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ABSTRACT: The ring-closing metathesis (RCM) of diethyl diallylmalo-
nate in glycerol micellar conditions was studied using microwave irradiation.
The micellization of different cationic surfactants in glycerol was first
investigated. The results show the superiority of micellar catalysis in glycerol
for a RCM reaction compared to glycerol alone, limiting byproduct
formation. In comparison with the classical solution syntheses, the method
here described allows safer reaction conditions, less hazardous chemical syntheses, and use of renewable feedstocks. The practical
workup, separation, and purification operations minimize the use of materials.
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■ INTRODUCTION

One of the major challenges in academia and industry is the
development of environmentally friendly synthetic processes
through a chemistry “benign by design”.1,2 In this context, the
replacement of classical volatile organic solvents3 by new
sustainable media4 coupled with energy-saving5,6 and selective
protocols for catalytic and organic processes is an economical
and societal concern. This is enabling wider use of glycerol,
switching its status as a waste in biodiesel fuel production7 to an
economical and eco-friendly solvent in organic8−11 and
inorganic material synthesis,12−15 as a substrate for the
production of value-added chemicals,16−18 or as a hydrogen
donor for transfer hydrogenation (TH) reactions.16,19−22 It is
readily available from renewable sources after triglyceride
saponification of natural fats and oils.23 It isalso a cheap and a
large volume market product that is biodegradable and
nontoxic. Due to its strong hydrogen network,24 glycerol
displays solvent properties similar to those of water25 and a
polarity similar to that of other organic solvents such as DMSO
or DMF, allowing its use as a solvent for microwave
irradiation.26 Due to its importance for many industrial and
pharmaceutical preparations and despite its high potential
application as an environmentally friendly solvent to perform
green synthesis, glycerol use is still limited in organic
transformations, mainly for two reasons: (i) the intrinsic
reactivity of the polyol backbone leading to the formation of
side products and (ii) the very poor solubility of the vast
majority of organic compounds. In order to overcome the
drawbacks described, micellar catalysis in glycerol is a valid and

unexplored alternative. The presence of some hydrophobic
environments inside the micelle allows for better diffusion of
organic substrates into the glycerol phase and also inhibits its
reactivity as reported for base-catalyzed transformations (ring-
opening of epoxydes, Michael addition, Henry and Knoevena-
gel reactions).25 The study of the micellization process in “pure
glycerol” is limited, both in the field of biology and in organic
synthesis. Many studies related to the use of glycerol micellar
conditions for biological applications (e.g., protein crystalliza-
tion or cellular cryoprotectors) were reported only in aqueous
binary solvent mixtures, ranging from a few percent to 40% of
glycerol.27−29 Very few studies report a higher concentration of
glycerol in the range from 50% to 80%,30,31 and only a few
papers deal with the surfactant in pure glycerol, where the
investigated concentrations were extremely high in order to
obtain lyotropic mesophases32 and liquid crystals33 inappro-
priate for organic synthesis. Moreover, the critical micellar
concentration (cmc) of commercially available surfactants was
never reported, and micellar systems in pure glycerol still
remain an underdeveloped field of research, especially in
organic synthesis. The study of the surfactant aggregation and
of the micellization process in polar organic nonaqueous
solvents such as glycerol is limited in regards to the importance
of these applications in green chemistry, pharmaceutical
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sciences, and cosmetics, in which glycerol and surfactants are
simultaneously present in many different products.
Herein, the micellization process in pure glycerol in the

presence of various surfactants was investigated first. Then, the
micellar approach was applied to the study of the ring-closing
metathesis (RCM) reaction of diethyl diallyl malonate 1
(Scheme 1).

■ RESULTS AND DISCUSSION
We previously reported10 the ruthenium-catalyzed ring-closing
metathesis (RCM) of diethyl diallylmalonate 1 in glycerol
under microwave activation. The conversion of the starting
material was always quantitative; however, the yield of the
cyclic product 2 was compromised by the formation of various
glycerol ester byproducts through transesterification between
glycerol and the substrate or the product. The micellar catalysis
approach in glycerol could be an effective alternative to
overcome the problem of side reactions between glycerol and
ester substrates (Scheme 1).
Following the above, it is expected that the solubilized

substrate inside the micellar core is protected from glycerol.
To date, no data have been reported on pure glycerol for

conventional cationic surfactants such as dodecyltrimethylam-
monium bromide (DTAB), tetradecyltrimethylammonium
bromide (TTAB, and hexadecyltrimethylammonium bromide
(CTAB), or for cationic gemini (dimeric) surfactants such as
alkanediyl-α,ω-bis(dodecyldimethylammonium bromide), re-
ferred to as 12-s-12,34 for which s is the spacer length and
represents the number of methylene groups (2 or 10) (Figure
1). Due to the high viscosity of polyol liquids and polyol/water

mixtures, difficulties were encountered in measurements of the
critical micelle concentration (cmc) using methods such as
tensiometry, conductimetry, or calorimetry. An alternative
method, based on pyrene fluorescence spectroscopy, was used
in the present study. The ratio I1/I3 (called the 1:3 ratio) of the
intensities of the first and third vibronic peaks in the
fluorescence emission spectrum of solubilized pyrene give a
measure of the polarity of the pyrene microenvironment35,36

and is therefore a convenient method to determine the cmc of
surfactant in glycerol. Figure 2 shows the pyrene 1:3 ratio plots
for DTAB, TTAB, CTAB, 12-2-12 and 12-10-12 in glycerol.
The pyrene 1:3 ratio data points were fitted using a Boltzmann
sigmoidal function. The 1:3 ratio decreased as the concen-
tration of surfactant increased, and an inflection point could be
identified when the surfactant concentration reached the
micellar concentration.36 The second derivative of the
Boltzmann sigmoidal fit shown in Figure 2 permitted
determination of the center of the sigmoid associated with
the critical micellar concentration using the method previously
reported.36 A summary of the values of cmc in glycerol
compared with those obtained in water is shown in Table 1. It
was observed that the cmc value decreased with an increase in
carbon chain length. Dimeric surfactants exhibited a cmc
noticeably lower than monomeric surfactants with the same
alkyl chain length. Moreover, the cmc values in pure glycerol
increased considerably compared to those in water. Previous
studies concerning the micellization in polyol aqueous mixtures
reported an increase in the cmc with polyol content.27,28,37,38

The micellization process in polar nonaqueous solvents was
described with an important entropic contribution called
solvophobic interaction, which is responsible for micelliza-
tion.39,40 This interaction results from the presence of one or
more potential hydrogen bonding centers.40 It was suggested
that the ability of a solvent to form hydrogen bonds was a
necessary condition for surfactant aggregation and that the
micellization41,42 in polar nonaqueous solvent occurred when
the surfactant concentration was sufficient to allow effective
dispersive interactions between alkyl chains. Consequently, a
certain amount of the solvent molecules surrounding the
hydrophobic groups were released, resulting in a positive
change of entropy. Hence, the micellization in polar non-
aqueous solvent is a thermodynamically favored process.
Nevertheless, the reported values for critical micellar
concentrations were much higher than in water because the
hydrogen bond network was weaker. As the glycerol dielectric
constant (εr = 42.5) is lower than that of water (εr = 78.5), an
enhancement of repulsion was also expected among the
cationic head groups, along with an increase in their surface
area in the micelle, leading to a lower aggregation
number.27,31,35,36,43−45

The data reported in Table 1 are important in determining
which surfactant was most suitable for micellar catalysis in
glycerol as the cmc value reflects the surfactant efficiency to
form a nonpolar solvophobic domain in which the solubilized
substrate was protected from the reactive medium. Further-
more, the cmc value indicates the amount of free monomers in
the solution; thus, nonmicellized surfactant molecules DTAB
and TTAB with cmc values of 130 and 50 mM were
inappropriate for micellar catalysis. CTAB displayed a lower
value of cmc. However, it can only be used at temperatures
above 323 K because of its poor solubility at room temperature,
which could complicate the micellar solubilization of the
reactive substrates. In contrast, the dimeric surfactant 12-2-12 is
well suited for micellar catalysis with the lowest cmc value (9.6
mM, Table 1) in glycerol at room temperature, and it was thus
selected to study the RCM of diethyl diallylmalonate 1.
Moreover, 12-2-12 also exhibited a large solubility at 298 K,

suitable for practical application in the field of organic synthesis.
In previous findings,46 it was demonstrated that diethyl

diallylmalonate 1 was completely solubilized in the hydro-
phobic core of the micelles formed by 12-2-12 in water. The

Scheme 1. RCM in Glycerol Micellar Conditions

Figure 1. Chemical structure of the investigated surfactants.

ACS Sustainable Chemistry & Engineering Letter

dx.doi.org/10.1021/sc500207r | ACS Sustainable Chem. Eng. 2014, 2, 1353−13581354



ring-closing metathesis was studied by replacing water with
glycerol and using 12-2-12 as the micellization agent using
microwave activation (Scheme 1). The reactivity of glycerol was
inhibited by the presence of hydrophobic surroundings
protecting the substrate from the formation of glycerol ester
byproducts as observed for RCM in glycerol alone.10 The
results using two different ruthenium catalysts (G-I and HG-I,
Scheme 1 and Table 2) were also compared to those previously
reported in eco-friendly solvents such as PEG-340047 and
glycerol alone,10 in water micellar conditions at room
temperature,46 or under microwave activation.

Figure 2. Plots of pyrene 1:3 ratio versus concentration of surfactants. The bold lines are the Boltzmann sigmoidal fit to the data, and the dashed
lines are the second derivative of the fit curve to determine the sigmoid center associated with the surfactant cmc.

Table 1. Comparative Values for cmc of Surfactants in
Glycerol and in Water

cmc (mM)

surfactant in glycerol in water

DTAB 129.3 15.643

TTAB 50.6 3.7143

CTABa 20.57 0.9143,44

12-2-12 9.65 0.8445

12-10-12 18.38 0.6345

aMeasurements were carried out above the Krafft temperature of
CTAB at 323 K in glycerol and 308 K in aqueous solution.

Table 2. Comparative Studies for Ring-Closing Metathesisa

in Green Solvents at Room Temperature or Using
Microwave Activation (MW)

without surfactantb micellar catalysis with 12-2-12

entry
glycerol
(%)

PEG-3400
(%)

water
(%)

glycerol
(%)

1 G-I 4910,c 3047,c 6246,d 0e 75f

2 HG-I 57c quantitativec tracesd 0e 82f

aYields were determined by 1H NMR using CH2Br2 as internal
standard. bConcentration of the substrate was 0.30 mM. cReaction
performed at 50 °C, using microwave irradiation for 1 h. dReactions
performed at room temperature for 4 h; substrate concentration was
0.30 mM. eReaction conditions: 1 (0.04 mmol, substrate concentration
was 0.016 mM), catalyst (5 mol %), 12-2-12 (2.43 mg, 0.004 mmol),
water (2.63 mL), and 20 min at 50 °C using microwave irradiation.
fReaction conditions: 1 (0.159 mmol, substrate concentration was 0.16
mM), catalyst (5 mol %), glycerol/12-2-12 mixture (1.2 g), 12-2-12
(15 mg), and 20 min at 50 °C using microwave irradiation.
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In the first set of experiments, the reactivity of substrate 1 in
aqueous micellar conditions was studied using microwave
activation and compared with the data of previous results at
room temperature in water46 (Table 2).
In these cases, the reaction was investigated at the same

substrate concentration (0.30 mM). In water, using micro-
waves, the conversion of diethyl diallylmalonate 1 was
quantitative after only 20 min with both G-I and HG-1
catalysts, but the cyclized product 2 was not detected in the raw
by LC/MS analyses. The heating characteristics of the solvents
play a crucial role when using microwave irradiation.26 High
microwave absorption due to the high dielectric constant of
water proved to be detrimental on the outcome of the
cyclization process in aqueous micellar conditions, promoting a
fast polymerization even at a far more diluted substrate
concentration (0.16 mM).
This hypothesis was confirmed during the workup. A

suspension formed in the aqueous phase during the extraction
with diethyl ether. Suspecting this was due to the formation of
insoluble polymers, the aqueous phase was analyzed by a
dynamic light scattering (DLS) technique to measure their size
(Supporting Information). Consistent with the better efficiency
of the HG-I catalyst in the cross-metathesis polymerization
reaction, particles of 345 and 585 nm in size were obtained in
reactions catalyzed by G-1 and HG-1, respectively. For RCM in
aqueous media,46 it was reasoned that micelles acted carriers of
the insoluble substrate from the solution to the catalyst surface
and improved the diffusion to reactive centers. Cyclized
product 2 was then expelled from the micelles as its solubility
was decreased. Likewise, catalyst, allylic substrate 1, and
cyclized product 2 were not soluble in pure glycerol.
To determine if the use of glycerol micellar catalysis using a

microwave could lead to a more successful outcome, the
efficiency of the RCM of diethyl diallylmalonate 1 (in a
glycerol/12-2-2 micellar mixture) with the G-1 catalyst was
initially tested at a concentration of 0.30 mM and compared
with previous experiments in glycerol alone,10 in PEG-3400,47

and in an aqueous micellar catalysis46 (Table 2, entry 1). Here
too, the reaction proved to be sensitive to the substrate
concentration, and only traces of the RCM product 2 were
obtained. Despite the full conversion of the starting material,
the positive outcome was hampered by a fast polymerization
reaction due to the “high concentration” of diethyl
diallylmalonate 1 around the catalyst.
It was reported that the internal viscosity of the micelle was

increased with addition of glycerol in the aqueous surfactant
mixture.31 Accordingly, it was expected that the residence time
of diethyl diallylmalonate 1 was prolonged, and the amount
increased in the immediate vicinity of the reactive center on the
catalyst surface. Due to the high viscosity of the micellar core
and the slowed diffusion of the reactive species, the
polymerization reactivity was strongly increased. The substrate
dilution in the reaction mixture was thus key to limiting the
polymerization reaction and in promoting the cyclization
reaction leading to product 2.
The RCM in glycerol micellar conditions was also explored

at more diluted concentrations (using microwaves). Good
yields were obtained with both catalysts at 0.16 mM (Table 2),
and at 0.08 mM, the reaction was equally effective but was not
further investigated for practical reasons (handling of very small
quantities). Cyclized product 2 was obtained in shorter times
(20 min) compared to PEG-340047 or glycerol alone10 (1 h)
(Table 2), and glycerol esters or isomerization byproducts were

not formed. Lowering the catalytic loading (2.5 mol %) proved
to be ineffective in terms of substrate conversion or yield of
cyclized product 2. As shown in Table 2, when using the G-I
catalyst, micellar catalysis was possible both in aqueous media
at room temperature and in glycerol using microwaves (Table
2, entry 1), whereas with the HG-I catalyst the glycerol micellar
system using microwaves remained the only suitable approach
for RCM (Table 2, entry 2).
At the end of the reaction and as previously demonstrated,46

cyclized RCM product 2 was insoluble in the micellar media,
and it was expelled from the nanoreactor leading to the
formation of two immiscible phases. Consequently, the
recovery of final product 2 could be achieved by decantation,
without assistance of any organic solvent. In order to obtain full
recovery of the product and especially for small-scale
preparations, a glycerol-immiscible and renewable solvent
such as 2-methyl-tetrahydrofuran (2-Me-THF) in which the
surfactant was also insoluble could be used. The environmental
benefit of using glycerol as a solvent was mantained by using
the biomass derivative solvent 2-Me-THF and avoiding the use
of any other toxic organic solvents.

■ CONCLUSIONS
In conclusion, solvents play a key role in controlling the process
of micellization of surfactants. Glycerol is similar to water in
that it is polar in nature and forms intra- and inter-hydrogen
bonds though less strong than those in water. As the cmc is the
most important parameter in investigations concerning the
micellization of surfactants, the behavior of monocationic
DTAB, TTAB, and CTAB (commercially available) and
dicationic 12-2-12 and 12-10-12 (laboratory manufactured
and now commercially available) were studied, and their cmc
values were measured for the first time in pure glycerol. It was
observed that the surfactant cmc in glycerol was higher
compared to those in water. This was mainly due to the fact
that the cohesive energy density and dielectric constant of
glycerol were lower than those of water. The results obtained
using microwave activation for RCM in aqueous or glycerol
micellar media need to be analyzed with consideration to the
relative solubility of the substrate and catalysts in the glycerol or
water phase, the different viscosity of the media, and the
diffusion properties of the compounds but also the difference in
microwave absorption of each media, including the surfactant.
Although glycerol alone can be a valid alternative for
environmentally friendly organic transformation,16 the micellar
catalysis approach could be an alternative to improve the
solubility of organic substrates enhancing their diffusion in this
particular medium and to inhibit the reactivity of its polyol
system. Finally, another advantage of the catalytic system
described here is the use of commercially available catalysts,
under nonconventional conditions, without the need to
synthesize specific catalysts48 or expensive “catsurf”49,50

(catalysts behaving as surfactants, explored in aqueous micellar
conditions) that require additional production steps and are not
always commercially available. The possibility to realize organic
syntheses and catalysis in glycerol micellar conditions will open
new perspectives and approaches for expanding the scope of
glycerol use.

■ EXPERIMENTAL SECTION
General Experimental Procedure. 12-2-12 (15 mg, 0.024 mmol)

was added to a solution of 12-2-12 in glycerol (1.2 g, prepared using 5
mg of surfactant/g of glycerol). The mixture was heated gently under
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vigorous stirring at 60 °C for 10 min. The solution was left to reach
room temperature under stirring and then diethyl diallylmalonate 1
(38.3 mg, 0.159 mmol) was added. The mixture was sonicated for 5
min to allow dispersion of the substrate in the medium. The
ruthenium catalyst (5 mol %) was added, and the suspension was
irradiated using microwaves at 50 °C for 20 min. The cyclized product
2 could be recovered after a simple workup; 2-methyl-tetrahydrofuran
(2 mL, Me-THF) and aqueous NaClsat. (1 mL) were added directly
into the reaction vessel. The mixture was vigorously stirred for 5 min.
The surfactant was not soluble in Me-THF, while the cyclized product
2 was in the upper organic layer. The organic layer was recovered by
simple decantation, dried over MgSO4, filtered, and evaporated under
reduced pressure. Yields are reported in Table 2. Spectral data of RCM
product 2 are identical to those in the literature.46,51
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