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a b s t r a c t

The integration of mechanochemistry and piezocatalysis can open new strategies for driving redox reac-

tions used in synthetic chemistry. However, due to the complex interplay between mechanical forces and

surface charges, it remains challenging to design piezocatalysts based on a clear understanding of their

catalytic mechanisms. Herein, by utilizing conventional BaTiO3 as a piezoelectric material, we explore

the hydroacylation of dialkyl azodicarboxylates for the synthesis of acyl hydrazides to gain insights into

the piezoelectric material-mediated conversion process. Control experiments and mechanistic studies re-

vealed that the reaction follows a pathway where mechanical activation induces polarization in the piezo-

electric material, promoting benzoyl radical generation, which subsequently undergoes radical addition to

acylhydrazine derivatives, leading to the formation of acylhydrazides. The collaborative contributions of

piezoelectric activation and mechanical milling in the reaction between aldehydes and dialkyl azodicar-

boxylates enable the synthesis of a broad range of acyl hydrazides with excellent yields. This efficient

and sustainable strategy provides valuable insights for theoretical guidance in designing piezocatalysis

for future applications.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The integration of mechanochemistry and piezocatalysis has

emerged as a promising and environmentally friendly tool in

synthetic chemistry, owing to its ability to generate electric fields

under mechanical stress [1–7]. This unique capability enables

piezoelectric materials to produce surface charges that drive re-

dox reactions, offering distinct advantages in controlling product

selectivity and enabling reaction pathways inaccessible through

conventional methods. In recent years, numerous significant

achievements have been documented in the literature involv-

ing a variety of piezocatalysts with enhanced reactivity [8–10].

A pioneering study reported by Ito and Kubota’s team utilized

BaTiO3 as a piezocatalyst to activate mechanoredox reactions

through mechanical force. This approach efficiently facilitated

the arylation and borylation of aryl diazonium salts, marking a

significant advancement in synthetic chemistry [11]. Subsequently,

the Yuan group applied BaTiO3 in piezocatalysis under ball-milling

conditions for decarboxylative acylation reactions, enabling the

C3-acylation of quinoxalin-2(1H)-one and paving the way for

large-scale production processes [12]. More recently, Lian, Dai,
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and Cheng’s team harnessed mechanical force to generate highly

reductive species, successfully addressing challenging organic

reactions for deuterium labeling of drug molecules and their

derivatives [13]. Additionally, the Zheng group expanded the scope

of piezocatalytic materials to metal-organic framework materials,

which facilitated borylation and arylation reactions, thereby signif-

icantly broadening the applications of piezocatalysis [14]. Despite

these remarkable achievements, many fundamental aspects remain

incompletely understood, particularly the complex piezocatalytic

mechanisms arising from the combination of mechanochemistry

and piezocatalysis. Therefore, a deeper understanding of the cat-

alytic processes is essential to provide theoretical guidance for

piezocatalysis and propel further advancements in the field.

The hydroacylation of dialkyl azodicarboxylates is a represen-

tative reaction for synthesizing acyl hydrazides, with two common

catalytic approaches: Thermal and photochemical catalysis [15–25],

as shown in Fig. 1. Compared to traditional thermal catalysis (Fig.

1A1) [15–17], the photocatalytic approach typically involves a free

radical process [15,18–25]. This process includes the generation of

an acyl (or alkyl) radical by abstracting a hydrogen atom from an

aldehyde or alkane through light-induced excitation. The resulting

radical then adds to the N=N bond of dialkyl azodicarboxylates,

forming a new C–N bond and yielding the acyl (or alkyl) hydrazide

https://doi.org/10.1016/j.cclet.2025.112233
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Fig. 1. A schematic illustration of strategies for the hydroacylation of azodicar-

boxylates. (A) Thermocatalytic and photocatalytic strategies in previous reports. (B)

Piezocatalyst strategy used in this work.

(Fig. 1A2). In earlier reports, Ryu and Fagnoni co-workers employed

tetrabutylammonium decatungstate as a photocatalyst to achieve

a photocatalytic hydroacylation reaction [18]. Subsequently, the

Kokotos group utilized metal-free phenylglyoxylic acid as a photo-

catalyst, enabling the efficient synthesis of acyl (alkyl) hydrazides

[19]. Later, they further introduced graphite flakes as a catalyst

and PhCOCOOH as a photoinitiator to unveil a light-induced single

electron transfer mechanism [20–22]. Interestingly, they also found

that using water as a solvent significantly accelerated the hydroa-

cylation of dialkyl azodicarboxylates with only light irradiation,

applied to the efficient synthesis of vorinostat and moclobemide

[23]. Most recently, the Lin group used 4-acyl-1,4-dihydropyridines

(acyl-DHPs) to achieve a visible light-mediated, photocatalyst-free

hydroacylation reaction without external catalysts or additives

[24], while the Yadagiri group employed acyl silanes in reactions

with azodicarboxylates, expanding the carbonyl sources and broad-

ening the substrate scope [25]. Despite these significant advances,

developing efficient new synthetic strategies and methods remains

a potential and challenging unmet need.

Inspired by the partial similarity between the energy band the-

ory of piezocatalysis and photocatalysis [26], we hypothesize that

integrating mechanochemistry with piezocatalysis can help explain

the working principle of the piezocatalytic hydroacylation reaction

of dialkyl azodicarboxylates. More importantly, this approach

enables the development of a green and highly efficient method

for the synthesis of acyl (alkyl) hydrazides. As illustrated in

Fig. 1B, this mechanochemical-photocatalytic strategy significantly

enhances the catalytic efficiency of the hydroacylation reac-

tion, offering a superior alternative to traditional photocatalytic

synthesis.

To validate the feasibility of the piezoelectric materials-

mediated hydroacylation of dialkyl azodicarboxylates, the reaction

of diisopropyl (E)-diazene-1,2-dicarboxylate (1a) and benzaldehyde

(2a) was chosen as a model, in which commercially available

BaTiO3 particles (particle size: 0.6-1 μm, piezoelectric tetragonal)

were used as the piezoelectric materials according to the reported

method (Table 1) [12]. During this evaluation, the model reaction

was performed with a planetary ball mill equipped with 25 mL jars

Table 1

Optimizations of the reaction parameters.a

Entry Piezoelectric material/additive/conditions Yield of 3a (%)b

1 BaTiO3/- -/O2 14

2 BaTiO3/- -/Ar N.R.

3 - -/- -/O2 N.R.

4 - -/(NH4)2S2O8/Ar Trace

5 - -/(NH4)2S2O8/O2 29

6 BaTiO3/(NH4)2S2O8/O2 95

7 BaTiO3/(NH4)2S2O8/Ar 46

8 BaTiO3/(NH4)2S2O8/air 93

9 BaTiO3/Na2S2O8/air 37

10 BaTiO3/K2S2O8/air Trace

11 BaTiO3/TBHP/air 41

12 BaTiO3/H2O2/air Trace

13 BaTiO3 (0.2 μm)/(NH4)2S2O8/air 89

14 BaTiO3 (1-3 μm)/(NH4)2S2O8/air 85

15 Li2TiO3/(NH4)2S2O8/air 63

16 BaSO4/(NH4)2S2O8/air 26

17 TiO2/(NH4)2S2O8/air 16

18 NaCl/(NH4)2S2O8/air 13

a Reaction conditions: 1a (0.5 mmol, 1 equiv.), 2a (0.75 mmol, 1.5 equiv.),

(NH4)2S2O8 (0.5 mmol, 1 equiv.), piezocatalyst (2.5 mmol, 5 equiv., 0.6-1.0 μm), air

or O2 or Ar atmosphere, 450 rpm at 25 °C for 1 h.
b Isolated yields. N.R.=No reaction occurred.

and 25 stainless steel grinding balls (Ø 9 mm) at 25 °C (Table S1 in

Supporting information).

Initially, we observed that the reaction did not occur under an

argon atmosphere and blank reaction, whereas it achieved a yield

of 14 % under an oxygen atmosphere (entry 1 versus entries 2

and 3). This comparison indicated that the piezoelectric material

BaTiO3, under an oxygen atmosphere, was capable of activating

molecular oxygen and facilitating electron transfer processes to ini-

tiate the reaction, albeit with a very low yield. Interestingly, com-

pared to the trace amount of product obtained using (NH4)2S2O8

as an oxidant under an argon atmosphere in the absence of a

BaTiO3 system, the comparative control experiment revealed that

the reaction could also proceed under an oxygen atmosphere, re-

sulting in a reaction yield of 29 % (entry 4 versus entry 5). This

finding indicated that, even under conventional ball-milling con-

ditions, the reaction could be initiated using (NH4)2S2O8 as the

oxidant with the assistance of molecular oxygen. These observa-

tions suggested that there were collaborative contributions of oxy-

gen and ammonium persulfate. In particular, when the piezoelec-

tric material BaTiO3 was introduced into the reaction system un-

der the same conditions, the efficiency of the hydroacylation could

be significantly improved from 29 % to 95 % yield (entry 6 ver-

sus entries 4 and 5). Furthermore, it was found that this out-

come nearly doubled the yield observed in an argon environment

(entry 6 versus entry 7). These comparisons clarified that BaTiO3,

(NH4)2S2O8, and molecular oxygen were important reaction pa-

rameters, whose collaborative contributions significantly promoted

the reaction, thereby demonstrating the advantage of piezocataly-

sis under ball-milling conditions (entry 6 versus entries 1, 4, 5, and

7). To our delight, the reaction conducted under an air atmosphere

remained largely unaffected, still affording the target product 3a

in up to 93 % yield (entry 8 versus entry 6), which was identified

as the optimal condition for the piezocatalytic reaction under the

ball-milling conditions (entry 8). Noteworthy was the markedly ac-

celerated model reaction, as the hydroacylation under ball-milling

conditions reached completion within 1 h, in sharp contrast to

2
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Scheme 1. The control experiment investigations.

48 h under the conventional batch process [16]. The turnover fre-

quency (TOF) of piezoelectric BaTiO3-mediated hydroacylation un-

der ball-milling conditions reached 0.186 h−1, still exceeding the

previously reported value (0.102 h−1) for the copper-catalyzed hy-

droacylation of 1a with 2a.

Subsequently, a comparison of several additives was conducted.

It was found that when its analogs (sodium persulfate and potas-

sium persulfate), or the corresponding oxidants (tert-butyl hy-

droperoxide (TBHP), or hydrogen peroxide) were used as addi-

tives, the reaction yield significantly decreased, thereby reinforcing

that (NH4)2S2O8 was the optimal additive (entry 8 versus entries

9-12). Finally, several commercially available BaTiO3 nanoparticles

with different particle sizes were further optimized, revealing that

BaTiO3 with a particle size of 0.6-1 μm was the most effective (en-

try 8 versus entries 13 and 14). Additionally, it was determined that

BaTiO3 was the superior piezoelectric material, which clearly out-

performs other types of additives or piezoelectric materials (entry

8 versus entries 15-18).

To gain further insight into the reaction mechanism, a series of

control experiments were conducted in the piezoelectric materials-

mediated hydroacylation reaction of dialkyl azodicarboxylates un-

der the ball-milling conditions, as outlined in Scheme 1. Initially,

when TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) or DMPO (5,5-

dimethyl-1-pyridine-N-oxide) was introduced into the reaction sys-

tem as a free radical trapping agent, the model reaction was sig-

nificantly suppressed, yielding only trace amounts of the desired

product, thereby confirming a radical process (Scheme 1A). For-

tunately, although DMPO failed to capture the anticipated radi-

cal adduct, a 2g-TEMPO adduct was successfully detected through

high-resolution mass spectrometry (HRMS) and confirmed by 1H

NMR spectroscopy, with a yield of 36 % (Experimental section and

Fig. S1 in Supporting information). This result provided evidence

for the involvement of an α-carbonyl radical in the reaction mech-

anism [22,27]. Next, comparative investigations were performed

between the standard ball-milling reaction (Scheme 1B1) and two

control experiments (Schemes 1B2 and 1B3). Compared to the

Fig. 2. A proposed mechanism for the mechanoredox-mediated hydroacylation of

dialkyl azodicarboxylates.

only 26 % yield of the reaction in the absence of (NH4)2S2O8

system (Scheme 1B2), the reaction of 1a and 2g under standard

ball-milling conditions in the presence of (NH4)2S2O8 resulted in

91 % yield of 3g (Scheme 1B1). This comparison suggested that

the highly oxidizing sulfate radical (SO4
•−), generated via the ho-

molytic O-O bond cleavage of S2O8
2−, was the primary contribu-

tor in a single-electron transfer (SET) process responsible for the

formation of the α-carbonyl radicals [28–32]. Furthermore, com-

pared to the absence of product observed under an argon atmo-

sphere without the assistance of molecular oxygen (Scheme 1B3),

a 26 % yield was obtained under ambient air conditions (Scheme

1B2), suggesting that the superoxide radical (O2
•−) generated from

molecular oxygen in the air also contributed to radical formation

[33–40]. Fortunately, compared to the 26 % yield observed under

ambient air conditions (Scheme 1B2), when known superoxide rad-

ical scavengers, such as p-benzoquinone and ascorbic acid, were

introduced into the reaction system, the reaction was completely

inhibited, thereby confirming the involvement of the superoxide

radicals (Scheme 1C) [41–43]. All these observations demonstrated

that the collaborative contribution of (NH4)2S2O8 and air (O2) sig-

nificantly enhanced the piezoelectric performance of BaTiO3 in

mechanoredox catalysis, leading to the highly efficient synthesis of

acyl (alkyl) hydrazides.

Finally, to elucidate the roles of piezoelectric materials in pro-

ducing surface charges that drive redox reactions during the ball-

milling process, the control experiments with electron scavenger

AgNO3 and hole scavenger KI were investigated. It was observed

that the addition of electron scavenger AgNO3 completely inhibited

the model reaction, while the introduction of the hole scavenger KI

reduced the reaction yield to 23 % (Scheme 1D) [44]. The former

observation indicated that the electron transfer induced by BaTiO3

polarization was suppressed, halting the reaction, while the latter

suggested that the reaction cycle could be interrupted, leading to a

significantly reduced yield. These findings confirm that the polar-

ization of BaTiO3 under milling conditions, driven by mechanical

force, plays a critical role in the reaction process.

Based on the above investigations, a plausible reaction path-

way was proposed, as depicted in Fig. 2. Initially, under ball-

milling conditions, BaTiO3 undergoes polarization and directly re-

duces persulfate ions (S2O8
2−) and/or oxygen (from air) via a sin-

gle electron transfer (SET) reaction, generating the corresponding

sulfate radicals (SO4
•−) and/or superoxide radicals (O2

•−), as con-

firmed by the above control reactions [45,46]. Subsequently, the

combined action of sulfate radicals (SO4
•−) and/or superoxide rad-

icals (O2
•−) abstracts a hydrogen atom from 2 through a hydrogen

atom transfer (HAT) pathway, generating bisulfate anion (HSO4
−),

hydroperoxide anion (HO2
−), and the corresponding benzoyl rad-

ical (A). The radical trapping experiments verified the presence

of this benzoyl radical (Scheme 1A). Next, the benzoyl radical (A)

3
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Scheme 2. Scope for the hydroacylation of dialkyl azodicarboxylates.

adds to substrate 1 to generate a nitrogen-centered radical inter-

mediate (B), which subsequently abstracts a hydrogen atom from

2 via a HAT pathway, furnishing the desired product 3. Finally, the

positively charged hole in excited BaTiO3 undergoes another SET

step by accepting an electron to regenerate the neutral BaTiO3,

thereby completing the entire catalytic cycle of piezocatalysis and

radical addition.

Having established an efficient mechanoredox process, the re-

actions with a series of aryl- or alkyl-substituted aldehydes and

dialkyl azodicarboxylates were further investigated to assess their

general feasibility, as shown in Scheme 2. It was discovered that

all the examined dialkyl azodicarboxylates consistently reacted

with aromatic aldehydes under the optimal ball-milling condi-

tions, yielding their respective products (3a-3z’) with moderate

to high isolated yields. These yields were superior to those ob-

tained under conventional solvent-based conditions due to the sig-

nificantly shortened reaction time (Fig. S2 in Supporting informa-

tion). In the series of aromatic aldehydes, it was found that the

position of the substituent on the aromatic ring had a notable

impact on their catalytic performance. It was found that, unlike

conventional solvent-based reactions, the electronic influence of

substituents on the aromatic ring under piezoelectric ball-milling

conditions did not follow a clear and consistent trend. For para-

substituted substrates, the reactivity pattern remained largely con-

sistent with that observed in solution, in which aromatic alde-

hydes bearing electron-donating groups afforded relatively higher

yields than those with electron-withdrawing groups (e.g., 3c, 3d,

3f, and 3g versus 3i, 3l, 3m, 3o, and 3p). In contrast, for ortho-

and meta-substituted aromatic aldehydes, the electronic nature of

the substituents did not display an obvious correlation with re-

action outcomes. It was observed that the steric properties of

the substituents were found to significantly influence the reactiv-

ity. Specifically, aromatic aldehydes with ortho-substituents (e.g.,

3b and 3q) showed markedly reduced catalytic performance com-

pared to those with para-substituents or even meta-substituted

analogs.

In addition to the general tolerance of aromatic aldehydes, this

piezocatalytic hydroacylation reaction also proved to be compatible

with the alkyl-substituted aldehydes. Several representative alde-

hydes were successfully engaged in reactions with 1a, leading to

the formation of the desirable corresponding products (3u–3z’).

Generally, it was found that aliphatic aldehydes afforded relatively

higher yields compared to their aromatic counterparts (e.g., 3u, 3x,

and 3z versus 3a, 3b, 3d, 3e, 3h, 3i, 3k, and 3j-3q), however, this

trend became more intricate because of the catalytic nature of me-

chanical force under ball-milling conditions. Due to the intrinsic

stability of free radicals, the reaction yield of cycloalkyl-substituted

aliphatic aldehydes decreases as the ring size decreases from

six-membered to four-membered (3u–3w). Similarly, for alkyl-

substituted aliphatic aldehydes directly connected to alkanes, tert-

butyl-substituted aldehydes achieved a yield of 98 %, significantly

outperforming other types of aliphatic aldehydes (3x–3z’).
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Scheme 3. Synthetic utility. (1) Derivatization experiments of 3a. (2) The synthesis

of a bioactive ibuprofen-derived acyl hydrazide. (3) Gram-scale mechanochemical

synthesis.

To demonstrate the synthetic utility of this transformation, four

representative nucleophilic additions of the product 3a were per-

formed. It was found that these nucleophilic substitutions of the

product enabled the facile synthesis of ester 4 (68 % yield), hydrox-

ylamine 5 (73 % yield), and amide derivative 6a-6b (87 % and 71 %

yield) [21,25]. Moreover, the BaTiO3-mediated hydroacylation could

also be directly applied to the late-stage derivatization of a bioac-

tive ibuprofen-derived aromatic aldehyde, wherein the reaction of

1a and this aldehyde afforded the corresponding product 7 in 53 %

yield, as shown in equations 1-2 of Scheme 3 (Fig. S3 in Support-

ing information) [25]. Additionally, a gram-scale mechanochemical

synthesis was performed to demonstrate its potential applications.

To ensure complete substrate contact and thorough grinding of the

piezoelectric material, five additional steel balls were added un-

der standard conditions to enhance the reaction efficiency. It was

found that the reaction of 3.50 mmol (0.71 g) of 1a and 5.25 mmol

(0.85 g) of 2f produced 3f in 92 % isolated yield (1.17 g) with a

maintainable isolated yield (Scheme 3, Eq. 3) (see Experimental in

Supporting information). Interestingly, BaTiO3 could be readily re-

covered and reused. In five consecutive recycling runs, BaTiO3 con-

sistently delivered the corresponding product in 87 % yield in the

fifth cycle, thereby demonstrating the stability under ball-milling

conditions confirmed by XRD analysis (Table S2 and Fig. S4 in Sup-

porting information).

In conclusion, a green and efficient ball-milling method for the

piezocatalytic hydroacylation of aldehydes and dialkyl azodicar-

boxylates using BaTiO3 as a piezoelectric material and ammonium

persulfate as an oxidant under an air atmosphere is developed.

The method demonstrated high catalytic efficiency, affording the

desired products in high yields under ambient temperature con-

ditions. This approach not only eliminates the need for solvents

but also significantly enhances both the reaction rate and yield

compared to traditional methods. Mechanistic investigations reveal

that the piezoelectric effect of BaTiO3, along with the collabora-

tive contributions of molecular oxygen and ammonium persulfate,

plays a crucial role in driving the reaction forward. Further insights

into the piezocatalytic conversion process also demonstrate that

the benzoyl radicals, generated via polarization of BaTiO3 under

mechanical activation, undergo radical addition to dialkyl azodicar-

boxylates, leading to the formation of acyl hydrazides. This efficient

and sustainable strategy provides valuable insights for theoretical

guidance in designing piezocatalysis for future research. This strat-

egy also opens up new possibilities for sustainable and large-scale

applications in the preparation of valuable acyl hydrazides and

other nitrogen-containing intermediates for future applications.
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