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sound simultaneous irradiation: a
hybrid technology applied to ring closing
metathesis†

M. Sacco,ab C. Charnay,*c F. De Angelis,b M. Radoiu,d F. Lamaty,a J. Martineza

and E. Colacino*a

A new hybrid microwave (MW) and ultrasound (US)-assisted reactor concept was investigated. The 2.45

GHz microwaves were delivered by a semiconductor generator via a coaxial cable to a monomode

Transverse Electric (TE) microwave resonant cavity within which the reactor was placed; the US (25 kHz)

were delivered at the bottom of the TE cavity via a novel designed sonotrode consisting of a detachable

metallic plate-probe (indirect sonication). The semiconductor microwave generator helped to optimize

the absorbed energy via its automatic frequency tuning function. The dual MW/US device allowed the

use of both technologies separately or in a simultaneous combined manner. The ring-closing metathesis

of diethyl diallyl malonate in glycerol micellar conditions was studied as an example using this novel

hybrid technology. The results were compared with those obtained when microwaves or ultrasound

were applied individually. Various benzylidene-, indenylidene- and Hoveyda–Grubbs-type catalysts were

screened. The novel reactor for combined MW/US irradiation showed beneficial effects on the outcome

of the reaction.
Introduction

The development of environmental-friendly synthetic processes
is an economical and societal concern and one of the major
questions in academia and industry. The replacement of clas-
sical volatile organic solvents by new sustainable media,1,2

coupled to energy saving3,4 and selective protocols for catalytic
and organic processes is an attractive challenge to be taken up.
Combining different sources of energy with their own specic
effects constitutes a very interesting approach towards more
reliable and cost-effective synthetic transformations.5–9 In the
1990s, description of the rst apparatus allowing the simulta-
neous use of green activation techniques such as microwaves
and ultrasound was reported,10 as well as its seminal applica-
tion in the eld of organic synthesis.11,12 Either small reaction
volumes, insufficient adapted accessories or the absence of
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suitable equipments on the market limited the expansion of
this hybrid technology, which gained interest recently, espe-
cially in the eld of organic synthesis13–22 and palladium-
catalyzed reactions.23–25 At earlier stage, reactions in organic
solvents (DMSO, DMF, DMA or MeOH),10,19,20,22,25 water15–17,21,24

or neat conditions11,12,14,18 were reported, but very scarce atten-
tion was devoted to the application of the simultaneous
microwaves-ultrasound irradiation (SMUI) hybrid technology in
glycerol media.23 The only example of the use of hybrid SMUI
technology in glycerol as solvent described the ruthenium-
mediated transfer hydrogenation and palladium-catalyzed
Suzuki–Miyaura cross-coupling reactions, in a house-made
multimodal microwave cavity equipped with a pyrex horn.23

However, SMUI was scarcely explored to promote organic
transformations and comprehensive studies in glycerol are still
missing. Glycerol is a very suitable solvent for both microwave
or ultrasound promoted reactions:26 because of its polarity
(dielectric constant 3 ¼ 42.5) and thermal conductivity (k ¼
0.285 W m�1 K�1 at 300 K) glycerol absorbs microwave irradi-
ation strongly, while its negligible vapour pressure (0.0025 mm
Hg at 50 �C) and viscosity (h ¼ 1.069 Pa s at 20 �C) both make it
suitable also as cavitational media, especially when high
temperature is required (e.g. 100 �C), not possible for
ultrasound-promoted reaction in water. Despite its importance
for many industrial and pharmaceutical preparations and its
high potential application as an environmentally friendly
solvent to perform green synthesis, the use of glycerol is still
limited in organic transformation. This is mainly due to: (i) the
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 RCM in glycerol micellar conditions under SMUI.

Paper RSC Advances
intrinsic reactivity of the polyol backbone leading to the
formation of side products; (ii) the very poor solubility of the
vast majority of organic compounds and (iii) the high viscosity
leading to poor mass transport (at room temperature or under
mild heating).

The fascinating possibility of applying SMUI hybrid tech-
nology to micellar catalysis in glycerol opens novel frontiers to
impulse its expansion in synthesis and processing, allowing at
the same time to overcome all the drawbacks described so far
on the use of glycerol as reaction solvent. This approach bene-
ts at the same time of the effective heating of glycerol under
microwave irradiation, the efficient agitation provided by
ultrasound and avoids side-reactions involving glycerol, the
reactants being conned into the hydrophobic environment
inside the micelle nanoreactor, allowing both the better diffu-
sion of organic substrates into the glycerol phase and inhibition
of its reactivity.27,28

This study is divided into two sections. The rst part is devoted
to the description of a novel prototype of monomodal apparatus,
developed in our laboratories, able to provide simultaneous
microwave-ultrasound irradiation (SMUI). The second part of the
research illustrates the efficiency of the SMUI applied to one of the
most powerful reaction for the formation of carbon–carbon
double bonds, olen metathesis.29 The reaction is usually per-
formed in chlorinated or aromatic solvents, however, in view of
the REACH (Registration, Evaluation, Authorisation and Restric-
tion of Chemicals) legislation30 the use of these chemicals, posing
adverse health and safety issues or demonstrates a detrimental
environmental impact, will be phased out, affecting industries
throughout the world. Isolated reports described olen metath-
esis performed in environmentally friendly benign reactionmedia
[e.g. water,31 methyl tert-butyl methyl ether (MTBE),32 dime-
thylcarbonate (DMC),33,34 glycerol,35 poly(ethylene) glycols
(PEGs),36 2-methyltetrahydrofuran (2-MeTHF),37 acetic acid38 or
supercritical-CO2 (sc-CO2)39–41]. Aqueous micellar conditions were
also investigated,42 in the presence of specially designed catalysts.

With the aim of developing sustainable synthetic processes,
using possible alternative substances and/or technologies, the
attention was focused towards the ruthenium-catalyzed ring
closing metathesis (RCM) of diethyl diallylmalonate (DEDAM) 1
in a non-conventional media such as glycerol micellar condi-
tions28 (Scheme 1).

It is well accepted that in protic (alcoholic) solvents ruthe-
nium hydrides are formed,43,44 leading to isomerization by-
products during RCM. In this context, micellar conditions will
allow to perform RCM also in a polyol solvent (glycerol), with the
reaction taking place into the micelle core. In addition, the
possibility to replace harmful chemicals with green solvents
and to develop new technologies will enhance innovation and
competitiveness. Since MW and US allowed different irradiation
mechanisms leading to different molecular driving forces, the
combination of these two types of irradiation and its applica-
tion in the RCM reaction is really appealing. We have previously
described how the ruthenium-catalyzed ring closing metathesis
(RCM) of diethyl diallylmalonate 1 under microwave activation
in micellar conditions28 was able to inhibit glycerol reactivity.35

The results presented herein aimed to extend the investigation
This journal is © The Royal Society of Chemistry 2015
of RCM reaction not only to a largest panel of commercially
available catalysts, but also to evidence any synergetic effect
coming from the combination of these two types of irradiation,
electromagnetic (2.45 GHz) and mechanical (25 kHz). The
results were also compared with those obtained when the
reaction mixture was irradiated separately with either MW or
US, and in some cases, using an oil bath.

Results and discussion

The use of non-traditional energetic sources like the simulta-
neous irradiation with MW and US, involves both technical and
safety considerations. Some adaptations were already repor-
ted6,45,46 mainly for multimodal microwave reactors. Some ow47

or loop48 reactors equipped with ultrasound and microwaves
generators were also described for scaling up. Technically, three
general experimental methods were proposed to avoid short
circuits, microwave leakage, sparks or explosions: (i) the source
of ultrasound (a non-metallic horn) is immersed into the reac-
tion liquid in the microwave cavity49 (direct sonication); (ii) the
metallic ultrasound probe (usually titanium alloys) is not in
direct contact with the reactive mixture but it is placed at the
bottom of the reactor11 (indirect sonication) and (iii) the
microwave and ultrasound (titanium horn) are both immersed
in the reacting liquid and delivered orthogonally50,51 (direct
sonication). In these set-ups the ultrasound power delivered to
the liquid depended on the type of material used for the horn. It
was demonstrated52 that the strength of ultrasound irradiation
was lower for pyrex than for a metallic horn; ceramics, quartz,53

or engineered plastics54 such as PEEK (polyether ether ketone)
RSC Adv., 2015, 5, 16878–16885 | 16879
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Table 1 RCM under either MW or US, or in a combinedmanner (SMUI)

Entry [Ru]

Activation technique and yielda (%)

MWb,c,61 USb,d SMUIb,e Df (%)

1 G-I 59 n.p. 58 —
2 G-II 41 n.p. 62 +21

d g
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or PTFE (polytetrauoroethylene), inert to microwaves, can also
be used. In the eld of MW/US organic synthesis applications,
the direct sonication was mainly used due to the easiness of
modifying a professional multimodal microwave oven to be
equipped with a pyrex horn14–18,20–22,24,25 inserted directly into the
multimodal cavity. On the contrary, examples using indirect
sonication remained scarce and were limited to esterication
reactions11 or to the synthesis of nanowires,55 performing the
experiment in a monomodal apparatus equipped with external
metallic ultrasound probe.56 Until now, the main limitation to
the development of indirect sonication in monomodal appa-
ratus was probably the absence of dedicated equipments on the
market. In this perspective, and to contribute to a faster devel-
opment of SMUI technology, we developed a novel and efficient
setup by adding a sonotrode to a professional monomode
microwave reactor, Miniow 200SS by Sairem57 (Fig. 1).

The emission of ultrasound waves (25 kHz, 200 W) was made
at the bottom of the reactor, via a novel designed, removable
metallic plate-probe (sonotrode), which was not in direct
contact with the reactive mixture and was placed far from the
electromagnetic eld (Fig. 1). Propagation of the ultrasound
waves into the reactor was allowed by means of water standing
in the bottom part of the U-shaped waveguide (see Fig. 1 in ESI†)
and outside the microwave irradiation zone, without interfering
with the microwave absorption by the sample.

The simultaneous MW/US experiments were always realized
by placing the pyrex reactor inside the MW cavity at the same
height from the bottom of the sonotrode (3.5 cm) and simul-
taneously switching on both the microwave and ultrasound
devices. The possibility of having real time linear measure-
ments of both the reected (Pr) and forwarded (Pf) microwave
power levels allowed for precise calculation of the microwave
power absorbed (Pa ¼ Pf � Pr) by the reaction during the
syntheses. In other words, the direct measurement of MW for-
warded and reected power values enabled the calculation of
the energy (Ea) effectively absorbed by the irradiated sample
(Ea ¼ Pa � t, with Pa ¼ absorbed power and t ¼ time, losses by
convection are neglected). In addition, due to the use of a
Fig. 1 Test rig: modified monomode SAIREM Miniflow 200SS cavity
for simultaneous microwave/ultrasound irradiation (SMUI).

16880 | RSC Adv., 2015, 5, 16878–16885
semiconductor (transistor) microwave generator in the build-up
of the MiniFlow, it was equally possible to optimize the Pa
during the reaction by using the auto-tuning function58 which
allows to decrease the level of the Pr as the reaction proceeds
and the reaction mixture changes the initial parameters
(reagents' concentration, temperature etc.). The new designed
SMUI reactor allowed the operation without any risk of micro-
wave leakage or damage to the built-in bre optic temperature
probe while ultrasound was on. All reactions assisted by MW,
assisted by US or hybrid MW/US (SMUI) were carried out using
the same pyrex reactor and the set-up described in Fig. 1.59

Once the technical part of the newly developed system and
its related safety concerns were addressed and resolved, the test
rig was tested in the ring-closing metathesis reaction using
glycerol micellar conditions. We previously reported the ruthe-
nium catalyzed ring-closing metathesis (RCM) with microwave
activation in non-conventional media, such as poly(ethylene
glycol)s,36 glycerol,35 or in micellar conditions in water.60 We
also investigated the fundamental aspects of micellization in
glycerol,28 determining the critical micellar concentration
(CMC) of various mono and dicationic (gemini) surfactants.
Based on our previous experience, the promising SMUI hybrid
technology was applied to study RCM reaction in nanoreactors
like micelles in glycerol. Diallyl diethyl malonate 1 (DEDAM)
was selected as model substrate and its reactivity was explored
with various metathesis catalysts (Scheme 1) under microwave
irradiation and ultrasound, used separately or in association
(Table 1).
3 HG-I 71 48 (9) 86 +15
4 HG-II 38 n.p. 42 +4
5 M2 38 3d 79h +41
6 M20 33 n.p. 45 +12
7 M31 39 n.p. 73 +34
8 M51 46 n.p. 66 +20
9 M52 13 39d 66 +53

a Yields were calculated by 1H NMR using CH2Br2 (10 mL) as internal
standard. b Reaction conditions: 1 (0.318 mmol, substrate
concentration was 0.16 mM), catalyst (5 mol%), glycerol/12-2-12
mixture (2.4 g), 12-2-12 (30 mg), 1100 s (ca. 18 min) at 50 �C using the
specied activation technique. c The microwave irradiation was
performed by setting the MiniFlow apparatus at Pf ¼ 10 W.
d Ultrasound irradiation was achieved through a metallic plate-probe
xed at the bottom of the reaction vessel (indirect sonication). e The
microwave irradiation was performed by setting the MiniFlow
apparatus at Pf ¼ 10 W with integrated simultaneous ultrasound
irradiation using the metallic plate-probe. f Increase in yield observed
under SMUI with respect to MW irradiation alone. g Ultrasound
irradiation was performed using a dedicated ultrasound apparatus
with titanium alloy inserted into the vessel (direct sonication) the
microtip temperature was 50 �C, the wave amplitude was 20%.
h Reaction time was 2700 s (45 min); n.p. ¼ non-performed.

This journal is © The Royal Society of Chemistry 2015
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We previously reported that the RCM of DEDAM 1 led to
moderate yields of cyclized product 2 when the reaction was
performed in pure glycerol as solvent35 (leading to the formation
of glycerol ester by-products or to substrate polymerization). By
performing the reaction in hydrophobic micelle core using the
dicationic (gemini) 12-2-12 surfactant (CMC ¼ 9.65 mM in
glycerol),28 the substrate was protected from the formation of
glycerol esters.35

Microwave activation alone was rstly applied: the substrate
DEDAM 1 was fully converted only with G-II and HG-I catalysts
(Table 1, entries 2 and 3 respectively), with HG-I leading to a
better yield. In all other cases, 1H NMR analyses of the crude
showed the presence of variable quantities of unreacted
DEDAM 1 (from traces to 28% with G-I), that together with
polymerization28 and possible catalyst degradation accounted
for moderate yields. The catalytic activity of second generation
benzylidene G-II (entry 2) catalyst and its indenylidene coun-
terparts M2, M20 and M31 (entries 5–7) was similar. It was
demonstrated that the activity of HG-II catalyst in solution can
be enhanced by introduction of electron-withdrawing groups.62

Moreover, it is also generally accepted that faster initiation rate
is related to lower stability of (pre)catalyst. If so, a slower initi-
ator63 HG-II (entry 4) should provide higher yield at the end of
the reaction than the electronically activated M51 and M52
(entries 8 and 9 respectively).64 This trend is not in agreement
with the experimental data (Table 1), suggesting that the cata-
lyst stability (Ru-indenylidene catalysts were more robust than
the Ru-benzylidene counterparts)65 or differences in their initi-
ation rates could not fully justify the similar (however low !)
yields obtained for each group of Ru-center (indenylidene vs.
benzylidene derivatives, or native HG-II vs. substituted HG-II
catalysts). Indeed the Ru-coordinated electron-withdrawing
ketone functionality at the isopropoxy moiety in the second
generation Hoveyda–Grubbs-II type catalysts initiates faster
than the parent HG-II catalyst. Other factors than (pre)catalyst
stability could bemore important in the (heterogeneous) system
herein described. For example, mass transport, usually not
signicant in homogeneous catalysis, becomes fundamentally
important in heterogeneous systems. Moreover the presence of
ethylene, in the medium may contribute to decomposition/
deactivation of second generation Hoveyda-type catalysts.66,67

As previously demonstrated by 1H NMR experiments in aqueous
system, the ethylene generated in situ, was not immediately
released out the micelle, probably because of the hydrophobic
interactions with the saturated C-12 chains of the surfactant.60

In the case of glycerol, the higher viscosity of the mediumwould
prevent the evaporation of the gaseous ethylene outside the
micelle core, with its consequent accumulation. In fact, the
formation of thick and stable foam was observed during the
reaction, remaining stable for more than one hour in the
absence of work-up.

To elucidate whether combination of microwaves and
ultrasound could have a direct effect upon the reaction system,
comparative experiments were performed setting microwave
parameters as detailed in Table 1, but simultaneously applying
the ultrasound (SMUI). Ultrasound andmicrowave sources were
switched on at the same time (200 W for US and 10 W MW) and
This journal is © The Royal Society of Chemistry 2015
the irradiation was carried out for 1100 s (ca. 18 min).
Compared to the results obtained using microwaves alone,
under combined SMUI the product yield resulted 21% higher
with G-II (Table 1, entry 2), increased with HG-I (entry 3), M20
(entry 6) and M51 (entry 8) catalysts and signicantly increased
with M2 (entry 5), M31 (entry 7) and M52 (entry 9) catalysts. In
this last case, the yield was increased by 53%, while the SMUI
technique was ineffective to raise the yields of cyclized product 2
with G-I and HG-II catalysts (Table 1, entries 1 and 4). The
simultaneous use of both radiations did not allow decreasing
the reaction time compared to experiments using microwave
irradiation alone. However, conversion of the starting material
went to completion in most cases (Table 1, entries 2–8), with the
exception when using G-I (entry 1) and M52 (entry 9) catalysts.
1H NMR analysis of the crude showed that the residual quantity
of substrate 1 decreased from 28% (under MW) to 15%, (under
SMUI) with G-I catalyst (entry 1), and from 13% (under MW) to
6% (under SMUI) with M52 catalyst (entry 9). Together with
polymerization28 side-products, traces of isomerized compound
3 were detected by 1H NMR and LC/MS analyses of the crude,
only in the case of RCM reactions using G-II (entry 2) and M20
(entry 6) catalysts. Moreover, and for all catalysts, extended
reaction time (2700 s) or more diluted conditions (0.08 mM)
were not benecial to improve either conversions or yields.

As shown in Table 1, under SMUI irradiation, Hoveyda–
Grubbs type M51 (entry 8) and M52 (entry 9) pre-catalysts per-
formed similarly (66% yield of product 2) and were more effi-
cient than HG-II catalyst (entry 4). This behaviour was markedly
different when compared to data obtained when using micro-
waves. It is suggested68 that the comparable efficiency of M51
andM52 (pre)catalysts under SMUI come from a longer lifetime,
due to a more progressive liberation of the active propagating
species into the reaction medium. The stimulus provided by
mechanochemical forces to dissociate the ligand, allows to
release the active catalytic species,69 supporting a mechanical
rather than a thermal mechanism of catalyst activation. These
experimental data could be explained by taking into account the
stability and the solubility of each pre-catalyst inside themicelle
core, and the geometry around the ruthenium center.70

Under microwave irradiation the Ru-benzylidene catalyst G-II
(Table 1, entry 2) performed similarly to the Ru-indenylidene
counterparts M2 (entry 5), M20 (entry 6) and M31 (entry 7),
while under SMUI conditions, Ru-indenylidene M2 and M31
catalysts performed much better. However, under SMUI and
contrarily to expectations, the good efficiency of M31 (entry 7) –
similar to M2 (entry 5) – cannot be explained by its stability. In
fact in solution, 3rd generation catalysts (able to release the
pyridine ligand) are among the fastest initiators known and their
thermal stability as well as efficiency in RCM is relatively low.71 It
is worth noting that, under similar reaction conditions using
SMUI, the indenylidene Ru-catalyst M2 (entry 5) afforded better
yields compared to its Ru-benzylidene counterpart G-II (entry 2),
probably because of a higher robustness.

Because the HG-I led to better yield under SMUI (entry 3), it
was selected for further optimization studies: lowering the
catalytic loading (2.5 mol%) proved to be ineffective (65% yield
of cyclized product 2), further increase in irradiation under
RSC Adv., 2015, 5, 16878–16885 | 16881
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SMUI, performed at 20 W or 30 W led to a dramatic decrease
(40% and 30% yield respectively). In order to assess the SMUI
effect, the RCM reaction was investigated by irradiating the
mixture by ultrasound alone. The reactivity of three different
catalysts was investigated: HG-I, M2 and M52 (Table 1, entries 3,
5 and 9), selected on the base of their diverse chemical struc-
tures (Hoveyda–Grubbs or indenylidene types, Scheme 1) and
choosing those displaying a better and/or more pronounced
increased yield under SMUI compared to microwaves alone
(Table 1). Thus, DEDAM 1 was sonicated at 200 W for 1100 s,
while keeping the temperature of the mixture constant at 50 �C,
as measured by the optic ber temperature probe inside the
vessel. The reaction mixture was cooled constantly with cold
water owing through an external jacket (Fig. 2 in ESI†) inserted
in the (microwave) cavity. As described before, the ultrasound
plate-probe was located in the lower part of the microwave
cavity, which was lled with water to allow the transmission of
ultrasound energy to the reaction mixture (indirect sonication).
DEDAM 1 was fully converted only with the indenylidene M2
(entry 5) and the Hoveyda–Grubbs type M52 pre-catalysts (entry
9). However, in all cases and in comparison with the data
obtained under SMUI, the yields of cyclized product 2, evaluated
by 1H NMR, were always lower when using ultrasound alone.
This was due to a fast polymerization side reaction,72–74 but
catalyst decomposition could not be excluded under the drastic
ultrasound conditions. This could also account that substrate
conversion was not complete when using HG-I pre-catalyst
(entry 3). In fact, apart from the intrinsic stability and/or cata-
lytic activity of complex/substrate combinations, the way by
which ultrasound energy was transferred to the sample could
affect the nal outcome. To verify this hypothesis, the experi-
ment was repeated with HG-I pre-catalyst by replacing the
indirect plate-probe/water bath sonication with a microtip
titanium probe directly immersed into the reaction vessel
(direct sonication) (entry 3). The sample was irradiated for 1100
s, setting the microtip temperature at 50 �C and the wave
amplitude at 20% (Table 1). The cyclized product 2 was
obtained in even lower yield (9%) despite the presence of a
residual quantity of substrate in the crude. Fast catalyst
decomposition and products from acyclic diene metathesis
(ADMET) oligomerization75 could account for this fact. In
particular, reaction in the micelle core results in a ‘highly
concentrated’ medium similar to neat conditions, already
described to favour oligomerization under ultrasound.28,74 This
is due to the high intensity sonication, delivering a focused
energy within a small concentrated area, contrarily to the
indirect sonication method with the plate-probe sonicator for
which the ultrasonic intensity delivered inside the vessel was
lower. In fact, the ultrasonic waves rst needed to cross the
liquid inside the cavity and then the wall of the reactor, before
reaching the sample. To exclude that the better yield obtained
with indirect sonication (plate-horn) was not due to the heat
transmitted to the sample by convection, but cavitation
phenomena needed to be evoked for this specic case, a
comparative experiment performed in an oil-bath was per-
formed in the same experimental conditions, i.e. 50 �C for
1100 s. The reaction was monitored by TLC and showed full
16882 | RSC Adv., 2015, 5, 16878–16885
conversion of the starting material, while the cyclized product
was not detected according to the 1H NMR spectrum of the
crude. This clearly showed not only that merely heating effect
could be excluded for ultrasound-mediated (or microwave
activated) experiments but also that SMUI irradiation had
benecial effect on this transformation.

For all the experiments reported in Table 1, a general work-
up protocol was involved. At the end of the reaction, the
cyclized RCM product 2 was insoluble in the micellar media.60 It
was expelled from the nanoreactor leading to the formation of
two immiscible phases (glycerol/product). Consequently, the
recovery of the nal product 2 was achieved by decantation
using a glycerol-immiscible and renewable solvent such as 2-
methyl-tetrahydrofuran (2-Me-THF), in which the surfactant
was also insoluble. Accordingly, using the biomass derivative
solvent 2-Me-THF and avoiding the use of any other toxic
organic solvent maintained the environmental benet of using
glycerol as a solvent.

The data reported in Table 1 clearly demonstrated that the
simultaneous use of microwaves and ultrasound was benecial
for RCM of DEDAM 1, occurring in heterogeneous media,60

affording improved yields of cyclized product 2, with diverse
ruthenium catalysts (Table 1, entries 2, 3, 5, 7–9). SMUI showed
the biggest positive inuence on RCM reactions promoted by
indenylidene Grubbs-II derivative M2 (entry 5) and Hoveyda–
Grubbs II-type M52 (entry 9) catalysts. The process benets from
rapid dielectric heating (by the presence of glycerol, ionic
surfactant and solid catalyst), acoustically strengthened mass
transfer and microemulsication (as solid–liquid interfaces),
enhanced absorption of acoustic energy by cavitation in glycerol
medium, determining a more efficient energy transfer (in viscous
and heterogeneous systems) to the molecules of reactants. In
heterogeneous conditions,60 these effects become even more
pronounced due to surface effects of both microwave heating
(temperature effect at surface) as well as mechanical effects of
ultrasound developed on the surface of the solid catalyst (micro-
jets). The increased catalyst activity under SMUI reected the
enhanced survival probability of the free N-heterocyclic carbenes
(NHCs), which might be stabilized by hydrophobic interactions
with the C-12 lipophilic chains inside the micelle core, which in
turn could result in higher steady state concentration of the active
species.76,77 However, secondary sonochemical processes such as
thermal effects leading to radical formation, could be responsible
of the always observed substrate polymerization, and/or catalyst
deactivation.76

Conclusions

From an economical and environmental point of view, water or
‘water-like solvents’ such as the biomass derivative glycerol
(also dened as ‘organic-water’27) are very attractive media for
organic reactions. This approach is particularly valuable when
coupled to a promising technological innovation, for which the
full potential still needs to be explored, based on the irradiation
of the reaction mixture by a combination of microwaves and
ultrasound used simultaneously. This emerging hazard-free
technique now available, allowing a real-time monitoring of
This journal is © The Royal Society of Chemistry 2015
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the microwave energy adsorbed by the sample, as well as
accurate control of the reaction parameters, will be protable
especially when enhanced heat transfer (provided by both MW
or ultrasound irradiation) and mass transport (mainly
enhanced by US) are required, in particular for heterogeneous
or particularly viscous systems. As here demonstrated, this
hybrid technology was successfully applied to the ring closing
metathesis reaction. It is also worth noticing that the expected
reactivity of Ru-complexes in glycerol micellar systems under
SMUI was very oen modied compared to the reactivity
proles usually observed in homogeneous conditions and in
solutions. Usually carried out in non-polar organic solvents,
catalysis in glycerol micellar conditions opens new perspectives
and approaches for expanding the scope of glycerol use. In
particular, in the case of ring closing metathesis reaction, the
advantage relays on the use of commercially available catalysts
without need to synthesize specic (soluble) catalysts78 or to use
‘catsurf’79,80 (catalysts behaving as surfactants,42 explored in
aqueous micellar conditions). Further studies are in progress to
extend the eld of application and the full potential (and limi-
tation) of micellar glycerol catalysis using SMUI hybrid
technology.
Experimental section
General experimental procedure for RCM

12-2-12 (30 mg, 0.048 mmol) and the ruthenium catalyst
(5 mol%) were gently stirred to obtain a homogenous powder. A
solution of 12-2-12 in glycerol (2.4 g, prepared using 5 mg of
surfactant per g of glycerol), was heated gently under vigorous
stirring at 60 �C for 10 min. The solution was le to reach room
temperature under stirring and added into the 12-2-12/
ruthenium solid mixture. Vigorous stirring was pursuit for
additional 5 minutes, then diethyl diallylmalonate 1 (76.6 mg,
0.318 mmol) was added. The suspension was reacted at 50 �C
for 1100 s (ca. 18 min) using the specied activation technique.
For RCM using microwave irradiation alone. The microwave
irradiation was performed at 10 W forward power. For RCM
using ultrasound irradiation alone (Indirect sonication). The
ultrasound were applied through a plate-probe xed at the
bottom of the reaction vessel (sonotrode), as shown in Fig. 1.
The temperature was measured by a ber optic probe inserted
into the vessel and kept constant at 50 �C using a reux
condenser (Fig. S2 in the ESI†). For RCM using simultaneous
microwave and ultrasound irradiation. The ultrasound and
microwave sources were switched on simultaneously: the
microwave irradiation was performed at 10 W forward power
with the integrated simultaneous ultrasound irradiation using
plate-probe (power level: nominal power 200 W, transmitted
power 1 W mL�1) and the mixture was irradiated by combined
microwave and ultrasound irradiation for 1100 s.
General work-up procedure

Upon completion of the reaction (monitored by TLC: petroleum
ether–diethyl ether 7 : 3 v/v, iodine indicator), the mixture was
cooled to room temperature. The cyclized product 2 was
This journal is © The Royal Society of Chemistry 2015
separated using a simple work-up: 2-methyl-tetrahydrofuran
(4 mL) and aqueous NaClsat. (2 mL) were added directly into
the reaction vessel. The mixture was vigorously stirred for 5
min. The surfactant was not soluble in 2-Me-THF, while the
cyclized product 2 was in the upper organic layer. The organic
layer was decanted, dried over MgSO4, ltered, and evaporated
under reduced pressure. Yields are reported in Table 1.
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F. Jérôme, Chem.–Eur. J., 2008, 14, 10196–10200.

28 A. Hamel, M. Sacco, N. Mnasri, F. Lamaty, J. Martinez, F. De
Angelis, E. Colacino and C. Charnay, ACS Sustainable Chem.
Eng., 2014, 2, 1353–1358.

29 Handbook of Metathesis, ed. R. H. Grubbs, Wiley-VCH,
Weinheim, 2003.

30 Regulation (EC) No 1907/2006 of the European Parliament
and of the Council of 18 December 2006 concerning the
Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH), establishing a European Chemicals
Agency. http://ec.europa.eu/enter.

31 K. Skowerski, J. Białecki, A. Tracza and T. K. Olszewski, Green
Chem., 2014, 16, 1125–1130.

32 K. M. Kuhn, T. M. Champagne, S. H. Hong, W.-H. Wei,
A. Nickel, C. W. Lee, S. C. Virgil, R. H. Grubbs and
R. L. Pederson, Org. Lett., 2010, 12, 984–987.

33 X. Miao, C. Fischmeister, C. Bruneau and P. H. Dixneuf,
ChemSusChem, 2008, 1, 813–816.

34 H. Bilel, N. Hamdi, F. Zagrouba, C. Fischmeister and
C. Bruneau, Green Chem., 2011, 13, 1448.

35 N. Bakhrou, F. Lamaty, J. Martinez and E. Colacino,
Tetrahedron Lett., 2010, 51, 3935–3937.

36 X. Bantreil, M. Sidi-Ykhlef, L. Aringhieri, E. Colacino,
J. Martinez and F. Lamaty, J. Catal., 2012, 294, 113–118.
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52 A. Hernoux, J.-M. Lévêque, U. Lassi, S. Molina-Boisseau and

M.-F. Marais, Carbohydr. Polym., 2013, 92, 2065–2074.
53 C. Domini, L. Vidal, G. Cravotto and A. Canals, Ultrason.

Sonochem., 2009, 16, 564–569.
54 C. Buffa, G. Cravotto and G. Omiccioli, TO A-000766, 2006.
55 X.-F. Shen, J. Chem. Technol. Biotechnol., 2009, 84, 1811–

1817.
56 S. Chemat, A. Lagha, H. A. Amar and F. Chemat, Ultrason.

Sonochem., 2004, 11, 5–8.
57 Y. Coquerel, E. Colacino, J. Rodriguez, J. Martinez and

F. Lamaty, Microwave-Assisted Stereoselective Synthesis, in
Stereoselective Synthesis of Drugs and Natural Products, ed.
V. Andrushko and N. Andrushko, Wiley, 2013, vol. 1, ch. 5,
online ISBN: 9781118596784, DOI: 10.1002/9781118596784.

58 L. Latrasse, M. Radoiu, J.-M. Jacomino and A. Grandemenge,
Facility for microwave treatment of a load, WO 2012146870,
2012.

59 The SMUI hybrid technology can also be scaled-up. Direct
sonication is achieved in dedicated apparatus, equipped with
a non-metallic horn inserted in SAIREM multimodal
microwave cavity. More data and technical details can be
provided by SAIREM (Neyron, France).

60 L. Laville, C. Charnay, F. Lamaty, J. Martinez and
E. Colacino, Chem.–Eur. J., 2012, 18, 760–764.

61 The comparative study of the energy efficiency in RCM process
performed with the MiniFlow 200SS and other brands of
microwave assisted reactors is not a trivial challenge. The
experimental results reported in Table 1 can not be compared
to those ones described by us in ACS Sustain. Chem. Eng.
2014, 2, 1358–1358 (ref. 28), whose the real energy absorbed
can not be measured but only on the temperature measured at
one or multiple points inside the reactor.

62 A. Michrowska, L. Gulajski, Z. Kaczmarska, K. Mennecke,
A. Kirschning and K. Grela, Green Chem., 2006, 8, 685–688.

63 S. Guidone, E. Blondiaux, C. Samojłowicz, Ł. Gułajski,
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