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Due to the solvent-free nature of the mechanochemical approach, it
offers an opportunity to drive reactions with different selectivities from
those under conventional solution-based conditions. Nevertheless,
literature examples of pathway switching remain scarce. Herein, we
report an unusual example where ball-milling offers three distinct
pathways leading to three different products. By simply adjusting the
amount of liquid additive, arene C—H functionalization can be biased
between bromination and oxidation via either radical (Br*) or ionic (Br*)
intermediates, respectively.

In recent years, mechanochemistry has made a comeback in
chemical synthesis due to the increased interest in developing
greener and more sustainable methods to perform chemical
transformations.' However, most reported examples emphasize
the rate-enhancement aspect of mechanochemical approaches,
while their unique role in controlling selectivity,” distinct from
conventional thermal reactions, has received less attention. For
example, Ito reported that mono-arylation is favored over di-
arylation for unbiased dibromoarenes by palladium catalysis
under ball-milling conditions.? Browne described that liquid
assisted grinding (LAG) can kinetically bias C-H mono-
fluorination over difluorination.* Likewise, Mack showed that
LAG with various polar solvents lead to different outcomes of
Pd-catalyzed alkyne-alkyne coupling reactions.® Furthermore,
Frisci¢ and co-workers reported that the isolation of elusive aryl
N-thiocarbamoylbenzotriazole intermediates, which are unob-
servable by solvent-phase methods, becomes possible under
mechanochemical conditions.®

Electrophilic bromination is an important industrial reac-
tion for introducing bromine atoms in arenes,” as the installed
C-Br groups enable subsequent selective functionalizations.**°
Traditionally, bromination reactions using either elemental
mild organic agents are
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predominantly performed under solution-based conditions.
Recent advances have demonstrated the feasibility of electro-
philic bromination under ball-milling conditions.” For
example, Mal*** and Banerjee'” independently showed that
bromination proceeded with a broad range of arenes with ball-
milling. Hernandez presented a mass production protocol
using extrusion techniques."**

Although arene bromination has been realized by both
solution-based and mechanochemical approaches, most
studies have focused on synthetic applications, leaving ques-
tions regarding reaction mechanisms and selectivity control
largely unaddressed. Understanding the fundamental mecha-
nistic differences between these approaches is critically
important, yet it has been largely neglected. This knowledge gap
exists because the divergent reactivity observed in mechano-
chemistry, in our opinion, is difficult to rationally anticipate or
design.

Our group is particularly interested in uncovering the
insights that explain how these two approaches can drive
divergent reactivity from the same starting materials. Conse-
quently, understanding the chemical origin of this unpredict-
able behavior is paramount for the rational design of divergent
synthesis, representing a significant, uncharted area in chem-
ical synthesis. We recently showed a divergent reaction pattern
in the reaction of periodic acid and polycyclic aromatic hydro-
carbons (PAHs) between ball-milling and solution-based
approaches.” Specifically, solvent-free mechanochemistry
afforded quinones via C-H oxidation, whereas the solution-
based approach favored a C-H iodination pathway.

During a literature search, we encountered a report by
Natarajan,” in which the reaction of 9-anthracenecarboxa-
ldehyde (1a) with N-bromosuccinimide (2) in a DMF/H,0
mixture preferentially yielded quinone oxidation products
instead of the anticipated C-H bromination product. Motivated
to develop chemical processes with reduced carbon footprints,
we sought to investigate this unusual transformation under
ball-milling conditions. In this work, we discovered a remark-
able reaction pattern, where three distinct pathways are
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Fig.1 (a) Divergent reaction pathways controlled by different reaction
approaches (amount of LAG solvent: neat milling, trace LAG and
excess LAG). (b) the chemical example described in this work.

operative and tunable through ball-milling techniques (Fig. 1a).
Explicitly, solvent-free milling favors C-H bromination, while
LAG can bias the outcome toward either a selective deformyla-
tive bromination (with a trace LAG additive) or an oxidation
pathway (with an excess LAG additive) (Fig. 1b). Mechanistic
studies indicate that this pathway divergence stems from the
generation of different reactive intermediates, dictated by the
amount of liquid additive used during ball-milling.

After further screening, we found that the solution reaction
between 1a and 2 in EtOH, in addition to DMF/H,0, also
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afforded the oxidation product 3a (Table 1, entry 13). In
contrast, when this reaction was conducted under ball-milling
conditions (40 Hz, 1 h) with 2 equiv. of 2, bromination prod-
ucts were formed selectively (98% combined yield, entry 2). In
the product mixture, monobromo- (3a-Br) and di-
bromoanthracene (3a-Br,), with the loss of a formyl group, were
obtained in 62% and 36% yields, respectively. Only 2% yield of
oxidation product 3a-O, was detected. While other electrophilic
brominating agents were investigated, 2 proved the most
effective under ball-milling conditions (Table S1). Increasing
the milling time to 6 h had little effect on the reaction yields or
product distribution (entry 5).** Similarly, varying the amount of
2 (1 or 4 equiv.) completely suppressed the oxidation pathway
(entries 1 and 3), albeit with diminished bromination efficiency
(combined yield of 3a-Br + 3a-Br,) (entries 1 and 3). Reaction
temperature had a less pronounced impact on the outcome, as
the reaction proceeded even at —20 °C (entries 6-7). In contrast,
decreasing the milling speed (20 Hz) drastically hampered
reactivity (entry 4). This strongly suggests that mechanical
impact, rather than the heat generated during the milling
process, is a prerequisite for inducing an effective
transformation.

These divergent results prompted us to consider whether 3a-
Br serves as an intermediate in the formation of either 3a-Br, or
3a-0,. To test this hypothesis, a purified sample of 3a-Br was
subjected to neat milling conditions identical to those in entry
2. However, no further reaction was observed. Similarly, control
experiments starting from either 3a-Br, or 3a-O, also showed no
conversion under these conditions (Fig. 2a). To further

Table 1 Condition screening in the mechanochemical reaction between 1a and 2 under neat milling®

0 o)
solvent-free
ball-mill
oo L ol oo
1a
0*(1790 3a-Br OO 3a-Br
+
2 o 3a-0,
v
Ent Hz Time (h Equiv. of 2 EtOH additive (mL mg™* Yield (%) of 3a-Br/3a-Br,/3a-0,”
Ty q g
1 40 1 4 0 59/30/0
2 40 1 2 0 62/36/2
3 40 1 1 0 52/23/0
4 20 1 2 0 31/12/0
5 40 6 2 0 41/48/5
6 40 1€ 2 0 67/30/0
7 40 1€ 2 0 42/20/0
8 40 1 2 0.1 19/71/trace
9 40 1 2 0.2 20/59/13
10 40 1 2 0.5 3/21/36
11 40 1 2 2.0 3/10/60
12 40 1 2 4.0 0/2/41
13 — 6 2 Neat —/—/90%(75)°

“ Ball milling parameters: 2 mL PP tube and ZrO, balls (3.0 mm x 3) under open air condition. ? Yields and product ratios determmed by '"H NMR
spectroscopy with hexamethylbenzene as an 1nternal standard. ¢ Milling conducted at jar temperatures of 80 °C and —20 °C. ¢ Solution reactions

conducted in the EtOH solution reaction at 80 °C. ¢ or at rt.
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a) 3a-Br solvent-free
N ball-mill
or3a-Br + Ovo _— no further reaction
or 3a-02 40Hz, 1 h
2 2 mL PP tube,
i ZrO; balls
(2 equiv.) 3.0 mm x 3)
b) LAG
N n=1ul/mg
3aBr + N F° ——  3aBn + 320
40Hz,1h 579 229
2 2 mL PP tube, ° °
p ZrO; balls
@equiv)  Gommx3 ~ + 3aBr 20%
) 70 i. neat milling
60 s 3a-Br
p—t’ ball-mill
e 1a
L i condition *
2 —_— -
% 40 i + o 3a-Br;
g
g 30 B 2 . kinetic time ¥
&5 (2 equiv.) trace 3a-0,
10
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§ -
=20 =2
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time (min) time (min)
Fig. 2 (a) Control experiments of (a) solvent-free reactions between

3a-Br, 3a-Br, and 3a-O; and 2 and (b) a trace LAG reaction between
3a-Br and 2. (c) Reaction progress between la and 2 under different
milling conditions: (i) solventless; and LAG with EtOH, (i) 0.2 pL. mg™*
and (iii) 1.0 pL mg™*

elucidate the reaction pathway, we performed kinetic profiling
to monitor the product distribution over time (Fig. 2c(i)).*®
These experiments revealed that the ratios of 3a-Br/3a-Br,
remained constant throughout the course of reaction, fluctu-
ating only slightly between 2.1 and 2.3 (Fig. 2c).

Based on the observed divergent reactivity between solvent-
free milling (3a-Br and 3a-Br,) and solution processes (3a-0,),
the solvent effect was inspected in the context of LAG. To this
end, each sample was injected with a trace amount (0.2 pL
mg ") of a common organic solvent prior to milling treatment.
Regardless of dielectric constant or proticity of the solvents
used, these reactions predominantly favored bromination
products (Table S2). Among them, only alcoholic solvents such
as EtOH bias the formation of 3a-Br,, up to 19 : 71 ratio for 3a-Br
and 3a-Br, (Table 1, entries 8-9). With increasing EtOH additive
content, the formation of 3a-O, increased up to 60% (entries
10-11). Up to 4.0 puL mg ', the bromination pathway is
completely shut down, obeying a thermal reaction pattern in
solution (entries 12-13). The kinetic traces (0.2 pL mg~" and 1.0
uL mg ") also revealed that the major product under each LAG
condition (0.2 pL mg~": 3a-Bry; 1.0 pL mg ': 3a-0,) evolved
rapidly and the product ratio was maintained for the rest of
reactions (Fig. 2¢(ii) and (iii)). In addition, 3a-Br, only mini-
mally converts to 3a-O, under LAG conditions (1.0 pL. mg™'; 3%
yield), while 3a-O, was completely recovered in an analogous
reaction with 2 (2 equiv.). Meanwhile, an isolated sample of 3a-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Br converts to 3a-Br, and 3a-O, in 57% and 22% yields under
LAG conditions (1.0 pL mg™ "), respectively (Fig. 2b). This
information suggests that three reactions between 1a and 2
proceed under kinetic control driven by the amount of solvent
employed (solvent-free mechanochemical vs. LAG vs. solution-
phase methods).

We next turned our attention to mechanistic understanding
in the bromination reaction with 2 in ball-milling methods.
When a spin-trapping agent, such as TEMPO, BHT or allyl-
(2,2,6,6-tetramethylpiperidin-1-yljoxyl (TEMPO)-based radical
trap CHANT"® (2 equiv.), was added to a neat milling reaction
between 1a and 2, the reactions were inhibited and 1a was fully
recovered (Fig. 3a(i)). In the reaction with CHANT, the ESI-MS
spectrum revealed the formation of new adducts 4 (calc. [M +

a) Spin trapping experiments
solvent-free ball-mill
TEMPO or BHT or CHANT

i) _0

(2 equiv.)
OOO v no further reaction
40Hz, 1h
1a 2 mL PP tube,
ZrO; balls
2
g equw) (3.0 mm x 3)
i)
O N0
solvent-free
. __ balkmin ‘H\/ W\J\j?
2
40 Hz, 1 h O O
4] o. 2 mL PP tube,
N ZrO; balls
le) (3.0 mm x 3) [M+H] [M+H]

calc.: 265.1547
found: 265.1547

calc.: 246.0489
found: 246.0487

O

CHANT (2 equiv.)

b) KIE experiments

' OOO :

0.5 cqulv)
+ 3b-Ho-Br/3b-ds-Br
40 Hz, 1.5 h ki/ky =
‘) —rdy, 2 mL PP tube, W= 366
2O, balls “:j_ y
A
1b-Hyo/1b-dro = 1 (3.0 mm x 3)
2(0. 5 cqulv)
1b-H1o 3b-Hs-Br/3b-ds-Br
kw/ks = 3.09
2(0.5 equlv)
P Tl OO C
1b-dio
¢) Solid-state aging experiments
solvent-free
ball-mill
la + 2 —— 3a-Br + 3aBrz + 3a-0:
(2equiv) , 4OFZ . 20% 10% <1%  milling 2 min
by aging 48 h 43% 25% 4% after aging 48 h

d) PXRD spectra of milled samples

-

4.LAG of 2 with EtOH
(0.3 ul/mg)
" 3.1AG of 2 with EtOH
(0.12 pl/mg)
A SRR

|
A ML ww L.‘-/\_w~‘—./ (VIPV NS

N 2. milled 2
\"‘“—"‘-’ A e M-\ A ,_- v v' AMANNAN A e,
l J 1. unmilled 2
L ,,,h U }_..J»QLL.I...J-‘MV
5.0 100 150 200 250 300 350 40.0 450  50.0
20 (degree)

Fig. 3 Mechanistic studies with (a) spin-trapping reagents; and (b) KIE
experiments determined (i) from an intermolecular competition and (ii)
from two parallel reactions. (c) Solid-state aging experiments; and (d)
PXRD experiments of 2 under different milling treatments.
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H]" 264.0489; found 264.0487) and 5 (calc. [M + H]" 265.1547;
found 265.1547) (Fig. 3a(ii)), derived from Br" or succinimide
radical olefin addition in CHANT, respectively. The radical
nature of the bromination reaction with 2 is further supported
by the negative attempt with 5,5-dibromo-2,2-dimethyl-1,3-
dioxane-4,6-dione (2-ii), as an alternative brominating agent
in the reaction with 1a, where cleaving the C-Br bond is unlikely
(Table S1). Moreover, KIE experiments with anthracene (1b-H; o/
1b-d,o) gave kylkp values of 3.09-3.66, supporting C-H bond
cleavage as the rate determining step (Fig. 3b). Considering the
solid-state packing effect, a milling reaction (40 Hz) between 1a
and 2 was intentionally paused after 2 min. Storing or “aging”
the milled sample in the dark for 48 h facilitated the conversion
of 3a-Br and 3a-Br, from 20% and 10% (immediately after ball-
milling) to 43% and 25% yield, respectively (Fig. 3c).””** These
experiments suggest that bromination with 2 likely follows
a radical pathway, and the initiation occurring through
homolysis of the N-Br bond of 2 via mechanical impact
generated from a ball-milling process. Once mechanoradicals
(Br® or succinimide radicals) are formed and stabilized within
solid-state packing (see PXRD discussion below), as evident
from the aging experiments, bromination could follow a chain-
like mechanism even in the absence of mechanical impact,
suggested by the aging experiments.

To identify the active brominating species in LAG and
solution-based processes, we analyzed the reaction mixture.
When 2 was milled with a trace amount of EtOH (under LAG
conditions), the "H NMR spectrum of the milled sample (6) in
CDCI; revealed a new set of ethyl C-H resonances ~0.5 ppm
more downfield shifted than those in free EtOH, indicating the
formation of a more electrophilic species (Fig. S8). This unex-
pected species 6 was tentatively assigned as [EtOHBr]', struc-
turally analogous to other active species responsible for
electrophilic bromination formed in situ from Lewis bases and
2. We propose that highly reactive intermediates, such as
bromine radicals (Br’) in solvent-free milling and complex 6
(“Br™) in LAG, are stabilized by the confinement effect within
the crystalline phases. This hypothesis is supported by PXRD
studies (Fig. 3d), which showed well-defined diffraction
patterns for both neat milling (pure crystal phase of 2 in
Fig. 3d(2)) and trace LAG samples (pure crystal phase of succi-
nimide (7) in Fig. 3d(4)), indicating the existence of a crystalline
environment. In the absence of the crystalline lattice, species 6
can neither be isolated nor detected under conventional
solution-based reaction conditions (Table 1, entry 13), consis-
tent with the absence of such a stabilizing solid-state confine-
ment effect.

The origin of oxygen atoms in 3a-O, represents the final
piece of the mechanistic puzzle. To identify this source, we
conducted the following experiments. First, the reaction of 1a
with succinimide (7) under standard conditions did not
produce 3a-0,, ruling out 2 as the oxygen source. Second, LAG
reactions of 1a and 2 with EtOH under a N, atmosphere still
gave 3a-0,. Third, and conclusively, an LAG reaction employing
H,'®0 (n = 1.0) furnished 3a-'®0,, as confirmed by HRMS
analysis (calc. for [M + H]" 213.0682; found 213.0682) (Fig. S5).
In addition, reactions under anhydrous ethanol still produced
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solvent-free

o= MN_o ball-mill
2 mL PP tube,
2 ZrO; balls
1 (3.0 mm x 3) 3

(2 equiv.)

R: H (3b-Br2) 98%

Cl (3¢c-Br) 92%
Br (3a-Br2) 94%
CH:Cl (3e-Br) 77%
R| Bpln Rz H (1h) 75%
= Rz: Bpin (1i) 94%
R|: BOHy; Rz: H (1) 94%
Ri: I; Rz: H (1k) 80%

oo —

1b-1e

~ OO

3g-Br2

3a-Br;

~ €O

3m-Br 81%

Cx

R: CHs (3n-Br2) 98%
OCH:; (30-Br2) 92%
NH; (3p-Br2) 94%

Ceo
seolll

1f 3f-Brz 79%

. O’; o

v 9

1 31-Brz 50% n-1p

Fig. 4 Substrate scope in the mechanochemical reaction between 1
and 2 under solvent-free conditions. Yields determined by 'H NMR
spectroscopy with an internal standard. The experimental details for
the isolation procedure and isolated yields for some of the products
are described in the SI.

3a-0,, and these results confirm that protic solvents, including
alcohols and water, can both serve as the source of oxygen
atoms in 3a-0,.

To evaluate the synthetic utility of solvent-free mechano-
chemical bromination, various naphthalene and anthracene
derivatives were treated with 2 (2 equiv.) at 40 Hz for 1 h (Fig. 4).
Substrates including anthracene (1b), 9-chloroanthracene (1c),
9-bromoanthracene (1d), 9-(chloromethyl)anthracene (1e), and
9,9’- bianthracene (1f) were efficiently converted to their corre-
sponding dibrominated products (3b-Br, to 3f-Br,). In contrast,
anthracene derivatives bearing -Bpin (1h), -(Bpin), (1i), -B(OH),
(1j), and -I (1k) underwent a tandem defunctionalization and
dibromination, yielding 3-Br, as the sole product. The reaction
of 9-methylanthracene (1g) with 2 resulted in sp>-CH bromi-
nation (3g-Br,) in 44% yield, a result that supports a radical-
mediated mechanism. Naphthalene derivatives containing
either electron-withdrawing (1m) or electron-donating groups
(1n-1p) were well tolerated, affording 3m-Br to 3p-Br, in good
yields. Notably, the solution-phase reaction of 1m with 2 led to
the formation of 1,4-naphthoquinone, mirroring the divergent
reactivity observed for 1a and highlighting a key distinction
from the mechanochemical process.” Finally, 7H-dibenzo[c,g]
fluoren-7-one (11), a twisted aryl ketone and key precursor for
organic semiconductors,® persistent organic radicals,” and
Feringa-type molecular rotors,* was successfully dibrominated
under the standard conditions, yielding 31-Br, in 50% yield.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, we have developed a mechanochemical strategy
that selectively biases reaction pathways toward either C-H
bromination or oxidation. Mechanistic investigations indicate
that the mechanochemical environment favors a radical-chain
pathway for C-H bromination, whereas solution conditions
promote oxidation via brominium-like intermediates. Crucially,
this work demonstrates that mechanochemistry can stabilize
reactive species and thereby unlock distinct chemical space
with reactivity divergent from that observed in solution. This
ability to access hidden reagent reactivity underscores the
potential of mechanochemistry to complement and expand the
toolbox of conventional synthetic methods.
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