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ABSTRACT: Sonochemistry, the use of sound waves, usually
within the ultrasonic range (>20 kHz), to boost or alter chemical
properties and reactivity constitutes a long-standing and
sustainable technique that has, however, received less attention
than other activation protocols despite affordable setups. Even if
unnecessary to underline the impact of ultrasound-based strategies
in a broad range of chemical and biological applications, there is
considerable misunderstanding and pitfalls regarding the inter-
pretation of cavitational effects and the actual role played by the
acoustic field. In this Perspective, with an eye on mechanisms in
particular, we discuss the potentiality of sonochemistry in synthetic
organic chemistry through selected examples of past and recent developments. Such examples illustrate specific controlling effects
and working rules. Looking back at the past while looking forward to advancing the field, some essentials of sonochemical activation
will be distilled.

“Alf red L. Loomis, Wall Street banker and scientist, with a
beautifully equipped research laboratory at his Tuxedo
Park residence where he cooperates in pure science
necromancy with his f riend, Professor R. W. Woods, of
Johns Hopkins University, made public yesterday details of a
new form of sorcery, super-audible sounds.”

The New York American (1927)1

■ INTRODUCTION AND MOTIVATION

Nearly one century after the seminal discovery by Loomis and
associates of chemical, physical, and physiological effects
induced by ultrasonic frequencies, sonochemistry has become
a promising and cost-effective technique to reconsider
sustainable chemical syntheses in line with the ever-increasing
impact of environmental concerns. Sonochemistry has moved
from a specialized field to inter- and multidisciplinary domains
ranging from nanotechnology to drug delivery, among others.
Although the use of ultrasonic activation has long been
brought into the mainstream of organic synthesis, modern
synthetic challenges such as selective functionalization, stereo-
chemical control, or mechanistic interpretations still represent
unsolved and/or open questions.
Compared to other enabling techniques, namely photo-

chemistry, electrochemistry, and microwave chemistry, for
which some variables are known and should be adjusted;
sonochemistry is often viewed as a black art, where it is less
easy to predict what you are going to get. Ways of thinking
with this technique lie invariably in cavitation (vide inf ra),
which is complex enough to model or interpret all effects in

solution. This is reminiscent of the renaissance of sonochem-
istry in organic synthesis in the early 1980s as narrated by one
pioneer, Jean-Louis Luche, who attempted a difficult Grignard
reaction in a cleaning bath when all else failed. The
transformation succeeded and led to new avenues and
strategies in metal activation and improved one-pot Barbier-
type reactions that bypassed tedious and hazardous organo-
metallic reactions.2 Readers are referred to recent books and
reviews that address the multiple applications of ultrasonics
and sonochemistry and provide sufficient knowledge for
further research.3−7 Previous textbook-like monographs,
suitable for beginners and practitioners alike, deal with key
concepts and useful tips while illustrating the broad
applicability of ultrasonic waves.8 In fact, sonochemistry
owes credit to some pioneers who paved the way to the
current state of the art, both demystifying the technique and
showing the fundamentals embedded in acoustics along with
working rules. To name a few who influenced our approach to
organic sonochemistry, but by no means excluding others:
Jean-Louis Luche, Ken Suslick, Tim Mason, Arnim Henglein,
Peter Riesz, Takashi Ando, Oleg Abramov, and Jacques Reisse.
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Herein, we concentrate on sono-organic methods and
general trends, which reflect well-established points and open
up prospects for future explorations, especially in organic and
medicinal chemistry. We begin with some introductory aspects
of cavitational effects, followed by practical remarks on
common ultrasonic reactors and how a series of external
parameters, often overlooked or misunderstood, matter. The
Perspective continues with some empirical rules, which show
the opportunities and challenges for achieving creativity and
selectivity under eco-friendly conditions. We finally address
future orientations and innovations, such as piezo-redox
catalysts, flow designs, and in-line automation.

■ WHAT IS CAVITATIONAL CHEMISTRY?
Ultrasound refers to inaudible acoustic waves, which are
generally considered as being about 20 kHz, even though the
audible upper limit of frequency in humans depend on age and
other physiological conditions. Power ultrasound is devoted to
high-intensity applications that produce permanent changes in
the physical and chemical properties of materials. Most
sonochemical reactions are conducted at ultrasonic frequencies
between 20 and 100 kHz with intensities high enough to cause
cavitation in the liquid medium. This unique phenomenon
provides the kinetic energy that fuels a transformation to
completion and involves a juxtaposition of purely chemical
(i.e., bond-breaking and bond-forming reactions) and
mechanical (cleaning, dispersion, friction, interface instability,
degassing, defoaming, and others) effects. Within this context,
ultrasound-induced chemistry can be appropriately defined as
cavitational chemistry.9,10 Cavitation refers to the generation of
voids or microsized cavities when a liquid suffers a sufficient
pressure drop that disrupts its cohesive forces. The subsequent
and violent collapse to restore the intermolecular interactions
releases a huge energy input accounting for the aforemen-
tioned effects. Although cavitation can be produced by various
methods, there is little doubt that acoustic cavitation is the best
known. The extreme conditions inside the microbubble with
temperatures of several thousand Kelvin and more than 1000
atm were notably advanced by Lord Raleigh in the first
hydrodynamic model as early as 1917.11 Given the small size
(∼1 μm) and transient lifetime (∼1 ns) of bubbles, the
physical nature of cavitation has been ascertained through light
emission spectra (sonoluminescence) that occur during bubble
collapse, which have even unveiled formation of plasma-like
conditions in recent studies.12−14

Surprisingly, the first chemical effects observed by Loomis
and his co-workers were ascribed vaguely to “frequency effects”
(they employed high-frequency transducers, unusual by that
time). By 1929, however, the first description of ultrasonic
oxidations suggested the putative role of hydroxyl radicals.15

Richards reported the first comprehensive review of supersonic
transformations, including sonochemical ones, in 1939 with
348 references.16

A catching picture of cavitation and its effects is shown in
Figure 1. Volatile reagents and solvents will be trapped in the
microbubbles, then undergoing homolytic cleavage and/or
conversion into excited states. This represents a primary
sonochemistry that can be followed by secondary effects, as
such reactive species delivered into the liquid will react with
molecules at the vicinity of the collapsing bubble or recombine
to form stable products. Bubble collapse is accompanied by
shock waves and shear forces that may cause further rupture of
nonvolatile molecules accumulated at the bubble interface. In

heterogeneous reactions involving solid−liquid and liquid−
liquid interfaces, such forces result in high-velocity flows,
acoustic streaming, which enhance both mass and energy
transfers. Bubble implosion on surfaces generates microjets,
hammering, and interparticle collisions,17 all accounting for the
well-established mechanical action and cleaning of acoustic
cavitation.8,18 In aqueous media and in the presence of oxygen,
formation of reactive oxygen species (ROS) will take place,
with the OH radical being the most significant and nonspecific
oxidizing agent. Accordingly, a large variety of organic
molecules, especially pollutants, can be degraded by sonication
alone or combined with other protocols.19 Good correlations
between octanol−water partition coefficients and reaction rates
have been observed, as hydrophobic pollutants tend to
accumulate near cavitation bubbles.20 The cytotoxicity
associated with some ROS can also be harnessed in
sonodynamic therapies, involving the action of sonosensitizers
under ultrasonic stimulation.21

Remarkably, cavitation is a geochemical phenomenon that
occurs naturally under intense hydrodynamic conditions,
turbulent streams, earthquakes, or waterfalls and wherever a
shear force rapidly disrupts the continuity of aqueous surfaces.
Collapsing waves in primeval oceans would have generated
sufficient cavitation to induce chemical reactions and hence,
formation of organic compounds.22 The putative role of
cavitation in prebiotic synthesis of life-based building blocks
was suggested long time ago,23,24 but its potentiality has
scarcely been explored. A recent and detailed study from
Grieser’s team reported that cavitation may be effective in
producing amino acid mixtures from carbon and nitrogen
sources available in the early biosphere.25 Ultrasonic irradiation
(355 kHz, 70 W) of a mixture of nitrogen, methane, water, and
acetic acid led to formation of a few amino acids (glycine,
ethylglycine, and alanine) at rates in the range 1−100 nM/min
(Scheme 1).
It is believed that pyrolytic decomposition of substrates

would occur within the imploding bubbles, affording H•, HO•,
•NH•, and NH2

• radicals, among others, with acetic acid being
sufficiently volatile to enter an expanding bubble and
fragmented into carbonaceous radicals as well. Both radical−
radical and radical−molecule reactions should be equally
probable given the high radical concentration within the
bubbles and yielding the end products in solution. This sort of
cavitational syntheses provides new vistas in origin-of-life
studies, as evidenced recently by Zeiri et al. from a
computational simulation of cavitational impacts (via shock
wave modeling) on variable gaseous mixtures (CO, CO2, CH4

Figure 1. Representation of chemical and mechanical effects induced
by acoustic cavitation.
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+ N2, NH3, or HCN) showing the generation of prebiotic
monomers like glycolaldehyde, glyceraldehyde, urea, cyana-
mide, formamide, isocyanic acids, and others.26

■ OPTIMIZATION AND MODES OF OPERATION.
APFEL’S RULES

Although this Perspective is not intended to be a tutorial on
ultrasonics, like in the case of raising techniques, electro-
chemistry, for instance,27 some background and guidelines are
pertinent showing the simplicity of the technique through
three common devices. The toolbox relies on the proper use of
operational modes to ensure reproducibility, as gathered in

Scheme 1. Prebiotic-like Cavitational Synthesis of Amino
Acids

Figure 2. Some basic precepts and tips for proper use of ultrasonic devices. The image (from left to right) shows the usual setups (bath, probe, and
cup horn) to conduct sonochemical reactions.
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Figure 2.6,28 Such setups usually work at a given frequency with
wave amplitudes controlled by external voltage. Multifrequency
reactors, even reaching the MHz zone, are more expensive and
require a bit of expertise. Dosimetry methods to determine the
actual acoustic power are strongly encouraged,8 especially with
ultrasonic baths. Numerous practitioners report essentially the
nominal frequency (generally between 25 and 40 kHz) and
output power indicated by the supplier, which are largely
meaningless. Nor do reviewers, unfamiliarized with sonochem-
istry, recognize the importance of determining a few working
parameters. Since sound radiation is devoid of quantum
character, similar chemical effects can be attained within a
broad range of frequencies. Certainly, there are frequency
effects, but they should be assessed separately as a function of
the acoustic intensity. The solvent is more than the reaction
medium. While conventional chemistry pays attention to
solvent’s properties like acidity or polarity, physical character-
istics (volatility, viscosity, or surface tension) play key roles in
sonochemical activation as they will affect both sound
propagation and cavitational implosion.
The design of devices enables various adjustments like

pulsed on/off irradiation, pressurized vessels, or bubbling gas.
Even if the hot-spot temperature inside the microbubbles will
determine the outcome of a sonochemical reaction (amount
and nature of excited species), the macroscopic temperature
has the same relevance as in silent reactions. Pulsed mode or
thermostated vessels provide accurate thermal control. A
“quick and dirty” solution, yet practical with cleaning baths,
involves the deliberate addition of ice or cold water as the
temperature rises after prolonged sonication.
In the late 1980s and early 1990s, some sonophysicists, long

engaged in cavitation, became rather perplexed when chemists
reported sonochemical experiments, often using baths, without
knowing the acoustic field to some detail.29 As mentioned
above, this criticism is also pertinent in 21st century
sonochemistry, although a full physical modeling of that field
is not required and it is obviously beyond the scope of
synthetic purposes. In context, however, one should recall a
few precepts, postulated by Apfel some decades ago,30 which
are known as Apfel’s golden rules and expressed in a Socratic
style: “know thy liquid”, “know thy sound field”, and “know
when something happens”. Apfel reasoned that the first
determines the cavitational threshold, the second the accuracy
of measurements, and the third tells us that the effects of
cavitation indirectly inform about the magnitude of cavitation
itself. In short, the rules warn about the measurement and
significance of the acoustical parameters and, as a consequence,
on the right use and calibration of ultrasonic devices.
The definition and use of physical parameters in the field of

ultrasonics are rarely obvious to the chemist and can be the
source of misinterpretations and overestimations. They are,
however, of paramount importance for reproducibility and
should remain constant for comparative analyses. Ultrasonic
frequencies are divided into two broad groups: low-frequency/
high-power (from ca. 18 kHz to 100 kHz) and high-frequency/
low-power (from 100 kHz to 10 MHz). The former is the
usual area of sonochemistry where mechanical effects are
prevalent, while enhanced radical production and therefore
chemical effects, are associated with the high-frequency
range.28,31 The reactive species generated within the collapsing
bubble and diffusing into the surrounding liquid, follow
different evolution as a function of the bubble lifetime and
radius, which depend among others on the frequency.

Although global effects vary with the acoustic frequency,32 it
makes no sense to worry about using specif ic f requencies.
Moreover, in some common devices, such as baths, the
resonance frequency is modified by other parameters like
temperature, the level of liquid in the tank, and the transducer
load owing to the reaction mixture.8,28

Since sound is caused by pressure waves, the acoustic
intensity can be defined as the power per surface unit and
denoted as

ρ=I P c/2A
2

(1)

where PA is the acoustic pressure amplitude of the wave, ρ the
density of the liquid, and c the speed of sound in that medium.
This expression is valid only for planar or spherical waves
generated within low-pressure variations. Cavitation at low-
frequency ultrasound induces significant changes in acoustic
pressures and complex, nonlineal behaviors are observed.33 A
relative measurement (and usually invoked in chemical
studies) can be obtained from the amplitude of the emitter.
However, a common mistake is to associate the ultrasonic power
ef fect with the vibrational amplitude because the acoustic power
transmitted depends on the emitting surface. Even worse, if the
amplitude is maintained at the same level during a chemical
reaction, any modification of the system (such as temperature,
viscosity, concentration, etc.) will also modify the power. In
other words, the amplitude must change if the power is to
remain constant. That said, running a reaction at different
vibration amplitudes enables comparisons of synthetic
efficiency, provided that other parameters, including the
shape and dimensions of the probe assembly, are specified.
Probably the best way to characterize the energy delivered

into the reactor is the notion of ultrasonic power, i.e., the
transmitted acoustic power (in watts or milliwatts) or the
power density (W/cm2). This value can be inferred from
physical or chemical measurements.8,28,34 The easiest physical
method implies the assimilation of the reaction vessel to a
calorimeter, where the temperature is measured and plotted
against time. Above the cavitation threshold, the acoustic
energy is partially dissipated into heat. The calorimetric power
(in watts) can be deduced from the following relationship with
slope ΔT/Δt

= · ·Δ ΔP w m C T t( ) /p (2)

where m is the mass of liquid irradiated with ultrasound and Cp
the isobaric thermal capacity. It is obvious, by virtue of the
nonlinear behavior of cavitation bubbles, that the bulk
temperature may not be spatially homogeneous and variations
occur within the reaction vessel.35 Accordingly, irradiation
focused on small volumes is desirable in the search for
reproducibility. Chemical dosimetry involves the estimation of
radical species by sonolysis, which can be quantified by UV−
vis or fluorescence measurements.36 In aqueous media, OH
radicals are created and monitored by different methods, the
most popular being the Weissler reaction, based on the
oxidation of an aqueous KI solution to I2; addition of some
halogenated solvents greatly enhances the oxidation rate.8 In
organic solvents, radicals other than OH• can be generated,
and the decomposition of reagents like DPPH (2,2-diphenyl-1-
picryl-hydrazyl) has become a very sensitive probe of organic
sonolysis. Spin-trapping of the radicals with monitoring by ESR
is an accurate method, not always available in every
laboratory.37 More sophisticated and accurate protocols take
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advantage of sonoluminescence spectra or chemiluminescence
mapping obtained by oxidative degradation of luminol.38,39

These methods provide a topology of the ultrasonic field, i.e.,
the spatial distribution of acoustic energy and location of
maxima in cavitation.

■ SONOCHEMICAL REACTIVITY: CONVERGENT AND
DIVERGENT PATHWAYS

When we were introduced to the field of ultrasonics, our
motivation as organic chemists was to understand an
apparently new model of chemical reactivity, other than
photochemistry and electrochemistry. Luche proved to be an
efficient mentor and wondered about the central point:2,10

When and where does sonochemistry take place?
A general misconception dealing with ultrasonic activation is

the often unproven assumption that a radical pathway is
triggered and single-electron transfer (SET) occurs, as
cavitational implosion causes solvent’s pyrolysis and homolytic
ruptures. The reaction partners can be unaffected and the
whole reaction remains insensitive to sonication or exhibits a
weak effect. This consideration is behind the so-called Luche’s
rules in an attempt to determine whether or not the rate-
limiting step is actually the sonication-sensitive step and,
whether cavitation or new chemical intermediates dictate the
reaction outcome. Luche himself cautioned about the general
use of a classification based largely on empirical observations.
There is a consensus on the Second Class reactions involving
heterogeneous ionic reactions, both solid−liquid and liquid−
liquid, where mechanical effects derived from violent bubble
collapse at the interfaces (vide supra) account for rate and yield
enhancements. Moreover, polar and nonvolatile molecules can
accumulate at the bubble-liquid interface, yet experiencing
breakage by shock waves. As we shall see shortly, the
categorization is unclear in numerous cases and borderline
situation emerge. When seeking a mechanistic rationale, a
convenient approach is the elucidation of convergent and
divergent processes (Scheme 2).10,40 This view on reactivity

envisages the plausibility of competitive, simultaneous polar
and radical pathways. When silent and ultrasonic reactions
converge to the same product(s), only an overall acceleration
usually results from sonication along with a different product
distribution. If the two reaction pathways are divergent and
afford different products, sonication carries a true chemical
component that leads to switching. It is worth pointing out
that both convergence and divergence under sonication do not
necessarily imply a competitive radical route. This reminds us that
the first sonochemical switching reported involved the change

from an electrophilic aromatic substitution under stirring to a
bimolecular nucleophilic substitution by sonication, as the
more vigorous ultrasonic agitation alters the surface sites of the
catalyst, thereby hampering the former reaction. This
interpretation, now widely accepted, might not exclude the
generation of radical species on a solid surface, provided the
organic precursor is prone to undergo a SET pathway.
A paradigmatic illustration of sonochemical convergence is a

Wittig−Horner olefination catalyzed by Ba(OH)2, for which
there is compelling evidence of a radical pathway with
sonication playing a 2-fold role.41 The hydroxy groups on
the catalyst surface serve as single-electron releasing sites which
under ultrasound produce the radical anion of the
phosphonate ester. The other ultrasonic effect is to cleave
the trace amounts of water affording OH• radicals in sufficient
concentration to sustain the catalytic cycle (Scheme 3).

Homogeneous reactions in solution, illustrated by numerous
addition and substitution reactions, appear to be the most
problematic cases to understand. The hydrolysis of saccharose
is a valuable example where the increase of reaction rate
observed with irradiation is related to the cavitational event, as
some formic acid, most likely generated by oxidation of the
sugar with OH radicals, catalyzes this pH-dependent reaction.
The conjecture could be confirmed by performing a
mechanically stirred reaction in the presence of HCOOH
with quasi-identical results as for the sonolyzed reaction.42

Acid-catalyzed hydrolysis of esters or acetalization reactions
exhibit, however, weak sonication effects with only marginal
increases in the rate. The fact that irradiation at higher
frequencies does not modify the rate with respect to the
nonsonicated reactions points to the negligible effect of radical
production on such purely ionic mechanisms.10 Conversely,
heterogeneous acetalization of unprotected sugars, which
remain insoluble in the reaction mixture, are significantly
accelerated by the sonication treatment.43 Clearly, the polar
mechanism is not affected, but the enhanced mass transfer
relative to conventional stirring leads to a greater yield.
Notably, products are usually cleaner as acceleration avoids
side reactions occurring in solution, and due to acid catalysis in
a simultaneous way as the heterogeneous transformation
proceeds. Such side reactions, being homogeneous polar
processes, are not affected by sonication either.
Substrates with ambident reactivity or those leading to

stabilized carbon- or heteroatom-centered radicals represent
the realm of the third class of sonochemical reactions, which
can follow either SET reactions or conventional ionic/
concerted routes. The direct coupling of metals and organic
partners usually requires harsh conditions or are virtually

Scheme 2. General Classification of Sonochemical Reactions
Relative to Silent Conditions Depending on Product
Distribution

Scheme 3. Convergent Sonochemical Wittig−Horner
Reaction Catalyzed by Barium Hydroxide
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negligible at room temperature, most likely owing to the
heterogeneous nature of the system. Sonication in the presence
of electron carriers (like benzophenone or 4,4′-ditert-
butylphenyl affording almost instantaneous production of
their colored radical anions) leads to dramatic reaction rates
in the so-called supersonic preparation of versatile metal
reagents.44 This result would not be expected on a mechanical
effect alone and lends instead support to a SET pathway
triggered by ultrasound. Two noticeable examples are lithium
diisopropylamide (LDA) and samarium(II) iodide, widely
employed in contemporary organic synthesis.45,46 Scheme 4

depicts the expeditious sonochemical preparation of LDA that
can be conducted in less than 30 min at room temperature and
bypass the inert and dry conditions used conventionally.47

Sonication of diisopropylamine, lithium powder, and an
electron carrier (ideally isoprene as the only byproduct is
volatile methylbutene), in THF or a THF−heptane mixture,
affords the desired LDA reagent. Electron transfer from the
metal surface to the dialkylamine occurs almost immediately
under sonication.
The ease with which some metal reagents are obtained by

sonication can further be coupled with elegant elaborations of
natural product skeleta, like the families of avermectins and
milbemycins, especially aided by transition-metal carbonyls.
Thus, π-allyl tricarbonyliron lactones (ferrilactones), which can
be isolated as stable crystalline solids from a variety of
carbonyl, epoxide, or aryl sulfone reagents, lead to four-, five-,
and six-membered lactones and lactams. Ultrasound enables
their transformation into more sensitive substances such as
glycosides, glycals, and medium-ring cyclic ethers that are
unavoidable under thermal conditions.44,48 As portrayed in
Scheme 5, malyngolide (isolated from a 1:1 diastereomeric
mixture by chromatography), a natural product present in blue
algae and active against mycobacteria and micrococcus, could be
easily prepared from a vinyl epoxide through a sonochemical
reaction with Fe2(CO)9 in benzene. Sonication releases
Fe(CO)5 or Fe(CO)4 that can be trapped by alkenes and
other double bonds. Such coordinatively unsaturated metal
species play the equivalent role of radicals or carbenes in all-

carbon chemistry, and account for the positive effect in
activating volatile metal carbonyls.
It is somewhat counterintuitive that violent cavitation

leading to turbulent hydrodynamic regimes achieves selective
transformations, which would not occur under other conven-
tional conditions. In the synthesis of (+)-milbemycin-β1,
structurally related to avermectins and isolated from
Streptomyces bacteria, and employed for veterinary use, a key
alkylation step was only successful with ultrasound and
compatible with a sensitive array of functional groups (Scheme
6). Likewise, the synthesis of naturally occurring bioactive
compounds benefitted from the pluses of sonication, as
exemplified in the synthesis of a key intermediate en route
to tetronasin, an ionophore antibiotic (Scheme 7).44 The use
of NaSePh in the second step, sonochemically generated by
cleavage of PheSeSePh with sodium in THF, proved to be
instrumental. In the presence of benzophenone as ET reagent,
sonication speeds up the reaction from 72 h (without the
ketone) to 0.1 h.
These transformations take place under heterogeneous

conditions and can reasonably be categorized within the
Type-III class of sonochemical reactions capable of following
either polar or radical mechanisms. Selectivity could then be
ascribed to reactions occurring prevalently at the solid−liquid
interface, rather than in solution, with adsorption−desorption
promoted by cavitation. The argument is reinforced by other
cases where both regio- and stereoselectivity are enhanced
using low acoustic powers. Conversely, poor selection takes
place as the ultrasonic intensity increases, thereby removing
faster adsorbed species or transient intermediates that would
evolve in the bulk liquid.49 The point is further witnessed by a
recent and salient Pd-catalyzed meta-selective C−H function-
alization of arenes tethered with a controlling distal group.50

Using a cleaning bath at room temperature without special
power control, alkylation, olefination, acetylation or cyanation
proceeded selectively at meta-position and without a trace of
disubstituted meta-isomers observed under thermal reactions at
higher temperature and longer reaction times (Scheme 8).
Some reactions did not occur in the absence of sonication. The
rationale should be involving a conventional metal-catalyzed
arene substitution, although the assistance of acoustical force
cuts the energy barrier and enhances a direct meta-
functionalization.
In retrospect, the main application of ultrasonically activated

zerovalent metals is linked to one-step Barbier-type reactions,
usually affording convergent results relative to silent reactions
and employing more sustainable conditions such as aqueous
media.51 SET mechanisms are plausible for electropositive
metals and those having low ionization potential energy as
surfaces become rapidly depassivated from hard and unreactive
coatings. Cheap and less hazardous metals, rather than ionic
compounds, have also been harnessed for orthogonal

Scheme 4. Preparation of LDA by Activation of Lithium
with Ultrasound and Isoprene as Electron-Transfer Reagent

Scheme 5. Short Synthesis of Malyngolide Involving the Sonochemical Formation of a Stable Ferrilactone
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protocols, like the azide−alkyne cycloaddition. Thus, we were
able to develop an improved click reaction using metallic
copper that overcomes other limitations such as the in situ
generation of Cu(I) species and the removal of copper salt
byproducts.52 The Cu(0)-based protocol can be applied to
simple and elaborated substrates (like cyclodextrins) and gives
rise to products in higher yields and shorter times than the
nonirradiated reactions. This also avoids the use of additional
ligands to stabilize Cu(I). Polar solvents are required, which
allow for higher cavitational energy coupled with heating
(Scheme 9).
Divergent sonochemistry, by which irradiation switches the

reaction outcome to products unavailable under silent
conditions, is widely documented, although surely the most
prominent results have been reported in recent years in the
context of ultrasound as mechanical force.53−56 Most examples
involve polymer chains in solution irradiated by low-frequency
probes in high-intensity fields for which mechanical effects and
acoustic streaming are prevalent over chemical production of

reactive species.57,58 As discussed above, the heterogeneous
sonochemistry of small molecules will always be influenced by
mechanical energy transfer as the turbulent implosion leads to
friction and deformation at boundary surfaces.59 This
tribochemical consideration mirrors the mechanical interpre-
tation of ultrasonic agitation in liquids as an elongational flow
field, where the strain rate depends on the time passed since
the onset of cavitational collapse, the radius of the imploding
bubble, and on the distance to the bubble.60 In homogeneous
and/or dilute systems, however, the tensile forces lack
directionality and molecular control is much more difficult to
achieve than in standard mechanochemistry involving solid−
solid and solid−liquid contacts.61 A way to convey mechanical
activation to small molecules relies on the use of covalently
linked polymer chains that, playing the role of large tweezers,
concentrate and propagate the mechanical input on labile
functional groups. Such entities now called mechanophores are
embedded in or near the middle of polymer chains, thereby
undergoing specific cleavage, whereas that mechanical
activation fails if chains are not attached to both ends of the
mechanophore. A salient result that challenges the validity of
Woodward−Hoffmann rules for pericyclic reactions was
described by Moore and associates on the sonication of a
benzocyclobutene mechanophore in the middle of poly-
ethylene glycol side chains (PEG) (Scheme 10).62 Both cis-
and trans-derivatives experience ring opening affording an
(E,E)-configured diene, whose presence could be corroborated
by spectroscopic identification using a chromophore-contain-
ing molecule. Under thermal activation only the trans-isomer is
expected to give the (E,Z)-diene.
It is obvious that mechanical scission caused by strain after

bubble collapse is most likely responsible for polymer cleavage.
Ultrasound does seemingly induce conrotatory opening in
trans-benzocyclobutene and disrotatory motion in the cis-
isomer. In principle, the conversion between (E,Z) and (E,E)
products could involve a biradical transition structure;
however, radical production appears to have a negligible effect
in the present case. Accordingly, the intuitive conclusion is that

Scheme 6. Semisynthetic Route to Enantiopure Milbemycin-β1a

aThe first step fails without sonication.

Scheme 7. Key Intermediate’s Synthesis toward Tetronasin

Scheme 8. Direct and Selective Meta-C−H Substitution of Arenes Mediated by Ultrasound
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thermally forbidden mechanisms may become mechanochemi-
cally allowed pathways within a certain range of forces.
Theoretical simulations indicate that mechanical force can
bias a given reaction toward a nonconventional fragmentation
easier to achieve.63,64 Sonicated polymer solutions can mimic
the response of macromolecules to mechanical loads in
compressed solid polymers, although thermodynamically
controlled mechanochemical reactions are difficult to assess
in solution, as the equilibrium is re-established once the
polymer escapes the elongational flow.61 Thermodynamically
forbidden reactions, such as cis-to-trans isomerization of rigid
bonds, can reach a lower transition barrier under mechanical
strain that can be rationalized in terms of force distribution
along a flexible polymer backbone.65,66

Although mechanisms and conditions for both polymer
fragmentation and polymer formation in acoustic fields are well
established and receive increasing attention,67 it is fair to say
that the mechanophore concept grew up from the scission of a
diazo bond stabilized by adjacent cyano groups and within two

poly(ethylene glycol) chains.68 The divergent results under
thermal and ultrasonic rupture are shown in Scheme 11.

Mechanical activation conducted with a high-intensity 20
kHz probe at mild temperature (6−9 °C) led in less than 60
min to selective formation of a cyano alcohol derivative, arising
likely from oxidation of radical intermediates, which should
also be generated by thermal fragmentation of the starting
polymer. Thermal activation, however, required a higher
temperature (82 °C) for 24 h and gave rise to products
resulting from hydrogen abstraction and dimerization. The
distinctive hydroxyalkylation under sonication evidence the
role played by species produced after cavitational implosion,
which are inaccessible by thermal degradation. This had
already been observed by Nakamura et al. in a series of studies
on sonochemical initiation of radical chain reactions where
hydroxy groups are added to C−C double bonds.69

Numerous mechanophores and metallo-mechanophores
undergo expeditious scission or transformation in the middle
of polymer chains subjected to pulling forces caused by
cavitation.70 An interesting and recent addition is the

Scheme 9. Alkyne−Azide 1,3-Dipolar Cycloadditions Activated by Sonication Using Metallic Copper

Scheme 10. Forbidden Ring-Opening Reaction of
Benzocyclobutene Mechanophores Induced by Ultrasonic
Activation

Scheme 11. Divergent Sonochemical and Thermal Scission
of Azobisnitriles within Long Polymer Chains
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mechanochemical unzipping of polyladderenes, for which force
causes an extensive rearrangement of the structure converting
the nonconjugated and, hence, insulating, polyladderene
structure into a conjugated polyacetylene with semiconducting
properties.71,72 Due to the strained arrangement of fused four-
membered rings, ladderenes undergo facile ring fragmentation.
A terminal cyclobutene ring of the chloro-substituted [5]-
ladderane monomer breaks through ring-opening metathesis
polymerization (ROMP) with a Grubbs ruthenium carbene
catalyst. Further dehydrohalogenation affords homopolymers
loaded with ladderene mechanophores along the skeleton.
Sonication of the soluble mixture under argon causes extensive
formation of a polyacetylene, which self-aggregates after
prolonged irradiation resulting in an insoluble blue-colored
polymer (Scheme 12).

Application to bio-/physiological processes along with drug
release represent extensions of sonolytically activated mecha-
nophores. It is noteworthy a paradoxical example where mild
sonication stabilizes through stretching, compounds that would be
unstable in the absence of force, as reported recently for
maleimide−thiol adducts.73 Such derivatives are employed in
bioconjugation, although they are susceptible to retro-Michael
reaction and, as a result, thiol exchange in vivo that diminishes
the therapeutic effect of bioconjugates. Pulsed sonication in
aqueous buffer at pH 7.4 of a polyethylene glycol (PEG)−
maleimide reagent modified with trastuzumab, a clinically used
antibody, accelerates adduct hydrolysis, thereby stabilizing the
resulting conjugates and cutting significantly the competing
retro-Michael reaction (Scheme 13). In addition, sonication
does not change the binding of the antibody to its target
ligand. In fact, antibody−PEG conjugates prepared under
ultrasonic irradiation showed ligand-binding activity similar to
those of silent conditions in an enzyme-based assay.
Likewise, mechanical scission of disulfides bearing cargo

molecules within the center of a water-soluble polymer enables
the liberation of anticancer molecules, such as camptothecin
and gemcitabine, accompanied by fluorescent reporters.74

Sonication (20 kHz probe, 15.84 W/cm2) causes the reductive
cleavage of the disulfide bond, and the resulting thiols are then
involved in a subsequent 5-exo-trig cyclization that liberates the
drug molecules (Scheme 14). As expected, terminally
functionalized polymers failed to release the small molecules,
thus confirming the stretching force of long chains on the

centered mechanophore. Similar strategies have been tailored
to drugs linked to polymers by covalent or noncovalent
interactions. Thus, the aminoglycoside antibiotics neomycin B
and paromomycin are released from RNA aptamers, as the
carrier, by ultrasound-induced cleavage of both noncovalent
interactions and labile covalent bonds with the phosphodiester
RNA moiety. H-bonding interactions between a peptide and
the antibiotic vancomycin (yet bound to a polymer or gold
nanoparticle) can easily be disrupted by sonication.75

Complementary methods against infectious diseases combine
both antibiotics, not necessarily linked to carriers, and the
sonobactericide effect of bubble cavitation that fragments the
cell wall and degrades other biomolecules required for bacterial
function.76 Furthermore, cell membrane permeabilization, a
process described as sonoporation, can be induced by stable
cavitation at higher frequencies and enhances intracellular
delivery of some drugs in tumor cells.77

At this stage, most convergent sonochemical reactions have
traditionally been gathered within the classification of false
sonochemistry, benefiting from mechanical action and enhanced
mass transfer. However, they can be divergent in nature, as the
nonirradiated reaction does not occur at all or requires
conditions that can be circumvented by sonication. An
interesting example is the ultrasonic treatment of silanes
opening the path to new silicon structures. Due to the inverse
polarization of the Si−H bond, small silicon hydrides are more
reactive and energetic than the corresponding alkanes, and
ignite in air spontaneously. Heating of silanes leads to pyrolytic
disproportionation and oligomerization reactions producing
long-chain silanes, but elevated temperatures (∼400 °C) and
inert atmospheres are necessary. An alternative ultrasonic ring-
opening polymerization of cyclopentasilane (Si5H10) for
instance, causes ultrafast decomposition leading to silicon
nanoparticles that can further be polymerized with ultrasound
or UV light to Si-based materials for electronic or solar
applications.78 The initiation of polymerization, assumed to be
homolytic pyrolysis, is sonocatalytic in nature and not thermic,
owing to the low macroscopic temperature of the solution
(between 20 and 75 °C).
Heterogeneous and aqueous biphasic reactions, for which

ultrasound often gives rise to remarkable improvements
without altering the conventional mechanism, have become
appealing in the context of a green chemistry agenda.5,6,79

Enabling technologies make it possible reactions hitherto
unknown having pluses in terms of higher yields and

Scheme 12. Formation of Polyladderene-Polyacetylene
Copolymers under the Mechanical Action of Ultrasound

Scheme 13. Mechanochemical Stabilization and Hydrolytic
Acceleration of Maleimide−Thiol Adducts during
Sonication
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selectivities in shorter times. A critical appraisal based on green
metrics should be advocated nevertheless.80,81 Enabling
techniques, namely ultrasound, microwaves, electrochemistry
or mechanochemistry, are not green on their own. It is ironic to
claim benign syntheses under such “green conditions” while
ignoring the amount of volatile solvents needed for product
isolation and purification, as well as the fate of waste generated.
That said, ultrasound exerts a beneficial homogenizing effect
that enables water and water−organic cosolvent mixtures to be
used, along with “in-water” and “on-water” reactions that
depend strongly on interfacial contact.82 Early work by Ando
and co-workers showed that ultrasound alone may replace the
role of water and heterogeneous solid−solid and solid−liquid
reactions are more favored than those run in homogeneous
solution. As example, a strong oxidant like KMnO4 oxidizes
alkenes smoothly in aqueous solution depending on the pH of
the solution, but attacks double bonds very slowly in apolar
solvents. The latter is much more efficient under sonication,
presumably by destroying or altering the crystal lattice of the
solid salt.83 Kinetic studies conducted under ultrasonic
irradiation provided further evidence on hydrophobic inter-
actions, which are responsible for the acceleration of some
reactions in aqueous media. Sonication caused retardation of
polar reactions in water, whereas rates were restored and
enhanced in water−ethanol mixtures, likely associated with

rapid micromixing of the reaction partners.84 As a
consequence, sonication may replace the assistance of phase-
transfer catalysis and facilitate the coupling of insoluble
substrates in aqueous media. Representative developments
that illustrate the efficient sonomixing of biphasic solutions are
portrayed by olefin metathesis in aqueous emulsions or on-
water reactions. A sonochemical ring-closing metathesis
(RCM) at room temperature, without surfactants or organic
cosolvents, takes place inside the water-insoluble droplets of
the diene, leading to carbocycles in almost quantitative yields
(Scheme 15).85 The ring-forming process occurs under neat
conditions as well, although accompanied by side products
resulting from diene oligomerization. The latter was prevented
under the micellar conditions attained with sonication.
A one-pot synthesis of the antitumoral indole alkaloid

cephalandole A involves the catalyst-free condensation of 2-
aminophenol with an indolyl carboxylic acid derivative in water
under ultrasonic agitation. This application discloses a
convenient atom-economical protocol for the construction of
2-oxo-benzo[1,4]oxazines in aqueous media that combines
ultrasound and heating.86 A related transformation, using a
chiral diamino ligand as catalyst, (S,S)-diphenylethylenedi-
amine, affords the anticoagulant drug warfarin in optically pure
form87 and could be accomplished in sonicated aqueous
solution (Scheme 16).

Scheme 14. Mechanical and Reductive Cleavage of Disulfide-Centered Polymers Aimed at Drug Release by Ultrasonication
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The use of surfactants can increase the solubility of organic
substrates and have a positive effect on inertial cavitation, in
part due to the enhanced growth rate of the bubbles.88 A
cationic surfactant, cetyltrimethylammonium hydroxide, has
been used to increase the solubility of isatin and aryl/
heteroaryl ketones, whose condensation gives rise to quinolines
in 75−95% yield at room temperature under sonication (22
kHz, 40% amplitude). Irradiation increases the reaction rate
(by ca. 3-fold) and avoids strong bases like NaOH or KOH
employed in the silent reaction. It is pertinent to note, in terms
of energy savings (energy supplied in kJ per mass of product),
that sonication saved more than 78% energy with respect to
the nonirradiated procedure.89 A similar effect to that of
surfactants on solvent’s surface tension can be obtained by
hydrotropes in aqueous solution. The term hydrotrope denotes
a nonmicelle forming substance, i.e., compounds that do not
have a critical concentration above which self-aggregation takes
place, while increasing the solubility of hydrophobic
compounds. Aqueous hydrotropic solutions merge both low
vapor pressure and increased viscosity, relative to pure water,
thus causing stronger cavitational collapse during compres-
sional cycles and therefore faster reactions. A hydrotropic
solution containing sodium p-toluensulfonate at a concen-

tration (50% w/v) that allows the maximum solubilization of
acetophenones, aniline, and aryl aldehydes facilitates the three-
component coupling when sonication is applied (Scheme
17).90

■ CAVITATIONAL EFFECTS CAN BE USED TO
RESOLVE MECHANISTIC PATHWAYS

The late Nobelist George Olah once said that “mechanisms
cannot be proven, only disproven”. By determining the
influence of acoustical parameters on rates and reaction
products, a sonochemical study can inform on the actual effects
of cavitation. As witnessed in the preceding results, ultrasonic
activation is of enormous value in chemical processing, but
investigation in sonochemical mechanisms is rather unusual.
Seeing as a reaction does not occur under silent conditions,
cavitation points to effects other than thermal activation. In a
high atom-economy construction of fused heterocycles,
pyrano[3,4-e][1,3]oxazines, extruding 2 equiv of methanol
only (Scheme 18), reagents were mixed on KF/alumina as

catalyst and sonicated (37 kHz), giving rise to the product after
45 min at 70−80 °C.91 No reaction occurred using the same
catalyst at the same temperature in the absence of irradiation,
even after 12 h. Given the low volatility of substrates, they will
not undergo pyrolytic cleavage in the bubble and cavitation
just provides sufficient kinetic energy to surmount the reaction
barrier. At such a frequency and low power, the kinetic effect
might stem primarily from acoustic streaming. However, the
thermal effect alone has little effect on the catalyst’s activation.
The key role of cavitation should instead be related to
shockwaves and microjets that cause local deformation at the
solid surface and increase the possible reaction sites.
Nearly two decades ago, we coped with the interpretation of

a sonochemical cycloaddition, which are still among the most
challenging cases to disentangle. Both moderate accelerations
and greater yields have been reported for a few [4 + 2] and [3
+ 2] cycloadditions, the most successful involving quinones as
dienophiles as well as the use of azadienes.92 The redox
properties of such partners might then lead to an electron

Scheme 15. Ring-Closing Alkene Metathesis Using Acoustic
Emulsification

Scheme 16. Sonochemical Syntheses of Heterocyclic Drugs
in Aqueous Media

Scheme 17. Synthesis of β-Amino Carbonyl Compounds by
Three-Component Reaction in Hydrotropic Solution
Irradiated with Ultrasound

Scheme 18. Mismatched Cavitational and Thermal Effects
on the Kinetic Activation of a Solid Catalyst
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transfer instigated by ultrasound giving a radical cation
generated by the diene or its dienophile. This situation
resembles the mechanism of radical cycloadditions and related
pericyclic reactions developed by Bauld and associates, though
initiated by aminium radical cations.93

The addition of furan (as 2π component) to masked o-
benzoquinones, generated in situ by oxidation of the
corresponding phenol with (diacetoxyiodo)benzene (DAIB),
was accelerated by sonication, though neither the regiochem-
istry nor diastereoselection were affected (Scheme 19).94

Yields were dependent on acoustic energy, temperature, and
solvent composition. A radical initiator (aminium salt) had no
appreciable effect on the yield relative to the silent process, nor
did oxygen/argon atmospheres alter the extent of cycloadduct
formation. The combined effect of acoustic power and
temperature is noticeable (Figure 3). Working with a 30 kHz

probe between −20 and +20 °C at three different energy levels
(3.6, 10.8, and 17.4 W/cm2), all above the cavitational
threshold, the yields were the lowest at the highest power and
remained practically constant as temperature varied. At 10.8
W/cm2, the yields improved slightly, whereas higher yields
were attained at the lowest acoustic power (3.6 W/cm2) with a
significant variation with temperature (up to 70% at −10 °C).
The paradoxical anti-Arrhenius effect of sonochemical reaction
was evident as cavitational collapse enhanced by lowering the
temperature and hence the solvent’s volatility. The increase in
viscosity as temperature decreased halted the cavitational
activation and the cycloaddition slowed down at −20 °C. All

such results are inconsistent with a concerted process while
supporting a stepwise double Michael addition as shown in
Scheme 19. The formal cycloaddition could also be accelerated
under Lewis acid catalysis and sonication at −10 °C. Given the
homogeneous working conditions, the question is whether
there is any sonochemical effect not related to a mechanistic
switching. UV−vis monitoring in the presence and absence of
furan revealed that sonication greatly increases the dispersion
of the parent quinone, thus inducing an efficient mixing in the
system without mechanical stirring. The sonochemical batch
reactor behaves, at least for small volumes, like a flowlike
reactor where convective currents avoid local supersaturation
and accounts for the observed improvements.
Epoxidation and oxidations not involving radical pathways

appear to be candidates to elucidate the effect of sonication as
changes in frequency and intensity will produce different
amounts of oxidizing free radicals. The use of aqueous
hydrogen peroxide for epoxidation of hydrophobic alkenes
needs the assistance of cosolvents and phase-transfer
surfactants.95 A fine example of mechanistic switching, yet
giving the same product, takes place by combining ultrasound
and a hydrophobic ionic liquid, instead of acetonitrile under
silent conditions, as reported for the epoxidation of alkenes
with H2O2/NaHCO3 and a manganese−porphyrin catalyst.96

The bleaching of the catalyst in CH3CN favored an
epoxidation route where peroxycarbonate (NaHCO4) was
the actual oxidant. In contrast, the ionic liquid (methyl-
octylpyrrolidinium-NTf2) protected the catalyst from degrada-
tion and ultrasonic irradiation (20-kHz probe, Pelect = 11.5 W,
0.79 W/mL) kinetically induced the formation of high-valent
oxo-Mn-porphyrin as oxidant. The ultrasonic effect could be
unambiguously demonstrated by using a chiral bis-binaphthyl
Mn-porphyrin as catalyst. Enantioenriched epoxides were
obtained in the ionic liquid as solvent, while a racemate
formed in CH3CN without sonication owing to decomposition
of the metalloporphyrin.
The same team conducted epoxidation of cis-cyclooctene at

much higher frequency (800 kHz) using H2O2 and H2WO4 as
catalyst.97 Tungstate salts are in fact appropriate and
sustainable catalysts in the sonochemical processing of biomass
derivatives.98 At high frequency, the increasing production of
OH radicals coming from either water or H2O2 sonolysis
would favor a more efficient and faster path not accessible
without irradiation. Under conventional conditions and due to
the strong exothermicity of epoxidation, there is a sharp
increase of temperature (from 25 to 95 °C in 5 min) that
renders the process uncontrolled. To check the influence of
sonochemical parameters, high-frequency irradiation was
applied at low acoustic power to ensure a steady 60 °C
temperature, giving rise to a retarded reaction with respect to
silent conditions. Surprisingly, little H2O2 (less than 2%) is
decomposed by ultrasound as inferred from measurements
with a chemical dosimeter, and higher loadings of tungstic acid
do not catalyze hydrogen peroxide decomposition either.
These results suggest that OH• radicals formed by sonolysis

do not undergo side reactions that decompose progressively
H2O2. Rather, the sonochemical conditions favor the milder
formation of stable peroxotungstate species. The use of
biphasic conditions with an onium salt as PT catalyst was
explored, but no effect from radical production could be
determined. The pluses of sonication are related to an efficient
mixing, in line with the above-discussed cycloaddition, and
enhanced phase transfer to bring active peroxotungstate

Scheme 19. Addition of Furan to Masked o-Quinones
Proceeding through a Probable Stepwise Mechanism

Figure 3. Cycloadduct yield as function of temperature at three
acoustic powers for the reaction of methyl vanillate and furan.
Reproduced with permission from ref 94a. Copyright 2003 Elsevier
B.V.

The Journal of Organic Chemistry pubs.acs.org/joc Perspective

https://doi.org/10.1021/acs.joc.1c00805
J. Org. Chem. 2021, 86, 13833−13856

13844

https://pubs.acs.org/doi/10.1021/acs.joc.1c00805?fig=sch19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00805?fig=sch19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00805?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00805?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00805?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00805?fig=fig3&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c00805?rel=cite-as&ref=PDF&jav=VoR


species from aqueous to organic phase to epoxidize cis-
cyclooctene (Scheme 20). While the silent reaction produces

higher conversion and yield after 15 min, almost complete
selectivity toward epoxide formation is provided by sonication
between 15 and 45 min. This result is linked to the accurate
control of temperature (between 60 and 80 °C), which also
allows a low loading of H2WO4 as catalyst compared with the
nonirradiated reaction.97

A more direct participation of water sonolysis at high
frequency that alters product selectivity is evidenced by glucose
oxidation catalyzed by cupric oxide at 550 kHz.99 While
ultrasound alone and Cu(II) catalysts can independently
oxidize glucose to gluconic acid, water sonolysis at high
frequency under argon leads to H• and OH• radicals, the
former being trapped by the oxygenated lattice of the catalyst.
This leaves concomitantly a broader coverage of OH• radicals
on the CuO surface that selectively oxidizes glucose to
glucuronic acid (Scheme 21). Moreover, cavitation bubbles are

much smaller at high frequency than at the usual 20 kHz, thus
preventing the mechanical damage of shock waves on the
catalyst after implosion. Gluconic acid is formed as byproduct
in low yield (<10%), probably due to diffusion of radicals into
the bulk liquid. The use of a radical scavenger inhibited the
formation of glucuronic acid, thus illustrating the synergistic
effect of OH• radicals and the solid catalyst.

■ PIEZOELECTRICITY AND PIEZO-REDOX
CHEMISTRY

Ultrasonic energy is transmitted by power transducers, which
have the ability to convert high-frequency electrical fields into
mechanical vibration. This takes advantage of the piezoelectric
ef fect in certain crystals, by which a mechanical force applied to
an ionic crystal produces an electric polarization, and therefore
a measurable voltage. This is the direct piezoelectric effect. The
inverse piezoelectric effect occurs when a voltage applied to the
material leads to mechanical strain (Figure 4). Piezoelectricity

has the origin in the lack of a center of symmetry in the crystal
structure and the anisotropic effect can only be observed in
some directions of natural and artificial crystals.100 Along with
piezoelectric transducers, magnetostrictive materials have been
employed as well, where a magnetic field converts into
mechanical motion. However, the development of piezoelectric
ceramics with improved mechanical properties make these
materials suitable for most power ultrasonic systems.
Furthermore, piezoelectric crystals can also be ferroelectric
with a hysteresis loop, a nonlinear relationship between
polarization and the applied electric field.101 Common
piezoelectric materials include oxides like BaTiO3, PbTiO3
and LiNbO3 together with more complex compositions, albeit
in all cases they show perovskite-type structures. It is
noteworthy that piezoelectricity can be substantially improved
by metal doping, which may find further applicability in sonar
and ultrasonic imaging.102

Piezoelectric materials, in the form of massive solids or
particles, have shown to catalyze redox reactions under
mechanical force, like those produced by shear conditions of
low-frequency ultrasound as well as strong mechano-vibration.
It is believed that charges occur in the catalyst, thereby
generating a strain-induced voltage that can be coupled with
electron transfer with substrates. Such mechanoredox catalysts
can be viewed as analogous to photoredox catalysts, which
hold significant promises for synthetic explorations. In order to
understand how piezoelectricity can mediate a redox trans-
formation, some physical considerations are needed, the basis
being that aligned dipoles exist within the solid. A compressive
force will decrease the dipole separation, thus leading to a net
charge on the faces of the material and hence a voltage.
Conversely, a tensile force will produce an opposite voltage. As
a result, a piezoelectric material combines both mechanical and
electric properties.103 For an elastic solid, the relation between
stress (σ) and strain (ε) is given by Hooke’s law in the form

σ ε= E (3)

where E is Young’s modulus. For the remaining discussion,
however, and given the potential confusion between E for
Young’s modulus and the standard nomenclature for electric
field strength (with identical symbol), Hooke’s law should now
be expressed as

Scheme 20. Catalytic Cycle Induced by High-Frequency
Ultrasound in the H2O2-Mediated Biphasic Epoxidation of
Cyclooctene

Scheme 21. Selective Sonocatalytic Oxidation of D-Glucose
to D-Glucuronic Acid under High-Frequency Ultrasound

Figure 4. Schematic representation of direct (left) and inverse (right)
piezoelectric effects.
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σ ε= cE (4)

where cE is the elastic Young’s modulus and the superscript (E)
denotes the electrical conditions under which the modulus is
measured, in this case, a constant electric field. On the other
hand, the behavior of a capacitor can simply be described by

β=E D (5)

with E being the electric field, D the electric displacement and
β the dielectric coefficient. In a piezoelectric material σ and E
are coupled in the way that application of force not only
induces mechanical stress, but also produces electric charge. In
mathematical form, the following equations dictate the
behavior through a piezoelectric constant (h) that links the
mechanical and electrical responses:

σ ε= +c hDD (6)

ε β= − +E h D (7)

the only variation being that the cD modulus replaces the above
cE to indicate measurement under constant charge conditions.
Ultrasonic agitation of a piezoelectric material can be

sufficient to generate the electrochemical potential required for
water splitting.104 Thus, hydrothermally synthesized ZnO
microfibers (also exhibiting piezoelectric properties) and
BaTiO3 microdendrites were vibrated with ultrasound, thereby
developing a strain-induced charge on their surfaces and

causing the liberation of H2 and O2 from water (Figure 5).
This phenomenon is conceptually different from other
sonochemical and mechanocatalytic processes where the
reagent undergoes a redox reaction to split water.105,106 The
piezoelectric catalyst is involved in donating strain-induced
electrons and holes without decomposition or redox change.
Irradiation with an ultrasonic transducer (which actually
harnesses the inverse piezoelectric effect) leads to the rapid
production of H2 and O2, with gas generation ceasing when
ultrasound is turned off. This kind of miniature devices for low-
cost water splitting can be advantageous over other electro-
chemical and photochemical procedures, although optimum
performance depends on both lengths and resonance
frequency of the piezoelectric material. Longer fibers may
undergo a greater bending and hence an increase in strain-
induced voltage.
Piezoelectric (nano)particles can be literally employed as

chemical transducers for reduction of organic molecules or
metallic precatalysts required for coupling reactions or radical
polymerizations.107 Scheme 22 depicts the radical polymer-
ization of n-butyl acrylate using a suspension of BaTiO3 NPs
sonicated in the presence of n-butyl acrylate, ethyl α-
bromoisobutyrate as initiator, and equimolar amounts of
Cu(OTf)2, Me6TREN, i.e., N,N,N′,N′,N″,N″-hexamethyl[tris-
(aminomethyl)amine], and Bu4NBr as the catalyst precur-
sor.108 The piezoelectric material reduces the Cu(II)

Figure 5. (Top) Micrometer-sized BaTiO3 or ZnO experience acoustic vibrations that cause water splitting via piezoelectric effect. (Bottom) (a)
SEM and (b) TEM images of BaTiO3 dendrites grown on a glass substrate; (c) SEM and (d) TEM images of ZnO fibers grown on a Si(100) wafer.
(e) Morphologies of a single ZnO fiber (upper image) and BaTiO3 dendrite (lower image). Reproduced from ref 104. Copyright 2010 American
Chemical Society.
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precatalyst to its active Cu(I) form that activates the alkyl
halide. Ultrasound not only produces alkyl radicals by
homolytic cleavage but also sufficient mechanical input to
control polymer growth.
Combination of BaTiO3-mediated step-growth polymer-

ization and Cu-catalyzed azide−alkyne click cycloaddition
using the above-mentioned Cu(II)-precatalyst gave rise to a
linear polytriazole.109 Further application of this protocol to a
polyurethane−trialkyne mixture afforded a polymer, which
could be cross-linked mechanochemically. The resulting gel
solidified after prolonged ultrasonic irradiation (Scheme 23).
Mechanical activation other than ultrasound in the presence

of piezoelectric crystals can trigger a similar mechano-redox
reaction. Above a critical agitation threshold, highly polarized
particles will be formed serving as strong reductants to transfer

electrons to small molecules, followed by oxidative quenching
of a donor molecule, thus leading to bond formation. This has
been shown by Kubota and co-workers using ball milling to
agitate BaTiO3 that reduces aryl diazonium salts, which are
then applied to arylation and borylation reactions (Scheme
24).110 It is worth pointing out that ball milling generally

provides sufficient stress to activate the piezoelectric material,
while grinding or other mechanical methods afford poor or no
results, as revealed by solvent-free C−H trifluoromethylation
of N-heterocycles and short peptides developed by the same
group. Moreover, the optimum performance hinges on the
number and size of the balls and longer reaction times.111

Piezoactivation of biomolecules, like enzymes, can inspire
major developments, although it is well-known that ultrasound
affects enzyme activity and may cause extensive degradation
after long irradiation times.112 In a recent study, Yoon et al.
were able to implement a peroxygenase catalyzed oxy-
functionalization that exploits the piezocatalytic generation of
H2O2 via oxygen reduction on bismuth oxychloride (BiOCl)
under ultrasound (40 kHz, 70 W).113 Bismuth-based ceramics
have gained popularity for transducer applications as improved
lead-free ferroelectrics,114 even though bismuth salts remain
underestimated as piezoelectric reagents115 compared to
titanate compounds.116 An illustration of the oxyfunctionaliza-
tion reaction is shown in Figure 6, where ultrasonic activation
of BiOCl in aqueous buffer solution containing a recombinant
unspecific peroxygenase from Agrocybe aegerite (300 nM)
accelerated the selective hydroxylation of ethylbenzene to
enantiopure (>99% ee) (R)-1-phenylethanol. The mechanism

Scheme 22. Sonication-Induced Mechano-Radical
Polymerization with Piezoelectric BaTiO3. Bottom:
Mechanistic Simplification of the Sonochemical Activation

Scheme 23. Click Azide−Alkyne Polymerization Using
Cu(I) Species Generated by Ultrasonic Reduction of Cu(II)
Precatalyst with BaTiO3 Particles

a

aPhoto (bottom) reproduced with permission from ref 109.
Copyright 2018 Wiley-VCH Verlag GmbH & Co.

Scheme 24. Mechanoredox Arylation Mediated by a SET
Pathway with Piezoelectric Material

Figure 6. Sonication-induced catalytic C−H oxyfunctionalization
using piezoelectric BiOCl microsheets plus an unspecific peroxyge-
nase. Reproduced from ref 113. Copyright 2020 American Chemical
Society.
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should involve the reaction of electrons from the piezoelectric
material with O2 and H2O leading to superoxide (O2

•−) and
OH• radical intermediates. The authors hypothesized that such
radical species may inactivate peroxygenase, thus hampering its
catalytic activity. To minimize the oxidative stress of short-
lived OH• radicals, the enzyme was spatially separated from
BiOCl and placed in a dialysis membrane bag, which allowed
the diffusion of H2O2 and products without altering the
catalytic effect.

■ FLOW AND AUTOMATION: THE PRESENT AND
FUTURE

Chemistry from this century on should be dominated by the
juxtaposition of automation and machine-learning algorithms,

which will lead to (almost) complete robotization of synthetic
and operational steps.117,118 The increasing adoption of
continuous flow systems over batch reactors, still with timid
implementation by the industry, has much to do with more
efficient processes in terms of costs and risks, and in agreement
with a more sustainable chemistry.
While industrial applications of acoustic and hydrodynamic

cavitation require scale-up considerations (reactor design for
instance),119,120 which are not covered here, ultrasound and
flow systems are ideal partners as one moves downward, i.e.,
miniaturization, because acoustic microfluidics constitutes an
emerging technology enabling cell and particle manipula-
tion.121 Moreover, bubble-based robotics and on-a-chip
systems should help to develop novel acoustic micro/
nanomotors and sensors.122 For the purpose of this

Perspective, we are concerned with acoustoflow synthesis at
the meso- and microscale levels. Unlike batch conditions, flow
and microflow devices exhibit enhanced heat and mass
transfers along with improved reaction kinetics, due to the
small path occupied by reagents in channels of microscopic
diameters, and enable the preparation of organic compounds,
especially active pharmaceutical ingredients.123 In addition, the
reduced dimensions allow the facile penetration of external
energy souces, namely ultrasound, microwaves, or light.124 The
rapid formation and consumption of intermediates and
products, generated in small amounts, entail the safe handling
of hazardous substances. Overall, such benefits are not only
linked to greater efficiency, but also to lower environmental
impact. The point is well illustrated by a continuous nitration
of phloroglucinol leading to a potentially explosive poly-
nitrophenol as shown in Figure 7.125 The nitration reaction
requires an oxidizing and toxic mixture of sulfuric acid and
ammonium nitrate, whose manipulation jeopardizes the
protocol, even in dilute conditions. Mixtures of mono- and
trinitrophloroglucinols are usually obtained, although the latter
could be generated in 98% yield (determined by HPLC) at 40
°C using a thermostated ultrasonic bath, which homogenized
the reaction mixture as well.
The most serious drawback of a microfluidic reactor is

associated with clogging of small channels caused by
heterogeneous mixtures and/or concomitant precipitation of
products, which can be avoided by cavitational agitation.126

The best way to overcome that limitation is to immerse the

Figure 7. Continuous flow nitration of phloroglucinol assisted by
sonication. Reproduced from ref 125. Copyright 2014 American
Chemical Society.

Figure 8. Capillary sonoreactor for phase-transfer catalysis. Reproduced with permission from ref 127. Copyright 2009 Elsevier B.V.

Figure 9. Sonochemical Barton decarboxylation of carboxylic acids
under continuous flow. The protocol was optimized for hexanoic acid
and N-phenylmaleimide using dicyclohexylcarbodiimide (DCC).
Reproduced with permission from ref 128. Copyright 2016 the
Royal Society of Chemistry.
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microchannel device in an ultrasonic bath as depicted in Figure
8. The system in question was employed for the phase-transfer
reaction of benzyl chloride and sodium sulfide catalyzed by an
ammonium salt.127

An optimized Barton decarboxylation has been achieved
under ultrasonic continuous flow, which enabled large-scale
synthesis.128 The reductive decarboxylation of hexanoic acid
was selected as a case study, using CH2Cl2−MeOH as solvent
system pumped by HPLC. The mixture was entered into a
tubular reactor (Teflon coil, 0.8 mm internal diameter and 40-
m length) heated in an ultrasonic bath below 35 °C (Figure 9).
Both power (10 to 100%, 300 W) and frequency (37 to 80
kHz) were regulated, while in order to ensure a liquid mixture
the pressure was set to 0.1 MPa by a back-pressure valve
(BPR). Being a radical mechanism, the Barton decarboxylation
took advantage of both mechanical and chemical effects
provided by cavitation, by bringing energy for radical

production (H• and OH•) and removing oxygen from the
solution. The transformation proceeds with formation of CO2

and dicyclohexyl urea as byproducts.
Multistep continuous synthesis will require external input to

quicken the flow of heterogeneous mixtures through a narrow
tubing. An impressive example is shown in Figure 10 detailing
the synthesis of a biologically active intermediate from a
tricyclic ketone. The complete operational protocol could be
executed by a single researcher, who also controlled the
machined setup with a low-cost computed-assisted webcam.129

The telescoped eight-step route comprises in addition three
transformations involving five intermediate downstream
processing steps. Sonication was applied to enhance mass
transfer in two critical points (steps 1 and 2), thereby
increasing overall efficiency.
A different design for handling solid-forming reactions

involves a multilayered piezoelectric actuator (50 kHz, 300 W)

Figure 10. Telescoped eight-step continuous flow synthesis affording a polycyclic intermediate of biological importance. Reproduced from ref
129b. Copyright 2016 American Chemical Society.
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integrated with a Teflon microreactor. The equipment was
employed in expeditious and high-yielding (typically >95%)
Pd-catalyzed C−N cross-couplings between aryl chlorides and
anilines.130 Gas bubbles induced by stable cavitation followed

by collapse contribute to break and dissolve solid particles
(Figure 11).
Chemical syntheses on a drop scale have been performed

using a piezoelectric chip irradiated by surface acoustic waves
(SAWs). The miniaturized device consists of a piezoelectric
substrate (LiNbO3) with two interdigital transducers at each
end in the form of 250 nm thick Ti−Al electrodes and then
connected to a power source (Figure 12).131 By applying an
electric field to the piezoelectric material, SAWs are generated
as periodic distortions with an amplitude of a few nm and
wavelengths of several μm propagating across the surface with
the velocity of sound in the solid.132 The distance between the
electrodes determines the SAW frequency, which may vary
from less than 1 MHz to a few GHz. Results collected in Figure
12 were obtained at 20 MHz, usually under net conditions or
using a nonvolatile solvent like diethylene glycol, and
proceeded at far shorter reaction times than reported
conventionally with other energy sources.
Clearly, the working frequencies and acoustic conditions

deviate from those of standard power ultrasonics. Cavitation
effects should be discarded, as greater intensities would
otherwise be required to induce cavitation beyond the MHz
threshold. The observed enhancements are largely thermal,
and in fact, irradiation with such standing acoustic waves, even
for short periods, causes a significant increase in temperature of
the drop (tens of degrees). While SAWs have become a
promising tool in chemical sensing and nanoparticle
manipulation,133 from a mechanistic standpoint such soft
waves can be an alternative to other droplet generation and
aerosol-based methods employing heat or ionization activa-
tions. Furthermore, SAWs can inform on catalytic reactions on
surfaces. Thus, up to 6-fold rate enhancement has been
reported for the catalytic oxidation of CO over platinum films
using SAWs under high vacuum.134 Although various
hypotheses have been suggested, both photoelectron micros-
copy and dynamic simulations support the thermal activation

Figure 11. Multilayered Teflon-made microsonoreactor that enables rapid dissolution of solid particles by ultrasonic irradiation as shown by
microscopic images. Reproduced with permission from ref 130. Copyright 2011 the Royal Society of Chemistry.

Figure 12. Piezoelectric device employed for some drop reactions
(∼40 μL) shown below, irradiated by surface acoustic waves (SAWs)
generated by an external oscillating electric field on the piezoelectric
material (LiNbO3). Reproduced with permission from ref 131.
Copyright 2009 the Royal Society of Chemistry.
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resulting from energy dissipation along with reversible surface
deformation.135 The latter can enhance catalytic rates via
sorption−desorption process induced by the acoustic oscil-
lations.

■ CONCLUSIONS AND OUTLOOK

“Oye hijo mió, oye el silencio, Es un silencio onduloso”
[“Hear my son, hear the silence, It is a wavy silence”]

Federico Garciá Lorca (1931)136

One could conclude that sonochemistry, dealing with the
chemical use of sound in a broad range of frequency and
power, has gained a pole position among enabling techniques
with an eye on more sustainable protocols. In some ways,
however, the discipline cannot be regarded as mature. We
should ask questions like, why one or the other product are
obtained, whether we can understand how activation happens,
and if the use of ultrasound is really justified, rather than
claiming another synthetic variation. While ultrasonic
activation is rooted in well-established principles of cavitational
phenomena, the first action to be taken, which agrees with the
rules suggested by Apfel, is know the equipment you need and
how it works. Reproducible experiments can be run paying
attention to a few parameters without worrying about others.
In our Perspective, we have given a glimpse on known facts.
One can anticipate that some reactions and substrates will be
sensitive to sonication in either physical or chemical terms.
Whether or not ultrasound switches the conventionally
assumed mechanism often needs further evidence, where the
sonochemical experiment itself can be as informative as other
elucidation methods. Attempts to classify sonochemical
reactions can result in ill-conceived conclusions if structural
and solvent effects that usually accompany cavitation are not
investigated in detail. A reductionist approach that merely
considers either convergent or divergent results with respect to
conventional chemistry may be the key to identifying the tools
that are required to understand how the reaction takes place.
Whatever the mechanism can be, a different result under
sonication is not synonymous with a radical/electron transfer
pathway as often and erroneously invoked; two polar
mechanisms can compete each other. Perhaps the most
divergent results arise from the conceptual framework of
sono-mechanochemistry as another manifestation of mechanical
effects, especially in polymer chains, induced by turbulent
solvent flows at the microscale. The issue is complex, although
inertial motion in an acoustic field may affect both bonding
and energy barriers. As far as we know, cavitation does not
involve an electric field component (as once postulated) and
our present-day interpretation relies largely upon the hot spot
theory. Piezoelectric materials, the source of ultrasonic
transducers, are susceptible to electric polarization under
strain. This peripheral effect can advantageously be exploited in
new mechano-redox processes that provide salient and
unexpected results. A translation of cavitational flow into a
continuous operation has enabled further innovation in
microfluidics and acoustophoretic devices, which should be
part of the future of chemistry. Despite bottlenecks and
insufficient knowledge of cavitational effects, the impact of
ultrasound-based chemistry is steadily increasing in multiple
synthetic and nonsynthetic applications.

■ AUTHOR INFORMATION

Corresponding Authors
R. Fernando Martínez − Department of Organic and
Inorganic Chemistry, Faculty of Sciences, and IACYS-Green
Chemistry and Sustainable Development Unit, University of
Extremadura, 06006 Badajoz, Spain; orcid.org/0000-
0002-3278-6074; Email: rmarvaz@unex.es

Pedro Cintas − Department of Organic and Inorganic
Chemistry, Faculty of Sciences, and IACYS-Green Chemistry
and Sustainable Development Unit, University of
Extremadura, 06006 Badajoz, Spain; orcid.org/0000-
0002-2608-3604; Email: pecintas@unex.es

Author
Giancarlo Cravotto − Dipartimento di Scienza e Tecnologia
del Farmaco, Universita degli Studi di Torino, Torino 10125,
Italy; orcid.org/0000-0001-7574-7350

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.1c00805

Notes
The authors declare no competing financial interest.

Biographies
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