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A novel and efficient method has been developed for the synthesis
of tert-butyl esters using (Boc),O as the tert-butyl source, facili-
tated by electromagnetic milling. This green and sustainable
approach is solvent-free, base-free, and operates without the need
for additional heating, making it highly appealing for eco-friendly
synthesis. The entirely neutral reaction environment proves par-
ticularly advantageous for synthesizing or modifying sensitive drug
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molecules, especially in late-stage functionalization. In this
process, ferromagnetic rods, used as grinding media, become
magnetized and charged under a high-speed rotating magnetic
field. This magnetization plays a crucial role in bond activation by
coordinating with the charged ferromagnetic rods, introducing a
novel mechanism for bond activation that could inspire further
research in this emerging field.

1. This work introduces a novel and efficient method for the synthesis of tert-butyl esters using (Boc),O as the tert-butyl

source, facilitated by electromagnetic milling.

2. This solvent-free, base-free, and heating-free approach presents an attractive, green, and sustainable pathway. The
neutral reaction environment is especially beneficial for the late-stage modification of sensitive drugs in drug discovery,
ensuring both efficiency and compatibility with delicate compounds.

3. In this process, ferromagnetic rods, acting as grinding media, become magnetized and charged under a high-speed
rotating magnetic field. The magnetization is key to bond activation, as it interacts with the charged rods, introducing a
novel mechanism that could inspire further research in this emerging field.

Introduction

tert-Butyl is a crucial functional group in organic synthesis,
known for its substantial steric hindrance and pronounced
spatial effects in reactions. It acts as a large steric group, pro-
viding Kkinetic stability and resisting nucleophilic attacks,
which make it an important protective group for carboxylic
acids.! Its utility is especially notable in the synthesis of bio-
active compounds like hepatitis C virus NS3 protease inhibi-
tors> and GABA-T inhibitors.® Various methods for synthesiz-
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ing tert-butyl esters have been developed. One of the earliest
synthetic methods for preparing tert-butyl esters is the
Fischer-Speier esterification, developed in 1895. This method
involves the reaction of carboxylic acids with tert-butanol
under the catalysis of acids, typically either Lewis acids or
Bronsted acids (Scheme 1a).* It lays the foundation for the
development of other tert-butyl esterification methods and
remains a classic technique in organic chemistry. Later,
Wright and co-workers introduced a method for tert-butyl ester
synthesis using sulfuric acid and an excess of tert-butyl alcohol
in the presence of anhydrous magnesium sulfate.> This modi-
fication enhanced the reaction efficiency and broadened the
scope of applicable substrates, offering an alternative to the
Fischer-Speier esterification for preparing tert-butyl esters
under different conditions. In 2018, La et al. introduced a
BF;-OEt,-promoted tert-butyl esterification process, employing
2-tert-butylpyridine as an innovative tert-butyl surrogate®
(Scheme 1b). This method enables a more controlled esterifi-

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Research on the synthesis of tert-butyl esters (EA — electron acceptor; ED — electron donor; EMM — electromagnetic milling).

cation process, overcoming the limitation of using strong con-
centrated acids, which can influence the esterification of sub-
strates bearing acid-sensitive functional groups. Meanwhile,
Skrydstrup et al. developed a palladium-catalyzed tert-butyloxy-
carbonylation reaction of aryl bromides with carbon monox-
ide, offering a more direct route to tert-butyl esters’
(Scheme 1c). However, despite the efficiency of this process,
the use of toxic carbon monoxide posed a significant limit-
ation, highlighting the need for safer alternatives in synthetic
methodologies.

In contrast, di-tert-butyl dicarbonate ((Boc),0O), a safer,
more cost-effective, and efficient amino acid protectant, has
become widely utilized across several industries, including
pharmaceuticals, protein and peptide synthesis, biochemical
food production, and cosmetics.® Due to its broad applicability
and ease of use, (Boc),O has also proven instrumental in the
synthesis of tert-butyl esters, offering a safer alternative to
methods involving more hazardous reagents, such as carbon
monoxide, and reinforcing its importance in modern synthetic
chemistry. In 2008, Balsells and colleagues introduced a
method for preparing tert-butyl esters at low temperatures by
reacting aryl bromides with a magnesium-lithium reagent and
(Boc),0, as shown in Scheme 1d.° Later, in 2014, Li et al. suc-
cessfully developed a palladium-catalyzed synthesis process of
tert-butyl esters using boric acid or boronic acid esters in com-
bination with (Boc),O (Scheme 1e).'"® These methods offer
efficient routes for tert-butyl ester formation under mild con-
ditions. However, the highly moisture and air sensitive metal-
lic reagent and expensive palladium catalyst limited their
application.

Therefore, developing a green and efficient method for
synthesizing tert-butyl ester compounds under mild reaction
conditions presents a significant challenge. In recent years,
the field of mechanochemistry has experienced significant
advancements, yielding numerous pivotal research findings,
such as those by Ito (redox reactions of small organic mole-
cules using ball milling and piezoelectric materials and solid-

This journal is © The Royal Society of Chemistry 2025

state cross-coupling of insoluble aryl halides),"* Bolm (the first
to perform asymmetric organocatalysis in a ball mill),"* Fri§¢i¢
(constructing porous MOFs using LAG and ILAGs)," Pilarski
(solvent-free catalytic C-H and C-X functionalization without a
ball mill) ™ Borchardt (photo- or thermo-mechanochemis-
try),"> Gouverneur (fluorochemicals from fluorspar via a phos—
phate-enabled mechanochemical process that bypasses HFs),"®
Browne (the use of temperature-controlled mechanochemistry
to enable mechanochemical nickel-catalyzed Suzuki-Miyaura
couplings),"”” Wang (covalent and non-covalent functionali-
zation of fullerenes and related materials through mechano-
chemistry),'® Lian (new reactions with ball milling and piezo-
electric materials),’® Wei (mechanochemical synthesis of
a-halo alkylboronic esters),”® Zhang and Szostak (the first
mechanochemical decarbonylative coupling),** and Yu and Su
(a-C-H functionalization of glycine derivatives under mechan-
ochemically accelerated aging en route to the synthesis of 1,4-
dihydropyridines and a-substituted glycine esters).>> Recently,
our group has developed a novel multi-energy field coupling
apparatus for boronization, Suzuki coupling, and cyanidation
in a solvent-free system.>® Electromagnetic milling (EMM) rep-
resents an innovative grinding device that utilizes small ferro-
magnetic particles as the grinding media within a rotating
electromagnetic field.”* The EMM consists of an inductor that
generates a rotating magnetic field, positioned within a
stationary housing that serves as the working chamber. Unlike
traditional ball mills, where the housing rotates, the EMM fea-
tures a stationary housing, while the ferromagnetic rods
within the working chamber are set into motion by the vortex
electromagnetic field. This motion enhances the mixing of
solid reactants and increases the surface area through high-
speed collisions of the ferromagnetic rods, leading to
improved reaction efficiency compared to conventional ball
mills.

Very recently, we discovered that this EMM device can facili-
tate redox reactions in organic molecules by transferring a
single electron between ferromagnetic rods and organic mole-
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Scheme 2 Highly efficient synthesis of tert-butyl esters using (Boc),O
under solvent/base-free electromagnetic milling conditions.

cules® (Scheme 1f). On the basis of these results, we designed
a method to generate a tert-butyl radical from (Boc),O via a
single electron transfer process under electromagnetic milling
conditions, efficiently synthesizing ter¢t-butyl esters with aro-
matic carboxylic acids (Scheme 2).

Results and discussion

We began the optimization by using p-methoxybenzoic acid as
a template substrate for the synthesis of tert-butyl esters.
Initially, we explored the effects of ferromagnetic rods on the
reaction efficacy. The results revealed that variations in rod
specifications had a mild effect on the reaction efficiency (see
Fig. 1A). Notably, when using ferromagnetic rods with dimen-
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Fig. 1 Optimization of the synthesis conditions of tert-butyl esters
under electromagnetic milling conditions. Conditions: 1a: 0.5 mmol, 2a:
1.0 mmol, high temperature and pressure resistant reaction tube: 10 mL,
ferromagnetic rods: SUS304, 5 g. (A) The influence of different specifica-
tions of ferromagnetic rods on the reaction yield (SFR: specifications of
ferromagnetic rods, frequency: 50 Hz, reaction time: 1 h). (B) Yields at
different frequencies (F: frequency, ferromagnetic rods: 0.3 x 5.0 mm,
reaction time: 2 h). (C) Temperature for different time periods (ferro-
magnetic rods: 0.3 X 5.0 mm, frequency: 50 Hz). (D) Yields for different
time periods (ferromagnetic rods: 0.3 x 5.0 mm, frequency: 50 Hz).
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sions of 1.0 x 30.0 mm or 1.0 X 50.0 mm, no target product
was obtained, regardless of solvent presence (see Fig. S77).
However, a rod dimension of 0.3 x 5.0 mm resulted in a 76%
yield, prompting us to select this specification for further
investigation.

We speculated that smaller steel needle diameters would
result in a greater number of effective collisions. As the reac-
tion progressed, the yield steadily increased, ultimately reach-
ing 91% after 2 hours.

To further explore the scope of the reactions, we investi-
gated various aromatic and alkyl carboxylic acids under the
optimized conditions. The results revealed that both electron-
rich and electron-deficient carboxylic acids can be efficiently
converted into tert-butyl ester products. However, electron-rich
carboxylic acids (3a, 3b and 3c) exhibited a higher conversion
rate, while benzoic acid (3d) and electron-withdrawing car-
boxylic acids (3e and 3f) were less efficient. Notably, carboxylic
acids containing halogen atoms (3g, 3h and 3i) produced the
corresponding products in yields of 62%, 75% and 49%,
respectively. It is important to highlight that the 62% yield
with p-fluorobenzoic acid (3g) is likely due to the low boiling
point of its product, leading to more significant losses during
the collection process.

When the functional group on benzoic acid shifted to the
ortho-position (3j and 3k), the yield decreased somewhat due
to steric hindrance. However, when the functional group was
located at the meta-position relative to the carboxyl group,
steric hindrance had little effect on the yield, resulting in mod-
erate to excellent yields (31 and 3m). Similarly, compound 3n
was obtained with a lower yield (36%) due to significant steric
hindrance. Polycyclic compounds such as 2-naphthoic acid
and 9-anthracene carboxylic acid were also successfully tert-
butyl esterified. The esterification of 2-naphthoic acid was par-
ticularly efficient, achieving a yield of 83% (30). In contrast,
9-anthracene carboxylic acid produced the target product (3p)
at a lower yield, again due to steric hindrance. Furthermore,
this method has been successfully applied to heterocyclic car-
boxylic acids, including pyridine (3q), thiophene (3r and 3s),
and indole (3t), resulting in excellent tert-butyl ester yields.

Additionally, cinnamic acids were efficiently converted into
tert-butyl esters (3u and 3v) under the standard conditions,
achieving remarkable yields. Similarly, (E)-3-(thiophen-2-yl)
acrylic acid was converted with a 65% yield (3w). Surprisingly,
alkyl tert-butyl esters (3x, 3y, 3z and 3aa) can also be syn-
thesized from alkyl carboxylic acids and (Boc),O under
optimal conditions. Notably, long-chain alkyl carboxylic acids,
such as oleic acid, underwent tert-butyl esterification with an
impressive yield of 85% (3ab). Furthermore, replacing (Boc),O
with dimethyl di-carbonate for the methylation of carboxylic
acids, whether aromatic, heteroaromatic, cinnamic, or alkyl,
resulted in favorable conversions, yielding moderate to excel-
lent results (4a-4f).

To evaluate the efficacy of this synthetic approach, a variety
of complex bioactive compounds were employed in the syn-
thesis of tert-butyl esters. Under the described reaction con-
ditions, the desired tert-butyl esters were successfully obtained.

This journal is © The Royal Society of Chemistry 2025
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As illustrated in Table 1, the bioactive pharmaceutical agents
include nonsteroidal anti-inflammatory drugs such as indo-
methacin (1ac), ketoprofen (1ad), and oxaprozin (1lae), all
known for their antipyretic and analgesic properties, as well as
febuxostat (1af), which is recognized for its anti-gout effects.
To investigate the impact of electromagnetic milling (EMM)
on the synthesis of tert-butyl esters, we conducted several
control experiments under ball milling and solvent-based con-
ditions using traditional magnetic stirring (Table 2). Under
EMM conditions, 3a was separated with a yield of 91% after
2 hours (entry 1). However, when the reaction was carried out
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under ball milling for 2 hours, only trace amounts of the
target product 3a were detected regardless of whether agate
balls or stainless steel balls were used (entries 2 and 3).
Subsequently, we conducted a heating ball milling experiment
(entries 4 and 5), which was heated and maintained at 110 °C
for 20 minutes. After ball milling for 30 minutes, this process
was repeated four times. The results indicated that only trace
amounts of 3a were detected regardless of whether agate balls
or stainless steel balls were used. Meanwhile, the yield
decreased significantly when the reaction was performed at
110 °C without a solvent, and most of the starting materials

Table 1 Substrate scope of the EMM promoted green synthesis of tert-butyl esters under solvent-free conditions®
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Table 2 Comparison of EMM with solvent-based and ball milling reactions
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COOH

COO'Bu COOBoc o o
solvent
Q + (Boc)0 — > . o)‘\©\
TrC
MeO MeO Med MeO' OMe

1a 2a 3a 5a 6a
Entry Solvent T/°C t/h 3a% 5a% 6a% 1a% (recovered)
14 — — (EMM) 2 91 Trace Trace Trace
2° — — (ball milling) 2 Trace Trace Trace 92
3¢ — — (ball milling) 2 Trace Trace Trace 91
44 — 110 (ball milling) 2 Trace 35 28 34
5¢ — 110 (ball milling) 2 Trace 42 9 45
67 — 110 2 12 Trace 18 65
77 — 110 24 18 Trace 27 53
8¢ Toluene 110 2 5 43 32 19
9° Toluene 110 24 14 Trace 52 30

Conditions: 1a: 0.5 mmol, 2a: 1.0 mmol, high temperature and pressure resistant reaction tube: 10 mL. ¢ Ferromagnetic rods: SUS304, 5 g, 0.3 x
5.0 mm, reaction time: 2 h, frequency: 50 Hz. ? Agate balls (20 g). ¢ Stainless steel balls (20 g). ¢ 1a: 1.0 mmol, 2a: 2.0 mmol agate balls (20 g),
110 °C, 2 h (heated and maintained at 110 °C for 20 minutes, and then ball milling for 30 minutes; this process has to be repeated four times).
¢ 1a: 1.0 mmol, 2a: 2.0 mmol stainless steel balls (20 g), 110 °C, 2 h (heated and maintained at 110 °C for 20 minutes, and then ball milling for
30 minutes; this process has to be repeated four times).” Oil bath (110 °C). € Oil bath (110 °C) solvent: toluene (2 mL).

were recovered (entries 6 and 7) (under EMM conditions, the
reaction temperature reached 106 °C; see Fig. 1C). The reaction
in toluene proceeded slowly at 110 °C, even after 24 hours,
resulting in 14% yield of 3a. These results indicated that the
process of EMM is not only based on collision and the heat
generated via collision.

To further explore the reaction process, we conducted
several control experiments to examine the intermediates and
pathways involved. After 30 minutes of the esterification reac-
tion, we identified and successfully isolated intermediates 5a
and 6a. It was found that 5a could directly convert into the
target product 3a with a 74% yield after 1 hour under electro-
magnetic milling conditions (Scheme 3). In contrast, under
the same conditions, 6a did not produce the target product.
However, when 1 mL of tert-butanol was added to the reaction
system, 3a was isolated with a 43% yield. Notably, if the reac-
tion was carried out in an oil bath, the addition of tert-butanol
did not result in the formation of the target product 3a.
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Scheme 3 Control experiment. Conditions: 1a: 0.5 mmol, 2a:
1.0 mmol, 5a: 0.5 mmol, 6a: 0.5 mmol, high temperature and pressure
resistant reaction tube: 10 mL, ferromagnetic rods: SUS304, 5 g, 0.3 x
5.0 mm, reaction time: 2 h, frequency: 50 Hz, t-BuOH: 1.0 mL. NR: no
reaction.
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To investigate whether the metals of the ferromagnetic rods
contribute to the formation of the target products, we con-
ducted experiments using pure nickel rods and pure iron rods
instead of ferromagnetic ones (Scheme 4a). In both cases, 3a
was obtained in excellent yields. Additionally, under conven-
tional stirring and heating conditions, less than 20% of the
target product was produced, regardless of whether ferro-
magnetic rods were added (Scheme 4b). This suggests that the
presence of ferromagnetic rods is not essential for the syn-
thesis of tert-butyl esters under electromagnetic milling
conditions.

Subsequently, a free radical trapping experiment using
TEMPO and BHT was conducted; however, 3a was obtained in
89% and 85% yields, respectively. However, no TEMPO-
trapped products were detected, indicating that it might be
not a radical process; however, it could not be excluded either
(Scheme 5-1 and 2). Furthermore, we employed thiobenzoic

a) ° o Me
50 Hz, 1 h Me
/@)(OH + (Boc),0 _ﬁ@ﬂ_» 0" "Me
MeO Ni rods (5 g) MeO
1a 2a 3a: 71%
o)
50 Hz,1h i )M:'V'e
OH, (Boc),0 Ns /@)\o Me
MeO MeO
1a 2a Fe rods (5 g) e 3a: 69%
M
b) o] Ferromagnetic i )<eme
/©)kOH rods (3 g) /©)Lo Me
Moo 110 °C,2h MeO

1a 3a: 15%

Scheme 4 The influence of metal in steel needles on the experimental
results. Conditions: 1a: 0.5 mmol, 2a: 1.0 mmol, high temperature and
pressure resistant reaction tube: 10 mL, Ni rods, Fe rods: 5 g, 1.0 x
5.0 mm, reaction time: 1 h, frequency: 50 Hz.

This journal is © The Royal Society of Chemistry 2025
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Scheme 5 Mechanism exploration experiment. Conditions: 1a:
0.5 mmol, (Boc),0: 1.0 mmol, TEMPO: 1.5 mmol, BHT: 1.5 mmol, FeCl,:
20 mmol%, high temperature and pressure resistant reaction tube:
10 mL, ferromagnetic rods: SUS304, 5 g, 0.3 x 5.0 mm, reaction time:
2 h, frequency: 50 Hz. ND: not detected.

acid 1ag. After two hours under the standard conditions, the
formation of 3ag was detected via GC-MS (see Fig. S81), indi-
cating that the tert-butyl group but not tert-butyl oxide in the
product originates from (Boc),O (Scheme 5-3). Next, Lewis acid
FeCl, with a stirring bar under EMM conditions was tested,
producing the target product 3a in 13% yield. Although the
Lewis acid FeCl, could promote the transformation, the low
efficiency indicated that Fe** should not be the catalyst which
might get generated during the EMM process (Scheme 5-4).
Herein, four reaction mechanism pathways were proposed
(Scheme 6). First of all, the carboxylic acid substance A reacts
with (Boc),O in situ to form the tert-butoxycarbonyl intermedi-
ate B. When exposed to a high-speed rotating magnetic field,
the ferromagnetic rod becomes magnetized and charged,
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Scheme 6 Possible mechanisms.
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which could form a complex B-I via coordination like the
working style of a Lewis acid. In path a, the ferromagnetic rod
acts as an electron donor, and facilitates the generation of tert-
butyl radicals and acyloxy anions via single electron transfer.
The ferromagnetic rod subsequently acts as an electron accep-
tor, receiving electrons from the tert-butyl radicals to form tert-
butyl cations. Although no radical adduct was detected, the
radical process is still possible.” Finally, the tert-butyl cation
reacts with an acyloxy anion to form the target tert-butyl ester
compound H. However, the radical capture experiments did
not give the desired results. In path b, intermediate B-I could
react with tert-butanol, generated within the system, to yield
the target product H. Meanwhile, intermediate D could be
formed through the reaction of the starting material A with
intermediate B-I (path c). Intermediate D could further deliver
the target product H in the presence of tert-butanol. However,
this transformation could not be realized in a solvent with
heating, indicating the key activation role of the ferromagnetic
rod. Furthermore, path d is still an alternative pathway. With
the activation of the ferromagnetic rod, complex B-I dissociates
into tert-butyl carbocations G and E, accompanied by the
release of CO,. Ultimately, the combination of G with E
formed the desired product H. Based on the results of
Scheme 5-3, path d is the most possible pathway, but we
believe paths b and c are also possible. Notably, complex B-I
serves as a pivotal intermediate across all these pathways,
introducing a novel mechanism for bond activation in syn-
thetic chemistry. Its unique ability to facilitate selective bond
activation not only expands the toolkit of synthetic chemists,
but also paves the way for more efficient and versatile reaction
pathways, offering profound implications for the design of
new reaction models.

Conclusions

We have developed a novel and efficient method for synthe-
sizing tert-butyl esters from carboxylic acids and (Boc),O.
This solvent-free, base-free, and heating-free approach offers
an appealing green and sustainable pathway. The neutral
reaction environment is particularly valuable for late-stage
modification of sensitive drugs in drug discovery. The reac-
tion is driven by ferromagnetic rods, which become magne-
tized and charged under a high-speed rotating magnetic
field. Based on the control experiments, four potential reac-
tion pathways have been proposed. The coordination
between the charged ferromagnetic rods and the reactants
plays a crucial role in bond activation during the transform-
ation. Although several key intermediates have been isolated
and further transformed into the target molecules, the exact
mechanism of bond activation under electromagnetic
milling (EMM) conditions remains unclear. Ongoing
research in our lab aims to further elucidate this mecha-
nism, with the hope that it will attract broader attention
and establish a new field of research.
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