of a process. 

In addition to mass balanced metrics, the Chem21 toolkit,[68] for example, evaluates 
certain other aspects of a process, such as solvent selection,[66] energy input, work-up 
procedures, and health and safety issues. These parameters are categorized as 
“acceptable”, “of concern”, and “undesirable” with green, amber, and red flags, 
respectively. 

1.1.5 Advantages of mechanochemical methods 
Mechanochemical methods offer numerous advantages over traditional solution-based 
synthesis, as presented in Table 1.[25] 
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Table 1. Parameters associated with solvent-based and mechanochemical methodologies. 

Solvent-based synthesis Mechanochemistry 

▪ May require heat to overcome reaction 
activation barrier 

▪ Ambient temperatures 

▪ Solubility issues; requires consideration 
of an appropriate choice of solvent and 
its preparation (distillation, degassing, 
and drying) 

▪ Essentially solvent-free; 
independent from reagent 
solubility 

▪ Concentration can affect reaction 
outcome; prolonged reaction times are 
often needed (hours to days) 

▪ Enhanced reactivity and fast 
reaction rates (minutes to hours) 

▪ Extraction, solvent removal is needed ▪ Simplified purification (water 
treatment and filtration) 

▪ Waste-intensive; safety issues ▪ Less waste; safer 
▪ Specific glassware and training needed ▪ Operationally simple 
▪ Inert environment is needed when 

handling air/moisture-sensitive 
reagents 

▪ Reactions are carried out with 
sensitive organometallic 
compounds in air[71,72] 

▪ Possibility to perform reactions with 
gaseous reactants 

▪ Possibility to perform reactions 
with gaseous reactants[73] 

 
The significant dissimilarity in the reaction environment between the 

mechanochemical and solution-based approaches may lead to notable differences in the 
reaction outcomes. Mechanical forces in solid-state mechanochemical processes enable 
unique chemical reactivity that is unachievable via conventional methods, occasionally 
resulting in the formation of unexpected products.[74] 

However, while mechanochemistry offers unique advantages over traditional 
solution-based methods, it cannot replace them entirely. In contrast to solution-based 
protocols, mechanochemical methods have a limited synthetic toolbox and require  
case-specific optimization studies to ensure proper mixing and mass transfer processes 
for the formation of homogeneous mixtures. Additionally, controlling the mechanisms of 
mechanochemical reactions is challenging due to the need for advanced equipment for 
real-time analysis. Consequently, mechanochemistry can serve as a valuable supplement 
to solution-based approaches, aimed to solve their particular drawbacks. 

1.2 Mechanochemical C–N bond-forming reactions in API synthesis 

The production of APIs involves a wide range of complex chemical processes and  
multi-step procedures that utilize advanced processing technologies. Aligned with the 
principles of green chemistry,[1] the pharmaceutical industry is increasingly prioritizing 
the reduction of its environmental impact[75] via, for instance, the adoption of green 
solvents; however, while such solvents reduce toxicity and environmental risks in process 
design, they introduce additional energy requirements for solvent recovery or treatment. 
In this context, mechanochemistry,[6–10] characterized by its essentially solvent-free 
nature, has emerged as a promising solution and demonstrated significant potential as a 
tool for advancing the sustainability goals in pharmaceutical synthesis.[30,76–79] 

Nitrogen-containing functional groups predominate in the vast array of bioactive 
molecules.[80] Consequently, C–N bond-forming reactions play a central role in the 
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synthesis of APIs. For example, nitrogen atom derivatization is a key component in 
approximately 80% of all heteroatom alkylation and arylation reactions in the development 
of drug candidates.[81] 

In the area of API synthesis, the significant advances have been made in employing 
mechanochemistry to construct C–N bonds, as presented comprehensively in several 
studies, including ones on the preparation of amides[82–88] and bioactive peptides,[89–93] 
sulfonylurea drugs,[94] hydantoin[95–97] and hydrazone[98–100] derivatives, and aliphatic[101–105] 
and aromatic[106–108] amines. 

1.2.1 Synthesis of amides and peptides 
Amides represent an important class of organic compounds, playing a crucial role in  
life-sustaining molecules, such as peptides and proteins, and a vast number of synthetic 
polymers and pharmaceuticals. Indeed, amide synthesis represents the most frequently 
applied chemical transformation in drug preparation, comprising approximately 25% of 
the current medicinal chemistry synthetic toolbox.[109] The development of sustainable 
amidation techniques has, thus, been selected as a top green chemistry research priority 
by the American Chemical Society Green Chemistry Institute Pharmaceutical Roundtable 
(ACS GCIPR).[5] A substantial number of methods are available for amide synthesis,  
with Scheme 1 illustrating the prevailing and widely adopted strategies. 
 

 

Scheme 1. Key approaches for amide bond formation. A. – Classical route. B. – Thermal approach. 
C. – Nonclassical routes. 
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The direct thermal condensation of carboxylic acids and amines (Scheme 1, B) is 
considered an “ideal” amidation technique from a green chemistry perspective since 
water is the only by-product; however, it is impractical due to the high-temperature 
conditions (T>100 °C) employed and, therefore, limited in substrate scope. Preactivating 
the carboxylic acid functional group by replacing OH with a better leaving group is the 
most common approach to amide synthesis (Scheme 1, A). This activation is typically 
achieved by using acyl chlorides or acid anhydrides, or a variety of coupling reagents, 
particularly effective for peptide synthesis.[110] Nevertheless, a notable drawback of this 
method lies in the need for stoichiometric amounts of an activating or coupling reagent, 
resulting in low AE of the process. Consequently, numerous alternative methods for 
amide bond formation have been developed (Scheme 1, C), encompassing organo- and 
metal-catalyzed processes; photochemical, electrochemical, and enzymatic approaches; 
the utilization of masked carboxylic acids and amines; and the umpolung approach, 
among others.[111] Notably, the majority of established mechanochemical amidation 
methods follow classical activation pathways (Scheme 1, A),[82,83,89–92,112–121] while a wide 
array of nonclassical approaches remains relatively unexplored, with the exception of 
few catalytic C–H bond amidation methods (route I),[122,123] enzymatic approaches (route 
V),[124–126] amide synthesis from esters (route II),[85,86,127] the Beckmann rearrangement 
(route IV)[84] and Ritter reaction (route III).[128] Very recently, Stolar et al.[87] introduced 
the first thermo-mechanochemical approach for the direct coupling of carboxylic acids 
and amines (Scheme 1, B); however, the process still requires an elevated temperature, 
reaching up to 190 °C. 

Initial efforts in applying mechanochemistry to the synthesis of di- and tripeptides 
were carried out by the Lamaty[90] and the Juaristi[112] groups, with both studies involving 
the use of activated carboxylic acid derivatives, such as N-carboxyanhydrides (Scheme 2, 
a). Subsequently, analogous methods for peptide synthesis were presented by Lamaty, 
Métro and co-workers[89,91] featuring N-hydroxysuccinimide esters, and by Gonnet 
et al.,[92] utilizing N-acyl benzotriazoles. While all the described protocols yield a diverse 
range of di-, tri-, tetra-, and pentapeptides, they require the preparation of an activated 
carboxylic acid derivative before the reaction. Additionally, the efficient utilization of 
carboxylic acid derivatives, such as anhydrides or benzoyl chlorides, for amide synthesis 
has been demonstrated by the Štrukil group.[83] Next, two-step amidation protocols were 
developed by Métro, Lamaty and co-workers,[82] and by the Pattarawarapan group,[113] 
where the carboxylic acids were initially activated using 1,1-carbonyldiimidazole (CDI) or 
2,4,6-trichloro-1,3,5-triazine (TCT), respectively, followed by their subsequent reaction 
with amines (Scheme 2, d). In addition, TCT (as the activating reagent) in combination 
with NH4SCN has been successfully applied to the synthesis of primary amides.[119] These 
two-step amidation protocols do not require the separate preparation of activated 
carboxylic acid derivatives as both the acid activation and subsequent amide bond-
forming reactions are conducted within the same milling jar. 

Furthermore, the direct amide coupling of amines with carboxylic acids can be 
performed using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as the coupling 
reagent and/or 4-dimethylaminopyridine (DMAP), as revealed by Štrukil, Margetić and 
co-workers[114] under ball mill conditions (Scheme 2, b). This methodology can be readily 
scaled up by employing a twin-screw extruder, enabling the generation of the desired 
amide on a 100-gram scale within a few minutes of the reaction time, as illustrated by 
the Kulkarni group.[115] Additionally, the combination of EDC with a hydrotalcite mineral 
(HT-S) as a base and 1-hydroxybenzotriazole (HOBt) as an additive has been successfully 
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applied in dipeptide synthesis by the Juaristi group.[116] Similar approaches to peptide 
synthesis have been demonstrated by Lamaty, Métro and co-workers,[117,118] employing 
EDC, the additive ethyl (2Z)-2-cyano-2-(hydroxyimino)acetate (oxyma) and/or NaH2PO4. 
This approach has also entailed the gram-scale synthesis of the longest peptide chain, 
composed of six amino acids.[121] Notably, HOBt and oxyma additives have been 
employed to suppress the epimerization of the activated amino acids. The synthesis of 
formamides and acetamides under mechanochemical conditions has been illustrated by 
Casti et al.,[120] who utilized p-tosylimidazole (p-Ts-Im) to couple formic and acetic acid 
with a variety of amines (Scheme 2, c). 

 

Scheme 2. Overview of mechanochemical amidation approaches. 
 
Regarding non-classical mechanochemical amidation, papain enzyme catalysis to 

peptide synthesis has successfully been illustrated by Bolm, Hernández and  
co-workers[124–126] (Scheme 2, e). The direct amidation of esters via ball milling has 
recently been demonstrated by Nicholson et al.[85] (Scheme 2, f); the established protocol 
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is versatile and suitable for a broad spectrum of ester substrates and amines, as well as 
can be scaled up to the generation of several grams of product. The Wadouachi group[127] 
presented an effective transformation of a cyclic bio-based ester (S)-γ-hydroxymethyl-γ-
butyrolactone (2H-HBO) into amide derivatives with different alkyl chain lengths 
(Scheme 2, f); these were then bis-sulfated to produce new potential bio-based 
surfactants. Another noteworthy method for synthesizing primary amides from esters, 
involving calcium nitride as an ammonia surrogate and InCl3 as a catalyst, has been 
suggested by González, Menéndez and co-workers[86] (Scheme 2, f). Notably, only a few 
examples of catalytic C−H bond amidation methods exist, including the use of 
dioxazolones as a nitrogen source and a rhodium(III) catalyst, as described by the Bolm 
group,[123] or acyl azides and an iridium(III) catalyst, as proposed by Yoo et al.[122] (Scheme 
2, g). 

While many of the mechanochemical amidation protocols mentioned above still 
employ stoichiometric amounts of coupling reagents, they do eliminate the need for 
hazardous solvents, commonly used in amide synthesis, such as DMF and 
dichloromethane (DCM).[129] As solvents typically account for a significant portion of the 
mass consumption in chemical processes,[3] they greatly outweigh the quantities of the 
reagents themselves. Moreover, solvents are typically employed not only as a reaction 
medium but also for the subsequent isolation of pure compounds. Regarding 
mechanochemical protocols, the most convenient work-up procedure involves treating 
the reaction mixture with water, followed by filtration, as successfully demonstrated in 
EDC- and CDI-mediated amidation protocols,[82,114,115] papain-catalyzed reactions,[124,125] 
and selected procedures utilizing N-acyl benzotriazole derivatives.[92] This generally 
results in a significant reduction in the total PMI compared to similar solution-based 
reactions[130] and also minimizes the production of hazardous waste. However,  
the primary drawback associated with this water-treatment approach is the need for 
subsequent water remediation. Moreover, the method is primarily applicable when the 
conversion of starting materials into product is complete, the by-products are water 
soluble, and the product itself is a water-insoluble solid. Consequently, many established 
mechanochemical protocols still necessitate extraction work-up and subsequent 
purification via mass-intensive column chromatography purification, which is discouraged 
from both a green chemistry and technological standpoint (Scheme 2). 

Many of the developed mechanochemical amidation methods have been proven 
highly effective in pharmaceutical preparations. For example, Métro, Lamaty and  
co-workers applied CDI-mediated protocol to the synthesis of teriflunomide, an API used 
in the treatment of multiple sclerosis (Scheme 3).[82] 

 

 

Scheme 3. Mechanochemical synthesis of teriflunomide. aCH3CN used as a LAG additive. 
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In the synthesis of target compound 3, 5-methyl-4-isoxazolecarboxylic acid 1 was first 
activated by milling with CDI coupling reagent for 20 minutes, followed by the addition 
of amine 2 and milling for 5 hours. Further treatment of the reaction mixture with 
aqueous HCl led to the opening of the isoxazole ring, yielding pure compound 3 in  
81% yield after simple filtration. Subsequently, the Lamaty group[88] expanded the 
developed approach into a TSE setup, attaining comparable yields of 75–80% for 
compound 3 by employing CDI, (1-cyano-2-ethoxy-2-oxoethylidenaminooxy) 
dimethylamino-morpholino-carbenium hexafluorophosphate (COMU), and EDC 
reagents. Notably, the reaction time was shorter (30 minutes to 2 hours), though an 
elevated temperature (up to 50 °C) was required. Moreover, EDC-mediated amide 
coupling in the presence of oxyma as an additive proceeded more rapidly, though 
necessitating a more careful recrystallization process to eliminate by-products. 

As a second example, the Lamaty group[88] demonstrated the synthesis of 
moclobemide, an API used in the treatment of depression and social anxiety disorder, by 
employing a twin-screw extruder (Scheme 4). 

 
Scheme 4. Application of mechanochemical amidation protocols in API synthesis. aEthyl acetate 
used as a LAG additive. bCH3CN used as a LAG additive. 

 
Compound 4 was obtained in the highest yields when COMU and EDC were used, with 

values of 95 and 87%, respectively, whereas the use of CDI resulted in a yield of only 68%. 
It is worth noting that the combination of EDC with oxyma and K2CO3 led to a significant 
improvement in the outcomes, resulting in complete conversion within only one minute. 
The same yield was obtained upon scaling up the process, resulting in the production of 
11 g of moclobemide in only 2 minutes. The pure product 4 was isolated via an extraction 
work-up followed by recrystallization. Furthermore, the efficient gram-scale synthesis of 
moclobemide 4 (2.4 g, 90% yield) through the direct amidation of esters using a ball mill 
has been demonstrated by Nicholson et al.[85] (Scheme 4). This protocol has also been 
employed in the synthesis of coramine 5 (a stimulant), fenfuram 6 (a fungicide), and 
lidocaine 7 (a local anesthetic), with yields of 62, 69, and 58%, respectively. In addition, 
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Stolar et al.[87] recently introduced a thermo-mechanochemical method for synthesizing 
4; the direct coupling of the respective carboxylic acid and amine was achieved via milling 
at 190 °C for 2 hours, resulting in a quantitative yield of the pharmaceutical 4. Notably, 
the absence of coupling reagents makes this reaction highly atom efficient (AE = 93.7%) 
albeit energy-consuming due to the high temperature used (190°C). Next, González, 
Menéndez and co-workers[86] applied their protocol for synthesizing primary amides in 
the preparation of rufinamide, an API used in treating different forms of epilepsy (Scheme 
4). The pure compound 9 was obtained in a 61% yield by milling the corresponding ester 8 
with calcium nitride and indium chloride, followed by an extraction process. 

In another study, by Štrukil and co-workers[83] demonstrated the synthesis of the 
antiarrhythmic drug procainamide 11 (Scheme 5). Initially, the amide coupling of  
4-nitrobenzoylchloride 10 with N,N-diethylethylenediamine was performed using K2CO3 
and silica as the milling auxiliary. After a simple extraction work-up procedure, the pure 
amide 11 was obtained with an 88% yield. Subsequently, the nitro-compound 11 was 
subjected to catalytic transfer hydrogenation to afford target pharmaceutical 12 in a 
quantitative yield (1.18 g). The isolation procedure involved suspending the crude 
reaction mixture in methanol, followed by filtration and solvent evaporation. 

Moreover, the widely used analgesic and antipyretic drug paracetamol was synthesized 
via a similar two-step protocol, including catalytic hydrogenation of 4-nitrophenol 13 
followed by the acetylation of the obtained amino group with acetic acid anhydride. 
Product 16 was isolated in almost quantitative yield (0.99 g) by suspending the crude 
reaction mixture in methanol, followed by filtration and evaporation of the filtrate. 
Porcheddu and co-workers[84] presented an alternative synthesis of paracetamol via the 
Beckmann rearrangement in 84% yield (Scheme 5). The pharmaceutical was obtained 
from the carbonyl compound 15 through its reaction with hydroxylamine, followed by 
the subsequent rearrangement of the formed oxime using p-Ts-Im. 

 

Scheme 5. Mechanochemical synthesis of procainamide and paracetamol. 

 
Regarding the mechanochemical synthesis of biologically active peptides, the Lamaty 

group[90] was among the first to demonstrate the use of α-amino acid N-carboxyanhydrides 
in the synthesis of the dipeptide aspartame 19, the most widely used artificial sweetener 
(Scheme 6). Ball milling of the α-amino acid N-carboxyanhydride 17 with L-phenylalanine 
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methyl ester hydrochloride and NaHCO3 for one hour led to the desired dipeptide, 
isolated as a pure product after extraction work-up. The protecting groups were 
subsequently removed under acidic conditions (gaseous HCl) in a solvent-free gas–solid 
reaction. The hydrochloride salt of the dipeptide was then dissolved in water and the 
solution was adjusted to pH 5 with aqueous solution of Na2CO3, resulting in the 
precipitation of aspartame in 81% total yield after filtration and drying. Later, Métro and 
co-workers[91] demonstrated the gram-scale synthesis of aspartame using a twin-screw 
extruder. The peptide coupling of the α-amino acid N-hydroxysuccinimide ester 18 with 
L-phenylalanine methyl ester hydrochloride proceeded extremely fast, generating the 
desired dipeptide in less than 2 minutes in a high 92% yield. Subsequent removal of the 
protecting groups and precipitation with aqueous solution of Na2CO3 (until pH 5) led to 
the target compound 19 in 81% overall yield (Scheme 6). 

 

Scheme 6. Mechanochemical synthesis of aspartame and leu-enkephalin. 

 
Additionally, Métro, Lamaty and co-workers[89] presented an efficient and 

environmentally friendly synthesis of the pentapeptide leu-enkephalin 20, an 
endogenous ligand that binds to opioid receptors and plays a crucial role in processing 
sensory information in the brain (Scheme 6). The synthesis involved nine alternating 
coupling and deprotection steps, where α-amino acid N-hydroxysuccinimide esters were 
coupled with α-amino ester salts in the presence of NaHCO3, with subsequent Boc 
deprotection using gaseous HCl; the desired pentapeptide 20 was successfully obtained 
in an overall yield of 46%. Later, Métro, Lamaty and co-workers[93] presented the 
synthesis of the tetrapeptide 21 (Boc-VVIA-OBn, Scheme 7), a potential inhibitor of the 
amyloid β-protein in the treatment of Alzheimer’s disease. Similar to the synthesis of 20, 
the tetrapeptide 21 was produced in five alternating coupling and deprotection steps. 
However, in this case, the direct coupling of amino acids was performed using EDC, 
oxyma, and NaH2PO4; the target tetrapeptide 21 was obtained in a 59% overall yield and 
88% purity. 
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As another example, Gonnet et al.[92] demonstrated the synthesis of the biotinylated 
peptide 24 by coupling the biotin N-acyl benzotriazole derivative 22 with the solid-phase 
made pentapeptide 23 (Scheme 7). Following extended milling (10 hours), the desired 
product 24 was obtained with a 36% yield. Biotinylated peptides or ligands of this nature 
can be effectively employed in the selective isolation of their corresponding receptors 
from complex biological media via affinity chromatography. 

 

 

Scheme 7. Mechanochemical synthesis of bioactive peptides. 

1.2.2 Synthesis of sulfonylureas 
Sulfonylureas have been used in the treatment of type 2 diabetes, a chronic disease, for 
almost half a century and continue to be widely employed in its management. In 2014, 
Friščić and co-workers[94] presented an efficient mechanochemical procedure for 
generating antidiabetic sulfonylureas via the direct copper-catalyzed coupling of 
sulfonamides and isocyanates (Scheme 8). As an example, the first-generation drug 
tolbutamide 25 was synthesized by milling p-toluenesulfonamide with n-butyl isocyanate 
and CuCl as a catalyst (5 mol%) for 2 hours. The copper catalyst was easily removed by 
further milling of the reaction mixture with an aqueous solution of sodium 
ethylenediaminetetraacetate. Following subsequent filtration and drying, the pure 
compound 25 was obtained in excellent 95% yield (1.28 g). Similarly, the first-generation 
drug chlorpropamide 26 was synthesized in a high 92% yield (Scheme 8). In addition,  
a two-step mechanochemical approach was applied in the synthesis of the more complex 
second-generation antidiabetic drug glibenclamide 30 (Scheme 8). The amide coupling 
of carboxylic acid 27 and p-(2-aminoethyl)benzenesulfonamide 28 was first performed 
utilizing the previously reported EDC-mediated coupling protocol. The resulting 
sulfonamide 29 was then subjected to copper-catalyzed coupling with cyclohexyl 
isocyanate, producing the target drug molecule 30 with an overall yield of 68%. Notably, 
a side reaction resulting in the formation of dicyclohexylurea necessitated additional 
column chromatography purification of the product 30. 
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Scheme 8. Mechanochemical synthesis of antidiabetic drugs: tolbutamide, chlorpropamide, and 
glibenclamide. 

 
Thus, the developed mechanochemical approach is remarkably efficient in the synthesis 

of various sulfonylureas; although it requires the use of hazardous nitromethane as a 
LAG additive, this can potentially be replaced with safer alternatives. 

1.2.3 Synthesis of hydantoins and hydrazones 
2,4-Imidazolidinediones, or hydantoins, are significant in the field of medicinal chemistry. 
Numerous compounds containing hydantoin structures have shown exceptional 
biological properties while maintaining relatively low toxicity and exhibiting minimal side 
effects. The most frequently employed methods for synthesizing hydantoins involve the 
Biltz, Bucherer–Bergs, and Read multicomponent reactions. Nevertheless, these 
approaches exhibit notable limitations, including harsh reaction conditions, long reaction 
times, solubility challenges, unsustainable starting materials, low yields, and 
environmental issues.[131] Recently, non-conventional activation techniques, such as 
microwaves, continuous flow, photochemistry, and ultrasound, have been used to 
address some of these drawbacks to a certain extent. Among these diverse alternative 
methods, mechanochemistry has demonstrated significant potential in the synthesis of 
hydantoin-based APIs, including phenytoin, ethotoin, nitrofurantoin, and dantrolene 
(Scheme 9).[132] 

In 2014, the Colacino group[95] presented the first mechanochemical synthesis of the 
antiepileptic drug phenytoin via modified Read reaction. The developed one-pot/two-
step protocol entailed grinding 2,2-diphenylglycine methyl ester hydrochloride 31 with 
trimethylsilyl isocyanate (TMS-NCO) to generate an intermediate urea, which was 
subsequently subjected to cyclization reaction in the presence of cesium carbonate 
(Scheme 9). The pure product 32 was obtained in a high 84% yield following treatment 
of the reaction mixture with ethyl acetate, subsequent filtration to remove inorganic 
salts, and further solvent evaporation. While the developed green synthetic protocol 
eliminates the use of harmful solvents and the need for additional purification steps,  
it still requires the use of a large excess of TMS-NCO (20 equiv.) and an extended milling 
time (8 hours) to achieve a high yield of the desired compound. 
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Scheme 9. Mechanochemical synthesis of phenytoin. 

 
Next, the Colacino group[96] demonstrated the mechanochemical synthesis of the 

anticonvulsant drug ethotoin (Scheme 10). The synthetic approach again employed a 
modified Read reaction, where milling of 5-phenyl-glycine methyl ester hydrochloride 33 
with ethyl isocyanate and K2CO3 resulted in a 63% yield of the target compound 34 
(Scheme 10, A). Alternatively, the reaction of compound 33 with potassium isocyanate 
resulted in the formation of 5-phenyl hydantoin 35 as an intermediate, which was then 
reacted with ethyl bromide to produce ethotoin 34 in a moderate 45% yield (Scheme 10, 
B). Notably, the developed procedures are based on poly(ethylene) glycol (PEG)-assisted 
grinding, essential in the synthesis of ethotoin. PEGs are green solvents and display the 
advantages of being nontoxic, nonflammable and nonvolatile. However, due to the 
common toxicity of isocyanate compounds, alternative CDI-mediated protocols have 
been developed.[96,97] One approach involves the initial activation of amino ester 33 by 
milling with CDI, followed by its subsequent reaction with ethylamine hydrochloride and 
K2CO3, delivering the product 34 in a good 65% yield (Scheme 10, C).[96] Another method 
entails the CDI-mediated Lossen rearrangement of hydroxamic acid 36 into an 
isocyanate, which subsequently reacts with 33 in the presence of K2CO3, generating 
ethitoin 34 in 52% yield (Scheme 10, D).[97] Thus, the described mechanochemical routes 
facilitate the straightforward synthesis of the drug ethotoin 34 from commercially 
available substrates (α-amino esters and propanoic acid) in good yields, reducing the 
environmental impact and reaction time compared to solution-based protocols. 

 

Scheme 10. Mechanochemical synthesis of ethotoin via Read-type reaction (A, B) and a CDI-
mediated process (C, D). 

 
The first mechanochemical synthesis of the antibacterial drugs nitrofurantoin and 

dantrolene was reported in 2018 by Colacino, Porcheddu and co-workers (Scheme 11).[98] 
The chemical structure of these compounds combines a hydantoin core with an  
N-acylhydrazone motif, widely employed in medicinal chemistry and found in various 
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marketed drugs. The developed methodology involved milling 1-amino hydantoin 
hydrochloride 37 with a suitable aldehyde in the absence of base or solvent, leading  
to the quantitative formation of the desired hydrazone products as exclusively  
E-stereoisomers (Scheme 11). In addition, pure dantrolene 38 and nitrofurantoin 39 
were recovered directly from the milling jars in high 90 and 95% yields, respectively. 
Furthermore, Crawford et al.[99] employed TSE for the large-scale synthesis of these 
pharmaceuticals, achieving high conversions and excellent stereoselectivity at a 25-gram 
scale. The desired APIs were obtained from the extruder as pure compounds, eliminating 
the need for further purification. 

 
Scheme 11. Mechanochemical synthesis of nitrofurantoin and dantrolene. STY = space–time yield, 
that is the amount of product synthesized per unit reactor volume of the extruder per unit time. 

 
 

 

Figure 6. Annual global warming emissions, terrestrial ecotoxicity, and operating costs for 
nitrofurantoin production via TSE (green) and solvent-based batch (blue) synthesis based on the 
demand for the drug between 2008 and 2018. The downward arrow represents the reduction in 
emissions from solvent-based batch to TSE synthesis. Reprinted with permission from reference 4, 
the American Chemical Society. 

 
Colacino, Spatari and co-workers[4] performed a comprehensive assessment of various 

sustainability and green chemistry metrics for the production of nitrofurantoin 39 using 
both mechanochemical continuous TSE and traditional solvent-based batch synthesis. 
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The results indicated a significant reduction in all metrics for TSE, including energy 
consumption, CO2 footprint, human and ecological health, and operating costs (Figure 6). 
The major environmental benefits of the mechanochemical approach involved a 
reduction in the use of excess chemicals (from 8 equiv. of 37 used in solution to 1 equiv. 
of 37 in TSE) and the complete exclusion of solvents throughout the entire process, from 
synthesis to the isolation of the pure product. Moreover, the overall energy cost was 
lowered by eliminating the need to heat and cool the mixture, as required in solution-
based synthesis. Thus, mechanochemical synthesis via TSE holds multiple sustainability 
benefits for API manufacturing. 

 
Scheme 12. Mechanochemical synthesis of ftivazid. 

 
Baron, Baltas and co-workers[100] illustrated another example of the mechanochemical 

synthesis of a hydrazone-containing API, specifically the antituberculotic drug ftivazid. 
The procedure involved grinding isoniazid 40 with vanillin 41 for 4 hours, leading to a 
90% yield of the pure compound 42, which was collected directly from the milling jars 
(Scheme 12). 

1.2.4 Synthesis of amines 
The amino group represents the second most commonly occurring nitrogen-containing 
functional groups in bioactive molecules, with amides being the first.[80] Remarkably, 
most of the traditional methods for building C–N bonds in amines have been successfully 
adapted for mechanochemical conditions (Scheme 13). For example, the solvent-free 
palladium-catalyzed cross-coupling of amines with aryl halides, known as Buchwald–
Hartwig amination, has been effectively employed by the Su,[106] the Brownie[107], the Ito 
and Kubota groups,[133] to synthesize a diverse range of aniline derivatives (Scheme 
13, a). Remarkably, the reaction can be carried out without the need for inert 
atmosphere. In addition, Ito, Kubota and co-workers[134] introduced a new class of 
catalytic system, a nickel(II) catalyst (NiBr2) in combination with a mechanoredox 
piezoelectric catalyst (BaTiO3), to enable highly efficient C−N cross-coupling reactions 
under ball-milling conditions (Scheme 13, a, conditions A). Moreover, Cravotto and  
co-workers[135] reported an efficient protocol for the N-arylation of amino alcohols and 
diamines with iodobenzene derivatives; this approach utilizes a practical, cost-effective, 
and environmentally friendly Cu(0) powder catalyst, activated via mechanochemical 
conditions (Scheme 13, a, conditions B). Similarly, the copper-promoted coupling of 
arylboronic acids with aromatic amines under mechanically activated conditions has 
been illustrated by the Su group[136] (Scheme 13, a, conditions C). Recently, Andersen and 
Starbuck[137] demonstrated significant enhancements in the rate and yield of 
mechanochemical nucleophilic aromatic substitution reactions (SNAr, Scheme 13, b).  
On average, the reaction rates were ninefold faster when compared to their  
solution-based counterparts. The exclusion of polar protic solvents from these reactions 
also offers environmental advantages. Subsequently, an array of N-alkylation reactions 
was successfully demonstrated through the application of mechanochemistry (Scheme 
13, c). 
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Scheme 13. Overview of established approaches in the mechanochemical synthesis of amines. 

 
These reactions encompass the typical nucleophilic substitution of aromatic and 

aliphatic halides (X=Cl, Br, or I) with various amines by employing a range of bases, 
including cesium carbonate;[138] potassium tert-butoxide;[139] sodium hydrocarbonate 
(with catalytic amounts of TBAI);[140] or potassium carbonate[141] (Scheme 13, c, 
conditions A‒D). In addition to the common substitution of halides, Wang and  
co-workers[142] successfully demonstrated the solvent-free ZnBr2-catalyzed direct 
substitution of allylic alcohols with indoles, sulfamides, and anilines (Scheme 13, c, 
conditions E). It is worth noting that the metal-catalyzed hydrogenation of organic 
compounds can be effectively carried out using mechanochemistry, as revealed by 
Sawama, Sajiki and co-workers (Scheme 13, d).[143] The authors utilized milling media 
composed of commercial SUS304 steel, comprising approximately 69% iron by weight, 
along with 18–20% chromium and 8–10% nickel. Initially, the process of generating 
hydrogen from water was catalyzed by the chromium present in the steel alloy, and 
subsequently, the hydrogenation of substrates, including nitro compounds and azides, 
was catalyzed by nickel present in the steel alloy. Notably, Canale et al.[105] and the 
Lamaty group[108] recently reported the application of mechanochemical reductive 
amination reactions in the synthesis of aliphatic[105] and aromatic[108] amines, 
respectively, both utilizing sodium cyanoborohydride as a reducing agent (Scheme 13, e). 

In terms of isolating pure compounds, some of the abovementioned mechanochemical 
protocols only require treatment with a solvent, followed by filtration and the subsequent 
filtrate evaporation.[143] Some approaches rely solely on extraction work-up,[105,108,138,139,141] 
while others still require purification via column chromatography. 

Unlike the widely employed mechanochemical amidation protocols in pharmaceutical 
synthesis, only a limited number of mechanochemical techniques for amine synthesis 
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have been practically implemented in this field. For instance, Buchwald–Hartwig 
amination was successfully utilized by Su group[106] in the synthesis of the phase II anti-
HIV compound 43, intermediates of the antidepressant vilazodone 44, and the anti-
schizophrenia reagent brexpiprazole 45 (Scheme 14). Notably, both the benzofuran and 
benzothiophene motifs were tolerated under the grinding conditions, generating the 
target compounds 44 and 45 in good 72 and 70% yields, respectively. Another example 
of the successful application of Buchwald–Hartwig amination was demonstrated by the 
Brownie group[107] in the synthesis of the antidepressant vortioxetine 46, which was 
obtained in a 69% yield (Scheme 14). 

 

Scheme 14. Mechanochemical synthesis of APIs via Buchwald–Hartwig coupling. 

 
In 2020, Canale, Bantreil and co-workers[101] introduced a new mechanochemical 

procedure for the synthesis of compound 49 (PZ-1361), a potent and selective 5-HT7 
receptor antagonist with antidepressant properties (Scheme 15, A). This method 
involved the alkylation of Boc-4-amino-piperidine with the oxirane derivative 47, which 
was originally conducted in ethanol under reflux for several hours using an excess of 
reagents, with subsequent purification via column chromatography. Conversely,  
the mechanochemical approach considerably decreased the reaction time to 70 minutes, 
significantly reduced the solvent volume used, avoided the use of excess alkylating 
reagent, and eliminated the chromatographic purification step. Compound 48 was then 
obtained in 90% yield via mechanochemical epoxide ring opening. Subsequent Boc 
deprotection and sulfonylation reactions led to the generation of target compound 49 in 
64% overall yield, compared to the total yield of 34% obtained in solution. Moreover, the 
developed mechanochemical protocol reduced the overall reaction time (5.5 vs. 60 hours 
in solution), and limited the use of toxic solvents compared to the benchmarking batch 
synthesis. Subsequently, Zajdel and co-workers[102] illustrated the mechanochemical 
synthesis of a novel series of dual α2-adrenoreceptor/5-HT7-receptor antagonists with 
antidepressant properties (Scheme 15, B). Similar to the synthesis of compound 48,  
the alkylation of Boc-protected 4-aminopiperidine with alkyl bromide 50 generated 
tertiary amine 51 in 84% yield. Further Boc deprotection and sulfonylation reactions led 
to the target compound 52 in a 55% overall yield. Thus, the developed mechanochemical 
method enabled the production of 52 in less than 6 hours, without the need for excess 
reagents, solvents, and chromatographic purification. 
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Scheme 15. Mechanochemical synthesis of APIs via C–N bond-forming reactions. 

 
In 2021, Yu and co-workers[103] demonstrated a synthetic pathway, involving 

mechanochemical processes to produce the antiparasitic drug R-PZQ 54 (Scheme 15, C). 
The enantiopure intermediate 53 was synthesized in a three-step sequence, including a 
mechanochemical enantioselective aza–Henry reaction with chiral catalyst, followed by 
an acylation and hydrogenation reactions, resulting in an overall yield of 62%.  
An acylation and ring-closing sequence was then conducted in a ball mill using EDC/HOBt 
as coupling agents. The process started with the preactivation of cyclohexanecarboxylic 
acid via 30 minutes of milling with the coupling reagents, followed by the addition of 
compound 53 and an additional 30 minutes of milling. Notably, this mechanochemical 
approach offered a convenient one-pot procedure for the final construction of 54, even 
at a 50-mmol production scale, with excellent preservation of the enantiomeric purity 
(12.5 g, 80% yield, and >99% ee). The pure product 54 was isolated through a 
recrystallization process. 

In a recent study, Canale and co-workers[105] presented a multistep mechanochemical 
synthetic procedure for PZ-1190, a multitarget antipsychotic agent (Scheme 16). First, 
the mechanochemical reduction of carboxylic acid 55 to an alcohol, and subsequently to 
aldehyde 56, was carried out. Reductive amination was then employed to construct the 
C–N bond. Here, aldehyde 56 was milled with a piperazine derivative, sodium 
cyanoborohydride, and acetic acid as a LAG additive for 135 minutes, resulting in the 
formation of amine 57 in a high 91% yield. Further Boc deprotection and sulfonylation 
reactions were conducted to produce the target compound 58. In contrast to the classical 
batch synthetic approach, the proposed mechanochemical protocol improved the overall 
yield (from 32 to 56%), reduced the reaction time (from 42 to 4 hours), and minimized 
the use of toxic reagents and organic solvents. Moreover, all intermediates and the 



38 

target compound 58 were obtained in high purity via extraction, eliminating the need for 
chromatographic purification. 

 

 
Scheme 16. Mechanochemical synthesis of PZ-1190 via reductive amination. 

 
In 2018, the Juaristi group[104] presented a mechanochemical enzymatic method for 

the kinetic resolution of racemic amines (Scheme 17). This approach offered an efficient 
and environmentally friendly strategy for the synthesis of enantiopure (R)-rasagiline 61, 
administered in the treatment of Parkinson’s disease. First, the racemic amine 59 was 
milled with ethyl acetate, as the acylating agent, Candida antarctica lipase B (CALB) and 
dioxane, as a LAG additive for 90 minutes. Subsequently, propargyl mesylate was added, 
and the mixture was milled for an additional 15 minutes to yield (S)-rasagiline 61 and the 
enantiopure acylated amine 60. After separation via column chromatography, the latter 
was deprotected using aqueous HCl, and the enantiomerically pure amine (R)-59 was 
then milled with propargyl mesylate, resulting in the generation of (R)-rasagiline 61 in a 
98% yield. 

 
Scheme 17. Mechanochemical synthesis of (R)-rasagiline and its enantiomer. 
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1.3 Summary of the literature review 

The literature review thus indicates that mechanochemical synthesis can serve as a viable 
and eco-friendly alternative to solution-based procedures. By eliminating the need for 
solvents and high temperatures, it both reduces waste generation and improves energy 
efficiency. The applicability of this sustainable, operationally simple, and low-energy 
technique can also be extended to the manufacturing scale by employing TSE processes. 
Mechanochemistry facilitates the production of pharmaceuticals with cleaner reaction 
profiles and simplified work-up procedures, thereby significantly reducing the associated 
environmental impact. 
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2 Motivation and aims of the present work 

Mechanochemistry stands out as an excellent tool, facilitating synthesis in the absence 
of bulk solvents and, consequently, minimizing waste generation. Given its potential 
applications in vital sectors such as the pharmaceutical industry, it is imperative to 
broaden and enhance existing synthetic methodologies. In particular, improving commonly 
used techniques for assembling C–N bonds, as crucial transformations in API synthesis, 
is essential for promoting advancements in the field. 
 
The specific aims of the study were: 
 

• to develop a mechanochemical protocol for the direct synthesis of amides from 
carboxylic acids and amines that is suitable for challenging amide couplings of 
poorly nucleophilic amines, hindered carboxylic acids, as well as for 
polyamidation; 
 

• to elaborate on a new mechanochemical method for the nucleophilic 
substitution of alcohols with amines via isouronium intermediates; 
 

• to demonstrate the application of in-situ generated organomagnesium reagents 
for constructing C‒N bonds in amines and C‒C bonds in the reactions of 
carboxylic acid derivatives under mechanochemical conditions; 
 

• to investigate the chemoselectivity of the amide coupling protocols under 
mechanochemical conditions, aiming to implement the protecting-group-free 
amidation of hydroxycarboxylic acids; 
 

• to apply the developed mechanochemical C‒N bond-forming reactions in the 
synthesis of functional materials and bioactive compounds, including important 
APIs. 
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3 Results and discussion 
 

3.1 Mechanochemical synthesis of amides using uronium-type coupling 
reagents (Publication I and unpublished results) 

Despite numerous earlier contributions to the mechanochemical synthesis of 
amides,[82,85,86,89–92,112–127] the scope and synthetic utility of mechanochemical amidation 
methods require further expansion. Specifically, the established method of the direct 
coupling of carboxylic acids with amines is limited to utilizing EDC as a coupling 
reagent.[114] However, the majority of amide coupling reagents are simply inefficient for 
the coupling of a broad range of amines and carboxylic acids.[144] To address the existing 
gaps, our research was driven by three main objectives. First, the coupling efficiency of 
uronium-type reagents (such as COMU and chloro-N,N,N′,N′-tetramethylformamidinium 
hexafluorophosphate (TCFH), Scheme 18) were explored under mechanochemical 
conditions for several carboxylic acid/amine pairs. Second, our study aimed to enable 
challenging amide couplings between sterically hindered carboxylic acids and poorly 
nucleophilic amines under essentially solvent-free conditions, a previously unexplored 
area. Third, we aimed to utilize the established conditions to perform the challenging 
hexa-amidation of biotin[6]uril[145] 62 (Scheme 18). 

 

Scheme 18. Mechanochemical synthesis of amides using uronium-type coupling reagents. 

3.1.1 Optimization studies 
The COMU-mediated amide coupling of Cbz-protected L-phenylalanine 63 and ethyl  
4-aminobenzoate (benzocaine) 64 was selected as the model process (Scheme 19). 
Aromatic amine 64 was selected due to its reduced nucleophilicity compared to aliphatic 
amines, facilitating a more reliable differentiation of various coupling conditions.  
The utilization of phenylalanine derivative 63 offered an additional opportunity to 
explore the resistance of the α-stereocenter to possible epimerization, as a commonly 
occurred problem.[146]  

The test reactions involved milling all the reactants for 30 minutes, and the crude 
reaction mixture was then analyzed by 1H NMR spectroscopy to determine the 
conversion of amine 64 into amide 65. The choice of the amide coupling reagent and 
base, as well as the quantity of the LAG additive, were identified as the primary factors 
affecting the yield of amide 65 (Scheme 19). The effect of the LAG additive was first 
explored (Scheme 19, chart 1); here, we selected ethyl acetate as a green LAG agent,[66] 
which was added to the mixture of the solid reactants 63 and 64 along with COMU and 
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sodium carbonate as a base. While dry grinding provided only 44% conversion, LAG with 
ethyl acetate resulted in significant improvement in the reaction performance (up to 75% 
conversion), with the optimal η value ranging from 0.14 to 0.24 μL·mg-1. Notably, further 
increases in η led to reduced conversion values. 

Scheme 19. Optimization experiments. The test reactions were performed in a Form-Tech Scientific 
FTS1000 shaker mill at 30 Hz using 14-mL zirconia-coated milling jars and three 7-mm zirconia 
milling balls. 

The selection of the base, the second important parameter, was then investigated 
(Scheme 19, chart 2). Rather than using N,N-diisopropylethylamine (DIPEA), commonly 
employed as an organic base in solution, various inexpensive and nontoxic inorganic salts 
were tested under mechanochemical conditions. For instance, when DIPEA was replaced 
with Na2CO3, similar conversion values were observed (72 vs. 75%). Among the screened 
phosphate salts, potassium pyrophosphate (K4P2O7) and dipotassium phosphate 
(K2HPO4) provided the best outcomes, with the latter leading to an excellent 96% 
conversion. Utilizing KH2PO4 instead of K2HPO4 resulted in significantly lower conversion 
(18 vs. 96%), likely due to the lower basic strength of H2PO4

− (pKa values of 2.12 vs. 7.21 
in water). Interestingly, the more basic K3PO4 (pKa=12.32 for PO4

3−) also afforded amide 
65 with reduced efficiency (72%). Additionally, the counter-cation effect (Na+ vs. K+) 
considerably influenced the reaction outcome (37 vs. 96% conversion for Na2HPO4 and 
K2HPO4, respectively); this revealed the complexity of the influence of an inorganic base 
on a solid-state reaction, entailing factors beyond simple proton transfer. 

Conversion of 64 into 65 according to 1H NMR analysis of the crude reaction mixtures
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Finally, the effect of various coupling reagents was investigated (Scheme 19, chart 3). 
Uronium salts are usually preferred for their high reactivity and reaction rates;[110] 
however, the widely utilized triazole-based reagent hexafluorophosphate 
azabenzotriazole tetramethyl uronium (HATU) entails both explosive hazards and 
significant health risks.[147] Consequently, COMU reagent was introduced as a safe and 
"greener" alternative to the triazole-based compounds.[148] To our delight, COMU also 
noticeably exceeded the coupling efficiencies of both HATU and EDC in our experiments, 
yielding a high 96% conversion. Additionally, TCFH emerged as an even more reactive 
and safer[149] alternative with improved AE, affording amide 65 in excellent 97% yield. 

Notably, mechanochemical amidation with COMU/K2HPO4 proceeded very rapidly, 
reaching maximal conversion within 20 minutes (Figure 7). In contrast, the solution-based 
process (Figure 7) was considerably slower, reaching a maximum of 70% conversion after 
approximately 20 hours. During this time, approximately 30% of the COMU degraded 
due to its instability in DMF solutions.[150] Thus, these issues can be completely 
circumvented by implementing solvent-free conditions. 

Figure 7. Accumulation of amide 65 over time in the COMU-mediated mechanochemical and 
solvent-based amide coupling of 63 and 64. 

The optimal experimental procedure was established as follows: COMU or TCFH 
(1.1 equiv.), K2HPO4 (3 equiv.), ethyl acetate as a LAG additive (η~0.2 μL·mg-1), and a 
milling time of 20 minutes. The benefits of the developed mechanochemical amidation 
protocol in comparison with similar solution-based reaction were revealed by an 
assessment of the green chemistry metrics (Figure 8), conducted with the aid of the 
CHEM21 toolkit.[68] First, the hazardous solvent DMF, commonly used in amide coupling, 
was substituted with a small quantity of the green solvent ethyl acetate. Then, 
the mechanochemical reaction proceeded much faster compared to the solution-based 
analogue, as previously discussed. Subsequently, pure amide 65 was isolated with a high 
96% yield simply via water washing and filtration since all by-products were water 
soluble. In contrast, the solution-based method necessitated conventional extraction 
work-up and subsequent column chromatography purification, resulting in a lower 70% 
yield of pure amide 65. Notably, the comparison of PMI values[68] indicates that 
mechanochemical reactions generate significantly less waste (Figure 8). The adoption of 
water treatment instead of mass-intensive extraction and chromatographic purification 
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led to an almost eightfold decrease in PMI work-up values (1442 vs. 192). Moreover, even 
when excluding work-up procedures, solvents still constituted 84% of the PMI in the 
solution-based reaction, as opposed to only approximately 15% (LAG additive) under 
mechanochemical conditions. 

 

Figure 8. Comparison of selected green chemistry metrics between the mechanochemical and 
solution-based approaches to synthesizing amide 65. 

3.1.2 Substrate scope 
After determining the optimal conditions, we investigated the substrate scope and 
limitations using various amine and acid coupling partners (Scheme 20). The substrate 
scope included pharmaceutically relevant starting materials, such as (S)-naproxen,  
(S)-ibuprofen, benzocaine 64, and N-Boc-protected piperazine, along with N- and 
C-protected amino acids. In addition to the previously described Cbz-masked amide  
(S)-65, its fluorenylmethyloxycarbonyl (Fmoc)-protected analogue (R)-66 and dipeptides 
67 and 68, with sterically hindered amino acid residues (phenylalanine and valine), were 
successfully synthesized in excellent 94‒96% yields using the COMU-mediated protocol. 
Notably, no significant epimerization of α-stereocenters occurred during the synthesis, 
as revealed by HPLC analysis on a chiral stationary phase (for enantiomers) or 1H NMR 
spectroscopy (for diastereomers). The amide coupling of (S)-naproxen (an example of a 
2-arylpropionic acid highly prone to epimerization) with benzocaine 66 and 
N-Boc-piperazine using COMU and TCFH, respectively, resulted in high 86‒87% yields of 
amides (S)-69 and (S)-71 with excellent stereochemical purity (>99% ee). However, 
amidation of another 2-arylpropionic acid, (S)-ibuprofen, produced (S)-72 with slightly 
degraded optical purity (93% ee). Next, the coupling of benzoic acid with benzocaine 64 
proceeded well under the COMU-mediated protocol, furnishing amide 70 in 93%  
yield after a milling time of 20 minutes. However, the sterically hindered  
2,4,6-trimethylbenzoic acid produced only 22% of the target amide 75 under the same 
conditions. Therefore, the more reactive TCFH reagent (1.3 equiv.) and a prolonged 
milling time (60 minutes) were required to attain a high 89% yield of 75. Similarly, 
reduced reactivity was observed for 2,6-difluorobenzoic acid in the reactions with 
N-Boc-piperazine and benzocaine 64. The corresponding amides 76 and 77 were 
obtained in acceptable yields after a milling time of 40 to 60 minutes. In contrast, the 
coupling of the same amines with benzoic and 3,5-bis(trifluoromethyl)benzoic acids 
proceeded smoothly, yielding amides 73 and 74 with excellent yields. Regarding the 
isolation procedures, a simple water wash and filtration work-up yielded pure amides 
65–70, while chromatographic purification was necessary for amides 71–77, either due 
to their oily nature or to separate formed impurities or unreacted starting materials. 
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Scheme 20. Substrate scope for mechanochemical amidation using COMU/K2HPO4 and 
TCFH/K2HPO4. *Compounds synthesized by Kamini A. Mishra. aAmine hydrochloride salt used for 
the synthesis of peptides 67 and 68. bYields of isolated products. cObtained in 92% yield and >99% 
ee with TCFH. dIsolated by column chromatography. eWith 1.3 equiv. of TCFH. 

 

3.1.3 Activating effect of phosphate salts 
Dipotassium phosphate (K2HPO4) and potassium pyrophosphate (K4P2O7) demonstrated 
significant improvement in the reaction yield during the optimization studies (Scheme 
19, chart 2). We hypothesized that phosphate salts could contribute to the activation of 
the carboxyl substrate 63 via the formation of acyl phosphate intermediates. To confirm 
the hypothesis, we performed the mechanochemical synthesis of acyl phosphates from 
acetic acid and the phosphate salts, utilizing COMU and TCFH reagents. Acetyl phosphate 
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78 was obtained in 60% yield using the K2HPO4 salt, as confirmed by 31P NMR analysis 
(Scheme 21). Notably, the characteristic singlet signal of acetyl phosphate 78 at 
δ = −2.1  ppm disappeared rapidly after the addition of morpholine. Noticeably lower 
yields of acyl phosphate 80 were attained with K3PO4 or TCFH as a coupling reagent. The 
formation of acetyl pyrophosphate 79 in the reaction of acetic acid with K4P2O7 was 
confirmed by 31P NMR spectroscopy, revealing a pair of doublet signals at δ = −5.0 and 
−17.9 ppm (d, JPP = 21.7 Hz). Similar to 78, acyl phosphate 80 was obtained in 50% yield 
(δ = −7.6 ppm in the 31P NMR spectrum) from Cbz-masked phenylalanine 63 and the 
K2HPO4 salt (Scheme 21). 

 
Scheme 21. Mechanochemical generation of acyl phosphates 78 and 80, and acetyl pyrophosphate 
79. 

 
The conventional amidation mechanism follows the activated ester pathway (Scheme 

22, via intermediates A and C).[151] First, the carboxylate anion, generated via 
deprotonation by a base, attacks COMU to produce the unstable O-acyl isouronium salt 
A. The resulting anion B rapidly attacks the intermediate A, affording the activated ester 
C and releasing a stoichiometric amount of urea as a by-product. The reaction of the 
amine with C then results in the amide product. 

To assess the contribution of the acyl phosphate pathway (Scheme 22, via intermediate 
D) in comparison to the established activated ester pathway (via intermediates A and C), 
an additional experiment was performed (Scheme 22). The amide coupling between the 
potassium salt of 63 and amine 64, conducted in the absence of phosphate salts, resulted 
in an 80% yield of amide 65, 16% lower than the yield achieved with the K2HPO4 additive. 
Therefore, one can conclude that K2HPO4 acts primarily as a base, facilitating the 
deprotonation of 63, but it also contributes at least 16% to the formation of amide 65 via 
acyl phosphate 80. It is worth noting that this is only an estimation based on excessive 
yield of 65 in the presence of inorganic phosphate. The actual contribution of 
intermediate D depends on the relative reaction rates of intermediate A with B or the 
monohydrogen phosphate anion, and could be greater than 16%. 

 



47 

 

Scheme 22. Plausible mechanistic pathways leading to the amide product. 

3.1.4 Challenging amide bond formation 
To assess the efficacy of the developed mechanochemical amidation protocols, we  
opted for a more challenging test case: the coupling of the electron-deficient  
4-aminobenzonitrile 82 with the sterically hindered 2-methyl-2-phenylpropanoic acid 81 
(Scheme 23). A short screening of different coupling conditions was conducted, and the 
conversion to the amide product 83 was assessed via 1H NMR analysis after a milling time 
of 60 minutes (Scheme 23). 

 

Scheme 23. Mechanochemical coupling of hindered carboxylic acids with poorly nucleophilic 
amines. 
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The application of EDC[114] or the COMU/K2HPO4 system resulted in a low 9–10% yield 
of amide 83. The TCFH/K2HPO4-mediated transformation showed a slightly higher, but 
still low, 22% yield. However, the combination of TCFH with N-methylimidazole (NMI) 
afforded a significantly higher 84% yield of amide 83. This can be attributed to the in-situ 
generation of reactive N-acyl imidazolium ions, as previously demonstrated in 
acetonitrile solution by Beutner and co-workers.[152] The slight excess (1.3 equiv.) of TCFH 
and the slightly extended milling time (90 minutes) enabled achieving a high 92% yield 
of pure amide 83 after isolation. Similarly, the coupling of 81 with the sterically hindered 
2,4,6-trimethylaniline resulted in an excellent 92% yield of the corresponding amide 84. 
Notably, high yields of amides 83 and 84 were achieved within a rather rapid reaction 
time of 1.5 hours, in sharp contrast to the solution-based synthesis (21 hours for amide 
83). 

3.1.5 Amide coupling of biotin[6]uril 
Biotin[6]uril 62 (Scheme 18) is a chiral macrocycle  from the hemicucurbituril family[153] 
known for its anion-binding properties. [152] The macrocycle was prepared in multigram 
quantities via the HCl-catalyzed condensation of formaldehyde with D-biotin following a 
published protocol.[145] The presence of six carboxylate functions readily capable of 
coupling with various amines offers convenient access to a library of diversely 
functionalized chiral macrocyclic receptors. Despite the apparent simplicity of the amide 
coupling of unhindered carboxylate moieties in 62, achieving complete amidation is 
challenging since it proceeds via six consecutive steps. For instance, a high yield of 97% 
in each step would result in a fully functionalized product with an overall yield of only 
83%, while the remainder of the produced material would contain a mixture of 
incompletely functionalized molecules, thus necessitating further chromatographic 
purification. Therefore, a considerably high coupling efficiency (>99% per coupling step) 
is required to attain high yields and a high purity of the hexa-amide product. 

To investigate the efficacy of various amide coupling conditions, we selected a 
convenient model reaction between biotin[6]uril 62 and L-phenylalanine methyl ester 
hydrochloride 85 (Table 2). The results from the test reactions were analyzed by Tatsiana 
Jarg (Shalima) using HPLC (Figure 9) and quantified by calculating the HPLC area 
percentage for the hexa-amide product 86 (Srel, Table 2) relative to underfunctionalized 
compounds. The initial experiments with both the COMU/K2HPO4 and TCFH/K2HPO4 
systems resulted in a mixture of phenylalanine-derivatized biotin[6]urils, containing all 
possible products from the mono-amide to hexa-amide 86, with the latter showing a low 
16% contribution (Table 2, entries 1 and 2; Figure 9A). The use of the EDC/DMAP 
combination (Table 2, entry 3) was more successful, predominantly yielding a mixture of 
penta- and hexa-amides (Figure 9B). The highly reactive TCFH/NMI combination (Table 
2, entry 4) primarily yielded hexa-amide 86, albeit still noticeably contaminated with 
underfunctionalized compounds (52% HPLC area). By applying a slightly greater excess 
of TCFH (1.2 equiv. per carboxylate) and NMI (3.5 equiv. per carboxylate), the yield of the 
target product 86 was significantly improved (Table 2, entry 5, 86% HPLC area; Figure 
9C), and the reaction time was also shortened to 60 minutes. Remarkably, the use of 
ethyl acetate as a LAG additive led to the optimal purity of hexa-amide 86 (98% HPLC 
area, Figure 9D). These results indicate that the LAG additive can significantly enhance 
the reaction rate, likely due to the improved mass transfer.[7]  

Owing to the presence of liquid NMI and ethyl acetate along with the formation of 
tetramethylurea during the process, the reaction mixture transformed into liquid as the 
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reaction proceeded. Consequently, slurry stirring was implemented instead of ball milling 
(Table 2, entry 7), resulting in a slight reduction in the coupling efficiency (95% HPLC 
area). 
 
Table 2. Amide coupling of biotin[6]uril 62 with phenylalanine methyl ester 85. 

 

Entry Reaction conditions a 

Liquid 
chemicals 
(additives, 
solvents) 

η, 
μL·mg-1 

Time,
min 

Conver-
sion, %b 

1 

Ball 
milling 

COMU / K2HPO4 EtOAc 0.19 90 16 
2 TCFH / K2HPO4 EtOAc 0.19 90 16 
3 EDC / DMAPc CH3NO2 0.25 90 55 
4 TCFH / NMI NMI 0.29 90 52 
5 TCFH / NMId NMI 0.32 60 86 
6 TCFH / NMId NMI, EtOAc 0.64 60 98 

7 
Slurry 

stirring 
TCFH / NMId NMI, EtOAc 0.64 60 95 

8 Solution TCFH, NMId NMI, DMF 2.4 60 98 
a Reaction conditions: biotin[6]uril (50–70 mg, 0.03–0.05 mmol), 85 (7 equiv.), coupling reagent 
(7 equiv.), and base (18 equiv.), unless otherwise specified. b Conversion was determined as 
HPLC area percentage of hexa-amide 86 relative to other amide products. c12 equiv. of DMAP 
were used, following the published procedure, ref. 114. d With 7.2 equiv. of TCFH, 7.8 equiv. of 
85 and 21 equiv. of NMI. 

 
The solution-based amide coupling was conducted using DMF as a solvent, given the 

low solubility of 62 in environmentally friendly and volatile organic solvents (Table 2, 
entry 8). Homogeneous solutions were obtained using approximately 0.5 mL of solvent, 
comparable to the weight of the solid reactants (ca. 0.24 g), maintaining the η value at 
around 2 μL·mg-1. The coupling efficiency of the TCFH/NMI combination in DMF solution 
(Table 2, entry 8) was almost identical to that of the DMF-free transformation performed 
under mechanochemical conditions (Table 2, entry 6). However, in the latter, use of a 
bulk amount of the harmful solvent was completely avoided. 

Under optimal conditions (Table 2, entry 6), hexa-amide 86 was obtained in an almost 
quantitative yield and 95% HPLC purity after a simple water wash and filtration.  
The product purity was increased further to 99%, as determined by HPLC, by following a 
straightforward purification protocol, including filtration of the chloroform solution 
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through Celite® and subsequent precipitation with hexane from an ethyl acetate 
solution. The same amide coupling reaction was successful at threefold higher loadings 
(150 mg of 62 per milling jar, 300 mg in total), delivering 86 in an 80% isolated yield and 
99% HPLC purity, albeit with an extended milling time of 90 minutes. 

 

 

Figure 9. Derivatization of biotin[6]uril 62 via amide coupling with phenylalanine methyl ester 85. 
HPLC chromatograms for selected reaction mixtures: (A) COMU/K2HPO4; (B) EDC/DMAP;  
(C) TCFH/NMI; (D) TCFH/NMI with EtOAc as a LAG additive. HPLC analysis performed by Tatsiana 
Jarg (Shalima). 

 
As an additional example (unpublished results), a chiral macrocyclic hexa-amide 89 

was synthesized via the amide coupling of biotin-L-sulfoxide[6]uril 87[154] with 5-(4-
aminophenyl)-10,15,20-(triphenyl)porphyrin (H2TPP-NH2) 88 (Table 3). As mentioned 
earlier, achieving full amidation of the macrocycle is an inherently challenging task. Here, 
an additional complication arose from the use of amino porphyrin 88, characterized by 
both low nucleophilicity and significant steric hindrance. Similar to the preparation of 
hexa-amide 86 (Publication I), we initially attempted the mechanochemical synthesis of 
the target compound 89 by employing highly reactive coupling conditions (TCFH/NMI). 
However, when applied to the coupling of macrocycle 87 with amino porphyrin 88 
(Table 3, entries 1 and 2), the mechanochemical protocol (under its “standard” 
conditions, not optimized for this specific case) appeared to be less efficient than the 



51 

solution-based synthesis (in DMF). This inefficiency could be attributed to poor mixing of 
the solids, stemming from the large excess of solid amine 88 (by weight), based on its 
high molecular weight and the high molar ratio of 88 (7.8 equiv.) to 87. Therefore, 
optimizing the mass transfer processes within the milling jar becomes essential, a target 
achievable by the selection of an appropriate LAG additive and its optimal loading. 
Considering the solution-based amidation reactions, the use of the TCFH/NMI coupling 
system in a DMF solution afforded a slightly improved yield of the target hexa-amide 89 
(approximately 50% HPLC area, entry 3, Table 3). The optimal coupling conditions 
involved HATU/DIPEA in DMF solution, resulting in a substantial enhancement in the 
yield of the desired hexa-amide 89 (78% HPLC area, entry 4, Table 3), albeit after an 
extended reaction time (24 hours). 
 
Table 3. Amide coupling of biotin-L-sulfoxide[6]uril 87 with H2TPP-NH2 88. 

 

Entry 
Reaction 

conditions 
Time, 

hrs 
Liquid 

chemicals  
η, 

μL·mg-1 

Conversion, %d 
“Tetra” 
amide 

“Penta” 
amide 

“Hexa” 
amide 89 

1 
Ball 

millinga 
TCFH / 

NMI 

1 
NMI, 

EtOAc 
0.64 35 36 30 

2 1 
NMI, 

EtOAc 
2.10 No data 57 43 

3 Solu- 
tion 

(DMF) 

TCFH / 
NMIb 

1 
24 

NMI, DMF 9.72  
17 
17 

35 
34 

47 
49 

4 
HATU / 
DIPEAc 

1 
24 

DIPEA, 
DMF 

7.98 
8 
5 

33 
18 

59 
78 

a Reaction conditions: biotin-L-sulfoxide[6]uril 87 (10–15 mg, 0.006–0.009 mmol), H2TPP-NH2 88 
(7.8 equiv.), TCFH (7.2 equiv.), NMI (21 equiv.), and EtOAc as a LAG additive. b 87 (7–10 mg, 
0.004–0.006 mmol), 88 (7.8 equiv.), TCFH (7.2 equiv.), NMI (21 equiv.) and anhydrous DMF. c 87 
(7–8 mg, 0.004–0.005 mmol), 88 (7 equiv.), HATU (7 equiv.), DIPEA (12 equiv.) and anhydrous 
DMF. d Conversion was determined as HPLC area percentage of H2TPP hexa-amide 89 relative to 
other amide products (similarly for penta- and tetra-amide derivatives). HPLC analysis performed 
by Tatsiana Jarg (Shalima). 
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Following the optimized conditions, the amide coupling reaction was then performed 
on a 0.05-mmol scale of biotin-L-sulfoxide[6]uril 87, producing H2TPP-hexa-amide 89 
with a 49% isolated yield and 87% HPLC purity. Notably, owing to the incomplete, albeit 
high conversion to product 89, column chromatographic purification was needed to 
remove incompletely functionalized compounds. The subsequent insertion of zinc metal 
into the porphyrin scaffolds generated ZnTPP-hexa-amide 90 with a 96% yield and 85% 
HPLC purity. 
 

3.2 Mechanochemical nucleophilic substitution of alcohols via 
isouronium intermediates (Publication II) 
 
Considering the literature review, the mechanochemical synthetic toolbox provides 
several opportunities to construct C–N bonds in amines via alkylation and arylation with 
organic halides, including transition-metal-catalyzed couplings.[106,107,133–135,137–141] 
However, the utilization of alcohols as starting materials for amine synthesis remains 
largely unexplored,[142,155] although they can serve as safer alternatives to lacrimatic and 
potentially genotoxic organic halides. Moreover, the direct nucleophilic substitution of 
alcohols constitutes one of the challenges in green chemistry,[5] commonly necessitating 
the prior transformation of the hydroxyl moiety into a better leaving group. 

Following the development of a novel mechanochemical amidation approach (Section 
3.1), we opted to implement the same activation strategy, combining uronium coupling 
reagents with inorganic phosphates, to facilitate the nucleophilic substitution of alcohols 
(Scheme 24). We hypothesized that the activation of alcohols proceeds via highly 
reactive intermediates, such as isouronium salts or alkyl phosphates. In addition, the 
main objective was to utilize primary and secondary amines as nucleophiles, given the 
significant relevance of these transformations to pharmaceutical synthesis (Scheme 24). 

 
Scheme 24. Conceptualization of mechanochemical synthesis of amines via the nucleophilic 
substitution of alcohols using uronium-type coupling reagents as activators. 

3.2.1 Optimization studies 
We selected the reaction between 1-naphthalenemethanol 91 and morpholine as a 
nitrogen nucleophile as a model transformation (Scheme 25). We first attempted to 
perform the in-situ activation of alcohol 91 with TCFH and fluoro-N,N,N′,N′-
tetramethylformamidinium hexafluorophosphate (TFFH) in the presence of morpholine. 
However, this resulted in a low yield of 93 (approximately 8%), attributed to the more 
rapid competing reaction of the halouronium reagents with morpholine itself to produce 
the corresponding guanidine derivative 94. To address the issue, we implemented a 
stepwise reaction in the same milling jar. Alcohol 91 was activated by generating 
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isouronium salt 92, followed by a substitution reaction with morpholine. The milling of 
alcohol 91 with TFFH and K2HPO4 as a base for one hour afforded a high 88% conversion 
to isouronium salt 92 (Scheme 25). The formation of 92 was proven by 1H NMR analysis 
[with characteristic signals at δ 5.68 (s, 2H), 3.03 (s, 12H)] and by HRMS analysis  
[(AJS-ESI) calc. for C16H21N2O+ [M]+ 257.1648, found m/z 257.1647]. The subsequent 
addition of morpholine to the same reaction jar led to a rapid (less than 20 minutes) and 
quantitative transformation of 92 into amine 93, which was isolated in an 82% yield. 
Notably, no additional activation of the alcohol via the generation of an alkyl phosphate 
intermediate was detected. 

 

Scheme 25. Optimal conditions for the nucleophilic substitution of the hydroxyl group in 91 with 
morpholine, deviations from the optimal conditions, and kinetic studies. Experiments performed in 
a Form-Tech Scientific FTS1000 shaker mill at 30 Hz using 14-mL zirconia-coated milling jars and 
one 10-mm zirconia milling ball. 
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Three main parameters influencing the yield of 93 were identified as follows:  
the nature of the base, LAG additive, and coupling reagent. Regarding the selection of 
the base (Scheme 25, chart 1), the cost-effective and less hazardous inorganic salts 
exhibited superior or comparable efficiency (K2CO3 vs. TEA) when compared to the 
organic bases, such as TEA, NMI, or DBU. After an initial screening, potassium fluoride 
and dipotassium phosphate emerged as the most efficient bases, resulting in 73 and 77% 
conversion to 92, respectively. To offset side pyrophosphate formation from dipotassium 
phosphate (detected by 31P NMR spectroscopy), a slight excess of TFFH (1.5 equiv.) was 
used, yielding the highest 88% conversion to 92. To assess the impact of LAG additives, 
we screened a range of green solvents and conventional polar solvents (Scheme 25, chart 
2). To our delight, the green solvents, including ethyl acetate, cyclopentyl methyl ether 
(CPME), and dimethyl isosorbide (DMI), proved to be excellent LAG additives, yielding 
the highest conversions in 72–77% range, and outperforming the polar solvents. 

In terms of the choosing activating reagents TFFH emerged as the most efficient, 
delivering isouronium salt 92 in the highest yield. In comparison, the use of COMU 
resulted in a lower 65% yield of the corresponding isouronium intermediate (Scheme 25, 
chart 3). Unlike TFFH, its chlorine analogue TCFH exhibited almost no reactivity toward 
alcohol 91. In addition to its high efficiency, TFFH is also preferable to TCFH or COMU due 
to its lower molecular weight, thus offering better AE. Notably, the reaction of alcohol 91 
with N,N′-diisopropylcarbodiimide (DIC) resulted in the formation of the corresponding  
O-alkyl isourea but did not proceed further to nucleophilic substitution. 

As indicated by a kinetic study (Scheme 25, chart 4), a minimum milling time of  
60 minutes was needed to attain the highest 88% conversion of the starting alcohol 91 
into isouronium intermediate 92. Notably, the subsequent nucleophilic substitution 
reaction occurred much faster, lasting less than 20 minutes. 

3.2.2 Reaction scope and limitations 
Having determined the optimal conditions, we then investigated the substrate scope 
involving various alcohols (Scheme 26). First, an upscaled synthesis of amine 93 was 
performed with an 80% yield (1.03 g) using two simultaneously shaken milling jars.  
The morpholine derivatives 95–97 were prepared in high 77–91% yields from the 
corresponding benzylic-type primary alcohols, without a significant effect from  
electron-donating (OMe) or electron-withdrawing (CF3) substituents in the aromatic ring 
(96 and 97, Scheme 26). Concerning secondary benzylic alcohols, the reaction of optically 
pure methyl (S)-mandelate (>99% ee) with morpholine yielded (R)-phenylglycine 
derivative 98 in a high 84% yield, albeit with reduced optical purity (76% ee).  
Notably, the optical purity of 98 remained almost constant across varying milling times 
with morpholine (30–120 minutes). However, a significant improvement to 85% ee  
was observed after shortening the alcohol activation step to 15 minutes. Therefore, 
partial epimerization of the corresponding isouronium intermediate, presumably via 
enolization, can occur, while its SN2 reaction with the amine is faster and more 
predominant. Regarding additional instances of secondary benzylic alcohols, the milling 
of (S)-α-methyl-2-naphthalenemethanol 99 and diphenylmethanol 100 with TFFH and 
K2HPO4 led to the formation of ethers 101 and 102, respectively. Notably, ether 101 was 
obtained as an almost equimolecular mixture of the (S,S)- and (R,S)-diastereomers,  
as confirmed by 1H NMR spectroscopy and HPLC analysis on a chiral stationary phase, 
indicating an SN1 mechanism involving the corresponding benzylic cation. Tertiary 
benzylic alcohol 103 remained unreactive, failing to form the corresponding isouronium 



55 

salt. Consequently, the highly chemoselective amination of primary alcohol 91 was 
performed in the presence of tertiary alcohol 103. This finding was applied in the 
synthesis of amine 104, retaining its original tertiary alcohol moiety intact. 
 

 

Scheme 26. Scope of alcohols and limitations of the developed approach. *Compound 106 synthesized 
by Jagadeesh Varma Nallaparaju. a Gram-scale reaction performed in two simultaneously shaken jars 
with 0.45 g (2.8 mmol) of alcohol 91 in each jar. b 85% ee after 15 minutes milling with TFFH/K2HPO4. 
c Indoline used instead of morpholine. dReaction time of 3 hours with morpholine; (S)-114 prepared 
from (R)-lactate with the same yield and optical purity. 
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The utilization of propargylic and allylic alcohols resulted in the preparation of amines 
105 and 106 in 86 and 56% yields, respectively. However, other allylic substrates, such as 
alcohols 107 and 108, were ineffective in the synthesis of the corresponding amine 
products due to several dominant side reactions. The majority of the tested primary and 
secondary aliphatic alcohols rapidly yielded the respective isouronium salts (within one 
hour), with the only exception being the fully unreactive menthol 110. However, unlike 
the activated benzylic and allylic derivatives, the aliphatic substrates exhibited 
insufficient reactivity in the subsequent nucleophilic substitution reaction with 
morpholine, necessitating an extended milling time (3 hours) to achieve acceptable  
40–50% conversion. Notably, further extension of the milling time did not improve the 
yield due to the slow decomposition of the respective isouronium salts. Regarding the 
aliphatic substrates, 3-phenylpropyl amine 111 was obtained from the corresponding 
activated alcohol in a 40% yield after 3 hours of milling with morpholine. 

Similarly, the reaction of 6-chlorohexan-1-ol with morpholine resulted in the 
formation of amine 112 in a comparably low 31% yield, where most of the reaction 
mixture comprised the unreacted isouronium derivative. No nucleophilic substitution of 
chlorine was observed, indicating that the isouronium moiety is a better leaving group. 
Cyclohexanol, as an example of a secondary aliphatic alcohol, produced isouronium salt 
113, which was completely unreactive in the subsequent substitution reaction.  
In contrast, secondary aliphatic alcohols, such as ethyl (S)- and ®-lactate, delivered the 
corresponding ®- and (S)-alanine derivatives 114 in moderate 50% yields and with 
excellent optical purity (>99% ee), indicating complete stereoinversion via the SN2 
mechanism. Remarkably, an aspartic acid derivative 115 was synthesized from dimethyl 
(S)-malate with a complete loss of optical purity. Additionally, dimethyl fumarate was 
detected in the reaction mixture, indicating that the reaction likely occurred via an 
elimination–addition mechanism. 

The scope of amines was investigated in the nucleophilic substitution reactions of 
2-naphthylmethanol 116 (Scheme 27). Secondary aliphatic amines, such as thiomorpholine 
and piperidine, produced amines 117 and 118 in 79 and 52% yields, respectively. 
D-proline methyl ester, utilized as a solid hydrochloride salt, delivered amine 119 in a 
modest 42% yield. 

 
Scheme 27. Scope of amines prepared from 2-naphthalenemethanol 116. *Compounds synthesized 
by Jagadeesh Varma Nallaparaju. a Amine hydrochloride used as the starting material. 
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The use of the solid nucleophilic N-Boc-piperazine resulted in the corresponding 
amine 120 with a good 71% yield. Notably, the less nucleophilic aromatic indoline led to 
a high 86% yield of the corresponding amine 121, while the poorly nucleophilic carbazole 
122 was fully unreactive. 

In addition to amines, other nucleophiles, such as halide anions (F−, Br−, and I−) and 
oxygen-centered nucleophiles (CH3OH and PhO−), were employed to generate the 
corresponding nucleophilic substitution products of 1- and 2-naphthylmethanol in  
40‒93% yields (see Publication II). 

3.2.3 Comparison of the mechanochemical and solution-based reactions 

The developed mechanochemical protocol for synthesizing amine 93 was further 
compared with the same reaction conducted in ethyl acetate solution (Table 4). 
 
Table 4. Comparison of mechanochemical and solution-based reactions. 

 

Entry Reaction conditionsa 
Scale (mmol 

of 91) 
Time, 
hrsb 

Yield of 
93, %c 

PMId 

1 

Solution 

TFFH (1 equiv.) / 
TEA (1 equiv.) 

0.16 1 (72)e  

2 

TFFH (1.5 equiv.) / 
K2HPO4 (2 equiv.) 

0.16 6 (74)  

3 5.7 24 46 (65) 117 

4 
Ball 

milling 
2 x 2.8f 1 80 (86) 41 

5 
Slurry 

stirring 
0.16 6 (76)  

a Approximately 0.15M concentration of 91 was used in the solution reactions, η = 0.2 μL mg−1 
in the ball milling and slurry stirring reactions. b In the reaction of 91 with TFFH. The subsequent 
reaction of the isouronium intermediate 92 with morpholine was fast and quantitative. c Yield 
of isolated amine product or its 1H NMR yield (in parentheses). d PMI, excluding column 
chromatography. e Approximately 15% of the quaternary salt 123 was formed as the main by-
product. f The reaction was run simultaneously in two jars and then combined for the work-up. 

 
A homogeneous solution reaction with trimethylamine as a base led to the rapid (one 

hour) generation of isouronium compound 92. The subsequent addition of morpholine 
resulted in the formation of amine 93 in a 72% yield (Table 4, entry 1). However, the 
reaction was accompanied by the generation of quaternary ammonium salt 123 from 
TEA. In contrast, a heterogeneous solution reaction with the solid inorganic base K2HPO4 
resulted in a cleaner conversion to 92 but at a significantly slower rate (Table 4, entry 2). 
The highest 74% yield of 92 (an, thus, amine 93) was reached after 6 hours, while longer 
reaction times led to the slow decomposition of 92. The reaction significantly decelerated 
at a larger scale (starting from 5.7 mmol of alcohol 91), resulting in a lower 65% yield of 
93 (46% yield of the isolated product, entry 3, Table 4). In contrast, the developed 
mechanochemical protocol was successfully upscaled, generating 93 with a faster 
reaction rate and a higher 80% yield (Table 4, entry 4). Furthermore, ball milling proved 
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essential for achieving both high yields and rapid reaction rates, as the slurry stirring 
method demonstrated lower efficiency (Table 4, entry 5). 

In addition, the calculated PMI[68] value of the upscaled mechanochemical reaction 
was almost threefold lower than that of the solution-based synthesis (Table 4, entries 3 
and 4), revealing additional advantages of the mechanochemical protocol: less waste 
production due to better yields and lower solvent consumption. Moreover, the presented 
comparison highlights the benefits of the mechanochemical approach in performing fast 
reactions with insoluble reactants and unstable intermediates. 

Nevertheless, the column chromatographic purification of amine 93 was still required 
in both the mechanochemical and solution-based methods, posing a notable drawback. 
Conversely, certain amines can be isolated in the form of their hydrochloride salts,  
as discussed later. 

3.2.4 Applications to the synthesis of APIs and bioactive amines 

To demonstrate the practical applications of the developed mechanochemical C–N bond-
forming reactions, we utilized them as pivotal steps in the synthesis of diverse bioactive 
amines, including APIs. As an example, the stimulant drug methyl-4-benzylpiperazine 125 
(MBZP) was synthesized via the alkylation of N-methylpiperazine 124 with a benzylic 
alcohol and isolated in a 54% yield by crystallization of its hydrochloride salt from 
methanol (Scheme 28, A). 

 

Scheme 28. A, B – Mechanochemical C–N bond-forming reactions in the synthesis of the 
antidepressants 1-methyl-4-benzylpiperazine 125 (MBZP) and piberaline 129. C – Mechanochemical 
synthesis of bioactive amine 132 via chemoselective activation of functional groups in 130. 
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We also performed a three-step synthesis of the antidepressant drug piberaline 129, 
which included the mechanochemical amide coupling of picolinic acid 126 with  
N-Boc-piperazine (Publication I), followed by solvent-free Boc deprotection[89] and the 
mechanochemical alkylation of the obtained amine 128 with benzyl alcohol (Scheme 28, 
B). For further illustration, 4-(hydroxymethyl)benzoic acid 130 was selected as a target 
for functionalization, inspired by the various pharmaceutical applications of its 
derivatives.[156] 

The observed low reactivity of TCFH toward alcohols compared to TFFH (Scheme 25, 
chart 3), along with the remarkable amide coupling efficacy of the TCFH/K2HPO4  
reagent system (Publication I), was utilized to perform the protecting-group-free 
mechanochemical amidation of the carboxylic acid group in 130 (Scheme 28, C) while 
preserving the integrity of the benzylic hydroxyl moiety. Shifting to TFFH in the next step 
led to the activation of benzylic alcohol 131, producing morpholine derivative 132 in a 
good 80% yield. 

3.3 Organomagnesium reagents for C‒N and C‒C bond formation 
(Publication III) 

In the classical nucleophilic substitution reaction described above (Section 3.2),  
the amine acts as a nucleophile, displacing the hydroxyl group activated by the 
isouronium moiety. On the other hand, various electrophilic aminating reagents, such as 
hydroxylamine derivatives, can be employed for the electrophilic amination of 
carbanions, usually organometallic compounds (Scheme 29). 

 

Scheme 29. Conventional synthesis of amines via nucleophilic substitution (Publication II) and its 
umpolung alternative (Publication III). 

 
The application of this umpolung strategy for the synthesis of amines using 

mechanochemistry has not been previously demonstrated. Currently, the generation of 
organometallic reagents via mechanochemical techniques is a rapidly progressing field, 
though it is still in its early stages and demands further advances. Regarding the 
generation of organomagnesium compounds (Grignard reagents) by the reaction of Mg 
metal with organic halides, the field was pioneered by Harrowfield and co-workers in 
2001,[158] followed by a significant time gap and a subsequent contribution by Hanusa 
and co-workers in 2020.[159] Most recently, in 2021, significant advancements were made 
by the research groups of Ito, Kubota[71] and Bolm,[160] who applied THF as a liquid 
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additive to ball milling. The developed protocols were focused on the generation of air- 
and moisture-sensitive Grignard reagents as a separate step, followed by their 
subsequent reaction with various electrophiles added to the same milling jar. 

In our group, Jagadeesh Varma Nallaparaju has developed a protocol allowing to 
generate various organomagnesium nucleophiles in-situ in the presence of electrophilic 
counterparts under mechanochemical conditions (Barbier variant of Grignard synthesis). 
In addition to assembling C‒C, C‒Si, and C‒B bonds, the formation of C‒N bonds has also 
been investigated. To illustrate the feasibility of synthesizing amines using an umpolung 
approach, amine 134 was successfully generated in a high yield of 92% by ball milling of 
O-benzoyl-N,N-diethylhydroxylamine 133 with benzyl chloride (1.1 equiv.) and magnesium 
powder (2 equiv.) in the presence of THF (3 equiv., Scheme 30, A). Moreover, amides, 
as carbonyl electrophiles, can react with nucleophilic organometallic reagents, leading to 
the formation of ketones. 

 
Scheme 30. Synthetic applications of in-situ generated organomagnesium nucleophiles. aReaction 
conditions: RX (2.5‒6 equiv.), Mg powder (4‒10 equiv.),and THF (4‒6 equiv.). bWith NH4Cl (1 equiv.) 
as an additive. *Compound 136 synthesized by Rauno Reitalu. 
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Before examining amides, we explored the behavior of more reactive carboxylic esters 
in the reaction with in-situ generated organometallic compounds (Scheme 30, B). Methyl 
2-naphthoate was used to produce the corresponding tertiary alcohols 135 and 136 in 
95 and 70% yields, respectively, in the reactions with allyl chloride and ethyl bromide. 
Notably, the reaction with allyl chloride proceeded smoothly in the presence of solid 
NH4Cl as a proton donor, whereas the same additive led to a slightly decreased 60% yield 
in the case of the less reactive ethyl bromide. We showed that NH4Cl acts as an in-situ 
magnesium alkoxide quencher in the reaction (Scheme 30, B), while the extent of 
protonation of intermediate Grignard reagents is insignificant if they are added very 
rapidly to the respective carbonyl compounds (Publication III). This use of NH4Cl also 
simplified the work-up procedure, which avoided conventional hydrolytic work-up and 
involved the treatment of the reaction mixture with ethyl acetate, filtration and solvent 
evaporation. As another example, the α,α,α´,α´-tetraphenyl-1,3-dioxolan-4,5-dimethanol 
(TADDOL) ligand 137 was synthesized from the corresponding methyl ester in a 52% yield 
via the reaction with phenyl bromide. In exploring less electrophilic amides, a two-step 
mechanochemical synthesis of ketone 140 was performed (Scheme 30, C). The first step 
included the COMU/K2HPO4-mediated amide coupling of Boc-D-leucine 138 with 
morpholine (Section 3.1), and the second step involved the reaction of the obtained 
amide 139 with in-situ generated prop-1-en-2-ylmagnesium bromide. The target ketone 
140 was isolated in 51% yield. Notably, ketone 140 has been used as a building block in 
the synthesis of the anticancer drug carfilzomib.[161] The successful utilization of esters, 
amides, and nitrogen-centered electrophiles evidences the broad scope of amenable 
electrophilic substrates that can be used in Barbier chemistry under mechanochemical 
conditions. 

3.4 Protecting-group-free mechanosynthesis of amides from 
hydroxycarboxylic acids: Application in the synthesis of imatinib 
(Publication IV) 

Implementing chemoselective synthetic strategies, particularly protecting-group-free 
methods, presents significant advantages in the development of more sustainable,  
cost-effective, and operationally simple manufacturing processes.[5] This aligns with one 
of the 12 green chemistry principles,[1] emphasizing the avoidance of unnecessary 
derivatization. While extensive research has been directed toward mechanochemical 
amide coupling, as described in Section 1.2.1, limited attention has been given to 
investigating the chemoselectivity issues in these transformations. In particular, amide 
bond formation in the presence of free hydroxyl groups in starting materials has not been 
systematically examined. Although the higher nucleophilicity of amines compared to 
alcohols should result in their predominant acylation, the fast reaction rates under 
mechanochemical conditions, facilitated by the high reactant concentration, can 
potentially lead to poor chemoselectivity. In our recent studies (Sections 3.1 and 3.2) on 
mechanochemical C–N bond formation using chloro- and fluoro-containing uronium 
coupling reagents (TCFH and TFFH), we discovered that TCFH selectively activates the 
carboxyl group in 4-(hydroxymethyl)benzoic acid 130, enabling its amide coupling while 
leaving the alcohol group intact (Scheme 31). 
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Scheme 31. Protecting-group-free amide coupling of hydroxycarboxylic acids. 

 
Conversely, TFFH activates the alcohol function, producing a highly reactive 

isouronium intermediate that readily undergoes nucleophilic substitution with amines  
(a transformation where TCFH proves inefficient). This observation suggests that the 
protecting-group-free amide coupling of hydroxycarboxylic acids can be achieved under 
mechanochemical conditions, with the chemoselectivity determined by the choice of the 
C–N coupling reagent. Therefore, our goal was to screen previously reported 
mechanochemical amide coupling protocols[82,85,114] (and Publication I) to identify the 
approach exhibiting the highest tolerance to unmasked hydroxyl functionality and to 
define the limits of such tolerance. 

3.4.1 Optimization studies 
The amide coupling of 4-(hydroxymethyl)benzoic acid 130 with 4-bromo-3-methylaniline 
141 (Table 5) was selected as a model reaction. The selection of aromatic amine 141 was 
based on its weaker nucleophilic properties compared to N-Boc-piperazine, which we 
used in our previous study (Section 3.2, Scheme 28, C). Several known mechanochemical 
amidation protocols have been screened to identify the conditions leading to high yields 
in the preparation of amide 142. The screening experiments were performed together 
with Artjom Kudrjašov. 

Initially, we expected that the free hydroxyl group of 130 could serve as a competitive 
nucleophile, potentially leading to a reduced yield of amide 142 due to the formation of 
ester by-products. However, we observed several additional side rections, induced by 
the specific coupling conditions utilized. The use of TCFH and K2HPO4 as a base (Table 5, 
entry 1) in the presence of ethyl acetate as a LAG additive (η = 0.19 µL·mg-1) resulted in 
the formation of amide 142 in a low 26% yield, in contrast to the high yield obtained in 
the coupling of 130 with N-Boc-piperazine (Scheme 28, C) under the same conditions. 
This low yield resulted from the competitive reaction between TCFH and amine 141, 
leading to the formation of guanidinium derivative 141a. Notably, no esterification of the 
hydroxyl group of 130 was detected. When the COMU/K2HPO4 or TCFH/NMI coupling 
conditions (Table 5, entries 2 and 3) were employed, the target amide 142 was obtained 
in good 83 and 74% yields, respectively. When utilizing COMU, we detected the 
formation of guanidinium derivative 141b, along with ester-type by-products arising 
from the self-condensation of 130. Next, employing the CDI coupling reagent[82] (Table 5, 
entry 4) resulted in a very low 10% yield of amide 142, along with the formation of side 
products through the self-condensation of 130. The attempts to synthesize amide 142 
from the ethyl ester derivative of 130 (Table 5, entry 5)[85] and by using the combination 
of EDC and DMAP (Table 5, entry 6)[114] were unsuccessful, leaving mostly unreacted 
starting materials or their mixture with unidentified by-products. 
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Table 5. Screening experiments for amide coupling of 4-(hydroxymethyl)benzoic acid 130.a  

 

Entry 
Coupling reagent / 

base 
LAG additive, 
η (µL·mg-1) 

Yield of 142, %b 

1 TCFH / K2HPO4 EtOAc (0.19) 26c 

2 COMU / K2HPO4 EtOAc (0.19) 83d,e 

3 TCFH / NMI none 74c 

4 CDI none 10e 

5 t-BuOK none 0f,g 

6 EDC·HCl / DMAP CH3NO2 (0.25) 0g 

7 EDC·HCl CH3NO2 (0.25) 88 

8 EDC·HCl Sulfolane (0.25) 92 

9 EDC·HCl EtOAc (0.25) 90h 
The experiments performed in a Form-Tech Scientific FTS1000 shaker mill at 30 Hz 
by using 14-mL zirconia-coated milling jars and one 10-mm zirconia milling ball. 
aGeneral conditions: acid 130 (0.66 mmol, 100 mg), amine 141 (0.9–1 equiv.), 
coupling reagent (1–1.1 equiv.), base (0.85–3 equiv.), LAG additive (η = 0.19–
0.25 µL·mg-1), and ball milling at 30 Hz for 60 minutes. b Yields determined by 1H 
NMR spectroscopy with an internal standard (1,3,5-trimethoxybenzene). c 
Guanidinium derivative 141a was formed via the reaction of TCFH with 141. d 
Guanidinium derivatives 141b was formed as a by-product. e Ester by-products 
resulting from the self-condensation of 130 were observed. f The reaction was 
performed with the ethyl ester of 130. g Almost no reaction: starting materials with 
traces of unidentified by-products. h Anhydride 130a was formed in a reaction 
without amine 141. Structures of the reagents and identified by-products: 

 
 

To our delight, the EDC coupling reagent (Table 5, entries 7–9)[114] delivered the 
highest yield of 142 (88–92%). A simple work-up procedure, involving water treatment, 
filtration, and drying, enabled the isolation of essentially pure amide 142 in high 87–89% 
yields. In addition, a greener approach was adopted by substituting the hazardous LAG 
solvent nitromethane from the original protocol[114] with the safer ethyl acetate.[66] 
Notably, the milling of 130 with EDC in the absence of amine 141 led almost exclusively 
to the formation of the corresponding anhydride 130a. This indicates that EDC-activated 
130 does not readily undergo a rapid reaction with alcohols, in contrast to activation with 
CDI and COMU. 

To provide additional clarification regarding chemoselectivity concerns, we also 
examined certain amide coupling conditions for generating ester 143 by the reaction 
between 130 and 142 (Table 6). Under the COMU/K2HPO4 and TCFH/NMI coupling 
conditions, ester 143 was obtained in moderate 31 and 40% yields, respectively (Table 6, 
entries 1 and 2). Notably, these coupling reagents have recently demonstrated high efficacy 
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in ester synthesis, both in solution[162] and under mechanochemical conditions.[163] 
Conversely, utilizing TCFH/K2HPO4 or EDC (Table 6, entries 3 and 4) led to only trace 
amounts of 143, with the formation of anhydride 130a as the predominant process. 
 
Table 6. Esterification of compound 142 with 4-(hydroxymethyl)benzoic acid 130.a

 

Entry 
Coupling reagent / 

base 
LAG additive, 
η (µL·mg-1) 

Yield of 143, %b 

1 COMU / K2HPO4 EtOAc (0.19) 31 

2 TCFH / NMI none 40 

3 TCFH / K2HPO4 EtOAc (0.19) 5c 

4 EDC·HCl EtOAc (0.25) <1d 
a General conditions: amide 142 (0.19 mmol, 60 mg), acid 130 (1 equiv.), coupling 
reagent (1–1.1 equiv.), base (3 equiv.), LAG additive (η = 0.19–0.25 µL·mg-1), and 
ball milling at 30 Hz for 60 minutes. b Yields determined by 1H NMR spectroscopy. c 
Anhydride 130a was formed in 70% yield. d Starting materials are left and anhydride 
130a was formed in 30% yield.  

 
Therefore, based on the data from Tables 1 and 2, we can conclude that the 

COMU/K2HPO4 and TCFH/NMI systems are equally effective in the synthesis of both 
esters and amides. Consequently, under these conditions, the use of protecting groups 
may be necessary to achieve optimal yields. In contrast, EDC proves to be the optimal 
choice for amide synthesis in the presence of unprotected hydroxyls. 

 

3.4.2 Reaction scope 
Having established the optimal conditions, we then explored the substrate scope, 
involving various hydroxycarboxylic acids and amines (Scheme 32). We first investigated 
how the nucleophilicity of amines coupled with 4-(hydroxymethyl)benzoic acid 130 
influences the yield of the corresponding amide products. Here, we performed the  
EDC-mediated coupling of 130 with the more nucleophilic N-Boc-piperazine and the 
poorly nucleophilic ethyl 4-aminobenzoate (Scheme 32, a). N-Boc-piperazine easily 
afforded amide 145 in a high 91% yield, while less nucleophilic ethyl 4-aminobenzoate 
delivered a mixture of amide 144 (76% yield) and anhydride 130a. This confirms that 
poorly nucleophilic amines are indeed less reactive but still viable substrates for  
EDC-mediated amide coupling. 

The coupling reaction of benzoic acid with (4-(aminomethyl)phenyl)methanol, bearing 
both amino and hydroxyl groups, exhibited remarkable selectivity in acylating the amino 
group (Scheme 32, b). The corresponding amide 146 was obtained in 85% yield, and no 
ester by-products were detected. Hydroxyl-group-containing amino acids, such as N-Boc 
L-serine and N-Boc L-tyrosine, were then introduced in the reactions with amine 141 and 
L-phenylalanine methyl ester (Scheme 32, c). Amides 147 and 149 were synthesized in 
high 82 and 90% yields respectively, although column chromatographic purification was 
needed to separate unreacted amine 141. In contrast, dipeptides 148 and 150 were 
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obtained in 84 and 83% yields respectively, after extraction work-up (148) or the 
treatment of the reaction mixture with water and filteration (150). Notably, dipeptide 
150 was isolated as a single diastereomer (>99% dr), confirming the absence of 
epimerization during the reaction. Furthermore, the mechanochemical synthesis of 
dipeptide 150 was significantly faster (one hour) than a similar reported synthesis in DCM 
solution, utilizing N,N’-dicyclohexylcarbodiimide (DCC) as a coupling reagent and HOBt 
as an additive (lasting over 16 hours).[164]  

 

 
Scheme 32. Scope of EDC-mediated mechanochemical amide coupling of hydroxycarboxylic acids: 
(a) influence of amine’s nucleophilicity; (b) amide coupling of aminoalcohol; (c) synthesis of amides 
and dipeptides from natural hydroxy (amino)acids. a Yield determined by 1H NMR spectroscopy 
using an internal standard. b Product isolated by silica gel column chromatography. 

 
To illustrate natural compound modification, we performed the coupling of the 

steroidal hydroxy-containing lithocholic acid with amine 141. The corresponding amide 
151 was isolated in a high 93% yield after treatment of the reaction mixture with water 
and drying in air. 

3.4.3 Application in the synthesis of imatinib 
The developed amide coupling conditions were further employed in the synthesis of 
imatinib 156 (commercially known as Gleevec®), which is listed on the World Health 
Organization’s List of Essential Medicines.[165] Imatinib was the first rationally designed 
selective tyrosine kinase inhibitor, which was introduced by Novartis and received 
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approval from the US Food and Drug Administration (FDA) in 2001 for the treatment of 
chronic myeloid leukemia (CML). The first synthetic route for preparing imatinib was 
patented in 1993 by Zimmermann,[166] and a diverse array of improved protocols have 
subsequently been developed.[167–174] Nevertheless, to date, no mechanochemical 
synthetic approach has been proposed. 

Notably, the traditional synthetic strategy entails the derivatization of 130 into the 
corresponding chloride 152, constituting an additional non-constructive step and 
resulting in the subsequent formation of intermediate 155 with genotoxic properties 
(Scheme 33).[167–170] The content of 155 as a trace impurity is strictly controlled in the 
final API with a limit of 10 ppm.[174] In contrast, our planned route takes advantage of  
the direct derivatization of hydroxycarboxylic acid 130. While following the same 
retrosynthetic disconnection, our approach sidesteps the generation of the genotoxic 
intermediate 155. 

 

Scheme 33. The developed mechanochemical route (a) and the mainstream solution-based (b) 
approach for the synthesis of imatinib (156). 

 
As previously noted, the use of EDC with ethyl acetate as a LAG additive emerged as 

the most effective combination to perform the chemoselective amide coupling of 
hydroxycarboxylic acid 130 with amine 141. Under identical coupling conditions, amide 
154 was successfully synthesized from amine 153 and hydroxycarboxylic acid 130 (Table 
7, entry 1). The desired product 154 was isolated in a high 94% yield and with 98% HPLC 
purity after treatment of the reaction mixture with water, filtration, and drying. The ester 
by-product 157 (1.1%) and unreacted amine 153 (0.9%) were detected as the main 
impurities. In contrast, employing the COMU/K2HPO4 system resulted in a lower 81% 
yield and purity, primarily attributable to the intensified formation of 157 (Table 7, entry 
2). Crystals of 154 suitable for single-crystal X-ray diffraction analysis (performed by 
Jevgenija Martõnova) were obtained by crystallization from a methanol solution and 
revealed its solid-state structure, in the form of a methanol solvate. 
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Table 7. Optimization studies for the synthesis of amide 154.a 

 

Entry 
Coupling reagent / 

base 
LAG additive,  

η (µL·mg-1) 
Yield (%) of 

154b 

1 EDC·HCl EtOAc (0.25) 94 

2 COMU / K2HPO4 EtOAc (0.19) 81c 
a General conditions: acid 130 (0.36 mmol, 55 mg), amine 153 (1 equiv.), coupling 
reagent (1–1.1 equiv.), base (3 equiv.), LAG additive (η = 0.19–0.25 µL·mg-1), and 
ball milling at 30 Hz for 90 minutes. b Yield of amide 154 after treatment of the 
reaction mixture with water, filtration, and drying in air. c The main impurity is the 
ester product 157. 

 
 
Subsequently, the nucleophilic substitution of the hydroxyl group in amide 154 with 

1-methylpiperazine 124 was performed to synthesize the target API (Table 8). Amide 154 
was used as obtained in the amide coupling reaction, without additional purification 
other than a water treatment. According to the established protocol (Publication II),  
the reaction proceeded via the generation of the highly reactive isouronium 
intermediate 158, followed by its subsequent reaction with amine 124 within the same 
milling jar. After running several test experiments (Table 8), the optimal reaction 
conditions were determined as follows: TFFH (2 equiv.), K2HPO4 (2.5 equiv.), green and 
biobased dimethyl isosorbide (DMI, ƞ = 0.65 µL·mg-1) as a LAG additive, and an excess of 
1-methylpiperazine 124 (10 equiv.). Notably, maintaining an excess of amine 124 was 
crucial to suppressing the formation of the quaternary ammonium salt by-product 159. 
Another side product, 160, was obtained from the corresponding by-product 157, 
originating from the first amidation step. 

By using the optimized procedure, imatinib 156 was obtained from amide 154 in a 
high 96% yield and with 95% HPLC purity after treatment of the reaction mixture with 
water, filtration, and drying. Scaling up the reaction threefold (to a 300 mg loading of 
154) using the same 14-mL milling jar and two 10-mm milling balls resulted in the same 
yield. HPLC-MS analysis of the crude product revealed that the primary impurities were 
unreacted 154 (1.3%), quaternary salt 159 (2%), and 160 (1.4%). Subsequent 
recrystallization of the crude product 156 from a methanol–ethyl acetate mixture (1:1 
ratio) yielded the target API with 99% HPLC purity. 
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Table 8. Optimization studies for the preparation of imatinib 156 from intermediate 154.a 

 

Entry 
K2HPO4 
(equiv.) 

LAG additive, 
η (µL·mg-1) 

   124 
(equiv.) 

Yield (%) 
of 156b 

1 2 EtOAc (0.19) 1.5 66c 

2 2.5 EtOAc (0.50) 5 89 

3 2.5 DMI (0.65) 5 93 

4 2.5 DMI (0.65) 10 96 
a General conditions: 154 (0.24 mmol, 100 mg), TFFH (2 equiv.), base (2–2.5 equiv.), 
LAG additive (η = 0.19–0.65 µL mg-1), and ball milling at 30 Hz for 120 minutes, then 
124 (1.5–10 equiv.), and ball milling at 30 Hz for 60 minutes. b Yield determined by 
HPLC analysis after treatment of the reaction mixture with water and drying in air. 
Plausible structures of the main impurities 159 and 160 are shown below. c TFFH (1.5 
equiv.). 

 

 
To uncover the benefits and limitations of the developed mechanochemical synthetic 

protocol in comparison to established solution-based approaches, we conducted an 
assessment of first-pass green chemistry metrics using the CHEM21 toolkit (Table 9).[68] 
The shortest solvent-based route, employing identical building blocks 130, 153, and 124 
(Scheme 33) and featuring comprehensive data for calculations, is an early-stage 
development protocol described by Liu et al.[167] This approach involved the activation of 
hydroxy acid 130 by converting it into the corresponding chloride 152 via the reaction 
with thionyl chloride, considered an additional nonconstructive step. 

The mass-based metrics were calculated by combining all the steps in the respective 
preparation route. The total yields for both the mechanochemical and solution-based 
approaches were comparable (86% and 85%, respectively), while the total PMI of the 
mechanochemical approach was approximately 2.5-fold lower than that of a similar 
solution-based route. In addition, the developed protocol utilizes only green and 
sustainable solvents for work-up (water) and as LAG additives (ethyl acetate, DMI),  
in contrast to the solution-based approach, which involves DCM as an undesirable 
solvent. Notably, room-temperature operation conditions present an additional benefit 
of the mechanochemical approach, distinguishing it from the thermally activated 
solution-based method that requires refluxing at high temperatures (up to 140 °C). 
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Table 9. Comparison of green metrics for the mechanochemical and similar solution-based 
synthesis of imatinib 156.a 

 Liu et al.[167] This work 

Mass of product 0.45 g 0.66 g 

Total yield 85% 86%b 

Total PMI 563.5 221.0 

Solvents DCM, THF, H2O EtOAc, DMI, H2O 

Hazards:  
Thermal 
Reagent/Solvent 
Products 
Genotoxic intermediates 

 
140°C 

- 
SO2, HCl 
153, 155 

 
r. t. 

EDC (H410) 
TMUc (H360) 

153 

Relative process greenness 
(iGAL methodology)[70] 

30% 77% 

a Extended data and calculations for similar routes can be found in the 
Supporting Information of Publication IV. b Yield adjusted considering the 
HPLC purity (95%) of the obtained product. c TMU = tetramethyl urea. 

 
While our protocol has significantly reduced solvent-related and thermal hazards,  

it still requires the use of stoichiometric amounts of amide coupling reagents (EDC and 
TFFH), which, either through themselves (EDC), or their reaction products (tetramethyl 
urea, TMU) may pose environmental or health hazards.[175] 

To highlight the green-chemistry-related innovations of the developed approach,  
we utilized the iGAL methodology through the corresponding scorecard web 
calculator.[70] An excellent relative process greenness (RPG) of 77% was obtained for the 
mechanochemical method, significantly surpassing the RPG (30%) of the solution-based 
method presented by Liu et al., which was used as a benchmark early-stage development 
process. Moreover, the mechanochemical approach demonstrated a 2.2-fold lower 
waste output compared to the average value at the early development stage. 

The exclusion of the genotoxic intermediate 155 represents another significant 
advantage, relevant to pharmaceutical synthesis. Given the utilization of intermediate 
154 instead, the properties of which were unknown, an additional in silico assessment 
for the designed route was performed by Dr. Fabrice Gallou (Novartis Pharma AG) to 
evaluate the safety profile of all known chemical entities involved. As a result, intermediate 
154 displayed no structural concerns with regard to mutagenicity. Nevertheless,  
the genotoxic amine 153 was still incorporated as a starting material, necessitating  
the determination of its content in the final product by following the European 
Pharmacopoeia guidelines (limit of 20 ppm). The analysis revealed the presence of 153 
at a concentration of approximately 560 ppm. Subsequent optimization of downstream 
processing protocols enabled the reduction of its content to approximately 90 ppm, with 
the potential for further minimization. 
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4 Conclusions 
 

• A new mechanochemical protocol for the synthesis of amides by the direct 
coupling of amines and carboxylic acids mediated by uronium-type coupling 
reagents (COMU or TCFH) and K2HPO4 or NMI as bases was developed. The role 
of K2HPO4 as an additional activating reagent for carboxylic acid substrates was 
additionally manifested. The reaction protocols demonstrated fast reaction 
rates, generally high yields, and a simple isolation procedure for solid amide 
products. 

 

• Challenging amidation reactions, such as the coupling of poorly nucleophilic 
amines and sterically hindered carboxylic acids, as well as the hexa-amidation 
of biotin[6]uril with L-phenylalanine methyl ester were performed with high 
efficacy using the new methodology. 

 

• A new mechanochemical procedure for the nucleophilic substitution of alcohols 
by applying TFFH as an activating reagent and K2HPO4 as a base was developed. 
The reaction proceeded via the formation of O-alkyl isouronium salts as highly 
reactive activated derivatives of alcohols, which subsequently underwent 
nucleophilic substitution reactions with amines and certain other nucleophiles. 

 

• The application of in-situ generated organomagnesium reagents for assembling 
C‒N bonds via the umpolung strategy in reaction with O-benzoyl-N,N-
diethylhydroxylamine, and C‒C bonds via the reactions with carboxylic acid 
derivatives (esters and amides) was demonstrated under mechanochemical 
conditions. 

 

• The chemoselective mechanochemical amide coupling of hydroxycarboxylic 
acids using EDC as an activating reagent and ethyl acetate as a green LAG 
additive was demonstrated, allowing the straightforward functionalization of 
the unmasked hydroxyl group in a step-economical manner. 

 

• The developed C‒N bond-forming methodologies were applied to the synthesis 
of bioactive amines, including the stimulant drug 1-methyl-4-benzylpiperazine 
(MBZP), the antidepressant piberaline, and the anticancer drug imatinib, thus 
illustrating the suitability of mechanochemistry in the multistep synthesis of 
APIs. 
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5 Experimental section 

All the experimental protocols have been described in the supporting information of the 
publications I–IV. Unpublished protocols for the synthesis of H2TPP-hexa-amide 89 and 
ZnTPP-hexa-amide 90 are described below. 
 

H2TPP-hexa-amide 89. DIPEA (0.588 mmol, 12 equiv., 100 µL) was added to the 
solution of biotin-L-sulfoxide[6]uril 87 (0.049 mmol, 80 mg) and H2TPP-NH2 88 (0.343 
mmol, 7 equiv., 216 mg) in anhydrous DMF (3 mL), followed by the addition of HATU 
(0.343 mmol, 7 equiv., 130 mg) and stirring for 24 hours at room temperature.  
The obtained reaction mixture was then poured into 40‒50 mL of MeOH and left for  
24 hours to ensure complete precipitation of the product. The precipitate was then 
filtered, washed with MeOH (until colourless filtrate was obtained) and dried in air.  
The crude product was then purified by silica gel chromatography (SiO2 40‒100, 80 mL, 
height 17 cm, diameter 2.7 cm) with chloroform (filtered through basic Al2O3 before use) 
/ methanol (from 19:1 to12:1) as eluents. H2TPP-hexa-amide 89 was obtained as violet 
solid (129 mg, 49% isolated yield, 87% HPLC purity, Figure 10). 

Note: DIPEA was purified by distillation from ninhydrin, then from solid potassium 
hydroxide. DMF was purified by stirring for 24 hrs with CaH2 and further vacuum 
distillation. 

 
Figure 10. HPLC chromatogram of H2TPP-Hexa amide 89. 

 
ZnTPP-hexa-amide 90. Zn(OAc)2 (0.19 mmol, 10 equiv., 27.4 mg) was added to the 

solution of 89 (0.019 mmol, 100 mg) in the mixture of chloroform : methanol = 5:3 
(12 mL), the resulting reaction mixture was refluxed for 2 hours and then cooled to room 
temperature. After concentration under reduced pressure the residue was transferred 
with water (20‒30 mL) to the filter, again washed with water (5×15 mL) and dried in air. 
The crude product was then filtered through silica gel layer with chloroform / methanol 
mixture (1:1), concentrated under reduced pressure, then triturated with hexane and 
dried, affording 90 as violet solid (102 mg, 96% yield, 85% HPLC purity, Figure 11). 
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Figure 11. HPLC chromatogram of ZnTPP-Hexa amide 90. 

Table 10. Supporting information concerning compounds discussed in the thesis but not resented 
in the Experimental section can be found in the corresponding publications. 

Entry 
Compound number 

in thesis 
Compound number in publication 

I II III IV 

1 62 1    

2 63 2    

3 64 3    

4 (S)-65 (S)-4    

5 (R)-66 (R)-5    

6 67 6    

7 68 7    

8 (S)-69 (S)-8    

9 70 11    

10 (S)-71 (S)-9    

11 (S)-72 (S)-10    

12 73 12    

13 74 13    

14 75 14    

15 76 15    

16 77 16    

17 78 17    

18 79 18    

19 80 19    

20 81 21    

21 82 20    

22 83 22    

23 84 23    

24 85 24    

25 86 25    

26 91  1   
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27 92  3   

28 93  2   

29 94  S1   

30 95  4   

31 96  5   

32 97  6   

33 98  7   

34 (S)-99  (S)-8   

35 100  9   

36 101  10   

37 102  11   

38 103  12   

39 104  13   

40 105  14   

41 106  15   

42 107  16   

43 108  17   

44 109  18   

45 110  19   

46 111  20   

47 112  21   

48 113  22   

49 (R)-114  (R)-23   

50 115  24   

51 116  25   

52 117  26   

53 118  27   

54 119  28   

55 120  29   

56 121  30   

57 122  31   

58 123  50   

59 124  37  7 

60 125  36   

61 126  39   

62 127  40   

63 128  41   

64 129  38   

65 130  42  1 

66 130a    1a 

67 131  43   

68 132  44   

69 134   31  

70 135   26  

71 136   27  

72 137   28  
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73 140   29  

74 141    8 

75 141a    8a 

76 141b    8b 

77 142    9 

78 143    9a 

79 144    10 

80 145    11 

81 146    12 

82 147    13 

83 148    14 

84 149    15 

85 150    16 

86 151    17 

87 152    3 

88 153    4 

89 154    6 

90 155    5 

91 156    2 

92 157    18 

93 158    6a 

94 159    19 

95 160    20 
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Abstract 

Mechanochemical C‒N Bond-Forming Reactions and Their 
Application in Pharmaceutical Synthesis 

Mechanochemical organic synthesis is a dynamically growing field, aiming to reshape the 
chemical industry toward a more sustainable future. With a particular focus on significant 
application areas such as the pharmaceutical industry, it becomes essential to expand 
existing synthetic methodologies. This imperative becomes particularly pronounced  
in the context of C–N bond-forming reactions, which have emerged as pivotal 
transformations in the synthesis of active pharmaceutical ingredients (APIs). Therefore, 
the primary objective of this study was to develop novel mechanochemical C–N bond-
forming reactions and subsequently apply them in the synthesis of APIs. 

The results and discussion chapter of this thesis is divided into four parts.  
The first part describes the direct amide coupling of carboxylic acids and amines using 
uronium-type coupling reagents [(1-Cyano-2-ethoxy-2-oxoethylidenaminooxy) 
dimethylamino-morpholino-carbenium hexafluorophosphate, COMU or chloro-N,N,N′,N′-
tetramethylformamidinium hexafluorophosphate, TCFH], combined with K2HPO4 or 
N-methylimidazole (NMI) as bases. A number of amides has been synthesized in 70–96% 
yields, demonstrating fast reaction rates and a simple isolation procedure for solid amide 
products. Furthermore, challenging amide couplings between poorly nucleophilic amines 
and sterically hindered carboxylic acids, along with the hexa-amidation of biotin[6]uril, 
were successfully performed. 

Expanding upon previous findings, the second part introduces a novel method for the 
nucleophilic substitution of alcohols, utilizing fluoro-N,N,N′,N′-tetramethylformamidinium 
hexafluorophosphate (TFFH) as an activating reagent and K2HPO4 as a base. Alcohol 
activation and the subsequent reaction with a nucleophile were carried out in the same 
milling jar via the generation of highly reactive isouronium intermediates. A variety of 
alkylated amines has been synthesized in 31–91% yields, with primary benzylic alcohols 
demonstrating the best yields. Notably, the method’s versatility has been successfully 
extended toward the synthesis of several APIs, including the antidepressants 1-methyl-
4-benzylpiperazine (MBZP) and piberaline. 

The third part describes the utilization of mechanochemically generated 
organomagnesium reagents for reactions with O-benzoyl-N,N-diethylhydroxylamine and 
carboxylic acid derivatives (esters and amides) to construct C‒N and C‒C bonds, 
respectively, under the conditions of the mechanochemical Barbier reaction. 

The final part is devoted to the development of the chemoselective synthesis of 
amides from hydroxycarboxylic acids. Here, EDC was identified as the most selective 
amide coupler, affording high 76–94% yields of amide products. As an application, the 
anticancer drug imatinib was synthesized in an overall 86% yield and with 99% HPLC 
purity via a two-step mechanochemical C–N bond-assembling reaction sequence starting 
from 4-(hydroxymethyl)benzoic acid. 

Thus, the presented research holds promise for the pharmaceutical industry, as the 
integration of innovative mechanochemical methods has the potential to enhance the 
efficiency and sustainability of API synthesis. The reduced waste, improved safety,  
and cost-effectiveness can significantly contribute to the overall profitability and 
sustainability of the pharmaceuticals and more broadly fine chemicals production sector. 
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Lühikokkuvõte 

Mehhanokeemilised C‒N sidemete tekkereaktsioonid ja 
nende rakendamine ravimite toimeainete sünteesil 

Mehhanokeemiline orgaaniline süntees on kiirelt kasvav valdkond, sest omab 
potentsiaali suunata keemiatööstust jätkusuutlikumaks. Fookus on suunatud 
sünteesimeetodite valiku suurendamisele olulistes rakendusvaldkondades nagu ravimite 
süntees. Süsinik-lämmastik ehk C–N sidemete tekkereaktsioonid on vajalikud väga 
paljude ravimite toimeainete sünteesil. Tuleb märkida, et lämmastiku alküleerimis- ja 
arüleerimisrektsioonid moodustavad ravimite sünteesil umbes 80% kõigist sellistest 
heteroaatomitega toimuvatest reaktsioonidest. Seepärast oli käesoleva doktoritöö 
peamine eesmärk uute mehhanokeemiliste C–N sidemete moodustumise reaktsioonide 
välja töötamine ning nende reaktsioonide rakendamine ravimite toimeainete sünteesiks. 

Antud doktoritöö kirjanduse ülevaate peatükk kajastab C-N sidemete loomiseks 
kasutatavaid meetodeid ja näitlikustab mehhanokeemiliste uuringute olemasolu ja 
puudumist selles valdkonnas. Erilist rõhku on pandud ravimite toimeainete 
väljatöötamist käsitleva teaduskirjanduse koondamisele.  

Tulemuste ja arutelu peatükk on jaotatud neljaks osaks, millest esimene kirjeldab 
amideerimisreaktsioone karboksüülhapetest ja amiinidest, kasutades urooniumtüüpi 
sidestamisreagente [(1-tsüano-2-etoksü-2-oksoetülideenamiinoksü)dimetüülamino- 
morfolinokarbeeniumheksafluorofosfaati või kloro-N,N,N',N'-tetrametüül- 
formamidiiniumheksafluorofosfaati, TCFH], kasutades alusena anorgaanilist 
dikaaliumvesinikfosfaati (K2HPO4) või orgaanilist N-metüülimidasooli. Väljatöötatud 
tingimustel saadi erinevate asendajatega amiide suhteliselt lühikeste 
reaktsiooniaegadega ja kõrgete 70–96% saagistega, lisaks võimaldas protseduur 
tehniliselt lihtsalt eraldada kõrge puhtusega tahkeid amiide. Samuti näidati, et 
mehhanokeemilise meetodiga saab edukalt sünteesida amiide madala nukleofiilsusega 
amiinidest ja steeriliselt takistatud karboksüülhapetest. Väljatöötatud meetodi kõrget 
efektiivsust demonstreeriti biotiin[6]uriili heksa-amideerimisel, kus ühes 
reaktsioonietapis loodi kuus C–N sidet kõrge summaarse saagisega. 

Järgnevalt kirjeldati kuidas amideerimisest saadud tulemusi rakendati alkoholide 
nukleofiilsetes asendusreaktsioonides, kasutades sidestusreagendina fluoro-N,N,N',N'-
tetrametüül-formamidiiniumheksafluorofosfaati (TFFH) ja alusena K2HPO4-ti. Alkoholide 
aktiveerimine ja saadud isourooniumi reaktsioon nukleofiiliga viidi läbi samas 
jahvatuskapslis. Näidati, et väljatöötatud meetod sobib alküleeritud amiinide sünteesiks 
ning amiinide saagised jäid vahemikku 31–91%. Uuritud lähteainetest andsid primaarsed 
bensüülalkoholid parimaid saagiseid. On märkimisväärne, et uus mehhanokeemiline 
amiinide sünteesimeetod on sobilik mitmete ravimite toimeainete, sealhulgas 
antidepressantide 1-metüül-4-bensüülpiperasiini ja piberaliini, sünteesiks. 

Kolmas tulemuste ja arutelu peatüki osa kirjeldab mehhanokeemilist Barbieri 
reaktsiooni C‒N ja C‒C sidemete tekitamiseks organomagneesiumi reagentide,  
O-bensoüül-N,N-dietüülhüdroksüülamiini ja karboksüülhapete derivaatide, nimelt 
estrite ja amiidide vahel. 

Viimane antud doktoritöös uuritud teema on mehhanokeemilise sünteesitee 
väljatöötamine vähiravimi toimeainele imatinib. Selle käigus uuriti 
hüdroksükarboksüülhapete kemoselektiivset amideerimist. Töös leiti, et 1-etüül-3-(3-
dimetüülaminopropüül)karbodiimid on kõige selektiivsem sidestusreagent, andes 



84 

kõrgeid 76–94% amiidide saagiseid. Vähiravim imatinib sünteesiti mehhanokeemiliselt 
süsinik-lämmastik sidemeid moodustades kahe-etapilise sünteesitee abil 4-
(hüdroksümetüül)bensoehappest kogusaagisega 86% ja puhtusega 99%. 

Uute väljatöötatud meetodite keskkonnasõbralikkust hinnati rohekeemia mõõdikute 
abil ning nende võrdlus traditsiooniliste lahusti-põhiste meetoditega näitas, et 
mehhanokeemilised meetodid tekitavad vähem jäätmeid ja on parema ohutusprofiiliga. 
Seega antud töö annab tõuke peenkeemiatööstuse ja eriti just ravimitööstuse 
jätkusuutlikumaks muutmiseks. 
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Publication I 
T. Dalidovich, K. A. Mishra, T. Shalima, M. Kudrjašova, D. G. Kananovich, R. Aav. 
Mechanochemical Synthesis of Amides with Uronium-Based Coupling Reagents: A 
Method for Hexa-amidation of Biotin[6]uril. ACS Sustainable Chemistry & Engineering, 
2020, 8, 41, 15703−15715. 
 
Reproduced by permission of the American Chemical Society. 
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}���y�����������{����������z|yy�y|}x�x����|����������������������� ¡�¢ ����£�£��¤�¥&��¤��¦§̈©ª



����������	
�����������	
����������������������������
�
�����������������������
�
����
��������������������������������������������������������
���������
���������� �����������!�����������"�������������������������������������������"������������#���������������������������$��������"������������%������
�������������
�
����
���"���������&'(
����'��)�������������������������������������������������
������ �������� �����������������������������*���������������������
�����������������"����������������
������������������+$��'����������������������������%��������
���,���������������������������
�
�����������-������.
������
���������� �����
����������������
�������
������������/���������
��������,������������������������������������������������������������������������������������
�������������0������"��������������������������1�*23�����
����4��������������������������������������������	
��"�������������������������������������
����
������������
������������"�����������������
��������� ��������,����������������"��������"����
���������������"�������������
����������������#������������%�����56789:;8<=>>?8@988?A=>BCBDEFGBHIEJKBLMNHELMBGOLND<GOPNIOEHQROIM9SEHOTGU;VFB6BNWBHIQXY�����
����"�������
�������� ���������/�������������Z[\������������������ ����Z��� ������"]\"�����������̂ 2_ ����������������-�����.
����
������������
�����������"�̀��a �������������������������Zb�����c\�d�����������������������������
����������
�������������������"����
�����������
���������
�����������������e�������
����������������������̂ 2_������"���������������������������������������
��������������������������	
���������$�����������������������]�������������������
����
�����������������������������������������"�����������������
��������������������������������%������������
�d��%����������
����������������

��]��������������������������������
��������������������������e������������������
���
���������������_��������������������������[����
������
������������������������������
�������%������������������f������������������������������������ �����"��������������
�����������������������̀"a�$��������������������
����3����$���b������#�3$ba������1����������������g�4 ��
����a��/ �������������������������"ghi�� ����������������������������������������������������
����g�����Z����
������c�����������]������������
�������\�Y����g�����������������"�������������
������������%�
�����������������*��g"��������������������������
����������������������$�������������������]���������j���������������a4!2k��������Z������b
������l�����������������������\�$���������
�����������"����"������
������	
�����������������������������������������Zb�����c\����������#������������������
��������������e���������������������j"�����������������$���������������������
������	
���������
������������������������������������������������������������������������������"1��������	
�������������������Z/Ym\�cc"c�$���������������
������	
��Zn/\�������������
���������������Z��\�����������oZn/p��\��cY���
���oq���������������������������������"�
����������/Ym������"o��
�
���������������a�c�Y����
��/Ym���������������������������������������������	
�"����	
���������������
������	
��"��������������������������
������������������
����Y�������������"c�"�g"�����������������������������������������������������������������������������/Ym�����������̂ 2_����������������
�����l��
��%��������Zb�����c"�����a\"������������������������������������������
�����e��������������������j"����������������%�
������������������[���]"�����̂ 2_��������������
����������Z���a��	
��\��������Y����
����������������������������������
�����Z��r����������\"

stuvwv[xyz{|w|}~{|����zv�|wv�{��

�������������]����j�����������a4!2k���������������
������������%�
����

<@88TQINOHN�DB@MBGOQISV�7HWOHBBSOHW FT�QXNLQXESW��ETSHND�NQLBLW ���������������

������������������������ ������¡����¢�£�����¤¤¤¥¦§̈ ©̈ª«¬®¬̄°±§²±³́ µ®¶́ � �·¥·�¤̧�¹��¤̧�¤º»¼½»



��������	�
������
���������
���	����������������	�	����	����������������������� �!�"��������	�����	���������������
	������	��
��������
����������������#����������$������������	�	����
����������%		�&��&	��&�	����	��������������������������&������������	��	��������������'�'&
�����������	�������()*+,�-��./�������	������������
���	�0������������	�������1/234�5 234��
1/ +3�� 6�4��4��46������$����������������������	����$������
���
��

�	����
��	��������������������	�����*������
�(%����� �2��	 -����������	��)*+,���	�1 234������������������������(7 ��7.8-�9�����	������������	���:	������������
������$��������	���	����	���	$��
��	���	�; �����������������
������	������	����� ����������	�5�+ 37�

���	����� ������	�5 /+3� �����
�
	��$��	��	���������������	���		��(6<8����������-����������	��������������������	���	�
�����	������	���	�=�>��	�
$����	���	��������	�����������	�����	��������	������	�5/ +3�(�����?8����������-�������������	�5 /+3�(6<8-����
$����$$��������	�
��	�	�������@��	����
���
$���	����	���	��������(������	����;����� �� ��7� �A	���;��B23 /��	�������$��	��.��C�������
�-�..��������$���54+3�(�;� �4 -���D��
�
��
�E��	���
���
�F������(7 8-�%������������	������	���	����D��	(1G��5G-����
��������	����	�����	�����	����(47��6<8����1 /+3��
5 /+3��������	�����-�#���������	���������
��	�	�		���D��	�����������$��������
&�		����	�����������	���	�	��	��������	��	�������9��������
��������������	��������	�����		�������������
��#�������	������������������	���������
$������
������������(��$�	�	����������	���	�-����	���
����������	��������H��������	���
��	�����$�������	������������	���	���	��
�F����	���	����	���?���$�		�����	�������������
	��:���&$��
�����	�������/=#H�
/�#H��������
��������0�������������	���.<�
���������@��	���	�������.723IH����	��
���
�����
J�������K���������	��6�.��.?#����
�����	�23IH�����	���$���0���
�
	�����������F����������/�#H�
,)2������0�������	�(%����� �2��	4-�
�������������6<8�����������#29/��$������
���
�������������	����	���	�����	�$�		��	����������D��
�������678����
����
�E��	�������������#�����������������
	�����	�23IH"5 /+3���������
��������	���0���������������	��� ����(9������A���	��%�����	���*�����	���������	���
�	��-������������	���	���	������	���&$��
�������(��)I9&L7�9������-�#���		�������
	���0���7�8�����������	������0��	��� ��(���	��%�����	���*�����	���-�2��������	���$��	4�8��23IH�����	
���
�

���	�����&�������
����	�����	$���	���)I9����	��������������	���������
�	�����
��
��	����23IH�.6�<�,��
��	���	���
��$����$������������	�
��
��������	&�������
�	�������	����������	���������	���	����	���:	����0����&���	����������	�
	����	����0�������	������
�����������M23IH��#29/(����C���-��������������	��5 /+3�(4�C���-�$����	�����		�����

�	�����
 �����������	����#������	������
$��(4�C���-��
N��	�
	��������	���	����	�������(O�� !�"��-�$�	��	����	�� �C�������C����
����
���	�	��

���	����	��������	���9��	���������

�	�����C������	��5 /+3�����C����
	�������������������	�����������	�����
�	���	�	����	�����*���	�����������
�E��������
��	�����6<8����
$��������	������
@�	�	����������$����
��	����	��&����$���1�
�	��	$�������:	�����	����������	����E�������

�����	�����	�����������	$�����
$�	�������&����/+�2�����	������(���	��%�����	���*�����	���-�PQRRSTURVWXYQZ[RYQW\XT]V̂ _QWX]S̀#��
��	����

��$�����	��
�������
���������������
	�����	��
��������	���������
�
������
��	�	������	���&$��
���	���$����:���	��������	����������	����(#$���-�#����	�������������	�
�
������
$�������	�����	���
��������������a��$����������	��2���b����@�
��	����	�����	(���	��%�����	���*�����&	���-�<��	���������(�,-����	�������F������(BI,-��
������������	����	�(+I*-��
�@��
��������M<�c def ghijklimnopjqrsthuovnhwlktthtmioghijklimnopjqrstohunjmktmxty z{{ (�-c d|}f gmyyohuoqyhimtjwvnhwlktthtmiogmyyohuonjmktmxty z{{ ( -c~}� thtmiogmyyoqxomovnhkjyygmyyohuovnhwlkt (4-9���	�����	�
����
��
���
��	����	���������$�		��������������������	�����
��	�	�������������������
�������������	��������
���
�������
$�����	�����������$�	���������	��#29/&��
�	�
���	���$�������	��������������������	��#29/�BI,��a��	�$�	����
��	����
�
	����������������
����������	������	���&$��
���	����2����������+I*����������������	�	����������������	�������
�����������	��,0���
������&�0	�����������������
�����������	�������
?�8��+I*���	������	���&$��
���	����
����$��	�.8(���

�	���-���	������������������
�	�����9��	�����������	��$��������	������	���
�	�����		��������
��	���		��������	��	��	�	�0��)I9�#�
�	������	�����	����������$��	����������������	���
����������	�	���	����	$�������
��������$�
�����	�	��������I%)%< �
���	������$�����	�
	�.<)I9�������	������a��$��(/  <-���	�	�0��

���������������	�������
�E����	������������������(������-�
������	&$��
(���-���	�����
�T���XY_WS_��RTURVWXYQZ��S�WSRRQWS� �̂�X̀_\X̀]Q���]�QS_��_X\R\� ���������������

�������� ¡¢ £�¢£�¤�¥¦¢¥¦§¥�����̈����©�ª¤¢¦�¦«««¬®̄ °̄±²³́µ³¶·̧®¹̧º»¼µ½»§¦§¦¾¬¾¥«¿¦À�¥«¿¥«ÁÂÃÄÅ



������������	
����	�������������������������������	��������	��������������������������	����������	������		�
��������������������� �!"#��������������������������	����$%#��������������		
�	!������� �!���������������������������&�����&����������������������������"'������	������������������	�����
������������	������()% ��������	������	��������������%*+,��������!��������	���&"-���
�������	�����&������	�����!� �!	���������������������	���	��������������!.���	���������������"*������	�	�����������������	�������������������!����!���������!�����/
���������������������������������	�����!���������!	��&	��
����������������	����%*+,"$����������������!�����������������������������������������������	�����������	�����������&	��������	0	��������������	�����	��������������������������������&��
���������������
�	����	����	�������	����������	����������	�����1�������!'���������������������	����&���	��������	�"2345678692:;<9=;7>8<<?@AB98:6?C?6DE?6FGH>I8@JKGLMN�����!�	�����	����������������������	�	��	����	������������������	
�	��� &�������������!����������������������!�����	�1�������"$��	��	����	���������������	���	����	�O����%������������������	�����������������&�������	�����!�������	��"!"��P�����������P���������������������Q����R�S��������������������"'�������������������	����������%�����	0��������P��T��������	����&��	�������������	#�����������������!���U��V
�	�������������!�W-X&�����&�	��!���%*+,����������������"#����
��!���	��������������������	Y���Z
���	�������&�����������������	����	�����&������������������
�� �
��		�&����������!�&����	"O����������������������������	���������	
�	����������	���	�	"%������!���P���[����������&�\�����&�������������������������]�P���������̂
��������Q�������������������!

��	���	����������������!��&�	�������&�������������	����������	&������������"�-_�̀ a�����������P��b
�	����������� �P���������
������!� �̀X &����������������	����������������&�cWWX���"$��	
�	��	������	������$%#������������������
����	��
����!���������&����	����������������������������P��d"��
����������������P�����������ẀX�����������P��ef
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����O �������������8��
���f2�������N�������������=�N��r��������̀I$$a"#$%&)*+~CL�/�/2�/�1�

�̂3�!������7����f���T��:������;��8������ ���� �������<���������N�T;����������;���O !������V� ������8�����8����8������;�"#$%hH["#$%)*+~--�M�02�M/0��̂D��e��
G��E��!�������!��<������5������=��fW��7����TW�����	����f9�j���<�����8����;��8������ ������� ��������9����������������4�r;��� ������� ������"#$%&"Y%%Ha&)*+)JK�/�002�/�0/��̂1�<����E��58����;���<�	�
r5����f���5��y���������T���6����;��<���������8����;��8����4;9�������
����	��>�<��������v� ���� ����g��8 ����N������PHI&Q&RIS&"#$%&)*+,CL-.̂d0d2̂d0D��M0�U��4����� �=��5��������	N���������8�9;������8������;���
�
�4��
�������7����
�
�4��
�����t[I&Q&"#$%&)*+~cK/1�2̂�̂��M�� ������������6��4���	���N��G���U��<�����G�g��7����
�
�4�����V�������58���9���=���=��2 �;��8������� ������������t[I&Q&"#$%&)*+~cKM̂d2MMD��M/�U��4���������������������e��G������}�=��	W������e�e��f5�� �=����T���������4; ����5��������	�����8����8�������;��8������7����
�
�4��
�������8������������kaS$s&"#$%&_ta@&Pq&)*+BcK�/̂02�/̂M��M̂���8��� ��������;j�W�8������;�8����!��4
��M�V�����Q&RIS&"#$%&)*)*Kc1�1021/00��MM���G���=����e������f�eE��8����!��4
�
�������N�������������=�����	�����������4�r;���� ����:
�����"#$%&�PHI&Q&)*+~CJ�dMD/2�dMDd��Md���G���=����e����G ���e������f�eE��
���������T���8����!��4
�
����O�;��8�������7����:
���W�����������g��8�8�������4�r;������"#$%XAH["#$%)*)*Kc�̂032�̂�M��M��6��4���	���������!��������
����!���������!�N�������� ����<�����G�g��9����=��;����;�������7�r������9�!����������������8;���"#$%&hZl&)*+�c/�M32/�d0��M3�6��4���	����������!�N�����8��!�j����
����<� ��<�����G�g�� ����!�����	4;!��������V�����F�����RIS&�lY%YA&"#$%&)*+|-m̂�12̂3̂��MD�6��4���	���E��G�����7��������!���� ��U����7��9�=�� �<��<�����G�g��!��������V���N�����O�8��������������=�5��������4���� ������������N����;��	��7��� ����W������������Q&k%&"#$%&hYZ&)*+|-mxM1MD2M1d���M1�N����8�� ���
����������<��8������ �4���������j�VO ������������N������=���������������!��T�����T����!����V����
���
����	���	�����"#$%&�PHI&Q&)**B-c1M0M21M����d0�N����8�� ���
4���f���
�������� �4�������� ��=�������;��j��
������!����V���W��������������
��� ���<��=��V���
���<��������
����	���	�����PHI&Q&RIS&"#$%&)*+*CL-L�̂M�2̂�M1��d��N����8�� �� �4���������j�VO 58���:�����������V����
��5;����
����	���	�����Q&X$�@&hZl&)*+*-.�21��d/�����e�e��f5���8������6����T=��� � �������F�58����������=��������8����8��������������8����������;�������������O ���
4����;�!���� ������8���<��������	����;������������j
�������"Ii[@PaS"Y%%)**B--M�D2M/���d̂�<���9��7�;������F���� � �
�=�;�����=������������:
�����̀I$$a"#$%&)*+�-.MdM�2Mdd���dM�<���9��F���� ��7�;�������������7����N���;����� 4�
��8�8������9
��<����7N�/����������:
������������������6����������������=�����̀I$$a"#$%&)*+,-K/DD2/1���dd�6
��4�����6������������N����?aq{YY�Y��lYZ#$%l[@Ii?aqnYA$ZHA?I�lYAYSi����<����O!���������6/0�0��d�������;��!��������������5�������8�������9
T	
������7�gG�g���8���jG�������8������<����!���8������!���9����:�
����� ��F��=����9�58��������4����; �����������<��������
����	���	�����������;V�����<8������
��������
����
����	�RIS&XIYZ$[['$[&\$(&)*+~CC�/�/2�/3d��d3���U����;U������G��F����g��G���� ���8;��r��W��
���4;<��������
����	 	����O6������6���������� ��������Nr���
����7 5V7!5V���7�5V�Q&RIS&"#$%&)*)*Kc�3�M2�3�D�

����������������������� ¡�¢�������¢ £���¤�¥�¤¦�¢§̈¦�����§��¥�¥¢ ©ª«ª¬®̄ °±²®³ª

±̄±́«µ¶¶·̧¹·º²¹º»¶¼½¹¼½¾¼¶¬®««¿«®̄ªÀªÁ»¹½®½ÂÂÂÃÄÅÆÆÇÈÉÊËÌÊÍÎÏÅÐÏÑÒÓÌÔÒ¾½¾½ÕÃÕ¼ÂÖ½×2¼ÂÖ¼ÂØÙÚØÛ



��������	
��
�����������
	��������������	��������
 !"����#��$�%��	����&!
��'���(������&��)
�"�!�%!	�'�����!��!�����*�!��%����+� �������������!��+�	�,�"!��
�-'	
()./�
+	
��"��
��012341567819:;<�=>�?@A�B?@C����D�����	
E��'��
�!��)������
�)
�	�%��F����G��������G�����	�"�
�'�*H�I-�"
 �!����(��!��
��
,����!�������
J!��
���+� �����"�K	!��,�	)�!%�����01L7MN1OPQ19:;R�ST�?U�B?A?��@U���(!	����G!��V�#����!K
		��W�&��#�'!�!(�������	�"�
�'�)��#J!�!���%�����!�����
,*H�I��/�,,�	����
J�����01L7MN1OPQ19:;X�YZ�[@\B[@���@A��"#	
��*�)��*
���!����
�����G
������*����((�	�
�����*!	��G�]�K
�!	��!]
����"�  	
!"��
���	�"�,
	���CA��*����	�+�!	(!"����"!������	��̂377_567819:;̀�Sa�\AAAB\ACA��@C��/���!	"�!��+	
��"��!,���*����	���� �-bb������%(!!�	�"��"
(b�!,����"����	���(�!""�����
�A�G��CUCU���@\�*���	
����K�	�������!	!����F�W���	!�K��IFc!	�J�"E�����J����%!��
��
,K��	(!�*
��	
����"�!�
"��(�"!����%)�!"��
���d5OOefNgQ_ghi756781j_419:;<�a�A@\UABA@\UD��@?��"�(����)���!	����"�
F��]����
����K�( �	!��	�+	
%	����
���!��k�	W!���l_N101l_m1567819:;n�a�A�ABA�@��@��W�����	�&����V
��%������/!J���������]�"������)��+!	��]�����J����G����V��o�K*']B���-/�	�"��""����
p��"��(��!F
��(�,
	*�!��%��%�(���W
��'
	(!��
���2341q7NN19:;r�Ys�?CA�B?CCC��@@��
 �F�'�G��'�		��t
������)����������)
(!E��)����((��	�"K	!��,
	(!��
�
,�����"
������
,)!"�(�"�! 	
k���u7N3g67m3v_wdfx887N3x;<<X�=�C?D[BC�UU��@[�W!�"
������&	
y%�	�]�H	%!�
"!�!���")!"�(�F!��
�
,z��	�+	
 �
�!��������+	����"�
,$!��	�Ox_N615v88e_19:;R�>Z�DBA���@��*����*�����*����K��������$��)����!�
�"���	�
��
(�	�"��J�	��
�
,C��	� 	
 �
��"�"����H������"�!���(
,��� 	
,��# �(�	�F!��
���)!���{QvP6Q81{QvM6xf1dPNg|̂7_1Oeh}1;<<:�SsZZ�AB@��@D�&!
�~��/��%�]��K!�%�&������V��~��+����!
�V�����	(
�"�!	+�
� �
	�K	!��,�	
,p�+�
� �
	��(��
�"����je31012341567819:;;�YsSS�\CCUB\CC���[U�/��!�!�
�&��G��"���$�+���"�!���(!��*!�!����
,)�!"��
��
,�"�+�
� �!��������"�
 ���")�!"��
���01d8156781OvP1;<n;�=Z�?\D\B??UU��[A���%�	�)��]�!�%����"�+�	
 �
� �!���-�"��J!�����!
%�
,+�	
 �
� �!���
�
����	�+�	(�����%��� /���%��,
	��!"��J!��
�
,K!	%����#�F�(���01d8156781OvP1;<<;�SSZ��AC?B�AC���[C�W�	
��G��+��+!�"!�)��(��
�"����*!	�
k�!����	����-�"��J!���+� �����
�
(�	�W��!J��%!�+�
� �!����"��J!���%�%����������
���
���
��01d8156781OvP19::��SY��DAD�BDADD��[\���(!����G��H	%����#��&�!��	����)��(��
�"��/� ������'
	(!��
�
,+�
� �!�������	������$!��	����!�����*!	�
����,����01d8156781OvP19::n�SY=�CUBCA��[?�K���!��	��G����&	������K�W�#,,�"����!��*
��	
!�����"��J�+	� !	!��
�
,#���	�I���%I	
���(�W!���*
� ��%�%�����2341q7NN19:;;�SZ�CD��BCDDA��[��~�
�%�W��]��*��&��G��V!�%�*����!�%�+������V��K!�%���#,,�"����!��*
��	
!��#���	�,�"!��
�
,+�H��H]*
( 
����I���%I	
���(�W!����!���5678QfN3xO7i7PN9:;X�Y�\\[@B\\�U��[@��!		�J�E����
���!,��*��G
����W�+��+	�"����#��]!	�����������"�!�%����)�$�������W����]!������G�����!���!�!��!��)�/WI*!�!����
,p|p��*!	�
�����(��!F
������!����(��!��
���2341q7NN19:;:�SY�\C?B\C[��[[��!J�)����(!�
J!�#��)�������W
	���
J!����K
 �"E�'��)���!���������*��	!*�"
��k���(�"�"�	����@�I	��2341q7NN19:;R�S��\[�@B\[�D��[��+	�%
	"����
�#��Hy�	�������!!������'
(���c���
����)�������G!y	J��%����K!((�K��K
 �"E�'��)���!��������!J�)�K�( !���*
��	
�����������
,*��	!*�"
��k���(�"�"�	������I	��567815v88e_19:;̀��S�AUDCABAUDC?�

�[D��!!��������!(�
��G��K
 �"E�'�������!y�����!������#��Hy�	������)��(�������+	�%
	"����
�#���
t
��������)��"��]�G��)���!��������!J�)�*��	!]�(�"�"�	������I	�!�!����
�)�"� �
	-���"��J����
��F����! �!��*�!	%�/���	�����
��56781OPQ19:;X�=�CA�?BCADU���U�+	�%
	"����
�#���!!�������!	J!�K��W!�c��	����'
(���c���
������!(�
��G��G!y	J��%����)���!�������K!((�K���!J�)�'
	(!��
�!��K	!  ��%
,���K��	(
���!(�"!�I�,!J
�	����J�	����]�(�"�"�	����@�I	��567815v88e_19:;<����D\U[BD\AU���A�I��	�������!!������W�	!��
J!�K���!	�
t�
J!�G����!(�
��G���
�	!�����W�	��+��W
	
J�
J�����!J�)��� 	!(
�"�!	*��	
%�����������"+
	 ��	�����#�!���
 �	�]�(�"�"�	�������I	�����@����567815v88e_19:;<����A??\?BA??\[���C�V!��	������]!J����������!	����W!(����	��!"	
"�"�K�!�W�������
����$!��	����]�%��,,�����!�����"��J����d_47�156781|l_N1jm19:;̀��>�C[@BC[D���\���F!�K�������!	���W!(����	����
�)�"� �
	��lf3101567819:;r��=�\C@B\\\���?��!��
��#�����%�~��G
�� ��)�����	�(�������!��������~�*�"�	����	�*��(���	�-�K!�
,�� 	!(
�"�!	��""�����O5dm�19:;9�Y�ACA\BAC?[������!J�)���!!������'
(���c���
���*�"�	����	��-������������	�"��	���'
	(!��
���"�!���(��!���
(��"!��	����5v8M37�67_fQ�7OeM3g8vi7Peig35678QfN3xll����

��G����#���#��J��	-Hk,
	��CUA[�  CU\BCCU� /H�-AU�AUA@bWD[��U�AC�?UD�?[�C�AC�A?�?���@�]!"�(!���G����������!	"�,
	H ��(!*
� ��%)�!%��������� �+� ������������F�	�{QvMvix873f9::n�=>�\?UB\?[�

�����������������������������������  ���¡�¢�¡£��¤¥£�����¤��¢�¢� ¦§̈§©ª«¬ª®̄«°§

¬®®±̈²³³́µ¶́·̄¶·ª̧³¹º¶¹º»¹³©«̈̈ ¼̈«¬§½§¾̧¶º«º¿¿¿ÀÁÂÃÃÄÅÆÇÈÉÇÊËÌÂÍÌÎÏÐÉÑÏ»º»ºÒÀÒ¹¿ÓºÔB¹¿Ó¹¿ÕÖ×ÕÖ





 

101 

Appendix 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
T. Dalidovich, J. V. Nallaparaju, T. Shalima, R. Aav, D. G. Kananovich. Mechanochemical 
Nucleophilic Substitution of Alcohols via Isouronium Intermediates. ChemSusChem, 
2022, 15, e2021022. 
 
Reproduced by permission of John Wiley and Sons. 





�����������	��
���
���	
	������	���	�����
����
��	��������	����������	���������������� �!"#�$%&'�()�*�!++�%,�-.�/�  �0�-�12&'�(��������3%� �.�&'�(4����5�#&6'�(��!�7.��-89:;����"#�$%6'�(5�+<0����"�"=�%+�" #+��>=-++�8��%+��$�"" ?"<��+��+���� ="-�!#��$+����%+�2������? +$%+.�$� ��!2��-8:@+$%��">$%+.�$� -+�$��"��"==+-��20+-�"-��=+�80-"=� +��!-+!2$+!�."2��"=A���+$".0�-+!�"$"�#+���"�� �" #+��>?��+!�8��%+���:B+-+����+A.+$%��"$%+.�$� .+�%"!A��!+#+ >"0+!="-�2$ +"0%� �$�2?����2��"�"=� $"%" �2���*= 2"-">C&C&CD&CD>�+�-�.+�%8 ="-.�.�!���2. %+<�= 2"-"0%"�0%��+E�FFBG��!;HBIJK����� $"%" >�$��#����*-+�*+����!�?��+&-+�0+$��#+ 8:5 $"%" �$��#���"���!-+�$��"�A��%��2$ +"0%� +
A+-+0+-="-.+!��"�+.�  ��*1�-#��-+�$��#+��"2-"��2.���+-.+!���+�:/2$ +"0%� �$�2?����2��"�A��%�.��+��=="-!+!� L8 ��+!�.��+���MNOPNQ 8�+ !�:�%+$".0 +�+��+-+">��#+-��"�"$$2--+!="-�%+3/H-+�$��"�"=ERG>��!ESG>+�%8  �$���+�:32?����2��"�A��%%� �!+���"��EFT&U-T&VTG��!"<8*+�>$+��+-+!EWBMJB&I%JTG�2$ +"0%� +�A��� �"�+��+!:500 �$���"�"=�%+.+�%"!�"�%+�8��%+���"=�$��#+0%�-.�>$+2��$� ��*-+!�+���%��?++�!+."���-��+!:���������	���%+�8��%+���"=�$��#+0%�-.�$+2��$� ��*-+!�+���E5IV�G!-�#+�?8*-++�$%+.���-8$"�$+0��0 �8��0�#"�� -" ++�-"2�+�"�$ +��+-��!��=+-0%�-.�$+2��$� ��!2��-8:'N&H(/"��? 8&�*-+��!+� "=A���+��!��=+�8$"�$+-��$".."� 8"-�*����+=-".�%+2�+"=�" #+���&�80�$�  8-+�0"���? +="-XYOPYQ"=�"�� .���$"��2.0��"����*�#+���!2��-�� 0-"$+��:'M(U+��!+�+�#�-"�>.+��� ��!��=+�8���2+�&�" #+���$��� �"*+�+-��+!��*+-"2�$"���.���������%+0-"!2$+!5IV�&�2$%��$��$+-"*+��$���-"��.��+�!+-�#+!=-".�-�$+�+$"�!�-8�.��+�.02-���+���C&C>!�.+�%8 ="-.�.�!+:'K&Z(V��%��-+*�-!&.+$%��"$%+.���-8'[OX(����+��+����  8�" #+��>=-++�+$%��\2+$��?+�+=�$��  8$"��-�?>2�+ �" �%+ "�*"��* *-++� -+�"#���"� "=�%+ 0%�-.���!2��-8:'PONN(�+�0��+�%+-�0�!!+#+ "0.+��"=.+$%��"$%+.>�$� "-*���$�8��%+���"#+-�%+0���!+$�!+�&'NHONZ(����8��%+��$0"-�=" �"���  !"+��"�+���-+ 8$"#+-�%+!�#+-�+-��*+"=
�-���="-.���"��-+\2�-+!="-5IV�0-"!2$��"���!�++!��"?++<0��!+!:/��-"*+�>$"�������*=2�$��"�� *-"20�0-+#�� ���%++<���>��*�..+��+�2.?+-"=?�"�$��#+." +$2 +�&��$ 2!��*5IV�:'N[(5��$"��+\2+�$+&� ."��XYQ"=%+�+-"��".� L8 ���"���!�-8 ���"�-+�$��"��2�+!���%+�8��%+���"=!-2*$��!�!��+���#" #+�%+="-.���"�"=WT/?"�!�:'N](V��!!���"��"�%+.�����-+�.!+#+ "0.+��� �L+�.�!+�8��%+���&'NXOHM(�%+����+>"=>�%+>�-�.+$%��"$%+.�$� �8��%+��$�"" ?"<"==+-��+#+-� "00"-�2����+��" $"���-2$�WT/ ?"�!�'HK( �� �.��+�#��� L8 ���"�'HZOH](��!�-8 ���"�'HX(A��%"-*���$%� �!+�&��$ 2!��*�-������"�.+�� >$��� 87+!$"20 ��*�:'HPOMK(B"A+#+-&�%+2�+"=� $"%" ���2?�\2��"2����-���* .��+-�� �-+.�����+�- 82���00+!:'MZ(/2$ +"0%� �$�2?����2��"�"=�%+%8!-"<8*-"20��� $"%" ���"�+"=�%+."��=2�!�.+��� ��!A�!+�0-+�!$%+.�$� �-���="-.���"��:500 �+!�"�.��+�8��%+���&� $"%" �$���+-#+����=+--+0 �$+.+����" �$-�.���$��!0"�+����  8*+�"�"<�$"-*���$%� �!+�:B"A+#+-&�%+!�-+$��2$ +"0%� �$�2?����2��"�"=� $"%" �-+.�����$%�  +�*+&'H&M[OKY(��!0-�"-�-���="-.���"�"=%8!-"<8*-"20���"�?+��+- +�#��**-"20E+:*:&�2 ="���++��+-G��$".."� 8-+\2�-+!:4+$+�� 8&"2-*-"20-+0"-�+!��+A .+$%��"$%+.�$� �.�!���"��00-"�$%?��+!"��%+2�+"=-+�$��#+2-"��2.>�80+�.�!+ $"20 ��* -+�*+��� �2$% �� EN>$8��">H>+�%"<8>H>"<"+�%8 �!+��.��""<8G!�.+�%8 �.��"."-0%" ��"$�-?+��2.%+<�= 2"-"0%"�0%��+ EWJ@̂ G"-$% "-">C&C&CD&CD>�+�-�.+�%>8 ="-.�.�!���2.%+<�= 2"-"0%"�0%��+E�WFBG��!;HBIJK���?��+E3$%+.+N5G:'KN(�%+-+�$��"�0-"$++!+!#���%+*+�+-���"�"=�$��#��+! !+-�#���#+�"=$�-?"<8 �$�$�!�&�2$% ���$8 2-"��2.���!�$8 0%"�0%��+�:V��0�-+!?8�%+�+=��!��*�&A+0 ���+!�"+<�+�!�%+��.+�$��#���"�.+�%"!" "*8�"A�-!��2$ +"0%� �$�2?����2��"�"=� $"%" �E3$%+.+NUG:V�!++!&_>� L8 ��"2-"��2.�� ��$��?+"?����+!?8�%+-+�$��"��"=� $"%" �A��%%� "2-"��2.�� ��'+:*:& �WFB "- ��� ��� "*2+ = 2"-">C&C&CD&CD>�+�-�.+�%>8 ="-.�.�!���2.%+<�= 2"-"0%"�0%��+E�FFBG(&�0-"$+��$".>
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Appendix 4  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication IV 
T. Nikonovich, T. Jarg, J. Martõnova, A. Kudrjašov, D. Merzhyievskyi, M. Kudrjašova,  
F. Gallou, R. Aav, D. G. Kananovich. Protecting-Group-Free Mechanosynthesis of Amides 
from Hydroxycarboxylic Acids: Application to the Synthesis of Imatinib. 2023, submitted 
to a peer-reviewed journal, manuscript available from ChemRxiv doi: 10.26434/chemrxiv-
2023-d4nxn. 
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