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CHAPTER 1

Introduction

1.1. Mechanochemistry

Mechanochemistry has been recognized by the International Union of Pure and Applied Chemistry
(IUPAC) as one of the most important emerging technologies, realigning organic synthesis towards
sustainability. 2 In this context, mechanochemistry is poised to join the lineage of transformative
paradigms. The use of mechanical force as the primary driver of chemical reactivity challenges the
solvent-based assumptions that have dominated synthetic chemistry for over a century. The
mechanochemical paradigm is not simply “chemistry without solvent,” but rather chemistry in
which the fundamental rules of molecular interaction are altered: molecular encounters occur in
highly concentrated, anisotropic environments™ ; energy is introduced in discrete pulses rather
than continuous thermal flux; and reactivity emerges from localized mechanical stresses rather
than bulk heating.>”” These differences give rise to unique selectivity patterns, access to otherwise
unstable intermediates, more efficient reactions, high selectivity, and a significantly reduced
environmental footprint, with reactivity modes absent from solution chemistry.® Moreover,
mechanochemical transformations are often aligned with the 12 principles of green chemistry®,
providing significant advantages over their solvent-based counterparts. '

One of the notable advantages of mechanochemistry over solution-based chemistry is its ability to
utilize and activate insoluble reagents and materials, such as insoluble polymers, zero-valent
metals, and inorganic salts. The mechanochemical energy applied through various means
dissipates the aggregation of molecules, reducing the particle size and thus increasing the reactive
surface area to facilitate reactivity. Thus, the utility of mechanochemistry has been elaborated in
various aspects of organic and inorganic syntheses.!!

1.2. Mechanochemistry: A Timeless Fundamental

In the beginning, primordial elements combined and recombined to form diverse sets of organic
molecules essential to sustain the base of life, such as genetic codes, metabolites, sugars, amino
acids, and peptides. Amino acids, a crucial building block for life, are believed to have catalyzed
the synthesis of numerous other molecules on prebiotic Earth.!?> Consequently, the successful
experiments by Miller in 1953, to simulate primordial earth conditions using NHs, H>O, CH4, and
H, using electrical spark to form amino acids, comes as no surprise.'* A well-documented study
shows that prebiotic Earth underwent bombardment by several extraterrestrial bodies, such as
meteorites and comets, which changed the geology and delivered exogenous substances, such as
amino acids, to the Earth’s crust. This can be verified by the identification of over 90 amino acids
at concentrations of ppm inside these extraterrestrial bodies.'* Studies conducted under cryogenic
conditions on aqueous solutions of amino acids to mimic natural comet impacts have successfully
shown the oligomerization of amino acids.'> ' Additionally, amino acid synthesis by Bolm'” and
coworkers and the oligomerization of glycine by Hernandez'® and coworkers under mechanical
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shear conditions support the theory that mechanical stress and shear forces could have been a part
of the first energy for the initiation of life on primordial Earth (Figure 1.1. a).

° Hernandez and coworkers

(o}
OH TiO, H
HoN N N N OH
! Yy
o (¢}
Grinding, rt-130°C
ely 30 Hz, 18h Glyn
0 Trapp and coworkers
o
o o OH JI\/OH OH  OH
Minerals H
H OH Er—— H OH = OHC OH
o] 5 © on o
Grinding, rt
Glycolaldehyde 30 Hz, 90 min Aldotetroses Aldohexoses

HJ\/OH OH OH
P gL @
)j\ ¥ J\/OH oHe
S ®

OH OH

Formic acid Glycolaldehyde Aldopentoses
Grinding, rt
400 rpm, 90 min
Zeolite

Figure 1.1.a) Oligomerization of glycine under mechanochemical conditions to simulate prebiotic earth by Hernandez
group; b) Mechanochemical sugar synthesis by Trapp group to simulate prebiotic earth

Simultaneously, studies based on the synthesis of sugars under prebiotic Earth conditions can be
hypothesized by the formose reaction, where formaldehyde is influenced by mineral catalysis.'® In
a solution-based approach to the mineral-catalyzed formose reaction, formaldehyde undergoes
various steps to form glycoside analogues with some additional side reactions. Furthermore, the
products formed using this approach undergo rapid deterioration in aqueous alkaline
environments.? 2! A mechanochemical approach, albeit slower than its solvent-based counterpart,
provides more stable and non-deteriorating products.”? This shows that under prebiotic
environments, such mechanical energy could have been traced back from geological events such
as diagenesis, erosion, withering, movement of tectonic plates, and even meteorite showers (Figure
1.2. b). This further supports the theory of the involvement of inherent mechanochemical actions,
which are the basis of early life.

Modern human civilization has acquired and flourished under the discovery of mechanical tools
to aid them in their lives. The early mechanochemical applications by primitive humans can be
traced back to the use of shear stress and stone impacts to ignite fire, which became the cornerstone
for building a civilization and later created the basis for chemical transformations by humans
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without consciousness. However, the earliest mechanochemical reaction can be dated back to 315—
314 B.C. by Theophrastus of Eresus (376286 B.C.), who was a student of Aristotle. In his book
On Stones, or De Lapidibus, which is the earliest surviving scientific book on minerals, he
mentioned the reduction of cinnabar (HgS) to elemental mercury by grinding the mineral inside a
copper-based mortar and pestle in the presence of vinegar (Figure 1.2).% Although it is a
remarkable mechanochemical reaction, it has been recorded as a phenomenon rather than a well-
established application of mechanochemistry. Similarly, in medieval Europe, the
mechanochemical reaction of Hg and elemental sulfur was performed to produce vermilion?*, as
reported in modern literature.>> Over the years, reactions have been developed through inherent
mechanical treatment, although they were later substituted by thermal energy. Later, in the early
19™ century, mechanochemistry saw a resurgence in applications in different aspects of organic
and inorganic chemistry, thus giving birth to modern mechanochemistry.?® Modern
mechanochemical reactions have several applications, including pharmaceutical synthesis?’,
catalysis®® ?°, organometallic reagent synthesis®°, photomechanochemical reactions®!, polymer
degradation®> ¥, and enzymatic reactions®* 3. This verifies a continuum that mechanochemistry
is not a tool of convenience, but rather a timeless fundamental that has existed from the beginning
of nature to the modern age.

Figure 1.2. Grinding cinnabar into mercury by Theophrastus of Eresus

1.3. Mechanochemical Instruments

As described in the previous section, mechanochemical grinding using mortar and pestle for
chemical transformation can be dated back thousands of years. Manual grinding of reagents is easy
to set up and perform. However, this suffers from several limitations, such as non-uniform mixing,
insufficient energy for transformations, and susceptibility to open environmental factors.
Additionally, manual mixing is mostly susceptible to human errors, particularly for long milling
times, causing infrequent reproducibility for synthesis.*® A very recent study on the use of manual
grinding for organic synthesis was reported by Dutta et al., who successfully performed a chitin-
catalyzed Knoevenagel condensation reaction using aromatic aldehydes and malononitrile.’” By
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grinding these compounds manually, they were able to obtain the desired Knoevenagel products
with excellent yields within extremely short reaction times of up to minutes. Furthermore, in their
methodology, the product was isolated through filtration using a paper filter with ethyl acetate
(EtOAc), thus avoiding any additional purification steps (Scheme 1.1).

(Knoevenagel reaction by Dutta and co-workers)

i [ ]
. _CN
A H NC.___CN  Chitin (10 wt. %) NS
R— + y _  » R— |
~F R i
Griﬁg,r‘t 10 examples
9-25 minutes >90% yield

Scheme 1.1. Chitin catalyzed Knoevenagel reaction using manual grinding by Dutta and coworkers

The introduction of automated milling equipment in mechanochemistry has shaped
mechanochemical reactions into a more reproducible method by implementing uniform milling
environments and frequencies, along with uniform energy transfer to the reagents. In this context,
ball mills have garnered significant attention for milling reagents into value-added products. The
most utilized ball mills are mixer and planetary mills, which work on the same principle of
transferring the kinetic energy produced by the collision of balls with each other or with the
reaction vessel to the reagents, realizing seamless product formation.*3: 3

The most common ball milling device is a mixer mill (shaker or vibratory mill). In a general mixer
mill, the reagents along with the balls are placed into a milling jar and milled horizontally at a
certain frequency. This ball mill imparts kinetic energy from the collision of balls along with the
jar to the reactant through compressive forces. Owing to its horizontal motion during milling, most
of the energy transfer occurs at the ends of the jars. This linear motion can be avoided by using
more balls to impart collision upon themselves, thus making their pathway during the milling
unpredictable and imparting mechanical energy upon the reagents at every part of the milling jar
and not only at the ends.” Furthermore, the simplicity of the device design allowed for the
introduction of temperature probes to control the reaction temperature using an external chiller
(Retsch MM—-500). Additionally, for reactions at drastically lower temperatures, cryo-mills are
used, which operate on the same principle as mixer mills. Some mixer mills oscillate through
vertical motion rather than the conventional horizontal motion (Fritsch P-23). One profound
drawback of mixer mills is the lack of up scalability of the process, as most of the jars come in the
range of 5-50 mL (Figure 1.3).

Figure 1.3. Retsch MM-400 mixer mill (left) and Retsch MM-500 mixer mill (right)
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Planetary ball mills, on the other hand are ball mills, rotate across a vertical axis to impart
mechanochemical energy to the reagents. In this type of mill, the rotating central platform for the
jars can rotate both clockwise and counterclockwise (according to the requirement) to give rise to
mechanochemical action. This complex motion gives rise to a large amount of shearing force
applicable to the reactive media. These mills generally impart lower energy [approximately 1000
revolutions per minute (rpm), approximately equal to 15 Hz] compared to their mixer counterparts.
Additionally, these mills generally use several balls in the reaction instead of a single ball, as in
the case of a mixer mill.*’ In addition to the inherent mechanism of the mills, these mills differ
from mixer mills in terms of scalability. Planetary mill jars can process reactions ranging from a
few grams to a kilogram (figure 1.4).

Figure 1.4. Fritsch P7-Premium planetary mill (left) and zirconia jar for planetary mill (right)

Although ball mills are one of the most widely used devices, they lack general scalability. In
practical industrial setups for the production of various value-added compounds, these limitations
are the most significant drawbacks, as industries often require the large-scale preparation of
chemicals. To address this issue, a continuous process milling equipment, known as a twin-screw
extruder (TSE), was introduced.*!: ** Here, across a horizontal axis, two large screws are rotated
against each other for the continuous addition of reagents and simultaneous grinding. The extruder
barrels were designed such that shearing and compressive forces could be directly applied to the
reagents. Additionally, these screws can be fitted with reverse screw configurations to provide
additional energy to the reagents during the reaction. These screws are generally monitored using
temperature probes, and thus, the overall reaction temperature can be regulated. The most notable
application of TSE is in their utilization for the preparation of MOFs, which generally produce
large amounts of solvent waste during their production using conventional methods.*’

Figure 1.5. Resodyn RAM (left) and Reaction set-up assortment for RAM (right)

Page | 5



The mechanochemical devices discussed thus far use shear or compressive forces, leading to the
generation of high amounts of energy inside the mechanochemical vessel, which can sometimes
degrade sensitive chemicals. Additionally, SS jars and balls are often prone to metal leaching over
time due to rusting, which can significantly impact the reaction outcomes.** This type of grinding
media leaching can play an even more significant role in the mechanochemical catalytic process.
Therefore, mixing techniques using vibration are sought after. One of the most prominent devices
is Resonant Acoustic Mixing (RAM), which applies gentle vibrational forces on the reactants to
facilitate reactions.*> ¢ RAM operates on the term of g forces (acceleration due to gravity g= 9.8
m/s?), ranging from 0—100 g for vertical vibration. Owing to its ingenious design, it avoids the use
of grinding media, thus avoiding any possible contamination from the mixing vessel. One of the
biggest advantages of RAM over traditional ball milling techniques is the ability to perform
reactions on a large scale, making it suitable for industrial applications (Figure 1.5).47- 4

1.4. Mechanochemical Parameters

Performing a mechanochemical reaction is not a simple translation of solution-based reactions but
often requires meticulous reaction design and parameter selection that can affect the inherent
reaction in a mechanochemical process. Optimizing these parameters is essential for establishing
a highly reproducible and efficient mechanochemical protocol.

1.4.1. Energy Parameters

The first category of parameters deals with the amount of energy transferred to the reagents via
ball-milling. In this context, the first parameter that determines the mechanochemical energy
employed is the nature of the material used for ball milling. The density, weight, and hardness of
the milling jar and balls are responsible for the overall energy output of the mechanochemical
reaction (Figure 1.6).%°" Generally, the ball mill jars and balls are made of stainless steel (SS),
zirconia, and tungsten carbide (WC). WC with higher density (15 g/cm?) and hardness (Mohs
hardness of 9.0-9.5) generates significantly higher energy impacts compared to SS (density = 8
g/cm®; Mohs hardness 5.0-6.0) and zirconia (density = 5.6 g/cm’; Mohs hardness 6.5-8.5
depending upon the crystal lattice) by producing more kinetic energy to transfer to the reagents
during impact. Subsequently, for reactions with lower energy requirements, Ertalyte (density = 1.4
g/cm?; a plastic material) and PTFE (density = 2.2 g/cm?; Mohs hardness 1.0) are preferred.

Figure 1.6. Stainless steel [SS] 10 mL ball mill jar (left) and Zirconia 10 mL ball mill jar (right)

Another key parameter for defining the overall energy during milling is the size and quantity of
the balls used for the process. Balls with larger diameters generated more energy than smaller
balls.’!: 52 However, owing to the larger size of the balls, every part of the jar cannot be reached by
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the ball, resulting in relatively inefficient mixing compared to the use of balls with smaller
diameters. Furthermore, a large number of smaller-diameter balls can be used to increase the
relative energy generation inside the mill.

The next parameter that influences the amount of energy generated during milling is the frequency
at which the milling device is operated. Unlike the previous parameters, this parameter is the
simplest to adjust for milling, as the devices have specific operational frequency windows. In
general, mixer mills operate in the frequency range of 0—35 Hz, whereas planetary mills operate
in rpm (typically 1000 rpm, approximately equal to 15 Hz). A higher value of the aforementioned
translates to higher energy generation during the milling process.> In some cases, the effect of
frequency significantly impacts the overall reaction outcome.

1.4.2. Rheological Parameters

Efficient energy transfer and suitable rheological conditions are crucial for successful
mechanochemical transformation. Sometimes, mechanochemical reactions require the use of small
amounts of liquids in the solid milling mixture to enhance the mixing of the reactants by improving
the rheology, which is known as liquid-assisted grinding (LAG).>* LAG is often described by the
parameter ‘n’ which stands for the ratio between the amount of solvent used in pL with respect to
the mg of reagent used in mg (uL/mg).> For the consideration of a mechanochemical reaction, the
n value should be from 0 to <1. An 1 value ranging from 1 to <10 is considered a slurry reaction,
which is the condition between a mechanochemical reaction and a full-fledged solution-based
reaction. An 1 factor greater than 10 is considered a solution-based reaction (Figure 1.7).>

~ amount of solvent used (ulL)
; amount of solid (mg)

1= 0 (neat grinding)

n=0 1 10 I

‘ LAG ’ ‘ slurry-type ’ solution-based

reactions reactions

0<n<l1 1<n<10 10<n

Figure 1.7. Liquid assisted grinding (LAG)

In the same context, grinding auxiliaries is another important factor to consider an efficient In the
same context, grinding auxiliaries are another important factor to consider for an efficient
mechanochemical protocol. The primary issue with mechanochemical reactions is the use of liquid
reagents. Unlike solids, mechanochemical energy is not effectively transferred in liquids, causing
serious issues in methodologies where mechanical energy is key to the reactions. To overcome this
limitation, solid grinding auxiliaries are added to the reaction to improve the rheology for effective
mechanochemical energy transfer in liquid reagents.>* > Additionally, mechanochemical reactions
over time produce a paste-like or sticky reaction medium that can adhere to the balls, thus
restricting the motion and impact generated by mechanochemical milling. For such cases, grinding
auxiliaries provide a powdery texture, which helps improve homogeneity for an effective
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mechanochemical strategy. The most commonly used grinding auxiliaries are silica, magnesium
oxide (MgO), talcum, and alumina, and table salt (NaCl).>’

Combinedly these parameters regulate the result of any mechanochemical reaction. Extensive
investigations into the underlying mechanisms of these reactions have led to the emergence of two
primary, and often debated, frameworks: (i) the hot-spot theory and (ii) the mixing efficiency
theory.

The hot-spot theory, pioneered by Bowden and Yofte, posits that the dissipation of kinetic energy
from milling impacts generates localized "micro-hotspots" with temperatures exceeding 1000 K.>®
These transient thermal spikes are thought to provide the necessary activation energy to accelerate
chemical transformations. However, this model was challenged by the seminal work of Delogu
and coworkers, who observed a lack of phase transitions in metals and metal oxides with relatively
low temperature transitions that would be expected if such extreme temperatures were consistently
reached.”” Conversely, recent in-situ monitoring by Gerasimov et al. revealed that surface
temperatures of milling media can indeed reach up to 600 °C, providing renewed support for the
role of thermal spikes. Consequently, while the exact contribution of localized hot spots remains a
subject of active debate, it is widely accepted that transient temperature increases play a significant
role in enhancing reaction kinetics.

In contrast, the mixing efficiency theory suggests that the primary driver of reactivity is the
mechanical deformation generated during high-energy milling.%° This process continuously creates
fresh, active surfaces and facilitates intimate contact between reagents at the molecular level. As
highlighted by Boldyreva and colleagues®!, this efficiency is critically dependent on the
mechanical parameters of the milling setup. Despite its focus on mass transfer, the mixing
efficiency model still relies heavily on thermal activation as a secondary driving force.
Furthermore, this theory alone does not fully account for how mechanical stress alters the
selectivity, transition states, or reaction trajectories of primary chemical processes.

To bridge these perspectives, a combined theory of mechanical bond activation (or bond rupture)
has been proposed. This unified framework suggests that successful mechanochemical
transformations are achieved through the direct activation or cleavage of chemical bonds via the
application of mechanical force, rather than relying solely on bulk thermal or mixing effects.

1.5. Mechanochemistry and the Paradigm of Organic Chemistry

In the book The Structure of Scientific Revolutions, Thomas Kuhn, an American scientific
philosopher and historian, described scientific revolutions as non-cumulative developmental
cycles, where an older paradigm is replaced by a new one, defining the non-linear model for
scientific advancements.®”> The birth of organic chemistry exemplifies this Kuhnian theory,
evolving science beyond the vitalist belief that the synthesis of organic compounds requires a ‘vital
force’®® %4, The synthesis of urea from silver oxycyanate and aqueous ammonia mixture and acetic
acid from carbon disulfide by Wohler®® and Kolbe®, respectively, were the changes in basic
assumptions that redefined the frontiers of known chemistry, leading to the birth of organic
chemistry (Scheme 1.2). In the present day, this paradigm has been explored to give rise to many
frontiers in this fascinating chemistry, such as synthesis, catalysis, and photochemistry.
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° Woéhler urea Synthesis

o]
: X
AgCNO + NH3 + H,0 ——— > AgOH + H,N NH,

o
: N
PBCNO), + 2NH; + 2H,0 ————————  PbOH), + N~ “NH,

° Kolbe acetic acid Synthesis
A

CS, + Ch———— » cCl, ———— = cl,c=CCl,

hv K/Hg
Cl,C=CCl, ———————> CLCCOOH ——————  CH;COOH
2

Scheme 1.2.a) Urea synthesis by Wohler (1828); b) Acetic acid synthesis by Kolbe (1845)

Over the years, numerous challenges have arisen during the study of organic chemistry, among
which sustainability in chemical processes is arguably the most pressing and enduring concern. In
the early 1990s, Anastas coined the term green chemistry. Green chemistry is governed by 12
fundamental principles that improve the environmental footprint by reducing toxic waste,
improving the energy profile, and introducing safer alternatives during organic synthesis.’ In this
context, mechanochemistry has emerged as one of the most important technologies for redefining
the aspects of organic chemistry. The introduction of solvent-free mechanochemical synthesis has
benefited several frontiers of organic chemistry in terms of environmental benefits. Furthermore,
mechanochemical reactions enhance the selectivity and performance of several key organic
transformations. The introduction of scalable mechanochemical devices, such as RAM, twin-screw
extruders, and Dyno mills, in mechanochemical organic transformations demonstrates the
revitalization of organic chemistry paradigms via this timeless technology. Selected case studies
redefining organic chemistry with the help of mechanochemistry are emphasized in the subsequent
part of this chapter.

1.6. Mechanochemistry in Catalysis

The exceptional influence of metals and metal catalysts has been the focus of organic chemists in
investigating transformations that are otherwise not feasible or kinetically inhibited. Several key
transformations, such as C—C and C-N bond formation, to obtain value-added compounds, have
been one of the most sought-after applications of metal catalysis.®” In this regard,
mechanochemical metal-catalyzed reactions have emerged as a greener and more sustainable
solution. Until a few years ago, metal-mediated reactions under ball milling or mechanochemical
conditions were heavily frowned upon because of moisture sensitivity, high complex
decomposition rates, and instability of organometallic reagents, which are stabilized with solvents
in solution-based chemistry.® ® However, efficient and more effective metal-catalyzed
transformations under mechanochemical conditions prove otherwise.

1.6.1. Olefin Metathesis

Olefin metathesis is one of the most powerful techniques known in organic chemistry for
constructing C—C double bonds from alkenes.”® In this context, molybdenum- and ruthenium-
based Schrock and Grubbs catalysts have been extensively utilized in both laboratory and
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industrial scales for the meticulous synthesis of polymers, medicinal compounds, and natural
products.

° ( First generation Grubbs catalyst synthesis )

PCys;

fPhe % cl Tph3 2 PCy, cl, |
cl, | .-PPhs 4 CHCly, -78°C g CH,Cl,, 20°C " Ru—
H —_— = _— -

‘Ru’ +
ah 7 | o |
cl PPhy Cl PC
PPh, PPhy Ys

First generation Grubbs catalyst

o ( ROMP and RCM using Grubbs catalyst )

ROMP RCM X
@ Grubbs Catalyst Grubbs Catalyst @/
CH ,Cly, rt, 1h CHZCIZ

norbornene polynorbornene X = COOH, CH,0OH, CHO

First generation Grubbs catalyst Second generation Grubbs catalyst Third generation Grubbs catalyst

Scheme 1.3.a) Synthesis of Grubbs first generation catalyst; b) Ring opening metathesis polymerization (ROMP) of
norbornene and ring closing metathesis (RCM) using Grubbs catalyst

Utilization of Ru—based catalysts for olefin metathesis was first employed by Robert H. Grubbs in
1995 (Scheme 1.3).”! They developed a new ruthenium-based catalyst from RuCly(PPhs)s,
phenyldiazomethane, and tricyclohexylphosphine, and utilized it in ring-opening metathesis
polymerization (ROMP) and ring-closing metathesis (RCM). The catalyst used is also known as
Grubbs first-generation catalyst.”? Subsequently, modifications in the original Grubbs type catalyst
gave rise to the formation of Grubbs second and third generation catalysts. Simultaneous studies
on olefin metathesis were carried out by Richard R. Schrock separately using a molybdenum-based
complex catalyst.”® Olefin metathesis was awarded the 2005 Nobel Prize in Chemistry to Richard
R. Schrock, Robert H. Grubbs and Yves Chauvin for enabling a more sustainable methodology for
pharmaceuticals, fuels, and plastics.
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(Olefin metathesis by Fri§c¢ic and coworkers )

(1 mol%) R O \
/ cross metathesis R
R o]
_ Teflon jar (14 mL) et T\ e
R =H, COOCH;, COOH g8 bail (10mm x 1) —Q—N N——@—
30 Hz, 90 min T

NaCl (225 mg/mmol)

.0 e
SN = O 0

Teflon jar (14 mL)
SS ball (10mm x 1), 30 Hz, 3h
LAG (EtOAc = 75 pL/mmol)
NaCl (450 mg/mmol)

Scheme 1.4. Mechanochemical olefin metathesis reactions by Fris¢ic and coworkers

Based on the classics, Fris¢ic and coworkers modelled a mechanochemical strategy for this
timeless transformation. Their methodology was translated for cross metathesis (CM) and ring-
closing metathesis (RCM) under LAG conditions inside a ball mill (Scheme 1.4).%” Furthermore,
this methodology supports the reactivity of carefully selected substrates with high yields and
excellent scalable transformations using commercially available Ru—based catalysts. Although
olefin metathesis of solid olefins has already been explored using a solvent-free protocol, these
methodologies were unable to provide any solution for RCM for these substrates, which eventually
led to the mechanochemical investigation of solid olefins. Their initial screening for CM was
restricted by the rheology of the reaction mixture inside the ball mill; to overcome these limitations,
they employed NaCl (225 mg/mmol of substrate) as a grinding auxiliary. These modifications in
the protocol provided smooth and efficient formation of CM products with solid olefins inside a
ball mill within 90 min. This methodology was then translated to the RCM of solid olefins, where
the combination of EtOAc (75 pL/ mmol of substrate) as LAG and NaCl (450 mg/ mmol) as a
grinding auxiliary provided the best results. In summary, this mechanochemical methodology
provides a more sustainable and green approach for OM and provides products for otherwise
unreactive or difficult-to-react olefins. In addition, the amount of grinding auxiliary used in these
transformations is nearly quantitative (150% according to weight) compared to their solution-
based counterparts (10-to-100-fold excess). This mechanochemical strategy was the precursor to
other mechanochemical approaches for OM. Most notably, Grela ef al. synthesized a modified
Grubbs catalyst under mechanochemical conditions and subsequently used it in RCM under
solution-based conditions.”* The EcoScore values for the mechanochemical and solvent-based
preparation of catalysts were 54 and 32, respectively, emphasizing the benefits of
mechanochemistry. Altogether, the mechanochemical approach to olefin metathesis has redefined
the previous paradigm. Furthermore, mechanochemical approaches have favourable outcomes in
both catalyst synthesis and reactions, thus improving the sustainability and scope of olefin
metathesis reactions.
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1.6.2. Negishi Cross-Coupling

Negishi cross-coupling is one of the most important synthetic strategies for forming C—C bonds
using an organic halide along with an organozinc compound under a Pd (0) catalyst.”® This reaction
is named after chemist Ei-chi Negishi, who was awarded the 2010 Nobel Prize in Chemistry.
Organozinc reagents are generally compatible with many functional groups and easily undergo
transmetallation with various transition metals, showcasing their potential in cross-coupling
reactions.

o Biscoe and coworkers

| Znl NiCl, (2-5 mol%)
R, N | terpyndlne (2-5 mol%)
U + R3
Z R THF 40-80 °C, 20h

Ry R
o Knochel and coworkers
)—Zn 2MgCl, 2LiCl CO Et
CHO 2 CHO
0.55 e (12e
N _L 2 088ed) ). —(2e1) \/Ocoza
% THF, 25° C 15 min [Pd(dba ] (5 mol%) s
S tfp (10 mol%)
THF, 25°C, 6h

Scheme 1.5.a) Nickel catalyzed Negishi cross-coupling by Biscoe and coworkers; b) Direct zincation of C—H bonds
and Negishi cross-coupling by Knochel and coworkers

Recently, this type of cross-coupling reaction has been employed using Ni-based catalysts (Scheme
1.5. a).”¢ These reactions utilize highly reactive and moisture-sensitive organozinc reagents as
coupling partners with organic halides; thus, they are highly moisture sensitive and usually
conducted under an inert atmosphere. Zinc-based organometallic compounds are typically
prepared from organolithium or organomagnesium compounds via transmetallation with Zn (II),
leading to functional group incompatibility. However, the research from Knochel and coworkers
provided an innovative approach to synthesize organozinc reagents from direct zincation of C—H
bonds using zinc-amide bases (Scheme 1.5.b).”” This revolutionized the innate protocol of Negishi
coupling. Selection of proper solvent for this transformation is also a key factor that defines the
efficacy of this methodology. Unlike other palladium catalyzed cross-coupling reactions, Negishi
coupling can act on sp?, sp? and sp carbons for C—C bonds. This reaction is generally employed in
the synthesis of natural product intermediates showing its strong application.

The sensitivity of organozinc reagents poses even significantly more challenging under
mechanochemical conditions. In this context Browne and coworkers developed a
mechanochemical Negishi cross-coupling protocol with in-situ generation of organozinc reagent
from mechanochemical grinding of ethyl-4-bromobutanoate in the presence of elemental zinc (1.1
equivalent) and DMA (1.5 equivalents) for 4 hours under air (Scheme 1.6.a).”® The reaction when
quenched with acidic solution provided organozinc halide with a yield of 76%. The addition of
aromatic halides, Pd-PEPSI catalyst (1 mol%) and TBAB to the mechanochemically generated
organozinc reagents in a ball mill resulted in successful conversion to Negishi cross-coupling
product with excellent yields up to 95%. Notably, this protocol was utilized to form a normal
atmosphere stable organozinc reagents and able to form sp°~sp? bonds using both aliphatic and
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aromatic organozinc reagents prepared in a one-pot condition. Inspired from this work, Sebesta
and coworkers developed their own mechanochemical uptake to this fascinating reaction. Their
protocol relies on the utilization of aryl-zinc pivalate reagents and aryl bromides along with
palladium catalyst at room temperature resulting in excellent yields of sp’>—sp?> Negishi cross-
coupled compounds (Scheme 1.6.b).” Most notably, LAG of THF ( = 0.3) was crucial for their
mechanochemical protocol to provide range of bi-aryl products. The reaction efficiency of this
protocol was calculated by using mass intensity (MI) parameter. Mechanochemical MI valued 18.2
whereas solution-based MI was calculated to the value of 82.7, redefining the sustainability and
applicability of the mechanochemical protocol.

o
Pd-PEPSI-iPent (1 mol%)

alkyl—Br Zn granules TBAB

DMA (1.5 eq.) Ar—X
or _— > alkyl/aryl—ZnX ——— > alkyl/aryl—Ar
= - I R e
SS jar (10 mL) SSjar (10 mL)
SS ball (10 mm x 1) SS ball (10 mm x 1)
30Hz, 25°C, 4h 30Hz, 25°C, 4h

° Sebesta and coworkers @

Pd(OAc), (2 mol/

SS jar (10 mL)
SS ball (10 mm x 1)
30Hz, 25°C, 90 min

Scheme 1.6.2) Mechanochemical one-pot Negishi cross-coupling by Browne and coworkers; b) Mechanochemical
Negishi cross-coupling using pivalates by Sebesta and coworkers

1.6.3. Mizoroki-Heck Reaction

Mizoroki-Heck reaction, also known as Heck reaction, is a palladium catalyzed reaction between
an unsaturated halide with an alkene to form substituted alkene. The reaction first performed by
Tsutomu Mizoroki et.al. (1971)% and Richard F. Heck et.al. (1972)%' independently, resulted in
2010 Chemistry Nobel Prize to Richard F. Heck (Scheme 1.7.a-b). The synthesis of active
pharmaceutical ingredients (APIs) for medicines play an important role in such increase in the life
expectancy. Because of this, efficient synthesis of drug molecules attracts the attention of
researchers and industries equally. A class of drug molecules can be traced where formation of
stereoselective C—C plays a crucial role. In this context, Heck reaction displays substantial use due
to its stereoselective action. The inherent benefits of this innovative strategy led to the evolution
of alternative Heck coupling conditions such as Heck-Jeffery.®?

Mechanochemistry comes into the picture when detailed analysis of this class of reactions are
performed, showing the use of extensive reaction time, high reaction temperatures and use of
solvents like DMF. In the attempt to develop mechanochemical counterparts of this crucial
transformation, Frejd and coworkers first investigated Heck-Jeffery reaction under ball milling
conditions (Scheme 1.7.¢).% Their conditions used protected amino acrylates, aryl halides and
tetrabutylammonium chloride in the presence of Pd catalyst to form the desired product.
Tetrabutylammonium halides are solid at room temperature but act as ionic liquids in molten state
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which can help in stabilization of metal centers, in this case Pd (0) species. Taking advantage of
such properties Frejd and coworkers successfully performed a phase-transfer mechanochemical
Heck-Jeftery reaction at room temperature. Most notably, in absence of tetrabutylammonium
chloride the reaction was unable to provide any product formation. Inspired by this
mechanochemical approach Lamaty and colleagues demonstrated their take on Mizoroki-Heck
reaction with the use of solid polyethylene glycols (PEG-2000-OH) which are known to show
stabilizing effect on metallic catalytic systems (Scheme 1.7.d).** They utilized iodobenzene
derivatives along with tert-butyl acrylate and PEG-2000-OH under a palladium catalyzed ball
milling setup. Remarkably, they were able to obtain the coupling products at room temperature
and a significantly reduced time (1 h). Notably, their methodology was limited to the use of
iodobenzene. These examples in the literature solidifies the claim of mechanochemistry for

sustainable transformations.

a ( Mizoroki and coworkers, 1971 )

©/\ PdCIz 10 mol%) @_\
CH COOK(1 2eq) ‘@

Methanol, 120°C, 2h
° ( Heck and coworkers, 1972 )

N ' Pd(OAc), (10 mol%) @_\
N \
n-| Bu3N (1 eq ) @

100°C

° ( Frejd and coworkers ) @

PA(OAC), (5 mol%)
NaHCO; (2.5 eq.)
yj\ __HCO,Na (20 mol%) _ . _fi ~ \\HJ\ORz
i
T ®

n-BuyNCl (1.2 eq.)
NaCl, 1100 rpm, 1h

o ( Lamaty and coworkers )
Pd(OAc); (5 mol%)

X | K,CO3; (3 eq.) CoztBu
0
R v P coymu HCOMNa (@0 mol/o O/
/

PEG 2000-OH
30 Hz, 1h

Scheme 1.7.a) Cross-coupling by Mizoroki and coworkers; b) Cross-coupling by Heck and coworkers; c)
Mechanochemical phase transfer Heck-Jeffery coupling by Frejd and coworkers in planetary mill; d)
Mechanochemical Heck coupling by Lamaty and coworkers in a mixer mill

1.6.4. Suzuki-Miyaura Cross-Coupling Reaction

In multistep organic synthesis, there is hardly any procedure that does not include Suzuki-Miyaura
cross-coupling reaction for the synthesis of C—C bonds. This transformation was developed by
Akira Suzuki and co-workers in 1979.%° From that point onwards this reaction has seen paramount
applications in every field of chemistry. For his ground-breaking work, Akira Suzuki was awarded
the 2010 Nobel Prize in Chemistry. This protocol uses aryl boronic acids along with organic halides
in presence of Palladium catalyst and suitable base. The role of base in this transformation is
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primarily to activate the un-activated aryl boronic acid for the subsequent reaction. The key feature
that separates this reaction from other C—C bond reaction is the use of milder reaction conditions,
less toxic reagent and availability of boronic acids. This reaction primarily uses water as the solvent
thus increasing the sustainability value of the protocol.

° ( Ondruschka and coworkers ) :

B(OH), HMDI-CS/Pd (19) —
OO0

X =Cl,Br, | SSJar(125 mL)
SS ball (15 x 10 mm)
600 rpm

° ( Ito and coworkers )
Pd(OAc); (3 mol%)

B(OH), DavePhos(45moI/
CsF ( 3eq) R—L
"\ / \ 7

X=Cl,Br, | SSJar (1.5mL)
SS ball (1 x 5 mm)
1,5-COD (0.12 pL/ mg)
H,0 (3.7 eq.), 25 Hz, 99 min

Scheme 1.8. Mechanochemical Suzuki-Miyaura cross-coupling by a) Ondruschka and coworkers; b) Ito and
coworkers

Mechanochemical Suzuki-Miyaura reactions can be traced back to year 2012 by Ondruschka and
coworkers where they synthesized a chitosan-based Palladium catalyst which catalyzed the
coupling reaction of halobenzene with phenyl boronic acid in presence of potassium carbonate
inside a planetary mill (Scheme 1.8.a).%¢ This protocol was successfully able to provide products
for chloro—, bromo— and 10do— benzene. Additionally, due to the heterogeneous nature of catalyst,
it can be easily separated after reaction and can be re-utilized. But to the dismay, this catalyst
provided substantial amount of homocoupling products in limited cases. Furthermore, the amount
of homo-coupling products after each recycling setup increased. These limitations for the reaction
hindered the broader applicability of this mechanochemical protocol. Later, Ito and coworkers
aligned their attention to this reaction where they developed a Suzuki coupling reaction using
aromatic halides and boronic acids with the use of 1,5-COD (0.12 pL/mg) as LAG and water as
additive inside a mixer mill (Scheme 1.8.b).8” This protocol was able to provide excellent yields
of cross-coupled products in a short amount of time. Notably, this protocol didn’t provide any
homo-coupled products. While comparing with the solution-based protocol, this mechanochemical
method was able to provide product at room temperature and with a higher yield and less reaction
time. These advantages of mechanochemistry over solution-based chemistry make it essential for
sustainable chemical synthesis.®

1.6.5. Buchwald-Hartwig Amination Reaction

Nitrogen based molecules have been in paramount use as medicines, fertilizers, cosmetics and
polymers. 3 Considering their significant impact on day today life, C-N bond formation is one
of the most sought-after transformations in research labs and industries. In 1983, Stephen L.
Buchwald and John F. Hartwig introduced a Pd—catalyzed protocol using aryl halides and primary
or secondary amines for the synthesis of aromatic amines.’* > Over the years, various palladium-

Page | 15



based catalysts have been developed for this remarkable transformation, while using complexes
with phosphine-based ligand architecture. Revisiting the paramount importance of N-heterocyclic
compounds and amines within various aspects of our day-to-day life, extensive use of this
amination method has been seen across literature.

° ( Ito and coworkers, 2019 ) @ R,

|
Pd(OACc), (5 mol%) | ~
tBusP (5 mol%)

O/ O/ \O NaO#Bu ( 15eq)
SS jar (25 mL) O/ \O

SS ball (4 x 10 mm)
1,5-COD (0.2 pL/ mg)
30 Hz, 99 min

° ( Ito and coworkers, 2025 ) :

Pd(OAc), (2.5 mol%)

BrettPhos 4mo|/)
YT B e

SSjar (5 mL)
SS ball (2 x 10 mm)
1,5-COD (0.05 pL/ mg)
120°C, 30 Hz, 30 min

Scheme 1.9. Mechanochemical Buchwald-Hartwig amination for a) secondary amines; b) primary amines

Historically, this transformation heavily relies upon the use of solvent. In an industrial scale, fine
chemical synthesis having C—N bond produces huge amount of solvent waste which significantly
deteriorate the environmental profile. In this context, mechanochemical approach to this timeless
reaction has attracted huge attention. Ito and coworkers proposed their version of Buchwald-
Hartwig amination of solid amines and solid aryl halides at room temperature (Scheme 1.9.a).”
While neat grinding of the starting material with catalyst failed to provide significant product
yields, yet the use of LAG provided significant advantages upon this condition. Most notably, use
of olefins as LAG provided significantly better yields compared to other LAG additives.
Additionally, use of 1,5-COD as LAG (0.2 pL/mg) resulted in full conversion. TEM analysis
defined that 1,5-COD acts an effective dispersive medium for the powdered Pd catalyst (3—5 nm)
while in absence, there is counter effective aggregation of the catalyst. This study demonstrates an
innovative approach to use LAG for the effective distribution of catalyst. Most notably, this
protocol was reported with the use of secondary amines. Building upon their earlier research, Ito
and coworkers developed another mechanochemical protocol for Buchwald-Hartwig amination of
primary amines (Scheme 1.9.b).°” The room temperature grinding of the reaction didn’t provide
any product formation although heating the reaction with an external heat-gun up to 120°C internal
temperature proved effective for the feasible product formation. Consequently, addition of another
equivalent of aryl halide resulted in formation of tertiary amines albeit with a lower conversion
rate. Combinedly, mechanochemical treatment boosted the sustainability of this reaction, removed
the use of inert atmosphere and improved the reaction conditions to a milder version compared to
their solution-based counterpart.
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1.6.6. Direct Mechanocatalysis

Mechanocatalysis provides significant advantages over their solution-based counterparts such as
solvent reduction, energy efficiency, reduced reaction time and many more. However, certain
limitations of these reactions cannot be properly addressed using mechanochemistry. Most
importantly, catalyst recovery after mechanochemical reactions is a challenge that still needs to be
addressed. The introduction of direct mechanocatalysis is the breakthrough that overcomes this
limitation of mechanochemical reactions. The concept behind this remarkable technology is the
use of ball milling jars or balls to be either completely made with the catalytically active metal/
alloy or a thin plating of the appropriate metal over the reacting surface. This enables the direct
interaction of metals by creating direct interaction of highly dispersed metal to the reactants like
homogeneous catalysis and expanding reactive surface like heterogeneous catalysis.”® These
inherent qualities make direct mechanocatalysis fundamentally different from both homogeneous
and heterogeneous catalysis. At first glance, this methodology encompasses both the benefits from
homogeneous and heterogeneous catalysis; however, due to effective collisions inside a ball
milling environment the catalytic surface can be modified by metal leaching and can introduce
new reactive catalytic surface.

° ( Mack and coworkers )

X Pd(PPh), (2.5 mol%)

X K,CO3 (1 eq.)

Ry + H—=——TMs Rl H—=—ms
g o] =

- Cu jar and ball
X=Brl ball milling, 17h
o (Borchardt and coworkers, 2023)
Cul (5 mol%)
| DABCO (6 mol%)

S PPhj (5 mol%)

S P Omh el N = v
7 o] =

PFA jar (19 mL)
Pd ball (1 x 10 mm)
LAG (CyH = 0.3 uL/mg)
35 Hz, 90 min

° (Borchardt and coworkers, 2024)

R” OH

o)
K3PO, (19) Il

Au coated jar (25 mL)
PTFE ball (5 x 5 mm)
LAG (Toluene = 0.6 pL/mg)
35 Hz, 3h

Scheme 1.10. Direct mechanocatalysis strategy for a) Sonogashira coupling using Cu jar and balls; b) Sonogashira
coupling using a 10 mm Pd ball; ¢) oxidation of alcohol using gold coated jar

The application of direct mechanocatalysis for a ball milling set-up was first introduced by Mack
and coworkers in 2009 (Scheme 1.10.a).%° By utilizing a copper reaction vessel in conjunction with
a co-catalyst, they successfully facilitated Sonogashira coupling with an efficiency comparable
to traditional mechanochemical protocols mediated by copper(I) iodide (Cul). Significantly, the
authors observed that substituting the copper jar with a stainless-steel vessel—even when using
copper milling balls—substantially diminished product yields. This suggests that the reaction is
highly dependent on the available surface area of the copper source, as the stainless-steel
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configuration limited the essential contact between the copper catalyst and the alkyne substrate.
Ultimately, this approach represents a significant advancement by bypassing the need for
exogenous Cu(l) salts typically required in solution-based strategies. Treading on the footsteps of
the previously mentioned approach, several key reactions have been demonstrated using direct
mechanocatalysis. Most notably, Borchardt and coworkers have extensively researched this field.
In their pursuit of direct mechanocatalysis, they have developed methodologies for several key
reactions such as Sonogashira coupling with a Pd ball (Scheme 1.10.b)!%, oxidation of alcohols
using gold coated jars (Scheme 1.10.c)'%! and hydrogenation of organic molecules using Pd and
Rh coated jars!?2. Most remarkably, they have also investigated the use of Pd coated twin-screw
extruder for continuous Suzuki-Miyaura cross coupling reactions.!®® This signifies that beyond
simple reactivity direct mechanocatalysis offers potential for a more practical technique to
introduce mechanochemical benefits into industrial applications.

1.7. Mechanochemistry in Organometallic Reactions

Organometallic reagents and complexes are extremely reactive molecules. Synthesis,
characterization and utilization of such compounds need highly controlled environments,
extensively dried solvents, excess reagents, delicate temperature control and careful handling.
These constraints on such molecules often result in heavy chemical waste which significantly
decreases the environmental footprint. In this context, mechanochemistry shows great promise to
reduce the environmental impact of these molecules in both synthesizing and applications. This
section discusses the intervention of mechanochemistry in prominent organometallic reagent
synthesis and subsequent reaction.

1.7.1. Grignard Reaction

Grignard reaction and reagent get their name from the French chemist Victor Grignard. It is
basically a type of organomagnesium halide which can be synthesized by a reaction between an
organic halide and metallic magnesium.'®* Primarily, the reaction of Grignard reagent with a
ketone to obtain tertiary alcohol is considered Grignard reaction. Magnesium center of a Grignard
reagent acts as nucleophile which interacts with the electrophilic carbonyl center. This reaction
proceeds through a 6-member intermediate species to transform into tertiary alcohol after
hydrolysis (Scheme 1.11.a). This remarkable reaction awarded Victor Grignard 1912 Nobel prize
in Chemistry. Since the discovery of this reaction, it has been extensively used in polymer, food
and fine chemical industries. However, this transformation generally utilizes extremely dry
solvents, long reaction times and use of inert atmosphere. Moreover, magnesium for the synthesis
of Grignard reagents is subjected to pre-activation before utilization to remove the oxide layer
above the metal which also contributes to the limitations of this reaction.

In this context, mechanochemistry has emerged as the most innovative technology to revitalize
this remarkable reaction. The first mechanochemical attempt to synthesize Grignard reagent was
reported by Harrowfield and coworkers.!% In their protocol they utilized an excess of magnesium
inside a ball mill to synthesize Grignard reagent in solvent-free conditions whereas the excess
metal couldn’t be removed from the reaction mixture. When this Grignard reagent is utilized with
ketone inside a ball mill, it provides alkenes as the major product. Subsequent investigation on
Grignard reaction was carried out across multiple years.
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Scheme 1.11.a) Mechanism for Grignard reaction; b) Mechanochemical Grignard reaction with ketones to tertiary
alcohols; ¢) Mechanochemical Grignard reaction with gaseous CO; to carboxylic acids; d) Mechanochemical Ca—
based Grignard reaction

Remarkably, Ito and coworkers devised a mechanochemical production of bench stable and
isolable Grignard reagent inside a ball mill using THF (3 eq.) as LAG (Scheme 1.11.b).!% This
reagent was then used for the successful reduction of ketones to tertiary alcohols. Later, Bolm and
coworkers developed a mechanochemical Grignard reaction for reaction with gaseous carbon
dioxide (CO2) to form carboxylic acids as major product.'”” Additionally, this approach
demonstrates the potential of mechanochemistry in use of organometallic transformations along
with the use of gaseous reagents (Scheme 1.11.c). Ito and coworkers later synthesized
mechanochemical heavy Grignard reagent using Calcium metal for C—C bond formation (Scheme
1.11.d).'%® Combinedly, these reports demonstrate that mechanochemical application reshapes
Grignard reaction with elimination of solvent, synthesis of bench-stable Grignard reagent and safer
reaction profile combined with significant decrease in reaction times. This proves the possible
benefit of mechanochemical reaction for further applications in fine chemical synthesis using
organometallics.

1.7.2. Birch Reduction

Birch Reduction is a method to obtain 1,4-cyclohexadiene derivatives from arenes using alkali
metal such as sodium or lithium along with ammonia named after the chemist Arthur Birch.!% This
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reduction method is extremely selective in reducing the molecules as this reduction does not
proceed for further reduction after 1,4-cyclohexadiene derivatives from arenes. Here, alkali metals
act as single electron donors to the aromatic ring to form radical anion which then abstracts proton
from alcohol to provide the reduced product. This reduction method is applicable to reduced
electronegative groups such as ketones or nitro-groups. However, carboxylic acid groups and
alcohols remain unaffected. This reaction generally needs inert atmosphere, low reaction
temperature and critical reaction setups which limit the applicability of this method.

° ( lto and coworkers, 2023 )
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Scheme 1.12.a) Mechanochemical Li—mediated Birch reduction; b) Mechanochemical Na—mediated Birch reduction;
¢) Mechanochemical Ca—mediated Birch reduction; d) Mechanochemical Li—-mediated Birch reduction for reductive
arylation

Inspired by the effects of mechanochemistry to stabilize bulk reactive metals, mechanochemical
Birch reductions have been conducted across the literature. In this context, Ito and coworkers
developed an ammonia-free Lithium mediated Birch reduction of arenes (Scheme 1.12.a).!!? This
protocol utilized ball milling Li metal, ethylenediamine and tert-butanol as LAG at room
temperature to get reduced product instantly within 1 minute. Furthermore, this mechanochemical
protocol provided 10% of cyclohexene derivative as side-product. Notably, they also performed
gram-scale Birch reduction to get quantitative reduction products. Later, they developed sodium
and 1,3-Dimethyl-2-imidazolidinone (DMI) mediated Birch reduction of arenes using D-glucose
as an additive (Scheme 1.12.b).!!"! Inspired from these works, Kananovich and coworkers
developed a remarkable Birch reduction protocol using group-II metals such as Mg and Ca
(Scheme 1.12.c).!"? This protocol used Ca and ethylenediamine as reductant inside ball milling
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conditions with ammonium chloride as protic source. Remarkably, while Ca with EDA didn’t
provide any product under solution-based condition; mechanochemical reaction provided
quantitative product formation showing the advantages of mechanochemistry for this type of
organometallic transformation. Recently, Hideto Ito and coworkers developed lithium and
ethylenediamine mediated mechanochemical Birch reductive arylation using fluorobenzene
(Scheme 1.12.d)."° These reactions collectively highlight that mechanochemistry in Birch
reduction can reduce solvent use, provide more stable reactive species and reduce the
environmental footprint for this timeless classic.

1.8. Mechanochemistry in Piezoelectric Organic Synthesis

Photoredox chemistry has seen unprecedented rise over the past decade. A successful
photochemical reaction demands the photocatalyst species having a long living phosphorescence
species that can act as potent reducing agent via single electron transfer and a potent oxidizing
agent then ground state of photocatalyst under photochemical conditions. Inspired by photoredox
chemistry, mechanochemical equivalent of such process has been developed where the excitation
of electron is performed via mechanochemical energy. Ultrasonic agitation of BaTiOs, generates
an electrochemical potential sufficient to surpass the water-splitting threshold (1.23 V) and
reduce N,N,N',N',N",N"-hexamethyl[tris(aminoethyl)amine] (MesTREN)-ligated CuBr> complex
(Erea = -0.30V vs saturated calomel electrode).!'* 11> These findings established a precedent for
piezo-electrochemical activation, suggesting that the mechanical energy harnessed within a ball
mill could similarly drive the redox-mediated transformation of small organic molecules in
synthetic applications. In this context, Ito and co-workers first reported the use of Barium titanate
as piezoelectric material under mechanochemical condition. Piezoelectric materials such as
BaTiO3 which upon application of mechanical stress produce highly polarized particles that can
help in single electron transfer for small organic molecules.!'® In their procedure, they reported
piezoelectric action upon aryldiazonium salts for mechano-redox arylation and borylation.
Additionally, this technique was carried out at normal atmosphere and with the utilization of LAG
benefitted the reaction outcome. This reaction when performed in the presence of TEMPO (a
radical scavenger), a TEMPO-trapped intermediate can be observed under NMR thus providing
evidence for the mechanism. This innovative and pioneering report became the cornerstone for
mechano-redox reactions. Along the way, Ito and coworkers followed this mechano-redox
technology for several key reactions such as mechano-redox Cobalt catalyzed [2+2+2]
cycloaddition''”, Nickel catalyzed amination reaction'!® and radical C-H trifluoromethylation
reactions'?.

Eventually, mechano-redox chemistry was extended by Bolm and coworkers with their utilization
of BaTiOs mediated copper catalyzed electro-mechanochemical transfer for radical-cyclization.!?
Their methodology started with cyclization of monobromoacetamide using Cu(OTf)2 and tris(2-
pyridylmethyl)amine (TPMA) ligand under mechanochemical piezoelectric effect. Most notably,
this reaction needed to be performed under argon conditions inside the milling jar and in absence
of the piezoelectric material the reaction failed to provide any product formation. This reaction
supports the results of Ito and coworkers regarding the broader applicability of mechano-redox
chemistry. Along the way, Kramer and coworkers reported mechano-redox synthesis of aryl

fluorides'?!; and Du and coworkers reported Nickel catalyzed dechlorination-deuteration of aryl
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chlorides using BaTiOs.'?> Altogether, this technology completely shifts the uses of
mechanochemistry. These protocols were able to avoid solvents and provided faster and more
selective reactivity of their complementary solution-based redox transformations. Although all the
above-mentioned reports have been able to successfully provide solvent-free mechano-redox
transformations of small organic molecules, they are limited to only use of BaTiO3. This limitation
inspires us to analyse the piezoelectric properties of different materials and development of more
mechano-redox reactions (Scheme 1.13).
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Scheme 1.13.a) Mechanochemical piezoelectric arylation of diazonium salts; b) Mechanochemical piezoelectric Cu—
catalyzed cyclization; ¢) Mechanochemical piezoelectric Co—catalyzed [2+2+2] cycloaddition; d) Mechanochemical
piezoelectric Ni-mediated dechlorination-deuteration of aryl chlorides

1.9. Photomechanochemistry

Photochemical reactions provide unique reactivity and prove access to compounds which
otherwise are inaccessible by conventional means. These reacts are considered sustainable due to
the use of light, but they often produce massive solvent waste due to the constraint of extreme
dilution. In this context, photomechanochemistry has emerged as one of the most innovative
technologies to conduct solid-state photochemical reaction by avoiding the use of solvent.’!
Furthermore, it is a part of new mechanochemical strategies of combining different energy sources
to mechanochemistry for accessing products otherwise impossible by conventional ball milling.
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One of the earliest photomechanochemical transformation was introduced by Kénig and coworkers
with riboflavin tetraacetate (RFTA)-catalyzed photocatalytic oxidation of alcohols to their
corresponding carbonyl compounds using a mechanical rod stirrer.!?* Their findings showed that
the reaction proceeds through a phase-transfer into molten state revealed from the control
experiment devoid of RFTA. This solvent-free approach inspired many researchers to focus on this
remarkable technology. Over time photomechanochemical reactions gained immense popularity.

In this context, Borchardt and coworkers have synthesized solid-state regioselective nanographene
under photomechanochemical condition. For performing this reaction, a quartz jar with PFA caps
was taken in the presence of UV light (Amax=272 nm).'?* In the first protocol they performed a
photomechanochemical Mallory reaction with a LAG of toluene. However, the next protocol o-
(2-chloro)terphenyl was milled under photomechanochemical conditions silica (900 mg/150 mg
substrate) as an additive. Most notably, control experiments reveal that this transformation is
primarily a photochemical reaction while mechanical mixing enables efficient mixing of substrate.
Subsequently, Rueping and coworkers developed a Nickel mediated photoredox catalysis using
RAM.!% Their protocol was developed from a previous photoredox strategy from Konig and
coworkers.!?® This strategy included the use of aryl halides and primary amines in presence of
Nickel catalyst inside a RAM-based photomechanochemical set-up (90W blue LEDs) for
secondary amines. Remarkably, this strategy was implemented for large scale synthesis (300
mmol) of amine products with excellent yields. Compared to traditional solution-based methods,
this strategy offers superior efficiency and excellent environmental footprint. Altogether, these
literature references demonstrate that photomechanochemistry provides effective solvent-free
reaction, extreme regioselectivity and huge scale-up potential. (Scheme 1.14)
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Scheme 1.14.a) First photomechanochemical reaction for RFTA catalyzed oxidation; b) Photomechanochemical
nanographene synthesis; ¢) Photomechanochemical Ni—catalyzed N—alkylation
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1.10. Mechanochemical Scaling-up and Process Safety

Industrial scale fine chemical synthesis and medicines at one point start inside small-scale
laboratories. Hence, scaling-up practices are the end goal of a chemical reaction. Process safety
and scaling-up an organic reaction for industrial scale is not a simple translation from laboratory
scale but rather an intricately designed and carefully monitored protocol with several key
considerations. Failing to provide those conditions can lead to unprecedented chemical waste
generation, failure to provide product formation and often failure in reaction set-up.
Mechanochemistry as a new and enhanced technology for laboratory scale organic synthesis has
even more parameters to be considered before scaling up because of the heavy solvent-reliant
instrumentations in industries.'?” Thus, conventional scale up methods are not sufficient to assess
large scale mechanochemical transformations. In this regard, several key steps for scaling-up
mechanochemical reactions are listed below:

I.  Equipment design and characterization methodologies are primary parameters to be
considered for a mechanochemical reaction scale-up as conventional reaction set-ups are
not suitable for it. Mechanochemical reactions demand the use of proper milling devices
that give rise to chemical transformations. The typical devices used for laboratory-scale
reaction all ball milling devices such as mixer mills or planetary mills operating at a
particular frequency. Despite their operational efficacy, high-energy milling systems
generate significant acoustic emissions; at industrial scales, this poses substantial
occupational health and safety challenges. Furthermore, these devices come with lower-
scale reaction jars which can be another big challenge for the industries to build upon.
Additionally, mechanochemical reactions are harder to monitor in-situ which is essential
for large-scale process build-up. In the present day, several key advancements in the field
of mechanochemistry have emerged helping the scalability of the reactions. Twin-screw
extruder, RAM, Dyno mills are some of the new mechanochemical devices that are
designed for the up scaling of mechanochemical reactions. Additionally, in-situ monitoring
techniques such as Raman spectra and in-situ solid-state NMR techniques have been
developed for mechanochemical processes which can be implemented in the industrial
synthesis scale.

LabRAM Il

Figure 1.8. Representation of mechanochemical scale-up equipments: a) twin-screw extruder (TSE), b)
resonant acoustic mixing (RAM), ¢) Dyno mill (bead milling technology)
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II. Heat regulation of a reaction is a benchmark standard for industries. However,
mechanochemical reactions can produce tremendous amount of heat during solid-state
milling of compounds. This limitation is more prominent in the use of highly reactive
compounds and exothermic reactions. So, a simple large-scale synthesis of
mechanochemical reactions can be a challenging task. In this regard, it is very important
to provide a sink effect to a mechanochemical reaction during milling to regulate its
temperature. Furthermore, the reactions using possibly explosive chemicals can be
managed in smaller batches to avoid any casualties or rapid heat generation. To aid this
cause, RAM can be a better option to perform mechanochemical reactions with lower
energy requirements. However, for high energy requirement reactions, a proper heat sink
mechanism must be introduced for milling devices to get effective temperature control.

II.  Rheological parameters are another crucial parameter to be considered during a
mechanochemical reaction and process scale-up. While an effective mechanochemical
reaction can be achieved easily inside a small mechanochemical vessel, for a large-scale
synthesis the above cannot be achieved that easily. Furthermore, the isolable products can
be extremely sticky and hard to remove from the reaction environment. In this regard,
suitable technologies must be implemented for the isolation of sticky products from the
vessels or from the screws and a well-defined rheology study is needed before reaction
scale-up. Additionally, the use of LAG can provide significantly better results for product
isolation from the vessel after reaction by providing a lubricating effect.

In addition to all the challenges, large-scale mechanochemical reactions can benefit from certain
aspects of reactivity compared to the solution-based counterparts. While the removal of solvents
from reactivity and purification is a huge advantage in a mechanochemical set-up, the recovery
and recyclability of valuable catalysts after the reaction remain a challenge in small-scale
mechanochemical reactions which utilize minimal amount of catalyst (in cases up to 0.05 mol%).
Whereas industrial scale mechanochemical reactions can be relatively better for isolation of such
catalyst. Furthermore, a mechanochemical transformation occurs with the use of mechanical parts
in action for the reaction which can support easier repairability compared to the solution-based
reaction set-ups.

Overall, with the proper instrumentations, technological advancements and deep reactivity studies
scaling-up a mechanochemical reaction is a better, greener and efficient strategies for the synthesis
of fine-chemicals. Recently, chemical industries such as Merck and Novartis are interested in
mechanochemical scale-up reactions and are building their foundation for it.'”® Combining the
above-mentioned critical parameters with the vast array of mechanochemical organic reactions for
value added chemicals, mechanochemistry has emerged as an essential for redefining the paradigm
and future of organic synthesis strategies.

1.11. Mechanochemical Literature Summary for Organic Synthesis

Provided detailed literature overviews of mechanochemical reactions for organic synthesis
signifies the impact of modern-day mechanochemical strategies over the known solution-based
paradigm. This literature study shows that mechanochemical reactions provide far more benefits
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than simple reduction of solvents for a reaction but rather many of the time promotes reactivity of
compounds which are unprecedented, provide stable chemical reagents and intermediates of
previously unstable reagents, redefines the energy parameters by effective energy transfers to
reagent, develop proficient reactions with time efficiency and most of all huge potential,
technologies and availability of mechanochemical set-ups for industrial-scale use. Overall
mechanochemistry in organic synthesis has not only emerged as a greener solution-based
alternative but at times proved to be the only methodology to efficiently synthesize and utilize
certain molecules. Hence, it’s no surprise to proclaim that slowly but efficiently mechanochemistry
is redefining the frontiers of organic chemistry.
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CHAPTER 2

Mechanochemistry: Redefining the Paradigm of Organic Chemistry

2.1 Aim of the Thesis

This thesis aims to critically study and demonstrate the role of mechanochemistry for the frontiers
of organic synthesis and emphasize how mechanochemistry is redefining the paradigm of organic
synthesis by posing as a sustainable, efficient and versatile technology over the traditional solution-
based chemistry. Through the systematic investigation of mechanochemical influences upon
certain organic reactions, this work seeks to:

L

II.

III.

IV.

Emphasize the critical importance of mechanochemistry to develop solvent-minimized
approaches to classic organic synthesis methodologies.

Explore and access the scope and limitations of substrates for a mechanochemical
transformation.

Activate organic materials with mechanochemical milling to be utilized for organic
transformations.

Develop suitable mechanocatalytic pathways for green and sustainable synthesis of value-
added products.

Establish mechanistic understandings with innovative mechanochemical kinetic isotope
effect and Hammett analysis.
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CHAPTER 3

Mechanochemistry Unveiling Reactivity of Bertagnini’s Salts

3.1. Carbonyl Center: The Backbone of Organic Synthesis

The application of aldehydes and ketones is of unequivocal paramount importance in organic
synthesis. Their versatility extends across a broad spectrum', encompassing straightforward and
intricate reactions, rendering them exceptionally adaptable tools for shaping molecular structures.?
For instance, aldehydes and ketones’ reactivity seamlessly fits into iminium® and enamine®
catalysis, leading to the stereoselective assembly of molecular frameworks that otherwise might
be inaccessible. The vital importance of these compounds is even more prominent for synthesis of
nitrogen-based heterocycles™ ¢ and amines; classes of compounds having prominent use in
pharmaceutical, agricultural and food industries as both synthons and final products. These
specific facets establish these compounds at the core of organic and pharmaceutical synthetic
routes, where their versatile reactivity fosters the evolution of innovative and consolidated
methodologies. Overall, aldehydes and ketones are the bedrock for formulating diverse reaction
strategies and are essential for the ongoing progress in organic synthesis.

Even though carbonyl compounds have exceptional synergy for chemical transformations, their
utilization comes with many challenges. One significant issue is that aldehydes are prone to
spontaneous aerobic oxidation when repeatedly exposed to air, not to mention the self-
condensation reactions of aldehydes and ketones. Moreover, low molecular weight aldehydes,
being volatile, represent a substantial safety hazard for operators. As a result, addressing this issue
requires taking additional measures, such as workup procedures or, in some instances, distillation,
which significantly wastes time, energy, and chemicals.

3.2. Bertagnini’s Salts

Bertagnini’s salts also known as aldehyde-bisulfite adducts is a reaction between aldehyde and
bisulfite salts, first discovered in early 1800s by Italian chemist Cesare Bertagnini. These salts
were primarily used to isolate aldehydes from reaction mixtures as a purification technique.’
Although they were eventually phased out, they have recently regained interest as a solid surrogate
to aldehydes in specific organic reactions. Bertagnini’s salts® ° exhibit a reactivity comparable to
aldehydes but are more stable against moisture and air exposure over long periods. Furthermore,
these salts phase-out the problems associated with aldehydes like volatility, self-condensation
affinity and possible aerial oxidation probability making them suitable for subsequent use in
organic synthesis. It's worth noting that Bertagnini’s salts, like many chemical compounds, can be
challenging to dissolve in environmentally friendly solvents commonly used in modern
applications. Consequently, using bisulfite adducts may necessitate increased solvent volumes,
extended reaction times, and higher temperatures to enhance reaction outcomes. %12

3.3. Reactivity Employing Bertagnini’s Salts

The reactivity studies on the utilization of Bertagnini’s salts is scare in literature because aldehydes
from these salts can only be abstracted after treatment with aqueous acid or base, conditions which
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are not well tolerated by certain aldehydes or other functional groups present in it. This section
briefly discusses the reactivity studies of Bertagnini’s salts across literature.

One of the forefront studies on use of Bertagnini’s salts was proposed by Ragan and coworkers in
2003. This research was on the synthesis and utilization of Bertagnini’s salt of 2-Hydroxyindan-2-
carboxaldehyde for reductive amination reaction (Scheme 3.1.a).!°> The use of aldehydes rather
than Bertagnini’s salts although being suitable for laboratory scale, hampers tremendously in
industrial scale reactions due to the constant challenge of aldehydes undergoing oligomerization
thus providing an uncharacterized mixture of reactants. To establish a standard protocol for the
reaction, Ragan and coworkers dissolved Bertagnini’s salt of 2-Hydroxyindan-2-carboxaldehyde
and trifluoro acetic acid salt of amine with a mixture of N-methylpyrrolidinone (NMP) and
cyclohexane. After the reaction, the iminium salt was isolated and after reduction with
NaBH(OAc); provided reductive amination product. However, the removal of cyclohexane and
water from the reaction mixture was performed using azeotropic distillation (105°C). Later, Mani
and coworkers reported reductive amination protocol using Bertagnini’s salt for reactive aldehyde
species using similar protocol except for the use of DCE as a solvent.'* Similarly, Lipshutz and
co-workers (2021) developed a one-pot reductive amination strategy using Bertagnini’s salts in
water.!® Most notably, this protocol provided better reactivity then a plethora of reductive
amination protocols using aldehydes (Scheme 3.1.b).

° ( Ragan and coworkers )

HO I. (NMP:Cyclohexane)
) NH.TFA (7:2) N
~SONa (:(; : 0-90°C
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Scheme 3.1. Bertagnini’s salts in reductive amination reactions

Enantioselective hetero-Diels-Alder reactions are essential for the construction of chiral
heterocycles. In this context, Bode and coworkers utilized Bertagnini’s salts of a-chloroaldehydes
along with oxo-dienes to form chiral-NHC catalyzed enantioselective hetero-Diels-Alder
products.® a-chloroaldehydes are generally air and moisture sensitive and often unsafe to purify.
In this regard, Bertagnini’s salt of a-chloroaldehydes provide and safe, convenient and stable
alternative for reactions. Most notably, Bertagnini’s salt formation helped them to obtain Diels-
Alder products with exceptional functional group tolerance and yields (Scheme 3.2.a). Later,
Mohanty and coworkers developed an efficient synthetic route for 3,4-dihydro-2(1H)-
pyrimidinones using Bertagnini’s salts, urea and diones catalyzed by Wang-resin supported
sulfonic acid catalyst in Acetic acid. Most notable feature of the reaction is that the sulfonic acid
catalyst can be recovered and utilized multiple times for the reaction (Scheme 3.2.b)."°

Although provided these limited applications in literature, Bertagnini’s salts are utilized as
aldehyde surrogates along with the combination of highly polar solvents which are difficult to
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remove from the reaction mixture resulting in excessive energy utilization and waste generation.
Recent literatures regarding utilization of Bertagnini’s salts suffers from similar limitations. Thus,
a more practical approach for utilization of Bertagnini’s salts is needed.
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Scheme 3.2. Bertagnini’s salts in heterocycle synthesis reactions

3.4. Bertagnini’s Salts and Mechanochemistry

Bertagnini’s salts, like many chemical compounds, can be challenging to dissolve in
environmentally friendly solvents commonly used in modern applications. Consequently, using
bisulfite adducts may necessitate increased solvent volumes, extended reaction times, and higher
temperatures to enhance the overall outcomes. In this regard, mechanochemistry'®!® has emerged
as an efficient?® 2! and environmentally friendly technique?>* for synthesizing valuable
compounds in solid state?6-33, entirely devoid of the need for solvents** 3>, This makes it an ideal
choice for both academic and industrial applications of Bertagnini’s salts.>*3® This chapter
discusses about the development of mechanochemical protocols for synthesis of key N—
heterocycles such as benzimidazoles***®, perimidines and dihydro-perimidines. Additionally,
reductive amination and hydrazone synthesis under solid conditions will be discussed in the later
part of the chapter.

3.5. Results and Discussions

3.5.1. Synthesis of Bertagnini’s Salts

Initially, a class of Bertagnini’s salts of different aldehydes were synthesized from different
aldehydes. The thermal properties of Bertagnini’s salts were examined before their reactivity in
mechanochemistry was explored. The main aim of this preliminary investigation is to determine
whether the milling process could cause the melting of Bertagnini’s salts, thereby creating a molten
phase that might enhance the interaction between the chemical species. Thermogravimetric
analyses (TGA) of selected Bertagnini’s salts were performed. It was found that the decomposition
temperature for Bertagnini’s salts were considerably higher than the 100—-120 °C range, indicating
that Bertagnini’s salts remain solids throughout the mechanochemical reaction (Figure 3.1). Once
this had been established, attention was directed towards mechanochemical synthesis using
Bertagnini’s salts.
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( List of Bertagnini's salts for TGA )
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Figure 3.1. TGA analysis of Bertagnini’s salts and their temperature/weight corelation

3.5.2. Mechanochemical Benzimidazoles from Bertagnini’s Salts

To establish a successful mechanochemical benzimidazole synthesis protocol from Bertagnini’s
salts, first a SmL stainless steel jar (SS) was charged with o-phenylenediamine (1a, 1 mmol),
sodium hydroxy(4-methoxyphenyl)methanesulfonate (2i, 1.1 mmol), a LAG of methanol (80 pL)
along with a SS ball (7 mm) and milled at 30 Hz for 30 minutes using a MM-500 mixer mill. After
milling, the reaction provided successful yield of desired product 3ai (41%) along with small
amount of side product 3ai’ (4%) (Table 3.1, entry 1). Increasing the reaction time to 60 minutes
resulted in increase in the yield of 3ai to 62% (Table 3.1, entry 2). Whereas best results were found
when the reaction was milled for 90 minutes affording 70% isolated product of 3ai (Table 3.1,

entry 3).
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Table 3.1. Screening for mechanochemical benzimidazole synthesis

NH, N
HO LAG N\\ + X OMe
o OMe ————» ) OMe 0
SSjar (5 mL) OMe

1a sSbal (7om < 1) sa sar
Time (min) Isolated Yield of 3ai (%)?

1 1.1 MeOH (0.4) 30 41% (3ai’: 4%)°

2 1.1 MeOH (0.4) 60 62% (3ai’: 5%)°

3 1.1 MeOH (0.4) 90 70% (3ai’: 15%)°
4 1.1 MeOH (0.4) 120 70%
5¢ 1.1 EtOH (0.4) 90 64%
6 1.1 Acetone (0.4) 90 49%
1.1 iPrOH (0.4) 90 47%
8 2.0 MeOH (0.4) 90 69%
9d 1.1 MeOH (0.4) 90 51%
10° 1.1 MeOH (0.4) 90 46%
11f 1.1 — 90 36%

2Reaction Conditions: 1a (0.50 mmol), 2i (0.55 mmol), LAG (n=0.4) in a 5 mL SS jar with a 7 mm SS ball milled in
MM-500 Vario at 30 Hz for given time at 25°C and the yields was calculated after isolation of product; “yields
determined by 'H NMR; ¢ reaction conducted at 1 mmol scale and 70°C using a 10x4 mL SS jar with 2x7 mm SS balls
milled in MM-500 Control for given time; ¢ reaction performed with 1 equivalent of potassium periodide; © reaction
performed with 1 equivalent of potassium peroxymonosulfate; f reaction performed without LAG

Further extension in the reaction time didn’t improve the reaction outcome (Table 3.1, entry 4).
When the reaction was performed at 70 °C and with a LAG of ethanol, a 64% yield of the desired
product was obtained (Table 3.1, entry 5). Attempts to improve the yield of 3ai by employing other
solvents, such as acetone and /PrOH as LAGs, did not provide any positive results (Table 3.1,
entries 6 and 7). Doubling the amount of bisulfite adduct 2i under the standard reaction conditions
also failed to provide any improvements. Contrary to general solvent-based processes*’ with
aldehydes, addition of oxidants*® % failed to improve yields of 3ai under mechanochemical
conditions (Table 3.1, entries 9 and 10). Notably, in the absence of LAG, only 36% of the desired
product (3ai) was obtained, thus confirming the essential role of a stoichiometric solvent amount
in achieving efficient mechanochemical conversion (Table 3.1, entry 11). Remarkably, in "H NMR
spectra peaks for aldehyde were not observed for mechanochemical reaction of Bertagnini’s salts
which is a common phenomenon under solution-based reactions of Bertagnini’s salts showing the
equilibrium of aldehydes with the salt.’® In fact, it demonstrates that mechanochemical reaction of
Bertagnini’s salts follow different reaction dynamics.

To establish the practicability of the protocol various Bertagnini’s salts were reacted with o-
phenylenediamine derivatives to yield benzimidazole products. Bertagnini’s salts with a halogen
withdrawing group at para-position reacted smoothly with 1a to provide benzimidazole products
3ab—3ad. Bertagnini’s salts with halogen substitution at different positions also reacted smoothly
with 1a to provide benzimidazole products 3af and 3ag. Introducing a cyano substituent at the para
position of Bertagnini’s salt resulted in a 63% yield of product 3ae. Similarly, Bertagnini’s salts
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with electron donating groups reacted efficiently to provide products 3ah—3aj. Incorporating a
methyl group onto the ring of o-phenylenediamine, especially 4-methylbenzene-1,2-diamine (1b)
reacted efficiently with Bertagnini’s salts with a methoxy— and hydroxy— substituent to provide
products 3bl and 3bk with yields of 66% and 51% respectively.

H
( Benzimidazole Synthesis ) N OH LAG
Y 0 I MeOH (160 uL) NN
R + SN Er—— e T —R;

g R = “7y

SSjar (10 mL) b
1a-g 2a-p SS ball (7 mm x 2) 3aa-3ap

30Hz, rt, 90 min

---------------------------------------------------------------- Substrate Scope === TTTTTTTTTmosssmosssssossssooscssoosscsooscosoosoocooooooee-

N N\ N\ N\ N
/ / / / /
N N H N N

3aa (49%) 3ab (45%) 3ac (72%) 3ad (66%) 3ae (63%)
@@ @Q CLOm CL-O OO
MeO
3af 64% 3ag (58%) 3ah (60%) 3ai (70%) 3aj (58%)
3bi (66%) 3bk (51%) 3ca (91%) 3cd (86%) 3c| (90%)
3c| 38% 3db (78% 3dd (82%) 3df(64% 3d| (62%)
HO Me
N\ N\
N N N N
/ /
by by J PO i
3dm (86% 3dn (78%) N 3ga (91%)°
m (86%) o 3ea (68%) 3fi (43%)°
3ao0 (71%)° 3ap (86%)°

Scheme 3.3. * Substrate scope for benzimidazoles. Reaction conditions: 1 (1 mmol), 2 (1.1 mmol), LAG of MeOH (
n=0.4) in a 10mL SS jar with two 7 mm SS balls milled at 30 Hz in MM-500 Vario for 90 min at 25°C and yields of
the products were calculated after recrystallization with EtOH; ® reaction was milled at 30 Hz for 3h using LAG of
EtOH (n = 1) at 80°C under O, atmosphere inside the milling jar; © reaction was performed at 15 Hz for 8h with LAG
of MeOH (n = 1) and the yields were calculated after column chromatography

The reactivity of Bertagnini’s salts with N-—substituted (methyl, phenyl, 4-methylbenzyl,
cyclohexyl, and tert-butyl)-phenylenediamines was further investigated (Scheme 3.3, compounds
3ca-3fi). More favourable results were obtained with these diamine structures compared to
unsubstituted o-phenylenediamines. When a thiophene-containing bisulfite adduct was reacted
with N—methyl phenylenediamine (1¢) under standard conditions, 3¢l was obtained in 38% yield.
Substitution of a phenyl group on o-phenylenediamine did not hinder the synthesis of the
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benzimidazole products 3db—3dn, which were obtained in excellent to moderate yields.
Incorporation of 4-methylbenzyl and cyclohexyl groups on the nitrogen of o-phenylenediamine
furnished the desired products with good yields (3ea and 3fi). However, insertion of a tert-butyl
group on the nitrogen of o-phenylenediamine failed to deliver the cyclized product under the
standard reaction conditions, affording instead the condensation product 3gi’ (Scheme 3.7.a).
Notably, the target benzimidazole product 3ga was successfully synthesized in high yield (91%)
with ethanol as the Liquid-Assisted Grinding (LAG) medium (n = 1.0) at 80 °C under an O:
atmosphere in a ball mill (30 Hz) for 3 h inside a MM-500 control mixer mill which allow the
precise control over the reaction temperature.

NH, N
HO N N
\ MeOH (80 pL) > N
@ : 4 OOME - ©: \/ _@OMG ' ©:N/ one
NHZ Naoss H
SSjar (5 mL) OMe
SS ball (7 mm x 1)

1a 2i 30Hz, rt, t 3ai 3ai’

| e Reactant 1a| * 3ai
005 o e Product 3ai
: - i
e ;80 i
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Time (min) Reactant (1a) Product (3ai) Product (3ai'")
1 15 min 64% 34% 2%
2 30 min 39% 57% 4%
3 45 min 22% 72% 6%
4 60 min 15% 80% 5%
5 90 min 0% 85% 15%

Figure 3.2. Product evolution over time for mechanochemical synthesis of 3ai. Reaction Conditions: 1a (0.50 mmol),
2i (0.55 mmol), LAG of MeOH (n=0.4) in a 5 mL SS jar with a 7 mm SS ball milled in MM-500 Vario for given time
at 25°C and the conversion was calculated by 'H NMR

Although extensive research has been devoted to the synthesis of 2-aryl benzimidazoles, the
synthesis of 2-alkyl benzimidazoles’! under metal-free conditions at room temperature were
unknown. Under the optimized conditions, the desired product could not be obtained. However,
with a LAG of methanol (n = 1) combined with extended reaction time at lower milling frequency
provided benzimidazole products 3ao and 3ap with excellent yields. The product evolution over
time for product 3ai was monitored using 'H NMR spectroscopy to determine the viability of the
protocol.
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3.5.3. Mechanochemical Synthesis of Perimidines and Dihydro-Perimidines

Nitrogen-containing tricyclic heterocycles?, such as perimidines and 2,3-dihydro-1H-perimidines,
are widely found in various natural products®>>* and are known to exhibit diverse biological
activities>*’, photochromic properties®® > and other distinctive features that have been exploited
in different fields®>®*. For the synthesis of these N-heterocyclic scaffolds, several traditional
methods have been well documented in the literature®® , but longer reaction times, elevated
temperatures, the use of hazardous solvents, expensive reagents, and low product yields remain
major drawbacks. Consequently, the development of efficient and environmentally friendly
alternatives to these conventional approaches has become essential to overcome such limitations.
In this context, the synthesis of 2,3-dihydro-1H-perimidines, spiro-perimidines, and perimidines
from substituted bisulfite adducts with 1,8-diaminonaphthalene under mechanochemical
conditions was investigated.

Based upon the previously optimised reaction condition for benzimidazole synthesis, Reaction of
Bertagnini’s salt 2a with 1,8-diaminonaphthalene (1h) at room temperature afforded the cyclized
product 4a in 89% yield within 30 minutes. Introduction of electron-withdrawing groups (—F, —Cl,
—Br) on the aromatic ring of the bisulfite adduct gave the corresponding products (4b—4d) in good
yields. Likewise, Bertagnini’s salts bearing electron-donating groups (-NMe: and —OMe) were
transformed into the corresponding cyclized derivatives (4h and 4i) in 81% and 85% yields,
respectively (Scheme 3.4). The synthetic potential of the procedure was further expanded by
employing bisulfite adducts of cyclic ketones under room-temperature mechanochemical
conditions. Notably, the formation of Bertagnini’s salts derived from cyclic ketones has remained
unexplored in the literature. Under these conditions, the reaction of the bisulfite adduct of
cyclohexanone with 1h afforded 4q in 98% yield within 3h (Scheme 3.4). Similarly, Bertagnini’s
salts derived from cyclopentanone and cycloheptanone afforded the desired cyclized products (4r
and 4s) in 86% and 67% yields, respectively (Scheme 3.4). In addition, bisulfite adducts of
cyclohexanone bearing p-tert-butyl and phenyl substituents were well tolerated, yielding products
4t and 4u in 47% and 59% yields, respectively (Scheme 3.4).

To get access to perimidines, introduction of oxidants was employed under mechanochemical
conditions. During the evaluation of reaction conditions for optimization, 2,3-dihydro-1H-
perimidine (4i) was employed as the model substrate. Numerous oxidants were tested, but none
proved efficacious. Additionally, changing the amount and dimensions of balls failed to provide
any significant product formation. Instead, a one-pot synthesis approach was adopted using 1,8-
diaminonaphthalene and bisulfite adducts at varying temperatures.®®%® The best result (85% yield,
Scheme 2) for perimidine Si was obtained by employing one equivalent of 1,8-diaminonaphthalene
and 1.1 equivalents of 4-methoxy bisulfite at 70 °C for 3 h inside a MM-500 control mixer mill.
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Table 3.2. Screening for mechanochemical perimidine synthesis from dihydro-perimidine

© i
(MeOH/EtOH) 1l
(Cr . R U . "X
| I
SSjar (10 mL) H
4i OMe SS ball (7 mm x 2) 5i OMe 2i

30Hz, rtor 70°C, t

(I]I;:Zi)r) Size of balls
1 - 120 min rt UHP (1) 90% — 10% (7mmx 1)
2 H>0 (0.3) | 120 min t UHP (1) 88% — 12% (7mmx 1)
30 - 120 min rt UHP (1) 100% — — (7mmx 1)
4 MeOH (0.3) | 60 min rt Oxone (1) 88% — 12% (7 mm x 2)
5¢4 | MeOH (0.3) | 120 min rt Oxone (1) — 51% 49% (7 mm x 2)
6 H20 (0.3) 120 min rt Sodium 26% - 14% (7mmx 1)
Percarbonate (1)
7 - 120 min t DDQ (1) 97% — 3% (7mmx 1)
8 MeOH (0.3) | 120 min rt Oxone (1) 96% — 4% (7mmx 1)
9%d | MeOH (0.3) | 120 min rt Oxone (1) 66% 21% 13% (7 mm x 2)
10° | MeOH (0.3) | 60 min 70°C UHP (1) 26% 57% 17% (7mmx 1)(10 mm x 1)
11° | MeOH (0.3) | 60 min 70°C - 49% 51% - (7 mm x 1)(10 mm x 1)

NH, NH
Q 2o LAG

/©/ S50 Na L
OMe

SSjar (10 mL)
1h 2i SS ball Me 5i OMe 2i’
30Hz, 70°C, t

LAG Time ‘ Oxidant —
(n factor) (min) (eq.)

12ef EtOH (0.3) 240 min 70°C — — 67% 33% (7mmx 1)(10 mm x 1)
13¢f EtOH (0.3) 180 min 70°C - 74% 26% — (7mmx 1)(Smmx 1)
14¢f EtOH (0.3) 120 min 70°C - 22% 78% — (7mmx 1)(Smmx 1)
15ef EtOH (0.3) 120 min 70°C — — 42% - (5 mm x 3)
16ef EtOH (0.4) 180 min 70°C — — 92% 8% (7 mm x 2)
17 sfe EtOH (0.3) 180 min 70°C — — 85% 15% (7 mm x 2)

2 Reaction Conditions: 1h (0.50 mmol), 2i (0.55 mmol), LAG (n=0.3) in a 5 mL SS jar with SS balls milled in MM-
500 Vario at 30 Hz for given time and temperature, the conversion was calculated via "H NMR;  0.02 eq. of TEMPO
were added; ©2.00 eq. of NaHSO4 anhydrous were added; ¢ reaction was run by using 1.00 mmol of 1h with a 10 mL
SS jar; ©reaction was run on a 1.0 mmol scale using a Retsch-MMS500 Control ball mill in a (4 x 10) mL SS jar; fone
pot process using 1h and 2i as starting materials; & the reaction was conducted at 20 Hz
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( Synthesis of 2,3-Dihydro-1H-perimidines and Perimidines )

W
W

Nz N2 OH LAG HN™ T NH HNTSN
I MeOH/EtOH (160 puL
T R sO,Na o

SSjar (10 mL)
1h 2a-v S8 ball (7 mm x 2) 4a-u 5a-v
30Hz, rtor 70°C, 3h

cl cl _
5a (84%)° 5¢ (92%)° 5d (88%)¢ 59 (82%)¢ 5i (85%)?
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Scheme 3.4. * Substrate scope for synthesis of dihydro perimidines and perimidines. Reaction conditions: 1h (1 mmol),
2 (1.1 mmol), LAG of MeOH (1 =0.4) in a 10mL SS jar with two 7 mm SS balls milled at 30 Hz in MM-500 Vario
for 30 min at 25°C and yields of the products were calculated after recrystallization with EtOH; ® reaction was milled
at 30 Hz for 3h and yield was calculated after column chromatography; ¢ No column chromatography was needed; ¢
The reaction was performed at 70°C with a LAG of ethanol and a milling frequency of 30 Hz for 3h. Yield was
calculated after recrystallization with ethanol

Using the optimized reaction conditions, a range of perimidines was synthesized by introducing
different electron-donating and electron-withdrawing groups at the bisulfite adduct moiety,
affording products (5a—5v) in moderate to excellent yields. Efficient formation of 5a (84% yield)
was achieved from the unsubstituted bisulfite adduct and 1,8-diaminonaphthalene (Scheme 3.4).
Bertagnini’s salts bearing electron-withdrawing groups (such as —Cl and —Br) were efficiently
converted into the corresponding cyclized products (5¢—5g) in moderate yields. By contrast,
bisulfite adducts containing methyl, methoxy and hydroxyl substituents afforded 5v, Si and 5n in
83%, 85% and 79% yields, respectively (Scheme 3.4). Interestingly, thiophene-containing bisulfite
adducts were transformed into the corresponding perimidine (51) in 87% yield.
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3.5.4. Mechanochemical Reductive Aminations and Hydrazone Synthesis

To showcase the versatility of Bertagnini’s salts, the reactivity of other nucleophiles was analysed.
In reductive aminations, an aldehyde is reacted with an amine to form a transient imine, which is
subsequently reduced to the corresponding secondary amine.®® 7 This method is extensively
employed for the selective functionalization of primary amines, thereby avoiding polyalkylation
of the nitrogen moiety. Reductive amination of bisulfite adducts with amines has previously been
achieved using 2-picoline borane as a reducing agent in methanol and under a-picoline—borane
aqueous micellar catalysis at 60°C. However, these processes require hazardous organic solvents,
detrimental surfactants, expensive reducing agents, and precise temperature control. Moreover, the
combination of surfactants and water can lead to contamination of drinking water, which must then
be distilled to restore purity, making such procedures unsustainable on an industrial scale.

( Reductive amination using Bertagnini's salts)

OH LAG

H

1 MeOH (160 pL) NaBH, (4 eq.) H &

N R 2

RN, + g S hgoNa — e > R >R — ——— R
SS jar (10 mL) SS jar (10 mL)
1i-p 2a-x SS ball (7 mm x 2) Imine SS ball (7 mm x 2) 6
SS ball (5mm x 1) SS ball (5mm x 1)
30Hz, rt, 3h 30Hz, rt, 3h

---------------------------------------------------------- Substrate Scope ==-=====-----ssssssssssssesmesososocsoossososommnooe

e OQOQO S
S,

Q
Q
Q

6ia (55%) 6ih (90%) 6ii (92%)

6ji (90%) 6ki (92%)
: 0 : NMe,

6li (91%) 6mh (88%) 6nw (78%) 60a (63%)°

G &

6po (67%)°° 6pd (43%)® 6Ix (42%)°

Q

Scheme 3.5. ? Substrate scope for mechanochemical reductive amination. Reaction conditions: 1 (1 mmol), 2 (1.1
mmol), LAG of MeOH (n =0.4) in a 10mL SS jar with two 7 mm and a 5 mm SS balls milled at 30 Hz in MM-500
Vario for 3h at 25°C, after that the ball mill jar was opened and NaBH4 (4 eq.) was added followed by another 3h
milling at 30 Hz; ° yield was calculated after column chromatography; °© reaction was performed using MeOH(n = 1)
at 15 Hz for 6 hrs and 2 hrs for the reducing step

In this regard, reductive amination of Bertagnini’s salts was demonstrated using NaBHa as a
hydride source under mechanochemical conditions at room temperature. The reaction was carried
out in a two-step, one-pot process, wherein the first step consisted of the mechanochemical
synthesis of imines over 3 h, followed by reduction with NaBHa4 for an additional 3 h. Upon
completion, the final reaction mixture was treated with a minimal volume of ethyl acetate, enabling
efficient recovery of the secondary amine in high yield without chromatographic purification.
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Various substituted bisulfite adducts were then evaluated with electron-deficient and electron-rich
amines (Scheme 3.5). Reactions of aniline (1i) with unsubstituted (2a) and N,N-disubstituted (2h)
bisulfite adducts afforded 6ia and 6ih in 55% and 90% yields, respectively. Introduction of a
methoxy substituent at the para-position of the aromatic ring in bisulfite adducts, followed by
reaction with different anilines, afforded the corresponding secondary amines (6ii—6li) in 90-92%
yields (Scheme 3.5). Furthermore, 4-fluoroaniline (1m) afforded the desired product (6mh) in 88%
yield when reacted with corresponding Bertagnini’s salt (2h).

Interestingly, the bisulfite-adduct of vanillin (2w) reacted with 3-chloroaniline (1n) to furnish the
desired product 6nw in 78% yield. Under the standard conditions, benzylamine (10) displayed
comparable reactivity, providing the derivative 60a in modest yield. Moreover, 2-methoxyaniline
(1p) reacted with bisulfite-adducts of heptanal (20) and 4-bromobenzaldehyde (2d) to yield 6po
and 6pd in 67% and 43% yields, respectively. Notably, even the bisulfite-adduct of a
butyraldehyde, a VOC reagent (2x); coupled with 4-methoxyaniline (11) to deliver the product 6Ix
in 42% yield.

The scope of the research was expanded to include the synthesis of hydrazones, thereby enabling
exploration of Bertagnini’s salts as powerful synthetic tools (Scheme 3.6). Hydrazones constitute
a crucial structural motif in numerous heterocyclic scaffolds’! and are well known for their diverse
biological activities’? in specific medical contexts’>. Under mechanochemical conditions,
Bertagnini’s salts and hydrazine hemisulfate were employed to afford hydrazones within 3 hours.
This approach provided access to hydrazones under mild conditions with a straightforward
purification process. Chloro-substituted bisulfite adducts afforded compounds 8f and 8¢ in 47%
and 51% yields, respectively. In addition, introduction of a methoxy group at the para-position of
the bisulfite adduct (2i) afforded the corresponding hydrazone (8i) in 52% yield.

( Synthesis of Hydrazones )

o LAG

MeOH (160 L Xy SN

Nl XY SOzNa + N,oHg.1/2H,80, _MeoRUSOW) R-T |
g @ NH
/ / ’

SS jar (10 mL)
2 7 SS ball (7 mm x 2) 8
30Hz, rt, 3h
----------------------------- Substrate Scope  -----------sssooooooiooooooon
N N N
[ | [
NH, NH, NH,
Cl cl MeO
8f (47%) 8¢ (51%) 81 (52%)

Scheme 3.6. * Substrate scope for mechanochemical synthesis of hydrazones. Reaction conditions: 2 (1.1 mmol), 7 (1
mmol), LAG of MeOH (1 =0.4) in a 10mL SS jar with two 7 mm SS balls milled at 30 Hz in MM-500 Vario for 3h
at 25°C, yield was calculated after isolation

3.6. Reaction Mechanism for Mechanochemical Benzimidazole Synthesis

To verify the role of oxygen in the reaction mechanism’*, the reaction was carried out under an
argon atmosphere at the standard conditions, resulting in a lower yield of the expected product 3ai

Page | 45



(Scheme 3.7.a). Furthermore, when the reaction was conducted with zert-butyl-substituted o-
phenylenediamine (1g) under the standard conditions, the condensation imine product (3gi’) was
isolated in 62% yield (Scheme 3.7.a). Based on the control experiments and literature precedent,
a plausible reaction mechanism for the synthesis of benzimidazoles is proposed in Scheme 3.7.b.
In the first step, nucleophilic attack of the amine on the carbon center of the bisulfite adduct affords
the mono-imine (3a), which undergoes intramolecular cyclization to generate the
dihydroimidazole intermediate. The aromatized product (3aa) is then obtained via aerial oxidation,
with the gain in aromaticity serving as the primary driving force. With extended reaction times,
the di-imine (3b) is formed, which subsequently delivers the N—alkylated benzimidazoles (3aa’)
through intramolecular cyclization followed by a [1,3]-H shift.

° ( Control Experiments )

LAG
MeOH (160 ulL)

?H
@NHQ . /@/ ~SO;Na Argon atmosphere (j: _@
NH, MeO
1 2

SSJar(1O mL)
SS ball (7 mm x 2)
30Hz, rt, 90 min

OMe
?H /©/
LAG
@NH; . /@/ ~S0,Na MeOH (160 pL @
4’\11 MeO

3ai, 40%

SSJar(1O mL)
SS ball (7 mm x 2)

1g 2i 30Hz, rt, 90 min 3g| 62%

( Plausible Mechanism )

NH, Na H N
-H,0 \ \
D —_— —_—
- NaHSO,4 / N/
NH, NH, H H

H
~S0,Na N,
Ny ®) [1 3] H-Shift
2a @ —_— N
_ \
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Scheme 3.7.a) Control experiments for synthesis of benzimidazoles. Reaction conditions: 1a (1 mmol), 2i (1.1 mmol),
LAG of MeOH (1 =0.4) in a 10mL SS jar with two 7 mm SS balls milled at 30 Hz in MM-500 Vario under inert
atmosphere for 90 minutes at 25°C and 1g reacted with 2i at normal atmosphere, yield was calculated after isolation;
b) plausible reaction mechanism for benzimidazole synthesis from Bertagnini’s salts under mechanochemical
condition

3.7. Green Metrics Calculation

This section describes the green chemistry metrices for the mechanochemical methodologies for
synthesis of benzimidazoles, dihydro-perimidines and reductive aminations compared to a
previously reported, solution-based approaches. Specifically, a quantitative and qualitative
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evaluations by measuring the E-factor and eco-scale values have been conducted using Ecoscale
calculator. This analysis determined that mechanochemical reactions using Bertagnini’s salt
significantly improve the environmental footprint. For reductive amination procedure
mechanochemical E-factor was 20.4 whereas solution-based procedure has an E-factor of 937.7.
Similarly, for benzimidazole (30.61 vs 399.36) and dihydro-perimidine synthesis (18.22 vs
1972.23) mechanochemical E-factors were significantly better. In EcoScore values,
mechanochemical procedure performed equally well otherwise better than solution-based
analogues.

Calculation of the Green Chemistry Metrics for the Mechanochemical Preparation of 6fi

O LAG NaBH, (4 eq.) o
| a eq.
NHz . MeOH (160 pl) i + |NaBH, + H,0 + NaHSO;,
/©/ o - - ©/
MeO

SSjar (10 mL)
SS ball (7 mm x 2)
SS ball (5mm x 1)

30Hz, rt, 3h

SSjar (10 mL)
SS ball (7 mm x 2)
SS ball (5mm x 1)

30Hz, rt, 3h

MW: 93.13 g/mmol MW: 240.20 g/mmol
mmol: 1 mmol mmol: 1.1 mmol
Weight: 93.13 mg Weight: 264.22 mg

MW: 37.83 g/mmol MW: 189.93 g/mmol
mmol: 4 mmol

Weight: 151.32 mg

MW: 213.28 g/mmol
mmol: 0.92 mmol
Weight: 196.22 mg

Work up: filtration with 4 mL EtOAc (3608 mg)

Mass of desired useful product 213.28

Atom E = 100 =
oM BCONOMY ™ " al Mass of all reactants 93.13 + 24020 + 37.83 + 32.04

x 100 =53%

) Mass of total waste 24.02 +63.36 +113.49 + 189.93 + 3608.00
Environmental Factor = - = =204
Mass of desired product 196.22

actual mass of desired product 196.22

Reaction Mass Effici = 100 =
caction Mass Bihiciency mass of reactants X 93.13 +264.22 +112.92 + 151.32

x 100 = 32%
The Eco-scale Score for the Mechanochemical Preparation of Secondary Amine 6fi

EcoScale: 100 — sum of penalty points

Table 3.3. Calculation of Ecoscale score for the mechanochemical preparation of amine 6fi*

Reagents MF ‘ MW mmol Weight (g) ‘ Eq.

Aniline CesH7N 93.13 1.00 0.093 1.00

o-Toluenesulfonic acid, a- CsH;0OsNaS 241.21 1.10 0.265 1.10
hydroxy-p-methoxy-,

monosodium salt

Sodium borohydride NaBH4 37.83 4.00 0.151 4.00

Products MF ‘ MW mmol Weight (g) ‘ Eq.

(4-Methoxy-benzyl)-phenyl- C14H1sNO 213.28 0.92 0.196 92%

amine (6ii)
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Entry Parameters Penalty Points

1 Yield (92%) -4

2 Price/availability -13

3 Safety -15

4 Technical set-up (Unconventional activation technique) -2

5 Room temperature (< 24h) -1

6 Work-up and purification 0
EcoScale score 65

Calculation of the Green Chemistry Metrics for the in-solution preparation of 6fi

[e] Schlenk line X
NH; Il solvent-free HBPin (1.3eq) H
+ ~ > N_
H t, 30 min rt, 12h ©/

MeO

MW: 93.13 g/mmol  MW: 136.15 g/mmol MW: 127.98 g/mmol MW: 213.28 g/mmol
mmol: 0.53 mmol mmol: 0.5 mmol mmol: 0.65 mmol mmol: 0.93 mmol
Weight: 49.36 mg Weight: 68.08 mg Weight: 83.19 mg Weight: 99.18 mg

* V. K. Pandey, S. Bauri, and A. Rit Org. Biomol. Chem. 2020, 18, 20, 3853-3857.7

+ HOBPin

MW: 143.98 g/mmol

Due to the absence of data, the quantity of ethyl acetate/hexane used for purifying the desired
product has been postulated via flash column chromatography on silica gel (NO DATA). All the
factors that contributed to the waste calculation were considered in the following way:

The amount of silica and solvents used for purifying the organic mixture is ascribable to the data
reported in the literature (W. C. Still, M. Kahn, and A. Mitra J. Org. Chem. 1978, 43, 14, 2923-
2925).7 We chose as a model a 10 mm diameter column and a 7:3 mixture of Hexane:EtOAc
because it allows a ARy = 0.2. The theoretical quantity of eluent necessary for the purifying step is
100 mL, so the relative amounts of EtOAc and Hexane are 30 mL and 70 mL, respectively. By

exploiting their densities, this procedure's waste can be easily calculated.

Work up: column chromatography with EtOAc (27060 mg), hexane (45850 mg) and silica (20000

mg)
Atom E _ Mass of desired useful product 100 = 213.28 100 = 60%
o Beonomy = Total Mass of all reactants X 93.12 +136.15+127.98 X - ’
. Mass of total waste 2.80+19.20 +71.99 + 92910
Environmental Factor = - = =937.7
Mass of desired product 99.18
Reaction Mass Effici actual mass of desired product 100 99.18 100 = 49%
= X — X =
caction Mass BHicrency mass of reactants 49.36 + 68.08 + 83.19 °
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Table 3.4. Calculation of Ecoscale score for solution-based preparation of amine 6fi*

Reagents MF ‘ MW mmol Weight (g) ‘ Eq.
Aniline CsH7N 93.13 0.53 0.049 1.05
p-Anisaldehyde CgHgO» 136.15 0.50 0.068 1.00
Pinacolborane CsH13BO, 37.83 0.65 0.083 1.30
Products MF ‘ MW mmol Weight (g) ‘ Eq.
(4-Methoxy-benzyl)-phenyl- C14H1sNO 213.28 0.47 0.099 93%
amine (6ii)
Entry Parameters Penalty Points
1 Yield (92%) -3
2 Price/availability -8
3 Safety -10
4 Technical set-up (Inert atmosphere) -1
5 Room temperature (< 24h) -1
6 Work-up and purification -10
EcoScale score 67

Calculation of the Green Chemistry Metrics for the Mechanochemical Preparation of 3ac

OIH
LAG
NH, ~N N
MeOH (160 pL
. soe %@ <)o + [ oo
N
NH, cl @ H

SSjar (10 mL)

SS ball (7 mm x 2)
MW: 108.14 g/mmol  MW: 244..62 g/mmol 30Hz, rt, 90 min MW: 228.68 g/mmol MW: 122.07 g/mmol
mmol: 1.0 mmol mmol: 1.1 mmol H.,0 mmol: 0.72 mmol
Weight: 108.14 mg Weight: 269.08 mg 2 Weight: 164.65 mg

Work up: filtration using methanol (3960 mg) and recrystallization with ethanol (789 mg)

Mass of desired useful product 228.68

Atom Economy = x 100 = x 100 = 62%
Total Mass of all reactants 108.14 +244.62+ 16
. Mass of total waste 24.46 +126.72+ 4749 + 122.07+18.01
Environmental Factor = - = = 30.61
Mass of desired product 164.65
. . __actual mass of desired product 164.65
Reaction Mass Efficiency = x 100 = x 100 = 42%
mass of reactants 108.14 +269.08 + 16

Table 3.5. Calculation of Ecoscale score for mechanochemical preparation of 3ac?

Reagents MF ‘ MW mmol Weight (g) ‘ Eq.
o-Phenylendiamine CsHsN, 108.14 1.00 0.108 1.00
Alpha-Toluenesulfonic acid, C7H7ClO4SNa 244.62 1.10 0.269 1.10

alpha-hydroxy-p-chloro-,
monosodium salt

Products MF ‘ MW mmol Weight (g) ‘ Eq.

2-(4-Chlorophenyl)

o
benzimidazole (3ac) C13HoN,Cl 228.68 0.72 0.1647 72%




Entry Parameters Penalty Points

1 Yield (72%) -14
2 Price/availability -5
3 Safety -5
4 Technical set-up (Unconventional activation technique) -2
5 Room temperature (< 24h) -1
6 Work-up and purification -1
EcoScale score 72

Calculation of the Green Chemistry Metrics for the in-solution preparation of 3ac

N
_Cu(OH), (10 mol%) 3 _@CI . 2,0
T MeoH@mL (3mL) N
H

rt, 240 min
MW: 108.14 g/mmol ~ MW: 140.57 g/mmol Weight: 2376.00 mg MW: 228.68 g/mmol MW: 36.03 g/mmol
mmol: 1.0 mmol mmol: 1.2 mmol mmol: 0.99 mmol
Weight: 108.14 mg Weight: 168.68 mg Weight: 226.39 mg

* M. A. Chari, D. Shobha and S. Malayalama Int. J. Org. Chem. 2013, 3, 4, 243-250."

Due to the absence of data, it has been postulated the quantity of ethyl acetate/hexane used for
purifying via column chromatography on silica gel (NO DATA) the desired product. All the factors
that contributed to the waste calculation were considered in the following way:

The quantity of solvents used for purifying the organic mixture is ascribable to the data reported
in the literature (W. C. Still, M. Kahn, and A. Mitra J. Org. Chem. 1978, 43, 14,2923-2925).7° We
chose as a model a 10 mm diameter column and a 9:1 mixture of Hexane:EtOAc as reported in the
paper (ARy = 0.2). The theoretical quantity of eluent necessary for the purifying step is 100 mL,
so the relative amount of EtOAc and Hexane is 10 mL and 90 mL, respectively. By exploiting their
densities, it can be easily calculated the amount of waste for this procedure.

Work up: column chromatography with EtOAc (9020 mg), hexane (58950 mg) and silica (20000
mg)

Mass of desired useful product 228.68
Atom Economy = x 100 = x 100 = 86%
Total Mass of all reactants 108.14 + 140.57 + 16
Envi tal Factor = Mass of total waste _ 28.11 +2376.00 +36.03 + 87970.00 399.36
fvironmentat Factor Mass of desired product 226.39 B ’
. . actual mass of desired product 226.39
Reaction Mass Efficiency = x 100 = x 100 =77%
mass of reactants 108.14 + 168.68 + 16

Table 3.6. Calculation of Ecoscale score solution-based preparation of 3ac?

Reagents MF ‘ MW mmol Weight (g) ‘ Eq.
o-Phenylendiamine CsHsN> 108.14 1.00 0.108 1.00
p-Chlorobenzaldehyde C;HsCIO 140.57 1.20 0.168 1.10
Products MF ‘ MW mmol Weight (g) ‘ Eq.

2-(4-Chlorophenyl)

0
benzimidazole (3ac) Ci3HoN:Cl 228.68 0.99 0.2264 99%
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Entry Parameters Penalty Points

1 Yield (99%) -1
2 Price/availability -10
3 Safety -10
4 Technical set-up (Common set-up) 0
5 Room temperature (< 24h) -1
6 Work-up and purification -10
EcoScale score 68

Calculation of the Green Chemistry Metrics for the Mechanochemical Preparation of 4q

NH, NH,

HO__ ,so3Na LAG
SS jar (10 mL)
SS ball (7 mm x 2)
MW: 158.20 g/mmol ~ MW: 202.20 g/mmol 30Hz rt, 3h MW: 238.33 g/mmol MW: 122.07 g/mmol
mmol: 1.0 mmol mmol: 1.1 mmol mmol: 0.98 mmol
Weight: 158.20 mg Weight: 222.42 mg Weight: 233.56 mg

Work up: filtration with methanol (3960 mg)

Mass of desired useful product 238.33

Atom E = 100 = ————————x 100 = 66%
om Beonomy Total Mass of all reactants x 158.20 +202.20 X °
) Mass of total waste 20.22 +152.25 + 3960.00 + 104.06 + 18.02
Environmental Factor = - = =18.22
Mass of desired product 233.56
Reaction Mass Effici __actual mass of desired product 100 = 233.56 100 = 61%
caction Mass Blhiciency mass of reactants X 158.20 +222.42 X B ¢

Table 3.7. Calculation of Ecoscale score for mechanochemical preparation of 4q*

Reagents MF ‘ MW mmol Weight (g) ‘
1,8-Diaminonaphtalene CioHioN> 158.2028 1.00 0.1582 1.00
Cyclohexanesulfonic acid, 1- CeH1104SNa 202.1998 1.10 0.2224 1.10
hydroxy-, sodium salt
Products MF ‘ MW mmol Weight (g) ‘ Eq.
I';3"-Dihydrospiro[cyclohexane- CieH 5N, 238.33 0.98 0.2336 98%
1,2'-perimidine] (4q)
Entry Parameters Penalty Points
1 Yield (98%) -1
2 Price/availability -5
3 Safety 0
4 Technical set-up (Unconventional activation technique) 0
5 Room temperature (< 24h) -1
6 Work-up and purification 0
EcoScale score 93
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Calculation of the Green Chemistry Metrics for the in-solution preparation of 4q

NH, NH,
p TSA (10 mol%)
NH + p-TSA + H,0O
H O (3mL) |
80° C 120 min N7
H
MW: 190.22 g/mmol

MW: 158.20 g/mmol MW: 98.15 g/mmol MW: 238.33 g/mmol
mmol: 1.0 mmol mmol: 1.1 mmol MW: 18.20 g/mmol
Weight: 158.20 mg Weight: 107.97 mg

mmol: 0.28 mmol
Weight: 66.73 mg

*N. A. Harry, T. Shilpa, S. M. Ujwaldev and G. Anilkumar J. Heterocycl. Chem. 2021, 58, 1, 375-
381.78

Due to the absence of data, it has been postulated the quantity of ethyl acetate/hexane used for
purifying via column chromatography on silica gel (NO DATA) the desired product. All the factors
that contributed to the waste calculation were considered in the following way:

The quantity of solvents used for purifying the organic mixture is ascribable to the data reported
in the literature (W. C. Still, M. Kahn, and A. Mitra J. Org. Chem. 1978, 43, 14,2923-2925).7° We
chose as a model a 10 mm diameter column and a 9:1 mixture of Hexane:EtOAc as reported in the
paper (ARyr == 0.2). The theoretical quantity of eluent necessary for the purifying step is 100 mL,
so the relative amounts of EtOAc and Hexane are 10 mL and 90 mL, respectively. By exploiting
their densities, this procedure's waste can be easily calculated.

Work up: extraction with EtOAc (40590 mg) column chromatography with EtOAc (9020 mg),
hexane (58950 mg) and silica (20000 mg)

Mass of desired useful product

Atom Economy =

Mass of total waste

Total Mass of all reactants

_9.82+40590.00 + 3000.00 + 18.02 + 19.02 + 87970.00

66.73
158.20 +98.15

x 100 =93%

Environmental Factor =

Mass of desired product

actual mass of desired product

Reaction Mass Efficiency =

mass of reactants

66.73

66.73

158.20 + 107.97

x 100 =25%

=1972.23

Table 3.8. Calculation of Ecoscale score for solution-based preparation of 4q*

Reagents MF ‘ MW mmol Weight (g) ‘
1,8-diaminonaphtalene CioHioN> 158.2028 1.00 0.1582 1.00
Cyclohexanone CeH 100 98.14 1.10 0.2224 1.10
p-toluensulphonic acid C7H10SO4 190.22 0.10 0.0190 0.10
Products MF ‘ MW mmol Weight (g) ‘ Eq.
1 ',3’—Dlhydrosp1'r0'[cyclohexane— CreHiNs 238 33 0.28 0.0667 28%
1,2'-perimidine] (4q)
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Entry Parameters Penalty Points

1 Yield (98%) -36
2 Price/availability -5
3 Safety 0
4 Technical set-up (Common set-up) 0
5 Room temperature (< 24h) -3
6 Work-up and purification -10
EcoScale score 46

#Values calculated using the eco scale calculator software available at the link:
http://ecoscale.cheminfo.org/calculator

3.8. Conclusions

In the past, Bertagnini’s salts were commonly employed as reagents for the removal or purification
of aldehydes and ketones from crude reaction mixtures. Owing to their general insolubility in
organic solvents, their application in organic synthesis has remained relatively underexplored, and
their efficacy has often been inconsistent. More recently, Bertagnini’s salts have been applied in
mechanochemistry as solid surrogates for aldehydes and ketones. In this context, the limitations
arising from poor solubility are eliminated, thereby providing new opportunities for synthetic
utilization. The present study demonstrates that Bertagnini’s salts can successfully replace liquid
carbonyl compounds in classical reactions involving aldehydes or ketones. By overcoming
disadvantages such as the need for column chromatography and laborious workup procedures, this
strategy affords the desired products in yields ranging from 38-91%. Bertagnini’s salts with
electron-donating and withdrawing groups reacted efficiently to provide the desired heterocyclic
products, however bulky groups on the diamine severely hampers the efficient product formation.
Moreover, the potential of this class of compounds is highlighted through their application in
mechanochemical processes for the preparation of perimidine rings under thermal methods, as well
as through the introduction of bisulfite adducts of ketones, which considerably enhanced the
reactivity of these compounds.
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CHAPTER 4

From Fleece to Bonds: Mechanochemical Wool-Mediated C—C Bond
Formation

4.1. Sustainability in Modern Organic Synthesis: Challenges & Goals

In recent decades, environmental safety and preservation have emerged as pressing global
priorities, driven by the relentless and often harmful impact of human activity. Climate change,
deforestation, and pollution are just a few of the cascading challenges that have resulted from these
actions. Addressing such complex issues calls for urgent, coordinated strategies that not only
mitigate human impact but also promote sustainable practices and restore ecological balance.
Around the world, governments, organizations, and communities are taking meaningful steps to
tackle these problems. In the chemical sciences, this growing awareness has fuelled the rise of
green chemistry!®, an approach guided by twelve core principles’!! designed to reduce the
environmental footprint of chemical processes (Figure 4.1). Among these principles, the use of
renewable feedstock stands out as a key priority.!>!® Today, most organic compounds and solvents
still come from fossil fuels, raising serious concerns about long-term sustainability given their
finite availability. As a result, plant- and animal-based wastes are increasingly being explored as
renewable feedstocks, offering the potential to improve recyclability, reduce dependence on non-
renewable resources'” ¥, and move the chemical industry toward a more sustainable future.'

12 PRINCIPLES
OF

GREEN CHEMISTRY

©@ 6 0 0O @& 6

Atom Economy safe Chemicals safer Solvents Catalysis Pollution Prevention Reduce Derivatives

©O 0 0 0 & ©

Prevent Waste Less Hazardous Energy Efficient Renewable Feedstock  Degradable Accident Prevention

Figure 4.1. 12 Principles of Green Chemistry

The scale of the challenge is immense. According to the Global Waste Management Outlook
(GWMO), the world generated approximately 2.1 billion tons of municipal solid waste in 2020.%°
This waste stemmed largely from households, agriculture, industry, and construction. Against this
backdrop, transforming waste into value-added products is essential. Doing so requires a
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combination of effective waste-reduction strategies, innovative recycling technologies, and strong
policies that encourage sustainable consumption and production. Agriculture produces vast
amounts of plant and livestock waste each year. Over time, researchers and industries have
developed a variety of methods to convert these resources into useful products, delivering both
environmental and socio-economic benefits.?!"?¢ Within this context, the principles of the circular
economy central to the European Union’s sustainability agenda offer a valuable framework. This
model promotes sharing, reusing, repairing, refurbishing, and recycling materials to extend product
life cycles and reduce environmental impact, helping to close the loop between waste generation
and resource use.?’?’

4.2. Sardinian Wool: An Abundant Biopolymer at the Interface of Nature

Wool, a natural polymer obtained from sheep, is widely valued across the textile, construction, and
biomedical industries for its distinctive mechanical and physical properties.’® 3! Its primary
constituent is the protein keratin (up to 95%), a biopolymer composed of 18 amino acids such as
glycine, alanine, cystine, proline, and serine.’’* Among these, cystine plays a particularly
important role due to its sulfur content, which contributes significantly to the structural integrity
of the fiber (Figure 4.2). Higher cystine levels increase the sulfur content of wool, enhancing its
resistance to physical and chemical treatments and improving its overall physicomechanical
performance.>* However, certain sheep breeds yield low-quality fleece that lacks the fineness,
strength, or uniformity required for high-value textile applications. EC Regulation 1069/2009 and
EU Regulation 142/2011 impose strict sanitary requirements for the disposal of wool biomass®>-
37 posing significant challenges, particularly in Sardinia, where sheep farming and sheep-derived
products play a vital economic role.***! Due to the predominance of dairy breeds, much of the
fleece produced in Sardinia is of low quality for textile applications, leading to considerable
volumes of wool waste. Under current regulations, such waste incurs substantial disposal costs,
making its valorization both an environmental necessity and a socio-economic priority for the
region.*> 4

In this context, chemical processes play a crucial role in the valorization of wool waste. Wool,
primarily composed of amino acids, exhibits excellent binding affinities for metal cation centres.*
33.44.45 This is further supported by the isoelectric point of wool, which ranges between pH 4.5 and
5, indicating a strong affinity for cationic species.’® This property is particularly desirable for
constructing metal support for various reactions. Subsequently, wool-derived keratin powder has
been directly used for nitroaldol condensation reactions, as demonstrated by Diaz et al. However,
their procedure was limited by the utilization of toxic solvents and reagents, such as TBAB, which
reduces the green aspect of their methodology.*® 7 A reliable and environmentally friendly method
for wool valorization is therefore required. Additionally, determining the exact amount of keratin
in wool samples are subjected to sample source which can limit the practicability of wool mediated
chemical reaction. Thus, wool occur as a challenging reagent for chemical transformations.
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Figure 4.2. Wool: its source and composition

4.3. From Fiber to Function: Perspectives on Wool in Literature

Across literature, the catalytic potential of wool has been only sparingly explored. One of the
earliest studies was reported by Diaz and co-workers (Figure 4.3.a), who demonstrated the nitro-
aldol (Henry) reaction between aromatic aldehydes and nitromethane using keratin derived from
wool. The wool powder used in their work was commercially purchased and described only as
“keratin powder from wool,” leaving it un-clear whether it had been obtained by physical,
chemical, or combined processing.*® They proposed that the catalytic activity originated from
amino acid residues in keratin, thus establishing a sustainable protocol for the Henry reaction.
However, their procedure was limited by the utilization of toxic solvents and reagents, such as
TBAB, which reduces the green aspect of their methodology. In subsequent years, Emanuelsson
and co-workers also showed that wool fibers could catalyse the Henry reaction using a spinning
mesh disc reactor (SMDR).*8

Building on these findings, other efforts were directed toward designing wool-based catalysts. A
notable example was reported by Faroghi and co-workers, who prepared a solid acid catalyst by
oxidizing the S—S bonds in wool with KMnOj to generate sulfonic acid (—SOsH) functionalities
(Figure 4.3.b).* This modified fiber was successfully applied to the synthesis of 3,4-
dihydroquinoxalin-2-amine and 1,6-dihydropyrazine-2,3-dicarbonitrile derivatives, all obtained in
excellent yields. This work exemplifies an innovative and environmentally friendly application of
wool in solid acid catalysis. Furthermore, other studies have employed wool as a catalyst or as a
support for enzymes®® and metal catalysts®'* in various transformations. In such cases, wool-
infused catalysts were not only easy to separate from the reaction mixture but also enhanced
reactivity compared to the unsupported catalysts, by acting simultaneously as both a support and
a ligand. Despite these promising demonstrations, the catalytic utility of wool remains
underexplored, leaving significant opportunities for further investigation.
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Figure 4.3. Work by a) Diaz and co-workers; b) Faroghi and co-workers

4.4. Grinding Value into Fibers: Mechanochemical Wool Processing for Reactions

The exceptional work of Diaz and co-workers on keratin powder-mediated Henry reactions
demonstrates that the catalytic activity arises from the free amino groups present in amino acids.
These intrinsic functionalities, typically responsible for base catalysis, highlight the untapped
potential of protein-derived materials as natural organo-catalysts. In native wool, however, most
free amine groups from amino acids are inaccessible within peptide bonds, which restricts the
potential of the catalyst. Mechanochemical treatment through ball milling provides a solution to
this limitation by reducing the fiber size, thus exposing additional amino acid residues with their
free amine groups and increasing the surface area for reactants to bind with the catalyst.>>>7 As
free amino acids>®? are known to effectively promote a wide range of base-catalyzed reactions,
including aldol and Knoevenagel condensations, we focused on valorizing wool powder as a
sustainable, amino acid—derived catalytic material for these transformations, thereby bridging
biopolymer valorization with green mechanochemistry.53-6¢

4.5. Results and Discussions

4.5.1. Wool and Feather Sample Sourcing

White wool fibers were collected from Ittiri, a town in the northern region of Sardinia, and black
wool was sourced from Guspini, located inland on the island. Chicken feathers were obtained from
Concimi-Bio, and the wool was obtained from Sechi Farm, which adheres to strict animal welfare
standards. Shearing, a humane and necessary practice, was carried out without causing distress to
the animals; in fact, it is essential for their health, as unshorn sheep are prone to parasitic infections
and heat stress during Sardinia’s hot summers, conditions that can become life threatening. All
fibers were obtained in their raw form and subsequently subjected to mechanochemical treatment
in our laboratory.
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4.5.2. Mechanochemical Processing of Wool and Feather Samples

To ensure their suitability for mechanochemical valorization, wool and feather samples underwent
careful purification and preparation. The raw fibers were first thoroughly washed with tap water
and soap to remove hydrophilic impurities, followed by successive rinses with heptane and acetone
to eliminate residual hydrophobic contaminants. Furthermore, acidified wool was prepared by
soaking wool in a 10% HCI solution for 2 days. After several washing cycles, the cleaned fibers
were dried either under an infrared lamp or in an oven overnight, yielding pristine starting material.
The long fibers obtained from both untreated and acid-treated sources were finely cut to produce
short wool fibers (WF) and feather fibers (FF), which were subsequently ball-milled. Optimal
grinding conditions were achieved using a planetary ball mill, where 3.00 g of cut fibers were
processed in a 20 mL zirconia jar containing zirconia balls (5 mm x 35, my = 13.75 g), affording
fine powders. Through this procedure, black wool powder (BWP), white wool powder (WWP),
and feather powder (FP) were successfully obtained, providing well-defined biopolymer powders
as renewable catalytic materials. Acidified white wool powder (WWP.HCI) and acidified black
wool powder (BWP.HCI) were prepared using similar methods.

4.5.3. FT-IR Analysis of Mechanochemically Treated Wool

Fourier-transform infrared (FT-IR) spectroscopy was used to evaluate the secondary structures of
wool samples subjected to various mechanical and chemical treatments. Spectrum A (Figure 4.4A)
corresponds to black wool fibers, powders, and acid-treated powders, while Spectrum B (Figure
4.4B) represents the corresponding white wool samples.®’” In Spectrum A, all black wool
specimens—including fibers (BWF), powders (BWP), and powders treated with 10% HCI
(BWP(HCI))—exhibited a characteristic amide I band at 1657 cm™, which was assigned to the
C=O0 stretching vibrations of a-helical structures. A pronounced band at 1543 cm™, attributed to
amide II vibrations (N—H bending coupled with C-N stretching), and an additional band at 1635
cm!, characteristic of B-pleated sheet structures®’, were consistently observed. The persistence of
these signals across all treatments demonstrates that neither mechanochemical processing (ball
milling) nor acidic conditions disrupt the intrinsic secondary structure of the black wool keratin.
Comparable features were identified in Spectrum B for the white wool samples, with o-helical®®
and B-sheet structures evident at 1540 and 1635 cm™, respectively. Thus, both black and white
wool exhibit remarkable resistance to structural alterations under the applied mechanical and
chemical treatments, underscoring the robustness of keratin’s secondary architecture and
demonstrating the effectiveness of milling in reducing the particle size of the wool samples.
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Figure 4.4. FT-IR spectra of wool samples; Spectrum A: black wool fibre (BWF), black wool powder (BWP) and acid
treated black wool powder (BWP(HCI)); Spectrum B: white wool fibre (WWF), white wool powder (WWP) and acid
treated white wool powder (WWP(HCI))
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4.5.4. SEM Analysis

SEM-EDX analysis was conducted on WWF, WWP, WWP(HCI), BWF, BWP, and BWP(HCI) to
investigate the morphological alterations induced by mechanical and chemical treatments. Low-
magnification images (<250 um) revealed fragmented fiber particles with roughened surfaces
(Figure 4.5). In the powdered samples, distinct longitudinal features remained visible, indicating
the partial retention of the fibrous architecture despite milling. Notably, acid-treated samples
(WWP(HCI) and BWP(HCI)) exhibited similar pronounced granular roughness with traces of the
original fibrous network (Figure 4.6). The heterogeneous morphologies, characterized by cracks
and granular domains, confirmed that ball milling promoted significant fiber breakage and surface
roughening. These modifications are expected to increase the surface area and expose reactive sites
on keratin, thereby enhancing chemical accessibility while preserving the overall fibrous
framework, which is consistent with the FT-IR analysis. Comparative SEM—EDX analyses of
WWP, WWP(HCI), BWP, and BWP(HCI) revealed that the elemental compositions of both white
and black wool powders remained largely unchanged after acid treatment. The major constituents
(C, N, O, and S) were preserved, confirming that the keratin framework is chemically stable under
the applied conditions of this study. However, in the acid-treated samples, a detectable chlorine
signal was observed, most likely arising from residual HCI.

b

Figure 4.5. SEM images for wool samples before and after the treatment, a) White Wool Fiber (WWF); b) White
Wool Fiber (WWF) — magnification; ¢) White Wool Powder (WWP); d) Black Wool Fiber (BWF); e) Black Wool
Fiber (BWF)— magnification; f) Black Wool Powder (BWP)
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Figure 4.6. SEM images for wool powder samples with and without HCI treatment, a) White Wool Powder (WWP);
b) White Wool Powder (WWP) — magnification; ¢) White Wool Powder-HCl (WWP-HCI); d) Black Wool Fiber
(BWP); e) Black Wool Powder (BWP) — magnification; f) Black Wool Powder- HC1 (BWP-HCI)
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Figure 4.7. SEM-EDX analysis for white wool powder (WWP)
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Figure 4.8. SEM-EDX analysis for white wool powder treated in HCl [WWP(HCI)]
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Figure 4.9. SEM-EDX analysis for black wool powder (BWP)
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Figure 4.10. SEM-EDX analysis for black wool powder treated in HC1 [BWP(HCI)]

4.5.5. Aldol Reaction

The catalytic efficacy of wool was initially evaluated by a model transformation. The aldol addition
between cyclopentanone (la) and 4-nitrobenzaldehyde (2a) was selected to obtain the
corresponding aldol product (3aa) in the presence of white wool powder. The optimal conditions
were determined to be 2a (0.2 mmol), 1a (1.00 mmol), 98 pL of water, and 50 mg of white wool
powder (WWP), which was gently stirred at room temperature for seven days. Under these
conditions, the reaction was successfully carried out, and the aldol product was obtained in 98%
yield (Table 4.1, entry 1). Deviations from the standard conditions were also studied.

The stoichiometric ratio for the aldol reaction was initially fine-tuned, and it was found that the
reaction proceeded efficiently with a tenfold excess of 1a (entry 2, Table 4.1). Interestingly, halving
this amount did not significantly diminish the yield, allowing a 1:5 ratio of 2a to 1a to be adopted
as the standard to minimize waste (entry 1, Table 4.1). Further reductions in the quantity of 2a
resulted in markedly lower yields than those under the optimized conditions. Notably, when the
amount of WWP was decreased from 50 mg to 25 mg, the conversion to 3aa dropped dramatically
from 98% to 47% (entry 3, Table 4.1), indicating that 50 mg of WWP was the minimum required
to achieve efficient catalysis for this transformation. Comparable results were obtained when
WWP was replaced with black wool powder (BWP) or chicken feather powder (FP), further
supporting the role of keratin powder in the reaction (entries 4 and 5, Table 4.1).
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When WWP(HCI) was employed instead of WWP, the yield of 3aa decreased dramatically (entry
6, Table 4.1), indicating that ionizable nitrogen-containing side chains play a pivotal role in the
reaction, further supporting an enamine-mediated catalytic pathway. Shortening the reaction time
from seven to four days also led to a marked decrease in conversion, with the yield of 3aa
decreasing to 61% (entry 7, Table 4.1). The reaction in the presence of WWF instead of WWP
resulted in significantly lower yields than WWP (entry 8, Table 4.1), suggesting the significance
of the mechanical treatment of wool fibers. This effect can be attributed to the increased surface
area and abundance of active sites generated upon grinding the keratin fibers, while the primary
and secondary protein structures remain largely intact, as confirmed by the FT-IR spectra and SEM
analysis of the treated samples (Figure 4.4 to 4.6). Finally, the analysis of different solvent
conditions and a controlled temperature of 40 °C did not provide any significant advantage (entries
9-13, Table 4.1), likely due to the hydrophilic-hydrophobic balance between the wool powder and
reagents.

Table 4.1. Screening for wool mediated aldol reaction

o o ”! OH o
Wool/ Feather
H powder *
+ —_—
Solvent, T°C
O,N Stirring, time O,N
1a 2a 3aa

Deviation from Standard Conditions NMR Conversion

1 None 98% ™"
2 10 mmol of 1a 99%°
3 25mg of WWP instead of 50mg of WWP 47%°
4 50 mg of BWP instead of WWP 93% ¢
5 FP instead of WWP 95% >4
6 50 mg of WWP(HCI) instead of WWP 23%"°
7 4 days of reaction time instead of 7 days 61%"
8 50 mg of WWF instead of WWP 7%°
9 1 mL of H,O instead of 98 uL of H,O 58%©°
10 98 uL of DMSO instead of H,O —

11 98 uL of EtOH instead of H,O -

12 98 pL of EtOAc instead of H,O 12%°
13 40°C instead of rt 80%"
14 No WWPs -

2 Reaction Conditions: 2a (0.20 mmol), 1a (1.00 mmol), water (98 pL), and 50 mg of white wool powder were gently
stirred at r.t. for 7 days; NMR conversion was calculated using trimethoxybenzene as an internal standard; °
approximate diastereoisomer ratio (anti/syn = 0.4:1); ¢ approximate diastereoisomer ratio (anti/syn = 0.5:1); ¢
approximate diastereoisomer ratio (anti/syn = 0.5:1); © the reaction was monitored for 10 days.

The efficacy of the protocol was verified by extending the substrate scope of the wool powder-
mediated aldol reaction (Scheme 4.1). Aldehydes with electron-withdrawing groups 2a—f reacted
efficiently with cyclopentanone 1a to give the desired products. For instance, para-substituted
aldehydes with nitro (2a) and nitrile (2¢) groups afforded excellent yields of 98% and 87%,
respectively. Benzaldehydes with para—halogen substituents (2d and 2f) provided moderate to
good yields of 73% and 64%, respectively. In contrast, an electron-donating group at the para—

Page | 69



position (2 g) resulted in a significantly lower yield of 43% compared to its electron-withdrawing
analogues. The positional effect of substituent groups on the benzaldehyde ring from para— to
meta— position yielded comparable yields. However, for aldehyde 2e, a significant drop in yield
was observed compared to its para-substituted counterpart (2d). Similarly, ortho-methyl
substitution (2i) led to a reduced yield of 33% compared to para— and meta—isomers. The reaction
of 1a with a heteroaryl aldehyde (2m) also proceeded smoothly, affording the product in an
excellent yield of 70%. Changing the ketone to cyclohexanone (1b) and cycloheptanone (1¢) with
2a resulted in smooth conversion to products 3ba and 3ca with yields of 96% and 83%,
respectively. The reactions performed with black wool powder (BWP) and feather powder (FP)
resulted in similar yields and diastereomeric ratios. Notably, for benzaldehydes 2a and 2i, an
inverted diastereomeric ratio (syn/anti = 1:0.6) was obtained using black wool powder (BWP)
instead of white wool powder (WWP).

Aldol Reaction OH o
0

Wool/ Feather
{ powder (50 mg) { X
—_— R_
! 20 (98 L), L

Stirring, 7days
3aa-3ca
----------------------------------------------------------- SubstrateScope ettt ittt ittt it
OH£ OH 0
3aa (98%), d.r. (1:0.4) 3ac (87%), d.r. (1:0.47) 3ad (73%), (1:0.87) Saf (64%), d.r. (1:0.78) 3ag (43%), d.r. (1:0.9)
3ab (91%), d.r. (1:0.65) 3ae (30%), d.r. (1:0.67) 3ah (40%), d.r. (1:1) 3ai (33%), d.r. (1:1) 3am (70%),
3ba(96/)dr(1081 3ca(83/)dr(11

Scheme 4.1. Substrate scope for wool-mediated aldol reaction. Reaction conditions: 1 (1.00 mmol), 2 (0.2 mmol),
water (98 pL), and 50 mg of white wool powder were gently stirred at r.t. for 7 days, and the yields of the products
were calculated after filtration through a paper filter using ethyl acetate (EtOAc) and concentrated under reduced
pressure.

4.5.6. Nitro-Aldol Reaction

Following the successful synthesis of aldol products using wool powder, efforts were made to
extend the methodology to the nitro-aldol reaction (Henry reaction). Based on the findings from
the wool powder-mediated aldol reaction, initial reaction screening for the Henry reaction was
carried out using 4-nitro benzaldehyde (2a) and nitromethane (4) as model substrates in the
presence of white wool powder (WWP). Initial screening was carried out with 2a (0.2 mmol), 4
(2.0 mmol), 98 pL of water, and 50 mg of white wool powder (WWP) and the reaction progress
was monitored using TLC. The optimal conditions were determined to be 2a (0.2 mmol), 4 (2.0
mmol), 98 uL of water, and 50 mg of white wool powder (WWP), which was gently stirred at room
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temperature for 24h. Additionally, with the decrease in WWP from 50mg to 25mg failed to provide
full conversion to the product.

Nitro-aldol Reaction .
o w/ on

Wool/ Feather NO
X H powder (50 mg) X 2
R + —NO, —————— > R+
= H,0 (98 L), rt. =

Stirring, 24h
2a-m 4 5a-5m
----------------------------------------------------------- SubstrateScope B ittt ettt ittt
a (93%) c (95%) 5d (64%) f (61%) 59 (47%) k (35%)
OH
\©)\ _NO, CI\©)\ : l : l _NO,
NO,
(90%) (58%) 41% (30%) m (66%)

Scheme 4.2. Substrate scope for the wool-mediated Henry reaction. Reaction conditions: 4 (2.00 mmol), 2 (0.2 mmol),
water (98 uL), and 50 mg of white wool powder were gently stirred at r.t. for 24h and yields of the products were
calculated after filtration through a paper filter using ethyl acetate (EtOAc) and concentrating under reduced pressure.

With the optimization conditions established, nitroaldol reaction proceeded efficiently with
aldehydes bearing electron-withdrawing groups (Scheme 4.2). Para-substituted benzaldehydes
containing electron-withdrawing substituents (2a—f) afforded excellent yields (61-93%). In
contrast, para-substituted aldehydes with electron-donating groups (2 g and 2Kk) yielded noticeably
lower yields. Analysis of the positional effects showed that moving the substituents from the para
to the meta position resulted in comparable yields, whereas ortho-substitution significantly
decreased the efficiency, yielding only 41% (5i) and 30% (51). Interestingly, heteroaromatic
aldehyde 2m reacted smoothly with 4 to furnish the nitro-aldol product in a good yield of 66%.
Black wool and chicken feather powders were also used to assess the products, and comparable
outcomes were obtained. The product evolution over time for the nitro-aldol reaction using
aldehyde 2a was monitored until the completion of the reaction, as determined by GC-MS (Figure
4.11).
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Figure 4.11. Product evolution over-time for Sa, determined through GC-MS

4.5.7. Knoevenagel Reaction

Building upon our pre-established optimized conditions for aldol and nitro-aldol reactions, we
shifted our focus to wool powder-mediated Knoevenagel reactions using 4—nitro benzaldehyde
(2a) and dicyanomalonate (6) as model substrates along with WWP. To circumvent purification by
column chromatography, a stoichiometric amount of 2a (0.2 mmol), 6 (0.2 mmol), 98 puL of water,
and 50 mg of white wool powder (WWP) were gently stirred at room temperature for 14 days to
obtain the Knoevenagel product. Unfortunately, a very low yield of the Knoevenagel product (8%)
was observed in the NMR spectra, which can be attributed to the final dehydration process
associated with the formation of Knoevenagel products (entry 1, Table 4.2). Therefore, a series of
solvents were screened using the same methodology. Excellent yields of Knoevenagel products
were observed in the presence of alcoholic solvents, with absolute ethanol delivering the best result
(entry 6, Table 4.2), affording the Knoevenagel product with a 98% yield in NMR.
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Table 4.2. Solvent screening for wool mediated Knoevenagel reaction

0 w7

Wool/ Feather _CN
H NC___CN powder (50 mg) /©/§I
+ —_—
Solvent (98 pL), r.t. CN
(98 uL) ON

O2N 2a 6 Stirring, 14 days 2 8a
Entry | Solvent Selection NMR Conversion *
1 Distilled H,O 08%
2 n-Hexane 23%
3 Toluene 20%
4 EtOAc 73%
5 MeOH 96%
6 Absolute EtOH 98%
7 2-MeTHF 58%

aReaction Conditions: 2a (0.20 mmol), 6 (0.20 mmol), solvent (98 puL), and 50 mg of white wool powder were gently
stirred at r.t. for 7 days, NMR Conversion was calculated using trimethoxy benzene as internal standard

( Knoevenagel Condensation J

le) (o] ”:J o}
NC Wool/ Feather CN
X H NC CN N powder (50 mg) XX N
NS | s
R— + or e —— R | or Ry |
_ Ethanol (98 pL), r.t. — CN % CN
Stirring, 14 days

----------------------------------------------------------- Substrate Scope

N _C ~-CN rCN  ON N
| | I
NG CN CN CN

8a (96%) 8c (89%) 8f (62%) 8j (51%) 8b (91%)
Me - CN - CN
I I
CN CN
cl
8h (72%) 8i (45%) 8n (38%)
9a (99%) 9g (47%) f (56%) j (23%)
d (69%) h (71%) 9i (43%)

Scheme 4.3. Substrate scope for the wool-mediated Knoevenagel reaction. Reaction conditions: 2a-n (0.2 mmol), 6
or 7 (0.2 mmol), absolute ethanol (98 uL), and 50 mg of white wool powder were gently stirred at r.t. for 14 days and
yields of the products were calculated after filtration through a paper filter using ethyl acetate (EtOAc) and
concentrating under reduced pressure.
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Based on the optimized reaction conditions, the efficacy of the protocol was further verified by
extending the substrate scope (Scheme 4.3). Benzaldehyde derivatives with electron withdrawing
groups at para-position (2a-f) reacted efficiently with dicyanomalonate (6) to prove excellent
yields, whereas aldehyde with —OH substitution at para-position provided significantly less yield
of Knoevenagel product (51%). Similar to previous observations regarding the positional effect of
substitutions in wool powder-mediated aldol and nitro-aldol reactions, meta-substituted aldehydes
provided comparable yields of Knoevenagel products. Similarly, ortho-substituted aldehydes
reacted poorly compared to their para- and meta-substituted counterparts. Aldehydes 2i and 2n
yielded 45% and 38% of the product, respectively, when reacted with 6. A similar trend was
observed when dicyanomalonate (6) was substituted with benzoylacetonitrile (7). Overall, a broad
scope of benzaldehyde derivatives (2a—n) furnished the Knoevenagel products in yields ranging
from excellent (96%) to moderate (38%), with meta-substituted substrates performing comparably
to their para-substituted counterparts and ortho-substituted substrates showing consistently
diminished reactivity.

4.6. Gram—Scale Reaction and Recyclability

The recyclability of wool powder is a critical parameter for evaluating the sustainability and
practical utility of wool-mediated aldol, Henry, and Knoevenagel reactions. Reusable catalytic
systems not only minimize waste generation and operational costs but also align with the principles
of green chemistry by reducing the reliance on non-renewable resources. To demonstrate this, a
recyclability study was performed using WWP for gram-scale aldol reactions. For the reaction
cycles, 4-—nitrobenzaldehyde (6.7 mmol) along with cyclopentanone (33.5 mmol) and WWP (1.7
g) was used, and the recovered WWP was used for the next reaction cycle up to five reaction cycles
(Scheme 4.4). This study confirmed that WWP can be successfully recycled to promote aldol
product formation across multiple runs (Figure 4.12). Furthermore, the linear relationship between
the yield of aldol product 3aa and the progressive mass of WWP during recovery suggests that
both the material integrity and effective quantity of wool powder play a decisive role in governing
the reaction outcome (Figure 4.13, R?=0.99905).

Table 4.3. Gram—scale reaction recycling experiments

Weal= S g

Stlrrlng 7 days

Entry \ Cycle Recovered WWP (%) Isolated Yield *
1 1* Cycle 100% 95%
2 2™ Cycle 90% 90%
3 31 Cycle 78% 73%
4 4™ Cycle 65% 55%
5 5t Cycle 58% 43%
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(Gram—scale Synthesis and Recyclability)

o o
H WWP (1.7 g) * &
+ —_—
H,0 (3 mL), r.t.
O,N O,N

Stirring, 7 days 2
1a 2a 3aa

5th Cycle 1st Cycle
Recovered WWP = 0.47g (58%) Recovered WWP = 1.7g (100%)
Yield of 3aa = 43% Yield of 3aa = 95%

4th Cycle 2nd Cycle
Recovered WWP = 0.79g (65%) Recovered WWP = 1.53g (90%)
Yield of 3aa = 55% Yield of 3aa = 84%

3rd Cycle
Recovered WWP = 1.19g (78%)
Yield of 3aa = 73%

Scheme 4.4. Reaction conditions: 1a (33.5 mmol), 2a (6.7 mmol), water (3 mL), and 1.7 g of white wool powder were
gently stirred at r.t. for 7 days and yields of the products were calculated after filtration through a paper filter using
ethyl acetate (EtOAc) and concentrating under reduced pressure.

100 ° ® Mass Recovery of Wool
| ® Yield of 3aa (%)
90 ®
. ) °
X 80
[0} 4
o
I 704
| =
g .
[ 4
a 60 .
1 o
50
1 [
40
I ! T T T T T T T
1 2 3 4 5

Number of Cycles

Figure 4.12. Mass of recovered WWP with respect to number of cycles for the product formation of 3aa
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Figure 4.13. Comparison between recovered WWP over 5 cycles and yield % of product 3aa

4.7. Conclusion

This chapter demonstrates the potential of Sardinian wool as a renewable and sustainable catalytic medium
for diverse organic transformations. Owing to its keratin content and abundance of functional groups, wool
offers distinct advantages in heterogeneous catalysis, as evidenced by its efficacy in promoting aldol, nitro-
aldol, and Knoevenagel reactions under optimized conditions. Our studies revealed that stoichiometry,
catalytic support composition, and mechanical processing critically influence catalytic performance, while
FT-IR and SEM-EDX analyses confirmed that the structural integrity of wool was largely preserved across
treatments. Comparative studies on chicken feathers further emphasize the broader applicability of keratin-
based biomaterials. Beyond their chemical relevance, these findings highlight the economic and
environmental significance of valorizing locally sourced wool, transforming an agricultural waste stream
into a functional material that directly supports the principles of circular economy. Importantly, the
application of mechanochemical treatment has proven pivotal in enhancing the catalytic properties of wool,
illustrating its potential as a powerful tool for biopolymer valorization. Whereas the conventional paradigm
regards such residues as disposable waste, mechanochemistry offers an alternative pathway that not only
facilitates the controlled degradation of complex biomaterials but also redefines them as valuable resources
for sustainable organic synthesis. Thus, the mechanochemical activation of wool waste represents a
paradigm shift in how waste is perceived, managed, and integrated into chemical value chains, opening a
new frontier for green chemistry and circular resource utilization.
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CHAPTER 5

Grinding Hydrogen into Action: Mechanochemical Borrowing
Hydrogenation of Amines

5.1. The Centrality of C—N Bond Formation

Nitrogen-based compounds, particularly N—alkylated amines and heterocycles, are indispensable
as intermediates and final products in the synthesis of diverse drugs, agrochemicals, and advanced
functional materials, highlighting their exceptional versatility and significance in driving modern
chemical and pharmaceutical innovation.'"> These molecules serve as the backbone of numerous
therapeutic agents, exhibiting critical properties such as antihypertensive, anti-inflammatory,
antitumor, and antimigraine effects, as well as providing relief from chronic respiratory infections
(Figure 4.1). Considering their crucial importance in healthcare and medicine, the development of
effective C—N bond strategies remain a highly sought-after objective in synthetic chemistry.®1°
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Figure 5.1. Pharmaceutically relevant N—alkylated amines and N-heterocycles

Despite their indispensable utility, conventional N-alkylation protocols face significant
limitations, primarily because of their reliance on hazardous alkyl halides.!!!* This dependency
results in poor atom economy, formation of undesired side products, and generation of substantial
stoichiometric waste, which compromise safety and undermine both the efficiency and
sustainability of the process.!” In response, the use of alcohols as alkylating agents has attracted
considerable interest owing to their easy accessibility, cost-effectiveness, and favourable
environmental profiles'® !, which include their origin from biomass feedstocks'® !°. However,
their application remains limited by their inherently low electrophilicity.
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5.2. Borrowing Hydrogenation (BH): A Sustainable Milestone

The pioneering work of Watanabe?® and Grigg?! paved the way for the use of alcohols as alkylating
agents for N-heterocycle synthesis and N—alkylation using metal catalysis. Their work initiated
the development of the borrowing hydrogen (BH) strategy, which has since emerged as a
cornerstone of sustainable catalytic organic synthesis (Figure 5.2.a).2*” The BH reaction involves
the initial dehydrogenation of an alcohol to generate a reactive carbonyl intermediate, which then
undergoes nucleophilic attack by the hydride donor. The hydrogen atoms removed during the
dehydrogenation step are subsequently returned in-sifu via [M—H:] species, producing water as the
sole byproduct and completing a closed-loop catalytic cycle with minimal waste (Figure 5.2. b).
On a commercial scale, BH strategies eliminate the need for external hydrogen gas, thereby
avoiding the safety risks and logistical challenges associated with pressurized hydrogen gas
cylinders.?® 2° These methods not only improve operational safety and broaden the scope of
synthetic transformations but also offer a more sustainable alternative for C—N bond formation.

(- ) G . O
(<. 0 ©

NH2 RUCI,(PPhs); (1 mol%) NS : RhH(PPh3), (5 mol%) H

UL Ns)s (T Mot ! R—NH, e PTOR, NS
—OH 1 —OH

180°C, 5h ' 65°C, t

.....................................................................................................

NucH, H,O

Figure 5.2. a) BH reaction by Watanabe and co-workers; b) BH reaction by Grigg and co-workers; c¢) Reaction
mechanism of BH

5.2.1. Evolution of BH Strategies in N-Alkylation Chemistry

The remarkable advantages and broad applicability of BH reactions have spurred extensive studies
on the development of efficient homogeneous catalytic systems using various noble metal
complexes for the N—alkylation of amines, leading to several key improvements over classical
approaches.?: 30 After the resurgence of the BH strategy in the early 2000s, Gusev et al. developed
an osmium-catalyzed BH strategy for amines under base-free and low catalyst loading
conditions.>! Remarkably, their methodology enabled the N-alkylation of amines with both
aromatic and aliphatic amines and alcohols, delivering high yields. However, one of the drawbacks
of their methodology is the use of extremely high temperature (200 °C) for an extended period of
30 h, which makes this process very energy-intensive (Scheme 5.1).
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Scheme 5.1. Gusev and co-workers’ methodology for Osmium catalyzed BH reaction for N—alkylation of amines

During the same period, Ramoén et al. developed a palladium salt-catalyzed methodology for N—
alkylation, in which the BH transformation was promoted by the addition of a stoichiometric
amount of CsOH as the base in toluene.? Moreover, their methodology was utilized for the N—
alkylation of amides and sulfonamides. Although this strategy represented a significant
improvement over previous attempts, it still required high temperature (150°C), hydrocarbon
solvent (toluene), and long reaction time (12h). Additionally, the methodology was effective only
for aromatic amines and alcohols, thereby limiting its applicability (Scheme 5.2).

NH (0.5 mol%) N R
X 2 QL CsOH (1 eq.) g - Pd(OAQ)
R *OHOT Ry R
= 150°C, Toluene, 12h =

Scheme 5.2. Ramoén and co-workers’ take on Palladium catalyzed BH for N-alkylation

Enantioconvergent synthesis has garnered significant attention in the past decade. However,
enantioconvergent N—alkylation has remained a challenging aspect of BH chemistry and has only
recently begun to gain traction. In this context, Zhao et al. developed a base-free iridium-catalyzed
BH transformation for the annulation of racemic 1,4-diols and amines to access chiral N—
heterocycles with a TRIP ligand in cyclohexane.*® Although promising, this methodology suffers
from the use of hydrocarbon solvents, very long reaction time (20h) and moderately high
temperature requirements (Scheme 5.3).

-2 OH (2.5 mol% 2 O cpr
Ry . |\/\ _oH (R-TRIP (2.5 mol%) a |
| e r
= R; 85°C,Cy-H | NH\C'
4A MS (100 mg), 20h 2

Scheme 5.3. Iridium catalyzed enantioconvergent BH by Zhao and co-workers

In this context, room-temperature BH transformation has been largely unexplored in the literature.
In our previous attempt to develop a sustainable and practical BH methodology, we established a
room-temperature Ru-catalyzed protocol for the N-alkylation of amines in toluene.>* However,
high catalyst loading (2 mol%), long reaction time (24h) and the use of hydrocarbon solvents
(toluene) remain significant unaddressed limitations (Scheme 5.4). Additionally, this methodology
is only applicable to aromatic amines and cannot be used to obtain products from aliphatic amines.

NH. (2 mol%) F'Ph2
X 2 KOtBu (1 eq.)
R + HOT SR,—— > R~ N_R“—P
— 25°C, Toluene, 24h Phy

NH2

Scheme 5.4. Porcheddu et.al. in room temperature Ruthenium catalyzed BH for N—alkylation of aromatic amines.
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Recently, first-row transition metal catalysts have been reported in the literature for demonstrating
BH transformations, albeit requiring higher catalyst loadings, harsher reaction conditions, and
other operational limitations (Scheme 5.5).% 2% 336 One of the foremost studies was conducted by
Wills et al. using an iron-based catalyst in toluene for the N—alkylation of amines (Scheme 5.5.
a).>” However, this methodology utilizes a very high catalyst loading (7 mol%), extended reaction
time (48h), excess NaOH as the base (2 equivalents), and elevated reaction temperature (110°C).
Furthermore, this protocol uses toluene as a solvent and is only applicable to aromatic amines and
benzyl alcohols, demonstrating some concerning drawbacks in practical implementation. In the
same year, Kempe et al. developed a cobalt-catalyzed protocol for the same reaction in toluene
with a lower catalyst loading.*® The drawbacks of this protocol are the use of a moderately high
temperature (80°C) for an extended period (24h) and limited reactivity with only aromatic amines
(Scheme 5.5.). b). Additionally, the Co-based catalyst used in this protocol is not commercially
available, making the protocol less accessible to the broader scientific community. Building upon
previous attempts, a remarkable protocol was developed by Beller ef al. using a manganese-based
pincer complex in toluene (Scheme 5.5.¢).® Consequently, this method was modified to synthesize
N—methylated amines and indole. However, this method is only applicable to aromatic amines.
Additionally, moderately high temperature (80°C), use of toluene, and an extended reaction time
(24h) further increased the drawbacks. Subsequently, a photochemical approach for N—alkylation
of amines was established by Naka and co-workers (Scheme 5.5.d).>° They developed Cu— and
Au-infused TiO; as photocatalysts for N—alkylated amines in CPME under a Xe—lamp (A=365
nm). Although the reaction is carried out at room temperature, several significant drawbacks limit
its application, such as the use of an inert atmosphere, excess reagents (in cases up to 2500
equivalents of alcohol compared to amine), and in certain instances, very long reaction times (up
to 16h). Furthermore, this method is only applicable to aliphatic amines. Meanwhile, Adhikari et
al. used a nickel-based catalyst for BH-mediated N—alkylated amines in toluene for a range of
substrates (Scheme 5.5. e).* However, their procedure is limited to aromatic amines. Furthermore,
the requirement of high catalyst loading (7 mol%), elevated reaction temperature (130°C) for an
extended time (24h) and the use of hydrocarbon solvents are drawbacks of this method.

Consequently, Ru—- and Ir-based complexes remain the most widely adopted for BH processes,
encompassing a favourable balance between efficiency, sustainability, and practical feasibility.>"
34, 41,42 These limitations in various attempts at BH-mediated N-alkylation encourage further
improvement in such a transformative approach.?% 28 43-46

Page | 84



G Wills et.al. O

(10 mol%) _
NH, Me3NO (10 mol%

R. —
X NaOH (2 e e i =
Ry + HOT TRy ————————> _ NeoH@ed)
= 110°C, Toluene, 48h uFe

oc~
OC ~co

° Kempe et.al. C) HN
NH, (2 mol%) )\

R.
X KOtBu ( 1Zeq) i Ny Re
7 \
R1_I *oHo )\ /)\
v~ 80 C, Toluene, 24h

(IPr)zHP—Co——PH(/Pr)z

oc co
° Beller et.al. O Br P
\ /I r
NH (3 mol%) R P—
o AN 2+ o \R KOtBu(O756q) | N_ Rz O E //, ) iPr
A
L 80°C, Toluene, 24h / | \
lPr co
o Naka et.al. @ O
R NH, + HOO SR, —Z2MEZMY) o NP, @—O: CuITio, - AuITiO,
= H
(hv =365 nm)
25°C, CPME, t tBu

e Adhikari et.al. O N
N——Ph
NH (7 mol%) R -
A JO., _KoBu(025eq) « N Re ®  0- N| 0 Bu
R + HO R Ph—N,

= 130 C, Toluene, 24h

tBu
Scheme 5.5. Different approaches in BH for N—alkylated amines using first-row transition metal catalyst

5.3. Harnessing Mechanical Energy for BH

As laboratories and industries increasingly shift toward greener practices, a safer, milder, and more
energy-efficient BH methodology represents a significant achievement. In this regard,
mechanochemistry has emerged as a groundbreaking platform that offers solvent-free conditions
and exceptional energy efficiency.*’** Rapidly gaining prominence, this transformative approach
is redefining the manner, in which chemical reactions are conducted.’!>* Mechanocatalysis is a
specialized subset of catalysis in which mechanical force directly drives catalytic
transformations.>>%* This strategy has enabled a wide array of landmark reactions, including
Suzuki-Miyaura® % and Negishi cross-couplings®®, Mizoroki-Heck reactions®, olefin
metathesis®’, and Buchwald-Hartwig aminations®®, often surpassing the limitations associated
with conventional solution-based methods.®® Under mechanochemical conditions, the application
of mechanical force induces unconventional energy transfer pathways, profoundly affecting the
reaction kinetics, mechanistic trajectories, and interfacial phenomena. These effects frequently
diverge from those observed in solution-phase chemistry, thereby opening new avenues for
reactivity and selectivity. Mechanocatalysis is increasingly recognized as a powerful and versatile
tool for sustainable chemical innovation.
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This chapter discusses the first solid-state mechanochemical ball-milling approach for BH
reactions, enabling the solvent-free synthesis of N—alkylated amines and heterocycles at ambient
temperature with minimal catalyst loading, using a commercially available Ru-based catalyst.”%73
This advancement enhances sustainability and operational efficiency. Beyond synthetic
methodologies, this chapter delves into mechanistic investigations through kinetic isotope effect
(KIE) analysis and Hammett studies, providing deeper insights into the underlying reaction
pathway.

5.4. Results and Discussions

5.4.1. Mechanochemical BH Mediated N-Alkylation of Aromatic Amines

To develop an efficient mechanochemical BH methodology, an initial screening was conducted
using a series of commercially available transition metal catalysts, with a primary focus on Ru-
based pincer complexes known for their proven efficacy in transfer hydrogenation and acceptor-
less dehydrogenation reactions (Figure 5.3).”> 7* The initial catalyst screening for the room-
temperature mechanochemical BH reaction was performed in a 10 mL zirconia milling jar
containing a single 10 mm zirconia ball (2.87 g). The reaction mixture consisted of p-anisidine
(1a, 1.0 mmol), n-pentanol (2a, 1.0 mmol), and potassium fert-butoxide (KO7Bu, 2.0 mmol).
Milling was conducted for 4 h at 30 Hz using a Retsch MM-500 Vario ball mill (Table 5.1).

Among the evaluated catalysts, the ruthenium complexes bearing phosphine ligand frameworks
exhibited the highest performance. Notably, Ru-MACHO ([Ru]-1) exhibited the highest catalytic
efficiency under mechanochemical BH conditions (entry 1, Table 5.1). In contrast, Ru-MACHO-
BH ([Ru]-2) exhibited reduced activity (entry 2, Table 5.1). Interestingly, cis-[RuClz(dppf)(ampy)]
([Ru]-3), which was previously reported to facilitate BH reactions at room temperature in solution,
achieved good conversion under ball-milling conditions (entry 3, Table 5.1). Conversely, the
Milstein catalyst ([Ru]-4) and RuCL[(R)-xylbinap][(R)-daipen] ([Ru]-6), despite their well-
documented efficacy in the dehydrocoupling reactions of alcohols and amines, showed limited
reactivity in the mechanochemical setup (entries 4 and 6, Table 5.1) which could be attributed to
lack of solvent-based stabilization of the catalyst under mechanochemical conditions.”” Other
tested catalysts provided only poor to moderate conversions under similar conditions. In contrast,
the use of first-row transition metal catalysts resulted in no observable product formation under
mechanochemical conditions (Table 5.1).

Building upon the promising performance of Ru-MACHO, the impact of reducing its catalyst
loading from 2 mol% to 0.05 mol% was investigated. Under these conditions, complete conversion
was still achievable, albeit requiring an extended milling time of 6h instead of 4 h (entry 2,Table
5.2). The influence of the base-to-alcohol ratio on the reaction outcome was monitored for further
refinements. Reducing the loading of KO7Bu from 2.0 to 1.0 equivalent had no detrimental effect
on the yield (entry 3, Table 5.2). However, further reduction significantly impaired the reaction
efficiency, and using 0.5 equivalents of base resulted in a yield of only 50% ( entry 4, Table 5.2).
These findings are consistent with those observed in solution-phase systems, where the base
concentration plays a critical role in modulating the formation rate of the alkoxide intermediate
and the overall reaction kinetics.”®
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Figure 5.3. Complexes and ligands for catalyst screening of N—alkylation using mechanochemical BH strategy

The methodology was successfully scaled up under standard milling conditions, affording the
product in excellent yield (entry 5, Table 5.2). Under these optimized conditions, a turnover
number (TON) exceeding 2000 and a turnover frequency (TOF) of 0.0936 s™' were achieved,
demonstrating the high efficiency of the catalyst.”” When the milling frequency was reduced to 15
Hz, product formation was still observed, albeit at a lower yield (entry 6, Table 5.2). The choice
of base was found to be critical for the mechanochemical transformation. The substitution of
KO7Bu with sodium methoxide (NaOMe) led to a significant decrease in the yield (26%) and the
formation of a 5% N-methylated byproduct (entry 7, Table 4.2). Weaker bases, such as potassium
hydroxide (KOH) and potassium carbonate (K2CO3), failed to promote the reaction (entries 8— and
9, respectively, Table 4.2).
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Table 5.1. Catalyst Screening for Mechanochemical N—alkylation of amines with BH strategy

o

(2 mol%)

g (4o (NN
e EEL
MeO MeO
1a 2a Zirconia jar (10 mL) 3aa
Zirconia ball (10 mm x 1)
30Hz, 25°C, 4h
Complex/Metal Salt Conversion of 3aa *®
1 [Ru]-1 — 98%
2 [Ru]-2 — 65%
3 [Ru]-3 — 73%
4 [Ru]-4 — 34%
5 [Ru]-5 — Trace
6 [Ru]-6 — 40%
7 [Ru]-7 — —
8 [Ir]-1 — —
9 [Fel-1 — Trace
10 [Pd]-1 — 10%
11 [Rh]-1 — 7%
12 [Rh]-2 — Trace
13 Co2(CO)s — —
14 Ni(acac), L1 —
15 NiCl, L1 —
16 NiCl, L2 —
17 Fe304 — —
18 dppf — Trace
19 Co(acac) L1 —

2 Reaction Conditions: 1a (1 mmol), 2a (1 mmol), KO7Bu (2 mmol), complex/metal salt (2 mol%), ligand (4 mol%)
in a 10mL zirconia jar with a 10 mm zirconia ball milled in MM-500 Vario for 4 hours at 25°C; ® conversion determined
by GC-MS

A series of control experiments conducted in toluene confirmed the pivotal role of the
mechanochemical approach in enabling a highly efficient and rapid BH reaction. Under solvent-
based conditions, only 16% yield was obtained after 6 h (entry 10, Table 5.2), and 51% after 24 h
of stirring (entry 11, Table 5.2). Even at a mildly elevated temperature of 40 °C for over 12 h, the
yield increased only marginally to 58% (entry 12, Table 5.2). Additionally, a neat control
experiment performed under conventional conditions exhibited poor reproducibility and sluggish
kinetics (entry 13, Table 5.2). These results highlight the distinct advantages of mechanochemical
methodology over traditional solution-based protocols, demonstrating that enhanced performance
arises not from an alternative reaction pathway but from significantly improved kinetics, offering
superior efficiency and reproducibility.
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Table 5.2. Reaction optimization for N—alkylation of aromatic amines with BH strategy
Qo .
[Ru]-1 (0.05 mol%)
NHz \(v)/ ) Base i " /(\)3\
+ HO™ ; —
MeO <@ > Meo

1a 2a

Zirconia jar (10 mL)
Zirconia ball (10 mm x 1)
30Hz, 25°C, t

Entry Ru-MACHO (mol%) ‘ Base (eq.) Time (h) Conversion of 3aa P
1 0.05 mol% KOfBu (2 eq.) 4h 82%
2 0.05 mol% KO7Bu (2 eq.) 6h 94%
3 0.05 mol% KO#Bu (1 eq.) 6h 94%
4 0.05 mol% KO7Bu (0.5 eq.) 6h 50%
5¢ 0.05 mol% KO#Bu (1 eq.) 6h 99%
6¢ 0.05 mol% KO#Bu (1 eq.) 6h 76%
7 0.05 mol% NaOMe (1 eq.) 6h 26%
8 0.05 mol% KOH (1 eq.) 6h —
9 0.05 mol% K>COs (1 eq.) 6h —
10¢ 0.05 mol% KO#Bu (1 eq.) 6h 16%
11¢ 0.05 mol% KOrBu (1 eq.) 24h 51%
12f 0.05 mol% KO#Bu (1 eq.) 12h 58%
138 0.05 mol% KO1#Bu (2 eq.) 24h 67%

2 Reaction Conditions: 1a (1 mmol), 2a (1 mmol), Base, Ru-MACHO (0.05 mol%) in a 10mL zirconia jar with a 10
mm zirconia ball milled in MM-500 Vario for given time at 25°C; ® conversion determined by GC-MS; © reaction
conducted with 1a and 2a at 4 mmol scale; 9 reaction performed at 15 Hz; ° reaction performed in toluene (1 M) at
solution based condition; freaction in toluene (1 M) at 40°C; ®neat stirring reaction

The versatility of the catalytic system was evaluated by extending the substrate scope to various
aromatic amines and alcohols (Scheme 5.6). The alkylation of p-anisidine (1a) with ethanol
yielded product 3ab in a high yield, and elongation of the alkyl chain had no adverse effect on
reactivity, providing products 3ac and 3ad in excellent yields. Reactions with 3-phenylpropan-1-
ol and cyclohexylmethanol proceeded smoothly, furnishing 3af and 3ag in excellent yields. Para-
substituted benzyl alcohols, regardless of their electronic properties, delivered the desired products
in satisfactory yields: 57% for 3aj (p-methyl) and 63% for 3ak (p-chloro). Aniline underwent
efficient alkylation with a broad range of alcohols, furnishing products 3ba—3bh in high yield. The
reaction with benzyl alcohol produced 3bi in excellent yield, accompanied by a minor imine
byproduct. Importantly, no reduction of the C=C double bond was observed when alcohol 21 was
employed, yielding 3bl in 69% yield, highlighting the selectivity of the process.
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Scheme 5.6. * Substrate scope for aromatic amines. Reaction conditions: 1a (4 mmol), 2a (4 mmol), KOrBu (1 eq.),
Ru-MACHO (0.05 mol%) in a 10mL zirconia jar with a 10 mm zirconia ball milled in MM-500 Vario for 6h at 25°C
and yields of the products were calculated after extraction with 20 mL of ethyl acetate (EtOAc) and concentrating
under reduced pressure; ° yield calculated after column chromatography

p-Toluidine and p-bromoaniline reacted effectively, affording 3ca and 3da—3dd in excellent yields.
The reaction of p-bromoaniline with benzyl alcohol also proceeded efficiently, yielding 3di
alongside minor imine formation. Similarly, p-chloroaniline produced products 3ea—3ed with high
selectivity and yield. Notably, electron-deficient anilines exhibited superior reactivity compared to
their electron-rich counterparts, indicating a significant electronic effect. 4-(Methylthio)-N-
pentylaniline (1f) furnished product 3fa in a satisfactory yield of 39%, despite the potential for
sulfur-induced catalyst deactivation. p-Fluoroaniline yielded products 3ga and 3gi in moderate
yields of 51% and 53%, respectively. Anilines bearing meta-substituents, such as m-chloro and m-
methyl groups, did not significantly affect the reaction efficiency, and 3ha, 3hb, 3hd, and 3ia
were obtained in good yields. In contrast, ortho-methoxy substitution introduced steric hindrance,
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resulting in moderately reduced yields for 3ja, 3jb and 3jd. However, this steric effect was less
pronounced in 3ka, where the yield remained comparable to that of the para-substituted analogue.
Importantly, nitro groups were tolerated without any reduction. However, the reaction between la
and 4-nitrobenzyl alcohol (2m) stalled at the imine intermediate 3am, suggesting that the catalytic
system could not facilitate the final hydrogenation step.

5.4.2. Mechanochemical BH for N-Alkylation of Aliphatic Amines and N-Heterocycles

Following the successful N—alkylation of primary aromatic amines via the mechanochemical BH
strategy, efforts were made to extend the substrate scope to include aliphatic amines. However, the
optimized conditions developed for aromatic substrates were ineffective for aliphatic amines. To
address this limitation, systematic screening was performed to adjust the reaction parameters and
enhance the versatility of the catalytic system. Initially, 2-phenylethylamine (4a, 1.0 mmol) was
reacted with n-pentanol (2a, 2.0 mmol) using [Ru]-1 (0.05 mol%) and KO7Bu (1.0 mmol) under
standard conditions, but no product was formed. Subsequent attempts to increase the catalyst and
base loadings, extend the milling time, or perform the reaction under an inert atmosphere also
failed to yield the desired product (entries 1-5, Table 5.3).

This limitation was overcome by milling a mixture of 2-phenylethylamine (4a, 1.0 mmol), n-
pentanol (2a, 2.0 mmol), [Ru]-1 (1 mol%), and KO7Bu (3.0 mmol) in a 10 mL stainless-steel (SS)
jar with a single 10 mm SS ball (3.6 g) using a Fritsch P-23 mill. External heating to 80 °C was
applied using a heat-gun, and the temperature was monitored using an IR-thermometer.”® Notably,
the over-all milling temperature remained constant, although slightly elevated temperature was
noted on the jar surface directly facing the heat-gun. Under these conditions, the N—alkylated
product was obtained in 28% yield after 6 h of milling (entry 7, Table 5.3). Extending the milling
time to 12 h resulted in a 90% product yield (entry 8, Table 5.3). Reducing the catalyst loading
markedly decreased the yield (entry 9, Table 5.3), whereas lowering the base loading to 2 mmol
caused a moderate drop in product formation (76 %) (entry 10, Table 5.3). However, adding MgO
(200 mg per mmol of amine) while reducing KO7Bu to 1.0 mmol restored the yield to 96%,
indicating efficient formation of the product. A solution-phase control experiment was conducted
by heating 4a (2.0 mmol), 2a (2.0 mmol), [Ru]-1 (5 mol%), and KO7Bu (2.0 mmol) in toluene (1
mL) at 130 °C for 48 h, with no observable product formation (entry 12, Table 5.3).

This significant contrast highlights the essential role of mechanical activation in enabling BH
reactivity under solvent-free conditions in this study. The solvent-free nature of mechanochemistry
maximizes the reactant concentration and collision efficiency, whereas mechanical forces ensure
uniform catalyst dispersion and enhance active site accessibility. In addition, the localized heat
generated during milling provides the activation energy required for the reaction. Together, these
factors emphasize the unique advantages of mechanochemistry in overcoming the limitations of
traditional solution-based methods, enabling more efficient hydrogen transfer during these
transformations. Applying this methodology under similar conditions yielded compounds Sac and
Sah using hexanol and dodecanol, respectively, with excellent yields (Scheme 5.7). a).
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Table 5.3. Reaction optimization for N—alkylation of aliphatic amines with BH strategy

(Reaction optimization for aliphatic aminesj @

[Ru]-1 H
NH, KotBu N_ _R
©/\/ 7o \HB/ Additive ©/\/
4a 2 Zirconia/Ss jar (10 mL) 5aa
Zirconia/S$S ball (10 mm x 1)
30Hz, T°C, t
Entry [Ru]-1 KO7Bu Additive Time Temperature Milling Conv. of

(mol%) (8] (h) ©O) jar/ball 3aa *P
1 0.05 mol% 1 eq. — 6h 25°C Z1r0,/Zr0O; —
2 1 mol% 1 eq. — 6h 25°C Z10,/Z10; —
3 1 mol% 2 eq. — 6h 25°C Z1r0»/Z10; —
4 1 mol% 2 eq. — 10h 25°C Z1r0»/Z10; —
5¢ 1 mol% 2 eq. — 10h 25°C Z1r0»/Z10; —
6 1 mol% 3 eq. — 8h 25°C SS/SS —
7 1 mol% 3 eq. — 6h 80°C SS/SS 28%
8 1 mol% 3eq. — 12h 80°C SS/SS 90%
9 0.1 mol% 3 eq. — 12h 80°C SS/SS 22%
10 1 mol% 2 eq. — 12h 80°C SS/SS 76%
114 1 mol% 1 eq. MgO (200 mg) 12h 80°C SS/SS 96%
12¢ 5 mol% 1 eq. — 48h 130°C — —

2 Reaction conditions: 4a (1.0 mmol,1 eq.), 2a (2.0 mmol, 2 eq.), KO7Bu, and [Ru]-1 were placed in a 10 mL jar with
a 10 mm ball (Stainless steel {SS} or Zirconia) and milled at 30 Hz in Fritsch P-23/MM-500 Vario for the given time
and temperature; ® All the conversions are determined by 'H NMR; ¢ Reaction conducted under N»; ¢ Milling additive
(200 mg per mmol of 4a); © Reaction performed under solution condition in toluene (2 M) with 5 mol% [Ru]-1 at
130°C for 48h

Traditional aza-heterocycle synthesis typically relies on multistep processes, making BH
particularly attractive and valuable for this purpose. Accordingly, we applied BH to synthesize
indole (6) and 2-phenylbenzimidazole (7) (Scheme 5.7.b). Initial experiments using 2-
aminophenethyl alcohol (11) at 25 °C did not yield the desired indole (6). This limitation was
overcome by milling 11 (1.0 mmol), KO7Bu (1.0 mmol), and [Ru]-1 (0.5 mol%) in a 10 mL
stainless-steel (SS) jar with a single 10 mm SS ball on a Fritsch P-23 mill, applying external heating
at 70 °C for 6h with a heat-gun and monitored using an external IR-thermometer. Under these
conditions, complete conversion was achieved, affording indole (6) as the sole product in a 93%
yield (Scheme 5.7b). Additionally, milling o-phenylenediamine (1m) with benzyl alcohol (2i) at
50 °C produced 2-phenylbenzimidazole (7) in a 38% yield (Scheme 5.7.b).
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° {Substrate scope for aliphatic aminesJ @ H ° { Synthesis of N-heterocycles J @

(1 mol%) : (0.5 mol%)

NH, 3;)632[()10?9 KOtBu __KOBu(leq) ) N\
+ HOT R — > N

H

5aa-5ah :
4a 2a-h H SSJaf(W mL) 6 (93%
SSJar(10 mL) ! SS ball (10 mm x 1) (93%)
SS ball (10 mm x 1) ! 30 Hz, 70°C, 6h Indole

30Hz, 80°C, 12h
----------------------------- Substrate Scope ------------cssociooaooooonn

(0.5 mol% N
KOtBu (1 eq.) N
©/\/ ©/\/ /H\ ©/\/ ’H} N
H
5aa (89%) %) . SS jar (10 mL)
(89%) 5ac (91% 5ah (79%) : 1m 2i S5 ball (10 mm x 1) 7 (38%)

30Hz, 50°C, 6h 2-Phenyl benzimidazole

Scheme 5.7. a) Substrate scope for N—alkylation of aliphatic amines; b) BH mediated N-heterocycle synthesis; yields
of the products are calculated after isolation.

° @ ° For aliphatic amines @
(1 mol%)
/©/NH2
MeO

(0.05 mol%) KOtBu (1 eq.)
KOfBu (1 eq.) /©/ MgO (200 mg) O/\/ i
Zirconia ball (10 mm x 1) Mechanochemical

Zirconia jar (10 mL) Mechanochemlcal

SS jar (10 mL)

SS ball (10 mm x 1 -
1a 30Hz, 25°C, 6h Condition 30Hz,(80"C, 12h ) Condition
+
- 1
Ho” ; HO” \(“’)a/
(0.05 mol%) N_ : (5 mol%) i
KOtBu (1 eq.) /©/ A : KOtBu (1 eq.) N ’(/\)3\
Toluene, Stirring 5 Toluene, Stirrin
25°C, 24h MeO : 130°C, 48h o
3aa (51%) ' 5aa (0%)
Solution reaction 5 Solution reaction

Condition ' Condition

Scheme 5.8. Reaction comparison between mechanochemical vs solvent-based approach for N—alkylation of amines
via BH methodology catalysed by Ru-MACHO; a) aromatic amines; b) aliphatic amines

5.5. Probing the Mechanism of Solvent-Free Mechanochemical BH

Mechanistic studies in mechanochemistry pose significant challenges owing to the complex,
heterogeneous, and dynamic nature of solid-state reactions. Unlike solution-based processes,
which allow intermediates to be easily monitored in real time, mechanochemical transformations
occur with continuous mechanical energy input, making direct observation inherently
challenging.” The lack of standardized in-situ techniques complicates the identification of
transient species and reaction pathways. Moreover, localized heating, shear forces, and variable
reactant mixing introduce unpredictable effects on reactivity, hindering the development of
definitive mechanistic models.®® These challenges are particularly pronounced in borrowing
hydrogenation reactions, where multiple catalytic steps, including dehydrogenation, condensation,
and re-hydrogenation, occur via transient intermediates, such as metal-hydride species and imines
or enones, which remain elusive under mechanochemical conditions. Despite these obstacles,

Page | 93



elucidating the reaction mechanisms in mechanochemistry is vital for rational catalyst design,
reaction optimization, and the advancement of sustainable, solvent-free methodologies.

5.5.1. Radical Trapping Experiment

To determine whether mechanochemical BH proceeds via a radical pathway, an in-situ radical-
trapping experiment was conducted. Here, using p-anisidine (1a, 4.0 mmol), n-pentanol (2a, 4.0
mmol), and KO7Bu (4.0 mmol) in the presence of the radical trapping agent TEMPO (4.0 mmol)
were milled under standardized optimized reaction conditions. The formation of product 3aa with
an 82% conversion in 'H NMR, even in the presence of TEMPO, suggests that the reaction does
not follow a radical-mediated pathway (Scheme 5.9).

(Radical trapping experiment)

(0.05 mol%)

NHz é?ﬁ%“fq )
__TEMPO(1eq) _
MeO

3aa (82%)
1a 2a Zirconia jar (10 mL) )
Zirconia ball (10 mm x 1)
30Hz, 25°C, 6h

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

3aa (82%)

A_J‘ JL_A I

T T T T T T T T T T T T T T T T T T T
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 o] -1 -2 -3
f1 (ppm)

18.07,_

81.93%

Scheme 5.9. Radical trapping experiment for mechanochemical BH reaction using TEMPO as the radical trapping
agent

4.5.2. Kinetic Isotope Effect (KIE) Analysis

Further mechanistic insights were obtained through deuterium isotope labelling experiments,
which led to the development of a milder and more efficient strategy for synthesizing benzyl
alcohol—d3 (2i—ds3). In this approach, D.O was employed as the deuterium source in the presence
of Ru-MACHO as a catalyst under mechanochemical mixing conditions, a method previously
reported for isotopic incorporation in solutions (Figure 5.4). Upon optimization of the reaction
conditions, the required amount of D-O was reduced from 1 mL to 300 pL per mmol, thereby
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enhancing the efficiency and sustainability.®! This refined protocol enabled the effective
conversion of benzyl alcohol 2i to benzyl alcohol-ds (2i—d3). The final product (2i—d3) was
obtained with approximately 99% di-deuteration at the benzyl position, whereas only trace
amounts of the non-deuterated product 2i were detected. High isotopic enrichment was thus
achieved while minimizing excess reagent consumption, as confirmed by NMR spectroscopy
(Scheme 5.10) and high-resolution mass spectrometry (HRMS) (ESI) m/z calc. for C;HsD,O [M-
H] : 109.0628, found: 109.0619.

( Mechanochemical mixing for deuteration of 2i )

H H (0.2 mol%)
e KOtBu (5 mol%)

©/ NOH  D,0 (0.3mL) ©/ ~op
_
2 e,

Glass vial (5 mL)
Glass balls (3 mm x 10)
30Hz, 80°C, 3h

N

mmmmmmmmmmmmmmmmmmmm

2i-d,

0.02- |-

4.00,
1.007

T T T T T T T T T T T T T T T T T T T T
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 o -1 -2 -3
f1 (ppm)

Scheme 5.10. Deuteration of benzyl alcohol 2i with D,O by a Ru—catalysed mechanochemical BH methodology

To gain a deeper understanding of the mechanochemical hydrogen borrowing (BH) processes,
Kinetic Isotope Effect (KIE) investigations were conducted using benzyl alcohol—d3 (2i—d3), which
was synthesized through an optimized strategy based on the principles of BH. This analysis aimed
to elucidate the relative rates of alcohol oxidation and imine reduction. We employed quantitative
"H NMR spectroscopy, utilizing ethylene carbonate as an internal standard, to monitor the
reactions between benzyl alcohol (2i) or benzyl alcohol—d; (2i—d3) and p-anisidine (1a) (Scheme
5.11). The alcohol concentration was measured over time, which conforms to the following
equation:
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In (%) — kt

[CJo and [C]; represent the concentrations of alcohol at times 0 and t, respectively. The decay rates
of the concentrations of benzyl alcohol (2i) and benzyl alcohol—d3 (2i—d3) exhibited similar trends;
however, the reaction rate was faster for benzyl alcohol (2i). This difference can be attributed to
the altered vibrational frequency of the isotopes caused by the mass difference between 'H and D.
The magnitude of the kinetic isotope effect (KIE) is determined by the nature of the isotopic
substitution and the involvement of the bond in the rate-determining step (rds) of the reaction:
ky

KIE = E
where ki and kp are the rate constants for the reactions involving 'H and D, respectively.®? The
calculated low KIE value of 1.27+0.09 with an R? value of 0.97 (Figure 5.5) suggests that the rds
is not the alcohol oxidation step (Table 5.4).%* During the reduction of the in-situ formed imine,
the reducing agent [Rul—-Hz] cleaved the Ru—H bond. The lower force constant of the Ru—H bond
compared to that of the C-H bonds results in a KIE, albeit a smaller one. The low KIE observed
ruled out not only alcohol oxidation but also imine reduction as the rds.

From the substrate scope, the isolation of compound 3am as an imine without further reduction to
the corresponding amine suggests that imine formation is not the rds. This conclusion was further
supported by 'H NMR spectroscopy, which revealed no peaks for aldehydes, confirming the
absence of intermediate oxidation products. In summary, the low KIE value, along with these
observations, strongly suggests that the rate-determining step likely involves the coordination of
the [Rul—Hz] species with an imine intermediate.®?

Figure 5.4. Deuteration experiment set-up
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Scheme 5.11. Kinetic isotope effect analysis of mechanochemical BH for N—alkylation of aromatic amines using; a)
benzyl alcohol (2i); b) benzyl alcohol—ds (2i—d3)

Table 5.4. KIE analysis for N—alkylation of aromatic amines with BH strategy

In([C2i0]/ [C2iw]) i-d3 In([Cai_az@]/ [C2i-
a3o])
0 1 0 1 0
1800 0.65 0.43078 0.75 0.28768
3600 0.44 0.82098 0.68 0.38566
5400 0.36 1.02165 0.41 0.8916
7200 0.29 1.23787 0.37 0.99425
9000 0.22 1.51413 0.3 1.20397
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Figure 5.5. Kinetic isotope effect (KIE) analysis with benzyl alcohol 2i and benzyl alcohol-d3 (2i—d3) with the plot of
ln([C2i43(0)]/[C2i43(1)]) VS ln([CZi(o)]/[Czi(t)]); KIE=1.27+0.09 (R2= 0.97).

5.5.3. Hammett Analysis

Non-competitive Hammett studies were performed using a series of para-substituted anilines with
electron-donating and electron-withdrawing groups to further investigate the step-determining
selectivity in the mechanochemical borrowing hydrogenation process.?**” The reactions between
pentanol (2a) and para-substituted aniline derivatives (la—e) were closely monitored using
quantitative "H NMR spectroscopy, with ethylene carbonate as the internal standard for accurately
measuring the aniline concentrations over time. The results revealed a clear trend in reactivity
based on the electronic nature of substituent. Anilines with electron-withdrawing groups at the
para position (e.g., 1d—e) exhibited significantly higher reactivity than their electron-donating
counterparts (e.g., 1a, 1c¢). p-Bromoaniline demonstrated the highest activity among the tested
derivatives, whereas p-anisidine showed the lowest reactivity. Hammett analysis provided
quantitative insights into the electronic effects of substituents on the reaction mechanism,
correlating reaction kinetics or equilibria with substituent constants (o). This study highlights the
intricate interplay between the electronic structure and chemical reactivity by establishing this
relationship.

This relationship is mathematically described by the Hammett equation:

kex
log E = po

where kx and ky are the rate constants (or equilibrium constants) for the substituted and
unsubstituted compounds, respectively; ¢ is the substituent constant representing the electronic
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effect of the substituent, and p is the reaction constant reflecting the sensitivity of the reaction to
these electronic effects.

Table 5.5. Hammett analysis for N—alkylation of aromatic amines with BH strategy

Hammett analysis @

0.05 mol%

H
( )
NH, KOtBu (1 eq.) NS A5
+ HO/ \(\{ _—
x x

— 3aa-3ea
12-e 2a Zirconia jar (10 mL)
Zirconia ball (10 mm x 1)
30Hz, 25°C, t

(X= OMe, Me, H, Cl, Br)

Time (5) | In([Csr)]/ [Cerw])  In([Caio)/ [Caiw]) | In(ICuwl/ [Capl)  In([Cxeo]/ [Cryew]) | In([Come]/ [Comew])

0 0 0 0 0 0
600 0.35667 0.34249 0.30111 0.22314 0.07257
1200 0.63488 0.57982 — 0.37106 0.18633
1800 1.04982 — 0.8916 0.56212 0.34249
2400 1.51413 1.42712 1.20397 0.71335 0.4943
3000 1.96611 1.77196 1.34707 0.94161 0.63488
3600 2.52573 2.30259 1.51413 1.10866 0.75502

The Hammett plot for the mechanochemical hydrogen borrowing (BH) reaction was constructed
by correlating log (kx/kn) with the substituent constants (o). This plot exhibited a strong linear
relationship (R? = 0.98) and a reaction constant (p) of 0.92 + 0.05 (Table 5.6.). A positive p value
indicates the development of a partial positive charge in the transition state, suggesting an electron-
deficient environment (Figure 5.6.b). These findings are consistent with insights from Kinetic
Isotope Effect (KIE) studies, reinforcing the conclusion that the coordination between the [Rul—
H2] species and imine represent an irreversible step in the reaction mechanism. Under
mechanochemical BH conditions, the ground-state energy of [Rul-H:z] and the energy barrier
associated with the transition state owing to the interaction of [Rul—Hz] with the imine are critical
factors to consider. Notably, the ground-state energies of the various anilines significantly affected
the reaction rate. Although electron-rich anilines are inherently more reactive, their strong
coordination ability paradoxically impedes the reaction by slowing the overall reaction rate. This
finding highlights the importance of electronic factors, as the enhanced binding affinity of electron-
rich anilines outweighs their intrinsic reactivity under mechanochemical BH conditions.

Table 5.6. Hammett Analysis

Substituent Constant (o) log(kx/kn)
1 Br 0.232 0.20605
2 Cl 0.227 0.16466
3 H 0 0
4 Me -0.17 -0.15321
5 OMe -0.268 -0.29329
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Figure 5.6. Hammett analysis; a) Product evolution with different para-substituted anilines (1a—e) and pentanol (2a);
b) Hammett plot for para-substituted anilines; Hammett slope = 0.92 + 0.05 (R?= 0.98)

5.5.4. Catalytic Cycle

Based on the comprehensive experimental results outlined above, a plausible reaction mechanism
for the observed outcomes was proposed (Scheme 5.12). Initially, in the presence of KO7Bu, the
Ru-MACHO complex (Scheme 5.12, species A) is activated by mechanical milling, leading to the
formation of the active catalyst (Scheme 5.12, species B). In the first step of the catalytic cycle
(step 1), alcohol coordination with the activated catalyst was observed. This coordination is
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followed by alcohol oxidation, resulting in the formation of the corresponding aldehyde via a
ruthenium—hydride complex [Rul-Hz] (Scheme 5.12, species D).

Cl
Ph

HN,,

E/‘ 35

R A ph
~ ~
u/ R \ R_._OH
stepV. P Ph step|
imine reduction B alcohol
. addition
active catalyst
V. _R Mechanochemical borrowing hydrogenation H '?
1—N he)
R o7
Ph , K
e " B
N/“, \P\ " /' N\ /Ph
“Ry? Ph N P,
Ru
p/ \co E 7N
J/ \ step Il P co
Ph H N a
Ph imine R'=NH, P by H
—formation .
E N " c
R
rate determining step -H0
step IV stepll
imine alcohol
coordination H oxidation
Ph
HN,/
[Ru1-Hy]

Scheme 5.12. Plausible reaction mechanism for mechanochemical BH reaction

In a parallel reaction pathway (step III), the aldehyde produced in step II reacts with an amine
species, yielding the corresponding imine and byproduct water. This reaction is subsequently
followed by the coordination of the imine species to the ruthenium—hydride complex [Rul-Hz]
(Scheme 5.12, species E), preparing the system for imine reduction. Kinetic isotope effect (Figure
5.5) studies combined with Hammett analysis (Figure 5.6.b) suggest that the coordination of the
imine to the catalyst constitutes the rate-determining step (rds) of the catalytic cycle. Following
the effectively irreversible formation of complex E, the imine was reduced, affording the
secondary amine product. Notably, inhibition of the reaction by the secondary amine product was
not observed, which suggests that strong interactions with the ruthenium center might not have
formed at any stage of the catalytic cycle.
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5.6. Green Metrics

This section describes the green chemistry metrics for the mechanochemical borrowing
hydrogenation methodology compared to a previously reported solution-based approach®*
employing a Ru-based catalyst at room temperature. Specifically, a quantitative and qualitative
evaluations by measuring the E-factor®® and eco-scale®® values have been conducted using
Ecoscale calculator.

Calculation of the green metrics for the mechanochemical preparation of 3aa:

Cl

/_\ Ph H
b ¢ . > N
NH, HNI/"« ‘\\P\Ph A *\)3\
+ - + "Ru”. + KOtBu [ ——— + H,0
/©/ HoTH [ ) rooni ) ‘
MeO co Zirconia jar (10 mL)  MeO

/ \ Zirconia ball (10 mm x 1)
Ph H 30Hz, 25°C, 6h
Ph
1a 2a [Ru]-1 3aa

MM: 123.16 g/mol MM: 88.15 g/mol MM: 608.04 g/mol MM: 112.21 g/mol MM: 193.29 g/mol MM: 18.07 g/mol
mmol: 1 mmol mmol: 1 mmol mmol: 0.0005 mmol mmol: 1 mmol mmol: 0.97 mmol mmol: 1 mmol
Weight: 123 mg Weight: 88 mg Weight: 0.3 mg Weight: 112 mg Weight: 187 mg Weight: 18 mg

. mass of total waste (123+88+0.3+112-187)mg 136 mg

Environmental factor (E) = ; = = =
mass of desired product 187 mg 187 mg

Work-up: filtration through celite (1000 mg) using EtOAc (4510 mg)

(4510+1000+136) mg _ 5646 mg
187 mg 187 mg

E (after work-up and purification) =

Calculation of the green metrics for the solution-based preparation of 3aa:

Cl

‘ Ph,P ! i e
NH, 74 N Ne—_ S F? Toluene (867 mg) N 3
+ HO” \(\,)3/ + _ RU\P’@ + KOBBu —— e + H,0
MeO / Ph, Sirring MeO
cl 25°C, 24h
NH,
1a 2a [Ru]-3 3aa

MM: 123.16 g/mol MM: 88.15 g/mol MM: 834 g/mol MM: 112.21 g/mol MM: 193.29 g/mol MM: 18.07 g/mol

mmol: 1 mmol mmol: 1 mmol mmol: 0.02 mmol mmol: 1.1 mmol mmol: 0.87 mmol mmol: 1 mmol
Weight: 123 mg Weight: 88 mg Weight: 17 mg Weight: 123 mg Weight: 168 mg Weight: 18 mg

mass of total waste _ (123+88+17+123+867-168)mg _ 1050 mg _

Environmental factor (E) = .
mass of desired product 168 mg 168 mg

Work-up: column chromatography with n-hexane (59490 mg), EtOAc (9020 mg) and silica (20000
mg)

(59490+9020+20000+1050) mg _ 89560 mg
168 mg 168 mg

533

E (after work-up and purification) =

The results show that the mechanochemical procedure outperforms the analogous procedure in
solution, achieving an E-factor of 30 compared to 533 and an eco-scale value of 70 versus 52.5.
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Notably, the high E—factor in solution-based methods largely stems from the need for solvents and
chromatographic purification.

Eco-scale score for the mechanochemical preparation of amine 3aa

EcoScale: 100 — sum of penalty points

Table 5.7. Calculation of Ecoscale score for the mechanochemical preparation of amine 3aa*

Reagents MF ‘ MW mmol Weight (g) ‘
p-Anisidine C7HoNO 123.15 1.0 0.123 1.0
1-Pentanol CsH120 88.15 1.0 0.088 1.0
Potassium tert-butoxide C4HoKO 112.21 1.0 0.112 1.0
Ru-MACHO C2oH30CINOP,Ru 607.03 0.0005 0.0003 0.0005

mmol

Weight (g)

4-methoxy-N-pentylaniline (3aa) C12H oNO 193.29 0.97 0.193 97%
Entry Parameters Penalty Points

1 Yield (97%) -2

2 Price/availability -5

3 Safety -20

4 Technical set-up (Unconventional activation technique) -2

5 Room temperature (< 24h) -1

6 Work-up and purification 0

EcoScale score 70

Eco-scale score for the solution-based preparation of amine 3aa

Table 5.8. Calculation of Ecoscale score for the solution-based preparation of amine 3aa®

Reagents mmol Weight (g) Eq
p-Anisidine C7H9NO 123 15 0.123
1-Pentanol CsH12O0 88.15 1.0 0.088 1.0
Potassium tert-butoxide C4HoKO 112.21 1.1 0.123 1.1
cis-[RuClI2(ampy)(dppf)] C4oH36ClFeN2P2Ru 834.50 0.017 0.02 0.02
Toluene C7Hg 92.14 0.866 9.4 9.4

Products

mmol

Weight (g)

87%

4-methoxy-N-pentylaniline (3aa) Ci2H1sNO 193.29 0.168 0.87
Entry Parameters Penalty Points
1 Yield (97%) -6.5
2 Price/availability -5
3 Safety -25
4 Technical set-up (Unconventional activation technique) 0
5 Room temperature (< 24h) -1
6 Work-up and purification -10
EcoScale score 52.5
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a Values calculated using the eco scale calculator software available at the link:

http://ecoscale.cheminfo.org/calculator

5.7. Conclusions

This chapter presents a mechanochemical strategy for borrowing hydrogen (BH) to synthesize N—
alkylated amines and heterocycles under direct, solvent-free, and efficient conditions. By
harnessing ball milling alongside a ruthenium-based catalyst, our approach effectively addresses
the challenges associated with solution-phase syntheses, including the use of toxic reagents and
the need for high temperatures, while achieving nearly quantitative conversion of various primary
amines and alcohol substrates. Kinetic isotope effect (KIE) studies and Hammett analyses
underscore the crucial role of substrate-derived hydrogen in the reaction, distinguishing it from
conventional methods. Furthermore, this methodology allows the synthesis of various
heterocycles, including indoles and benzimidazoles, showcasing its versatility. Mechanochemical
ball milling has emerged as a more sustainable alternative to traditional methods, making it well-
suited for pharmaceutical, agrochemical, and fine-chemical applications. Operating under mild,
solvent-free conditions aligns with current sustainability goals. Ongoing research will continue to
deepen our understanding of and expand the applications of this innovative approach in synthetic
chemistry.
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CHAPTER 6

Conclusions and Future Scope

This thesis demonstrates the importance of mechanochemistry in modern organic synthesis. At the
core of this thesis, it is verified that mechanochemistry generates advantages in organic
transformations beyond simple solvent reduction but rather reconfigures the organic
transformative potential. Furthermore, through a broad literature overview, this study emphasizes
the potential of mechanochemistry through reactions, mechanistic investigations, and the
introduction of innovative technologies. The shift from classical to mechanochemical reactions
offers far-reaching implications for sustainability, efficiency, and creativity in molecular design.
The key conclusions derived from this thesis are as follows:

I.  Mechanochemistry has emerged as a transformative technology for the reactivity of
insoluble compounds, such as Bertagnini’s salts, into value-added compounds with
pharmaceutical relevance, such as benzimidazoles, dihydro perimidines, perimidines,
secondary amines, and hydrazones, by the reduction and elimination of solvents during the
reaction and purification steps. Additionally, our research mentioned recrystallization
techniques for the purification of the synthesized compounds to align with the goal of green
chemistry principles by reducing the amount of solvents used. Overall, our work
demonstrates the potential of Bertagnini’s salts for application in organic reactions as solid
aldehyde surrogates, which bypass disadvantages such as volatility, aerial oxidation
potential, and self-condensation tendencies inherent to aldehydes.

II.  The mechanochemical treatment of wool into powder promotes the reactivity of wool
fibers for amino acid-catalyzed reactions, such as aldol reactions, nitro-aldol reactions, and
Knoevenagel condensation. Moreover, wool waste was transformed into a sustainable
catalytic material for organic transformations, minimizing waste generation and
operational costs.

IlI.  Mechanochemistry redefined borrowing hydrogenation strategies for the direct, solvent-
free, and efficient synthesis of secondary amines and N-heterocycles. Ball milling enabled
Ru-catalyzed borrowing hydrogen with enhanced reactivity, room temperature operations,
solvent-free conditions, and avoided the utilization of toxic reagents. Additionally, detailed
studies have revealed the benefits of mechanochemistry by enabling reactions of aliphatic
amines that are not possible under solvent-based reaction conditions. Through detailed
studies on the mechanism, the mechanochemical protocol was verified as a practical and
efficient technology for industrial-scale synthesis.

IV.  The mechanochemical kinetic isotope effect (KIE) and Hammett analyses have enabled the
broader application of such fundamental organic tools to describe the reaction pathway and
rate-determining state of the reactions. This highlights the potential of mechanochemistry
to go beyond simple synthetic utility and provides a platform for mechanistic explorations.

Overall, mechanochemistry effectively enables solvent-less synthesis strategies, redefines the
parameters of organic chemistry by elevating the potential of insoluble compounds for reactions,
valorizes waste biopolymers into valuable catalytic media, and enables catalytic reactivities
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beyond the horizons of solvent-based protocols. Moreover, emerging technologies within
mechanochemical strategies enable efficient mechanistic studies to elucidate the core of solid-state
reactions. In addition, emerging devices and reaction technologies strengthen the stand of
mechanochemistry as a practical synthetic approach for organic synthesis in industries.

The works presented in this thesis demonstrate that mechanochemistry should no longer be framed

merely as a ‘“greener substitute” for solution synthesis. It is increasingly recognized as a
complementary, and frequently superior, synthetic paradigm that expands chemical accessibility,

delivering transformations, selectivities, and solid forms that can be difficult or impractical to

achieve in solution. Building on these findings, several avenues of future research emerge that
have the potential to further redefine how organic chemistry is conceived, practiced, and scaled:

L

II.

I1I.

IV.

A primary frontier lies in the synthesis of substrates traditionally deemed "unreactive" due
to poor solubility in organic solvents. Mechanochemistry bypasses the thermodynamic and
kinetic limitations imposed by the liquid phase, allowing for the direct transformation of
insoluble precursors. Future research should focus on mapping the reactivity of these
"recalcitrant" substrates to access novel chemical space and products that are fundamentally
inaccessible via solution chemistry.

A critical and yet under-reported aspect of mechanochemical reactions is the challenges
affiliated with milling-media attrition. While majority of mechanochemical transformations
are reported using SS jars, the underlying effect of metal leaching is a very undermined
concept. A possibility towards more effective organic synthesis in mechanochemistry can
be related to the influential effect of metals. For high-purity sectors, such as the
pharmaceutical industry, the presence of these trace metals necessitates intensive
downstream purification, which often requires the organic solvents that mechanochemistry
seeks to eliminate. Thus, deep understanding in this regard is beneficial. In this regard,
innovative technologies like RAM can provide a milling-media free mechanochemical
environment.

Despite the synthetic efficacy, the black box nature of mechanochemical set-up hinders the
in-situ monitoring of the reactions. This problem is more severe in case of mechanocatalysis
where small changes can deactivate the catalytic species. Thus, future research on in-situ
mechanochemical reaction monitoring seems promising.

Additionally, scalability experiments in mechanochemistry are often challenging requiring
potentially critical set-ups and technically sound reaction monitoring procedures. Research
on scalable techniques can be instrumental for the practical viability of mechanochemistry.

In summary, mechanochemistry offers more than incremental improvements in efficiency or
sustainability—it compels a re-examination of long-held assumptions in organic chemistry.
Continued exploration of its unique reactivity, mechanisms, and applications has the potential
to redefine not only how reactions are performed, but how chemical reactivity itself is
understood.
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CHAPTER 7

Experimental Section

7.1. General Information and Methodology

Commercially available reagents and solvents were purchased from Acros, Alfa-Aesar, Carlo Erba,
Merck and TCI-Europe, and used as received without further purifications. For chapter 4, all the
wool samples were collected from the Sardinian province of Italy. White wool fibers were
collected from the city of Ittiri in the northern region of Sardinia, while black wool fibers were
obtained from Guspini, a town in the Sardinian inland. The wool was procured from the Sechi
farm, ensuring full compliance with animal welfare standards. Chicken feathers were obtained
from the Concimi-Bio company. All the wool fibers and chicken feathers were obtained as raw
materials and then treated in our laboratory. All reactions were monitored by thin-layer
chromatography (TLC) performed on glass-backed silica gel 60 F254, 0.2 mm plates (Merck) with
suitable eluent, and compounds were visualized under UV light (254 nm) or using iodine vapor
chamber. The eluents were technical grade. Mechanochemical reactions were conducted using a
Retsch MM500 Vario, Fritsch-P7 Premium (room temperature reaction), Retsch MM500 Control
and Fritsch Pulverisette-23 (heating reactions) apparatus. The reagents were milled using a
zirconia grinding jar (10 mL) or stainless-steel jar (10 mL) with balls with ¢ = 10 mm, 5 mm, 7
mm of the same material or the combination of thereof, if otherwise not stated in the parameters.
"H and '*C NMR spectra were recorded on a Bruker Avance III HD 600 MHz NMR spectrometer
at 298K unless otherwise specified. Chemical shifts were reported in parts per million (ppm, &
value), and the residual solvent peak was used as internal reference: in proton (chloroform 6 7.26;
dimethyl sulfoxide § 2.50) or in carbon (chloroform 6 77.16; dimethyl sulfoxide 6 39.52). Data are
reported as follows: chemical shift 6, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
m = multiplet, br = broad and combination of thereof), coupling constants (J) in hertz (Hz) and
integration. Samples were analyzed using an Agilent 5977B MS interfaced to the GC 7890B
equipped with a DB-5ms column (J & W), injector temperature at 230 °C, detector temperature at
280 °C, helium carrier gas flow rate of 1 mL/min. The GC oven temperature program was 100 °C
initial temperature with a 4 min hold-time and ramping at 15 °C/min to a final temperature of 270
°C with 7 min hold time. One pL of each sample was injected in split (1:20) mode. After a solvent
delay of 3 minutes, mass spectra were acquired in full scan mode using 2.28 scans/s with a 50—
500 amu mass range. Retention times of different compounds were determined by injecting pure
compounds under identical conditions. High resolution mass spectra (HRMS) were recorded on
LTQ Orbitrap Elite (Thermofischer) instrument (ESI). The temperature for reactions was
monitored using POWERFIX Profi (IAN 279816) infrared (IR) thermometer, with Pmax: <1 mW;
A: 650nm; measuring range: -50 to +380°C. All the experiments were carried out in duplicate to
ensure the reproducibility of the experimental data. Yields refer to pure, isolated materials unless
otherwise stated.
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Mechanochemical instrumentations for room temperature reactions: a) MM-500 Vario mixer mill,
b) stainless-steel (SS) jar (10 mL), c) zirconia jar (10 mL), d) Fritsch-P7 Premium planetary mill,
e) planetary mill jar (zirconia, 20 mL).

Mechanochemical instrumentations for high temperature reactions: f) MM-500 Control mixer
mill, g) stainless-steel (SS) jar (4 x 10 mL), h) Fritsch Pulverisette-23, i) stainless-steel (SS) jar
(10 mL) for Fritsch Pulverisette-23.
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7.2. General Reaction Conditions and Characterization for Compounds in Chapter 3

7.2.1. Procedure for Synthesis of Benzimidazoles from Bertagnini’s Salts

y
R1_.(i[N\O . " MeOI—IIJ(\gO uL) R@:N\\ R
L \H, Ry “SOzNa N 2
ey ssmdm
A 10 mL stainless steel jar equipped with two stainless steel milling balls (7 mm diameter, 2.67 g)
was filled with o-phenylenediamines 1 (1.00 mmol), bisulfite adducts 2 (1.10 mmol), and methanol
(n factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the
reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the products (3aa—3ea). However, the products 3ao, 3fi and
3ap were isolated after column chromatography. For the bisulfite adducts of aliphatic aldehyde,
the reactions were performed at 15 Hz for 8 hours (using methanol, n = 1) under room temperature
conditions, and the product yield was calculated after column chromatography. In this context, the
product (3ga) was prepared using ethanol (1 factor=1.0) at 80 °C under an O atmosphere in the
MM-500 control ball mill (30 Hz) for 3 hours.

7.2.2. Procedure for Synthesis of 2,3-Dihydro-1H-perimidines from Bertagnini’s Salts

( Synthesis of 2,3-Dihydro-1 H-perimidines)

NHy  NH, OH LAG O
I MeOH (160 puL) O NH
+ P —_— |
R” 7 SO;Na

SSjar (10 mL)
1h 2a-u SS ball (7 mm x 2) 4a-u
30Hz, rt, 3h

A 10 mL stainless steel jar equipped with two stainless steel milling balls (7 mm diameter, 2.67 g)
was filled with 1,8-diaminonaphthalene 1h (1.00 mmol), bisulfite adducts 2 (1.10 mmol), and
methanol (n factor= 0.4). The vessel was then closed, and the mechanochemical reaction was
conducted for 30 min at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the
end of the reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and
purified by recrystallization with ethanol to afford the products (4a—4i). However, the product 4q
was isolated after extraction with methanol and concentration under high vacuum. Additionally,
products column chromatography was needed for purification of products 4r—4u.

7.2.3. Procedure for Synthesis of Perimidines from Bertagnini’s Salts

( Synthesis of Perimidines )
NHz - NHp OH LAG O
. ! EtOH (160 pL) N
R” 7 sO;Na I
H
SSjar (10 mL)
1h 2a-v SS ball (7 mm x 2) 5a-v

30Hz, 70°C, 3h

Page | 114



A 10 mL stainless steel jar equipped with two stainless steel milling balls (7 mm diameter, 2.67 g)
was filled with 1,8-diaminonaphthalene 1h (1.00 mmol), bisulfite adducts 2 (1.10 mmol), and
ethanol (n factor= 0.4). The vessel was then closed, and the mechanochemical reaction was
conducted for 180 min at 30 Hz and 70 °C inside a MM-500 control mixer mill. The reaction
mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the extracted
reaction mixture was evaporated to dryness in vacuo and purified by recrystallization with ethanol
to afford the products (5a-5v).

7.2.4. Procedure for Synthesis of Secondary Amines from Bertagnini’s Salts

( Reductive amination using Bertagnini's salts)

OH LAG ( ) H
I MeOH (160 pL) NaBH, (4 eq. N R
Ri—NH,  + R” sO4Na i R1/N\\ Ro| > R X °
SSjar (10 mL) SSjar (10 mL)
1i-p 2a-x SS ball (7 mm x 2) Imine SS ball (7 mm x 2) 6
SS ball (5mm x 1) SS ball (5mm x 1)
30Hz, rt, 3h 30Hz, rt, 3h

A 10 mL stainless steel jar equipped with two stainless steel milling balls (7 mm diameter, 2.67 g)
and one stainless steel ball (5 mm diameter, 0.803 g) was filled with aniline 1li—p (1.00 mmol),
bisulfite adducts 2 (1.10 mmol), and methanol (# factor= 0.4). The vessel was then closed, and the
mechanochemical reaction was conducted, ranging from 180 minutes at 30 Hz. At the end of the
reaction, an additional refill of NaBH4 (4.00 mmol) was made, and the mechanochemical reaction
was run for 180 min at a frequency of 30 Hz. At the end of the reaction, the crude product was
recovered with 4 mL of EtOAc. A further aqueous workup was made to remove the inorganic sub-
products whenever necessary. Lastly, the solvent was removed under reduced pressure to afford
the pure secondary amine 6. However, the yields of products 6oa, 6po, 6pd, and 6lx were
calculated after column chromatography, and the reaction was performed using MeOH (n = 1) at
15 Hz for 6 hrs and 2 hrs for the reducing step. For the bisulfite adduct of aliphatic aldehydes (2o,
2x) and the electron-deficient group containing aldehyde (2d), the reactions were performed using
MeOH (m = 1) at 15 Hz for 6 hrs and 2 hrs for the reducing step. They delivered the products 6po,
6lx and 6pd, respectively.

7.2.5. Procedure for Synthesis of Hydrazones from Bertagnini’s Salts

( Synthesis of Hydrazones J

oH LAG

MeOH (160 L NSy
o N NSONa s NoHA/2H,S0, —eoreou) R@/
T H
- -
8

SSjar (10 mL)
SS ball (7 mm x 2)
30Hz, rt, 3h

P

A 10 mL stainless steel jar equipped with two stainless steel milling balls (7 mm diameter, 2.67 g)
was filled with bisulfite adducts 2 (1.10 mmol), hydrazine hemisulfate 7 (1.00 mmol, 81.1 mg),
and methanol (n factor= 0.4). The vessel was closed, and the mechanochemical reaction was
conducted for 180 minutes at 30 Hz. At the end of the reaction, the crude product was recovered
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with 4 mL of EtOAc. Lastly, the solvent was removed under reduced pressure to afford the pure
hydrazone 8.

7.2.6. Procedure to Monitor Reaction Progress Over Time for Benzimidazole Synthesis

NH, N
HO, MeOH (80 L) N . 3 oMe
+ § OMe ————— 3 OMe N/
SSjar (5 mL) OMe

Il (7 mm x 1
1a 2i SSballr mmx 1) 3ai 3ai

A 5 mL stainless-steel jar equipped with a stainless-steel milling ball (7 mm diameter) was filled
with o-phenylenediamines 1a (1.00 mmol), bisulfite adduct 2i (1.10 mmol), and methanol (n
factor= 0.4). The vessel was closed, and the mechanochemical reactions were conducted at 30 Hz
for time ranging from 15 minutes to 90 minutes. The reaction mixtures were extracted with 5 mL
of methanol at the end of the reaction. Then, the extracted reaction mixture was evaporated to
dryness in vacuo and '"H NMR was recorded in DMSO-de.

Entry Time (min) Reactant (1a) Product (3ai) Product (3ai')
1 15 min 64% 34% 2%
2 30 min 39% 57% 4%
3 45 min 22% 72% 6%
4 60 min 15% 80% 5%
5 90 min 0% 85% 15%

e Reactant 1a|
004 . ® Product 3ai ‘
—®
80 - e
e
— L]
S’\i 60 5
‘©
=
2 40 @
®
20 ®
[
0+ ¢} )
I ’ I d 1 ¥ I . 1 bl 1
0 20 40 60 80 100
Time(min)

Figure 7.1. Product evolution over time for synthesis of benzimidazole 3ai and 3ai’ from Bertagnini’s salt 2i monitored
using '"H NMR in DMSO-ds.
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"H NMR (600 MHz, DMSO-d6): Entry 5 (90 mins)
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7.2.7. Characterization of Compounds in Chapter 3
7.2.7.1. Spectral Data for Bertagnini’s Salts

HO_ SO;Na

Sodium 1-hydroxycyclohexane-1-sulfonate (q): The compound was synthesized according to
the previously reported in the literature!, white solid, yield 86% (174 mg).

'H NMR (600 MHz, DMSO-ds) & 4.25 (s, 1H), 1.70 (d, J = 13.2 Hz, 2H), 1.65 — 1.58 (m, 2H),
1.52 (d, J = 12.6 Hz, 1H), 1.45 (d, J= 8.4 Hz, 4H), 1.10 — 1.00 (m, 1H).

13C NMR (151 MHz, DMSO-ds) & 83.5, 31.7, 25.4, 21.5.
FTIR ¥V max = 3420, 3310, 2932, 1190, 1088, 982, 647 cm™'.

HO.__ _SO;Na

O

Sodium 1-hydroxycyclopentane-1-sulfonate (r): The title compound was synthesized according
to the previously reported in the literature', white solid, yield 81% (150 mg).

H NMR (600 MHz, DMSO-ds) & 4.69 (s, 1H), 2.11 — 2.04 (m, 2H), 1.61 (t, J = 11.4 Hz, 2H),
1.57 — 1.49 (m, 4H).

13C NMR (151 MHz, DMSO-d¢) 6 130.7, 74.2, 62.4.
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FTIR V max = 3253, 3019, 2949, 1211, 1165, 1073, 1012, 648 cm.

HO_ SO;Na

O

Sodium 1-hydroxycycloheptane-1-sulfonate (s): The title compound was synthesized according
to the previously reported in the literature!, white solid, yield 76% (164 mg).

IH NMR (600 MHz, DMSO-ds) & 4.24 (d, J = 10.8 Hz, 1H), 2.02 - 1.96 (m, 2H), 1.73 — 1.67 (m,
2H), 1.49 (s, 6H), 1.45 — 1.39 (m, 2H).

I3C NMR (151 MHz, DMSO-d¢) 8 87.2, 35.9, 29.7, 22.5.
FTIR V max = 3301, 2914, 1211, 1170, 1054, 999, 696, 617 cm™.

HO_ SO;Na

tBu

Sodium 4-(tert-butyl)-1-hydroxycyclohexane-1-sulfonate (t): The title compound was
synthesized according to the previously reported in the literature!, white solid, yield 78% (201

mg).

H NMR (600 MHz, DMSO-ds) & 4.33 (s, 1H), 1.79 (s, 1H), 1.77 (s, 1H), 1.63 (dd, J = 18.6, 8.4
Hz, 2H), 1.47 (d, J= 12.0 Hz, 2H), 1.21 (q, J = 12.0 Hz, 2H), 0.92 - 0.85 (m, 1H), 0.82 (s, 9H).

13C NMR (151 MHz, DMSO-d¢) 6 83.4, 47.1, 32.1, 27.5, 22.2.
FTIR V max = 2951, 2865, 1362, 1211, 1186, 1073, 721, 644 cm’".

HO_ SONa

Ph

Sodium 1-hydroxy-4-phenylcyclohexane-1-sulfonate (u): The title compound was synthesized
according to the previously reported in the literature!, white solid, yield 87% (242 mg).

'H NMR (600 MHz, DMSO-ds) 8 7.26 (t, J = 7.2 Hz, 2H), 7.20 (d, J = 7.2 Hz, 2H), 7.15 (d, J =
6.6 Hz, 1H), 4.47 (s, 1H), 2.41 (t, J= 12.0 Hz, 1H), 1.89 — 1.79 (m, 4H), 1.74 — 1.63 (m, 2H), 1.57
(d,J=11.4 Hz, 2H).

I3C NMR (151 MHz, DMSO-de) 8 147.5, 128.2, 126.6, 125.7, 82.9, 43.0, 32.0, 29.2.
FTIR V max = 3537, 3463, 3359, 1179, 1157, 968, 698, 658 cm™.
7.2.7.2. Spectral Data for Benzimidazoles

-0
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2-Phenyl-1H-benzo|d]imidazole (3aa): The compound was synthesized with general procedure
7.2.1. 1a (108 mg, 1.0 mmol), 2a (231 mg, 1.1 mmol) and methanol (n factor= 0.4). The vessel
was closed, and the mechanochemical reaction was conducted for 90 minutes at 30 Hz. The
reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the
extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3aa as white solid, yield 49% (95 mg).

H NMR (600 MHz, DMSO-ds) "H NMR (600 MHz, DMSO-ds) 5 8.19 (s, 1H), 8.17 (s, 1H), 7.64
(s, 2H), 7.58 (t, J = 6.6 Hz, 2H), 7.54 (d, J = 6.6 Hz, 1H), 7.27 (s, 2H).

13C NMR (151 MHz, DMSO-de) 6 150.8, 138.0, 130.5, 129.1, 128.9, 126.7, 122.8, 114.9.

Spectroscopic data are in agreement with those reported earlier.’
N

-0
N

2-(4-Fluorophenyl)-1H-benzo[d]imidazole (3ab): The compound was synthesized with general
procedure 7.2.1. 1a (108 mg, 1.0 mmol), 2b (251 mg, 1.1 mmol) and methanol (n factor= 0.4).
The vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at 30 Hz.
The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the
extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3ab as white solid, yield 45% (96 mg).

TH NMR (600 MHz, DMSO-ds) & 8.24 (s, 2H), 7.65 (s, 2H), 7.45 (s, 2H), 7.28 (s, 2H).

13C NMR (151 MHz, DMSO-de) 8 163.3 (d, J = 247.8 Hz), 149.9, 138.0, 129.1 (d, J = 7.6 Hz),
125.5,122.8, 116.2 (d, J = 22.0 Hz), 114.9.

Spectroscopic data are in agreement with those reported earlier.”

2-(4-Chlorophenyl)-1H-benzo|d]imidazole (3ac): The compound was synthesized with general
procedure 7.2.1. 1a (108 mg, 1.0 mmol), 2¢ (269 mg, 1.1 mmol) and methanol (1 factor= 0.4). The
vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at 30 Hz. The
reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the
extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3ac as white solid, yield 72% (165 mg).

IH NMR (600 MHz, DMSO-de) 5 12.99 (s, 1H), 8.20 (s, 1H), 8.18 (s, 1H), 7.63 (s, 1H), 7.61 (d,
J=17.3Hz, 2H), 7.62 — 7.55 (m, 3H).

13C NMR (151 MHz, DMSO-ds) & 160.83, 150.15, 134.49, 129.06, 129.04, 128.14, 122.30,
118.23.

Spectroscopic data are in agreement with those reported earlier.’
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2-(4-Bromophenyl)-1H-benzo[d]imidazole (3ad): The compound was synthesized with general
procedure 7.2.1. 1a (108 mg, 1.0 mmol), 2d (318 mg, 1.1 mmol) and methanol (n factor= 0.4).
The vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at 30 Hz.
The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the
extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3ad as white solid, yield 66% (180 mg).

H NMR (600 MHz, DMSO-ds) & 8.15 (s, 1H), 8.14 (s, 1H), 7.74 (s, 1H), 7.73 (s, 1H), 7.62 (dd,
J=6.0, 3.0 Hz, 2H), 7.20 (dd, J = 6.0, 3.0 Hz, 2H).

I3C NMR (151 MHz, DMSO-de) 8 150.3, 139.4, 131.9, 129.4, 128.4, 123.2, 122.3, 115.3.

Spectroscopic data are in agreement with those reported earlier.’

4-(1H-Benzo[d]imidazol-2-yl)benzonitrile (3ae): The compound was synthesized with general
procedure 7.2.1. 1a (108 mg, 1.0 mmol), 2e (258.5 mg, 1.1 mmol) and methanol (n factor= 0.4).
The vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at 30 Hz.
The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the
extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3ae as white solid, yield 63% (138 mg).

H NMR (600 MHz, DMSO-de) & 13.27 (s, 1H), 8.35 (s, 2H), 7.97 (s, 2H), 7.66 (s, 2H), 7.24 (s,
2H).

13C NMR (151 MHz, DMSO-de) 8 149.4, 145.2, 134.2, 132.9, 130.9, 129.8, 128.6, 127.0, 122.7,
118.6, 111.8, 109.5.

Spectroscopic data are in agreement with those reported earlier.’

-0

2-(2-Chlorophenyl)-1H-benzo[d]imidazole (3af): The compound was synthesized with general
procedure 7.2.1. 1a (108 mg, 1.0 mmol), 2f (269 mg, 1.1 mmol) and methanol (n factor=0.4). The
vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at 30 Hz. The
reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the
extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3af as white solid, yield 64% (147 mg).

IH NMR (600 MHz, DMSO-de) § 12.70 (s, 1H), 7.90 (dd, J = 7.2, 1.8 Hz, 1H), 7.65 (t, J = 7.8
Hz, 3H), 7.55 (dd, J = 7.2, 6.0 Hz, 1H), 7.54 — 7.49 (m, 1H), 7.24 (dd, J = 6.0, 3.0 Hz, 2H).
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I3C NMR (151 MHz, DMSO-ds) 6 148.9, 142.1, 132.7, 132.1, 131.7, 131.3, 130.8, 130.4, 130.2,
129.7,127.5, 122 .4.

Spectroscopic data are in agreement with those reported earlier.’

N
(j: \>—QC|

N

Cl

2-(2,4-Dichlorophenyl)-1H-benzo[d]imidazole (3ag): The compound was synthesized with
general procedure 7.2.1. 1a (108 mg, 1.0 mmol), 2g (307 mg, 1.1 mmol) and methanol (1 factor=
0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,

the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3ag as white solid, yield 58% (153 mg).

'H NMR (600 MHz, DMSO-d) & 12.76 (s, 1H), 7.94 (d, J = 8.4 Hz, 1H), 7.84 (s, 1H), 7.62 (d, J
=7.8 Hz, 3H), 7.25 (s, 2H).

3C NMR (151 MHz, DMSO-ds) 8 147.44, 137.03, 135.91, 133.50, 132.86, 130.02, 127.90,
127.13, 123.45, 115.25.

Spectroscopic data are in agreement with those reported earlier.>

4-(1H-Benzo[d]imidazol-2-yl)-NV,N-dimethylaniline (3ah): The compound was synthesized
with general procedure 7.2.1. 1a (108 mg, 1.0 mmol), 2h (278.5 mg, 1.1 mmol) and methanol (1
factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the
reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product 3ah as white solid, yield 60% (142 mg).

H NMR (600 MHz, DMSO-de) & 8.01 (s, 1H), 8.00 (s, 1H), 7.57 (dd, J = 5.4, 3.0 Hz, 2H), 7.23
(dd, J=5.4,3.0 Hz, 2H), 6.87 (s, 1H), 6.85 (s, 1H), 3.01 (s, 6H).

13C NMR (151 MHz, DMSO-d) § 151.9, 151.4, 136.8, 128.1, 122.6, 114.1, 113.9, 111.8, 39.7
(x2).

Spectroscopic data are in agreement with those reported earlier.*
N

CLy-Con
N

2-(4-Methoxyphenyl)-1H-benzo[d]imidazole (3ai): The compound was synthesized with
general procedure 7.2.1. 1a (108 mg, 1.0 mmol), 2i (264 mg, 1.1 mmol) and methanol (n factor=
0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
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the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3ai as white solid, yield 70% (157 mg).

'H NMR (600 MHz, DMSO-de) & 8.12 (s, 1H), 8.11 (s, 1H), 7.58 (s, 2H), 7.20 (s, 2H), 7.13 (s,
1H), 7.12 (s, 1H), 3.84 (s, 3H).

13C NMR (151 MHz, DMSO-ds) 6 160.9, 151.2, 138.7, 128.2, 122.3, 122.2, 122.2, 121.9, 121.9,
114.7, 114.5, 55 4.

Spectroscopic data are in agreement with those reported earlier.’

:: :N
/ :
N
H
MeO

2-(2-Methoxyphenyl)-1H-benzo[d]imidazole (3aj): The compound was synthesized with
general procedure 7.2.1. 1a (108 mg, 1.0 mmol), 2j (264 mg, 1.1 mmol) and methanol (n factor=
0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3aj as white solid, yield 58% (130 mg).

H NMR (600 MHz, DMSO-de) & 12.13 (s, 1H), 8.33 (s, 1H), 7.62 (s, 2H), 7.48 (s, 1H), 7.26 -
7.08 (m, 4H), 4.02 (s, 3H).

13C NMR (151 MHz, DMSO-d¢) 6 156.7, 149.0, 142.6, 134.7, 131.2, 129.7, 121.9, 121.4, 120.8,
118.3, 118.1, 112.0, 111.9, 55.7.

Spectroscopic data are in agreement with those reported earlier.’
N
JosSoss
Me H

2-(4-Methoxyphenyl)-6-methyl-1H-benzo[d]imidazole (3bi): The compound was synthesized
with general procedure 7.2.1. 1b (122 mg, 1.0 mmol), 2i (264 mg, 1.1 mmol) and methanol (n
factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the
reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product 3bi as white solid, yield 66% (158 mg).

IH NMR (600 MHz, DMSO-ds) 5 8.09 (d, J = 7.2 Hz, 2H), 7.44 (d, J= 7.2 Hz, 1H), 7.34 (s, 1H),
7.11 (d, J= 7.8 Hz, 2H), 7.01 (d, J = 7.8 Hz, 1H), 3.84 (s, 3H), 2.42 (s, 3H).

13C NMR (151 MHz, DMSO-ds) 6 160.9, 150.6, 145.5, 137.8, 136.4, 131.8, 128.2, 123.9, 121.3,
114.5,113.9,55.4, 21.3.

Spectroscopic data are in agreement with those reported earlier.

N
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4-(6-Methyl-1H-benzo[d]imidazol-2-yl)phenol (3bk): The compound was synthesized with
general procedure 7.2.1. 1b (122 mg, 1.0 mmol), 2k (248.6 mg, 1.1 mmol) and methanol (1 factor=
0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3bk as white solid, yield 51% (114 mg).

'H NMR (600 MHz, DMSO-de) & 10.08 (s, 1H), 7.99 (s, 1H), 7.98 (s, 1H), 7.46 (d, J = 8.4 Hz,
1H), 7.36 (s, 1H), 7.05 (d, J = 8.4 Hz, 1H), 6.94 (s, 1H), 6.93 (s, 1H), 2.43 (s, 3H).

13C NMR (151 MHz, DMSO-d¢) & 159.7, 150.9, 136.2, 131.7, 128.4, 123.9, 119.6, 115.8, 115.6,
114.3,113.8, 21.3.

Spectroscopic data are in agreement with those reported earlier.’
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1-Methyl-2-phenyl-1H-benzo[d]imidazole (3ca): The compound was synthesized with general
procedure 7.2.1. 1¢ (122 mg, 1.0 mmol), 2a (231 mg, 1.1 mmol) and methanol (n factor=0.4). The
vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at 30 Hz. The
reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the
extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3ca as white solid, yield 91% (190 mg).

TH NMR (600 MHz, CDCl3) § 7.76 — 7.69 (m, 1H), 7.54 (q, J = 8.4 Hz, 5H), 7.28 — 7.25 (m, 1H),
7.25-7.21 (m, 2H), 3.72 (s, 3H).

13C NMR (151 MHz, CDCl3) & 152.6, 142.9, 136.7, 131.9, 130.9, 129.2, 124.4, 123.1, 122.7,
119.9, 109.8, 31.7.

Spectroscopic data are in agreement with those reported earlier.®
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2-(4-Bromophenyl)-1-methyl-1H-benzo[d]imidazole (3cd): The compound was synthesized
with general procedure 7.2.1. 1¢ (122 mg, 1.0 mmol), 2d (318 mg, 1.1 mmol) and methanol (n
factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the
reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product 3cd as white solid, yield 86% (248 mg).

H NMR (600 MHz, CDCl3) § 7.82 (d, J = 7.2 Hz, 1H), 7.67 (q, J = 8.4 Hz, 4H), 7.40 (d, J= 7.2
Hz, 1H), 7.36 — 7.30 (m, 2H), 3.87 (s, 3H).

I3C NMR (151 MHz, CDCl3) 6 152.8, 143.1, 136.8, 132.1, 131.1, 129.3, 124.5, 123.2, 122.8,
120.1, 109.8, 31.9.
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Spectroscopic data are in agreement with those reported earlier.”
N
CL-Oro
N
\
Me

2-(4-Methoxyphenyl)-1-methyl-1H-benzo[d]imidazole (3ci): The compound was synthesized
with general procedure 7.2.1. 1c¢ (122 mg, 1.0 mmol), 2i (264 mg, 1.1 mmol) and methanol (n
factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the
reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product 3ci as white solid, yield 90% (214 mg).

IH NMR (600 MHz, CDCl:) § 7.80 (s, 1H), 7.71 (d, J= 7.2 Hz, 2H), 7.40 — 7.27 (m, 3H), 7.04 (d,
J=7.2 Hz, 2H), 3.88 (s, 3H), 3.84 (s, 3H).

I3C NMR (151 MHz, CDCl3) § 160.9, 153.9, 143.1, 136.7, 130.9, 122.7, 122.6, 122.4, 119.7,
114.3, 109.6, 55.5, 31.8.

Spectroscopic data are in agreement with those reported earlier. '
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1-Methyl-2-(thiophen-2-yl)-1H-benzo[d]imidazole (3cl): The compound was synthesized with
general procedure 7.2.1. 1¢ (122 mg, 1.0 mmol), 21 (237.8 mg, 1.1 mmol) and methanol (1 factor=
0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3bi as white solid, yield 38% (82 mg).

"H NMR (600 MHz, DMSO-d¢) & 7.81 (d, J= 5.4 Hz, 1H), 7.79 (d, J = 3.6 Hz, 1H), 7.64 (d, J =
7.8 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 7.28 (dd, J= 8.4, 5.4 Hz, 2H), 7.23 (t, /= 7.8 Hz, 1H), 4.02
(s, 3H).

I3C NMR (151 MHz, DMSO-d¢) 6 147.3, 142.3, 136.6, 132.5, 129.3, 128.3, 128.1, 122.5, 122.1,
118.7,110.4, 31.6.

Spectroscopic data are in agreement with those reported earlier.'!
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2-(4-Fluorophenyl)-1-phenyl-1H-benzo[d]imidazole (3db): The compound was synthesized
with general procedure 7.2.1. 1d (184 mg, 1.0 mmol), 2b (251 mg, 1.1 mmol) and methanol (n
factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the
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reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product 3bi as white solid, yield 78% (225 mg).

'H NMR (600 MHz, DMSO-ds) & 7.79 (d, J = 7.8 Hz, 1H), 7.61 — 7.51 (m, SH), 7.41 (t, J= 7.2
Hz, 2H), 7.31 (t, J= 7.2 Hz, 1H), 7.28 — 7.24 (m, 1H), 7.22 — 7.16 (m, 3H).

13C NMR (151 MHz, DMSO-ds) 6 162.7 (d, J = 247.9 Hz), 150.9, 142.5, 137.0, 136.3, 131.4 (d,
J=28.7Hz), 130.1, 128.9, 127.5, 126.4 (d, J=3.1 Hz), 123.4,122.8, 119.4, 115.5 (d, J=21.9 Hz),
110.4.

Spectroscopic data are in agreement with those reported earlier.!?
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2-(4-Bromophenyl)-1-phenyl-1H-benzo[d]imidazole (3dd): The compound was synthesized
with general procedure 7.2.1. 1d (184 mg, 1.0 mmol), 2d (318 mg, 1.1 mmol) and methanol (n
factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the
reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product 3dd as white solid, yield 82% (286 mg).

'H NMR (600 MHz, CDCl3) 6 7.74 (d, J= 7.8 Hz, 1H), 7.37 — 7.32 (m, 3H), 7.28 (q, J = 8.4 Hz,
4H), 7.18 (t, J = 7.8 Hz, 1H), 7.14 (s, 1H), 7.13 (s, 1H), 7.10 (d, J= 7.2 Hz, 1H), 7.07 (d, J = 7.8
Hz, 1H).

3C NMR (151 MHz, CDCl3) & 151.2, 142.9, 137.3, 136.8, 131.6, 130.9, 130.1, 128.9, 128.8,
127.4,124.1, 123.7, 123.2, 119.9, 110.5.

Spectroscopic data are in agreement with those reported earlier.
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2-(2-Chlorophenyl)-1-phenyl-1H-benzo[d]imidazole (3df): The compound was synthesized
with general procedure 7.2.1. 1d (184 mg, 1.0 mmol), 2f (269 mg, 1.1 mmol) and methanol (n
factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the
reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product 3df as white solid, yield 64% (195 mg).

'H NMR (600 MHz, CDCl; + DMSO-ds) 5 7.79 (d, J = 7.8 Hz, 1H), 7.41 (d, J= 6.6 Hz, 1H), 7.30
(d, J=17.2 Hz, 3H), 7.26 (d, J= 7.2 Hz, 4H), 7.24 — 7.19 (m, 2H), 7.17 (s, 1H), 7.15 (s, 1H).

I3C NMR (151 MHz, CDCIl3 + DMSO-ds) 6 150.4, 142.7, 135.8, 135.6, 133.9, 132.3, 130.9, 130.0,
129.5, 129.3, 128.0, 126.5, 126.4, 123.5, 122.8, 119.9, 110.5.
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Spectroscopic data are in agreement with those reported earlier. !
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2-(4-Methoxyphenyl)-1-phenyl-1H-benzo|d]imidazole (3di): The compound was synthesized
with general procedure 7.2.1. 1d (184 mg, 1.0 mmol), 2i (264 mg, 1.1 mmol) and methanol (n
factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the
reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product 3di as white solid, yield 62% (187 mg).

IH NMR (600 MHz, CDCl3)  7.90 (s, 1H), 7.54 (s, SH), 7.35 (s, 3H), 7.26 (s, 2H), 6.85 (s, 2H),
3.83 (s, 3H).

13C NMR (151 MHz, CDCl3) & 160.6, 152.5, 143.2, 137.6, 137.4, 131.0, 130.0, 128.6, 127.6,
123.1, 122.9, 122.5, 119.7, 113.9, 110.4, 55.4.

Spectroscopic data are in agreement with those reported earlier.'*
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2-([1,1'-Biphenyl]-4-yl)-1-phenyl-1H-benzo[d]imidazole (3dm): The compound was
synthesized with general procedure 7.2.1. 1d (184 mg, 1.0 mmol), 2m (315 mg, 1.1 mmol) and
methanol (n factor=0.4). The vessel was closed, and the mechanochemical reaction was conducted
for 90 minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of
the reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified
by recrystallization with ethanol to afford the product 3dm as white solid, yield 86% (298 mg).

TH NMR (600 MHz, DMSO-de) & 7.81 (s, 1H), 7.69 (s, 4H), 7.64 — 7.56 (m, SH), 7.50 — 7.41 (s,
4H), 7.38 (s, 1H), 7.35 — 7.26 (m, 2H), 7.19 (s, 1H).

I3C NMR (151 MHz, DMSO-ds) 5 151.5, 142.6, 140.9, 138.9, 137.2, 136.5, 130.2, 129.6, 129.0,
128.9, 128.8, 127.9, 127.6, 126.7, 126.5, 123.4, 122.8, 119.4, 110.5.

Spectroscopic data are in agreement with those reported earlier. >
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2-(1-Phenyl-1H-benzo|d]imidazol-2-yl)phenol (3dn): The compound was synthesized with
general procedure 7.2.1. 1d (184 mg, 1.0 mmol), 2n (248.6 mg, 1.1 mmol) and methanol (n factor=
0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90 minutes at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
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the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product 3dn as white solid, yield 68% (195 mg).

IH NMR (600 MHz, CDCl3) § 13.53 (s, 1H), 7.82 (d, J = 7.8 Hz, 1H), 7.62 (d, J = 5.4 Hz, 3H),
7.42 (d, J=7.2 Hz, 2H), 7.36 (t, J = 7.8 Hz, 1H), 7.28 (d, J = 7.8 Hz, 1H), 7.25 — 7.21 (m, 1H),
7.14 —7.07 (m, 2H), 6.86 (d, J = 7.8 Hz, 1H), 6.54 (t, J = 7.2 Hz, 1H).

13C NMR (151 MHz, CDCl3) § 159.8, 150.9, 140.2, 137.3, 136.7, 131.5, 130.5, 129.7, 128.1,
127.4,123.9, 123.6, 118.8, 118.2, 118.1, 112.5, 110.5.

Spectroscopic data are in agreement with those reported earlier.'*
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1-(4-Methylbenzyl)-2-phenyl-1H-benzo|d]imidazole (3ea): The compound was synthesized
with general procedure 7.2.1. 1e (212.3 mg, 1.0 mmol), 2a (231 mg, 1.1 mmol) and methanol (1
factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted for 90
minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the

reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product 3ea as white solid, yield 68% (102 mg).

H NMR (600 MHz, CDCls) § 7.87 (d, J= 7.8 Hz, 1H), 7.71 (d, J= 1.8 Hz, 1H), 7.69 (t, /= 1.8
Hz, 1H), 7.49 — 7.43 (m, 3H), 7.32 — 7.29 (m, 1H), 7.25 — 7.20 (m, 2H), 7.13 (d, J = 7.8 Hz, 2H),
7.00 (d, J= 7.8 Hz, 2H), 5.42 (d, J = 7.2 Hz, 2H), 2.34 (s, 3H).

13C NMR (151 MHz, CDCl3) § 154.3, 143.3, 137.6, 136.2, 133.5, 130.3, 130.0, 129.9, 129.4,
128.9,126.1, 123.1, 122.8, 120.1, 110.7, 48.3, 21.2.

Spectroscopic data are in agreement with those reported earlier.'¢
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1-Cyclohexyl-2-(4-methoxyphenyl)-1H-benzo[d]imidazole (3fi): The compound was
synthesized with general procedure 7.2.1. 1f (190.3 mg, 1.0 mmol), 2i (264 mg, 1.1 mmol) and
methanol (n factor=0.4). The vessel was closed, and the mechanochemical reaction was conducted
for 90 minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of
the reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo. The product

yield was calculated after column chromatography to afford the product 3fi as yellow liquid, yield
43% (131 mg).

'H NMR (600 MHz, DMSO-ds) & 7.82 — 7.78 (m, 1H), 7.65 — 7.63 (m, 1H), 7.58 (d, J = 1.8 Hz,
1H), 7.56 (d, J = 3.0 Hz, 1H), 7.23 — 7.14 (m, 2H), 7.13 (s, 1H), 7.12 (d, J = 3.0 Hz, 1H), 4.31 -
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4.23 (m, 1H), 3.86 (s, 3H), 2.32 — 2.25 (m, 2H), 1.86 (t, J = 15.6 Hz, 4H), 1.65 (d, J = 12.6 Hz,
1H), 1.41 - 1.32 (m, 1H), 1.31 - 1.23 (m, 2H).

13C NMR (151 MHz, DMSO-ds) 8 160.1, 153.0, 143.2, 133.5, 130.6, 122.9, 121.6, 121.2, 119.2,
114.0, 112.7, 56.4, 55.2, 30.5, 25.4, 24 4.

Spectroscopic data are in agreement with those reported earlier.!”
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1-(Tert-butyl)-2-phenyl-1H-benzo[d]imidazole (3ga): The compound was synthesized with
general procedure 7.2.1. 1g (164.3 mg, 1.0 mmol), 2a (231 mg, 1.1 mmol) and ethanol (1 factor=
1.0) at 80 °C under an O; atmosphere in ball mill (30 Hz) for 3 hours. The reaction mixture was
extracted with 5 mL of methanol at the end of the reaction. Then, the extracted reaction mixture

was evaporated to dryness in vacuo. The product yield was calculated after column
chromatography to afford the product 3ga as white solid, yield 91% (114 mg).

IH NMR (600 MHz, CDClz) § 7.81 — 7.77 (m, 1H), 7.72 (dd, J = 6.6, 2.4 Hz, 1H), 7.47 (d, J = 7.8
Hz, 2H), 7.45 — 7.37 (m, 3H), 7.30 — 7.24 (m, 2H), 1.61 (s, 9H).

13C NMR (151 MHz, CDCl3) & 153.5, 143.1, 135.7, 134.9, 129.7, 129.1, 127.8, 122.1, 121.9,
120.1, 114.7, 59.0, 31.5.

Spectroscopic data are in agreement with those reported earlier.'®
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2-Hexyl-1H-benzo[d]imidazole (3a0): The compound was synthesized with general procedure
7.2.1. 1a (108 mg, 1.0 mmol), 20 (240 mg, 1.1 mmol) and methanol (n factor= 1.0). The vessel
was closed, and the mechanochemical reaction was conducted for 8h at 15 Hz. The reaction
mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the extracted
reaction mixture was evaporated to dryness in vacuo, and the yield was calculated after column
chromatography as white solid, yield 71% (71 mg).

TH NMR (600 MHz, DMSO-ds) & 7.49 — 7.37 (m, 2H), 7.10-7.07 (m, 2H), 2.79 (t, J = 7.8 Hz,
2H), 1.79 — 1.69 (m, 2H), 1.35 — 1.30 (m, 2H), 1.28- 1.25 (m, 4H), 0.84 (t, J = 6.0 Hz, 3H).

I3C NMR (151 MHz, DMSO-de) 6 155.1, 139.3, 120.9, 114.2, 30.9, 28.4, 28.2,27.4,21.9, 13.8.

Spectroscopic data are in agreement with those reported earlier.!

L

2-Decyl-1H-benzo[d]imidazole (3ap): The compound was synthesized with general procedure
7.2.1. 1a (108 mg, 1.0 mmol), 2p (302 mg, 1.1 mmol) and methanol (n factor= 1.0). The vessel
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was closed, and the mechanochemical reaction was conducted for 8h at 15 Hz. The reaction
mixture was extracted with 5 mL of methanol at the end of the reaction. Then, the extracted
reaction mixture was evaporated to dryness in vacuo, and the yield was calculated after column
chromatography as white solid, yield 86% (105 mg).

'H NMR (600 MHz, DMSO-dg)  7.47 — 7.42 (m, 2H), 7.13 — 7.06 (m, 2H), 2.78 (t, J = 7.2 Hz,
2H), 1.78 — 1.70 (m, 2H), 1.33 — 1.27 (s, 4H), 1.26 — 1.17 (m, 10H), 0.84 (t, J = 6.6 Hz, 3H).

13C NMR (151 MHz, DMSO-d¢) 8 155.2, 121.1, 31.3,29.0, 28.9, 28.8, 28.7, 28.7, 28.5,27.6, 22.1,
14.0.

Spectroscopic data are in agreement with those reported earlier.?’
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(E)-N-(Tert-butyl)-2-((4-methoxybenzylidene)amino)aniline (3gi’): The compound was
synthesized with general procedure 7.2.1. 1g (164.3 mg, 1.0 mmol), 2i (264 mg, 1.1 mmol) and
methanol (n factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted
for 90 minutes at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of
the reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo. The product
yield was calculated after column chromatography to afford the product 3gi’ as yellow solid, yield
62% (87 mg).

IH NMR (600 MHz, CDCls) § 8.45 (s, 1H), 7.90 — 7.79 (m, 2H), 7.13 — 7.09 (m, 1H), 7.03 (dd, J
= 7.8, 1.2 Hz, 1H), 7.01 (d, J = 2.4 Hz, 1H), 6.99 (s, 1H), 6.98 (dd, J = 9.0, 1.8 Hz, 1H), 6.70 (td,
J=7.8, 1.2 Hz, 1H), 3.88 (s, 3H), 1.4 (s, 9H).

I3C NMR (151 MHz, CDCl3) 8 162.2, 156.7, 142.5, 138.6, 130.4, 129.9, 127.1, 116.9, 116.8,
114.3,55.5,51.2,30.2.

Spectroscopic data are in agreement with those reported earlier.”!

7.2.7.3. Spectral Data for 2,3-Dihydro-1H-perimidines
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2-Phenyl-2,3-dihydro-1H-perimidine (4a): The compound was synthesized with general
procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2a (231 mg, 1.1 mmol), and methanol (n factor= 0.4).
The vessel was then closed, and the mechanochemical reaction was conducted for 30 min at 30
Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product as yellow solid, yield 89% (219 mg).
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H NMR (600 MHz, CDCls) & 7.60 (d, J=3.6 Hz, 2H), 7.43 (s, 3H), 7.30 — 7.15 (m, 4H), 6.48 (s,
1H), 6.47 (s, 1H), 5.40 (s, 1H), 4.40 (s, 2H).

13C NMR (151 MHz, CDCl3) § 142.2, 140.2, 134.9, 129.7, 128.9, 128.0, 126.9, 117.9, 113.6,
105.9, 68.4.

Spectroscopic data are in agreement with those reported earlier.??
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2-(4-Fluorophenyl)-2,3-dihydro-1H-perimidine (4b): The compound was synthesized with
general procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2b (251 mg, 1.1 mmol), and methanol (1 factor=
0.4). The vessel was then closed, and the mechanochemical reaction was conducted for 30 min at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product as yellow solid, yield 83% (219 mg).

IH NMR (600 MHz, CDCl3) § 7.58 (dd, J = 7.8, 6.0 Hz, 2H), 7.30 — 7.16 (m, 4H), 7.10 (t, J = 8.4
Hz, 2H), 6.50 (s, 1H), 6.49 (s, 1H), 5.41 (s, 1H), 4.45 (s, 2H).

13C NMR (151 MHz, CDCl3) § 163.5 (d, J = 248.2 Hz), 142.1, 136.1 (d, J = 3.1 Hz), 134.9, 129.9
(d,J=8.4Hz), 127.0, 118.1, 115.9 (d, J= 21.5 Hz), 113.5, 106.0, 67.8.

Spectroscopic data are in agreement with those reported earlier.??
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2-(4-Chlorophenyl)-2,3-dihydro-1H-perimidine (4c¢): The compound was synthesized with
general procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2¢ (269 mg, 1.1 mmol), and methanol (n factor=
0.4). The vessel was then closed, and the mechanochemical reaction was conducted for 30 min at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product as yellow solid, yield 79% (222 mg).

'H NMR (600 MHz, CDCl3) & 7.59 (s, 1H), 7.58 (s, 1H), 7.45 (s, 1H), 7.43 (s, 1H), 7.34 — 7.23
(m, 4H), 6.56 (s, 1H), 6.55 (s, 1H), 5.45 (s, 1H), 4.50 (s, 2H).

I3C NMR (151 MHz, CDCl3) & 141.9, 138.8, 135.5, 134.9, 129.5, 129.2, 127.0, 118.2, 113.5,
106.1, 67.8.

Spectroscopic data are in agreement with those reported earlier.?
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2-(4-Bromophenyl)-2,3-dihydro-1H-perimidine (4d): The compound was synthesized with
general procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2d (318 mg, 1.1 mmol), and methanol (n factor=
0.4). The vessel was then closed, and the mechanochemical reaction was conducted for 30 min at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product as yellow solid, yield 76% (247 mg).

Br

'H NMR (600 MHz, CDCL3) § 7.61 (s, 1H), 7.60 (s, 1H), 7.55 (s, 1H), 7.53 (s, 1H), 7.33 — 7.19
(m, 4H), 6.57 (s, 1H), 6.56 (s, 1H), 5.46 (s, 1H), 4.50 (s, 2H).

I3C NMR (151 MHz, CDCls)  141.89, 139.29, 135.00, 132.16, 129.77, 127.03, 123.76, 118.27,
113.54, 106.13, 67.89.

Spectroscopic data are in agreement with those reported earlier.?*
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4-(2,3-Dihydro-1H-perimidin-2-yl)-V,/N-dimethylaniline (4h): The compound was synthesized
with general procedure 7.2.2. 1Th (158 mg, 1.0 mmol), 2h (278.5 mg, 1.1 mmol), and methanol (n
factor= 0.4). The vessel was then closed, and the mechanochemical reaction was conducted for 30
min at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction.
Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product as yellow solid, yield 81% (235 mg).

H NMR (600 MHz, CDCls) § 7.52 (s, 1H), 7.51 (s, 1H), 7.30 — 7.26 (m, 2H), 7.23 (d, /= 8.4 Hz,
2H), 6.80 (s, 1H), 6.79 (s, 1H), 6.52 (s, 1H), 6.51 (s, 1H), 5.40 (s, 1H), 4.51 (s, 2H), 3.02 (s, 6H).

13C NMR (151 MHz, CDCl3) § 151.6, 142.8, 135.1, 128.9, 127.7, 126.9, 117.7, 113.6, 112.4,
105.7, 68.3, 40.7 (x2).

Spectroscopic data are in agreement with those reported earlier.?’

2-(4-Methoxyphenyl)-2,3-dihydro-1H-perimidine (4i): The compound was synthesized with
general procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2i (264 mg, 1.1 mmol), and methanol (n factor=
0.4). The vessel was then closed, and the mechanochemical reaction was conducted for 30 min at
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30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by recrystallization
with ethanol to afford the product as yellow solid, yield 85% (235 mg).

'H NMR (600 MHz, CDCls) & 7.58 (s, 1H), 7.57 (s, 1H), 7.27 (t, J = 7.2 Hz, 2H), 7.24 (d, J = 8.4
Hz, 2H), 6.98 (s, 1H), 6.97 (s, 1H), 6.53 (s, 1H), 6.52 (s, 1H), 5.43 (s, 1H), 4.50 (s, 2H), 3.86 (s,
3H).

13C NMR (151 MHz, CDCl3) § 160.7, 142.4, 135.1, 132.5, 129.3, 127.0, 117.9, 114.3, 113.6,
105.9, 68.1, 55.5.

Spectroscopic data are in agreement with those reported earlier.?

L,
o

1'H,3'H-Spiro|cyclohexane-1,2'-perimidine] (4q): The compound was synthesized with general
procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2q (222.4 mg, 1.1 mmol), and methanol (n factor= 0.4).
The vessel was then closed, and the mechanochemical reaction was conducted for 30 min at 30
Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,

the extracted reaction mixture was evaporated to dryness in vacuo to afford the product as white
solid, yield 98% (234 mg).

TH NMR (600 MHz, CDCl3) § 7.29 (s, 1H), 7.25 (t, J = 7.2 Hz, 1H), 7.16 (d, J= 7.8 Hz, 2H), 6.52
(d,J= 6.6 Hz, 2H), 4.43 (s, 2H), 1.78 (s, 4H), 1.64 (s, 4H), 1.54 (s, 2H).

I3C NMR (151 MHz, CDCl3) 6 140.1, 134.8, 127.2, 117.2, 113.6, 106.1, 65.5, 37.1, 25.4, 22.5.
Spectroscopic data are in agreement with those reported earlier.?®

L,
b

H

1'H,3'H-Spiro[cyclopentane-1,2'-perimidine] (4r): The compound was synthesized with
general procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2r (207 mg, 1.1 mmol), and methanol (n factor=
0.4). The vessel was then closed, and the mechanochemical reaction was conducted for 30 min at
30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by column
chromatography to afford the product as black solid, yield 86% (193 mg).

IH NMR (600 MHz, CDCls) & 7.25 (t, J = 7.8 Hz, 2H), 7.19 (d, J = 8.4 Hz, 2H), 6.52 (d, J= 7.2
Hz, 2H), 4.20 (s, 2H), 1.86 (d, J= 6.6 Hz, 4H), 1.80 (d, J = 6.6 Hz, 4H).

I3C NMR (151 MHz, CDCl3) § 141.0, 134.9, 126.9, 117.5, 114.0, 106.6, 76.2, 39.4, 23.1.

Spectroscopic data are in agreement with those reported earlier.?’
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1'H,3'H-Spiro[cycloheptane-1,2'-perimidine] (4s): The compound was synthesized with general
procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2s (238 mg, 1.1 mmol), and methanol (n factor= 0.4).
The vessel was then closed, and the mechanochemical reaction was conducted for 30 min at 30
Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction. Then,
the extracted reaction mixture was evaporated to dryness in vacuo and purified by column
chromatography to afford the product as Ry = 0.50 (hexane/ethyl acetate 9:1), black solid, yield
67% (169 mg).

'H NMR (600 MHz, CDCls) § 7.24 (t, J = 7.8 Hz, 2H), 7.17 (s, 1H), 7.15 (s, 1H), 6.53 (s, 1H),
6.52 (s, 1H), 4.29 (s, 2H), 2.00 — 1.92 (m, 4H), 1.65 (s, 4H), 1.57 (d, J = 4.2 Hz, 4H).

I3C NMR (151 MHz, CDCl3) 8 139.8, 134.7, 127.1, 117.4, 113.8, 106.5, 69.8, 40.4, 29.4, 22.1.
FTIR V max = 2939, 2360, 2160, 1585, 1364, 813 cm™.
HRMS: calculated for C17H21N2: 253.1705 [M+H]"; found: 253.1708.

4-(Tert-butyl)-1'H,3'H-spiro|[cyclohexane-1,2'-perimidine] (4t): The compound was
synthesized with general procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2t (284 mg, 1.1 mmol), and
methanol (n factor= 0.4). The vessel was then closed, and the mechanochemical reaction was
conducted for 30 min at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the
end of the reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and
purified by column chromatography to afford the product as Ry= 0.50 (hexane/ethyl acetate 9:1);
black solid, yield 47% (138 mg).

H NMR (600 MHz, CDCl3) § 7.26 -7.22 (m, 2H), 7.17 — 7.12 (m, 2H), 6.54 (d, J = 7.2 Hz, 1H),
6.48 (d, J=17.2 Hz, 1H), 4.29 (brs, 2H), 2.17 (d, J = 12.0 Hz, 2H), 1.75 (d, J = 13.2 Hz, 2H), 1.38
(td, J= 13.2, 3.0 Hz, 2H), 1.29 — 1.26 (m, 1H), 1.22 (d, J= 11.4 Hz, 1H), 1.10 (d, J = 12.0 Hz,
1H), 0.92 (s, 9H).

13C NMR (151 MHz, CDCl3) 8 140.5, 139.7, 134.8, 127.2, 127.1, 117.2, 117.1, 113.6, 106.4,
105.9, 65.3,47.5,37.2,32.5,27.7, 23.3.

FTIR V max = 3031, 2941, 2371, 2348, 1586, 1362, 814 cm™'.
HRMS: calculated for C20H27N2: 295.2169 [M+H]"; found: 295.2178.
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4-Phenyl-1'H,3' H-Spiro[cyclohexane-1,2'-perimidine] (4u): The compound was synthesized
with general procedure 7.2.2. 1h (158 mg, 1.0 mmol), 2u (306 mg, 1.1 mmol), and methanol (1
factor= 0.4). The vessel was then closed, and the mechanochemical reaction was conducted for 30
min at 30 Hz. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction.
Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by column
chromatography to afford the product as Ry =0.50 (hexane/ethyl acetate 9:1), black solid, yield
59% (185 mg).

TH NMR (600 MHz, CDCl3) & 7.32 (t, J= 7.2 Hz, 2H), 7.25 (d, J= 7.8 Hz, 2H), 7.21 (dd, J = 9.6,
4.8 Hz, 3H), 7.16 (dd, J= 7.8, 5.4 Hz, 2H), 6.58 (d, J= 7.2 Hz, 1H), 6.51 (d, J= 7.2 Hz, 1H), 4.74
(brs, 2H), 2.64 — 2.56 (m, 1H), 2.23 (d, J = 12.0 Hz, 2H), 1.91 (d, J = 12.6 Hz, 2H), 1.72 (td, J =
13.2, 2.4 Hz, 2H), 1.58 (td, J = 13.2, 3.6 Hz, 2H).

13C NMR (151 MHz, CDCl3) & 145.9, 140.0, 139.3, 134.7, 128.5, 127.1, 126.7, 126.4, 117.5,
117.4,117.3, 113.6, 106.8, 106.2, 65.1, 43.2, 36.9, 29.9.

FTIR V max = 2979, 2341, 1540, 1507, 1043, 927, 814 cm™".
HRMS: calculated for C22H23Nz: 315.1861 [M+H]"; found: 315.1866.
7.2.7.4. Spectral Data for Perimidines

kg

N
H

2-Phenyl-1H-perimidine (5a): The compound was synthesized with general procedure 7.2.3. 1h
(158 mg, 1.0 mmol), bisulfite adducts 2a (231 mg, 1.1 mmol), and ethanol (# factor= 0.4). The
vessel was then closed, and the mechanochemical reaction was conducted for 180 min at 30 Hz
and 70 °C. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction.
Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product as yellow solid, yield 84% (205 mg).

H NMR (600 MHz, CDCls) & 7.85 (s, 1H), 7.83 (s, 1H), 7.51 (t, J= 7.2 Hz, 1H), 7.47 (t, J = 7.2
Hz, 2H), 7.26 (s, 1H), 7.18 (s, 2H), 7.13 (s, 1H), 7.11 (s, 1H), 6.59 (s, 2H).

13C NMR (151 MHz, CDCl3) 6 152.7, 145.3, 135.6, 134.2, 131.3, 129.0, 128.6, 128.4, 126.3,
122.7,122.0, 120.1, 120.0, 114.9, 105.4.

Spectroscopic data are in agreement with those reported earlier.?’
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2-(4-Chlorophenyl)-1H-perimidine (5¢): The compound was synthesized with general procedure
7.2.3. 1h (158 mg, 1.0 mmol), bisulfite adducts 2¢ (269 mg, 1.1 mmol), and ethanol (# factor=
0.4). The vessel was then closed, and the mechanochemical reaction was conducted for 180 min
at 30 Hz and 70 °C. The reaction mixture was extracted with 5 mL of methanol at the end of the
reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product as yellow solid, yield 92% (256 mg).

IH NMR (600 MHz, DMSO-de) & 10.68 (s, 1H), 8.04 (s, 1H), 8.03 (s, 1H), 7.60 (s, 1H), 7.59 (s,
1H), 7.17 (d, J = 6.6 Hz, 1H), 7.12 (s, 1H), 7.06 (d, J= 7.2 Hz, 1H), 7.02 (d, J = 7.2 Hz, 1H), 6.69
(d, J = 6.0 Hz, 1H), 6.54 (d, J = 6.0 Hz, 1H).

I3C NMR (151 MHz, DMSO-d¢) 6 151.7, 144.8, 138.4, 135.8, 135.1, 132.2, 128.9, 128.7, 128.5,
128.0, 121.6, 119.5, 117.9, 114.1, 102.9.

Spectroscopic data are in agreement with those reported earlier.?’

O,
*Qm

N
H

2-(4-Bromophenyl)-1H-perimidine (5d): The compound was synthesized with general
procedure 7.2.3. 1h (158 mg, 1.0 mmol), bisulfite adducts 2d (318 mg, 1.1 mmol), and ethanol (5
factor= 0.4). The vessel was then closed, and the mechanochemical reaction was conducted for
180 min at 30 Hz and 70 °C. The reaction mixture was extracted with 5 mL of methanol at the end
of the reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and
purified by recrystallization with ethanol to afford the product as yellow solid, yield 88% (284

mg).

'H NMR (600 MHz, DMSO-ds) 5 10.68 (s, 1H), 7.97 (s, 1H), 7.96 (s, 1H), 7.75 (s, 1H), 7.73 (s,
1H), 7.18 (t, J= 7.8 Hz, 1H), 7.12 (t, J= 7.8 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H), 7.02 (d, J= 8.4 Hz,
1H), 6.69 (d, J= 7.2 Hz, 1H), 6.53 (d, J = 7.2 Hz, 1H).

3C NMR (151 MHz, DMSO-de) § 151.8, 144.8, 138.3, 135.0, 132.5, 131.4, 128.9, 128.8, 128.0,
124.6, 121.6, 119.5, 117.9, 114.1, 102.9.

Spectroscopic data are in agreement with those reported earlier.?’
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2-(2,4-Dichlorophenyl)-1H-perimidine (5g): The compound was synthesized with general
procedure 7.2.3. 1h (158 mg, 1.0 mmol), bisulfite adducts 2g (307 mg, 1.1 mmol), and ethanol (#
factor= 0.4). The vessel was then closed, and the mechanochemical reaction was conducted for
180 min at 30 Hz and 70 °C. The reaction mixture was extracted with 5 mL of methanol at the end
of the reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and
purified by recrystallization with ethanol to afford the product as Ry= 0.70 (hexane/ethyl acetate
7:3), yellow solid, yield 82% (258 mg).

H NMR (600 MHz, CDCL3) § 7.78 (s, 1H), 7.62 (d, J = 8.4 Hz, 1H), 7.44 (s, 1H), 7.32 (d, J = 8.4
Hz, 1H), 7.23 — 7.06 (m, 4H), 6.85 (s, 1H), 6.23 (s, 1H).

13C NMR (151 MHz, CDCl3) § 151.3, 144.1, 137.1, 135.6, 132.4, 132.2, 131.9, 130.3, 129.3,
128.0, 127.7, 127.6, 122.0, 121.2, 119.7, 115.8, 102.5.

FTIR V max = 2358, 1540, 1051, 820, 770 cm™.
HRMS: calculated for C17H11CLoN2: 313.0299 [M+H]"; found: 313.0312.

L,

N
H

2-(4-Methoxyphenyl)-1H-perimidine (5i): The compound was synthesized with general
procedure 7.2.3. 1h (158 mg, 1.0 mmol), bisulfite adducts 2i (264 mg, 1.1 mmol), and ethanol (7
factor= 0.4). The vessel was then closed, and the mechanochemical reaction was conducted for
180 min at 30 Hz and 70 °C. The reaction mixture was extracted with 5 mL of methanol at the end
of the reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and
purified by recrystallization with ethanol to afford the product as white solid, yield 85% (233 mg).

IH NMR (600 MHz, CDCL3) 8 7.83 (s, 1H), 7.82 (s, 1H), 7.26 (s, 2H), 7.17 (s, 2H), 7.11 (s, 1H),
7.10 (s, 1H), 6.99 (s, 1H), 6.97 (s, 1H), 6.58 (s, 1H), 3.86 (s, 3H).

I3C NMR (151 MHz, CDCl3) & 162.2, 153.4, 152.1, 135.6, 131.1, 128.7, 127.9, 126.4, 124.7,
121.8,119.8, 119.8, 118.8, 114.3, 55.6.

Spectroscopic data are in agreement with those reported earlier.?®

i

N S/
2-(Thiophen-2-yl)-1H-perimidine (51): The compound was synthesized with general procedure
7.2.3. 1h (158 mg, 1.0 mmol), bisulfite adducts 21 (237.8 mg, 1.1 mmol), and ethanol (# factor=

0.4). The vessel was then closed, and the mechanochemical reaction was conducted for 180 min
at 30 Hz and 70 °C. The reaction mixture was extracted with 5 mL of methanol at the end of the
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reaction. Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product as white solid, yield 87% (218 mg).

IH NMR (600 MHz, CDCl3) § 7.63 (s, 1H), 7.30 (d, J = 4.8 Hz, 1H), 6.99 — 6.88 (m, 4H), 6.87 (s,
1H), 6.86 (s, 1H), 6.44 (s, 2H).

I3BC NMR (151 MHz, CDCl3+DMSO-ds) & 150.8, 148.4, 143.7, 138.5, 135.1, 129.3, 129.2, 127.9,
127.9,127.2,126.8, 126.7, 121.6, 118.7, 118.6.

Spectroscopic data are in agreement with those reported earlier.?’

g

H

2-(1H-Perimidin-2-yl)phenol (5n): The compound was synthesized with general procedure 7.2.3.
1h (158 mg, 1.0 mmol), bisulfite adducts 2n (248.6 mg, 1.1 mmol), and ethanol ( factor= 0.4).
The vessel was then closed, and the mechanochemical reaction was conducted for 180 min at 30
Hz and 70 °C. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction.
Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product as white solid, yield 79% (206 mg).

IH NMR (600 MHz, DMSO-de) & 14.79 (s, 1H), 10.69 (s, 1H), 7.97 (d, J= 7.8 Hz, 1H), 7.42 (t, J
= 7.8 Hz, 1H), 7.20 (t, J= 7.8 Hz, 2H), 7.12 (d, J = 8.4 Hz, 2H), 6.97 — 6.89 (m, 2H), 6.70 (s, 1H),
6.69 (s, 1H).

I3C NMR (151 MHz, DMSO-d¢) 6 161.2, 154.7, 137.0, 134.8, 133.3, 128.8, 128.5, 128.3, 126.2,
121.0, 120.2, 118.8, 118.0, 112.8, 112.6, 104.2.

Spectroscopic data are in agreement with those reported earlier.?®

(2,
B

N
H

2-(m-Tolyl)-1H-perimidine (5v): The compound was synthesized with general procedure 7.2.3.
1h (158 mg, 1.0 mmol), bisulfite adducts 2v (246.6 mg, 1.1 mmol), and ethanol (» factor= 0.4).
The vessel was then closed, and the mechanochemical reaction was conducted for 180 min at 30
Hz and 70 °C. The reaction mixture was extracted with 5 mL of methanol at the end of the reaction.
Then, the extracted reaction mixture was evaporated to dryness in vacuo and purified by
recrystallization with ethanol to afford the product as yellow solid, yield 83% (214 mg).

H NMR (600 MHz, CDCl3) § 7.68 (s, 1H), 7.58 (d,J=7.2 Hz, 1H), 7.35 (t,J= 7.2 Hz, 1H), 7.31
(d,J=7.2 Hz, 1H), 7.26 (s, 1H), 7.17 (s, 2H), 7.11 (d, J = 7.8 Hz, 2H), 6.72 (s, 2H), 2.41 (s, 3H).
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13C NMR (151 MHz, CDCl3) § 152.9, 147.7, 139.9, 138.9, 135.6, 134.1, 132.1, 128.9, 127.3,
127.1,123.3,123.2, 121.9, 119.9, 114.4, 21.5.

Spectroscopic data are in agreement with those reported earlier.?’

7.2.7.5. Spectral Data for Reductive Amination
o

N-Benzylaniline (6ia): The compound was synthesized with general procedure 7.2.4. 1i (93 mg,
1.0 mmol), bisulfite adducts 2a (231 mg, 1.1 mmol), and methanol (1 factor=0.4). The vessel was
then closed, and the mechanochemical reaction was conducted, ranging from 180 minutes at 30
Hz. At the end of the reaction, an additional refill of NaBH4 (151.32 mg, 4.00 mmol) was made,
and the mechanochemical reaction was run for 180 min at a frequency of 30 Hz. At the end of the
reaction, the crude product was recovered with 4 mL of EtOAc. Lastly, the solvent was removed
under reduced pressure to afford the pure secondary amine as pale-yellow liquid, yield 55% (100

mg).

'"H NMR (600 MHz, CDCl3) & 7.39 (d, J= 7.2 Hz, 2H), 7.35 (t, J= 7.2 Hz, 2H), 7.29 (t, J="7.2
Hz, 1H), 7.19 (t, J= 7.2 Hz, 2H), 6.73 (t,J = 7.2 Hz, 1H), 6.66 (s, 1H), 6.65 (s, 1H), 4.34 (s, 2H),
4.06 (s, 1H).

I3C NMR (151 MHz, CDCl3) 6 148.2, 139.5, 129.4, 128.8, 127.7, 127.4, 117.8, 113.0, 48.5.

Spectroscopic data are in agreement with those reported earlier.>

NMe,
N,N-Dimethyl-4-((phenylamino)methyl)aniline (6ih): The compound was synthesized with
general procedure 7.2.4. 1i (93 mg, 1.0 mmol), bisulfite adducts 2h (278.5 mg, 1.1 mmol), and
methanol (y factor= 0.4). The vessel was then closed, and the mechanochemical reaction was
conducted, ranging from 180 minutes at 30 Hz. At the end of the reaction, an additional refill of
NaBH4 (151.32 mg, 4.00 mmol) was made, and the mechanochemical reaction was run for 180
min at a frequency of 30 Hz. At the end of the reaction, the crude product was recovered with 4
mL of EtOAc. Lastly, the solvent was removed under reduced pressure to afford the pure secondary
amine as pale-yellow liquid, yield 90% (204 mg).

TH NMR (600 MHz, CDCls) 8 7.30 (d, J = 8.4 Hz, 2H), 7.23 (t, J = 7.8 Hz, 2H), 6.79 — 6.74 (m,
3H), 6.70 (d, J = 7.8 Hz, 2H), 4.25 (s, 2H), 3.87 (br, 1H), 2.99 (s, 6H).

I3C NMR (151 MHz, CDCl3) 6 150.1, 148.5, 129.3, 128.8, 127.2, 117.4, 112.9, 48.0, 40.8 (x2).

Spectroscopic data are in agreement with those reported earlier.’!
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N-(4-Methoxybenzyl)aniline (6ii): The compound was synthesized with general procedure 7.2.4.
1i (93 mg, 1.0 mmol), bisulfite adducts 2i (264 mg, 1.1 mmol), and methanol ( factor=0.4). The
vessel was then closed, and the mechanochemical reaction was conducted, ranging from 180
minutes at 30 Hz. At the end of the reaction, an additional refill of NaBH4 (151.32 mg, 4.00 mmol)
was made, and the mechanochemical reaction was run for 180 min at a frequency of 30 Hz. At the

end of the reaction, the crude product was recovered with 4 mL of EtOAc. Lastly, the solvent was

removed under reduced pressure to afford the pure secondary amine as pale-yellow liquid, yield
92% (196 mg).

H NMR (600 MHz, CDCl3) & 7.32 (s, 1H), 7.31 (s, 1H), 7.21 (dt, J = 9.6, 4.8 Hz, 2H), 6.91 —
6.89 (m, 1H), 6.89 — 6.87 (m, 1H), 6.80 (t,J=7.2 Hz, 1H), 6.74 (s, 1H), 6.73 (s, 1H), 4.28 (s, 2H),
3.81 (s, 3H).

I3C NMR (151 MHz, CDCl3) § 159.1, 146.9, 130.5, 129.4, 129.3, 118.8, 114.1, 55.4, 48.7.

Spectroscopic data are in agreement with those reported earlier.>?

OMe
H
/©/N\/©/
Br

4-Bromo-N-(4-methoxybenzyl)aniline (6ji): The compound was synthesized with general
procedure 7.2.4. 1j (172 mg, 1.0 mmol), bisulfite adducts 2i (264 mg, 1.1 mmol), and methanol (#
factor= 0.4). The vessel was then closed, and the mechanochemical reaction was conducted,
ranging from 180 minutes at 30 Hz. At the end of the reaction, an additional refill of NaBH4
(151.32 mg, 4.00 mmol) was made, and the mechanochemical reaction was run for 180 min at a
frequency of 30 Hz. At the end of the reaction, the crude product was recovered with 4 mL of
EtOAc. Lastly, the solvent was removed under reduced pressure to afford the pure secondary amine
as pale-yellow liquid, yield 90% (263 mg).

IH NMR (600 MHz, CDCL3) § 7.27 (s, 1H), 7.25 (s, 1H), 7.24 (s, 1H), 7.23 (s, 1H), 6.89 (s, 1H),
6.87 (s, 1H), 6.51 (s, 1H), 6.50 (s, 1H), 4.22 (s, 2H), 4.06 (br, 1H), 3.80 (s, 3H).

I3C NMR (151 MHz, CDCl3) § 159.1, 147.2, 132.1, 130.9, 128.9, 114.6, 114.3, 109.3, 55.5, 47.9.

Spectroscopic data are in agreement with those reported earlier.>

OMe
H
/@/N\/@
HO

4-((4-Methoxybenzyl)amino)phenol (6ki): The compound was synthesized with general
procedure 7.2.4. 1k (109 mg, 1.0 mmol), bisulfite adducts 2i (264 mg, 1.1 mmol), and methanol
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(n factor= 0.4). The vessel was then closed, and the mechanochemical reaction was conducted,
ranging from 180 minutes at 30 Hz. At the end of the reaction, an additional refill of NaBH4
(151.32 mg, 4.00 mmol) was made, and the mechanochemical reaction was run for 180 min at a
frequency of 30 Hz. At the end of the reaction, the crude product was recovered with 4 mL of
EtOAc. Lastly, the solvent was removed under reduced pressure to afford the pure secondary amine
as pale-yellow liquid, yield 92% (211 mg).

'H NMR (600 MHz, CDCl3) § 7.29 (s, 1H), 7.28 (s, 1H), 6.88 (d, J = 8.4 Hz, 2H), 6.70 (d, J = 8.4
Hz, 2H), 6.56 (d, J = 8.4 Hz, 2H), 4.31 (br, 1H), 4.20 (s, 2H), 3.80 (s, 3H).

13C NMR (151 MHz, CDCl3) & 158.9, 147.9, 142.7, 131.8, 129.0, 116.3, 114.5, 114.2, 55.5, 48.9.

Spectroscopic data are in agreement with those reported earlier.>*

OMe
H
/@/N\/@
MeO

4-Methoxy-N-(4-methoxybenzyl)aniline (6li): The compound was synthesized with general
procedure 7.2.4. 11 (123 mg, 1.0 mmol), bisulfite adducts 2i (264 mg, 1.1 mmol), and methanol (»
factor= 0.4). The vessel was then closed, and the mechanochemical reaction was conducted,
ranging from 180 minutes at 30 Hz. At the end of the reaction, an additional refill of NaBH4
(151.32 mg, 4.00 mmol) was made, and the mechanochemical reaction was run for 180 min at a
frequency of 30 Hz. At the end of the reaction, the crude product was recovered with 4 mL of
EtOAc. Lastly, the solvent was removed under reduced pressure to afford the pure secondary amine
as pale-yellow liquid, yield 91% (222 mg).

H NMR (600 MHz, CDCls) § 7.29 (d, J = 8.4 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 6.78 (d, J = 8.4
Hz, 2H), 6.62 (d, J= 8.4 Hz, 2H), 4.21 (s, 2H), 3.81 (s, 3H), 3.75 (s, 3H).

I3C NMR (151 MHz, CDCl3) 6 158.9, 152.4, 142.5, 131.7, 129.0, 115.1, 114.4, 114.1, 55.9, 55.4,
48.9.

Spectroscopic data are in agreement with those reported earlier.>

NMe,
L
T
4-(((4-Fluorophenyl)amino)methyl)-V,N-dimethylaniline (6mh): The compound was
synthesized with general procedure 7.2.4. Im (111 mg, 1.0 mmol), bisulfite adducts 2h (278.5 mg,
1.1 mmol), and methanol (1 factor= 0.4). The vessel was then closed, and the mechanochemical
reaction was conducted, ranging from 180 minutes at 30 Hz. At the end of the reaction, an
additional refill of NaBH4 (151.32 mg, 4.00 mmol) was made, and the mechanochemical reaction
was run for 180 min at a frequency of 30 Hz. At the end of the reaction, the crude product was

recovered with 4 mL of EtOAc. Lastly, the solvent was removed under reduced pressure to afford
the pure secondary amine as Ry= 0.40 (hexane/ethyl acetate 7:3), white solid, yield 88% (215 mg).
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H NMR (600 MHz, CDCls) & 7.28 (d, J = 8.4 Hz, 2H), 6.93 (t, J = 8.4 Hz, 2H), 6.78 (d, J = 8.4
Hz, 2H), 6.64 — 6.58 (m, 2H), 4.21 (s, 2H), 3.83 (br, 1H), 2.9 (s, 6H).

13C NMR (151 MHz, CDCls) & 155.9 (d, J = 234.6 Hz), 150.2, 144.9, 128.8, 126.9, 115.7 (d, J =
22.3 Hz), 113.7 (d, J = 7.4 Hz), 112.9, 48.7, 40.8 (x2).

FTIR V max = 3390, 2919, 2850, 1606, 1506, 1207, 1105, 1063, 806, 772 cm™'.
HRMS: calculated for CisH6FN2: 243.1298 [M-H]"; found: 243.1298.

OMe
C|©Hﬁ0H
4-(((3-Chlorophenyl)amino)methyl)-2-methoxyphenol (6nw): The compound was synthesized
with general procedure 7.2.4. 1n (127.5 mg, 1.0 mmol), bisulfite adducts 2w (282 mg, 1.1 mmol),
and methanol (» factor= 0.4). The vessel was then closed, and the mechanochemical reaction was
conducted, ranging from 180 minutes at 30 Hz. At the end of the reaction, an additional refill of
NaBH4 (151.32 mg, 4.00 mmol) was made, and the mechanochemical reaction was run for 180
min at a frequency of 30 Hz. At the end of the reaction, the crude product was recovered with 4
mL of EtOAc. Lastly, the solvent was removed under reduced pressure to afford the pure secondary
amine as Ry= 0.70 (hexane/ethyl acetate 1:1), pale pink solid, yield 78% (206 mg).

H NMR (600 MHz, CDCls) & 7.07 (t, J= 7.8 Hz, 1H), 6.93 — 6.88 (m, 1H), 6.87 — 6.82 (m, 2H),
6.68 (d,J=7.8 Hz, 1H), 6.62 (s, 1H), 6.50 (dd, J=7.8, 1.8 Hz, 1H), 4.61 (s, 1H), 4.21 (d, J= 4.8
Hz, 2H), 4.04 (s, 1H), 3.87 (s, 3H).

I3C NMR (151 MHz, CDCl3) & 149.4, 146.9, 145.1, 135.1, 130.7, 130.3, 120.6, 117.5, 114.6,
112.6, 111.3, 110.3, 56.1, 48.2.

FTIR V max = 3347, 2232, 2118, 1906, 1595, 1455, 1126, 987, 941, 817 cm’".
HRMS: calculated for C14H;3CINO,: 262.0635 [M-H]"; found: 262.0641.

©/\N/\©

Dibenzylamine (60a): The compound was synthesized with general procedure 7.2.4. 10 (107 mg,
1.0 mmol), bisulfite adducts 2a (231 mg, 1.1 mmol), and methanol (1 factor=0.4). The vessel was
then closed, and the mechanochemical reaction was conducted, ranging from 180 minutes at 30
Hz. At the end of the reaction, an additional refill of NaBH4 (151.32 mg, 4.00 mmol) was made,
and the mechanochemical reaction was run for 180 min at a frequency of 30 Hz. At the end of the
reaction, the crude product was recovered with 4 mL of EtOAc. Lastly, the solvent was removed
under reduced pressure and purified using column chromatography to afford the pure secondary
amine as pale-yellow liquid, yield 63% (125 mg).

IH NMR (600 MHz, CDCl3) § 7.36 (d, J = 9.6 Hz, 3H), 7.34 (s, 4H), 7.20 — 7.17 (m, 3H), 4.02 (d,
J=5.4 Hz, 1H), 4.00 (d, J = 5.4 Hz, 1H), 3.86 (s, 1H), 3.80 (d, J = 6.0 Hz, 1H), 3.78 (d, J = 6.0
Hz, 1H).
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13C NMR (151 MHz, CDCl3) 6 134.5, 129.8, 129.0, 128.8, 58.7.

Spectroscopic data are in agreement with those reported earlier.>

N-Heptyl-2-methoxyaniline (6po): The compound was synthesized with general procedure 7.2.4.
1p (123 mg, 1.0 mmol), bisulfite adducts 20 (240 mg, 1.1 mmol), and methanol ( factor= 1.0).
The vessel was then closed, and the mechanochemical reaction was conducted, ranging from 6h at
15 Hz. At the end of the reaction, an additional refill of NaBH4 (151.32 mg, 4.00 mmol) was made,
and the mechanochemical reaction was run for 120 min at a frequency of 30 Hz. At the end of the
reaction, the crude product was recovered with 4 mL of EtOAc. Lastly, the solvent was removed
under reduced pressure and purified using column chromatography to afford the pure secondary
amine as pale-yellow liquid, yield 67% (74 mg).

IH NMR (600 MHz, CDCls) § 6.8 (t, J = 7.8 Hz, 1H), 6.77 (d, J = 7.8 Hz, 1H), 6.65 (t, J = 7.8
Hz, 1H), 6.61 (d, J=7.8 Hz, 1H), 4.17 (s, 1H), 3.85 (s, 3H), 3.12 (t, J = 7.2 Hz, 2H), 1.69 — 1.62
(m, 2H), 1.46 — 1.38 (m, 2H), 1.38 — 1.28 (m, 5H), 0.90 (t, J = 6.6 Hz, 4H).

13C NMR (151 MHz, CDCls) § 146.9, 138.7, 121.5, 116.2, 109.9, 109.5, 55.5, 43.9, 31.9, 29.7,
293,274,228, 14.2.

HRMS: calculated for C14H24NO: 222.1852 [M-H]"; found: 222.1843.

Spectroscopic data are in agreement with those reported earlier.>’
Br
OMe
H
[f:j/N\v/[::j/

N-(4-Bromobenzyl)-2-methoxyaniline (6pd): The compound was synthesized with general
procedure 7.2.4. 1p (123 mg, 1.0 mmol), bisulfite adducts 2d (318 mg, 1.1 mmol), and methanol
(n factor= 1.0). The vessel was then closed, and the mechanochemical reaction was conducted,
ranging from 6h at 15 Hz. At the end of the reaction, an additional refill of NaBH4 (151.32 mg,
4.00 mmol) was made, and the mechanochemical reaction was run for 120 min at a frequency of
30 Hz. At the end of the reaction, the crude product was recovered with 4 mL of EtOAc. Lastly,
the solvent was removed under reduced pressure and purified using column chromatography to
afford the pure secondary amine as pale-yellow liquid, yield 43% (127 mg).

'H NMR (600 MHz, CDCls) 8 7.46 (d, J = 7.8 Hz, 2H), 7.27 (s, 2H), 6.84 — 6.79 (m , 2H), 6.70
(t,J=7.8 Hz, 1H), 6.54 (d, J= 7.8 Hz, 1H), 4.70 (s, 1H), 4.33 (s, 2H), 3.87 (s, 3H).

13C NMR (151 MHz, CDClz) § 146.9, 138.8, 137.9, 131.8, 129.2, 121.4, 120.9, 117.1, 110.3,
109.6, 55.6, 47.6.

Spectroscopic data are in agreement with those reported earlier.*®
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MeO

N-Butyl-4-methoxyaniline (61x): The compound was synthesized with general procedure 7.2.4.
11 (123 mg, 1.0 mmol), bisulfite adducts 2x (194 mg, 1.1 mmol), and methanol (1 factor= 1.0).
The vessel was then closed, and the mechanochemical reaction was conducted, ranging from 6h at
15 Hz. At the end of the reaction, an additional refill of NaBH4 (151.32 mg, 4.00 mmol) was made,
and the mechanochemical reaction was run for 120 min at a frequency of 30 Hz. At the end of the
reaction, the crude product was recovered with 4 mL of EtOAc. Lastly, the solvent was removed
under reduced pressure and purified using column chromatography to afford the pure secondary
amine as pale-yellow liquid, yield 42% (38 mg).

IH NMR (600 MHz, CDCls) § 6.78 (d, J = 8.4 Hz, 2H), 6.59 (d, J = 8.4 Hz, 2H), 3.75 (s, 3H),
3.07 (t, J= 7.2 Hz, 2H), 1.63 — 1.54 (m, 2H), 1.43 (dd, J = 14.4, 7.2 Hz, 2H), 0.96 (t, J = 7.2 Hz,
3H).

I3C NMR (151 MHz, CDCl3) 6 152.2, 142.9, 115.1, 114.2, 56.0, 44.9, 31.9, 20.5, 14.1.
Spectroscopic data are in agreement with those reported earlier.>

7.2.7.6. Spectral Data for Hydrazones

/O/QN
|
NH
cl 2

(Z)-(4-Chlorobenzylidene)hydrazine (8c): The compound was synthesized with general
procedure 7.2.5. 2¢ (269 mg, 1.1 mmol), hydrazine hemisulfate 7 (81.1 mg, 1.0 mmol), and
methanol ( factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted
for 180 minutes at 30 Hz. At the end of the reaction, the crude product was recovered with 4 mL
of EtOAc. Lastly, the solvent was removed under reduced pressure to afford the pure hydrazone
as pale-yellow solid, yield 51% (79 mg).

H NMR (600 MHz, CDCls) § 8.61 (s, 1H), 7.78 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H).
13C NMR (151 MHz, CDCl3) § 161.2, 137.5, 132.6, 129.9, 129.3.

Spectroscopic data are in agreement with those reported earlier.*

@N
|
NH
c 2

(Z)-(2-Chlorobenzylidene)hydrazine (8f): The compound was synthesized with general
procedure 7.2.5. 2f (269 mg, 1.1 mmol), hydrazine hemisulfate 7 (81.1 mg, 1.0 mmol), and
methanol ( factor= 0.4). The vessel was closed, and the mechanochemical reaction was conducted
for 180 minutes at 30 Hz. At the end of the reaction, the crude product was recovered with 4 mL
of EtOAc. Lastly, the solvent was removed under reduced pressure to afford the pure hydrazone
as pale-yellow solid, yield 47% (73 mg).

H NMR (600 MHz, CDCls) § 9.09 (s, 1H), 8.22 (d, J = 6.0 Hz, 1H), 7.53 — 7.30 (m, 3H).
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13C NMR (151 MHz, CDCl3) 6 159.2, 136.0, 132.3, 131.6, 130.2, 128.5, 127.2.

Spectroscopic data are in agreement with those reported earlier.*!

@N
|
NH
MeO 2

(Z)-(4-Methoxybenzylidene)hydrazine (8i): The compound was synthesized with general
procedure 7.2.5. 2i (264 mg, 1.1 mmol), hydrazine hemisulfate 7 (81.1 mg, 1.0 mmol), and
methanol (# factor=0.4). The vessel was closed, and the mechanochemical reaction was conducted
for 180 minutes at 30 Hz. At the end of the reaction, the crude product was recovered with 4 mL
of EtOAc. Lastly, the solvent was removed under reduced pressure to afford the pure hydrazone
as pale-yellow solid, yield 52% (78 mg).

IH NMR (600 MHz, CDCls) & 8.61 (s, 1H), 7.78 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 8.4 Hz, 2H),
3.87 (s, 3H).

I3C NMR (151 MHz, CDCl3) 8 162.2, 161.2, 130.3, 127.2, 114.4, 55.6.
Spectroscopic data are in agreement with those reported earlier.*?

7.2.8. TGA and DSC Spectra for Bertagnini’s Salts in Chapter 3
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7.2.9. NMR Spectra for Compounds in Chapter 3
'"H NMR (600 MHz, DMSO-ds) spectrum of Sodium 1-hydroxycyclohexane-1-sulfonate (q)
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3C NMR (151 MHz, DMSO-de) spectrum of Sodium 1-hydroxycyclohexane-1-sulfonate (q)
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'H NMR (600 MHz, DMSO-ds) spectrum of Sodium 1-hydroxycyclopentane-1-sulfonate (r)
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'"H NMR (600 MHz, DMSO-de) spectrum of Sodium 1-hydroxycycloheptane-1-sulfonate (s)
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'"H NMR (600 MHz, DMSO-ds) spectrum of Sodium 4-(tert-butyl)-1-hydroxycyclohexane-1-

sulfonate (t)
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3C NMR (151 MHz, DMSO-de) spectrum of Sodium 4-(tert-butyl)-1-hydroxycyclohexane-1-

sulfonate (t)
0 NhRaR2Y8LE3
(a2} —ONOINMAN — ~ 1N~
3 SARERARANNN
—_,——
NaO;S,_ OH

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70
f1 (ppm)

Page | 156



'"H NMR (600 MHz, DMSO-ds) spectrum of Sodium 1-hydroxy-4-phenylcyclohexane-1-
sulfonate (u)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-(4-Fluorophenyl)-1H-benzo[d]imidazole (3ab)
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3C NMR (151 MHz, DMSO-de) spectrum of 2-(4-Fluorophenyl)-1H-benzo[d]imidazole (3ab)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-(4-Chlorophenyl)-1H-benzo[d]imidazole (3ac)
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"H NMR (600 MHz, DMSO-ds) spectrum of 4-(1H-Benzo[d]imidazol-2-yl)benzonitrile (3ae)
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3C NMR (151 MHz, DMSO-ds) spectrum of 4-(1H-Benzo[d]imidazol-2-yl)benzonitrile (3ae)
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'"H NMR (600 MHz, DMSO-ds) spectrum of 2-(2,4-Dichlorophenyl)-1H-benzo[d]imidazole
(3ag)

% NS MmN < H o
~ TOOT AN AT N o
~ QN DV ON el
— NSNS el o~
I /s
Cl

N

N Cl

N

H
& Son's
o 29095
o — O Mma

15 14 13 12 1 10 8 7 5 4 3 2 1 0 1
f1 (ppm)

3C NMR (151 MHz, DMSO-de) spectrum of 2-(2,4-Dichlorophenyl)-1H-benzo[d]imidazole
(3ag)
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"H NMR (600 MHz, DMSO-ds) spectrum of 4-(1H-Benzo|d]imidazol-2-yl)-N,N-
dimethylaniline (3ah)
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3C NMR (151 MHz, DMSO-de) spectrum of 4-(1H-Benzo|d]imidazol-2-yl)-N,N-
dimethylaniline (3ah)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-(4-Methoxyphenyl)-1H-benzo[d]imidazole
(3ai)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-(2-Methoxyphenyl)-1H-benzo[d]imidazole
(3aj)
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3C NMR (151 MHz, DMSO-de) spectrum of 2-(2-Methoxyphenyl)-1H-benzo[d]imidazole
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"H NMR (600 MHz, DMSO-ds) spectrum of 4-(6-Methyl-1H-benzo|d]imidazol-2-yl)phenol
(3bk)
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'"H NMR (600 MHz, CDCl5) spectrum of 2-(4-Bromophenyl)-1-methyl-1H-benzo[d]imidazole
(3cd)
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"H NMR (600 MHz, CDCl5) spectrum of 2-(4-Methoxyphenyl)-1-methyl-1H-
benzo|d]imidazole (3ci)
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'H NMR (600 MHz, CDCls+ DMSO-ds) spectrum of 2-(2-Chlorophenyl)-1-phenyl-1H-

benzo[d]imidazole (3df)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-([1,1'-Biphenyl]-4-yl)-1-phenyl-1H-
benzo|d]imidazole (3dm)
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13C NMR (151 MHz, DMSO-de) spectrum of 2-([1,1'-Biphenyl]-4-yl)-1-phenyl-1H-
benzo|d]imidazole (3dm)
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"H NMR (600 MHz, CDCl5) spectrum of 2-(1-Phenyl-1H-benzo[d]imidazol-2-yl)phenol (3dn)
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"H NMR (600 MHz, DMSO-ds) spectrum of 1-Cyclohexyl-2-(4-methoxyphenyl)-1H-

dazole (3fi)
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"H NMR (600 MHz, CDCls) spectrum of 1-(Tert-butyl)-2-phenyl-1H-benzo[d]imidazole (3ga)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-Hexyl-1H-benzo[d]imidazole (3a0)

€80
80
5580
€LT'T
L6T'T
L0E'T
0ZE'T

ST
8€L'T
0SL'T
9T
00S°C
9/L'C N
wwm.NW
108'C
8Ch'E—

£80°L
060°Z
¥60°L
00T°Z
v’
JA A

€Sb°L

ZT

=60'¢
0t
0'C
=10'C

=20C

=<0'C
=00'C

7

f1 (ppm)

3C NMR (151 MHz, DMSO-ds) spectrum of 2-Hexyl-1H-benzo[d]imidazole (32a0)
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dazole (3ap)

1mi

'H NMR (600 MHz, DMSO-ds) spectrum of 2-Decyl-1H-benzo[d]
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"H NMR (600 MHz, CDCls) spectrum of (E)-N-(Tert-butyl)-2-((4-
methoxybenzylidene)amino)aniline (3ga’)
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'"H NMR (600 MHz, CDCls) spectrum of 2-Phenyl-2,3-dihydro-1H-perimidine (4a)
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3C NMR (151 MHz, CDCls) spectrum of 2-Phenyl-2,3-dihydro-1H-perimidine (4a)

77.372
77.160

117.949
“-113.547
105.933
76.948
—68.440

L
\

ONH
oS ey

210 200 190 180 170 160 150 140 130 120 110f100 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm)

Page | 176



'"H NMR (600 MHz, CDCl5) spectrum of 2-(4-Chlorophenyl)-2,3-dihydro-1H-perimidine (4c)
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"H NMR (600 MHz, CDCl;3) spectrum of 4-(2,3-Dihydro-1H-perimidin-2-yl)-N, V-
dimethylaniline (4h)
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"H NMR (600 MHz, CDCls) spectrum of 1'H,3'H-Spiro[cyclohexane-1,2'-perimidine] (4q)
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3C NMR (151 MHz, CDCls) spectrum of 1'H,3'H-Spiro[cyclohexane-1,2'-perimidine] (4q)
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"H NMR (600 MHz, CDCl5) spectrum of 1'H,3'H-Spiro[cycloheptane-1,2'-perimidine] (4s)
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'H NMR (600 MHz, CDCl5) spectrum of 4-(Tert-butyl)-1'H,3' H-spiro[cyclohexane-1,2'-
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"H NMR (600 MHz, CDCls) spectrum of 2-Phenyl-1H-perimidine (5a)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-(4-Chlorophenyl)-1H-perimidine (5c)
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"H NMR (600 MHz, CDCl5) spectrum of 2-(2,4-Dichlorophenyl)-1H-perimidine (5g)
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"H NMR (600 MHz, CDCl5) spectrum of 2-(4-Methoxyphenyl)-1H-perimidine (5i)

3.865

W
\>—©70Me
W

[32] oM ANLOoOMUNLALLOO -

N SVMIORAOANOONO DM — P o o
- TOMOWVWRITNDONNM ~N P —
AN MANWNEHONG Y oo 0 Rt et
o nmm M ANNANANN ~ ~ - ~ O mn
— oA A A A A A A A ~ ~ wn

OMe

s
s

200 190 180 170 160 150 140 130 120 110 190( 90) 80 70 60 50 40 30 20 10 0 -10
1 (ppm

Page | 185



"H NMR (600 MHz, CDCl5) spectrum of 2-(Thiophen-2-yl)-1H-perimidine (5I)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-(1H-perimidin-2-yl)phenol (5n)
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'"H NMR (600 MHz, CDCl5) spectrum of 4-Bromo-/N-(4-methoxybenzyl)aniline (6ji)
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3C NMR (151 MHz, CDCls) spectrum of 4-Bromo-N-(4-methoxybenzyl)aniline (6ji)
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"H NMR (600 MHz, CDCl5) spectrum of 4-((4-Methoxybenzyl)amino)phenol (6li)
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3C NMR (151 MHz, CDCIs) spectrum of 4-((4-Methoxybenzyl)amino)phenol (6li)
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"H NMR (600 MHz, CDCl5) spectrum of 4-(((4-Fluorophenyl)amino)methyl)-/V, V-
dimethylaniline (6mh)
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3C NMR (151 MHz, CDCls) spectrum of 4-(((4-Fluorophenyl)amino)methyl)-N, V-
dimethylaniline (6mh)
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"H NMR (600 MHz, CDCl5) spectrum of 4-(((3-Chlorophenyl)amino)methyl)-2-

methoxyphenol (6nw)
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"H NMR (600 MHz, CDCl5) spectrum of Dibenzylamine (602)
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3C NMR (151 MHz, CDCls) spectrum of Dibenzylamine (60a)
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"H NMR (600 MHz, CDCl5) spectrum of N-Heptyl-2-methoxyaniline (6po)
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"H NMR (600 MHz, CDCl5) spectrum of N-Butyl-4-methoxyaniline (6ix)
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3C NMR (151 MHz, CDCIs) spectrum of N-Butyl-4-methoxyaniline (6ix)
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"H NMR (600 MHz, CDCl5) spectrum of (Z)-(4-Chlorobenzylidene)hydrazine (8c)
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3C NMR (151 MHz, CDCls) spectrum of (Z)-(4-Chlorobenzylidene)hydrazine (8c)
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"H NMR (600 MHz, CDCls) spectrum of (Z)-(2-Chlorobenzylidene)hydrazine (8f)
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'"H NMR (600 MHz, CDCl5) spectrum of (Z)-(4-Methoxybenzylidene)hydrazine (8i)
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7.3. General Reaction Conditions and Characterization for Compounds in Chapter 4

7.3.1. General Condition for Mechanochemical Preparation of Wool Fiber

Mechanochemical grinding

)

Zirconia jar (20 mL)
. Zirconia ball (35 x 5 mm)
1000 rpm, rt, 20 min

The raw materials were thoroughly rinsed and washed with tap water and soap to eliminate
hydrophilic impurities. Afterward, the fibers were rinsed with heptane and then with acetone to
remove the hydrophobic impurities. After several washes, the fibers have been dried overnight
inside an oven. To prepare the acidic wool samples, 10 g of washed wool fibers were placed inside
a beaker containing 500 mL of HCI solution (10%) and left untouched for 72 hours. Afterward, the
treated fibers were washed with regular tap water and dried overnight in an oven. The dried long
fibers have been finely cut into 1cm pieces to obtain the desired wool fibers (WF) size. The cut
fibers were ground with ball mills using zirconia jars and balls. The best results in terms of finer
powder were achieved using the Fritsch-P7 Premium planetary ball mill (3.00 g of cut fiber inside
a 20 mL zirconia jar with 35 balls with diameter ® = 5 mm and m¢ = 13.75 g at 1000 rpm for 20
minutes). After grinding, black wool powder (BWP) and white wool powder (WWP) have been
obtained. Wool powders were also obtained from the hydrochloric acid-treated wool fibers
(BWP(HCI) and WWP(HCI)) using the same ball milling methodology. After the wool samples
were subjugated to FT-IR and SEM-EDX analysis.

7.3.2. General Condition for Wool Mediated Aldol Reactions

Wool/ Feather
powder (50 mg) { X

R_
pmw L
Stirring, 7 days

3aa-3ca

Inside a 4 mL glass vial with a magnetic stirrer, aldehyde (0.20 mmol), ketone (5 equiv.), and 50
mg of wool powder were placed in 98 pL of distilled water. The mixture was gently stirred, and
the reaction progress was monitored using TLC (Heptane/AcOEt 5:1) upon completion. The
product was recovered by implementing simple filtration using AcOEt with a paper filter. After
that, the solvent was evaporated under reduced pressure to obtain the pure products.

7.3.3. General Condition for Wool Mediated Nitro-Aldol Reactions

[o) H:a’ OH
Wool/ Feather NO
X H powder (50 mg) A 2
R-L + —NO ——— > R—
L H,0 (98 ulL), rt. -
Stirring, 24h
2a-m 4 5a-5m
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Inside a 4 mL glass vial equipped with a magnetic stirrer, aromatic aldehyde (0.20 mmol),
nitromethane (10 equiv.), and 50 mg of wool powder were placed in the presence of 98 pL of
distilled water. Upon completion, the reaction mixture was gently stirred, and the reaction progress
was monitored using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing
simple filtration using AcOEt with a paper filter. After that, the solvent was evaporated under
reduced pressure to obtain the pure products.

7.3.4. General Condition for Wool Mediated Knoevenagel Condensation

o 0 w7

[¢]
NC Wool/ Feather CN
Xy H  NCco__cN R powder (50 mg) B A
R + N or —— > R | or R |
P Ethanol (98 pL), r.t. L CN Pz CN
Stirring, 14 days
2a-n 6 7 8a-8n 9a-9j

Inside a 4 mL glass vial equipped with a magnetic stirrer, aldehyde (0.20 mmol), malononitrile or
benzoyl acetonitrile (0.20 mmol), and 50 mg of wool powder were placed in the presence of 98 pulL
of absolute ethanol. The mixture was gently stirred, and the reaction progress was monitored using
TLC (Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the pure products.

7.3.5. Procedure to Monitor Reaction Progress Over Time for Nitro-Aldol Reaction

o L.d%] o

Wool/ Feather NO
~NO2
H powder (50 mg)
+ —NOy —m >
H,0 (98 pL), r.t.
O,N O,N

Stirring, t
2a 4 5a

Inside a 4 mL glass vial equipped with a magnetic stirrer, aromatic aldehyde (0.20 mmol),
nitromethane (10 equiv.), and 50 mg of wool powder were placed in the presence of 98 pL of
distilled water. The reaction was gently stirred for given time and the product evolution was
monitored using GC-MS till the completion of the reaction.

Conversion to 5a (%)

OO0 || || [W(
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Figure 7.2. Product evolution over time for wool mediated Nitro-aldol product 5a.

7.3.6. Procedure for Gram Scale Recycling Studies of Wool Mediated Aldol Reaction

(Gram—scale Synthesis and Recyclability)

OH o)

wwp (1 79) * &
20 (3mL), .
Stirring, 7 days O,N

3aa

33.5 mmol 6.7 mmol

5th Cycle 1st Cycle
Recovered WWP = 0.47g (58%) Recovered WWP = 1.7g (100%)
Yield of 3aa = 43% Yield of 3aa = 95%

4th Cycle 2nd Cycle
Recovered WWP = 0.79g (65%) Recovered WWP = 1.53g (90%)
Yield of 3aa = 55% Yield of 3aa = 84%

3rd Cycle
Recovered WWP = 1.19g (78%)
Yield of 3aa = 73%
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Inside a 50 mL glass vial with a magnetic stirrer, aldehyde (6.7 mmol), ketone (5 equiv.), and 1.7
g of wool powder were placed in 3 mL of distilled water. The mixture was gently stirred, and the
reaction progress was monitored using TLC (Heptane/AcOEt 5:1) upon completion. The product
was recovered by implementing simple filtration using AcOEt on a paper filter. After that, the
solvent was evaporated under reduced pressure to obtain the pure products. The wool powder was
then thoroughly washed with water and acetone, dried overnight at 50 °C and then reused.

7.3.7. Characterization of Compounds in Chapter 4
7.3.7.1. Spectral Data for Wool Mediated Aldol Reactions

OH o)

O,N” :

2-(hydroxy(4-nitrophenyl)methyl)cyclopentan-1-one (3aa): The compound was synthesized
with general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2a (30 mg, 0.2
mmol), 1a (84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 puL of distilled water.
The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellow solid (45.3 mg, 96%).

M.P.: 95 °C.

"TH NMR (600 MHz, CDCls, mixture of diastereoisomers, syn/anti ratio: 70/30), '"H NMR (600
MHz, CDCIl3) & 8.26 — 8.15 (m, 2H), 7.51 (t, J = 7.0 Hz, 2H), 5.42 — 4.82 (m, diastereoisomeric
proton, 1H), 2.49 — 2.32 (m, 2H), 2.29 — 2.09 (m, diastereoisomeric proton, 1H), 2.04 — 1.91 (m,
2H), 1.78 — 1.64 (m, 2H).

I3C NMR (151 MHz, CDCls, mixture of diastereoisomers) & 219.78 (diastereoisomeric C=0 is
missing), 150.4, 148.7, 147.7, 147.3, 127.5, 126.5, 123.8, 123.7, 74.5, 70.5, 56.2, 55.2, 39.1, 38.7,
26.9,22.5,20.5,20.4.

Spectroscopic data are in agreement with those reported earlier.*?

OH o)

ozN:l[f

2-(hydroxy(3-nitrophenyl)methyl)cyclopentan-1-one (3ab): The compound was synthesized
with general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2b (30 mg, 0.2
mmol), 1a (84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 pL of distilled water.
The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellow solid (37.0 mg, 91%).

M.P.: 102 °C.
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'"H NMR (600 MHz, CDCl3) & 8.22 (m, 1H), 8.17 — 8.10 (m, 1H), 7.70 — 7.64 (m, 1H), 7.52 (m
1H), 5.41 — 4.83 (d, J = 9.2 Hz, diastereoisomeric proton, 1H), 2.52 — 2.35 (m, 2H), 2.33 — 2.12
(m, diastereoisomeric proton, 1H), 2.11 — 1.83 (m, 2H), 1.80 — 1.69 (m, 2H).

13C NMR (151 MHz, CDCl3) § 222.4, 219.7, 148.5, 145.1, 143.8, 132.8, 131.8, 129.7, 129.6,
129.5,123.1, 122.4, 121.7, 120.8, 74.6, 70.4, 56.2, 55.2, 39.1, 38.7, 27.0, 22.6, 20.5, 20.4.

Spectroscopic data are in agreement with those reported earlier.**

OH 0

Boge

4-(hydroxy(2-oxocyclopentyl)methyl)benzonitrile (3ac): The compound was synthesized with
general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2¢ (26 mg, 0.2 mmol), 1a
(84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 pL of distilled water. The mixture
was gently stirred, and the reaction progress was monitored using TLC (Heptane/AcOEt 5:1) upon
completion. The product was recovered by implementing simple filtration using AcOEt with a
paper filter. After that, the solvent was evaporated under reduced pressure to obtain the off-white
solid (39.9 mg, 87%).

M.P.: 112-113 °C.

'TH NMR (600 MHz, CDCls, mixture of diastereoisomers, syn/anti ratio: 68/32) 8 7.61 (dd, J =
8.1, 5.9 Hz, 2H), 7.44 (dd, J = 8.1, 5.9 Hz, 2H), 5.35 — 4.75 (m, diastereoisomeric proton, 1H),
2.45 — 2.28 (m, 2H), 2.27 — 2.08 (m, diastereoisomeric proton, 1H), 2.07 — 1.88 (m, 2H), 1.76 —
1.63 (m, 2H).

13C NMR (151 MHz, CDCls, mixture of diastereoisomers) & 219.9, 207.7, 148.5, 148.4, 146.7,
132.3,132.2,127.3,126.3, 118.8, 118.7, 111.7, 111.0, 74.5, 70.5, 56.1, 55.1, 39.0, 38.6, 26.7, 22 .4,
20.4.

Spectroscopic data are in agreement with those reported earlier.*’

OH o)

SO0

2-((4-chlorophenyl)(hydroxy)methyl)cyclopentan-1-one  (3ad): The compound was
synthesized with general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2d (28
mg, 0.2 mmol), 1a (84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 uL of distilled
water. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellow oil (27.2 mg, 61%).

TH NMR (600 MHz, CDCls, mixture of diastereoisomers, syn/anti ratio: 58:42) 8 7.27 (dd, J =
8.8,4.9 Hz, 2H), 7.25 - 7.20 (dd, 8.8, 4.9 Hz, 2H), 5.24 — 4.64 (m, diastereoisomeric proton, 1H),
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2.42 — 2.30 (m, 2H), 2.24 — 2.05 (m, diastereoisomeric proton, 1H), 2.04 — 1.89 (m, 2H), 1.78 —
1.60 (m, 2H).

I3C NMR (151 MHz, CDCls, mixture of diastereoisomers) & 208.10, (diastereoisomeric C=0 is
missing), 141.4,140.1, 131.7, 129.1, 128.7, 128.6, 128.1, 127.1, 74.7, 70.9, 70.8, 56.2, 55.4, 39.3,
38.8,27.0,22.8, 20.5.

Spectroscopic data are in agreement with those reported earlier.**

OH o)
Cl< : J\ f

2-((3-chlorophenyl)(hydroxy)methyl)cyclopentan-1-one (3ae): The compound was synthesized
with general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2e (28 mg, 0.2
mmol), 1a (84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 puL of distilled water.
The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellowish oil (28.9 mg, 65%).

'TH NMR (600 MHz, CDCl3, mixture of diastereoisomers, syn/anti ratio: 60:40) 8 7.37 —7.34 (m,
1H), 7.32 — 7.26 (m, 1H), 7.24 (m, 1H), 7.20 (m, 1H), 5.30 — 5.26 (m, diastereoisomeric proton,
1H), 2.48 —2.32 (m, 2H), 2.29 — 2.10 (m, diastereoisomeric proton, 1H), 2.08 — 1.95 (m, 2H), 1.82
—1.65 (m, 2H).

13C NMR (151 MHz, CDCls, mixture of diastereoisomers) & 208.0, (diastereoisomeric C=0 is
missing), 145.1, 143.6, 134.5, 134.5, 129.8, 129.7, 128.3, 127.5, 126.8, 125.9, 124.9, 123.8, 74.8,
70.8, 56.2, 55.3, 39.2, 38.8, 27.0, 22.7, 20.5, 20.4.

Spectroscopic data are in agreement with those reported earlier.*’

OH 0

S0

2-((4-bromophenyl)(hydroxy)methyl)cyclopentan-1-one (3af): The compound was synthesized
with general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2f (37 mg, 0.2 mmol),
1a (84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 pL of distilled water. The
mixture was gently stirred, and the reaction progress was monitored using TLC (Heptane/AcOEt
5:1) upon completion. The product was recovered by implementing simple filtration using AcOEt
with a paper filter. After that, the solvent was evaporated under reduced pressure to obtain the off-
white solid (16.9 mg, 31%).

M.P.: 99 °C.

TH NMR (600 MHz, CDCls, mixture of diastereoisomers, syn/anti ratio: 56:44) 8 7.44 (dd, J =
7.1, 1.4 Hz, 2H), 7.19 (ddd, J = 7.1, 1.4 Hz, 2H), 5.23 — 4.65 (m, diastereoisomeric proton, 1H),
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2.42 — 2.30 (m, 2H), 2.26 — 2.07 (m, diastereoisomeric proton, 1H), 2.05 — 1.88 (m, 2H), 1.79 —
1.64 (m, 2H).

I3C NMR (151 MHz, CDCls, mixture of diastereoisomers) & 208.0, (diastereoisomeric C=0 is
missing), 141.9, 140.5, 131.6, 131.4, 128.3, 127.4, 121.8, 121.0, 74.6, 70.8, 56.1, 55.2, 39.2, 38.7,
26.9,22.6,20.4,20.4.

Spectroscopic data are in agreement with those reported earlier.**

OH o)

Boge

2-(hydroxy(p-tolyl)methyl)cyclopentan-1-one (3ag): The compound was synthesized with
general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2g (24 mg, 0.2 mmol),
1a (84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 pL of distilled water. The
mixture was gently stirred, and the reaction progress was monitored using TLC (Heptane/AcOEt
5:1) upon completion. The product was recovered by implementing simple filtration using AcOEt
with a paper filter. After that, the solvent was evaporated under reduced pressure to obtain the
yellow oil (17.6 mg, 43%).

'TH NMR (600 MHz, CDCl3) & 7.22 (dd, J = 7.9, 5.6 Hz, 2H), 7.15 (d, J = 7.8 Hz, 2H), 5.26 (m,
diastereoisomeric proton, 1H),2.47 —2.39 (m, 2H), 2.34 (s, 3H), 2.28 — 2.10 (m, diastereoisomeric
proton, 1H), 2.07 — 1.88 (m, 2H), 1.87 — 1.66 (m, 2H).

I3C NMR (151 MHz, CDCl3) 8 208.3, (diastereoisomeric C=0 is missing), 142.9, 132.7, 131.4,
128.9, 127.3, 126.4, 123.8, 122.7, 75.3, 71.6, 56.2, 55.4, 39.3, 38.9, 37.9, 29.5, 27.1, 22.9, 21.6,
20.6.

Spectroscopic data are in agreement with those reported earlier.*?

OH lo)
Me : J\ f

2-(hydroxy(m-tolyl)methyl)cyclopentan-1-one (3ah): The compound was synthesized with
general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2h (24 mg, 0.2 mmol),
1a (84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 pL of distilled water. The
mixture was gently stirred, and the reaction progress was monitored using TLC (Heptane/AcOEt
5:1) upon completion. The product was recovered by implementing simple filtration using AcOEt
with a paper filter. After that, the solvent was evaporated under reduced pressure to obtain the
yellow oil (16.3 mg, 40%).

TH NMR (600 MHz, CDCls, mixture of diastereoisomers, syn/anti ratio: 50:50) & 7.38 —7.28 (dd,
15.6,7.6 Hz, 1H), 7.22 (td, J=15.6, 7.6 Hz, 1H), 7.15 (dd, J=15.6, 7.6 Hz, 1H), 7.12 —7.05 (dd,
15.6,7.6 Hz 1H), 5.27 — 4.64 (m, diastereoisomeric proton, 1H), 2.47 —2.39 (m, 2H), 2.35 (s, 3H),
2.28 — 2.10 (m, diastereoisomeric proton, 1H), 2.06 — 1.90 (m, 2H), 1.87 — 1.61 (m, 2H).
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13C NMR (151 MHz, CDCls, mixture of diastereoisomers) & 208.3, (diastereoisomeric C=0 is
missing) 142.8, 141.4, 132.6, 131.3, 130.2, 128.8, 128.3, 128.1, 127.2, 126.3, 123.8, 122.6, 75.3,
71.6,56.2, 55.3,39.2, 38.8, 37.8, 29.4, 27.1, 22.8, 20.5, 20.4.

Spectroscopic data are in agreement with those reported earlier.*

Me OH o

SAY

2-(hydroxy(o-tolyl)methyl)cyclopentan-1-one (3ai): The compound was synthesized with
general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2i (24 mg, 0.2 mmol), 1a
(84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 uL of distilled water. The mixture
was gently stirred, and the reaction progress was monitored using TLC (Heptane/AcOEt 5:1) upon
completion. The product was recovered by implementing simple filtration using AcOEt with a
paper filter. After that, the solvent was evaporated under reduced pressure to obtain the colourless
oil (13.5 mg, 33%).

TH NMR (600 MHz, CDCl3) 8 7.55 — 7.46 (m, 1H), 7.27 — 7.23 (m, 2H), 7.18 (m, 1H), 5.30 — 4.68
(m, diastereoisomeric proton, 1H), 2.48 — 2.42 (m, 2H), 2.37 (s, 3H), 2.30 — 2.12 (m,
diastereoisomeric proton, 1H), 2.09 — 1.99 (m, 2H), 1.92 — 1.66 (m, 2H).

I3C NMR (151 MHz, CDCls)  208.27, 196.50, 139.78, 139.74, 136.99, 135.11, 132.46, 130.81,
130.59, 129.48, 129.12, 129.05, 126.52, 125.56, 75.04, 71.57, 56.10, 55.34, 39.25, 37.79, 29.37,
2291, 21.48, 21.08, 20.52, 20.18.

Spectroscopic data are in agreement with those reported earlier.**

OH 0

S

\_s

2-(hydroxy(thiophen-2-yl)methyl)cyclopentan-1-one (3am): The compound was synthesized
with general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2m (22.4 mg, 0.2
mmol), 1a (84 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 pL of distilled water.
The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the colourless paste (33.5, 85).

TH NMR (600 MHz, CDCI3, mixture of diastereoisomers, syn/anti ratio: 50:50; inseparable
mixture with elimination product) 6 7.27 (m, 1H), 6.97 — 6.94 (m, 2H), 549 — 5.01 (m,
diastereoisomeric proton, 1H), 2.44 —2.32 (m, 2H), 2.26 — 2.16 (m, diastereoisomeric proton, 1H),
2.02 - 1.88 (m, 2H), 1.82 — 1.71 (m, 2H).

13C NMR (151 MHz, CDCI3, mixture of diastereoisomers) & 207.8, (diastereoisomeric C=0 is
missing), 130.1, 129.6, 128.1, 126.8, 126.5, 125.3, 124.7, 124.6, 124.0, 71.4, 68.9, 56.0, 55.9, 39.3,
38.9,27.1, 23.5, 20.7.

Page | 205



Spectroscopic data are in agreement with those reported earlier.**

OH le)

O,N : : )z

2-(hydroxy(4-nitrophenyl)methyl)cyclohexan-1-one (3ba): The compound was synthesized
with general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2a (30 mg, 0.2
mmol), 1b (98 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 uL of distilled water.
The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the off-white solid (47.2 mg, 96%).

M.P.: 98 °C.

'TH NMR (600 MHz, CDCls, mixture of diastereoisomers, syn/anti ratio: 55/45) & 8.18 (dd, J =
8.7, 3.6 Hz, 2H), 7.49 (dd, J = 8.7, 3.6 Hz, 2H), 5.48 — 4.88 (m, diastereoisomeric proton, 1H),
2.60 (m, 1H), 2.50 — 2.44 (m, 1H), 2.36 (m, 2H), 2.12 — 2.05 (m, diastereoisomeric proton, 1H),
1.73 — 1.49 (m, 6H).

13C NMR (151 MHz, CDCls, mixture of diastereoisomers) & 214.9, 214.2, 149.3, 148.5, 147.7,
147.1, 128.0, 126.7, 123.7, 123.5, 74.1, 70.2, 57.3, 56.9, 42.8, 42.7, 30.9, 27.9, 27.7, 26.0, 24.8,
24.7.

Spectroscopic data are in agreement with those reported earlier.*

OH o)

O,N : :)3

2!

2-(hydroxy(4-nitrophenyl)methyl)cycloheptan-1-one (3ca): The compound was synthesized
with general procedure 7.3.2. Inside a 4 mL glass vial with a magnetic stirrer, 2a (30 mg, 0.2
mmol), 1¢ (112 mg, 1.0 mmol), and 50 mg of wool powder were placed in 98 pL of distilled water.
The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the off-white solid (43.9 mg, 83%).

M.P.: 121-123 °C.

TH NMR (600 MHz, CDCls) 6 8.18 (ddd, J= 8.8, 3.7, 1.6 Hz, 2H), 7.49 (ddd, J= 8.8, 3.7, 1.6 Hz,
2H), 5.47 — 4.89 (m, diastereoisomeric proton, 1H), 2.60 (qd, J = 17.1, 8.6 Hz, 1H), 2.51 —2.44
(qd,J=17.1,8.6 Hz, 1H), 2.36 (qt, /= 17.1, 8.6 Hz, 2H), 2.14 — 2.06 (m, diastereoisomeric proton,
1H), 1.76 — 1.46 (m, 6H).

13C NMR (151 MHz, CDCl3) 6 214.9, 214.2, 149.3, 148.5, 147.7, 147.1, 128.0, 126.7, 123.7,
123.5,74.1,70.2, 57.3, 56.9, 42.8, 42.7, 30.9, 29.2, 27.9, 27.7, 26.0, 24.8, 24.8.
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Spectroscopic data are in agreement with those reported earlier.**

7.3.7.2. Spectral Data for Wool Mediated Nitro—Aldol Reactions

OH

O,N

2

2-nitro-1-(4-nitrophenyl)ethan-1-ol (5a): The compound was synthesized with general
procedure 7.3.3. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2a (30 mg, 0.2 mmol),
4 (122 mg, 2.0 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of distilled
water. Upon completion, the reaction mixture was gently stirred, and the reaction progress was
monitored using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellow oil (36.5 mg, 93%).

'H NMR (600 MHz, DMSO) & 8.23 (d, J = 8.5 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H), 5.44 (m, 1H),
4.97 - 4.60 (m, 2H), 3.35 (bs, 1H).

I3C NMR (151 MHz, DMSO) § 148.0, 147.1, 127.6, 123.4, 81.2, 69.1.

Spectroscopic data are in agreement with those reported earlier.*’

OH

OZN\©)\/NOZ

2-nitro-1-(3-nitrophenyl)ethan-1-0l (5b): The compound was synthesized with general
procedure 7.3.3. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2b (30 mg, 0.2 mmol),
4 (122 mg, 2.0 mmol), and 50 mg of wool powder were placed in the presence of 98 uL of distilled
water. Upon completion, the reaction mixture was gently stirred, and the reaction progress was
monitored using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the pale orange oil (35.3 mg, 90%).

'H NMR (600 MHz, CDCL3) & 8.26 (m, 1H), 8.16 (m, 1H), 7.72 — 7.68 (m, 1H), 7.55 (m, 1H),
5.54 (m, 1H), 4.59 — 4.49 (m, 2H), 3.10 (bs, 1H).

I3C NMR (151 MHz, DMSO) 8 142.8, 136.9, 133.0, 129.9, 122.8, 121.0, 81.2, 68.8.

Spectroscopic data are in agreement with those reported earlier.*

OH

NC

4-(1-hydroxy-2-nitroethyl)benzonitrile (5c¢): The compound was synthesized with general
procedure 7.3.3. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2b (26 mg, 0.2 mmol),
4 (122 mg, 2.0 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of distilled
water. Upon completion, the reaction mixture was gently stirred, and the reaction progress was

Page | 207



monitored using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the colourless oil (31.9 mg, 83%).

H NMR (600 MHz, DMSO) & 7.85 (dt, J = 8.0, 4.1 Hz, 1H), 7.66 (dt, J = 8.0, 4.1 Hz, 2H), 5.37
(m, 1H), 4.96 — 4.55 (m, 2H), 3.34 (bs, 1H).

13C NMR (151 MHz, DMSO) 6 146.0, 132.3,127.3, 118.7, 110.7, 81.2, 69.3.

Spectroscopic data are in agreement with those reported earlier.*’

OH

Cl

1-(4-chlorophenyl)-2-nitroethan-1-ol (5d): The compound was synthesized with general
procedure 7.3.3. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2d (28 mg, 0.2 mmol),
4 (122 mg, 2.0 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of distilled
water. Upon completion, the reaction mixture was gently stirred, and the reaction progress was
monitored using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the colourless oil (25.8 mg, 64%).

H NMR (600 MHz, CDCl3) & 7.40 — 7.37 (m, 2H), 7.37 — 7.34 (m, 2H), 5.46 (m, 1H), 4.58 (m,
1H), 4.50 (m, 1H).

I3C NMR (151 MHz, CDCl3) 146.0, 132.3, 127.3, 118.7, 110.7, 81.2, 69.3.

Spectroscopic data are in agreement with those reported earlier.*’

OH

CI\©)\/NOZ

1-(3-chlorophenyl)-2-nitroethan-1-ol (5e): The compound was synthesized with general
procedure 7.3.3. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2e (28 mg, 0.2 mmol),
4 (122 mg, 2.0 mmol), and 50 mg of wool powder were placed in the presence of 98 uL of distilled
water. Upon completion, the reaction mixture was gently stirred, and the reaction progress was
monitored using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the pale-yellow oil (23.4 mg, 58%).

'H NMR (600 MHz, DMSO) § 7.52 (t, J= 1.5 Hz, 1H), 7.41 (dt, J= 7.7, 1.5 Hz, 1H), 7.38 (t, J =
7.7 Hz, 1H), 7.34 (dd, J = 7.7, 1.5 Hz, 1H), 6.28 — 6.23 (m, 1H), 5.33 (dd, J = 9.7, 3.4 Hz, 1H),
4.89 (dd, J=12.6, 3.4 Hz, 1H), 4.61 (dd, J= 12.6, 9.7 Hz, 1H).

13C NMR (151 MHz, DMSO) 146.0, 132.3, 127.3, 118.7, 110.7, 81.2, 69.3.

Spectroscopic data are in agreement with those reported earlier.*’
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1-(4-bromophenyl)-2-nitroethan-1-ol (5f): The compound was synthesized with general
procedure 7.3.3. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2f (37 mg, 0.2 mmol),
4 (122 mg, 2.0 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of distilled
water. Upon completion, the reaction mixture was gently stirred, and the reaction progress was
monitored using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellowish oil (30.1 mg, 61%).

H NMR (600 MHz, CDCl3) § 7.55 — 7.54 (m, 2H), 7.41 — 7.40 (m, 2H), 5.30 — 5.27 (m, 1H), 4.86
— 4.84 (m, 1H), 4.59 — 4.56 (m, 1H).

I3C NMR (151 MHz, CDCl3) 137.1, 132.5, 131.0, 128.8, 83.2, 70.4.

Spectroscopic data are in agreement with those reported earlier.*’

OH

Me

2-nitro-1-(p-tolyl)ethan-1-ol (5g): The compound was synthesized with general procedure 7.3.3.
Inside a 4 mL glass vial equipped with a magnetic stirrer, 2g (24 mg, 0.2 mmol), 4 (122 mg, 2.0
mmol), and 50 mg of wool powder were placed in the presence of 98 pL of distilled water. Upon
completion, the reaction mixture was gently stirred, and the reaction progress was monitored using
TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple filtration using
AcOEt with a paper filter. After that, the solvent was evaporated under reduced pressure to obtain
the pale-yellow oil (17.2 mg, 47%).

H NMR (600 MHz, DMSO) & 7.85 — 7.83 (m, 1H), 7.30 — 7.28 (m, 1H), 7.17 (d, J= 7.8 Hz, 2H),
6.03 (s, 1H), 5.23 (dd, J=9.9, 3.5 Hz, 1H), 4.79 (dd, J = 12.4, 3.5 Hz, 1H), 4.54 (dd, J=12.4,9.8
Hz, 1H), 2.28 (s, 3H).

I3C NMR (151 MHz, DMSO) § 167.8, 143.5, 138.0, 137.6, 82.4, 70.3, 21.6.

Spectroscopic data are in agreement with those reported earlier.*’

OH

(:f\/’\loz
Me

2-nitro-1-(o-tolyl)ethan-1-ol (5i): The compound was synthesized with general procedure 7.3.3.
Inside a 4 mL glass vial equipped with a magnetic stirrer, 2i (24 mg, 0.2 mmol), 4 (122 mg, 2.0
mmol), and 50 mg of wool powder were placed in the presence of 98 pL of distilled water. Upon
completion, the reaction mixture was gently stirred, and the reaction progress was monitored using
TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple filtration using
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AcOEt with a paper filter. After that, the solvent was evaporated under reduced pressure to obtain
the yellow oil (14.9 mg, 83%).

IH NMR (600 MHz, CDCls) § 7.25 — 7.21 (m, 3H), 7.11 — 7.08 (m, 1H), 4.75 (m, 3H), 2.46 (s,
3H).

I3C NMR (151 MHz, CDCI3) 6 136.3, 134.5, 130.8, 128.6, 126.7, 125.6, 80.2, 67.9, 18.8.

Spectroscopic data are in agreement with those reported earlier.*’

OH

MeO

1-(4-methoxyphenyl)-2-nitroethan-1-0l (5k): The compound was synthesized with general
procedure 7.3.3. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2k (27 mg, 0.2 mmol),
4 (122 mg, 2.0 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of distilled
water. Upon completion, the reaction mixture was gently stirred, and the reaction progress was
monitored using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the colourless oil (13.9 mg, 35%).

'TH NMR (600 MHz, CDCl3) 8 7.16 — 7.12 (m, 2H), 6.91 — 6.88 (m, 2H), 4.77 — 4.71 (m, 3H), 3.80
(s, 3H).

13C NMR (151 MHz, CDCl3) 8 160.1, 128.5, 125.8, 115.0, 55.3, 41.2.

Spectroscopic data are in agreement with those reported earlier.*’

OH

(:ﬁ\/NOZ
NO

2

1-(2-nitrophenyl)-2-nitroethan-1-ol (51): The compound was synthesized with general procedure
7.3.3. Inside a 4 mL glass vial equipped with a magnetic stirrer, 21 (30 mg, 0.2 mmol), 4 (122 mg,
2.0 mmol), and 50 mg of wool powder were placed in the presence of 98 uL of distilled water.
Upon completion, the reaction mixture was gently stirred, and the reaction progress was monitored
using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple filtration
using AcOEt with a paper filter. After that, the solvent was evaporated under reduced pressure to
obtain the pale orange paste (12.7 mg, 30%).

H NMR (600 MHz, DMSO) & 8.06 — 8.04 (dd, J = 8.4, 1.4 Hz, 1H), 7.92 — 7.90 (dd, /= 7.8, 1.4
Hz, 1H), 7.82 — 7.80 (td, J= 7.8, 1.4 Hz, 1H), 7.63 — 7.60 (ddd, J = 8.4, 7.8, 1.4 Hz, 1H), 6.38 (dd,
J=49,12 Hz, 1H), 5.80 — 5.78 (ddd, J = 9.5, 4.9, 2.8 Hz, 1H), 4.98 — 4.95 (ddd, J = 12.9, 2.8,
1.2 Hz, 1H), 4.62 — 4.58 (dd, J = 12.9, 9.5 Hz, 1H).

13C NMR (151 MHz, DMSO) & 147.7, 136.0, 134.4, 129.9, 129.6, 124.9, 81.4, 66.6.

Spectroscopic data are in agreement with those reported earlier.*
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2-nitro-1-(thiophen-2-yl)ethan-1-ol (Sm): The compound was synthesized with general
procedure 7.3.3. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2m (22.4 mg, 0.2 mmol),
4 (122 mg, 2.0 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of distilled
water. Upon completion, the reaction mixture was gently stirred, and the reaction progress was
monitored using TLC (Heptane/AcOEt 1:1). The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellowish oil (22.9 mg, 66%).

H NMR (600 MHz, CDCI3) § 7.34 (dd, J=5.1, 1.1 Hz, 1H), 7.07 (dt, J = 3.6, 1.1 Hz, 1H), 7.02
(dd, J=5.1, 3.6 Hz, 1H), 5.73 (dd, J=9.3, 3.2 Hz, 1H), 4.72 (dd, J = 13.4, 9.3 Hz, 1H), 4.62 (dd,
J=13.4,3.2 Hz, 1H).

13C NMR (151 MHz, CDCI3) & 141.4, 135.6, 134.7, 133.9, 132.2, 131.7, 129.0, 127.4, 126.3,
125.2, 80.9, 67.3.

Spectroscopic data are in agreement with those reported earlier.*®

7.3.7.3. Spectral Data for Wool Mediated Knoevenagel Reaction

CN
A

o CN
2-(4-nitrobenzylidene)malononitrile (8a): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2a (30 mg, 0.2 mmol),
6 (13.2 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellowish solid (38.3 mg, 96%).

M.P.: 164-165 °C.

TH NMR (600 MHz, CDCl3) & 8.10 (m, 3H), 8.04 (s, 1H), 7.92 (m, 2H), 7.83 — 7.79 (m, 3H), 7.70
—7.66 (m, 2H), 7.55 (m, 3H).

13C NMR (151 MHz, CDCl3) § 187.7, 152.4, 135.7, 135.1, 134.0, 132.9, 131.0, 129.4, 128.9,
117.7, 116.0, 113.5.

Spectroscopic data are in agreement with those reported earlier.*’

O,N CN
2 A

CN

2-(3-nitrobenzylidene)malononitrile (8b): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2b (30 mg, 0.2 mmol),
6 (13.2 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 uL of absolute
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ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the white solid (36.3 mg, 91%)).

M.P.: 105 °C.

'H NMR (600 MHz, CDCls) & 8.66 (d, J=2.3 Hz, 1H), 8.47 (dd, J= 8.2, 2.3 Hz, 1H), 8.32 (d, J
=8.2 Hz, 1H), 7.89 (s, 1H), 7.79 (t, J = 8.2 Hz, 1H).

BCNMR (151 MHz, CDCl3) § 157.1, 148.8,134.9, 132.1, 131.1, 128.4, 125.7,112.8, 111.8, 87.0.

Spectroscopic data are in agreement with those reported earlier.*’

N
SN C

CN
NC

2-(4-cyanobenzylidene)malononitrile (8c): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2¢ (26 mg, 0.2 mmol),
6 (13.2 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the off-white solid (31.9 mg, 8§9%).

M.P.: 157-158 °C.
IH NMR (600 MHz, CDCls) & 8.02 — 7.97 (m, 2H), 7.84 (s, 1H), 7.84 — 7.79 (m, 2H).
13C NMR (151 MHz, CDCl3) § 157.4, 134.4, 133.3, 130.8, 117.4, 117.4,112.9, 111.8.

Spectroscopic data are in agreement with those reported earlier.*’

N
SN Cl

CN
Br

2-(4-bromobenzylidene)malononitrile (8f): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2f (37 mg, 0.2 mmol),
6 (13.2 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 uL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the pale brownish solid (32.8 mg, 62%).

M.P.: 163 °C.

'H NMR (600 MHz, CDCls) § 7.78 — 7.76 (dd, J = 8.6, 1.8 Hz, 2H), 7.71 (s, 1H), 7.70 — 7.68 (dd,
J=28.6, 1.8 Hz, 2H).

I3C NMR (151 MHz, CDCl3) § 158.4, 133.1, 131.8, 129.9, 129.7, 113.4, 112.3, 83.6.
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Spectroscopic data are in agreement with those reported earlier.*’

Me CN
X

CN

2-(3-methylbenzylidene)malononitrile (8h): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2h (24 mg, 0.2 mmol),
6 (13.2 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 uL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the white solid (26.1 mg, 72%)).

M.P.: 136-137 °C.

IH NMR (600 MHz, CDCl3) § 7.75 — 7.71 (m, 2H), 7.68 (s, 1H), 7.46 — 7.41 (m, 2H), 2.43 (s,
3H).

I3C NMR (151 MHz, CDCl3) 8 160.3, 139.8, 135.7, 131.4, 131.1, 129.6, 128.0, 113.9, 112.7, 82.5,
21.4.

Spectroscopic data are in agreement with those reported earlier.*’

N
O C

CN
Me

2-(2-methylbenzylidene)malononitrile (8i): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2i (24 mg, 0.2 mmol),
6 (13.2 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 uL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the white solid (16.3 mg, 45%).

M.P.: 105 °C.

H NMR (600 MHz, CDCls) § 8.10 (s, 1H), 8.08 (d, J= 7.9 Hz, 1H), 7.49 (t, J = 7.6 Hz, 1H), 7.36
(t,J=7.7 Hz, 1H), 7.33 (d, J = 7.7 Hz, 1H), 2.45 (s, 3H).

BCNMR (151 MHz, CDCl3) 8 158.3, 139.9, 134.3, 131.5, 130.1, 128.4, 127.2, 113.9, 112.6, 84.2,
19.9.

Spectroscopic data are in agreement with those reported earlier.*’

CN
X

CN
HO

2-(4-hydroxybenzylidene)malononitrile (8j): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2j (24.4 mg, 0.2 mmol),
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6 (13.2 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 uL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the pale yellow solid (18.5 mg, 51%).

M.P.: 184 °C.
H NMR (600 MHz, CDCl3) 7.91 — 7.89 (m, 2H), 7.65 — 7.62 (m, 2H), 7.01 (s, 1H).
13C NMR (151 MHz, CDCL3) § 161.7, 158.9, 133.7, 130.6, 124.5, 116.8, 116.3, 114.4.

Spectroscopic data are in agreement with those reported earlier.*’
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2-(2-chlorobenzylidene)malononitrile (8n): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2n (28 mg, 0.2 mmol),
6 (13.2 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the white solid (15.3 mg, 38%).

M.P.: 91-92 °C.

IH NMR (600 MHz, CDCL3) § 8.27 (s, 1H), 8.18 (m, 1H), 7.58 — 7.53 (m, 2H), 7.48 — 7.42 (m,
1H).

I3C NMR (151 MHz, CDCl3) 8 156.1, 136.4, 135.1, 130.7, 129.5, 129.1, 127.8, 113.2, 111.9, 85.8.

Spectroscopic data are in agreement with those reported earlier.*’
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2-benzoyl-3-(4-nitrophenyl)acrylonitrile (9a): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2a (30 mg, 0.2 mmol),
7 (29 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the pale-brown solid (57.8 mg, 99%).

M.P.: 115-117 °C.

'H NMR (600 MHz, CDCls) & 8.02 (s, 1H), 7.99 — 7.96 (m, 2H), 7.90 (m, 2H), 7.67 — 7.63 (m,
1H), 7.56 — 7.52 (m, 2H), 7.52 — 7.49 (m, 2H).
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13C NMR (151 MHz, CDCl3) & 188.5, 153.8, 139.6, 135.6, 133.5, 132.2, 131.1, 130.2, 130.0,
129.7,129.3,129.1, 128.7, 128.4, 116.7, 110.5.

Spectroscopic data are in agreement with those reported earlier.*®

2-benzoyl-3-(4-chlorophenyl)acrylonitrile (9d): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2d (28 mg, 0.2 mmol),
7 (29 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the pale yellowish solid (38.2 mg, 69%).

M.P.: 89-90 °C.

H NMR (600 MHz, CDCl3) 3 8.00 (s, 1H), 7.91 — 7.88 (m, 4H), 7.69 — 7.66 (m, 2H), 7.66 — 7.63
(m, 2H), 7.56 — 7.52 (m, 3H).

13C NMR (151 MHz, CDCl3) & 188.9, 154.3, 136.0, 134.0, 133.1, 132.6, 132.4, 131.2, 131.0,
129.7,129.1, 128.7, 117.1, 111.0.

Spectroscopic data are in agreement with those reported earlier.*®

2-benzoyl-3-(4-bromophenyl)acrylonitrile (9f): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2f (37 mg, 0.2 mmol),
7 (29 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 puL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the pale brownish solid (35.8 mg, 56%).

M.P.: 103.
'H NMR (600 MHz, CDCls) & 7.99 (s, 1H), 7.90 — 7.86 (m, 4H), 7.65 (m, 3H), 7.53 (m, 2H).

13C NMR (151 MHz, CDCl3) & 188.6, 154.1, 135.7, 133.7, 132.8, 130.7, 129.4, 129.2, 128.8,
128.4,116.8, 110.8.

Spectroscopic data are in agreement with those reported earlier.*®
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2-benzoyl-3-(p-tolyl)acrylonitrile (9g): The compound was synthesized with general procedure
7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2g (24 mg, 0.2 mmol), 7 (29 mg,
0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 uL of absolute ethanol.
The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellow solid (25.3 mg, 47%).

M.P.: 95 °C.

IH NMR (600 MHz, CDCl3) 5 8.03 (s, 1H), 7.95 — 7.92 (m, 2H), 7.89 — 7.86 (m, 2H), 7.63 — 7.61
(dd, J= 8.4, 7.8 Hz, 1H), 7.52 (ddd, J = 8.4, 7.8, 1.8 Hz, 2H), 7.32 (dd, J = 7.8, 1.8 Hz, 2H), 2.44
(s, 3H).

13C NMR (151 MHz, CDCl3) & 189.3, 155.7, 144.9, 136.1, 133.3, 131.4, 130.2, 129.4, 129.3,
128.7,117.2, 109.0, 22.0.

Spectroscopic data are in agreement with those reported earlier.*®

2-benzoyl-3-(m-tolyl)acrylonitrile (9h): The compound was synthesized with general procedure
7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2h (24 mg, 0.2 mmol), 7 (29 mg,
0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of absolute ethanol.
The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellowish paste (35.4 mg, 71%)).

IH NMR (600 MHz, CDCl5) § 8.03 (s, 1H), 7.90 — 7.86 (dd, J = 14.1, 7.7 Hz, 3H), 7.81 (s, 1H),
7.66 —7.62 (ddd, 14.1, 7.7, 1.8 Hz, 1H), 7.53 (td, J= 7.7, 1.8 Hz, 2H), 7.43 — 7.39 (m, 2H), 2.43
(s, 3H).

13C NMR (151 MHz, CDCl3) & 189.3, 156.0, 139.4, 136.0, 134.5, 133.5, 131.9, 129.5, 129.4,
128.8,128.4,117.1, 110.1, 21.5.

Spectroscopic data are in agreement with those reported earlier.*®
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2-benzoyl-3-(o-tolyl)acrylonitrile (9i): The compound was synthesized with general procedure
7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2i (24 mg, 0.2 mmol), 7 (29 mg,
0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of absolute ethanol.
The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the yellow paste (21.4 mg, 43%).

H NMR (600 MHz, CDCls) & 8.37 (s, 1H), 8.24 — 8.22 (d, J= 7.8 Hz, 1H), 7.94 — 7.89 (m, 2H),
7.67 —7.62 (m, 1H), 7.55 — 7.52 (t, J= 7.8 Hz, 2H), 7.46 — 7.43 (t, J= 7.6 Hz, 1H), 7.37 - 7.35 (t,
J=17.6 Hz, 1H), 7.31 - 7.30 (d, J = 7.6 Hz, 1H), 2.41 (s, 3H).

13C NMR (151 MHz, CDCl3) & 189.1, 154.0, 139.8, 136.0, 133.6, 132.9, 131.2, 131.1, 129.5,
128.8, 128.7, 126.9, 116.8, 111.8, 20.0.

Spectroscopic data are in agreement with those reported earlier.*®
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2-benzoyl-3-(4-hydroxyphenyl)acrylonitrile (9j): The compound was synthesized with general
procedure 7.3.4. Inside a 4 mL glass vial equipped with a magnetic stirrer, 2j (24.4 mg, 0.2 mmol),
7 (29 mg, 0.2 mmol), and 50 mg of wool powder were placed in the presence of 98 pL of absolute
ethanol. The mixture was gently stirred, and the reaction progress was monitored using TLC
(Heptane/AcOEt 5:1) upon completion. The product was recovered by implementing simple
filtration using AcOEt with a paper filter. After that, the solvent was evaporated under reduced
pressure to obtain the off-white solid (12.2 mg, 23%).

M.P.: 123 °C.

IH NMR (600 MHz, CDCls) § 8.03 (s, 1H), 8.01 (m, 2H), 7.93 (m, 1H), 7.87 (m, 2H), 7.53 (m,
2H), 6.95 (m, 2H).

I3C NMR (151 MHz, CDCl3) 6 191.4, 155.3, 151.0, 149.2, 143.9, 143.5, 142.6, 134.1, 133.1,
129.2, 128.6, 116.5.

Spectroscopic data are in agreement with those reported earlier.*®
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7.3.8. NMR Spectra for Compounds in Chapter 4

'H NMR (600 MHz, CDCls) spectrum of 2-(hydroxy(4-nitrophenyl)methyl)cyclopentan-1-one
(3aa)
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'"H NMR (600 MHz, CDCl5) spectrum of 2-(hydroxy(3-nitrophenyl)methyl)cyclopentan-1-one

(3ab)
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"H NMR (600 MHz, CDCl5) spectrum of 4-(hydroxy(2-oxocyclopentyl)methyl)benzonitrile

(3ac)
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"H NMR (600 MHz, CDCl5) spectrum of 2-((4-chlorophenyl)(hydroxy)methyl)cyclopentan-1-

one (3ad)
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"H NMR (600 MHz, CDCl5) spectrum of 2-(hydroxy(p-tolyl)methyl)cyclopentan-1-one (3ag)
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3C NMR (151 MHz, CDCls) spectrum of 2-(hydroxy(p-tolyl)methyl)cyclopentan-1-one (3ag)
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"H NMR (600 MHz, CDCl5) spectrum of 2-(hydroxy(o-tolyl)methyl)cyclopentan-1-one (3ai)
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3C NMR (151 MHz, CDCIs) spectrum of 2-(hydroxy(o-tolyl)methyl)cyclopentan-1-one (3ai)
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"H NMR (600 MHz, CDCls) spectrum of 2-(hydroxy(4-nitrophenyl)methyl)cyclohexan-1-one

(3ba)
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3C NMR (151 MHz, CDCls) spectrum of 2-(hydroxy(4-nitrophenyl)methyl)cyclohexan-1-one
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'"H NMR (600 MHz, CDCl5) spectrum of 2-(hydroxy(4-nitrophenyl)methyl)cycloheptan-1-one

(3ca)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-nitro-1-(4-nitrophenyl)ethan-1-ol (5a)
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"H NMR (600 MHz, DMSO-ds) spectrum of 2-nitro-1-(3-nitrophenyl)ethan-1-ol (5b)
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3C NMR (151 MHz, DMSO-de) spectrum of 2-nitro-1-(3-nitrophenyl)ethan-1-ol (5b)
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"H NMR (600 MHz, DMSO-ds) spectrum of 4-(1-hydroxy-2-nitroethyl)benzonitrile (5c)
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"H NMR (600 MHz, CDCls) spectrum of 1-(4-methoxyphenyl)-2-nitroethan-1-ol (5k)
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3C NMR (151 MHz, CDCls) spectrum of 1-(4-methoxyphenyl)-2-nitroethan-1-ol (5k)
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'"H NMR (600 MHz, DMSO-ds) spectrum of 1-(2-nitrophenyl)-2-nitroethan-1-ol (5)
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"H NMR (600 MHz, CDCl5) spectrum of 2-(4-nitrobenzylidene)malononitrile (8a)
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"H NMR (600 MHz, CDCl5) spectrum of 2-(3-methylbenzylidene)malononitrile (8h)
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3C NMR (151 MHz, CDCIs) spectrum of 2-(3-methylbenzylidene)malononitrile (8h)

CN

CN

160.25

- 113.94
112,74

— 82.53

— 77.16 CDCI3

21.36

T T T
210 200 190 180

T
170

T
160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

Page | 232



'H NMR (600 MHz, CDCl5) spectrum of 2-(2-methylbenzylidene)malononitrile (8i)
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"H NMR (600 MHz, CDCls) spectrum of 2-(2-chlorobenzylidene)malononitrile (8n)
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"H NMR (600 MHz, CDCls) spectrum of 2-benzoyl-3-(4-nitrophenyl)acrylonitrile (9a)
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"H NMR (600 MHz, CDCls) spectrum of 2-benzoyl-3-(p-tolyl)acrylonitrile (9g)
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"H NMR (600 MHz, CDCl5) spectrum of 2-benzoyl-3-(o-tolyl)acrylonitrile (9i)
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7.4. General Reaction Conditions and Characterization for Compounds in Chapter 5

7.4.1. General Experimental Procedure for N-Alkylation of Aromatic Amines 3aa-3am

(0.05 mol%)

H
NH N__R
X 2 Q. KOtBu (1 eq.) XY
R1_I Z o ¥ i»- R1_I Z

ta-l 2a-m i conia jar (10 mL) 3aa-3ka

Zirconia ball (10 mm x 1)
30Hz, 25°C, 6h

Aromatic amine (la-k, 4 mmol), primary alcohol (2a-m, 4 mmol), potassium fert-butoxide
(KO7Bu, 4 mmol) and Ru-MACHO catalyst (0.05 mol%, 1.2 mg) were loaded into a zirconium
dioxide grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m 2.87 g) of the same material.
The jar was sealed and milled at 30 Hz in a shaker mill MM-500 vario at room temperature, for 6
hours. The reaction was monitored by TLC (hexane/EtOAc: 9/1). After completion of the reaction,
the resulting reaction mixture was filtered using a sintered vacuum funnel through a small bed of
celite (4g) with 20 mL of EtOAc. The filtrate was then evaporated under high vacuum. 'H-NMR
and 3C spectrometry confirmed the structure of the compounds. Where necessary, further
purification can be achieved by column chromatography (n-hexane/EtOAc: 9/1, v/v).

Note: Internal reaction temperature of jar before (24.9°C) and after (25.7°C) mechanochemical
borrowing hydrogenation with p-anisidine (4 mmol), pentanol (4 mmol), potassium fert-butoxide
(KO#Bu, 1 mmol), [Ru]-1 in a 10mL zirconia jar with a 10 mm zirconia ball milled in MM-500
Vario for given time at 25°C for 6h was monitored to verify that the reaction primarily proceeds
through mechanochemical grinding and the internal temperature of the reaction does not rise
significantly.*

Before starting the reaction | After finishing the reaction
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7.4.2. General Experimental Procedure for N-Alkylation of Aliphatic Amines Saa-5ah

(1 mol%)
KOtBu 4 eq)

NH; MgO (200 m: )
[:::r/\\// + HO” R ——— > 9 g

5aa—5ah
ss jar (10 mL)
SS ball (10 mm x 1)

30Hz, 80°C, 12h
Aliphatic amine (1 mmol), primary alcohol (2 mmol), potassium tert-butoxide (KO7Bu, 1 mmol),
Ru-MACHO catalyst (1 mol%, 6 mg) and MgO (200 mg) were loaded into a stainless-steel
grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m 3.6g) of the same material. The jar was
sealed and milled at 30 Hz in a shaker mill Fritsch P-23 for 12 hours. The reaction jar was heated
to an external temperature of 80°C using a heat-gun and maintained as such for the whole course
of the reaction.*’ Then, the reaction jar was cooled down to room temperature, and the reaction
progress was monitored by TLC (hexane/EtOAc: 8/2). After completion of the reaction, the
resulting reaction mixture was filtered using a sintered vacuum funnel through a small bed of celite
(1.0 g) with 20 mL of EtOAc and then dried using sodium sulfate and the resultant filtrate was
evaporated under high vacuum. The further purification the compound was achieved using column
chromatography (n-hexane:EtOAc 8:2 v/v). 'H-NMR and "*C spectrometry confirmed the
structure of the compounds.

7.4.3. General Experimental Procedure for Synthesis of N-Heterocycles 6 and 7

(0.5 mol%)
KOtBu 1 eq) A\
/
N

H

SSJar (10 mL) 6 (93%)
SS ball (10 mm x 1)
30 Hz, 70°C, 6h Indole
(0.5 mol°/
@ O 500

SS jar (10 mL)
SS ball (10 mm x 1) 7 (38%)
30Hz, 50°C, 6h 2-Phenyl benzimidazole

2i

Amine (1 mmol), alcohol (1 mmol), potassium tert-butoxide (1 mmol) and Ru-MACHO catalyst
(0.5 mol%, 3 mg) were loaded into a stainless-steel grinding jar (10 mL) equipped with 1 ball (¢
= 10 mm, m 3.6g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
Fritsch P-23 for 6 hours at an appropriate temperature using a heat-gun. Then, the reaction jar was
cooled down to room temperature, and the reaction progress is monitored by TLC (hexane/EtOAc:
7/3). After completion of the reaction, the resulting reaction mixture was filtered using a sintered
vacuum funnel through a small bed of celite with 20 mL of EtOAc. The filtrate was then evaporated
under high vacuum. "H-NMR and !*C spectrometry confirmed the structure of the compound.
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Note: In case of indole 6, the product was obtained without any further purification, while in the
case of 2-phenyl benzimidazole 7, the pure product is isolated by column chromatography (n-
hexane/EtOAc: 7:3 v/v).

7.4.4. General Experimental Procedure for Radical Trapping

(Radical trapping experiment)

(0.05 mol%)
NHz TKE?/ItIE‘i’[(IJ (11eq )
eq.)
MeO
1a 2a 3aa (82%)

erconla jar (10 mL)
Zirconia ball (10 mm x 1)
30Hz, 25°C, 6h

p-Anisidine (1a, 4 mmol), pentanol (2a, 4 mmol), potassium tert-butoxide (KO7Bu, 4 mmol), Ru-
MACHO catalyst (0.05 mol%, 1.2 mg) and TEMPO (4 mmol, 625 mg) were loaded into a
zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m 2.87 g) of the same
material. The jar was sealed and milled at a frequency of 30Hz in a shaker mill MM-500 vario at
room temperature for 6 hours. After completion of the reaction, the resulting reaction mixture was
filtered using a sintered vacuum funnel through a small bed of celite with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum.

'H NMR (600 MHz, CDCls) for mechanochemical radical trapping for N-alkylation of
aromatic amines using TEMPO

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

B OB BB B VBBV MMMMMMMHMM HANN—A—AAdT A A A A A A A 100000 SO

H
N e
eSS S S e LY
::/\,(’\)3\ N S =
MeO

3aa (82%)

T T T T T T T T T T T T T T T T T T T
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 o -1 -2 -3
f1 (ppm)

Page | 240



7.4.5. General Experimental Procedures for Mechanochemical Kinetic Isotope Effect

7.4.5.1. General Experimental Procedure for Synthesis of Deuterated Benzyl Alcohol

(0.2 mol%) b. b

H H KOtBu (5 mol%)
OH D,0 (0.3 mL) oD
_—

Glass vial (5 mL)
Glass balls (3 mm x 10)
30Hz, 80°C, 3h

Alcohol (1 mmol), potassium tert-butoxide (5 mol%), D>O (300 uL) and Ru-MACHO catalyst
(0.2 mol%, 1.2 mg) were loaded into a glass vial (5 mL) equipped with 10 balls (¢ =3 mm) of the
same material. The jar was purged with argon gas, sealed and milled at 30Hz in a shaker mill
Fritsch P-23 for 3 hours at the temperature of 80°C using a heat-gun (Figure 7.3). Then, the reaction
jar was cooled down to room temperature. After completion of the reaction, the resulting reaction
mixture was extracted by separating funnel using DCM (3x2 mL) without addition of any further
water. The DCM layer was then dried using sodium sulfate and the resultant filtrate was
evaporated under high vacuum. '"H-NMR and '3C spectrometry confirmed the deuteration of the

alcohol to 2i-d3 up to 99%.%°
'H NMR (600 MHz, CDCl3) 8 7.37 (d, J = 4.8 Hz, 4H), 7.33 — 7.28 (m, 1H).
HRMS (ESI) m/z calc. for C7HsD>O [M-H]™: 109.0628, found: 109.0619.

Figure 7.3. Deuteration experiment set-up
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'H NMR (600 MHz, CDCl3) for mechanochemical deuteration of benzyl alcohol (2i)
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7.4.5.2. General Experimental Procedure for Kinetic Isotope Effect Analysis

e BH using 2i
(0. 05 mol%) O
/©/ \© KOtBu — /©/

Zirconia jar (10 mL)
Zirconia ball (10 mm x 1)
30Hz, 25°C, t

o BH using 2i—d3 :
(0.05 mol%) /@
/©/ \© KOtBu — /©/

2i-d
s erconlajar (10 mL) 3aa-dy

Zirconia ball (10 mm x 1)
30Hz, 25°C, t

p-Anisidine (1a, 4 mmol), benzyl alcohols (2i/ 2i-d3, 4 mmol), potassium tert-butoxide (KO7Bu, 4
mmol) and Ru-MACHO catalyst (0.05 mol%, 1.2 mg) were loaded into a zirconium dioxide
grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m 2.87 g) of the same material. The jar was
sealed and milled at 30Hz in a shaker mill MM-500 vario at room temperature. All the reaction
experiments were carried out separately with an interval of 30 minutes from time ranging from 0
minutes to 150 minutes. After completion of the reaction, the resulting reaction mixture was
filtered using a sintered vacuum funnel through a small bed of celite with 20 mL of EtOAc. The
filtrates were evaporated under high vacuum. The products were then subjugated to quantitative
'H-NMR spectrometry using ethylene carbonate (2 mmol, 176 mg) as an internal standard in
CDClIs. The reaction coefficients (k) were measured and plotted. Finally, the K/E is measured by
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the formula kn/kp obtainable from the slope between In([Cai-a3(0)]/[C2i-a3¢n]) and In([C2i))/[Cai]),
where [Caigz0)] and [Caigz] are the initial concentration and concentration at time ‘2’ of 2i-ds3

respectively; while [Cai0)] and [Caiq)] represents the initial concentration and concentration at time
‘t’ of 2i respectively (Table 7.1; Figure 7.5).

Table 7.1. KIE analysis for N-alkylation of aromatic amines with BH strategy

Time (s) In([Cail/ [C2i]) [Cai-a3] In([Czi-a3@)]/ [Cai-
a3w])
0 1 0 1 0
1800 0.65 0.43078 0.75 0.28768
3600 0.44 0.82098 0.68 0.38566
5400 0.36 1.02165 0.41 0.8916
7200 0.29 1.23787 0.37 0.99425
9000 0.22 1.51413 0.3 1.20397

® Product with BzOH

® Product with BzZOH-d3
Curve fitting for Product with BzOH
Curve fitting for Product with BzOH-d3
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Figure 7.4. Product evolution of 3ai and 3ai-ds with respect to time
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Figure 7.7. Quantitative "H-NMR for 3ai, t=60 minutes with ethylene carbonate as internal standard
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Figure 7.8. Quantitative 'H-NMR for 3ai, t=90 minutes with ethylene carbonate as internal standard
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Figure 7.10. Quantitative 'H-NMR for 3ai, t=150 minutes with ethylene carbonate as internal standard
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7.4.6. General Experimental Procedure for Mechanochemical Hammett Analysis

H
NH (0.05 mol%) N
2 KOBu (1 eq.) N ’Hg\
+ HO” ‘HS/ B —
x o]

— 3aa-3ea
Ta-e 2a Zirconia jar (10 mL)
Zirconia ball (10 mm x 1)

(X= OMe, Me, H, Cl, Br) 30Ha. 25°C. 1

Amine (1a-e, 4 mmol), pentanol (2a, 4 mmol), potassium zert-butoxide (KO7Bu, 4 mmol) and Ru-
MACHO catalyst (0.05 mol%, 1.2 mg) were loaded into a zirconium dioxide grinding jar (10 mL)
equipped with 1 ball (¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at
30Hz in a shaker mill MM-500 Vario at room temperature. All the reaction experiments were
carried out separately with an interval of 10 minutes from time ranging from 0 minutes to 60
minutes. After completion of the reactions, the resulting reaction mixture was filtered using a
sintered vacuum funnel through a small bed of celite with 20 mL of EtOAc. The filtrate was then
evaporated under high vacuum. The products were then subjugated to quantitative 'H-NMR
spectrometry using ethylene carbonate (2 mmol, 176 mg) as an internal standard in CDCl3. The
reaction rate constants (k) were calculated and log(kx/kn) were plotted against substituent
constants (6) to analyze the dependency of the substituent groups on anilines upon the product
formation (Figure 7.22).
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Time (s) [Cx=8r] ‘ [Cx=ql] [Cx=me] [Cx=0Mme]
600 0.70 0.71 0.74 0.80 0.93
1200 0.53 0.56 - 0.69 0.83
1800 0.35 - 0.41 0.57 0.71
2400 0.22 0.24 0.30 0.49 0.61
3000 0.14 0.17 0.26 0.39 0.53
3600 0.08 0.10 0.22 0.33 0.47

Time (5) | In([Cro)/ [Crro]) In([Cciw)/ [Caiw]) | In(ICuw)/ [Ch])

In([Cme)]/ [CMmew)]) ‘ In([Come©)]/ [Come])

0 0 0 0 0 0
600 0.35667 0.34249 0.30111 0.22314 0.07257
1200 0.63488 0.57982 -~ 0.37106 0.18633
1800 1.04982 - 0.8916 0.56212 0.34249
2400 151413 1.42712 1.20397 0.71335 0.4943
3000 1.96611 1.77196 1.34707 0.94161 0.63488
3600 2.52573 2.30259 1.51413 1.10866 0.75502
100
X=Br
. X=Cl
X=H
80 X=Me
X=OMe
= 60 -
&
©
=
8 40
o 1
20 4
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r * 1 1 I ¥
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Time (sec)

Figure 7.16. Product evolution over time for Hammett plot for different substituents in aniline
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Figure 7.17. Plot between In([Cx=gr(0))/[Cx=sr(y]) Vs time to get kx-pr
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Figure 7.18. Plot between ln([Csz(o)]/ [sza([)]) vs time to get kx=ci
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Figure 7.20. Plot between In([Cx=me(0))/[ Cx=me(n]) Vs time to get kx-me
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Figure 7.22. Plot between In([Cx)/[Cx]) vs time for X=Br, Cl, H, Me, OMe



Entry X \ Substituent Constant (o) log(kx/kn)

1 Br 0.232 0.20605
2 Cl 0.227 0.16466
3 H 0 0
4 Me -0.17 -0.15321
5 OMe -0.268 -0.29329
y = (-0.01903) + (0.923099) * x
B
Pearson's r 0.9882
Adj. R-Square 0.98332
Intercept -0.01903 + -
O [Siope 0.9231 £ 0.05384
0.3
X=Br
0.2 g
@
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0.1
T
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Figure 7.22. Hammett plot between log (kx/ks) with substituent constants (6¢) where X=Br, CI, H, Me, OMe; Hammett
slope = 0.92 + 0.05 (R*= 0.98)

7.4.7. Characterization of Compounds in Chapter 5
7.4.7.1. Spectral Data for N-Alkylation of Aromatic Amines

H

o
MeO

4-methoxy-/NV-pentylaniline (3aa): The compound was synthesized with general procedure 7.4.1.
1a (492 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KOrBu (448 mg, 4 mmol) and Ru-MACHO (1.2
mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball
(¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker
mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
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using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield pale yellow oil, Yield: 749 mg, 97%.

H NMR (600 MHz, CDCl3) § 6.82 — 6.76 (m, 2H), 6.62 — 6.57 (m, 2H), 3.75 (s, 3H), 3.07 (t, J =
7.2 Hz, 2H), 1.62 (dq, J = 11.1, 6.6 Hz, 2H), 1.46 — 1.27 (m, 4H), 0.93 (t, J= 7.1 Hz, 3H).

I3C NMR (151 MHz, CDCl3) § 152.3, 142.8, 115.0, 114.3, 55.9, 45.2, 29.5, 29.5, 22.6, 14.1.

Spectroscopic data are in agreement with those reported earlier.’!

H
o~
MeO

N-ethyl-4-methoxyaniline (3ab): The compound was synthesized with general procedure 7.4.1.
1a (492 mg, 4 mmol), 2b (184 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield colourless oil, Yield: 522 mg, 86%.

IH NMR (600 MHz, CDCls) § 6.79 (d, J = 8.9 Hz, 2H), 6.65 (d, J = 8.9 Hz, 2H), 3.75 (s, 3H),
3.13(q,J=7.1 Hz, 2H), 1.25 (t, J= 7.1 Hz, 3H).

3BC NMR (151 MHz, CDCl3) § 152.7, 141. 9, 115.0, 115.0, 55.9, 40.2, 14.8.

Spectroscopic data are in agreement with those reported earlier.>

H

N
Meo/©/

N-hexyl-4-methoxyaniline (3ac): The compound was synthesized with general procedure 7.4.1.
1a (492 mg, 4 mmol), 2¢ (408 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 743 mg, 90%.

H NMR (600 MHz, CDCl3) § 6.81 — 6.75 (m, 2H), 6.61 — 6.55 (m, 2H), 3.75 (s, 3H), 3.06 (t, J =
7.2 Hz, 2H), 1.60 (p, J = 7.3 Hz, 2H), 1.47 — 1.36 (m, 2H), 1.35 — 1.29 (m, 4H), 0.97 — 0.83 (m,
3H).

I3C NMR (151 MHz, CDCls) 6 152.1, 143.0, 115.1, 114.2, 56.0, 45.2, 31.8, 29.8, 27.0, 22.8, 14.2.
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Spectroscopic data are in agreement with those reported earlier.>?

H
N
/O/ ~AI
MeO

N-butyl-4-methoxyaniline (3ad): The compound was synthesized with general procedure 7.4.1.
1a (492 mg, 4 mmol), 2d (296 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 602 mg, 84%.

H NMR (600 MHz, CDCl3) & 6.94 — 6.74 (m, 2H), 6.66 — 6.47 (m, 2H), 3.75 (s, 3H), 3.07 (t, J =
7.1 Hz, 2H), 1.59 (dtd, J = 8.8, 7.4, 5.9 Hz, 2H), 1.47 — 1.37 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H).

I3C NMR (151 MHz, CDCl3) § 152.2, 143.0, 115.1, 114.2, 56.0, 44.9, 31.9, 20.5, 14.1.

Spectroscopic data are in agreement with those reported earlier.>*

H
N
MeO

4-methoxy-/V-(3-phenylpropyl)aniline (3af): The compound was synthesized with general
procedure 7.4.1. 1a (492 mg, 4 mmol), 2f (545 mg, 4 mmol), KO/Bu (448 mg, 4 mmol) and Ru-
MACHO (1.2 mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped
with 1 ball (¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in
a shaker mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 906 mg, 94%.

H NMR (600 MHz, CDCls) & 7.30 (dd, J = 8.4, 6.8 Hz, 2H), 7.24 — 7.18 (m, 3H), 6.81 — 6.74 (m,
2H), 6.59 — 6.50 (m, 2H), 3.75 (s, 3H), 3.12 (t, J = 7.0 Hz, 2H), 2.74 (t, J = 7.6 Hz, 2H), 1.95 (dq,
J=8.7,7.1 Hz, 2H).

13C NMR (151 MHz, CDCl3) § 152.2, 142.8, 141.9, 128.6, 128.5, 126.1, 115.1, 114.3, 56.0, 44.6,
33.6, 31.3.

Spectroscopic data are in agreement with those reported earlier.>

Fe e
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N-(cyclohexylmethyl)-4-methoxyaniline (3ag): The compound was synthesized with general
procedure 7.4.1. 1a (492 mg, 4 mmol), 2g (457 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-
MACHO (1.2 mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped
with 1 ball (¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in
a shaker mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield colourless oil, Yield: 858 mg, 98%.

IH NMR (600 MHz, CDCl3) § 6.83 — 6.74 (m, 2H), 6.60 — 6.54 (m, 2H), 3.75 (s, 3H), 2.91 (d, J
= 6.7 Hz, 2H), 1.90 — 1.78 (m, 2H), 1.77 — 1.71 (m, 2H), 1.68 (dddd, J = 12.1, 4.7, 3.1, 1.5 Hz,
1H), 1.56 (dddd, J= 14.5, 11.3, 6.8, 3.2 Hz, 1H), 1.31 — 1.15 (m, 3H), 0.98 (qd, J = 12.0, 3.4 Hz,
2H).

13C NMR (151 MHz, CDCl3) § 152.0, 143.1, 115.1, 114.1, 56.0, 51.8, 37.78, 31.5, 26.8, 26.1.

Spectroscopic data are in agreement with those reported earlier.>®

o

N-benzyl-4-methoxyaniline (3ai): The compound was synthesized with general procedure 7.4.1.
1a (492 mg, 4 mmol), 2i (432 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum ang purified with column chromatography to yield
yellow oil, Yield: 716 mg, 84%.

'H NMR (600 MHz, CDCls) & 7.43 — 7.35 (m, 4H), 7.32 — 7.28 (m, 1H), 6.83 — 6.77 (m, 2H), 6.63
(dd, J=8.6, 1.5 Hz, 2H), 4.31 (s, 2H), 3.77 (s, 3H).

I3C NMR (151 MHz, CDCl3) § 152.3, 142.6, 139.8, 128.7, 127.6, 127.3, 115.0, 114.2, 55.9, 49.3.

Spectroscopic data are in agreement with those reported earlier.>’

Beacd

4-methoxy-/N-(4-methylbenzyl)aniline (3aj): The compound was synthesized with general
procedure 7.4.1. 1a (492 mg, 4 mmol), 2j (488 mg, 4 mmol), KO7rBu (448 mg, 4 mmol) and Ru-
MACHO (1.2 mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped
with 1 ball (¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in
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a shaker mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 520 mg, 57%.

H NMR (600 MHz, CDCls) 8 7.18 (t, J = 3.9 Hz, 3H), 7.07 (d, J = 7.7 Hz, 2H), 6.73 — 6.67 (m,
2H), 6.56 — 6.51 (m, 2H), 4.16 (s, 2H), 3.67 (s, 3H), 2.27 (s, 3H), 1.50 (br, 1H).

I3C NMR (151 MHz, CDCl3) § 152.3, 142.7, 136.9, 136.7, 129.4, 127.7, 115.1, 114.3, 56.0, 49.2,
21.2.

Spectroscopic data are in agreement with those reported earlier.>®
Cl
T
N
Meo/©/

N-(4-chlorobenzyl)-4-methoxyaniline (3ak): The compound was synthesized with general
procedure 7.4.1. 1a (492 mg, 4 mmol), 2k (570 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-
MACHO (1.2 mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped
with 1 ball (¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in
a shaker mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 624 mg, 63%.

H NMR (600 MHz, CDCls) § 7.30 (s, 4H), 6.81 — 6.73 (m, 2H), 6.62 — 6.53 (m, 2H), 4.26 (s,
2H), 3.74 (s, 3H).

I3C NMR (151 MHz, CDCl3) § 152.5, 142.2, 138.4, 132.3, 128.9, 128.9, 115.1, 114.3, 56.9, 48.7.

Spectroscopic data are in agreement with those reported earlier.>

S

N-pentylaniline (3ba): The compound was synthesized with general procedure 7.4.1. 1b (372 mg,
4 mmol), 2a (352.6 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg, 0.05 mol%)
were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m
2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill MM-500
vario at room temperature, for 6 hours. The reaction was monitored by TLC (hexane/EtOAc: 9/1).
After completion of the reaction, the resulting reaction mixture was filtered using a sintered
vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The filtrate was then
evaporated under high vacuum to yield yellow oil, Yield: 594 mg, 91%.
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H NMR (600 MHz, CDCls) § 7.20 (ddt, J= 9.5, 7.4, 2.2 Hz, 2H), 6.71 (tt, J= 7.3, 1.0 Hz, 1H),
6.63 (dt, J=8.8, 1.6 Hz, 2H), 3.61 (br, 1H), 3.30 —2.99 (m, 2H), 1.79 — 1.53 (m, 2H), 1.44 — 1.36
(m, 4H), 0.95 (t, J=7.1 Hz, 3H).

I3C NMR (151 MHz, CDCl3) 6 148.7, 129. 3, 117.2, 112.8, 44.1, 29.5, 29.4, 22.6, 14.2.

Spectroscopic data are in agreement with those reported earlier.*

H
O

N-ethylaniline (3bb): The compound was synthesized with general procedure 7.4.1. 1b (372 mg,
4 mmol), 2b (184 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg, 0.05 mol%)
were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m
2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill MM-500
vario at room temperature, for 6 hours. The reaction was monitored by TLC (hexane/EtOAc: 9/1).
After completion of the reaction, the resulting reaction mixture was filtered using a sintered
vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The filtrate was then
evaporated under high vacuum to yield yellow oil, Yield: 465 mg, 96%.

IH NMR (600 MHz, CDCls) § 7.22 — 7.14 (m, 2H), 6.71 (tt, J= 7.3, 1.1 Hz, 1H), 6.65 — 6.57 (m,
2H), 3.54 (br, 1H), 3.17 (q, J= 7.1 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H).

I3C NMR (151 MHz, CDCl3) 6 148.6, 129.3, 117.3, 112.9, 38.6, 15.0.

Spectroscopic data are in agreement with those reported earlier. ¢!

o

N-butylaniline (3bd): The compound was synthesized with general procedure 7.4.1. 1b (372 mg,
4 mmol), 2d (296 mg, 4 mmol), KO/Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg, 0.05 mol%)
were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m
2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill MM-500
vario at room temperature, for 6 hours. The reaction was monitored by TLC (hexane/EtOAc: 9/1).
After completion of the reaction, the resulting reaction mixture was filtered using a sintered
vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The filtrate was then
evaporated under high vacuum to yield yellow oil, Yield: 527 mg, 88%.

H NMR (600 MHz, CDCls) § 7.21 — 7.16 (m, 2H), 6.70 (tt, J= 7.3, 1.0 Hz, 1H), 6.65 — 6.57 (m,
2H), 3.60 (br, 1H), 3.13 (t, J="7.1 Hz, 2H), 1.62 (tt, J=8.7, 7.0 Hz, 2H), 1.50 — 1.38 (m, 2H), 0.98
(t, J=7.4 Hz, 3H).

13C NMR (151 MHz, CDCls) § 148.7, 129.3, 117.2, 112.8, 43.8, 31.8, 20.4, 14.0.

Spectroscopic data are in agreement with those reported earlier.5?
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N-propylaniline (3be): The compound was synthesized with general procedure 7.4.1. 1b (372 mg,
4 mmol), 2e (240 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg, 0.05 mol%)
were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m
2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill MM-500
vario at room temperature, for 6 hours. The reaction was monitored by TLC (hexane/EtOAc: 9/1).
After completion of the reaction, the resulting reaction mixture was filtered using a sintered
vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The filtrate was then
evaporated under high vacuum to yield yellow oil, Yield: 493 mg, 91%.

IH NMR (600 MHz, CDCls) & 7.23 — 7.16 (m, 2H), 6.71 (tt, J= 7.4, 1.1 Hz, 1H), 6.65 — 6.60 (m,
2H), 3.63 (br, 1H), 3.10 (t, J= 7.1 Hz, 2H), 1.66 (h, J = 7.3 Hz, 2H), 1.02 (t, J = 7.4 Hz, 3H).

13C NMR (151 MHz, CDCl3) 6 148.6, 129.3, 117.2, 112.8, 45.9, 22.9, 11.8.

Spectroscopic data are in agreement with those reported earlier.®?

o

N-dodecylaniline (3bh): The compound was synthesized with general procedure 7.4.1. 1b (372
mg, 4 mmol), 2h (745 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg, 0.05
mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ = 10
mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill MM-
500 vario at room temperature, for 6 hours. The reaction was monitored by TLC (hexane/EtOAc:
9/1). After completion of the reaction, the resulting reaction mixture was filtered using a sintered
vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The filtrate was then
evaporated under high vacuum to yield yellow oil, Yield: 847 mg, 81%.

IH NMR (600 MHz, CDCls) § 7.19 — 7.14 (m, 2H), 6.69 (t, J = 7.3 Hz, 1H), 6.63 — 6.58 (m, 2H),
3.10 (t,J = 7.1 Hz, 2H), 1.62 (p, J = 7.2 Hz, 2H), 1.44 — 1.36 (m, 2H), 1.28 (d, J = 9.2 Hz, 16H),
0.89 (t, J= 6.9 Hz, 3H).

BCNMR (151 MHz, CDCl3) & 148.7,129.4, 117.2,112.9, 44.2,32.1, 29.8, 29. 8, 29.7, 29.7, 29.6,
29.5,27.3,22.8, 14.3.

Spectroscopic data are in agreement with those reported earlier.®?
o :

N-benzylaniline (3bi): The compound was synthesized with general procedure 7.4.1. 1b (372 mg,
4 mmol), 2i (432 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg, 0.05 mol%)
were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m
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2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill MM-500
vario at room temperature, for 6 hours. The reaction was monitored by TLC (hexane/EtOAc: 9/1).
After completion of the reaction, the resulting reaction mixture was filtered using a sintered
vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The filtrate was then
evaporated under high vacuum to yield yellow oil, Yield: 667 mg, 91%.

IH NMR (600 MHz, CDCl3) & 7.43 — 7.35 (m, 4H), 7.31 (t, J= 7.2 Hz, 1H), 7.21 (t, J = 7.7 Hz,
2H), 6.76 (t, J= 7.4 Hz, 1H), 6.67 (d, J = 8.0 Hz, 2H), 4.36 (s, 2H), 4.05 (br, 1H).

I3C NMR (151 MHz, CDCl3) & 148.3, 139.6, 129.4, 128.8, 127.6, 127.3, 117.7, 113.0, 48 4.

Spectroscopic data are in agreement with those reported earlier.**
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N-(undec-10-en-1-yl)aniline (3bl): The compound was synthesized with general procedure 7.4.1.
1b (372 mg, 4 mmol), 21 (681 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 676 mg, 69%.

H NMR (600 MHz, CDCls) § 7.21 — 7.13 (m, 2H), 6.69 (td, J = 7.3, 1.4 Hz, 1H), 6.61 (dt, J =
7.4, 1.2 Hz, 2H), 5.83 (ddt, J= 16.9, 10.2, 6.7 Hz, 1H), 5.01 (dq, /= 17.1, 1.7 Hz, 1H), 4.94 (ddt,
J=10.2,2.2, 1.2 Hz, 1H), 3.63 (br, 1H), 3.11 (t, J= 7.1 Hz, 2H), 2.11 — 1.99 (m, 2H), 1.62 (p, J=
7.2 Hz, 2H), 1.40 (h, J = 6.8 Hz, 4H), 1.35 — 1.30 (m, 8H).

I3C NMR (151 MHz, CDCIls) & 148.6, 139.3, 129.3, 117.3, 114.3, 112.9, 44.2, 44.2, 33.9, 29.7,
29.7,29.6,29.2,29.1, 27.3.

Spectroscopic data are in agreement with those reported earlier.%

ok

4-methyl-V-pentylaniline (3ca): The compound was synthesized with general procedure 7.4.1.
1c (428 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2
mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball
(¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker
mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 658 mg, 93%.
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IH NMR (600 MHz, CDCl3) 8 7.11 — 6.97 (m, 2H), 6.63 — 6.48 (m, 2H), 3.10 (t, J = 7.2 Hz, 2H),
2.26 (s, 3H), 1.71 — 1.56 (m, 2H), 1.39 (h, J = 2.9 Hz, 4H), 1.03 — 0.85 (m, 3H).

13C NMR (151 MHz, CDCl3) & 146.3, 129.8, 126.5, 113.1, 44.6, 29.5, 29.4, 22.6, 20.5, 14.2.

Spectroscopic data are in agreement with those reported earlier.5

o

4-bromo-N-pentylaniline (3da): The compound was synthesized with general procedure 7.4.1.
1d (688 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2
mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball
(¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker
mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 920 mg, 95%.

IH NMR (600 MHz, CDCl3) & 7.33 — 7.24 (m, 2H), 6.59 — 6.43 (m, 2H), 3.65 (br, 1H), 3.09 (t, J
=7.2 Hz, 2H), 1.64 (p, J = 7.4 Hz, 2H), 1.41 (dt, J = 7.3, 3.8 Hz, 4H), 1.02 — 0.90 (m, 3H).

13C NMR (151 MHz, CDCl3) § 147.6, 131.9, 114.3, 108.5, 44.0, 29.4, 29.2, 22.6, 14.1.

Spectroscopic data are in agreement with those reported earlier.%
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4-bromo-N-ethylaniline (3db): The compound was synthesized with general procedure 7.4.1. 1d
(688 mg, 4 mmol), 2b (184 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 801 mg, 95%.

H NMR (600 MHz, CDCl3) 8 7.26 — 7.19 (m, 2H), 6.53 — 6.43 (m, 2H), 3.57 (br, 1H), 3.12 (q, J
— 7.0 Hz, 2H), 1.25 (td, J = 7.1, 1.2 Hz, 3H).

I3C NMR (151 MHz, CDCl3) § 147.5, 132.0, 114.4, 108.81, 38.61, 14.84.

Spectroscopic data are in agreement with those reported earlier.%’
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4-bromo-N-hexylaniline (3dc): The compound was synthesized with general procedure 7.4.1. 1d
(688 mg, 4 mmol), 2¢ (408 mg, 4 mmol), KOrBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 942 mg, 92%.

IH NMR (600 MHz, CDCls) & 7.27 — 7.11 (m, 2H), 6.58 — 6.29 (m, 2H), 3.65 (br, 1H), 3.06 (t, J
= 7.2 Hz, 2H), 1.60 (p, J = 7.3 Hz, 2H), 1.39 (dq, J = 8.9, 6.8 Hz, 2H), 1.35 — 1.30 (m, 4H), 0.94
—0.88 (m, 3H).

I3C NMR (151 MHz, CDCl3) 6 147.6, 132.0, 114.4, 108.7,44.2, 31.7, 29.5,26.9, 22.7, 14.2.

Spectroscopic data are in agreement with those reported earlier.>?
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4-bromo-N-butylaniline (3dd): The compound was synthesized with general procedure 7.4.1. 1d
(688 mg, 4 mmol), 2d (296 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 828 mg, 91%.

H NMR (600 MHz, CDCl3) & 7.33 — 7.12 (m, 2H), 6.51 — 6.39 (m, 2H), 3.62 (br, 1H), 3.07 (t, J
= 7.1 Hz, 2H), 1.72 — 1.53 (m, 2H), 1.43 (dt, J = 14.9, 7.4 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H).

I3C NMR (151 MHz, CDCl3) & 147.6, 131.0, 114.3, 108.6, 43.8, 31.6, 20.4, 14.0.
Spectroscopic data are in agreement with those reported earlier.%®

o

N-benzyl-4-bromoaniline (3di): The compound was synthesized with general procedure 7.4.1.
1d (688 mg, 4 mmol), 2i (432 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
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10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 933 mg, 89%.

H NMR (600 MHz, CDCls) & 7.35 (d, J = 4.4 Hz, 4H), 7.31 — 7.27 (m, 1H), 7.26 — 7.22 (m, 2H),
6.55 — 6.48 (m, 2H), 4.31 (s, 2H), 4.10 (br, 1H).

I3C NMR (151 MHz, CDCl3) & 147.2, 139.0, 132.1, 128.8, 127.5, 127.5, 114.6, 109.3, 48.4.

Spectroscopic data are in agreement with those reported earlier.%’

o

4-chloro-N-pentylaniline (3ea): The compound was synthesized with general procedure 7.4.1. 1e
(510 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 688 mg, 87%.

IH NMR (600 MHz, CDCL3) § 7.17 — 7.00 (m, 2H), 6.71 — 6.36 (m, 2H), 3.65 (br, 1H), 3.07 (t, J
= 7.2 Hz, 2H), 1.80 — 1.53 (m, 2H), 1.42 — 1.30 (m, 4H), 1.05 — 0.83 (m, 3H).

I3C NMR (151 MHz, CDCl3) § 147.2, 129.1, 121.7, 113.9, 44.3,29.4, 29.3, 22.6, 14.2.

Spectroscopic data are in agreement with those reported earlier.”
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4-chloro-N-ethylaniline (3eb): The compound was synthesized with general procedure 7.4.1. 1e
(510 mg, 4 mmol), 2b (184 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 597 mg, 96%.

H NMR (600 MHz, CDCl3) & 7.18 — 7.01 (m, 2H), 6.60 — 6.41 (m, 2H), 3.55 (br, 1H), 3.12 (q, J
=7.1 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H).
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13C NMR (151 MHz, CDCl3) & 147.1, 129.1, 121.8, 113.9, 38.7, 14.9.

Spectroscopic data are in agreement with those reported earlier.”!
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N-butyl-4-chloroaniline (3ed): The compound was synthesized with general procedure 7.4.1. 1e
(510 mg, 4 mmol), 2d (296 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 660 mg, 90%.

IH NMR (600 MHz, CDCL3) § 7.17 — 7.05 (m, 2H), 6.56 — 6.43 (m, 2H), 3.60 (br, 1H), 3.08 (t, J
= 7.1 Hz, 2H), 1.69 — 1.54 (m, 2H), 1.42 (dt, J = 14.6, 7.4 Hz, 2H), 0.97 (t, J = 7.4 Hz, 3H).

I3C NMR (151 MHz, CDCl3) & 147.2, 129.1, 121.7, 113.8, 43.9, 31.7, 20.4, 14.0.

Spectroscopic data are in agreement with those reported earlier.”
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4-(methylthio)-/N-pentylaniline (3fa): The compound was synthesized with general procedure
7.4.1. 1f (557 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO
(1.2 mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1
ball (¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker
mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 326 mg, 39%.

IH NMR (600 MHz, CDCI3) § 7.24 — 7.20 (m, 2H), 6.67 — 6.46 (m, 2H), 3.70 (br, 1H), 3.09 (t, J
=7.2 Hz, 2H), 2.41 (s, 3H), 1.62 (ddt, J = 14.4, 10.2, 5.8 Hz, 2H), 1.37 (h, J= 4.0 Hz, 4H), 1.01 —
0.87 (m, 3H).

13C NMR (151 MHz, CDCI3) § 147.5, 131.8, 124.0, 113.4, 44.1,29.4, 29.3, 22.6, 19.4, 14.1.

Spectroscopic data are in agreement with those reported earlier.”?
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4-fluoro-N-pentylaniline (3ga): The compound was synthesized with general procedure 7.4.1. 1g
(444 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KOrBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 340 mg, 51%.

H NMR (600 MHz, CDCl3) § 7.09 — 6.76 (m, 2H), 6.63 — 6.38 (m, 2H), 3.06 (t, J= 7.1 Hz, 2H),
1.62 (tt, J= 8.8, 6.1 Hz, 2H), 1.45 — 1.32 (m, 4H), 1.02 — 0.83 (m, 3H).

13C NMR (151 MHz, CDCL3) & 155.8 (d, J = 234.4 Hz), 145.0 (d, J= 1.6 Hz), 115.7 (d, J = 22.2
Hz), 113.6 (d, J=7.5 Hz), 44.8, 29.5, 29.4, 22.6, 14.2.

Spectroscopic data are in agreement with those reported earlier.”
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N-ethyl-4-fluoroaniline (3gb): The compound was synthesized with general procedure 7.4.1. 1g
(444 mg, 4 mmol), 2b (184 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 517 mg, 93%.

H NMR (600 MHz, CDCls) § 7.07 — 6.75 (m, 2H), 6.54 (ddd, J = 9.0, 4.4, 0.9 Hz, 2H), 3.12 (q,
J=7.1Hz, 2H), 1.25 (t, J= 7.1 Hz, 3H).

13C NMR (151 MHz, CDCls) § 155.9 (d, J = 234.6 Hz), 144.9, 115.7 (d, J = 22.4 Hz), 113.7 (dd,
J=17.3,3.5Hz), 39.3, 15.0.

Spectroscopic data are in agreement with those reported earlier.”
e
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N-benzyl-4-fluoroaniline (3gi): The compound was synthesized with general procedure 7.4.1. 1g
(444 mg, 4 mmol), 2i (432 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
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(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 426 mg, 53%.

H NMR (600 MHz, CDCl3) § 7.42 — 7.33 (m, 4H), 7.31 — 7.27 (m, 1H), 6.95 — 6.81 (m, 2H), 6.62
— 6.53 (m, 2H), 4.30 (s, 2H).

13C NMR (151 MHz, CDCls) 8 156.9, 155.39, 144.5, 139.3, 128.2 (d, J = 174.7 Hz), 127.5, 115.8
(d,J=22.2 Hz), 113.9 (d, J = 7.3 Hz), 49.1.

Spectroscopic data are in agreement with those reported earlier.*
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3-Chloro-N-pentylaniline (3ha): The compound was synthesized with general procedure 7.4.1.
1h (510 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KOsBu (448 mg, 4 mmol) and Ru-MACHO (1.2
mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball
(¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker
mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 703 mg, 89%.

H NMR (600 MHz, CDCls) § 7.06 (t, J = 8.0 Hz, 1H), 6.65 (dd, J= 7.9, 2.0 Hz, 1H), 6.57 (t, J =
2.1 Hz, 1H), 6.46 (dd, J = 8.2, 2.3 Hz, 1H), 3.69 (br, 1H), 3.08 (t, J = 7.2 Hz, 2H), 1.62 (dq, J =
9.6, 7.1 Hz, 2H), 1.38 (tt, J = 6.2, 2.9 Hz, 4H), 0.94 (td, J = 5.8, 2.3 Hz, 3H).

13C NMR (151 MHz, CDCl3) & 149.8, 135.2, 130.3, 117.0, 112.3, 111.1, 43.9, 29.4, 29.2, 22.6,
14.1.

Spectroscopic data are in agreement with those reported earlier.”?
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3-Chloro-N-ethylaniline (3hb): The compound was synthesized with general procedure 7.4.1. 1h
(510 mg, 4 mmol), 2b (184 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered

using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 529 mg, 85%.
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H NMR (600 MHz, CDCl3) & 7.07 (t, J = 8.0 Hz, 1H), 6.66 (ddd, J=7.8, 2.0, 0.9 Hz, 1H), 6.57
(t, J=2.2 Hz, 1H), 6.46 (ddd, J = 8.2, 2.3, 0.9 Hz, 1H), 3.64 (br, 1H), 3.14 (q, J = 7.2 Hz, 2H),
1.25 (t, J=7.2 Hz, 3H).

I3C NMR (151 MHz, CDCl3) 6 149.6, 135.1, 130.3, 117.1, 112.3, 111.2, 38.4, 14.8.

Spectroscopic data are in agreement with those reported earlier.”!

o

N-Butyl-3-chloroaniline (3hd): The compound was synthesized with general procedure 7.4.1. 1h
(510 mg, 4 mmol), 2d (296 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 639 mg, 87%.

H NMR (600 MHz, CDCl3) § 7.06 (t, J = 8.0 Hz, 1H), 6.65 (ddd, J= 7.9, 2.0, 0.9 Hz, 1H), 6.57
(t, J=2.1 Hz, 1H), 6.46 (ddd, J = 8.2, 2.3, 0.9 Hz, 1H), 3.68 (br, 1H), 3.09 (t, J = 7.1 Hz, 2H),
1.84 — 1.52 (m, 2H), 1.43 (m, 2H), 0.97 (t, J = 7.4 Hz, 3H).

I3C NMR (151 MHz, CDCl3) 6 149.8, 135.1, 130.2, 116.9, 112.3, 111.2, 43.6, 31.6, 20.4, 14.0.

Spectroscopic data are in agreement with those reported earlier.”!

e

3-methyl-NV-pentylaniline (3ia): The compound was synthesized with general procedure 7.4.1. 1i
(428 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KOrBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The
filtrate was then evaporated under high vacuum to yield yellow oil, Yield: 588 mg, 83%.

IH NMR (600 MHz, CDCl3) & 7.08 (t, J = 7.6 Hz, 1H), 6.53 (d, J = 7.4 Hz, 1H), 6.44 (d, J = 8.2
Hz, 2H), 3.55 (br, 1H), 3.11 (t, J = 7.2 Hz, 2H), 2.30 (s, 3H), 1.69 — 1.56 (m, 2H), 1.47 — 1.33 (m,
4H), 0.94 (td, J = 6.8, 2.7 Hz, 3H).

I3C NMR (151 MHz, CDCls) § 148.7, 139.1, 129.2, 118.2, 113.6, 110.0, 44.1, 29.45, 29.5, 22.6,
21.8, 14.2.
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Spectroscopic data are in agreement with those reported earlier.*’
NN
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2-methoxy-/N-pentylaniline (3ja): The compound was synthesized with general procedure 7.4.1.
1j (492 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KO7Bu (448 mg, 4 mmol) and Ru-MACHO (1.2
mg, 0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball
(¢ = 10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker
mill MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The

filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 526 mg, 68%.

IH NMR (600 MHz, CDCL3) § 6.89 (tt, J = 7.6, 1.3 Hz, 1H), 6.78 (dd, J = 8.0, 1.6 Hz, 1H), 6.67
(tt, J=7.8, 1.4 Hz, 1H), 6.63 (dt, J= 7.8, 1.4 Hz, 1H), 4.18 (br, 1H), 3.86 (s, 3H), 3.18 — 3.08 (m,
2H), 1.68 (p, J = 6.8 Hz, 2H), 1.49 — 1.36 (m, 4H), 0.95 (td, J = 7.0, 1.4 Hz, 3H).

13C NMR (151 MHz, CDCls) 8 146.9, 138.7, 121.4, 116.2, 109.8, 109.5, 55.5, 43.8, 29.6, 29.4,
22.7,14.2.

Spectroscopic data are in agreement with those reported earlier.”
N
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N-ethyl-2-methoxyaniline (3jb): The compound was synthesized with general procedure 7.4.1.
1j (492 mg, 4 mmol), 2b (184 mg, 4 mmol), KO/Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The

filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 442 mg, 73%.

IH NMR (600 MHz, CDCls) § 6.94 (td, J= 7.6, 1.4 Hz, 1H), 6.83 (dd, J= 7.9, 1.4 Hz, 1H), 6.73
(td, J=7.7, 1.5 Hz, 1H), 6.68 (dd, J=7.8, 1.5 Hz, 1H), 4.17 (s, 1H), 3.90 (s, 3H), 3.23 (q, /= 7.1
Hz, 2H), 1.35 (t, J = 7.2 Hz, 3H).

13C NMR (151 MHz, CDCI3) 5 146.8, 138.5, 121.4, 116.3, 109.9, 109.4, 55.4, 38.2, 14.9.

Spectroscopic data are in agreement with those reported earlier.>?
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N-butyl-2-methoxyaniline (3jd): The compound was synthesized with general procedure 7.4.1.
1j (492 mg, 4 mmol), 2d (296 mg, 4 mmol), KO/Bu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The

filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 445 mg, 62%.

H NMR (600 MHz, CDCl3) § 6.92 (tdd, J = 8.6, 2.7, 1.4 Hz, 1H), 6.81 (dq, J= 7.9, 1.5 Hz, 1H),
6.73 — 6.61 (m, 2H), 4.22 (s, 1H), 3.96 — 3.73 (m, 3H), 3.18 (ddd, J = 9.4, 5.6, 2.0 Hz, 2H), 1.69
(dtdd, J=9.4, 7.3, 5.6, 3.0 Hz, 2H), 1.50 (ttdd, J = 9.6, 7.3, 4.0, 2.1 Hz, 2H), 1.02 (dtd, J= 7.4,
4.4,2.2 Hz, 3H).

13C NMR (151 MHz, CDCI3) 8 146.8, 138.6, 121.4, 116.1, 109.8, 109.4, 55.4, 43.5, 31.8, 20.5,
14.0.

Spectroscopic data are in agreement with those reported earlier.>

AN
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2-fluoro-N-pentylaniline (3ka): The compound was synthesized with general procedure 7.4.1. 1k
(444 mg, 4 mmol), 2a (352.6 mg, 4 mmol), KOrBu (448 mg, 4 mmol) and Ru-MACHO (1.2 mg,
0.05 mol%) were loaded into a zirconium dioxide grinding jar (10 mL) equipped with 1 ball (¢ =
10 mm, m 2.87 g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill
MM-500 vario at room temperature, for 6 hours. The reaction was monitored by TLC
(hexane/EtOAc: 9/1). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (4g) with 20 mL of EtOAc. The

filtrate was then evaporated under high vacuum and purified with column chromatography to yield
yellow oil, Yield: 340 mg, 47%.

IH NMR (600 MHz, CDCls) § 7.05 — 6.91 (m, 2H), 6.70 (ddd, J=9.2, 8.0, 1.6 Hz, 1H), 6.61 (tdd,
J=17.7,4.9, 1.6 Hz, 1H), 3.86 (s, 1H), 3.15 (t, J= 7.1 Hz, 2H), 1.67 (dq, /= 9.3, 7.0 Hz, 2H), 1.51
~ 1.28 (m, 4H), 0.95 (¢, J = 7.0 Hz, 3H).

13C NMR (151 MHz, CDCL3) § 151.7 (d, J = 237.8 Hz), 137.1 (d, J= 11.6 Hz), 124.7 (d, J = 3.4
Hz), 116.3 (d,J= 6.9 Hz), 114.4 (d,J = 18.5 Hz), 112.1(d, J= 3.6 Hz), 43.7, 29.4,29.3,22.6, 14.1.

Spectroscopic data are in agreement with those reported earlier.®
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(E)-N-(4-methoxyphenyl)-1-(4-nitrophenyl)methanimine (3am): The compound was
synthesized with general procedure 7.4.1. 1a (492 mg, 4 mmol), 2m (612 mg, 4 mmol), KO7Bu
(448 mg, 4 mmol) and Ru-MACHO (1.2 mg, 0.05 mol%) were loaded into a zirconium dioxide
grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m 2.87 g) of the same material. The jar was
sealed and milled at 30 Hz in a shaker mill MM-500 vario at room temperature, for 6 hours. The
reaction was monitored by TLC (hexane/EtOAc: 9/1). After completion of the reaction, the
resulting reaction mixture was filtered using a sintered vacuum funnel through a small bed of celite
(4g) with 20 mL of EtOAc. The filtrate was then evaporated under high vacuum to yield orange
solid, Yield: 921 mg, 90%.

IH NMR (600 MHz, CDCls) § 8.58 (s, 1H), 8.31 (d, J = 8.7 Hz, 2H), 8.05 (d, J = 8.7 Hz, 2H),
7.35 - 7.28 (m, 2H), 6.99 — 6.94 (m, 2H), 3.85 (s, 3H).

Spectroscopic data are in agreement with those reported earlier.”

7.4.7.2. Spectral Data for N-Alkylation of Aliphatic Amines

o

N-phenethylpentan-1-amine (5aa): The compound was synthesized with general procedure
7.4.2. 4a (121 mg, 1 mmol), 2a (176.3 mg, 2 mmol), KO7Bu (112 mg, 1 mmol), Ru-MACHO (6
mg, 1.0 mol%) and MgO (200 mg) were loaded into a stainless-steel grinding jar (10 mL) equipped
with 1 ball (¢ = 10 mm, m 3.6g) of the same material. The jar was sealed and milled at 30 Hz in a
shaker mill Fritsch P-23 for 12 hours. The reaction jar was heated to an external temperature of
80°C using a heat-gun and maintained as such for the whole course of the reaction. Then, the
reaction jar was cooled down to room temperature, and the reaction progress was monitored by
TLC (hexane/EtOAc: 8/2). After completion of the reaction, the resulting reaction mixture was
filtered using a sintered vacuum funnel through a small bed of celite (1.0 g) with 20 mL of EtOAc
and then dried using sodium sulfate and the resultant filtrate was evaporated under high vacuum.
The further purification the compound was achieved using column chromatography to yield
colourless liquid, Yield: 170 mg, 89%.

'H NMR (600 MHz, CDCl3) § 7.29 (dd, J = 8.3, 6.9 Hz, 2H), 7.21 (d, J = 7.4 Hz, 3H), 2.93 - 2.86
(m, 2H), 2.82 (t, J = 6.8 Hz, 2H), 2.61 (t, J= 7.4 Hz, 2H), 1.47 (p, J = 7.4 Hz, 2H), 1.34 — 1.25 (m,
4H), 0.88 (t, J = 7.1 Hz, 3H).

13C NMR (151 MHz, CDCl3) 5 140.2, 128.8, 128.6, 126.2, 51.3, 50.0, 36.5, 29.8,29.7, 22.7, 14.1.

Spectroscopic data are in agreement with those reported earlier.”®

o
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N-phenethylhexan-1-amine (5ac): The compound was synthesized with general procedure 7.4.2.
4a (121 mg, 1 mmol), 2¢ (204 mg, 2 mmol), KOrBu (112 mg, 1 mmol), Ru-MACHO (6 mg, 1.0
mol%) and MgO (200 mg) were loaded into a stainless-steel grinding jar (10 mL) equipped with
1 ball (¢ = 10 mm, m 3.6g) of the same material. The jar was sealed and milled at 30 Hz in a shaker
mill Fritsch P-23 for 12 hours. The reaction jar was heated to an external temperature of 80°C
using a heat-gun and maintained as such for the whole course of the reaction. Then, the reaction
jar was cooled down to room temperature, and the reaction progress was monitored by TLC
(hexane/EtOAc: 8/2). After completion of the reaction, the resulting reaction mixture was filtered
using a sintered vacuum funnel through a small bed of celite (1.0 g) with 20 mL of EtOAc and
then dried using sodium sulfate and the resultant filtrate was evaporated under high vacuum. The
further purification the compound was achieved using column chromatography to yield colourless
liquid, Yield: 186 mg, 91%.

H NMR (600 MHz, CDCl3) § 7.33 — 7.27 (m, 2H), 7.23 — 7.18 (m, 3H), 2.89 (td, J= 6.9, 1.2 Hz,
2H), 2.82 (dd, J = 8.3, 6.7 Hz, 2H), 2.64 — 2.58 (m, 2H), 1.52 — 1.43 (m, 2H), 1.28 (dddd, J=11.1,
8.8, 7.0, 2.2 Hz, 6H), 0.87 (t, J = 6.9 Hz, 3H).

I3CNMR (151 MHz, CDCl3) 8 140.2, 128.8, 128.6, 126.3, 51.3, 50.0, 36.4,31.9, 30.0, 27.1, 22.72,
14.1.

Spectroscopic data are in agreement with those reported earlier.”’

o

N-phenethyldodecan-1-amine (5ah): The compound was synthesized with general procedure
7.4.2. 4a (121 mg, 1 mmol), 2h (372.7 mg, 2 mmol), KOsBu (112 mg, 1 mmol), Ru-MACHO (6 mg,
1.0 mol%) and MgO (200 mg) were loaded into a stainless-steel grinding jar (10 mL) equipped
with 1 ball (¢ = 10 mm, m 3.6g) of the same material. The jar was sealed and milled at 30 Hz in a
shaker mill Fritsch P-23 for 12 hours. The reaction jar was heated to an external temperature of
80°C using a heat-gun and maintained as such for the whole course of the reaction. Then, the
reaction jar was cooled down to room temperature, and the reaction progress was monitored by
TLC (hexane/EtOAc: 8/2). After completion of the reaction, the resulting reaction mixture was
filtered using a sintered vacuum funnel through a small bed of celite (1.0 g) with 20 mL of EtOAc
and then dried using sodium sulfate and the resultant filtrate was evaporated under high vacuum.
The further purification the compound was achieved using column chromatography to yield
colourless liquid, Yield: 227 mg, 79%.

IH NMR (600 MHz, CDCl3) § 7.31 — 7.27 (m, 2H), 7.23 — 7.18 (m, 3H), 2.89 (ddd, J = 7.5, 6.6,
1.3 Hz, 2H), 2.83 (dd, J = 8.5, 6.7 Hz, 2H), 2.65 — 2.59 (m, 2H), 1.48 (t, J = 7.3 Hz, 2H), 1.35 —
1.20 (m, 18H), 0.88 (t, J = 7.0 Hz, 3H).

I3C NMR (151 MHz, CDCl3) 3 140.1, 128.8, 128.6, 126.2, 51.2, 49.9, 36.3, 32.0, 30.0, 29.8, 29.7
(30), 29.6,29.5,27.4,22.8, 14.2.

Spectroscopic data are in agreement with those reported earlier.”®
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7.4.7.3. Spectral Data for N-Heterocycles
oW
N

1H-Indole (6): The compound was synthesized with general procedure 7.4.3. 11 (121 mg, 1.0
mmol), KOrBu (112 mg, 1.0 mmol) and Ru-MACHO (3 mg, 0.5 mol%) were loaded into a
stainless-steel grinding jar (10 mL) equipped with 1 ball (¢ = 10 mm, m 3.6g) of the same material.
The jar was sealed and milled at 30 Hz in a shaker mill Fritsch P-23 for 6 hours at an appropriate
temperature using a heat-gun. Then, the reaction jar was cooled down to room temperature, and
the reaction progress is monitored by TLC (hexane/EtOAc: 7/3). After completion of the reaction,
the resulting reaction mixture was filtered using a sintered vacuum funnel through a small bed of
celite with 20 mL of EtOAc. The filtrate was then evaporated under high vacuum to yield white
solid, Yield: 109 mg, 93%.

'H NMR (600 MHz, CDCls) & 7.89 (s, 1H), 7.57 (dq, J = 7.9, 0.9 Hz, 1H), 7.25 (dq, J= 8.2, 1.0
Hz, 1H), 7.11 (ddd, J = 8.2, 6.2, 1.2 Hz, 1H), 7.07 — 7.00 (m, 2H), 6.46 (ddd, J= 3.1, 2.0, 1.0 Hz,
1H).

I3C NMR (151 MHz, CDCl3) 6 135.9, 127.9, 124.3, 122.1, 120.8, 119.9, 111.2, 102.7.

Spectroscopic data are in agreement with those reported earlier.”

2-phenyl-1H-benzimidazole (7): The compound was synthesized with general procedure 7.4.3.
1m (108 mg, 1.0 mmol), 21 (108 mg, 1.0 mmol), KOsBu (112 mg, 1.0 mmol) and Ru-MACHO (3
mg, 0.5 mol%) were loaded into a stainless-steel grinding jar (10 mL) equipped with 1 ball (¢ =10
mm, m 3.6g) of the same material. The jar was sealed and milled at 30 Hz in a shaker mill Fritsch
P-23 for 6 hours at an appropriate temperature using a heat-gun. Then, the reaction jar was cooled
down to room temperature, and the reaction progress is monitored by TLC (hexane/EtOAc: 7/3).
After completion of the reaction, the resulting reaction mixture was filtered using a sintered
vacuum funnel through a small bed of celite with 20 mL of EtOAc. The filtrate was then evaporated
under high vacuum and purified with column chromatography to yield white solid, Yield: 73 mg,
38%.

H NMR (600 MHz, DMSO) 8 8.18 (d, J = 7.6 Hz, 2H), 7.67 — 7.62 (m, 2H), 7.58 (t, J = 7.5 Hz,
2H), 7.54 (t, J= 7.3 Hz, 1H), 7.30 — 7.24 (m, 2H).

13C NMR (151 MHz, DMSO) § 150.8, 138.0, 130.5, 129.1, 128.9, 126.7, 122.8, 114.9.

Spectroscopic data are in agreement with those reported earlier.”
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7.4.8. NMR Spectra for Compounds in Chapter 5

"H NMR (600 MHz, CDCl5) spectrum of 4-methoxy-N-pentylaniline (3aa)
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"H NMR (600 MHz, CDCl5) spectrum of N-ethyl-4-methoxyaniline (3ab)
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"H NMR (600 MHz, CDCl5) spectrum of N-butyl-4-methoxyaniline (3ad)
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"H NMR (600 MHz, CDCl5) spectrum of 4-methoxy-N-(3-phenylpropyl)aniline (3af)
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"H NMR (600 MHz, CDCl5) spectrum of N-(cyclohexylmethyl)-4-methoxyaniline (3ag)
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3C NMR (151 MHz, CDCls) spectrum of N-(cyclohexylmethyl)-4-methoxyaniline (3ag)
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"H NMR (600 MHz, CDCl5) spectrum of N-benzyl-4-methoxyaniline (3ai)
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3C NMR (151 MHz, CDCIs) spectrum of N-benzyl-4-methoxyaniline (3ai)
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"H NMR (600 MHz, CDCl5) spectrum of 4-methoxy-N-(4-methylbenzyl)aniline (3aj)

BC NMR (151 MHz, CDCl;) spectrum of 4-methoxy-/N-(4-methylbenzyl)aniline (3aj)
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"H NMR (600 MHz, CDCl5) spectrum of N-(4-chlorobenzyl)-4-methoxyaniline (3ak)
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"H NMR (600 MHz, CDCl5) spectrum of N-pentylaniline (3ba)
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'H NMR (600 MHz, CDCls) spectrum of N-ethylaniline (3bb)
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"H NMR (600 MHz, CDCl5) spectrum of N-dodecylaniline (3bh)
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'H NMR (600 MHz, CDCls) spectrum of N-benzylaniline (3bi)
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'"H NMR (600 MHz, CDCl5) spectrum of N-(undec-10-en-1-yl)aniline (3bl)
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"H NMR (600 MHz, CDCls) spectrum of 4-methyl-N-pentylaniline (3ca)
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"H NMR (600 MHz, CDCl5) spectrum of 4-bromo-/N-pentylaniline (3da)
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'H NMR (600 MHz, CDCl5) spectrum of 4-bromo-N-ethylaniline (3db)
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"H NMR (600 MHz, CDCl5) spectrum of N-benzyl-4-bromoaniline (3di)
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3C NMR (151 MHz, CDCls) spectrum of N-benzyl-4-bromoaniline (3di)
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"H NMR (600 MHz, CDCl5) spectrum of 4-chloro-/N-pentylaniline (3ea)
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"H NMR (600 MHz, CDCl5) spectrum of 4-chloro-N-ethylaniline (3eb)
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'"H NMR (600 MHz, CDCls) spectrum of 4-(methylthio)-/V-pentylaniline (3fa)
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"H NMR (600 MHz, CDCl5) spectrum of 4-fluoro-/N-pentylaniline (3ga)
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'"H NMR (600 MHz, CDCls) spectrum of N-ethyl-4-fluoroaniline (3gb)
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"H NMR (600 MHz, CDCls) spectrum of N-benzyl-4-fluoroaniline (3gi)
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"H NMR (600 MHz, CDCl5) spectrum of 3-chloro-N-pentylaniline (3ha)
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"H NMR (600 MHz, CDCl5) spectrum of 3-methyl-N-pentylaniline (3ia)
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"H NMR (600 MHz, CDCls) spectrum of 2-methoxy-N-pentylaniline (3ja)
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"H NMR (600 MHz, CDCl5) spectrum of 2-fluoro-/N-pentylaniline (3ka)
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"H NMR (600 MHz, CDCl5) spectrum of (E)-/N-(4-methoxyphenyl)-1-(4-
nitrophenyl)methanimine (3am)
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(5aa)

-amine

"H NMR (600 MHz, CDCl5) spectrum of N-phenethylpentan-1
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3C NMR (151 MHz, CDCls) spectrum of N-phenethylpentan-1
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(5ac)

-amine

'H NMR (600 MHz, CDCl5) spectrum of N-phenethylhexan-1
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3C NMR (151 MHz, CDCls) spectrum of N-phenethylhexan-1

STvT —

e —
STLT~
€0°0€ ~
8'1€ 7
0v'9€ —

66'6b ~
6215~

€Dad 9T LL —

9791~
85821 ~
eg'8zT

9T 0vT —

N

30

50

110

210

f1 (ppm)

Page | 303



(5ah)

-amine

"H NMR (600 MHz, CDCl5) spectrum of N-phenethyldodecan-1
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"H NMR (600 MHz, CDCls) spectrum of 2-phenyl-1H-benzimidazole (7)
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