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ABSTRACT

Ultrasound activation has been widely explored in organic chemistry to improve the
yields of reaction or their kinetics. The sonochemical approach can also allow
changing the selectivities or limiting the use of hazardous solvents or the amount of
catalyst, in accordance with the principle of green chemistry. However, a rigorous
control of the sonochemical parameters is necessary to better understand the

mechanisms involved under ultrasonic activation.
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X. 1. Introduction
Sonochemistry is the use of power ultrasound for chemical reactions. Some
chemists reported the first reaction involving ultrasound in 1927,%2 although the term
“sonochemistry” has only been used since 1980.% Ultrasound is often viewed, and
particularly in organic chemistry, as a simple and efficient mixing tool in the lab.
However, a control of the sonochemical parameters and experimental conditions
have made it possible to demonstrate, in many cases, significant improvements in
terms of reaction yields and/or reaction speed, thanks to the use of ultrasound. In
some cases, unexpected reactivities and selectivities have also been observed
under ultrasound, making it possible to imagine new perspectives and applications of
sonochemistry in organic chemistry. After having introduced sonochemistry by
presenting its basic theoretical and practical aspects, some case studies from recent
literature are summarized to show the major advantages of using ultrasound in an
organic reaction. At last, this chapter aims to highlight the current and future

challenges of organic sonochemistry.
X. 2. Sonochemistry, a chemistry based on power ultrasound
X. 2. 1. Acoustic cavitation and associated effects

Acoustic cavitation in liquid media is the phenomenon of formation, growth and
violent collapse induced by sound waves that generate fluctuation of pressure. Liquid
media usually contains free gas bubbles or gas molecules trapped in solid impurities,
which can act as nuclei for cavitation®*. Once the cavitation bubble is formed, its
diameter increases throughout the expansion and compression phases to achieve a
critical size at which it violently collapses. Indeed, expansion phases being isotherm
and compression phases adiabatic, a large amount of acoustic energy is
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accumulated inside the bubble. At the moment of bubble implosion, temperatures of
about 5,000 K and pressures close to 1,000 bar are then reached within the bubble
(see Figure X.1). These extremes conditions lead to different local effects such as
radicals’ formation, shock waves, acoustic micro-currents and violent liquid microjets,

which are at the origin of application of sonochemistry>®.

[Insert Figure X.1 here]

X. 2. 2. Ultrasonic parameters and experimental factors affecting cavitation

The ambient conditions of a reaction system can strongly influence acoustic
cavitation threshold and its intensity, which then directly affects the kinetic and/or the
yield of the chemical reaction. The acoustic cavitation in the liqguid may be affected
by several parameters such as the frequency and power of the ultrasounds, the
hydrostatic and external pressures, the temperature, the nature of the solvent and

dissolved gas.
X. 2. 2. 1. Ultrasonic frequency

Ultrasound is a sound wave with a frequency (f, Eq. X.1) greater than the upper limit
of human hearing, which is generally over 20 kHz and below 10 MHz. When it
propagates in an elastic medium it presents all the general properties of periodic

progressive waves such as propagation, attenuation and reflection’.
[Insert Equation X.1 here]

In water low frequencies, ranging between 20 and 80 kHz, lead to relatively few
and large transient cavitation bubbles; Physical effects such as micromixing, erosion,

etc. predominate over chemical effects. High frequencies, ranging between 150 and

Royal Society of Chemistry — Book Chapter X

ROYAL SOCIETY
OF CHEMISTRY



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

.
o

2,000 kHz, produce many small transient cavitation bubbles; Chemical effects such
as production of hydroxyl radicals in water predominate over physical effects. It is
noteworthy that, when the frequency increases, the depth of penetration of the
ultrasonic wave decreases, decreasing the maximum pressure reached during
implosion. It is therefore necessary to increase the sound power to obtain the same

effects as at low frequency”®.
X. 2.2 .2. Dissipated ultrasonic power

A piezoelectric transducer converts electrical energy into mechanical energy that is
thus transmitted to the liquid, which is irradiated®. No transducer is 100% efficient in
converting electrical to mechanical power. To determine the power output (Po) for a
given power input (Pi,), it is necessary to know the transducer efficiency (h),

according to Eq. X.2.
[Insert Equation X.2 here]

The mechanical energy is then converted into acoustical energy generating
acoustic cavitation if the minimum power required is reached, i.e., at the Blake
threshold, which is 0.5 W.cm™ at 20 kHz in pure water and at atmospheric pressure’.
It is relatively easy to measure the electrical energy delivered by a transducer, but
this value in no way reflects the acoustic energy absorbed by the medium, which is
the only that can be active. Different methods are proposed for the determination of
ultrasonic power (Pacous) Such as thermoacoustic sensor®, acousto-optic
interaction*!, piezoelectric hydrophone'?, sonoluminescence, and chemical
dosimetry®. Nevertheless, one of the most useful methods has been found to be the

calorimetric one®*.

Therefore, the absorbed acoustic power Pacous in W.mL™?,
transmitted to the solution can be measured using a conventional thermal probe
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92  method***°. Using this method, all energy delivered to the system is considered as

93 dissipated as heat (Eq. 3).
94 [Insert Equation X.3 here]
95 X.2.2.3.Hydrostatic Pressure

96 Hydrostatic pressure is a crucial parameter as the conditions within a collapsing
97 cavitation bubble become more extreme as it increases’®. Thus, it has been shown
98 that, cavitation threshold in ultrapure water increases linearly with the hydrostatic
99 pressure as well as intensity of bubble collapse®. Thereby, an optimal hydrostatic
100 pressure is required to increase the efficiency of ultrasound when used in

101 sonochemical processes™’.
102 X.2.1.4. Temperature

103  When increasing temperature of a liquid, the solubility of gases it contains decreases
104 whereas its vapor pressure increases decreasing the cavitation efficiency®. The
105 influence of temperature on cavitation threshold is especially noticeable at elevated

106  hydrostatic pressures and for fluids with large amounts of dissolved gases™.
107  X. 2. 1.5. Nature of the solvent

108  Properties such as (1) solvent viscosity, (2) its vapor pressure, and (3) its surface
109 tension can impact ultrasound intensity. For pure solvents the most determining
110  parameter is the vapor pressure, which when high, decreases cavitation effects®.
111 Thus, combination of a high surface tension with a low viscosity and a low vapor

112 pressure favors cavitation®®.

113 X. 2. 1. 6. Dissolved gas
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114  After few acoustic cycles, transient bubbles violently collapse into smaller tiny
115  bubbles that act as nuclei of new bubbles and create a hot spot with temperatures of
116  up to 10,000 K. This adiabatic collapse of the bubbles is assumed to allow the
117  calculation of the temperature and the pressure inside the bubbles according the
118  equations X4 and X5%°. Whereas Eq. X.6 allows the calculation of pressure inside

119  the bubble at the moment of the collapse.
120 [Insert Equations X.4, X.5 and X.6 here]

121 Thus, according to equations X.4 and X.5, a monatomic gas leads to higher
122 maximum temperatures and pressures and thereby to more violent collapse of the
123  bubble than a polyatomic gas because its y value is greater. Thermal effects
124  consecutive to the collapse of the bubble mainly depend on gas phase thermal

125  properties such as heat capacity and thermal conduction.

126 In the presence of gas with high thermal conduction, the temperature reached
127  at the time of implosion is lower than in the presence of a gas with low thermal
128  conduction, decreasing thus Tmax. In addition, increasing the gas content, i.e. the
129 number of gas nuclei of a liquid, leads to lowering of both the cavitational threshold

130 and the intensity of the shock wave released on the collapse of the bubble.
131  X. 2. 2.7. External pressure

132 An increase of Py leads to an increase of P, which is the pressure of the medium
133  (Eqg. X.6). In equations X.4 and X.5, when Py, increases T, and Py, increase, leading

134 to an increase in the cavitation threshold and the intensity of cavity collapse.
135  X. 2. 2. 8. Ultrasonic intensity

136  The ultrasonic intensity, Imax, can be expressed as Eq. X.7":
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137 [Insert Equations X.7 here]

138 If considering pand c constant in the medium where the sound propagates,
139 then Iywax IS proportional to the square of the acoustic amplitude Pa. Thus, an
140 increase in P, leads to an increase of the ultrasonic intensity, which increases the
141 sonochemical effects up to an optimal value. Indeed, an increase of P,, leads to a
142  decrease of the time available for the collapse of the too large bubble formed that

143  may become thus insufficient.

144 Likewise, during their propagation through a medium, the intensity of ultrasound
145  waves decreases when their distance from the emitting source increases (Eq. X.8).
146  Indeed, sound is attenuated in a liquid medium due to reflection, refraction,
147  diffraction and/or scattering of the waves, or the conversion of some of their

148  mechanical energy into heat.
149 [Insert Equation X.8 here]

150 In addition, if too many bubbles are produced at the transducer/liquid interface,
151  the ultrasonic energy entering the system is attenuated, decreasing the efficiency by

152  decoupling of the system.
153 X. 2. 3. Mode of irradiation and sonoreactors
154 X.2.3.1. Modes of irradiation

155 Two physic phenomena are widely used to generate ultrasonic waves from
156 ultrasonic devices: magnetostriction and piezoelectricity. Phenomenon of
157  magnetostriction takes place when ferromagnetic materials transform an oscillating
158  magnetic field into mechanical vibration’. Piezoelectric effect is the ability of certain

159  crystalline materials when subjected to an electric field to convert electrical energy
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160 into mechanical energy. The strain is then proportional to the applied field and the
161 mechanical vibrations may lead to ultrasonic sound?!. This phenomenon is the most

162  widely used in ultrasound devices.

163 The main materials used are barium titanate (BaTiO3), synthetic cristals of
164 lithium nobiate (LiNbO,) and lead zirconate titanate (PbTiZrOs). These materials are
165 separated from the reactor by metal or glass and ultrasound waves irradiate directly
166  or indirectly the reaction medium (see Figure X.2). An immerged titanium probe is

167  often used as a waveguide.
168 [Insert Figure X.2 here]
169 X.2.3.2. Equipment

170  Three major sonoreactors are used at lab: ultrasonic bath, cup horn and probe

171 (Figures X.2, and X.3)?%%2,
172 [Insert Figure X.3 here]

173 Ultrasonic bath, which represents the most common source of ultrasound in
174  laboratories, is widely used for its low cost. With a frequency of 20 to 60 kHz and
175  acoustic intensities of 1 to 5 W.cm?, this device is not well adapted to organic
176  reactions due to the non-homogeneous dissipation of ultrasound energy and the
177  associated lack of reproducibility of the experiments®.

178 Cup-horn reactors present high intensity, which is generally 50 times more
179  intense than in US baths, and directly irradiate the liquid medium?®. Their geometry
180 allows a good distribution of the ultrasonic field. This device is able to produce low
181  and high frequencies depending of the piezoelectric ceramic chosen and positioned

182  at the bottom of the reactor for upward irradiation.
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183 Ultrasonic probes provide intense ultrasonic energy, which is concentrated at
184  their tip and approximately 100 times higher compared to ultrasonic baths; they allow
185 adirect irradiation of the medium.

186 In both cases, the use of a jacketed reactors is recommended to control the
187  temperature of the medium during the study of organic reactions at lab®.

188 In addition, a study of the shape of the reactor may be relevant to avoid dead
189  zones or to optimize certain physical, thermal and / or chemical effects. Thus, the
190 tubular reactors, providing radial irradiations, make it possible to focus the high-
191 intensity ultrasonic field in the heart of the tube and to develop continuous
192  processes.?’.

193

194 X. 2. 3. 3. Characterization of the ultrasonic parameters

195 A rigorous characterization of sonochemical parameters is crucial to facilitate the
196 comparison between each study reported in the literature and to understand the
197  involved mechanisms®. Indeed, the used frequency, electric and acoustic powers,
198 ultrasonic intensity, radical production, shape and geometry of the reactor and other
199  experimental conditions (temperature, pressure, gas atmosphere, nature and volume
200 of solvent, etc.) have to be rigorously reported in the experimental part of scientific

201  publications.

202 The frequency, inherent to the equipment used, is the first parameter to report
203 to identify which range is used between low frequency (20-80 kHz) and high
204  frequency (200-2,000 kHz). The electric power also called “nominal electric power”
205 or “electric power input” is the energy delivered by the device, measured by a
206  wattmeter (in W). The absorbed acoustical power (Pacous, €xpressed in W or W.mL™)

207 can be estimated through a calorimetric method using Equation X.3. Acoustic
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208 intensity (lacous) IS defined as the acoustic power per unit area of the probe (Equation

209 X.9, W.cm™).
210 [Insert Equation X.9 here]

211 As previously mentioned, the extreme conditions during the collapse of bubbles
212 lead to radical production. For example, the sonolysis of water (Scheme X.1) and the
213  recombination of radical species into hydrogen peroxide (Scheme X.2) are observed

214  under ultrasonic conditions.
215 [Insert Schemes X.1 and X.2 here]

216 The radical species production can be experimentally estimated or measured
217 by dosimetry methods®?°, Electron Paramagnetic Resonance (EPR),* spin-trapping
218  and/or sonochemiluminescence experiments®*433. Chemical dosimetry is the most
219  convenient and employed method. For example, Kl dosimetry involves the oxidation
220 of iodide ions into iodine by hydroxyl radicals formed under ultrasound, through the
221 reaction shown in Scheme X.3. The concentration of I3” can be easily measured
222 using UV-Visible spectrophotometry at a wavelength of 355 nm (g, = 26,303 L.mol

223 .cm™) to deduce the concentration of HO® radicals.

224 [Insert Scheme X.3 here]

225 Other methods are used such as Fricke dosimetry (oxidation of Fe** to Fe®"),
226 terephthalate dosimetry (use of terephthalic acid in alkaline solution) or nitrite and
227 nitrate dosimetry®. The Sonochemical Efficiency (SE) can be defined combining
228 electric/acoustic power and rate of radicals formation determined by dosimetry
229 (Equation X10). It constitutes an efficient assessment method to compare different

230 ultrasonic conditions/reactors.
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231 [Insert Equation X.10 here]

232 In EPR spin-trapping experiments diamagnetic nitroso or nitrone compounds
233 are used as spin trap for the conversion short-lived radicals into relatively longer
234 lived nitroxyl radicals that are observable by EPR spectroscopy®**. This accurate

235 characterization method is limited by the non-availability of the equipment at lab.

236 The sonoluminescence is the emission of photons during the collapse of
237 bubbles. The activity of radical or excited species formed in the gas phase of the
238 bubbles during this collapse can be explored using specific detectors by observing
239 the UV-Visible spectra of the sonoluminescence®®. The use of luminol solution (3-
240 aminophtalhydrazide) oxidized by HO" radical formed in water under sonochemical
241  activation leads to the formation of 3-aminophthalic acid with electrons in an excited
242  state. The visible blue light emission (A = 430 nm) due to the de-energization of
243  these electrons allows the mapping of effective zones in a sonoreactor, through this

244 chemiluminescence method®.
245 X. 3. Organic sonochemistry: beneficial effects and new reactivities

246 X. 3. 1. Green organic sonochemistry

247  The effects of ultrasound during organic reactions have led to serious improvements
248 in terms of reactivity and performance, often under mild conditions, in accordance
249  with a green chemistry approach®’. Sonochemical reactions in water or biphasic
250 aqueous systems constitute a great potential for further developments.

251 Sonocatalysis often allows using environmentally friendly conditions, and to
252  decrease reaction times and reach higher yields. In addition, cavitation phenomenon
253 leads to physical and chemical effects, which consequences are interesting for

38,39

254  catalyst surface cleaning and free reactive radicals production®™ . In the most
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255 general cases, the combination of ultrasound activation and a catalyst can lead to
256  synergistic effects, mainly observed through the physical effects of US on solid
257  catalysts. Indeed, the physical effects generated by cavitation bubble collapse leads
258 to improved mass transfer that contributes to permanent cleaning of the catalyst’s
259  surface and increases the probability for compounds to meet and react. Shear forces
260 induced by shock waves and microstreaming provoke the de-agglomeration of
261  catalyst, the reduction of particle size, which implies an increase in surface area®.
262  For these reason, poisoning of catalyst can be avoided, the active surface of catalyst
263 is increased, which leads to higher reaction rates, improved yields and lower
264 chemicals consumption; this makes sonocatalysis an effective tool for green
265  chemistry*#2434445 Ag an example, the S-alkylation of hetaryl thiols was performed
266  at room temperature six times faster and led to increased yield under US (74% in 30
267  min) compared to silent conditions (66% in 3 h)*?. Another synergistic aspect relies in
268 the microbubbles present in the crevices of solid catalysts. They constitute nuclei for
269  cavitational bubble, increasing the number of collapsing events*®. When bubble
270  collapse near a solid surface such as a solid catalyst particle or vessel, the inrush of
271 liquid generates an “asymmetrical collapse” disaggregation of the catalyst but also
272 the fragmentation of the bubble in smaller bubbles that constitute new nuclei for
273 more cavitation bubbles and collapsing events*"“®,

274 In the case of semiconductor catalyst such as TiO,, electron/hole pairs can be
275 generated at its surface through the absorption of energy: (UV-)light in the case of
276  sonoluminescence from cavitation bubbles, or by heat from the extreme temperature

277 resulting from the collapse of bubbles**°

. These charges (electron and hole)
278 operate in redox reactions with the solvent to form radical species or directly with

279  organic compounds of the medium. In sonicated reaction medium, the generation of
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280 radical species will favor reaction mechanism implying electron transfer rather than
281 ionic path®. For example, the heterocyclization of 1,2-propanediol with fullerene to
282  form fullerene-fused dioxane adduct was enabled by the improved mixing of the non-
283 miscible liquid phases, provided by US and also possibly by secondary radical
284  reaction in the reaction bulk that would react with the C60 fullerene structure®. A
285 change in mechanism and selectivity was describe by Ando where benzyl bromide
286 reacted with potassium cyanide and alumina in toluene with a Friedel-Crafts
287 mechanism to afford o- and p-benzyltoluene when stirred mechanically at 50 °C.
288  Under 45 kHz US irradiation, the mechanism switched to a nucleophilic substitution
289  and lead to the production of benzyl cyanide in 71% yield®'. Bubbles generated by
290 acoustic waves in the reaction medium are influenced by the presence of solid
291  catalyst particles and vice versa, justifying the beneficial effect of their combination,
292  called synergy.

293 Another meaning of sonocatalysis is the activation of a reaction by US, through
294  physical and chemical effects generated by cavitation activity?®. In that case, the
295 origin for the effects observed are separated into two categories: true and false
296  sonocatalysis, “true” being linked to chemical effects such as the generation of

297 radicals, and false referring to mechanical effects of US>2.
298  X. 3. 2. Cases studies in organic sonochemistry

299 X. 3.2.1. Examples of oxidation reactions

I°* oxidations have been

300 Many oxidation reactions such as aldehyde®® or alcoho
301 studied under ultrasonic irradiation because their mechanisms pass through a radical

302 route.
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303 The aerobic oxidation of D-glucose into D-glucuronic acid was investigated
304 under high frequency ultrasound (550 kHz, Pacous = 0.36 W.mL™) (see Scheme
305 X.4)>. In absence of oxygen, D-glucose was oxidized into D-gluconic acid as main
306 product (40% vyield), while D-glucose under oxygen bubbling was oxidized into D-
307 glucuronic acid with excellent yield and selectivity (94% and 98%, respectively). The
308 presence of oxygen bubbling into reaction media allows to increase production rate

309 of radicals HO". In this case, mechanisms involving HO® and HOO® were suspected.

310 [Insert Scheme X.4 here]

311 In a very recent study, the H,O,-mediated epoxidation of cis-cyclooctene
312 performed under high frequency ultrasonic irradiation (800 kHz, Pacous = 0.58 W.mL™)
313 led to improve results compared to silent conditions and revealed important
314 mechanistic insights of the studied reaction (see Scheme X.5)%°. Indeed, while a
315  maximum yield of 89% and a selectivity of 91% were observed under silent
316 conditions, better results were obtained (96% vyield and 98% selectivity) in 30 min
317 under high frequency ultrasound induced by a good thermoregulation and mild
318 mixing brought by the sonoreactor. In addition, the non-radical nature of cis-

319  cyclooctene epoxidation mechanism has been demonstrated.
320 [Insert Scheme X.5 here]

321 At last, the oxidative cleavage of double bond of olefins has been studied under
322 ultrasonic irradiation (see Scheme X.6)*°. Simultaneous use of ultrasound and
323 Aliquat 336° as phase transfer catalyst was essential to perform the oxidative
324 cleavage of olefins without organic solvent and in less than 1 h. At room temperature
325 and thanks to 20 kHz ultrasound probe, mono- and diacids derived from linear and

326  cyclic olefins are obtained with good to excellent yields, from 65 to 96%.
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327 [Insert Scheme X.6 here]

328 X.3.2.2. Examples of reduction reactions

329 Amines are important molecules that are involved in the synthesis of amino acids®’
330 or vitamins® and many of them exhibit interesting biological activities. Therefore,
331 they are used as antihistaminics, analgesics, antiglycemics®®, anesthesic®,
332 decongestant™, pyschostimulant®® or antidepressant®. Classical preparation of
333 amine derivatives relies on the reduction of nitro precursors using different methods.
334 Among them hydrogenation catalyzed by metals, is still the most used in the
335 petrochemical and pharmaceutical industries®. However, these methods are often
336 associated with a lack of chemoselectivity in the presence of other reducible
337 functions. In addition, the reaction is exothermic, and involves pressurized hydrogen
338 and flammable solvents, requiring thus particular precautions in terms of safety®.
339 The research of more selective, safe and environmentally friendly method of
340 reduction is thus an important issue. It is well known that low frequency ultrasonic
341 irradiation (20 kHz < f < 80 kHz) may enhance catalyst activity and chemical
342 reactions’ kinetic and selectivity®®. Thus, in 2000, Basu et al. described the reduction
343 of nitroaromatic compounds to the corresponding amines using a Sm/NH,CI
344  reducing agent under 10 to 25 min of ultrasonic irradiation (see Table X.1)%".

345 [Insert Table X.1 here]

346 In Table X.1, 86% of 6-aminochrysene were obtained from 6-nitrochrysene
347 (Table X.1, compound 2) after 10 min of sonication using a Sm/NH4CI reducing
348 agent in methanol, whereas no reaction was observed under silent conditions. 2-
349  nitro-9H-fluorene (Table X.1, compound 3) was reduced to 2-aminofluorene in 10

350 min under ultrasonic irradiation whereas no transformation was observed when the
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351 reducing agent was changed for In/NH4Cl or for Fe powder/NH,CIl. Under silent
352 conditions, 10 h under methanol reflux were required to reduce 2-nitro-9H-fluorene
353 (Table X.1, compound 3) to the corresponding amine. In addition, the reaction was
354  shown to be selective towards sensitive functional groups such as bromo (Table X.1,
355 compound 4), cyano (Table X.1, compound 5), ester (Table X.1, compound 6),
356 unsaturated bonds (Table X.1, compound 7) and heterocycles (Table X.1, compound
357  8). Unfortunately, ultrasonic frequency and power are not given, making it impossible
358 to reproduce the experiments under identical conditions.

359 Hypophosphorous acid and its salts are mild, cheap and powerful reducing
360 agents commonly used for electrochemical applications®®. Furthermore, sodium
361 hypophosphite seems has been registered as a non-hazardous substance for Man
362 and for the Environment in 2010 by REACH®. In that context, with sodium
363  hypophosphite/hypophosphorous acid as reducing system and Pd/C as catalyst,
364 Letort et al. studied the reduction of nitro compounds to the corresponding amines in
365 H,0/2-MeTHF at 60 °C’°. The authors studied the reaction in terms of solvent effect,
366 NaH,PO,/H3PO; ratio, temperature, Pd/C catalyst loading, with 2-nitroethylbenzene
367 as model substrate. The methodology scope was then extended to other aliphatic
368 nitro compounds (see Table X.2) and the results obtained were compared to those
369  obtained under ultrasonic irradiation.

370 [Insert Table X.2 here]

371 Under the same conditions and even with 1.25 mol% of Pd/C the reduction of
372 B-nitrostyrene did not lead to the corresponding unsaturated amines nor to the
373  saturated one, but to a mixture of 44 % of (Z)- and 38 % of (E)-2-phenylacetaldehyde
374 oximes’™. The reaction was found to be faster under ultrasonic irradiation and

375 especially in the mixture H,O/Me-THF (2:1). Thus, a maximum vyield of 92% of 2-
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376  phenylethan-1-amine was obtained at 60 °C in only 15 min under ultrasonic
377  irradiation compared to 90 min required under silent conditions. In water as solvent
378 90 min were required to obtain 35% of amine under silent conditions whereas almost
379  the double was obtained under ultrasonic irradiation. In water and under ultrasonic
380 irradiation, a maximal yield of 90% was obtained in 15 min when the temperature
381 was increased to 70 °C. The use of a vibromixer allowed the authors to attribute the
382  effects of ultrasound to the formation of an intense micro-emulsion and classified the
383 reaction as a type Il reaction termed as “false sonochemistry”.

384 X.3.2.3. Examples of fused heterocycles

385  N-containing heterocycles are essential building blocks for the synthesis of many

386  biologically active compounds’*?

. In that context, Nongrum et al. described the
387 synthesis of fused benzo N,N-containing heterocycles under ultrasonic activation
388  and using 1-désoxy-1-(méthylamino)-D-glucitol, i.e., meglumine, as organocatalyst’>.
389 The authors used meglumine, an environmental water-soluble amino sugar, to
390 catalyze the reaction in association with ultrasound as alternative activation technic
391  with mixture ethanol-water as solvent. The reaction was optimized in terms of
392 catalyst loading, solvent and activation technique with 1,2-phenyldiamine, dimedone
393 and tolualdehyde as substrates. The scope of the reaction was then extended to
394 aromatic aldehydes bearing electron—withdrawing and —donating substituents,
395 leading to excellent yields under 20 to 30 min of ultrasonic irradiation (see Table
396 X.3)"%. Two hypotheses have been formulated to explain the role of meglumine,
397 which is suggested to act via electrophilic or nucleophilic activation of dimedone.
398 Under the same conditions, 85 to 90% of quinoxaline derivatives were synthesized

399 under 25 to 35 min of ultrasonic irradiation at 50 °C.

400 [Insert Table X.1 here]
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401 Using an acidic ionic liquid, the 1,4-diazabicyclo[2,2,2]octanium diacetate, i.e.,
402 DABCO diacetate, Fekri et al. synthesized 93 to 97 % of various benzodiazepines
403  under 8 to 17 min of ultrasonic irradiation (see Table X.4)™*. The reaction under silent
404  conditions and at 90 °C afforded the products in higher reaction times and lower
405 yields. A mechanism involving the ionic liquid for increasing the electrophilicity of the
406  carbonyl substrates is then proposed.

407 [Insert Table X.4 here]
408 X. 3. 2.4. Examples of organometallic reactions

409 Sonochemistry is a green alternative method to classical methods to promote the
410 synthesis of organic compounds, offering then versatile and easy pathways for a
411  wide variety of transformations such as Reformatsky, Barbier-Grignard or Michael

412  reactions’.

413 The Reformatsky reaction, which converts aldehydes and ketones to [3-
414  hydroxyesters, is one of the first organometallic reactions with problems of metal
415  activation under silent conditions that was studied under ultrasound. In 1982, it was
416  shown that the addition of ultrasound resulted in better reaction yields in less time
417  compared to silent conditions’®. In fact, for a reaction time of 12 h, the yield was 58%
418  while with ultrasound (ultrasonic bath, frequency not indicated), it rose to 98% in only
419 30 min. Several studies were carried out in order to understand the role of ultrasound
420 in this reaction’”"®"°. Authors reported successful syntheses with quantitative yields
421  of B-hydroxyester by reacting phenylketons, a-bromoesters, zinc dust and a catalytic
422 amount of iodine under high intensity ultrasonic irradiation®. But, the role of iodine
423  was not fully understood. Reformatsky reactions could then be carried out using non-

424  traditional electrophiles such as glyoxylic oximes®".
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425 In the Barbier-Grignard type reaction, the organometallic reagent, which
426  intervenes, serves as a nucleophile for the formation of a carbon-carbon bond®. The
427  zinc-mediated Barbier reaction was carried out in a biphasic CO,/H,O system
428  allowing a preferential partitioning of the desired homoallyl alcoholic product®. Here,
429  pulsed ultrasound is efficient for dispersing and mixing the two phases creating thus

430 an emulsion while ensuring the kinetic control.

431 The Michael reaction is often a first choice organic transformation because
432  there are a large number of Michael acceptors and nucleophiles. Indeed, almost all
433  activated alkenes such as a,B3-unsaturated ketones can act as acceptors. It is also
434  possible in a single step to form stereogenic centers®. Numerous studies have
435 demonstrated the need for basic or acidic catalysts in the reaction of addition of
436 nucleophiles 1,4-conjugated to unsaturated carbonyl compounds®. However, these
437  conditions gave way to side reactions. The effects of ultrasound then allowed a more
438  efficient approach when adding the conjugate®. In a recent study, researchers
439  studied the chemical behavior of 3-diethyl phosphonocoumarin in an ultrasound-
440 assisted Michael-type reaction®”. Several organometallic compounds have been
441  selected to react with this coumarin as hard nucleophiles isomers (see Scheme X.7).
442  This approach allowed the use of a simpler experimental set and milder reaction
443  conditions. Excellent reproducibility of vyield is reported as well as high

444  diastereoselective activity of isolated trans isomers®’.
445 [Insert Scheme X.7 here]
446  X. 3. 3. Scale-up and industrial applications

447  In organic sonochemistry, a series of macroscopic characteristics, namely the use of
448 less toxic/hazardous chemicals, eco-friendly solvents, alternative or renewable raw
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449  materials, the development of reaction conditions to increase the selectivity of the
450 product or even the minimization of consumption energy during transformations
451  reinforce the aspect sought in green chemistry and encourage the use of ultrasound

452 on a larger scale®®®,

453 As presented previously, lab scale experiments in organic chemistry are very
454  promising to create green processes in industry?>®°. However, to our knowledge, no
455 industrial scale sonoreactor was successfully employed for organic synthesis. Large
456  scale transfers require adjustments concerning various parameters and a scale-up

457  methodology is lacking®.

458 The efficiency of sonochemical reactions relies on hydrodynamics, mixing and
459 mass transfer. Two types of parameters need to be studied when scaling up a lab-
460 scale experiment to industrial purpose: (i) the operating parameters such as the
461 frequency, the intensity and the initial radius of bubble nuclei and (ii) the geometric
462  parameters such as the size and location of transducers, the shape and dimensions
463  of the reactor. Both types of parameters will impact the mixing and hydrodynamic
464  characteristics that define the cavitation field. The main problems in intensifying
465 organic reactions relate to the fact that the yield and selectivity of the chemical
466 reaction are non-linearly based on operating parameters and geometry; a
467  proportional amplification of the dimension of the reactor is therefore not sufficient to
468 reproduce the same experimental conditions. Fine predictions of many parameters
469 such as pressure, temperature, and cavitational activity distribution are required to
470 achieve chemical reaction effectiveness. Another problem frequently encountered is
471 that cavitation events happen mainly near the irradiating surfaces. The adjustment of
472 lab-scale reaction at large-scale requires higher energy input to counterbalance

473  energy dissipation in wider bulk media leading to fast erosion of the sonication
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474  surfaces™. Large-scale reactors contain larger volumes, which bring the issue of US
475  attenuation, due to reflection, refraction or absorption of the incident sound wave and
476 leads to spatial variation of the cavitational activity, creating active and passive
477  zones in the reactor. This needs to be avoided to perform chemical reactions at an

478  industrial scale®.

479 To anticipate the problematics related to large scale sonoreactors, experimental
480 measurements and theoretical techniques exist to predict the cavitational activity
481 distribution. The mapping of a sonoreactor can contribute to upscale chemical
482  reactions. It consists in the characterization of the cavitational phenomena and
483 implies the quantification of primary effects (generated at the same time as the
484  bubble collapse) and secondary effects (generated after bubble collapse).
485 Parameters like pressure can be quantified using a hydrophone while changes in
486  local temperature can be measured with a thermocouple® and gives information on
487  the local cavitation activity and is used to quantify the efficacy of the sonochemical
488 reactor in term of energy transfer. The quantification of secondary parameters as
489 radical production can be assessed through dosimetry. Chemical reaction implying
490 hydroxyl radicals enable an indirect measure of their concentration and they can
491  have large measurement errors®®. The modelling of cavitational parameters such as
492  pressure, temperature but also the bubble radius and the chemical species formed
493  can be predicted through modelling®* . Large scale reactors imply specific studies
494 as for example, the pressure of the reaction medium is a function of depth and
495 impacts the conditions of cavitation bubble collapse like pressure and temperature,
496 and thus the physical and chemical effects on chemical reactions®®’. Concerning

497  sonochemical efficiency assessment, most studies are conducted on single bubble
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498  model®® which does not take account of neighbor bubbles behavior mutually

499 influencing the other bubble behavior*®®*?,

500 The scaling-up of organic reaction under US would enable great energy and
501 chemical savings. The main difficulty to design large scale reactors is to ensure a
502 uniform distribution of cavitational activity. Empirical methods and theoretical
503 modelling can be used to work on this aspect and contribute to the industrialization

504 of US for organic synthesis.

505 4. Conclusions: from the challenges to new perspectives of organic

506 sonochemistry

507 Since the evaluation of the eco-compatibility of a process cannot be done
508 subjectively, there are a certain number of calculations of green chemistry such as
509 the economy of atoms, the mass reaction efficiency, the intensity mass, effective
510 mass Yyield, carbon efficiency, the E-factor, the Eco-Scale or other green

511  metrics®%1%,

These tools are still little exploited by sonochemists and the
512  systematization of their use is recommended. The systematic comparison between
513 silent and ultrasonic conditions are necessary, under the same conditions, to
514  highlight the improvements brought by ultrasound in terms of efficiency and eco-
515 compatibility. For example, the energy consumption should be also measured. At lab
516 scale, in situ data monitoring can be collected to extrapolated the ultrasound

517  conditions at a higher scale®®.

518 In terms of equipment, the combined efforts of chemists, physicists and
519 equipment manufacturers will be needed for the chemical process industry to exploit

520 cavitation as a more viable option for chemical transformations.
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521 As a perspective, the combination of ultrasound with other physical and
522  chemical methods of activation seems promising. For example, the use of subcritical
523 H,O (hydrothermal, 200 °C) under ultrasonic irradiation (20 kHz) shows stable
524  cavitation with nonlinear bubble oscillations. On the other hand, formation of
525  hydrogen peroxide H,O, thermally instable is not observed'®. Sonohydrothermal
526 synthesis is described for the synthesis of inorganic nanomaterial*®®, but not yet for
527 organic synthesis. Indeed, the combination of ultrasound with supercritical CO, has
528 not been used in organic chemistry due to high pressure and lack of phase
529  boundaries observed in the supercritical state '°’. Hence, for biomass valorization,
530 positive influence of ultrasound in supercritical CO, is observed thanks to
531 mechanical effects (micro- and macro-mixing, cell damage) that could be useful in

532 organic synthesis'®,

533 In organic synthesis, the use of US and microwaves in tandem or
534 simultaneously at laboratory scale improves selectivity, yield and lowers reaction

535  times!0®110

, satisfying some principles of green chemistry criteria. The synergistic
536  effects observed are commonly attributed to the improved heat transfer provided by
537 microwaves and the intense mass transfer resulting from US. Each irradiation
538 technology compensates the weakness of the other, which justifies the added value

539  of their simultaneous use, especially in heterogeneous systems*%1%,

540 Despite the many advantages of microreactors, one major drawback is the
541 potential clogging of their channels? In that context, the synergy of ultrasound and

1.122 used an ultrasonic

542  microfluidics has shown its potential. Thus, Sedelmeier et a
543 bath to avoid the fouling of the microreactor due to the deposition of manganese
544  dioxide used for the oxidation of nitralkanes into their corresponding carboxylic acids.

545 Recently, Delacour et al.'** developed a scaled-up ultrasonic reactor to prevent
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546  clogging in particle forming reactions. The millireactor was used for the synthesis of
547  barium sulphate. Results showed that only 0.48 W.mL™ was required to prevent
548 channel clogging and to increase the productivity by two orders of magnitude

549  compared to a microreactor.

550 Sonophotocatalysis, which is the combination of sonochemistry and
551 photocatalysis, has mainly been used as an advanced oxidation process for the
552 removal of pollutants. Its recent use in organic synthesis showed promising results
553 as a synergistic effect of both activation methods afforded an alkyl carbon chain
554 elongation from 3 C (malonic acid) to 4 C (succinic acid). The carbon chain

555  elongation was observed only when US and UV irradiations were combined**®.

556 At last, the physicochemical properties of some ionic liquids (ILs), such as their
557 large thermal stability, their wide liquid domain or even their low vapor pressure
558 make them very interesting reaction media for green chemistry. The combination of
559 ultrasound with the appropriate ionic liquid is a powerful tool for performing various
560 organic transformations*'®. The rate of reactions, selectivity and yields are often
561 improved. Their combination with US then makes it possible to obtain the desired
562  products without using inorganic of organic catalysts, even at room temperature*’.
563 The possible degradation phenomena (few ppm) of ILs under US conditions have
564 nevertheless to be considered™'®. Deep eutectic solvents are also very promising as

565 a green alternative in synergy with ultrasound in organic syntheses™®.

566 When combining processes, technologies, tools or reagents, an interesting way
567 to assess to efficiency of the coupling is to calculate its synergy. Synergy
568 corresponds to a beneficial effect from a coupling that is positive if the results

569  obtained with the coupling of processes is superior to the sum of the results obtained
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with each independent process'®. Several indicators of synergy can be found in the
literature but their definition and the equations that are used should always be
detailed to avoid confusion. Among indicators for synergy the following can be found:
synergy, synergy effect, synergistic effect, %synergy or synergy index*?>2%122 For
example, the equation for percentage of synergy (Equation X.11) and the synergy
index (Equation X.12) for n processes leading to chemical reactions with k as rate

constant, are detailed below.
[Insert Equations X.11 and X.12 here]

The calculation of the %synergy and synergy index are recommended when
ultrasound are combined in an organic reaction with another physical or chemical

activation method in order to prove the advantages of the used combination.

FIGURE AND TABLE CAPTIONS

Figure X.1: Schematic representation of bubble formation, growth and collapsing.
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Figure X.2: Schematic representation of mode of irradiation depending on the main
device used in laboratories (adapted from reference *2%).

Ultrasound source

-
| Reaction media
- Tank filled with water Reaction media
= =
Ultrasound source

Indirect ultrasonic Direct ultrasonic Direct ultrasonic

irradiation irradiation irradiation
(ultrasound bath or cup horn) (cup horn) (probe)

Figure X.3: Cup horn system (left) and ultrasonic probe (right) at lab.

Table X.1: Reduction of aromatic nitro compounds by Sm/NH4CI under ultrasonic
irradiation (ultrasonic bath, frequency not indicated, room temperature)®’.

SM/NH,CI (4/20)

Ar'N02 Ar-NH2
MeOH, ), r- t.
N02 NOZ N02 N02 N02 N02 N02 N02
OO @00
. Br NC MeO _ \ /)
6} N

1 2 3 4 5 6 HO— 7 8
Time, min 10 10 10 10 10 10 10 25
Yield, % 88 86 92 88 87 74 90 56

Table X.2: Reduction of aliphatic nitro compounds under silent and ultrasonic

conditions (ultrasonic microtip, 20 kHz, Pacous = 3.94 W, 3 mL)"°.
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=

RNO, __NaH,PO,/H3PO, (4:1), Pd/C, time
H,0/2-MeTHF (2:1), )))) or silent, 60°C

g o

RNH,

Activation method Silent /)))) Silent/)))) Silent /)))) /)))) 1)) 1)) Silent/)))) 1)) 1)) 1))
Time, min 90/15 90/15 90/10/20/30/30 90/15/20/30/30
Catalyst loading, mol% | 0.6/0.6 0.6/0.6 0.6/0.6/0.6/0.6/1.25 0.6/0.6/0.6/0.6/1.25
Yield, % 90 /90 84 /84 98/61/78/84/98 80/78/80/85/85

600

601  Table X.3: Synthesis of 1 H-dibenzol[b,e][1,4]diazepin-1-one derivatives with 5 mol%

602  of meglumine as catalyst under silent and ultrasonic conditions (ultrasonic bath)”

4 OH OH
0 N A~ H Ar

NH, :
Ei[ A 0 OH OH @[
NH, O | FE1OHM;0,1t,))) 20 t0 30 min

or 300 min silent & stirring H

) Silent 300 min
Ar Time, min Yield, % Yield, %
CeHs 20 92 65
4-CH3CgH, 20 92 68
4-OCH3CgH4 20 88 65
4-CICgH, 25 90 60
4-BrCgH, 25 92 68
4-NO,CgH4 30 85 58
4-OHCgH, 25 88 60
4-N(CH3),CgH4 30 88 64
2-CICgH, 25 82 62
2-NO,CgH4 30 85 55
1-Naphthyl 25 88 55
Furfuryl 30 88 64
CgHsCH=CH 30 82 60
4-(OH) and 3-(OCH3)CgHsy 25 90 65
3,4-(OCH3)2CgH5 20 90 60

603

604 Table X.4: Synthesis of various benzodiazepines with 0.5 mmol of ionic liquid as
605 catalyst under silent and ultrasonic conditions (ultrasonic bath, 45 kHz, Pj, = 305

606 W)™
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P
ACO@AI@H
' Ar
NH i |—|N@7 HN
2 o
SO SN
NH, 0 H rt, )))) or silent, 90°C H
) Silent, 90°C
Ar Time, min Yield, % Time, min  Yield, %
CeHs 10 95 75 82
4-CICgH, 8 97 60 84
4-OCH3CgHy 8 96 60 85
4-NO,CgH, 8 98 60 89
3-NO,CgHy4 10 95 75 88
3-CICgH, 10 96 75 89
4-N(CH3)oCqHg 12 93 90 85
2,4-diCICgH, 15 94 90 83
) 6 95 60 82
@N%\Br
©/ NIﬁ?@C| 17 94 90 81
Scheme X.1:
M)
H,O HO*® + H°
Scheme X.2:
HO* + HO* H,0,
Scheme X.3:
2HO* +31I- 2HO-+ 15
Scheme X.4:
OH OH O OH o OH
H -
° HES H,0, rt, Ar HO%OH H,0, rt, O HO&/OH
OH OH 20, 11, HO O 2U, 1, U2 HO N
M) M)
(550 kHz - 0.36 W.mL™") (550 kHz - 0.36 W.mL™")
40% 94%
Scheme X..5:
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Ho WO, (0.2 mol%)
H,O, (1.5 eq.)

Aliquat 336® (0.2 mol%) o
Solvent free

)))) - 800 kHz - P,gous = 0.61 W.mL""

Scheme X.6:

NalO4 (4.1 eq.)
RuCl3 (2 mol%
/— AILinuZt(SSTE% (;) mol%) O i N OH
Ry . . P or HOJ\/\M/\[(
A H,0, 25 °C, 15-25 min R OH n
Rs )))) - 20 kHz - Pgjec = 52 W

R1 = CH3-(CH3)7-, CO;H-(CH3)7-, COoH-(CHy)g-

RyRs=H:n=13  Ry=Ry=CHy:n=1 Yields : 65-96%

Scheme X.7:
r # 0
0 o_ ~ N
—_ W i 0 T
b N H F‘/-—O\ B (e © 4 H ’

0" "0 CH,(OMe)s-Eiz0

V' us < B H
/ oS |~ o=
RMX C e\ \

) O/ Ni

Nu=RMX,E=H - @ - 6 examples

R = Et, n-Pr, i-Pr, Bn, CH,CO4Et, E trans isomer in all cases
GHQCOQFBU

M = Mg, Zn

X=Cl, Br

Equation X.1.
f=

>lo

where f is the frequency (Hz), ¢ is the celerity of sound (m.s™) and A the wavelength (m).

Equation X.2.
Pout = h X Py

Equation X.3.

3 dT
Pacous—mchX a@ o
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where Pg.us is the absorbed acoustical power in W (or reported to the volume in W.mL'l), m

is the mass in kg of liquid in the sonoreactor, c, is the specific heat capacity in JkgtK?,

(g) is the initial slope of the increase of the temperature of the solution versus time of
0

ultrasonic irradiation.

Equations X.4., X.5 and X.6

)4
N =
Pooy = P [+]V : Eq. X.4
-1
Tax = To |Pn ] Eq. X.5
B, =P, +P, Eq. X.6

where Pnax and T are the maximum pressure and temperature at the collapse, P is the
pressure inside the bubble at its maximum size; it is usually equal to the vapor pressure P,,
Pn is the pressure inside the liquid at the moment of the collapse, T, is the ambient
temperature, P, is the acoustic pressure applied, Py is the pressure within the fluid. It is
usually taken to be ambient or atmospheric pressure. The polytropic factor y is the ratio of

the specific heat capacities of the gas or the gas vapor mixture.

Equation X.7.
P2
Imax = ﬁ

where P, is the acoustic amplitude, p is the density of the medium, and c is the velocity of

the sound in the medium.

Equation X.8.
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— —2ad
Imax - Ioe

where g is the initial sound intensity, « is the absorption coefficient of the medium and | is

the ultrasonic intensity at the distance d.

Equation X.9.
I _ Pacous
acous Sprobe

where l.cous iS the acoustic intensity (W.cm™?), Pacous iS the acoustic power (W) and Sprobe IS

the surface of the irradiating probe.

Equation X.10.

SE _ Nions
elec/acous — E
elec/acous

where SE is the Sonochemical Efficiency (mol.J™), nins is the number of moles of considered
produced under ultrasonic irradiation (mol of I3, NO,, NO3 depending of the dosimetry

method) and Egecacous IS the electrical or acoustic power (W, electric or acoustic).

Equation X.11.

k . n
combined processes—Y;_ 1 Kprocess i

%synergy = 100

kcombined processes

Equation X.12.

kcombined processes

synergy index =

Y,k i
i=1"processi

ABBREVIATIONS:

c: celerity of sound

Cp: specific heat capacity
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DABCO: 1,4-Diazabicyclo[2.2.2]octane
Eelecracous: €lectrical or acoustic power

EPR: Electron Paramagnetic Resonance

f: frequency

lo: initial sound intensity

lacous: ACOUSIC intensity

Imax: Ultrasonic intensity

ILs: lonic Liquids

m: mass of liquid in the sonoreactor

P: pressure inside the bubble at its maximum size
P. is the acoustic pressure applied

Pa: acoustic amplitude

Pacous: @acoustical power

Py: pressure within the fluid

Pin: power input

Pm: pressure inside the liquid at the moment of the collapse
Pmax: maximum pressure at the collapse

Pout: power output

P,: vapor pressure at the moment of the collapse

REACH: Registration, Evaluation and Authorisation of Chemicals

SE: Sonochemical Efficiency
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704 Spope: SUrface of the irradiating probe
705 To: ambient temperature

706  Tnax: temperature at the collapse

707  US: Ultrasound

708  UV: Ultraviolet

709  A: wavelength

710 (i—f) > initial slope of the increase of the temperature of the solution versus time of ultrasonic
0

711  irradiation

712 o absorption coefficient of the medium
713 y: polytropic factor

714  p: density of the medium
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