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Mechanochemical solid state single electron
transfer from reduced organic hydrocarbon for
catalytic aryl-halide bond activationf

Amit Biswas, Anup Bhunia 2 * and Swadhin K. Mandal (®*

Solid-state radical generation is an attractive but underutilized methodology in the catalytic strong bond
activation process, such as the aryl-halide bond. Traditionally, such a process of strong bond activation
relied upon the use of transition metal complexes or strongly reducing photocatalysts in organic solvents.
The generation of the aryl radical from aryl halides in the absence of transition-metal or external stimuli,
such as light or cathodic current, remains an elusive process. In this study, we describe a reduced organic
hydrocarbon, which can act as a super reductant in the solid state to activate strong bonds by solid-state
single electron transfer (SSSET) under the influence of mechanical energy leading to a catalytic strategy
based on the mechano-SSSET or mechanoredox process. Here, we investigate the solid-state synthesis of
the super electron donor phenalenyl anion in a ball mill and its application as an active catalyst in strong
bond (aryl halide) activation. Aryl radicals generated from aryl halides by employing this strategy are
competent for various carbon-carbon bond-forming reactions under solvent-free and transition metal-
free conditions. We illustrate this approach for partially soluble or insoluble polyaromatic arenes in
accomplishing solid—solid C—-C cross-coupling catalysis, which is otherwise difficult to achieve by
traditional methods using solvents.

Introduction

Recent advances in synthetic methods based on
mechanochemistry received significant attention.’” In the last
few decades, new synthetic methods have been developed to
address the efficiency, selectivity, and atom economy issues.
More importantly, mechanochemistry has helped the chemical
community to perform organic reactions in a nonfluid medium.
Besides sustainability, mechanochemical reactions using ball
milling have provided access to large chemical spaces with
complementary reactivities from conventional homogeneous
processes. In 2021, IUPAC recognized the mechanochemical
process as one of the top 10 emerging technologies in chemistry.®
The potential advantages of mechanochemical reactions using
ball milling are that they can minimize the use of corrosive and
harmful solvents, avoid external heating, and have less reaction
time. In this context, it may be recalled that the application of
mechanical energy with the assistance of ball mills in
accomplishing C-C cross-coupling catalysis is considered an
emerging strategy, although in the presence of transition metal-
based catalysts.”** The success of mechanochemical organic
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synthesis is mainly limited to ionic reactions.*> In fact, the
application of mechanochemical processes in radical chemistry
is quite limited due to the intrinsic unpredictable nature of
highly reactive radical intermediates.”*® A limited application of
mechanical forces has been reported to form radicals by the
degradation of generic polymers or by homolytic cleavage of
covalent bonds.”?® More recently, the use of piezoelectric
materials as reusable charge transfer catalysts has shown
a promising impact in this growing field.?*** Seminal work from
Kubota, Ito, and co-workers provided the first evidence of the
mechanoredox process for C-C cross-coupling catalysis using
a piezoelectric material (BaTiOs).>> However, this method could
not achieve the goal of a transition metal-free process as BaTiO;
was used as the redox reagent. It was not catalytic since it used
a super stoichiometric amount of the piezoelectric material (4-5
equiv. BaTiO3). Moreover, such a method is limited to non-step-
and non-atom-economic aryl diazonium salts as coupling
partners. Additionally, the reaction of piezoelectric materials has
been limited to low-reduction potential substrates and failed to
activate aryl halides. In this context, catalytic C-C cross-coupling
reactions activating aryl halides that avoid transition metals,
light, and solvents are yet to be realized. In parallel efforts, to
avoid transition metals, small organic molecules have been used
as electron transfer catalysts.*”*®* From organocatalysis to radical
chemistry, new types of catalysis have been propelled using
small organic molecules at a breathtaking speed which was
unthinkable a few years ago.*” A series of organic compounds
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were utilized as redox catalysts for the transition-metal-free bond
breaking/forging process.**** Among such approaches, the single
electron transfer (SET) process by small organic molecules is
particularly limited to photochemical or electrochemical
transformations. However, purely chemical SET using small
organic molecules was accomplished recently in C-C cross-
coupling reactions in assembling complex aromatic
compounds,**** which relied mainly on Pd-based organometallic
catalysts over the past several decades. The base-promoted
homolytic aromatic substitution (BHAS) is one such attempt
that has been widely recognized as a chemically driven SET
process.*® However, these reactions have several limitations, such
as the necessity of using semi-stoichiometric catalyst loading,
harsh reaction conditions, and hazardous solvents. Alternatively,
we introduce herein a small organic odd alternant hydrocarbon
such as a phenalenyl (PLY) based molecule that would be an ideal
candidate for solid-state single electron transfer (SSSET). PLY-
based radicals are long known in the construction of organic
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batteries,”®” quantum spin simulators,”® and molecular spin
memory devices.> All these intriguing material properties of PLY
radicals originate from their facile solid-state electron transfer
ability.®*®* Such facile electron transfer in the solid state is
attributed to the fact that the conduction molecular orbital of the
PLY radical is formally non-bonding. Thus, the electron
occupancy in this orbital does not contribute to the overall bond
order resulting in minimal reorganization energy.®* This plays
a favourable role in the intramolecular phonon contribution to
the polaron binding energy resulting in facile electron transfer in
the solid state.®*®® In 2013, it was demonstrated that solid-state
electron transfer from PLY-based radicals under external
stimuli such as the magnetic field plays a vital role in
constructing a molecular-scale quantum spin memory device
(Fig. 1a).>® In such a design, solid-state electron transfer from the
surface of a ferromagnet was engineered to generate a PLY-based
radical, which results in an unexpected interfacial
magnetoresistance of more than 20% as it creates a spin-based

magnetic semiconductors,*”-*> molecular switches,”*?* molecular bias (Fig. 1a). In the present work, it was argued that reduced
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(a) Construction of a spin molecular device relying upon solid-state electron transfer to the phenalenyl (PLY) moiety; (b) our strategy based

on solid-state electron transfer avoiding transition metal under mechanical energy: “mechano-SSSET" (c) this work: aryl halide activation under
solvent-free and transition metal-free conditions accomplishing direct C-H arylation and Heck-coupling for various substrates including
partially soluble or insoluble polyaromatic arenes. Organic electron donor (OED).
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PLY-based molecules could perform solid-state single electron
transfer (SSSET) under external mechanical force to accomplish
C-C cross-coupling catalysis leading to the development of the
transition metal-free mechano-SSSET or mechanoredox process.
Our experiments exploit the cationic PLY I (orange-coloured
solid) as the standard redox system. Cyclic voltammetry
revealed two consecutive reduction potentials generating mono
and doubly reduced PLY species at Ey, = —0.85 V and Ei), =
—1.88 V. It may be noted that the second reduction potential (E3,
» = —1.88 V) is significantly higher than the flat band potential of
polarized BaTiO; (—0.59 V);* thus, it might offer activation of
a strong bond (aryl-halide). In the solid state, PLY cation I (127te
species) can accept two electrons stepwise from an organic elec-
tron donor generating the mono-reduced green-coloured radical
PLY II (13me™ species), which upon further le™ reduction
generates the brown-coloured double reduced PLY III (14me
anionic species). The double-reduced PLY HI can successfully
initiate solid-state electron transfer to aryl/heteroaryl halide
substrates generating aryl/heteroaryl radicals under ball-milling
conditions. Such solid-state single electron transfer and activa-
tion of aryl halides were integrated into a catalytic cycle which
affords the construction of various C-C cross-coupled products
under solvent-free and transition metal-free conditions. This
strategy based on solid-state single electron transfer under the
influence of mechanical energy (Fig. 1c) develops an efficient
method for various types of C-C cross-coupling reactions (such as
direct C-H arylation and Heck-coupling) using aryl halides
(Fig. 1¢). In particular, this approach works very well for partially
soluble or insoluble polyaromatic arenes in accomplishing solid-
solid C-C cross-coupling catalysis under solvent-free and transi-
tion metal-free conditions for the first time.

Results and discussion

Continuing our program with phenalenyl-based radicals,**** we
sought to explore and expand the synthetic utility of PLY-based
catalysts for transition-metal-free solid-state SET using
mechanical energy generated by ball mills (Fig. 1b). We have
chosen the PLY (N, O) cation (PLY I) as the standard redox system,
which was synthesized according to the previously reported
literature method.* In our earlier study, we noticed that the Zn-
PLY complex was reduced to a Zn-PLY radical complex by
interfacial solid-state electron transfer from a ferromagnetic Co-
metal surface.” Inspired by this solid-state electron transfer to
the PLY moiety, we envisaged that cationic PLY could be reduced
through solid-state electron transfer by an organic electron donor.

Initially, we treated PLY I with various electron donors by
changing the stoichiometry of reducing agents (TDAE or KO‘Bu
or in situ generated organic electron donor (OED) or metallic K,
see ESI, Table S57) in the solid state under mechanical force
within a ball mill for 15 min. The addition of one equivalent
amount of reducing agent generated a green compound, which
was identified as a mono-reduced PLY radical species (PLY II).
The radical PLY II was characterized by EPR and solid-state UV-
visible spectroscopy. The green compound showed EPR activity
with a g value of 2.004 (see the inset of the solid-state UV-visible
spectrum of PLY II, Fig. 2a). The UV absorbance maximum of PLY
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I in the solid state was observed at 471 nm, while the mono-
reduced green solid PLY II showed maximum absorbance at
476 nm and 682 nm. The absorbance in the 682 nm region is
identified as the signature of PLY radical species® (Fig. 2a). Next,
we studied the catalytic activity of PLY II in the solid state.
However, using a ball mill, we failed to activate aryl halides with
this mono-reduced green solid compound (PLY II) generated
under mechanical force. Mono-reduced PLY II could not activate
aryl halides in ball milling, indicating that the reduction poten-
tial of PLY II is not sufficiently high to activate aryl halides
(Fig. 2a). Cyclic voltammetry (CV) of the PLY (N, O) cation (PLY I)
has earlier shown® that it can take up to two electrons (at E1,, =
—0.85 V and E;, = —1.88 V) successively to form double reduced
PLY (N, O) species (PLY III).

It may be noted that such stepwise reduction and
characterization of PLY II and PLY III were established earlier
either by single crystal X-ray crystallography, NMR or EPR
spectroscopy as well as DFT studies when metallic K was used as
a reductant.®®* Furthermore, such PLY II and PLY III were
characterised by UV-vis spectroscopy.*”” Very recently, we have
reported the generation of PLY HI in solution by stepwise
reduction of PLY I with OED following a similar mechanism.”
Therefore, we tried further to reduce the green solid PLY II with
another equivalent of organic electron donor (OED)*” under ball
milling for 30 min, and we observed the formation of brown solid
PLY III which was characterized by EPR and UV experiments. The
brown solid showed EPR inactivity at 25 °C (inset of solid-state
UV-visible spectrum of PLY III, Fig. 2a) and showed maximum
absorbance at 474 nm, while the peak at 682 nm vanished as
revealed from its solid-state UV-visible spectrum (Fig. 2a). This
result indicates the formation of the double reduced anionic PLY
IIL. To our delight, PLY III was found to be an excellent reductant
to undergo solid-state single electron transfer (SSSET), generating
aryl radicals by activating aryl halides. Such an aryl radical was
trapped when treated with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) and characterized by mass spectroscopy (Fig. 2b). Due
to high reactivity, the double-reduced PLY IIl decomposes upon
exposure to air. However, it can be stored in a glovebox for a week
at —20 °C without losing its reactivity. Upon exposure to air, PLY
III changes its colour immediately from brown to black and
decomposes. We used this brown solid (PLY HI) for aryl halide
bond activation and subsequent trapping of the aryl radical to
form various carbon-carbon bonds. This observation suggests
that in situ generated PLY III may be able to reduce an acceptor,
and subsequent reductive quenching by a donor can regenerate
the active catalyst. Therefore, it may open the possibility of
integrating such phenomena into a catalytic cycle (Fig. 2a).

For the optimization, we used the MM400 mixer mill with a jar
of 5 mL volume and two stainless steel balls with a 10 mm
diameter. The frequency of the vibration was 30 Hz, and the time
of the reaction varied from the substrate to substrate. Initially, we
tested the redox coupling process with two liquid reactants
(aryl halide and arene/styrene) under solvent-free conditions to
realize the catalytic application of the reduced hydrocarbon
(PLY HI). The cross-coupling reaction worked efficiently to form
a variety of aryl-aryl and hetero-biaryl products with a broad
substrate scope (see ESI, Scheme S117 for details). The reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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time varies from 2.5-10 h. The reaction was compatible
with various electronically substituted liquid haloarenes (iodo,
chloro, and bromo). Also, a range of heteroarene derivatives
such as N-methyl pyrrole, furan, thiazole, benzofuran, and arene
derivatives with diverse functionalization (e.g, fluoro,
trifluoromethyl, #Butyl, methoxy) worked well to derive the
products with good yields (47-78%). Moreover, aryl radicals were
also engaged with styrenes to derive Heck-coupled products. The
reaction in a solventfree medium was superior to the
homogeneous process reported earlier®® as it does not need the
metallic K as a reductant or DMF/DMSO as a solvent. Furthermore,
we observed that the dehalohydrogenation of aryl halides is mini-
mized in the ball milling process, which is a major side reaction
that significantly reduces the isolated yield of the desired C-C
cross-coupled product when performed in an organic solvent (see
ESI, Scheme S30%).

With this initial success under solvent-free conditions in
C-C cross-coupling between two liquid substrates, we became
interested in performing C-C cross-coupling reactions between
solid and liquid or solid and solid substrates. Note that the
cross-coupling reaction of (partially)insoluble materials under
homogeneous conditions is a formidable challenge. Hence, we
assumed that the application of mechanical energy on PLY III
with the assistance of ball mills could be utilized to couple
solid-solid and liquid-solid substrates under neat conditions.
We optimized the coupling of solid and liquid substrates to
demonstrate the proposed methodology in a solvent-free
medium. After extensive screening (see ESI, Table S1f for
further details), we found that 4-cyanoiodobenzene (1.0 equiv.,
solid) and N-methylpyrrole (10.0 equiv., liquid) in the presence
of 10 mol% PLY (N, O) cation PLY I, KO'Bu (3.4 equiv.) and 20
mol% OED salt [1,1-(propane-1,3-diyl)bis(4-(dimethylamino)
pyridin-1-ium) iodide] afforded the bi(hetero)aryl [4-(1-methyl-
1H-pyrrol-2-yl)benzonitrile] product (1) in 72% yield (Fig. 3)
under an inert atmosphere. In a control experiment, we noticed
that in the absence of PLY I, it only afforded 18% of the desired
product, which is most likely mediated by direct electron
transfer from OED. The reaction only afforded a trace amount
(~5%) of the desired product in the absence of OED salt. Note
that the active catalyst PLY III was generated in situ during the
ball milling process in the presence of OED. The PLY III catalyst
decomposes in the presence of oxygen. Hence the reaction
under open-air conditions worked with less efficiency (yield 40—
54%; see ESI, Table S12f) compared to inert conditions.
Notably, temperature monitoring with an infrared thermometer
inside the milling jar after the reaction was recorded at
a maximum 40 °C, which suggests that the temperature did not
significantly increase under the optimized reaction conditions
(see ESI, Fig. S18t). The ICP OES measurements of PLY I, OED
salt, KO‘Bu, and 4-iodoanisole revealed the palladium (Pd) level
< 1 parts per billion (ppb) (see ESI, Table S161). Such
observations exclude alternative Pd-catalyzed reaction
pathways.

Further, to our delight, we successfully employed this protocol
to develop various cross-coupling reactions such as C-H arylation
with heteroarene, arene and polyarene, borylation reaction with
B,Pin, resulting in C-B bond formation, and Heck-type coupling

2610 | Chem. Sci, 2023, 14, 2606-2615
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reactions (Fig. 2b) under transition metal-free and solvent-free
conditions. Furthermore, we observed that the brown-coloured
PLY III species can generate the trifluoromethyl radical from the
Umemoto reagent, which was used successfully to accomplish
catalytic arene trifluoromethylation of styrene or arene (Fig. 2b).
To investigate the role of mechanical energy during this catalytic
process, we have performed a series of control experiments
keeping all other parameters unchanged under ball milling
conditions and normal conditions without using ball milling. In
every case, the ball milling conditions outperformed, suggesting
that mechanical stimulation is essential for such catalytic
reactions under solvent-free conditions (Fig. 2c, also see ESI, Table
S10%). The solid-state reaction with pre-generated PLY III in simple
magnetic stirring under neat conditions at 40 °C afforded only
a negligible amount of product (~5%); however, the reaction
under the ball milling conditions resulted in 80% yield (see ESI,
Scheme S31%), which further emphasizes the importance of the
mechanical energy. Furthermore, the reaction of solid substrates
at higher temperatures (40 °C) in various organic solvents also
failed to achieve the desired products, which establishes the
advantages of the ball milling method (see ESI, Tables S14 and
S157).

Next, we explored the substrate scope for direct C-H arylation
reactions with the variation of arene and polyarene coupling
partners (Fig. 3). Delightfully, partially soluble polyaromatic
arenes/styrenes/aryl halides were successfully engaged in the
coupling sequence, including various solid-solid coupling
reactions (see below). The direct coupling of aryl halides (iodo,
chloro and bromo) with heteroarenes worked efficiently to deliver
the desired product with good to excellent yields. Heteroarenes
such as N-methyl pyrrole (1-3), furan (4-6), benzofuran (7),
thiophene (8 and 9), and thiazole (10) were engaged efficiently to
afford the desired C-H arylated products (up to 75% isolated
yield). Notably, all heterocycles produced a single regioisomer.
Moreover, the variation of electronics of aryl halides with electron-
deficient to electron-rich substituents at the aryl ring was well
tolerated. This method delivered a wide variety of unsymmetrical
biaryl derivatives. Haloarenes (iodo, chloro, and bromo) equipped
with various electron-donating and withdrawing substituents
such as cyano, phenyl, alkyl, and methoxy worked well to provide
the biaryl derivatives. The products (11-18) were obtained from
the coupling of benzene (11-16), 1,3,5-trimethoxybenzene (17),
and 1,4-dimethoxybenzene (18) to afford C-H arylated products
efficiently (up to 80% isolated yield). Importantly, in all of the
cases, only mono-selective arylation was observed. Moreover,
dihaloarenes (1,4-diiodo or 1,4-dichloro or 1,4-diiodo arene) were
engaged in the cross-coupling process to obtain mono halogen
containing arylated products (15 and 16) with up to 70% isolated
yields, which can be further functionalized to value-added
products. Next, we tested the efficacy of this method for
polyarene functionalization. Generally, polyarene activation is
considered challenging due to high conjugation and less
solubility in organic solvents. Mechanochemical processes are
quite efficient for dealing with these poorly soluble substrates and
have been reported only with Pd-based catalysts.”* However, such
activation was never reported under transition metal-free and
solvent-free conditions. Herein, for the first time, we arylated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reported.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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naphthalene (19-24) and pyrene (25-27) under transition metal-
free conditions.

Next, we focused on the development of solvent-free Heck-
coupling methods. The Heck reaction is a Pd-catalyzed
coupling process forming C-C bonds between an aryl halide
and an alkene. In the mechanochemical method, efforts were
made toward solvent-free Heck-coupling using Pd-catalysts.”

Solid state-solid state coupling

BF,

&

|
~O HN_
Cat. (10 mol%)

View Article Online
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However, transition metal-free Heck coupling using the
mechanochemical method has not been reported. Our
investigations on the scope of this methodology were continued
by studying the Heck-coupling reaction of the resultant aryl
radical with styrene derivatives. Delightfully, the metal-free
radical mediated Heck-coupling reaction worked effectively
under ball milling conditions between the liquid and solid
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Fig.4 Substrate scope of solid—solid coupling reactions. Reaction conditions: aryl halide (0.3 mmol), styrene (3.5-5 equiv.), PLY | (10 mol%), OED
salt 20 mol%, KO'Bu 3.4 equiv., LAG (DMSO, 0.12 uL mg™?), ball milling, unless otherwise specified, the reaction time is 10 h.
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substrates. Arylation of styrene proceeds smoothly with various
electronically substituted arenes (28-34) to afford the desired
products with up to 72% isolated yield. The variations of aryl
halides with substitutions such as nitro (29), dihalo (32 and 34),
and cyano (28, 30, 31 and 33) tolerated the reaction conditions
very well (Fig. 3).

Following this, we focused on coupling between two solid
substrates (Fig. 4). To facilitate the reaction, we added a minimal
amount of DMSO/DMF (0.12 uL mg ') for liquid-assisted
grinding (LAG). LAG helped to mix the reactants in the ball mill
for an efficient solid-state reaction.”” Solid arenes such as 1,3,5-
trimethoxy and 1,4-dimethoxy coupled efficiently with the aryl
radical generated from solid haloarenes to afford the desired
products (35-44) with a yield up to 79%. Moreover, polyarenes
such as pyrene (45 and 46), anthracene (47), phenanthrene (48),
and naphthalene (49 and 50) worked well to offer arylated prod-
ucts with up to 68% yield. For some substrates (36, 38, 41, 44, 48
and 52), reactions were completed faster (2.5-6 h) than the opti-
mized time (10 h). Additionally, we noticed that without LAG,
solid-solid coupling worked with moderate efficiency to afford
the expected products with lower yield (by 10-15%) in comparison
to the LAG-method. Next, we tried trifluoromethylation of solid
styrene and arene using the Umemoto reagent. The reaction
worked efficiently with these solid substrates affording the fluo-
roalkylated alkene derivative (54, 61%). Note that a similar
outcome has only been reported through a Pd(0) catalyst.”
Further, the reaction of electron-rich solid arene provided tri-
fluoromethyl arene (55) in 52% yield. Moreover, the aryl radical
generated from trifluoromethyl substituted iodoarene reacted
successfully with B,Pin, to deliver the corresponding borylated
product 56 with a 65% yield.

Conclusion

The outcome of various C-C cross-coupling reactions described
above reveals for the first time that such reactions can be
accomplished under solvent-free and transition metal-free
conditions with broad substrate scopes. This mechanochemical
method is suitable for coupling between liquid-liquid, liquid-
solid, and solid-solid substrates. The diverse scope of the process
covers an array of organic transformations such as C-H arylation,
Heck-coupling, borylation, and trifluoromethylation reactions. In
addition, the C-H functionalization of partially soluble or
insoluble materials is quite difficult. This method can overcome
these limitations under mechanochemical conditions. The
efficacy of this process was attributed to the ability of the solid-
state electron transfer process to generate the doubly reduced
phenalenyl-species (PLY II) under ball milling conditions.
Historically such ability of solid-state electron transfer in
phenalenyl-based molecules was known over several decades in
designing various spin-based molecular materials. This study
establishes for the first time that such a property can be inte-
grated into a catalytic cycle in the solid state. This result is
anticipated to open up a new domain of applications of a small
organic molecule as a catalyst using this mechano-SSSET or the
mechanoredox concept in catalysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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