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Redox reactions of small organic molecules using ball
milling and piezoelectric materials

Koji Kubota?*, Yadong Pang?, Akira Miura®, Hajime Ito"*

Over the past decade, photoredox catalysis has harnessed light energy to accelerate bond-forming reactions.
We postulated that a complementary method for the redox-activation of small organic molecules in
response to applied mechanical energy could be developed through the piezoelectric effect. Here, we
report that agitation of piezoelectric materials via ball milling reduces aryl diazonium salts. This mechanoredox
system can be applied to arylation and borylation reactions under mechanochemical conditions.

isible light photoredox catalysis repre-

sents a recent key development in con-

temporary organic synthesis (I-5). In

these transformations, the photoexcited

catalyst can act as a potent single-electron
oxidant, transferring an electron to an accep-
tor, after which single-electron oxidation of a
donor affords the product under concom-
itant regeneration of the ground-state catalyst
(Fig. 1A). The broad success of photoredox
catalysis hinges on the susceptibility of the
coupling partners to redox activation and en-
suing bond-forming reactions with high levels
of efficiency and selectivity.

There has also been substantial parallel
progress in mechanochemical organic trans-
formations using ball milling (6-18). Since the
term mechanochemistry was introduced by
Ostwald in 1887, mechanochemical synthesis
has been extensively exploited in materials
science (6-8), polymer chemistry (9), and in-
organic synthesis (8), but its application to
organic synthesis is more recent (10-18). Ad-
vantages of mechanochemical synthesis using
ball milling include the avoidance of poten-
tially harmful organic solvents and external
heating, shorter reaction times, and simpler
operational handling. Additionally, mechano-
chemical reactions are particularly useful for
substrates that are poorly soluble in com-
mon organic solvents.

Inspired by the unique profile of photoredox
systems based on light irradiation and the
utility of ball milling in mechanochemistry,
we hypothesized that redox activation of small
organic molecules could be achieved through
a mechanistically distinct approach using
mechanical energy (19-22). Specifically, we
envisioned that the agitation of piezoelectric
materials (23-35) via ball milling could gen-
erate temporarily highly polarized particles.
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These particles might act as strong reductants
to transfer electrons to small organic mole-
cules, followed by oxidative quenching of a
donor, thereby inducing the selective forma-
tion of bonds in a manner analogous to pho-
toredox catalysis (Fig. 1B). Such a mechanoredox
approach could potentially represent a power-

A Photoredox system
(well-established)

ful and attractive strategy to reduce the en-
vironmental impact of chemical processes;
photoredox approaches, similarly to other con-
ventional organic reactions, often require com-
plicated reaction setups, substantial amounts
of dry and degassed organic solvents, and an
inert gas atmosphere (1-5).

For a proof-of-concept study, we selected
commercially available, inexpensive, and easy-
to-handle BaTiO; nanoparticles as the piezo-
electric material (Fig. 1B). This choice was
motivated by pioneering studies, in which ultra-
sonic agitation of BaTiO5; produces a suitable
electrochemical potential to overcome the water
splitting potential (1.23 V) (28, 29) and reduce a
N,N,N'.N'.\N" ,N"-hexamethyl[tris(aminoethyl)
amine] (MesTREN)-ligated CuBr, complex,
which has a reduction potential of —0.30 V
[versus saturated calomel electrode (SCE)]
(29, 36). These studies suggested that mechanical
agitation of BaTiO3 in a ball mill could gen-
erate an electrochemical potential suitable for
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Fig. 1. Working hypothesis for a mechanoredox system for the activation of small organic molecules in
organic synthesis. (A) A commonly employed photoredox catalyst and a generic photoredox oxidative quenching
cycle. A, acceptor; D, donor. (B) Proposed mechanoredox paradigm using a ball mill and a piezoelectric material.
(C) Proposed mechanism for the mechanoredox arylation and borylation using BaTiOs and ball milling. tBu, tertiary
butyl; ppy, (2-pyridinyl)phenyl; dtbpy, 4,4'-di-tert-butyl-2,2-bipyridine; pin, pinacolato; R, substituent.
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the activation of redox-active, small organic
molecules in organic synthesis.

The photoredox systems that activate aryl
diazonium salts for coupling with heteroar-
enes (37) or borylation (38) have been reported
by Konig and Yan, respectively. The key step in
these transformations is the photochemical
reduction of aryl diazonium salts to aryl rad-
ical species. Andrieux and Pinson have reported
areduction potential of —-0.16 V (versus SCE)
for phenyl diazonium tetrafluoroborate (39),
which was within range for feasible redox ac-
tivation using BaTiOs. In our postulated mech-
anism (Fig. 1C), the agitation of BaTiO via ball
milling generates a temporary electrochemical
potential in response to mechanical impact.
According to the aforementioned inorganic
studies (28, 29), the temporary polarization
should be sufficiently persistent to reduce an
aryl diazonium salt (1) via a single-electron
transfer (SET) mechanism analogous to the
photoredox reaction, to furnish the corre-
sponding aryl radical I. The addition of I to
heteroarene 2 would afford radical addition
intermediate II, which would be subsequently
oxidized by the hole in the agitated BaTiO; to
form carbocation intermediate III (37). Final-
ly, deprotonation of IIT would lead to aryla-
tion product 3. In the borylation (38), the
generated radical I reacts with bis(pinacolate)
diboron (4:), to cleave the B—B bond, result-
ing in the formation of the boryl substitution
product 5 as well as radical anion intermed-
iate IV. Subsequently, oxidation of IV by the
agitated BaTiO5 could form F-B(pin) (V) as a
by-product.

To explore this mechanistic hypothesis, we
first attempted the proposed mechanoredox
C-H arylation with 1a and furan (2a) in the
presence of commercially available BaTiOs,
using a Retch MM400 mixer mill (1.5-ml stain-
less steel milling jar with 5-mm diameter stain-
less steel ball) (Fig. 2A). The corresponding
arylation product (3a) was obtained in 40%
yield after milling at 20 Hz for 1 hour under
air. The reaction did not proceed in the ab-
sence of BaTiO3, suggesting that the mechani-
cal energy provided by ball milling generated
the piezoelectric potential to reduce 1a. In
contrast, even when ultrasound irradiation
was applied to the mixture with BaTiO; in
dimethyl sulfoxide (DMSO) under a nitrogen
atmosphere, the formation of the product was
not observed. A small amount of 3a was ob-
tained when the reaction was carried out in
the presence of SrTiO3, which exhibits piezo-
electric properties upon applying in-plain
strain (40). When using non-piezoelectric ce-
ramic materials, such as TiO,, BaCOs3, or Al,Os,
the reaction did not proceed, which suggests
that piezoelectric materials are essential for this
arylation reaction. We found that conducting
the reaction at higher ball-milling frequency
(30 Hz) substantially improved the yield (81%).
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» 0~ 2a N,BF, 4 B(pin)
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cl ball milling cl ball milling (30 Hz) ~ Cl
catalyst (5 equiv) LAG (0.12 pL/mg) 5a
under air, 1 h 1a BaTiO; (5 equiv)
under air

Optimization for mechanoredox arylation

Optimization for mechanoredox borylation

milling NMR yield NMR yield

catalyst  frequency (Hz) of 3a (%) LAG time (h) of 5a (%)
BaTiO3 20 40 none 1 21
none 20 <1 MeCN 1 54
BaTiO3 - <1* DMF 1 37
SrTiO3 20 3 DMSO 1 13
TiO, 20 <1 toluene 1 1
BaCO3; 20 <1 hexane 1 15
Al,O3 20 <1 MeCN 1.5 62
BaTiO; 30 81 MeCN 3 89
LiNbO3 30 24 MeCN 3 <1*

ZnO 30 15

*In DMSO with ultrasound under No.

*Reaction was carried out without BaTiO3.

Fig. 2. Mechanoredox arylation and borylation using mechanical force. (A) Optimization of the
mechanoredox arylation and borylation reactions. (B) Reaction mixture of the mechanoredox arylation

of 2a after grinding in a ball mill. A stainless steel milling jar (1.5 ml) and a stainless steel ball (diameter,
5 mm) were used. See supplementary materials for details. equiv, equivalent; h, hour.

This result is consistent with our hypothesis
that the required piezoelectric potential is gen-
erated by mechanical force provided by the
ball milling of BaTiOs. Using other piezoelec-
tric materials, such as LiNbO3; and ZnO, also
afforded 3a, albeit in lower yield (24% and
15%, respectively). Using a bigger jar (5.0 ml)
and ball (7.5 mm) provided 3a in high yield
(82%, table S2). Product 3a was isolated by
filtration of the obtained crude solid mixture
(Fig. 2B), followed by column chromatography
on silica gel.

‘We then investigated the possibility of mech-
anoredox borylation using the same setup
(Fig. 2A). We found that the borylation of 1a
with 4 in the presence of BaTiO; afforded
the desired arylboronate (5a) in 21% yield.
Next, we attempted to improve the reactivity
by using liquid-assisted grinding (LAG), in
which a substoichiometric amount of liquid
is added (41). In all LAG reactions, the ratio
of liquid additive (microliters) to reactant
(milligrams) was 0.12. Use of acetonitrile
(MeCN) as the LAG additive improved the
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yield of 5a, whereas other common solvents,
such as N,N-dimethylformamide (DMF), DMSO,
toluene, or hexane, led to little or no improve-
ment. We also found that prolonging the re-
action time led to a higher yield of 3a (89%)
when MeCN was used as the LAG additive.
Using a bigger jar (5.0 ml) and ball (7.5 mm)
did not substantially affect the transformation
(86%, table S3). The reaction without BaTiO;
did not proceed, supporting our mechanistic
hypothesis. Compared with the analogous pho-
toredox reaction, the present mechanoredox
borylation exhibited much faster reaction ki-
netics and a better product yield (38).
Subsequently, we explored the scope of the
mechanoredox arylation reaction with various
aryl diazonium salts using a 5-ml stainless steel
milling jar with a 7.5-mm diameter stainless
steel ball (Fig. 3A). Electron-deficient aryl dia-
zonium salts (1a to 1Th) were converted into the
desired products (3a to 3h) in good yield under
the optimized conditions. Simple aromatic
substrates (1i to 1K) also reacted to give the
corresponding products (3i to 3Kk) in good
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Fig. 3. Scope of the
mechanoredox arylation
and borylation reactions
using aryl diazonium
salts. Data for each entry
(in bold) are reported

as isolated yield percentages.
Proton NMR integrated
yields are shown in parenthe-
ses. (A) Substrate scope

of the mechanoredox aryla-
tion of heteroaromatic
compounds. (B) Substrate
scope of the mechanoredox
borylation of aryl diazonium
salts. Reactions were per-
formed at 0.3 mmol scale
using a stainless steel milling
jar (5 ml) and stainless steel
ball (diameter, 7.5 mm).
Arylation conditions:

1 (0.3 mmol), 2 (4.5 mmol),
and BaTiO3 (1.5 mmol).
Borylation conditions:

1 (0.3 mmol), 4 (0.3 mmol),
BaTiO3 (1.5 mmol), and
MeCN (0.12 uL/mg). See
supplementary materials

for details. Me, methyl;

Boc, tertiary butoxycarbonyl.

/@,B(pin) /@,B(pin)
cl Br
5a 5b

61% yield
(86% NMR)

OB(pin) OZN\OB(pin) /@,B(pin) B(pin) OB(pin)
NC Me MeO
5f 5 5h 5i

45% yield
(58% NMR)

yield. However, in the case of an electron-rich,
methoxy-substituted diazonium salt (11), the
product (31) was obtained in relatively low
yield. This was probably due to the relatively
high reduction potential of 11. Other hetero-
arenes, namely, thiophene and pyrrole, suc-
cessfully reacted to form the desired products
(8m and 3n). Arylation reactions using thienyl
diazonium salts afforded the corresponding
heterobiaryls (30 and 3p), which are typical
structural motifs for organic semiconductors
(42). Minor regioisomers (3mb and 3pb) were
observed as competing products in the reac-
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A Scope of mechanoredox arylation
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MeCN (0.12 uL/mg)

NBF4 \ BaTiO; (5 equiv) [\
o l S
R-©/ X ball milling (30 Hz) R X
under air, 1 h
1 2 3
1\ 1\ 1\ [\ 1\ T\
o o o o o (o)
cl Br F F3C NC OoN
3a 3b 3c 3d 3e 3f
73% yield 61% yield 74% vyield 72% yield 50% yield 62% yield
o > ey B B ® &
2 o o o Y @ o
Me MeO
3g 3h 3i 3j 3k 3l
41% yield 64% yield 61% yield 53% yield 62% yield 35% yield
1B o] S, T\ MeO— P \  Meo 0 Meo-° S
S + / N | 17 N 2| Y,
\
Boc s °© o -
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3ma 3mb 3n 30 3pa 3pb
47% yield 27% yield 66% yield 50% yield
3ma/3mb = 90:10 3pa/3pb = 86:14
B Scope of mechanoredox borylation
BaTiO3 (5 equiv)
—_—

B(pin)
€y

4 under air, 3 h 5

59% yield
(75% NMR)

70% yield
(85% NMR)

g
36% yield
(52% NMR)

70% yield
(77% NMR)

tions with thiophene, whereas the photoredox
system developed by Konig and co-workers,
using eosin Y, produced 3ma and 3pa as
single isomers (37). We also confirmed that the
developed mechanoredox borylation conditions
were applicable to a variety of aryl diazonium
salts (Fig. 3B).

To demonstrate the practical utility of this
protocol, we investigated a gram-scale synthe-
sis of heterobiaryls under the developed mech-
anoredox conditions, as well as the recycling
of BaTiO; (Fig. 4, A and B). The mechanoredox
C-H arylation of furan (2a) with 1o was car-
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OB(pin) OB(pin) /@,B(Din)
F FsC ON
5¢ 5d

5e
52% yield
(69% NMR)

45% yield
(73% NMR)

5j
61% yield 80% yield
(70% NMR) (84% NMR)

ried out on an 8-mmol scale in a 25-ml stain-
less steel ball-milling jar with one 15-mm
diameter stainless steel ball, affording 30 in
1% yield (Fig. 4A). After separation from the
crude reaction mixture and washing, BaTiO;
could be reused for the mechanoredox aryla-
tion of furan (2a) under the same reaction
conditions at least three times before the yield
of 3k declined substantially (Fig. 4B).

Direct C-H arylation of polycyclic aromatic
hydrocarbons (PAHs) has attracted considerable
interest (43, 44)) on account of their role in organic
light-emitting diodes, organic photovoltaics,
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A Gram-scale synthesis

Fig. 4. Exploration of a
gram-scale synthesis, cat-

MeO_P Meo_ P M\ alysl,ttl:ecyc:ing,I and tht:_
BaTiOj3 (5 equiv) arylation of polyaromatic
RS NiBFy !\ m & o hydrocarbon compounds.
= o uid:'a'i’r‘%(h z) = (A) Mechanoredox arylation
10 2a 30 of 2a with 1o on the gram
8.0 mmol 71% yield scale using a 25-ml ball-
11g milling jar (pictured on the
------------------------------------------------------------------------------------- right). (B) BaTiO3 recycling
B Bario: recycling experiments Recovery of experiments using 1k and
Number of run ~ Yield (%)  BaTiO3 (%) 2a. (C) Mechanoredox aryl-
ation of the polyaromatic
NoBF BaTiOs (5 equiv) [\ st run 73 95 hydrocarbons 6 with 1f.
+ Y —M—m > o 2nd run 4 96 See supplementary
9 ball milling (30 Hz) 3rd run 66 96 materials for details.
under air, 1 h 4th run 52 98 rt, room temperature.
1K 2a 3K 5th run 43 - ’

C Direct PAHs functionalization

w4

o D
s
1f 6a

BaTiO3 (5 equiv)
MeCN (0.12 pL/mg)
—_—
ball milling (30 Hz)
under air, 1 h

OoN
Taa

78% yield
7aa/7Tab = 92:8

Mechanoredox conditions (This work)

BaTiO3 (5 equiv)
MeCN (0.12 ul/mg)

ball milling (30 Hz)
under air, 1 h

+ 43% yield

Photoredox conditions (ref. 37)
Eosin Y (1 mol %)

visible light
DMSO, rt, 2 h

N

6b no reaction

organic semiconductors, and organic thin-
film transistors. With this in mind, we con-
ducted a preliminary investigation of the
feasibility of the C—H arylation of PAHSs using
our mechanoredox approach (Fig. 4C). The re-
action of 1f with pyrene (6a) in the presence of
BaTiO3; and a small amount of MeCN as the
LAG additive afforded the desired C-H aryla-
tion product (7aa) in good yield with high
regioselectivity (7aa:7ab = 92:8). Furthermore,
coronene (6b) was also arylated in moderate
yield under the mechanoredox conditions.
When the arylation of coronene (6b) was at-
tempted via Konig’s photoredox procedure using
eosin Y, no reaction occurred (37). This was
probably due to the low solubility of coronene
(6b) in the polar solvents required for such

Kubota et al., Science 366, 1500-1504 (2019)

photoredox reactions. These results demon-
strate the promising potential of the mecha-
noredox arylation as an operationally simple
and mild route to synthesize functionalized
PAHs from poorly soluble substrates that are
incompatible with photoredox conditions.
We postulated that the mechanoredox C-H
arylation and borylation were proceeding via
SET events, in which an aryl radical is gener-
ated through piezoelectric reduction (Fig. 1C);
this assumption is supported by the results of
preliminary mechanistic investigations (Fig. 5).
When 2,2,6,6-tetramethylpiperidinoxyl (TEMPO)
(8) was treated with aryl diazonium salt 1a in
the absence of furan (2a), the TEMPO-trapped
intermediate 9 was obtained (Fig. 5A). Fur-
thermore, the addition of TEMPO (8) to a re-
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action mixture containing 1a, furan (2a), and
BaTiOg halted the arylation process, and the
TEMPO-trapped intermediates 9 and 10 were
detected (Fig. 5A). Compound 10 might have
been formed through the reaction of TEMPO
(8) with the intermediate IT (Fig. 1C), followed
by oxidative aromatization by BaTiO or at-
mospheric oxygen. Overall, the identified
compounds suggest that the mechanoredox
activation with BaTiO3 proceeds via a radical
pathway.

We used a scanning electron microscopy
(SEM) analysis to confirm that the mechanical
stimulus provided by ball milling is transferred
onto the BaTiOj particles under the applied
conditions (Fig. 5B) (24). The SEM image of
commercially available BaTiO3; powder shows
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Radical g Xperil with TEMPO  TEMPO-trapped
intermediate
BaTiO3 (5 equiv) Me, Me
/@NZBF4 TEMPO (8) (2 equiv) /@O\N
—_—
ball milling (30 Hz) cl Me
el under air, 1 h Me
1a 9
22% (NMR)

Radical scavenger experiment with 1a and 2a

N2BF4
SO
Cl

1a 2a 8

15 equiv 2 equiv

BaTiO3 (5 equiv) ball milling (30 Hz)

under air, 1 h

TEMPO stopped
the process

TEMPO-trapped
intermediates Me
Me’

3a 10, MW 333.15
detected by GC-MS

7% (NMR) 28% (NMR)

M
n . MeA[e NjLMe
@

Fig. 5. Mechanistic studies. (A) Radical scavenger experiments. (B) SEM images of BaTiO3 particles (i) before
and (ii) after ball milling (30 Hz; 60 min). (C) Thermographic image of the milling jar after the mechanoredox
arylation of 2a with 1a. See supplementary materials for details. GC-MS, gas chromatography-mass spectrometry.

a regular shape of the BaTiO; particles before
the reaction (approximate size, <75 um) [Fig.
5B (i)]. Subsequently, the powder was sub-
jected for 60 min to ball milling at 30 Hz and
then analyzed by SEM. The resulting image
clearly shows a pronounced distortion of the
shape and a decrease in the size of the BaTiO;
particles [Fig. 5B (ii)]. These results suggest
that the mechanical stimulus provided by ball
milling is efficiently transferred onto the BaTiO4
particles, which would result in the generation
of localized electrochemical potentials on the
surface of the BaTiOs particles that can be used
for the activation of the aryl diazonium salts.

To investigate whether the friction during
ball milling generates a thermal effect, the tem-
perature inside the milling jar during the mech-
anoredox arylation of 2a with 1a was measured
using thermography immediately after opening
the jar (Fig. 5C). The crude mixtures were pre-
pared under optimized conditions. The obtained
image showed that the temperature after aryla-
tion in the ball mill was around 30°C, which
discounts the possibility of thermal activa-
tion of the aryldiazonium salts generating aryl
radical species by the heat provided from ball
milling.

To demonstrate the robustness of the mech-
anoredox transformations, we conducted the
borylation of 1k with BaTiO; in air using a
hammer (fig. S8 and movie S1). First, the re-
action mixture was prepared by gentle grind-
ing in a mortar. Subsequently, the mixture was

Kubota et al., Science 366, 1500-1504 (2019)

wrapped in a piece of a weighing paper and
placed in a zipper-locking plastic bag, followed
by striking with a hammer over 200 times.
Even under these crude conditions, the mech-
anoredox borylation product 5i was obtained
in 43% yield, as assessed by nuclear magnetic
resonance (NMR) integration.

The present mechanoredox reactions can be
carried out on gram scale without the use of
large amounts of dry and degassed organic
solvents in air, and the reactions do not re-
quire special operating conditions. This oper-
ational simplicity suggests that the present
approach may complement existing photo-
redox transformations in a practical and en-
vironmentally friendly manner. Beyond the
immediate benefits of this protocol, our strat-
egy could be applicable to light-sensitive or
light-absorbing substrates that cannot be sub-
jected to conventional photoredox systems.
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