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A B S T R A C T

This work presents the results of the methylation of isosorbide to produce dimethyl isosorbide using dimethyl 
carbonate as methylating agent and reaction medium and a MgAl mixed oxide derived from the calcination of a 
commercial hydrotalcite as basic catalyst. This reaction was carried out using three types of reactors: a 
continuous liquid flow reactor and two batch reactors, the first one working at autogenous pressure and the other 
one at atmospheric pressure. The best results were achieved for the atmospheric pressure reactor, with the 
dimethyl isosorbide yield being 100 % at 110 ºC, after 8 h. Under these experimental conditions, the catalyst 
showed a loss of selectivity towards dimethyl isosorbide with consecutive catalytic cycles, reaching approxi
mately 50 % dimethyl isosorbide yield after 5 catalytic cycles, but maintaining the isosorbide conversion at 
100 %. The reaction mechanism most probably relies on the cooperation between the catalyst and the dimethyl 
carbonate. With the help of computational studies, it has been demonstrated that the adsorption of dimethyl 
carbonate on the catalyst takes place through the carbonyl group and that it adsorbs on either Mg2 + or Al3+ ions. 
Finally, the assignation of the FTIR bands corresponding to the adsorbed dimethyl carbonate species revealed 
that it undergoes a surface reaction, leading to the formation of both methoxide and monomethyl carbonate 
adsorbed species. The presence of such species was identified as responsible for the changing pattern selectivity 
of the reaction during the reutilization of the catalyst.

1. Introduction

Starting from the nineties, the development of Green Chemistry has 
boosted the research for processes, materials, reagents and products that 
are environmentally benign, generate less waste, consume less energy 
and are more atom efficient [1]. The final scope is to synthesize target 
compounds in high yields, shorter times and with milder reaction con
ditions via green(er) approaches [2].

A poignant example of this paradigm is the synthesis of dimethyl 
carbonate (DMC). DMC - the smallest representative of the organic 

carbonates - was industrially prepared by a phosgene route until the 
mid-80’s of the last century, when this synthesis was replaced by greener 
ones such as i) the oxidative carbonylation of methanol using oxygen as 
oxidant (Enichem, Italy) or ii) the UBE process (Japan), in which NOx is 
used as oxidant [3].

DMC has found a wide range of applications in areas such as phar
maceuticals, lithium-based batteries, coatings, in the polycarbonate in
dustry, etc. [3–5]. Moreover, DMC is considered a green reagent [6] in 
substitution of hazardous and highly toxic compounds, such as phosgene 
for carboxymethylation reactions, and dimethyl sulphate or methyl 
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halides for methylation reactions [7]. In fact, depending on the substrate 
and reaction conditions, DMC can act as methylating agent [8], when 
the methyl groups (soft electrophile) are attacked by a soft nucleophile, 
or as a carboxymethylating agent [9], when the carbonyl group (hard 
electrophile) is attacked by a hard nucleophile, according to Pearson’s 
Hard-Soft Acid-Base theory. It should be noted that the methylation 
reaction typically requires higher temperatures (T > 150 ◦C) compared 
to methoxycarbonylation reactions (T = 90 ◦C).

Tundo et al. conducted an in-depth study on the methylation of 
primary, secondary and tertiary alcohols with DMC [8]. When primary 
alcohols, 1-octanol and benzyl alcohol, were employed as substrates in 
the presence of weak bases (K2CO3), the selective formation of the 
methoxycarbonylated products was observed. However, when calcined 
hydrotalcite or basic alumina were tested as catalysts, the methyl de
rivatives of these alcohols were obtained as main products. The authors 
proposed that the formation of methyl derivatives proceeded via a two 
steps route, where first the transesterification between DMC and the 
alcohol took place, followed by a decarboxylation of the methyl car
bonate to yield the methyl ether. Despite the heterogeneous catalytic 
nature of the reaction, the role of the catalyst in both the trans
esterification and decarboxylation reactions was not addressed in this 
study. When secondary or tertiary alcohols were examined, elimination 
products were mainly formed, as expected.

Isosorbide (IS) is a cyclic sugar derived from D-sorbitol that presents 
a peculiar V-shaped structure (Scheme S1) in which all the oxygens are 
in β position to each other [10]. The secondary alcohols of the IS are 
labeled differently: the endo hydroxyl group points toward the V-shaped 
cavity, while the exo hydroxyl group points outward [7]. A strong 
intramolecular hydrogen bond exists between the endo alcohol and the 
oxygen atom of the opposite tetrahydrofuran ring. As a result, the two 
hydroxylic moieties have a different reactivity, indeed the endo hydroxyl 
group resulted more easily methylated than the exo one. The rigidity of 
the structure has made IS a viable alternative to bisphenol A in the 
synthesis of polycarbonates [11] and for the synthesis of polyurethanes 
[12]. Polycarbonates derived from IS showed improved properties, such 
as UV stability and non-toxic nature compared to the polycarbonates 
derived from the bisphenol A route [13]. An additional application of IS 
is in the synthesis of the nitrate derivative used as medicines for heart 
diseases which also has direct applications for treating glaucoma and 
brain hypertension [14,15].

Another interesting compound derived from IS is its methylated 
derivative, called dimethyl isosorbide (DMI). DMI is an interesting green 
solvent, with a high boiling point (236 ºC) and negligible bio
accumulation [16]. These properties make it suitable for use in cosmetic 
and pharmaceutical formulations [17]. DMI is a polar molecule 
completely miscible with water, so it has also been described as a solvent 
for the organosolv pre-treatment of biomass [16] and for the preparation 
of ultrafiltration membranes [18].

The synthesis of DMI can be achieved by means of the methyl halide 
route, or by exploiting the reactivity of DMC. The latter approach was 
proposed by Tundo et al. [10], who synthesized DMI in quantitative 
yields when an excess of sodium methoxide was used as a base, at the 
reflux temperature of DMC for 20 hours. In this process, methoxide 
anions are generated as by-products in the methylation reaction, so the 
base could also in principle be used in catalytic amount. DMI was pre
pared in 86 % yield when a calcined commercially available hydrotalcite 
was used as catalyst in a 1:1 (cat:IS) weight ratio at 200 ºC for 20 hours 
[19]. However, the mechanism of the methylation of IS has never been 
fully elucidated when the heterogeneous catalysis approach has been 
carried out. Homogenous basic organocatalyst N-methyl pyrrolidine was 
also efficiently used for the preparation of DMI, as well as for the 
methylation of IS epimers, isoidide and isomannide, in almost quanti
tative yield. The reactions were conducted in autoclave at 200 ◦C for 
12 hours and some scale-up tests were reported up to 10 g of DMI [17]. A 
more recent approach to DMI focused on the use of a heterogeneous acid 
catalyst [20]. In this case, the reaction conditions were harsher than the 

basic ones, resulting in a DMI yield of ca 80 % at 200 ºC, whereas a high 
autogenous pressure was caused by the acid-catalyzed decomposition of 
DMC to CO2 and methanol.

Alternative procedures for the methylation of IS include the use of 
methanol as methylating agent in the presence of polyacids, zeolites and 
zirconia-based catalysts [21]. Other reported synthetic approaches 
encompass i) methylphosphates in the presence of Lewis acid catalysts 
[22] and ii) 1,2-dimethoxyethane used as reagent/solvent in the pres
ence of heteropolyacids [23].

From these premises, the aim of this work is to further investigate the 
synthesis of DMI via DMC chemistry, employing a calcined hydrotalcite 
as catalyst, with special emphasis on the reaction mechanism, the effect 
of experimental conditions and the role of both DMC and the catalyst. 
The reaction was carried out in three different systems: a continuous 
flow liquid reactor and two batch reactors, one operating at autogenous 
pressure and the other at atmospheric pressure. The reaction mechanism 
was evaluated by FTIR spectroscopy analysis of the adsorption of DMC 
on the surface of the catalyst, by computational studies and by the 
evolution of the reaction intermediates along the reaction. Furthermore, 
recovery and recycling of the catalyst were also addressed, including its 
characterization after the reaction.

2. Materials and methods

2.1. Materials

Isosorbide (IS; 98 %, Sigma-Aldrich), dimethyl carbonate (DMC; 
99 %, Sigma-Aldrich), dimethyl isosorbide (DMI; 99.9 %, Sigma- 
Aldrich), methanol (MeOH; VWR, HPLC gradient grade), cyclopentyl 
methyl ether (CPME; 99.9 %, Sigma-Aldrich), dimethylformamide 
(DMF; 99.9 %, Sigma-Aldrich) hydrotalcite (HT; Mg6Al2(OH)16](CO3)⋅ 
4 H2O; 19 % Mg, 1.2 % Al, Sigma-Aldrich), magnesium oxide (MgO; 
98 %, Fluka Analytical), alumina (Al2O3; Alfa Aesar), nitrogen (N2; 
99,9999 %, Air Liquide).

2.2. Catalytic reaction

2.2.1. Batch reactors
In all the tests carried out in this work, prior to the catalytic reaction, 

the hydrotalcite (HT) was activated in an oven at 450 ºC with a ramp of 
10 ºC/min in order to generate the MgAlOx mixed oxide, active in the 
reaction. For the reaction at autogenous pressure conditions, the 
activated catalyst was poured into the glass liner of the Parr® reactor 
(Parr Instrument Company, Model 4560 Mini Bench Top Reactors) 
containing the solution of IS in DMC (0.02 M). The capacity of the glass 
liner was of 100 mL and the volume of the dissolution was fixed at 
56 mL. The pressure and temperature of the reactor was monitored by a 
4848 Reactor Controller (Parr Instrument Company).

For the reaction at atmospheric pressure, the activated HT was 
poured in a Pyrex glass batch reactor with PTFE stopper, with a capacity 
of 20 mL (dimensions of 150 mm×24 mm ø) and magnetic stirring 
(Cross shape stirring bar, 10 mm, Radleys®). The reactor was charged 
with 5 mL of IS solution (0.02 M) and introduced into a reaction station 
type Carousel 12 plus (Radleys®), which is connected to a cooling sys
tem with recirculation of ethylene glycol and water mixture.

Different reaction variables were modified for both systems, such as 
the reaction temperature, reaction time and catalyst/IS mass ratio. At 
the end of the reaction, the catalyst was filtered under vacuum to 
separate the catalyst from the reaction medium and then dried in an 
oven at 60 ◦C for 24 hours. For reuse tests, the catalyst was decanted into 
the reactor and the reaction solution was removed, leaving the catalyst 
in the reactor. Then, a new fresh IS solution was added and the reaction 
was restarted.

The reaction products were then analyzed by a gas chromatograph 
(Shimadzu model GC 14 A), equipped with Flame Ionization Detector 
(GC-FID) and a TBR-14 fused silica capillary column. Tetralin was used 
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as internal standard and added to reaction medium after the reaction. 
The IS conversion and selectivities to the different compounds were 
calculated from the following formulas: 

Conversion(%) =
(mol isosorbide)c

(mol isosorbide)i
x 100 

Selectivityi (%) =
(mol product)i

(mol isosorbide)c
x 100 

Yieldi (%) = Conversion x Selectivityi 

Where, (mol IS)i stands for initial amount of IS and (mol IS)c refers to 
mol of converted IS. The Figure S1 shows a typical chromatogram of the 
reaction. The carbon balance was calculated as the sum of the detected 
compounds yields.

2.2.2. Flow reactor
In this case, each reaction was performed with fresh activated HT. 

Firstly, the catalyst was activated in a muffle as described above and 
kept in contact with DMC at room temperature prior to reactor loading. 
The reaction was carried out in a Phoenix Flow Reactor (ThalesNano®). 
The activated HT was loaded in a 30 mm ThalesNano CatCart and 
transferred to the reactor oven, then, pure liquid DMC was passed 
through the catalytic bed until the DMC was collected at the reactor 
outlet, at which time the flow of DMC was changed to IS solution and the 
temperature was raised to the desired value. Samples were collected at 
various reaction times and analyzed by GC-FID, as previously 
mentioned.

2.3. Experimental techniques

CNH analysis was performed on a Leco TruSpec Micro CHNSO 
Elemental Analyzer. The thermal behavior of the samples before and 
after reaction was studied on a METTLER TOLEDO thermal analyzer 
model TGA/DSC 1 capable of simultaneously measuring TG and DSC 
values of samples up to 10 µg. The thermobalance is coupled to the 
outlet of a PFEIFFER VACUUM mass spectrometer, model ThermoStar 
TM GSD 320. The measuring range is 1–200 amu. The tests were carried 
out in 70 µl Al2O3 crucibles in the temperature range 30–900 ◦C, with an 
air flow of 50 mL/min and a heating rate of 10 ◦C/min. For the atten
uated total reflectance infrared analysis (ATR-FTIR) of the samples, a 
Bruker Vertex70 FT-IR Spectrophotometer with a Golden Gate Single 
Reflection Diamond ATR System accessory was used. The samples were 
analyzed without pre-treatment. A standard spectral resolution of 
4 cm− 1 in the spectral range 4500–500 cm− 1 was employed for the 
acquisition of the spectra, as well as 64 scans. The background in all 
cases was air. The surface composition of the samples was determined by 
the X-Ray photoelectron spectroscopy (XPS), which was performed on a 
Physical Electronics PHI 5700 spectrometer with non-monochromatic 
Mg Kα radiation (300 W, 15 kV, 1253.6 eV std) and a multichannel 
hemispherical detector. All the narrow scan spectra were recorded at a 
step energy of 29.35 eV and an analysis area of 720 µm. The energy scale 
of the spectrometer was calibrated using the Cu 2p3/2, Ag 3d5/2 and Au 
4 f7/2 photoelectron lines at the binding energies of 932.7, 368.3 and 
84.0 eV, respectively. 1H MAS NMR (magic angle spinning nuclear 
magnetic resonance, 1H-ss NMR) spectra were recorded at room tem
perature in an AVANCEIII HD 600 (Bruker AXS) spectrometer, using a 
triple resonance DVT probe of 2.5 mm at a spinning rate of 25 kHz. The 
magnetic field was 14.1 T, corresponding to a 1H resonance frequency of 
600.09 MHz. The 1H chemical shifts are referenced to adamantane. 1H- 
ss NMR spectra were recorded with a pulse of width of 2 us, a power of 
pulse of 49 W, and 3-s delay with and summing up 64 scans. 13C CPMAS 
NMR (magic angle spinning nuclear magnetic resonance, 13C-ss NMR) 
spectra were registered at room temperature, using a triple resonance 
CPMAS probe of 4 mm at a spinning rate of 13 kHz. The magnetic field 

was 14.1 T, corresponding to a 13C resonance frequency of 150.91 MHz. 
The 13C chemical shifts are referenced to adamantane. 13C-ss NMR 
spectra were recorded with a contact time of 2 ms, a power of pulse of 
155 W, and 3-s delay with and summing up 7000 scans.

The adsorption of DMC, or MeOH on the activated hydrotalcite was 
followed by FTIR analysis. The experiments were carried out in a glass 
line vacuum by contacting DMC or MeOH vapours on a wafer of acti
vated HT. So, before adsorption, the activated hydrotalcite was evacu
ated overnight at 450 ºC in the glass line vacuum, then the temperature 
was lowered to the chosen one and DMC was allowed to adsorb on the 
surface of the catalyst. Prior to adsorption, a spectrum of the evacuated 
catalyst was recorded as a blank and subtracted from the following 
spectra. FTIR spectra of adsorbed species were recorded on a Shimadzu 
8300 FTIR spectrometer at a resolution of 4 cm− 1. Each spectrum was 
averaged over 128 scans. Self-supporting wafers of hydrotalcite were 
placed in a vacuum cell with greaseless stopcocks and CaF2 windows.

The description of both textural and acidity-basicity analysis can be 
found in the Supplementary Information

2.4. Computational analysis

The interactions of DMC with MgAl mixed oxides, as well as the IR 
spectra of both isolated and adsorbed species, have been studied by 
means of Density Functional Theory (DFT), which is demonstrated to be 
a good tool to study metal-organic adsorbate interactions [24]. To reach 
this end, the hybrid exchange-correlation functional M06–2X [25] was 
applied, that yields good numerical predictions of thermodynamic 
properties for organic and inorganic molecular systems [25,26]. The 
def2-TZVPP basis sets [27] have been applied to all of the atoms, which 
form the system under study in conjunction with the empirical disper
sion correction of Grimme [28].

The electronic structure calculations were carried out with the pro
gram GAUSSIAN16 [29]. Adsorption energies were determined with the 
standard expressions of Statistical Thermodynamics. Molecular geome
tries were analyzed with the help of the MacMolPlt [30] and MOLDEN 
[31] graphical programs. The assignment of the observed bands of the 
spectra has been performed through the vibrational analysis in internal 
coordinates according with the GF method of Wilson [32–34].

3. Results and discussion

The catalytic activity of MgAlOx mixed oxide derived from a com
mercial hydrotalcite (HT) was evaluated in the methylation of IS with 
DMC, which was employed as solvent and reagent. Both hydrotalcite 
and MgAlOx mixed oxide have been previously characterized and the 
main physicochemical properties already reported in the literature [35]. 
It must be emphasized that, in the present work, only the character
ization information necessary to understand the catalytic performance 
of both HT and MgAlOx mixed oxides has been used.

The main objective of this work is to unravel the mechanism behind 
the methylation reaction of IS with DMC, when using a basic solid 
catalyst. For this purpose, two discontinuous reactors (autogenous and 
atmospheric pressure) and one continuous liquid flow reactor were 
used. Different experimental conditions were evaluated for each reactor 
and the adsorption of both DMC and MeOH on the HT were studied in 
order to elucidate the evolution of the spectral features during the re
action, so to better understand the reaction mechanism.

The reaction (Scheme 1) of IS with DMC comprises eight different 
compounds: two monocarboxymethyl compounds (MC), one dicarbox
ymethyl compound (DC), two carboxymethyl/methyl compounds 
(MCE), two monomethyl compounds (MMI) and the desired dimethyl 
derivative (DMI) [10].

In this study, the MC and MCE intermediates were treated as the 
corresponding mixtures of isomers, since no attempt was made to obtain 
the pure compounds. It should be also pointed out that all the methox
ycarbonylation reactions leading to DC, MC and MCE occur in 
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thermodynamic equilibrium, whereas the methyl derivatives (MMI and 
DMI) are formed via kinetically driven reactions. In the experiments 
herein conducted, the presence of these compounds was confirmed by 
GC-MS analysis. The pure compounds MC, DC and MCE (as mixtures) 

were prepared according to the procedures already reported in the 
literature [10].

Scheme 1. Products evolving from the reaction of IS with DMC.
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3.1. Flow reaction in liquid phase

Reactions carried out in flow conditions are often faster than the 
corresponding ones performed in batch, resulting in improved energy 
consumption, time, and space efficiency [36]. The methylation of IS was 
conducted in a reactor that allows to maintain the reaction medium in 
the liquid phase, despite working at temperatures higher than the 
boiling point of the solvent. This was achieved by increasing the pres
sure of the reactor to 15 bar and varying the temperature between 160 
and 200 ºC. Under these conditions, it was observed that the IS con
version was complete for all the tested reaction temperatures and times 
(Fig. 1). However, the sum of product yields never reached 100 %, and, 
in some tests, the difference between the conversion and the sum of the 
yields was as high as 80 %. In addition, DMI yields decreased as the 
reaction progressed, even though the IS conversion was still quantita
tive, this issue is discussed in detail in the Supplementary Information. 
Moreover, in order to evaluate the influence of pressure on the catalytic 
performance, some studies were carried out in which the system pres
sure was varied. For these experiments, the flow rate was fixed at 
0.3 mL/min, the temperature range was between 170 and 185 ºC and the 

pressure was increased from 15 to 25 bar at each temperature. This in
crease in pressure had a negligible effect on the IS conversion and 
selectivity pattern (Fig. 2S), so the pressure does not seem to play a key 
role in the reaction and it is only necessary to carry out the reaction in a 
liquid phase.

Increasing the temperature caused the DMI yield to rise from 
approximately 4 %, at 160 ◦C and 60 minutes, to 37 %, at 200 ◦C and 
67 minutes. As the reaction progressed, it was observed that at higher 
temperature, the yield of DMI continued to decrease. For example, at 
160 ◦C (Fig. 1a), the DMI yield is quite constant over time, but, at 200 ◦C 
(Fig. 1d), it decreases significantly. Indeed, it diminishes from 37 %, 
after 60 minutes, to 10 %, after 180 minutes. These changes in selec
tivity could be related to changes on the catalyst surface due to irre
versible adsorption of compounds involved in the reaction. Another 
possibility is that some of the compounds formed are retained in the 
porous network of the catalyst and not released in the reaction stream, 
resulting in lower-than-expected compound yields. On the other hand, it 
should also be noted that the DMC is susceptible to decomposition in the 
presence of basic catalysts at high temperature, as shown by Fu et al. 
[37], forming CO2 and MeOH which would be adsorbed on the surface of 

Fig. 1. IS conversion and product yields as function of temperature and feed flow. (a) Flow = 0.2 mL/min; T = 160 ºC; (b) Flow = 0.3 mL/min; T = 160 ºC; (c) Flow 
= 0.2 mL/min; T = 185 ºC; (d) Flow = 0.2 mL/min; T = 200 ºC. The other reaction conditions were maintained constant for the four experiments: P = 15 bar; mass 
catalyst (HT at 450 ºC) = 0.36 g; [IS] = 0.02 M.
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the catalyst. The formation of CO2 was visually confirmed by observing 
the formation of gas bubbles in the tubing at the outlet of the reactor, 
and the formation of bubbles became more pronounced as the temper
ature increased. Therefore, at higher temperatures, the catalyst was 
involved in both reactions: IS methylation and DMC decomposition.

The temperature also affected the selectivities toward the products 
formed. At 160 ºC, the formation of MC intermediates was favored, 
whereas, upon increasing the temperature, the selectivity was shifted to 
the methyl derivatives (MCE and DMI). This confirms that the BAc2 
(bimolecular, base-catalyzed, acyl cleavage, nucleophilic substitution) 
mechanism is predominant at low temperatures and the BAl2 (bimo
lecular, base-catalyzed, alkyl cleavage, nucleophilic substitution) 
mechanism (Scheme S3) becomes more significant as the temperature 
increases [38]. Therefore, the best conditions for achieving high DMI 
yields were those in which the temperature was high enough to favor the 
BAl2 mechanism over the BAc2 one.

We can conclude that the DMI production from the flow reactor 
approach is not a good choice due to the rapid deactivation of the 
catalyst. Nevertheless, this system should not be completely discarded 

because we did not evaluate it with an acid catalyst. Therefore, new 
catalytic systems, probably based on acid catalysts [20], should be 
investigated in a flow reactor.

3.2. Batch conditions reaction

3.2.1. Reaction under autogenous pressure
The methylation of IS via DMC chemistry was also carried out in a 

hydrothermal reactor with a catalyst:IS mass ratio of 3 and a stirring rate 
of 200 rpm. This mass ratio was set from the non-activated HT, but, 
taking into account that the HT lost a 44 % of mass after the activation at 
450 ºC [35], the actual catalyst:IS mass ratio was 1.7, taking into account 
that this is a basic catalyzed reaction, the concentration of basic sites of 
MgAlOx catalyst in the reactor is a key parameter to perform the 
methylation of IS. Considering the amount of basic sites (304 μmol⋅g− 1) 
added to the reactor and the mol of IS, the basic sites:IS molar ratio was 
0.07. The rest of the parameters were adjusted to the specific reaction 
conditions. As reported in a previously published work [10], the HT was 
more efficient when activated at 450 ◦C (Fig. 2a). At lower activation 

Fig. 2. IS conversion and product yields as a function of (a) activation temperature of HT; (b) reaction time; (c) reaction temperature and (d) reutilization cycles. 
Experimental conditions: [IS] = 0.02 M; cat:IS mass ratio = 3; HT activated at 450 ºC; autogenous pressure; reaction temperature = 200 ºC, except Fig. 2c; reaction 
time = 24 h, except Fig. 2b. Between each reutilization cycle, the catalyst was not reactivated.
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temperatures, the yield of DMI was negligible, while, when HT was 
activated at higher temperature (700 ◦C), the DMI yield did not show 
any improvement. Thus, after activating the HT at 450 ◦C and per
forming the reaction at 200 ◦C for 24 hours, the DMI yield was of 70 % 
(Fig. 2a), with MC being the only by-product formed.

The variation of the HT catalytic activity as a function of the acti
vation temperature depends on its basic and textural properties [35]. 
Both the non-activated hydrotalcite and the hydrotalcite activated at 
200 ºC were hydroxides, whose basicity was lower than that of the 
hydrotalcite activated at higher temperatures, which was a metal oxide. 
It was previously reported that, for the methylation reactions, strong 
bases are required [8,11], because weak bases led to the carbox
ymethylated compounds. In addition, the textural properties of the HT 
activated at 200 ºC or non-activated (Table S1) were worse than those of 
the HT activated at temperatures higher than 200 ºC.

Examining the evolution of reaction products at 200 ºC as the reac
tion progressed, it is interesting to highlight that DMI was already pre
sent in the first 30 minutes of reaction (Fig. 2b). Furthermore, the MC 
compound was the most abundant intermediate at any time, whereas DC 
emerged in the early stages of the reaction and then diminished at longer 
reaction times. The yield of MCE products was less than 3 % throughout 
the reaction, and monomethyl derivatives were not detected at any re
action time. Thus, it seems that the methoxycarbonylated intermediates 
were prone to evolve to the methylated compound. This could be 
ascribed to the decarboxylation at high temperatures to yield the 
methylether derivatives, as it was previously reported [8]. Moreover, 
this process could be favored by the fact that the formation of DMI from 
DC or MCE is not an equilibrium reaction, whereas the formation of 
carboxymethylated compounds from IS occurs under equilibrium con
ditions. Thus, when DMI is formed via decarboxylation, the equilibrium 
is shifted, leading to the consumption of the reaction intermediates.

When the reaction was performed at temperatures below 200 ◦C, 
both the IS conversion and selectivity to DMI were lower (Fig. 2c). As an 
example, at 90 ◦C (boiling temperature of DMC), the IS conversion was 
only 65 %, while the yield of DMI was zero and the only product 
detected was MC. As the reaction temperature was increased, the IS 
conversion and the DMI yield improved.

When the catalyst was reused (Fig. 2d), it was observed that, 
although the conversion of IS remained quantitative, the yield of DMI 
decreased significantly after three cycles and was only 9 % at the end of 
the 3rd cycle. In the latter recycling test, the most abundant products are 
those corresponding to the transesterification reaction (MC and DC). 
This fact suggests that the catalyst underwent some kind of change that 
modified its catalytic activity, preventing the selectivity of DMI from 
being maintained at the same level. This was confirmed by XPS analysis 
of the catalyst before and after reaction (Table S2 and Figure S2a). 
Indeed, before the reaction, the binding energies obtained for each of the 
elements (Table S2) coincide with those reported in the literature. Thus, 
the band corresponding to the O1s core level can be deconvoluted into 
two bands [39], the lower energy band being due to the oxide ion, while 
that a higher energy can be associated with the presence of surface 
hydroxyl groups. The presence of hydroxyl groups after the calcination 
of hydrotalcite at 450 ºC may be due to the fact that the mixed metal 
oxides were not kept in an inert atmosphere to prevent the adsorption of 
water, originating these groups, as it is also observed in the spectrum of 
the activated hydrotalcite (Figure S2b). Both the Mg2p and Al2p core 
level spectra correspond to Mg2+ and Al3+ ions in an oxidic environment 
[40–42]. The C1s band can be deconvoluted in several contributions that 
from lower to higher binding energies would correspond to C-C, C-O and 
carbonate [42–45]. After the reaction, all the analyzed core levels show 
significant changes. For the O1s, the band corresponding to the oxide ion 
disappears, the band ascribed to hydroxyl group slightly increased its 
intensity and a new band appears at 533.7 eV. which is associated with 
the O present in ether-type oxygen of ester molecules [41,45], such that 
found in DMC or carboxymethylated compounds. On the other hand, the 
Al2p and Mg2p core levels split into two bands, the lower energy bands 

being due to the corresponding ions in the oxygen environment, while 
the higher binding energy band ascribed to M-O-C bonds [41,46]. 
Therefore, after the reaction the catalyst surface is partially covered with 
organic moieties bonded to the metallic cations, this fact will be 
confirmed below. Considering that after 24 hours of reaction the sum of 
the products yields was close to 100 %, these species must have origi
nated from DMC and not from IS or other reaction intermediates, 
otherwise the carbon balance would have been lower than 100 %.

3.2.2. Reaction under atmospheric pressure
After studying this reaction in a continuous flow reactor and in a 

discontinuous hydrothermal reactor, both requiring high pressures and 
temperatures, the methylation of IS under batch conditions, at atmo
spheric pressure and at lower temperature, was also investigated, still 
using the HT activated at 450 ºC as catalyst. This idea was based on 
previously reported studies [10] on the methylation of IS in the presence 
of sodium methoxide, at the boiling temperature of DMC (90 ºC), that led 
to DMI in almost quantitative yield, using a sodium methoxide:IS mass 
ratio of 1.1.

In our tests, the mass ratio between the activated hydrotalcite and 
the IS was set at 6.1, being the molar ratio between basic sites and IS of 
0.3. Catalytic data showed the formation of carboxymethylated com
pounds (MC and DC), methyl-carboxymethylated compounds (MCE) 
and DMI. The monomethylated compounds (MMI) were not detected by 
GC-MS in any of the test performed.

After 24 hours at 110 ºC, the conversion of IS reached 100 %, and 
surprisingly the yield of DMI was also quantitative. This result was 
verified by scaling up the reaction to 50 mL in a round bottom flask 
equipped with a reflux column at the 110 ºC, 24 h and 0.02 M. Addi
tionally, GC-MS analysis confirmed the exclusive formation of DMI. 
Previous studies in the literature reported that carboxymethylated 
compounds such as MC and DC were the only detectable products when 
using acid or base catalysts under mild experimental conditions [8,10, 
11,47]. Only when the reaction was performed at temperatures above 
200 ◦C, the methylated compounds become more prominent. To the best 
of our knowledge, this is the first time that DMI has been reported to be 
synthesized under mild conditions using heterogeneous basic catalysis 
and DMC as methylating agent.

Therefore, the first experimental parameter studied was the influ
ence of temperature on the reaction under mild conditions and in the 
presence of a solid catalyst. Three temperatures (Fig. 3) were studied 
(90, 100, and 110 ºC). In addition, the evolution of the different in
termediates formed was followed over the reaction time.

Fig. 3 illustrates that, regardless of the applied temperature, the 
conversion of IS was complete even at short reaction times; however, the 
sum of the product yields did not reach the value of 100 %. This 
observation, discussed in the Supplementary Information, would suggest 
that the compounds may be adsorbed or retained within the catalyst 
framework. Additionally, it can be observed that, when the reaction 
time was below 5 h, the predominant intermediates were MC or DC, and 
the formation of methylated compounds increased thereafter. For 
instance, after 8 h, the DMI yield reached 100 % at an applied temper
ature of 110 ºC (Fig. 3c), while the same yield was achieved at 100 ºC 
after 20 h. However, at a temperature of 90 ºC, only a 20 % DMI yield 
was attained after 24 h. These results confirmed that the formation of 
MC and DC is faster than that of the corresponding methylated com
pounds; MC is initially formed and then quickly transformed into DC, so 
the BAc2 mechanism does not seem to be the rate limiting step at any 
applied temperature.

After the thermal treatment at 450 ºC, the brucite structure collapsed 
and the aluminum cations remained embedded in the periclase structure 
of MgO, so both commercial MgO and Al2O3 were tested under the same 
experimental conditions. These catalysts were not able to direct the 
reaction towards DMI production after 8 h of reaction (Table S3) as the 
MgAlOx was able to convert the IS almost completely to DMI. The 
textural parameters (Table S4) of the three catalysts did not show 
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relevant differences between them. MgAlOx catalyst showed a more 
pronounced microporosity than MgO or Al2O3, therefore it seems that 
the textural properties did not have an influence important enough to be 
considered as a key parameter controlling the activity. However, the 
acid (metal cations)-basic (oxide anions and Brönsted hydroxyls) prop
erties of the catalysts seem to have a great influence on the catalytic 
activity. The activated hydrotalcite showed an adequate balance be
tween the acid and basic sites, whereas the other two catalysts lack acid 
(MgO) or basic (Al2O3) sites. The basic sites are considered as centers 
abstracting the proton of the alcohol group of the IS, therefore the 
alumina showed the lowest activity to the carboxymethylated com
pounds, but the aluminum cation seems to play a relevant play 
adsorbing the carboxymethylated compounds to be further converted to 
DMI. These two sites are present in the activated hydrotalcite, which 
gives the best results for the DMI synthesis.

As anticipated, at applied temperatures below 200 ºC and in the 
presence of a solid catalyst, the initial stages of the reaction are pre
dominantly governed by the BAc2 mechanism. However, as the reaction 

progresses, the formation of methylated compounds (MCE and DMI) 
derived from carboxymethylated derivatives becomes evident (see 
Fig. 3). This fact seems to indicate that the BAl2 mechanism described for 
the methylation reaction does not seem to be involved in this case [48, 
49], but it is rather a mechanism in which the carboxymethyl-derived 
compound is transformed into the methylated compound. This evi
dence may be due to the fact that the BAl2 mechanism requires higher 
temperatures to proceed in a straightforward manner [10], as shown in 
the previous experiments with the flow and under autogenous pressure 
reactor.

To establish the key role of DC as the main intermediate in this re
action mechanism, an experiment was carried out in which a DC solu
tion in DMC was reacted with the catalyst at the temperature of 110 ◦C. 
Results showed complete conversion of DC and 100 % selectivity to
wards DMI after 24 h of reaction. Notably, the conversion of DC to DMI 
did not occur as a result of thermal processes, as evidenced by the 
absence of DC conversion under similar experimental conditions 
without catalyst. At 200 ºC and in the presence of an activated HT, or a 

Fig. 3. IS conversion and product yields as a function of the temperature (a) 90 ºC; (b) 100 ºC and (c) 110 ºC. Experimental conditions: 100 mg of HT activated at 450 
ºC; [IS] = 0.02 M; catalyst:IS mass ratio of 6.1; Volume of solution = 5 mL; atmospheric pressure.
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basic alumina, Tundo et al. [8] reported the decarboxylation of ben
zylmethylcarbonate in DMC to yield the corresponding methylether 
(benzylmethylether) with a selectivity close to 100 % at 200 ºC. 
Therefore, a decarboxylation reaction seems to be involved in the con
version of DC into DMI.

The next question was whether, once DC was formed, the presence of 
DMC was necessary to convert DC to DMI. Therefore, further experi
ments were carried out to elucidate the contribution of DMC to the 
conversion of DC to DMI by replacing DMC with dimethylformamide 
(DMF) (boiling point 153 ºC) or cyclopentyl methyl ether (CPME) 
(boiling point 106 ºC). Consequently, the reaction was conducted with a 
DC concentration of 0.02 M and 100 mg of activated HT. When DMF was 
used as solvent, no DC conversion was observed at 110 ◦C, even at a 
temperature as high as 170 ◦C (above the boiling point of DMF). Simi
larly, with CPME, an ether with a boiling point similar to that of DMC, at 
110 ◦C also resulted in negligible DC conversion. Taken together, these 
results highlight the necessary presence of the catalyst and DMC, as a 
reaction medium, for the successful transformation of DC to DMI. It was 
also verified that IS did not react with methanol in presence of the 
activated HT in DMF at 110 ºC; therefore, the methanol, formed during 
the BAc2 reaction, cannot be considered as potential methylating agent 
under these experimental conditions. In the Supplementary Information, 
the role of the solvent was explored in depth by studying different DMC: 
CPME volume ratios (Table S5), keeping the rest of the reaction pa
rameters constant, thus completing the study on the role of DMC in the 
reaction. In summary, these results show that the lower the ratio DMC: 
CPME, the lower the DMI yield.

Finally, from the above results, it can be concluded that while the 
BAc2 mechanism is necessary for the first step of IS methylation, the next 
step to obtain the methylated derivatives (MCE, MMI and DMI) will not 
take place if both the DMC and the catalyst are not present in the me
dium and, therefore, a straightforward mechanism based on BAl2 could 
be ruled out for the methylation of IS under the studied conditions.

3.3. Adsorption of DMC on the activated hydrotalcite

The results in batch reactors have shown that DMC is a key reagent 
for the DC decarboxylation to yield DMI; therefore, the adsorption of 
DMC on the catalyst surface was investigated by adsorption of DMC at 
different temperatures and evacuation times by FTIR spectroscopy 

analysis. Moreover, a theoretical study of FTIR spectra of the DMC 
adsorption at room temperature (RT) on a model solid was also carried 
out and compared to the observed FTIR spectra.

The spectra of the adsorbed DMC at RT and 110 ºC are shown in 
Figs. 4 and 5. For comparison, the spectra of methanol (MeOH) adsorbed 
at RT and 110 ºC are also displayed in Figure S5. In the region between 
4000 and 2600 cm− 1, the adsorption of DMC on the MgAlOx catalyst at 
RT (Fig. 4) led to the appearance of a negative band centered at 
3725 cm− 1, whereas when the adsorption is carried out at higher tem
peratures, a band appears at around 3745 cm− 1. At RT, this band was 
evolved with the time of DMC evacuation. Vacuum thermal treatment of 
the catalyst at 450 ºC does not completely dehydroxylate the MgAlOx 
surface (Figure S2b), as a broad band is observed in this region due to the 
presence of surface hydroxyl groups interacting via hydrogen bonds. 
However, the adsorption of DMC disturbs this band by reacting or 
interacting with these surface hydroxyl groups [50].

This different behavior of DMC depending on the adsorption tem
perature seems to indicate that, at RT, the DMC is mainly adsorbed on 
the surface, whereas at higher temperature it reacts with the surface, 
generating new hydroxyl groups. It is known that the DMC is decom
posed by water into MeOH and CO2, so the adsorbed water could 
catalyze such reaction [37]. The vapor phase DMC spectrum (Figure S6) 
in this region shows several symmetric and antisymmetric C-H bond 
stretching bands due to the two isomers that can occur in the gas phase 
[51]. These gas-phase DMC vibrations have been assigned to the 
asymmetric (3032 and 3004 cm− 1) and symmetric (2965 cm− 1) C-H 
bond stretching of the methyl groups present in the DMC. As it is shown, 
the spectrum of DMC in the gas phase (Figure S6) and after adsorption at 
RT (Fig. 4) is quite similar, whereas when adsorbed at higher temper
ature (Fig. 5) the spectrum is dominated by two intense bands at 2954 
and 2821 cm− 1. In addition, two less intense bands appear at 3004 and 
2866 cm− 1. On the other hand, when MeOH was adsorbed at RT or 110 
ºC on the catalyst (Figure S5), two intense bands at 2940 and 2820 cm− 1 

are observed, which have been ascribed to the C-H stretching in the 
methoxide groups according to the configuration they adopt [52–55], i. 
e. monodentate, bidentate or bridging methoxides, pointing out that 
methoxy groups were formed on the surface of the catalyst after 
adsorption of DMC at the selected temperatures. When the adsorbed 
DMC was evacuated at different times, it was observed that the bands 
corresponding to the C-H bond gradually decreased in intensity and the 

Fig. 4. FTIR analysis of the adsorption of DMC at room temperature on the surface of the activated catalyst.
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band at 3750 cm− 1 stood out. Also, the weak bands at 3004 and 
2867 cm− 1 disappeared with the evacuation time. Therefore, it can be 
concluded that DMC was mainly physisorbed, but, in addition to phys
isorption, DMC reacted with the catalyst surface generating adsorbed 
methoxide groups and other species that should present methyl groups 
in their structure such as monomethylcarbonate (MMC), as will be 
proved by the theoretical study below. This species have been reported 
during the thermal decomposition of DMC on different solids, such as 
CeO2 [50,55], ZrO2 [55], NaX zeolite [56], KBr/SiO2 [57] or in the 
synthesis of DMC from MeOH and CO2 [54,58–62]. This provokes, from 
the data presented here, that the unambiguous assignment of these vi
brations to the methoxide or MMC groups is not straightforward, 
although it may be affirmed that both species would be present on the 
catalyst surface.

The presence of the methoxide and MMC groups on the catalyst 
surface was confirmed by the analysis of the region between 1800 and 
900 cm− 1 (Figs. 4 and 5). In this region of the spectrum, bands present in 
the gas-phase DMC [51] can be observed, such as those associated with 
the stretching vibration mode of the C––O bond (1740 cm− 1), the sym
metric deformation of -CH3 groups at 1460 cm− 1 [56,58] and the band 
at 1310 cm− 1 corresponding to the asymmetric O-C-O stretching [58]. In 
addition, there were other bands that were not present in the gas-phase 
DMC, such as those recorded at 1640, 1540, the shoulder at 1338 cm− 1, 
as well as the bands at 1103 and 1045 cm− 1. This last set of bands would 
be due to the methoxy groups [52–55]. Thus, that at 1103 cm− 1 could 
correspond to monodentate methoxy groups [52,61–63] on different 
metal centers and the band at 1045 cm− 1 to bridging methoxy groups. It 
should be noted that when methanol adsorption was carried out on the 
catalyst at 110 ºC, the most important contribution corresponds to the 
bridging methoxy groups (Figure S5), these being more labile when 
evacuated at different times. However, the theoretical study assigned 
the band at 1103 cm− 1 to MMC species (see below) after the prediction of 
the IR spectrum of MMC adsorbed on the solid. These facts seem to 
indicate that DMC, when adsorbed on the catalyst, decomposes to form 
methoxy groups on the one hand and MMC on the other.

3.4. Computational studies of DMC adsorption

3.4.1. Predicted IR spectra and assignment of the IR observed bands
As a first step to check the reliability of the calculations, the calcu

lated IR spectra of two conformers of DMC (cis-cis and trans-cis 

(Figure S7) hereafter DMC1 and DMC2, respectively) were compared 
with the observed gas-phase spectrum of our experiments (Fig. 7A). The 
Gibbs energy difference between both conformers is rather small (ΔrG◦

= 3 kcal/mol, being DMC1 the most stable species); however, the energy 
barrier (ΔaG◦) for DMC1→DMC2 interconversion amounts to 10 kcal/ 
mol. As shown in Fig. 6 A, the calculated spectra for both conformers 
(DMC1 and DMC2) agree quite well with the observed ones. As ex
pected, the calculated harmonic frequencies of the normal modes are 
overestimated with respect to the observed bands; thus, a scale factor of 
0.95 was applied to the calculated frequencies. Fig. 6B represents 
graphically the most intense modes associated with the observed bands 
given in Fig. 6 A (i), in addition, the character of each normal mode is 
included in the same figure. Details of the vibrational analysis are given 
in Tables S6-S9.

3.4.2. Adsorption of DMC on cubic magnesium oxide
The next step consists on the selection of the structural model. Thus, 

although the actual material is amorphous, this study was started by 
analyzing the adsorption of DMC1 and DMC2 on cubic magnesium 
oxide. On the basis of a previous work of Bonino et al. on the interaction 
of DMC with alkaline ions [64], it was assumed that the interaction of 
DMC with the alkaline earth oxide can form three types of adducts 
(Fig. 7): the O atom of the carbonyl moiety of DMC1 or DMC2 interacts 
with an metal atom of the crystal to give two types of adducts (hereafter, 
Up(1 or 2)-n model; n is the number of cells of the cubic MgO crystal); 
and the O atoms of the methoxy groups of DMC1 interact with metal 
atoms of the crystal to give the third type (Down-n model). These 
DMC-(MgO)x models are explicitly represented in Figure S8.

In a second step, the adsorption energies of the two types of DMC1 
adducts and the one of DMC2 arising from the respective interactions 
with the (100) face of cubic MgO crystals and different cell sizes 
(Figure S8) were studied. The electronic adsorption energies of these 
systems as a function of the crystal size are represented in Figure S9, and 
it was found that such adsorption energies reached an asymptotic limit 
when the crystal contained five cells. The thermodynamic properties of 
5-cells adduct obtained with the standard expressions of Statistical 
Thermodynamics are collected in Table S6, where it can be observed 
that the most stable adduct arises from the conformer DMC2. Table S6
contains the energetics of two other species that will be presented later.

Next, the attention was focused on the IR spectra of adsorbed DMC 
on the MgO. The calculated IR spectra of each series of the adducts of 

Fig. 5. FTIR analysis of the adsorption of DMC at 110 ºC on the surface of the activated catalyst.
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DMC (Figure S8) are represented in Figure S1. In contrast to energy 
adsorption, the general appearance of each series of spectra converges 
rapidly, with almost no variation from 3-cells crystals. Figure S11 rep
resents the observed IR spectrum of DMC adsorbed on MgAlOx and the 
calculated IR spectra of the three types of DMC adduct models (5-cells, 
Figure S8). Comparison of observed and calculated spectra allows both 
to establish a straightforward correlation between them and the 
assignment of the observed spectrum. The band at 1740 cm− 1 corre
sponds to ν(C––O) of the Down-n type adduct of DMC1, in which the 
carbonyl moiety is not bonded to the crystal surface and experiences 
only a small change in its frequency with respect to the free DMC1 
molecule (Fig. 7). The absorption band at 1647 cm− 1 corresponds to the 

ν(C––O) mode of the Up1-n and Up2-n types of adducts, and given that, 
in these types of adducts, the carbonyl moieties are bonded to the sur
face, the frequency of the mode change ~100 cm− 1 with respect to the 
free molecule. The band at 1460 cm− 1 is associated with the δsym(CH3) 
of the three adducts, whereas the band at 1304 cm− 1 and its shoulder at 
1380 cm− 1 correspond to νas(O-CH3). Only one observed band 
(1101 cm− 1) is not explained by the above calculations, but it could be 
assigned to monomethyl carbonate (MMC). Figure S12 represents the 
calculated spectrum of MMC along with the spectrum of Up1–5 DMC, 
where it is observed that the bands of the two spectra overlap excepting 
the band that is observed in the region of 1101 cm− 1. Thus, the band
widths and the above correlation suggest that four types of adsorptions 
are present in the experiments (three adsorptions from DMC and one 
from MMC).

This theoretical study has allowed to assign the bands of the spectra 
of the adsorbed DMC at 110 ºC, after different evacuation times, in the 
1700–900 cm− 1 region (Fig. 5). It was observed that after 5 minutes of 
desorption, the band at 1740 cm− 1 disappeared, so the Down-n type 
adduct of DMC1 would be easily desorbed, leaving the bands corre
sponding to the Up1-n and Up2-n adducts and the methoxide groups. As 
the evacuation time increases, the intensity of the bands corresponding 
to these latter species gradually decreases.

Therefore, it can be concluded that DMC was strongly adsorbed on 
the catalyst surface through the carbonyl group, the interaction with the 
methoxy groups being more labile. In addition, DMC also reacts with the 
catalyst surface to form methoxy groups (monodentate and bridging) 

Fig. 6. (A) Experimental and calculated (M06–2X/def2-TZVPP) IR spectra of DMC. (i) Experimental (gas-phase); (ii) calculated cis-trans conformer; (iii) calculated 
cis-cis conformer. (B) Graphical representation of the normal modes for both conformers and vibrational assignment. The calculated spectra have been convoluted 
with a (0.5:0.5) Voigt function with a HWHM of 20 cm− 1 and frequencies scaled by a factor of 0.95.

Fig. 7. Types of adsorptions of DMC on the surface of cubic MgO. (a) Up1-n; (b) 
Up2-n; (c) Down-n.
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and MMC, both species being stable on the catalyst surface during the 
reaction.

3.4.3. Adsorption of DMC on cubic mixed metal oxide
In the precedent discussion, it was feasible to explain the observed IR 

spectrum without the participation of the aluminum atoms, though this 
may lead a false impression that the role of these atoms is irrelevant. 
Therefore, to elucidate the function of aluminum in the catalyst, it was 
applied the same types of calculations to cubic crystals in which one or 
several magnesium atoms are randomly substituted by Al3+ or AlOH 
species (Figure S13). In Figure S13a, the IR spectra of 5-cells model for 
Up(1) and Down types of adsorption of DMC on Al3+ are represented. 
Although the adsorption process on Al3+ is strongly favored with respect 
to the DMC-Mg interaction, clearly, the calculated spectra cannot be 
correlated with the experimentally observed one. On the other hand, it 
was represented the spectra of the 5-cells mixed metal oxide with Up1–5 
type adsorption of DMC (Figure S13b). Using this model, a good corre
lation between the observed and calculated spectra was obtained 
(Figure S13). In addition, a more favorable adsorption energy with 
respect to the corresponding model of pristine MgO was obtained. 
Therefore, the conclusions that can be extracted from these calculations 
are (i) DMC does not interact directly with the aluminum ions, since, if 
this was the case, the IR spectrum would show different appearance to 
that observed (Figure S13a); and (ii) the effect of the aluminum on the 
catalyst is to increase the adsorption energy of DMC.

3.5. Catalyst reutilization

The previous catalyst stability studies showed rapid deactivation of 
the catalyst whether the reaction was carried out in the flow reactor or in 
the reactor under autogenous pressure. An open question was whether 
the catalyst stability would be improved by the use of milder reaction 
conditions, where at least DMC decomposition would be less favored. 
Thus, to evaluate the catalyst reutilization, the catalytic process was 
performed at 110 ◦C in different reactors, being stopped at different 
reaction times (3, 6, 9 and 24 h). After each of these times, the solution 
was removed from the reactor and then new fresh solution was added. 
This procedure was conducted until five consecutive catalytic runs. This 
means that, for example, the catalyst in the reactor stopped at 3 h, after 
the fifth catalytic cycle, was working for 15 h and so on. The catalyst 
reused in five consecutive runs (Fig. 8) showed a drop in DMI selectivity 
after three cycles. On the other hand, IS conversion remained at 100 % 
after 5 runs, so the catalyst was not deactivated, but the selectivity 
pattern was changing along the catalytic runs, reaching a selectivity to 
DMI of 40 % after the 5th cycle. The results of the first and second 
catalytic cycle are quite similar, being DC the most important product at 
the initial stages of the reaction (9 h), which then decreased after 24 h. 
MCE intermediate grew until 9 h and the selectivity dropped to 0 % after 
24 h. Finally, MC was only detected after 3 h for the first and second 
catalytic runs and the DMI yield was 100 % after 24 h.

The behavior of the catalyst for the next three catalytic runs was 
different from that initially observed. Now, the DC and MCE in
termediates were detected throughout the catalytic run and their 
selectivity increased in each catalytic cycle after 24 h. Moreover, MC, 
which was completely converted to DC in the early hours of the reaction 
for the first catalytic cycles, was now detected even after 24 h at the end 
of the 5th cycle. It also cannot be excluded that longer reaction times 
could increase DMI yields beyond those observed in these experiments 
but the reaction was not allowed to continue beyond 24 h.

The textural properties of the catalyst after the first and fifth catalytic 
cycles were evaluated (Table S4). Surprisingly, the catalyst suffered a 
sharp decrease in specific area even after the first cycle with an almost 
95 % reduction (specific area went from 82 to 4 m2/g). This reduction 
was due to the blocking of the microporosity of the MgAlOx by the 
bulkier reaction products, such as carboxymethylates. This reduction 
does not appear to persist in subsequent catalytic cycles, suggesting that 

the micropores may no longer be accessible for carrying out the reaction 
in subsequent cycles. This would leave only the external surface avail
able for the reaction. As the active centers are exposed on the surface, 
they are ready and available to carry out the reaction without diffusional 
constraints. As illustrated in Fig. 8, the DC yield exhibits an increase at 
the three-hour reaction time, reaching a maximum in the third cycle and 
subsequently declining. This suggests that as the reaction occurs on the 
external surface and there are no diffusional constraints, these com
pounds are detected in a higher proportion at the outset of the reaction. 
As the reuse cycles proceed, the active centers (the metal cations) 
become occupied by the compounds derived from the DMC, such as the 
methoxide groups or the MMC, and from the IS, which results in a 
reduction in the surface concentration of these active centers. This latter 
fact will ultimately cause the reactions leading to the methylated com
pounds to occur to a lesser extent and reduce the selectivity towards DMI 
as successive cycles of reuse take place. This experimental evidences 
emphasized that the reaction took place on the external surface of the 
catalyst and that the textural properties of the catalyst did not seem to 
play a key role in the catalytic performance, since the basic sites together 
with the presence of the metal cations (Lewis acid sites) on the surface of 
the catalyst are the actual active sites, therefore, if these sites are readily 
available, the reaction evolved to DMI and when they are blocked the 
selectivity to DMI started to decline.

Regarding the basic properties of the catalyst after the reaction, the 
spent catalyst exhibited a concentration of basic sites that was 44.7 
μmol/g less than the initial value of 304 μmol/g. This decrease is 
consistent with the significant reduction in the SBET of the catalyst after 
the reaction. However, the concentration of basic sites per square meter 
has increased twofold after the reaction. Given that the reaction 
occurred on the external surface of the catalyst, it appears that the 
reduction in the concentration of basic sites is offset by an increase in the 
density of these sites. This suggests that the reaction can proceed 
adequately. It is important to note that the basic sites are involved in the 
initial reaction step of the mechanism, whereby they activate the iso
sorbide by abstracting a proton from the alcohol group. Consequently, if 
the basic sites are readily available, the initial step will proceed.

In any case, these results show that the catalyst surface underwent 
changes that influenced on the selectivity patterns, which could be 
related to the adsorption of reactants or intermediates on the catalyst 
surface. Therefore, the catalyst was characterized after the fifth run by 
means of several analytical techniques in order to evaluate the causes of 
such selectivity changes.

First, the catalysts were analyzed by elemental analysis to detect the 
amount of carbonaceous deposits formed after the fifth cycle of each 
reaction time (Table 1). As expected, the amount of carbon increased 
with the reaction time, although the catalyst after 6 h displayed the 
highest amount of carbon (Table 1), the differences between them are 
quite small.

In order to understand the nature of the adsorbed species, ther
mogravimetric analysis was carried out for each catalyst along with 
fresh MgAlOx. In general, the weight losses (Table 1) increased slightly 
with the reaction time, according to the CNH results. On the other hand, 
the catalyst after 6 hours showed the highest weight loss.

On the other hand, when the heat flows were compared as a function 
of the reaction time (Figure S16a), it is noteworthy that the shape of the 
curves was quite similar regardless of the time that the catalyst has been 
used for. This suggests that the adsorbed species after each reaction time 
should have a similar structure, otherwise dissimilar plots should be 
expected. On the other hand, these plots are not similar to that of fresh 
MgAlOx. This catalyst did not show an exothermic peak in the corre
sponding DTA curve, but rather an endothermic band was detected, 
which should be due to a decarbonation process of the catalyst. It must 
be highlighted that the MgAlOx catalyst after several days in contact 
with the laboratory atmosphere was not active in the reaction (no IS 
conversion at all), which is strong evidence that the carbonation is a 
deactivating process and not the main cause of the selectivity changes, i. 
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Fig. 8. Catalyst reutilization. Experimental conditions for each catalytic cycle: [IS] = 0.02 M; 100 mg of HT activated at 450 ºC; Volume of solution = 5 mL; at
mospheric pressure; T = 110 ºC.
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e., if carbonation takes place, the conversion of IS will decrease 
continuously and this fact is not observed at all.

The gases evolved during the thermal analysis were analyzed by 
mass spectroscopy (Figure S16b) and it is noted that the CO2 and H2O 
signals are due to the burned organic matter adsorbed on the catalysts, 
but they are not associated with a decarbonation process, since the DTA 
curve displays a clear exothermic peak at roughly 285 ºC. In addition, 
the CO2 mass signal for each temperature tested shows a shape similar to 
those of DTA plots, confirming that the adsorbed species should have an 

analogous composition and structure regardless of the reaction time.
In order to gain a deeper insight into the nature of carbonaceous 

deposits on the catalyst surface, both 13C and 1H-ss NMR analyses of the 
used catalyst were carried out after the 5th run at 24 h. For comparison 
and to understand the spectral features of the reused catalyst, the 13C 
and 1H-ss NMR analyses were also performed of the MgAlOx catalyst 
after several weeks in contact with the atmosphere, as well as of MgAlOx 
in contact with DMC at 110 ºC and after 24 h and, finally, the 13C-ss 
NMR analysis of DC was also recorded as an example of IS-derived 
compound. These spectra are shown in Fig. 9.

The assignment of the 13C bands (Fig. 9a) is not straightforward, 
because of the possible compounds that could be adsorbed on the surface 
of the solid. However, some conclusions can be drawn after comparing 
the different spectra: 

1) The MgAlOx catalyst in contact with the atmosphere show a signal at 
170 ppm which has been observed for inorganic carbonates, such as 
MgCO3 [65–68].

2) After contacting MgAlOx with DMC at 110 ºC for 24 h, two peaks are 
observed: one at the same position as the carbonate group for the 
catalyst in contact with the atmosphere (170 ppm) and another one 

Table 1 
Elemental analysis of the catalyst after the fifth catalytic run and weight loss 
determined by TG analysis.

Timea (h) C (%) H (%) Weight lossb (%)

3 2.25 1.21 19.6
6 2.97 1.21 20.9
9 2.32 1.26 20.5

24 2.75 1.13 20.0

a The number indicates that the reactor was stopped at such time and after the 
5th catalytic run;

b Determined from the TG analysis

Fig. 9. (a) 13C-ss NMR of the catalyst after 5 cycles of reutilization and 24 hours each cycle (black line). In green, the MgAlOx solid in contact with the atmosphere 
and in red the MgAlOx solid in contact with the DMC. (b) 1H-ss NMR of the catalyst after 5 cycles of reutilization and 24 hours each cycle. In red, the MgAlOx solid in 
contact with the DMC. (c) 13C-ss NMR spectrum of DC compound.
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at 50.2 ppm. In this case, the first one would be ascribed to the 
carbonyl group of adsorbed DMC, while the second peak could be 
assigned to methoxy groups as a result of the decomposition of the 
DMC on the catalyst surface, as FTIR spectroscopy analysis of the 
adsorbed DMC showed. The methoxy group signal for liquid DMC 
lies on 53 ppm [69], so this would be another evidence of the 
decomposition of DMC on the catalyst surface. The 1H-ssNMR anal
ysis (Fig. 9b) showed a peal at 3.1 ppm, corresponding to the 
adsorbed methoxy groups, though this is quite broad, and the in
clusion of the signals corresponding to the IS intermediates in this 
signal cannot be rule out.

3) The spectra of DC (Fig. 9c) showed signals at 55 ppm, between 73 
and 87 ppm and at 155 ppm, which can be assigned to the methoxy 
group of the carboxymethoxy moieties, to the condensed furanic 
rings and the carbonyl groups, respectively [10].

4) Finally, the reused catalyst showed all those spectral features, both 
those associated with the decomposition of DMC (170 and 50.2 ppm) 
and those due to the adsorption of IS-derived compounds (167.5, 
90–70 and 55 ppm). The chemical shift of the carbonyl signal to 
higher field would be indicative of the interaction through the 
carbonyl group between the IS intermediates and the catalyst 
surface.

Therefore, from these experimental evidences, it can be concluded 
that the change in the pattern selectivity of the catalyst was due to the 
fact that the surface of the reused catalyst was covered by multiple 
compounds, resulting in a reduction in the number of active sites, 
leading to a lower capacity to conduct the methylation of the hydroxyl 
groups of the IS. Presumably, adsorbed methoxide groups generated 
from DMC adsorption and bonded to metal cation centers could be the 
species most influencing the selectivity pattern of the reused catalyst, 
since each adsorbed intermediate was evolving to the corresponding 
compound as the reaction proceed, whereas the FTIR spectroscopy 
analysis (Fig. 5) showed that methoxy species were not evacuated from 
the surface at the reaction temperature.

3.6. Discussion

These catalytic results point out that DMI synthesis can be achieved 
in flow or batch processes, in the presence of a basic catalyst. In the 
former case, the formation of DMI requires more severe experimental 
conditions, such as higher pressure and temperature, reaching a 40 % 
DMI yield after 1 h, although the yield decreases significantly for longer 
reaction time. Under batch conditions, both at autogenous and atmo
spheric pressure, the yields are higher, but require longer reaction times. 
Surprisingly, the reaction in a reactor at atmospheric pressure and at the 
temperature of 110 ◦C allowed to reach 100 % yield at DMI after 8 h 
reaction.

Experiments carried out at atmospheric pressure using the DC in
termediate have shown that the presence of both the DMC and the 
catalyst are necessary for the reaction to proceed, and that the absence 
of either of them prevents the formation of DMI. Therefore, the decar
boxylation of DC to produce DMI would involve a mechanism in which 
either the DMC or the DC, or both, must be activated by the catalyst. 
Adsorption studies of DMC followed by FTIR spectroscopy analysis have 
demonstrated that DMC reacts with the catalyst surface generating two 
adsorbed compounds, methoxy groups and the monomethylated deriv
ative of DMC (MMC). In addition, the study of the used catalyst also 
evidenced the adsorption of the carboxymethylated IS derivatives. The 
adsorption of both DMC and IS derivatives can be expected to occur via 
the carbonyl group, as shown by theoretical calculations. Once these 
compounds are adsorbed and activated on the catalyst, an interaction 
between them should be expected to occur, which generates the meth
ylated IS derivatives (MCE, MMI and DMI) and these are desorbed from 
the catalyst surface. This is inferred from the absence of the FTIR bands 
associated with the methylated compounds when the catalyst is 

analyzed after different reaction times.
The adsorption of the DMC via the carbonyl group onto a metal 

center of the catalyst should shift the charge from the methyl groups to 
the carbonyl oxygen, generating a positively charged center on the 
methyl groups of DMC. This may make the attack on the methyl groups 
from the carboxymethyl group of the DC (or MC) more favorable.

This is finally summarized in the following proposed mechanism 
(Scheme 2) for the basic heterogeneous catalytic synthesis of DMI. It 
should be noted that Scheme 2 shows the formation of MMI instead of 
DMI, for the sake of clarity and to avoid many compounds in the Scheme 
and complicate the understanding of the mechanism:

Step 1: The hydrogen from one of the alcohol groups of the IS is 
extracted by a basic center of the catalyst, i.e., surface oxide groups, 
since the low acidity of alcohol groups requires strong basic sites to 
extract the proton from the alcohol.

Step 2: The alkoxide group previously generated (hard base ac
cording to Pearson’s theory) attacks the carbonyl group of DMC (hard 
acid according to Pearson’s theory) by a BAc2 mechanism, generating 
the carboxymethylated compound MC. This reaction is most likely ex
pected to take place under homogeneous conditions, between the acti
vated IS and the DMC, due to the excess of DMC over the adsorbed DMC. 
The Scheme 2 shows in the step 3 the adsorption of MC on the surface 
and its final evolution to MMI but, probably the hydroxyl group of the 
MC will lose the proton as in the step 1 and then it will attack another 
DMC molecules generating the DC because the formation of MMI was 
not observed by the analytical analysis. Therefore, the Scheme 2 shows 
the evolution from IS to MMI for the sake of clarity. On the other hand, 
the generated methoxide group can be adsorbed on a metal center, as 
inferred from FTIR spectroscopy analysis. Thus, in these first two steps of 
the reaction, the role of the catalyst is to activate the IS to make the 
alcohol group more nucleophilic and attack the carbonyl group of DMC.

Step 3: As the absence of the DMC or the catalyst causes the reaction 
to stop at the carboxymethylated products, the DMC and/or the IS- 
derived compound (MC or DC) in step 2 must be activated by the 
catalyst, via the interaction between the carbonyl group and the cationic 
metallic center of the catalyst.

The methyl groups (marked in red) of the activated DMC on the 
catalyst would have a charge defect that would make them prone to be 
attacked by the oxygen IS-carboxylated compound, so that this oxygen 
would be positively charged.

Step 4: Finally, the compound derived from the IS in step 3 would 
undergo an attack on the carbonyl group by the traces of water in the 
medium, releasing the monomethylated compound (MMI) or the 
dimethyl derived compound (DMI) from the IS.

This proposed mechanism is consistent with the experimental evi
dence observed in the various tests. It shows that, as the reaction pro
gresses, the catalyst surface is covered with the by-products generated 
by the reaction (methoxy groups in step 2 of the mechanism and DMC 
derivatives in steps 3 and 4 of the mechanism), which would explain 
why, as the catalyst is recycled, the more abundant compounds are 
carboxymethylated and the formation of methylated compounds is 
reduced, since the former would be prevented from adsorbing on the 
catalyst surface and therefore cannot evolve into methylated com
pounds. The adsorption of these compounds would also confirm what 
was observed by thermal and elemental analysis, where no differences 
were observed when the catalyst was analyzed at different reaction 
times and catalytic cycles, leading to the conclusion that the nature of 
the compounds adsorbed should be similar. Another phenomenon that 
this mechanism also shows is that the formation of CO2 is not necessary, 
since the attack of the IS on the DMC by means of a BAl2 mechanism does 
not take place. Therefore, if CO2 were formed, it would react with the 
basic groups of the catalyst, deactivating them and thus avoiding the 
first stage of the mechanism, and with that the SI conversion would 
decrease with the reaction time or with the reuse cycles, but what is 
observed is that the SI conversion is always 100 %, regardless of the 
reaction conditions and the reuse cycle of the catalyst.
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In case the temperature is high enough, the BAl2 mechanism can be 
operating, in which the alkoxide group generated in step 1 would attack 
the methyl group of DMC, directly generating the methylated derivative, 
CO2 and MeOH. This is what would be observed under the conditions 
tested in the flow reactor and in the batch reactor at high temperature.

4. Conclusions

This work has demonstrated that the synthesis of DMI can be ach
ieved both in a flow and batch reactor. However, in a flow reactor, the 
maximum DMI yield was 37 % after 67 minutes of reaction at 200 ºC. 
This yield was improved when switching to a batch reactor, with the best 
results being achieved for the case where the reactor was working under 
atmospheric pressure conditions versus the reactor under autogenous 
pressure. In the first case, the yield was 100 % at 110 ºC, after 8 h of 
reaction, while in the case of the second one, it was 70 %, at 200 ºC after 
24 h. In the three cases studied, there is a change in the selectivity to the 
different reaction products as the catalyst either increases its working 
time (flow reactor) or is reused in several catalytic cycles (batch re
actors), decreasing the selectivity to DMI continuously.

Since the batch reactor gave the best results under milder reaction 
conditions, a study of how different parameters affected the reaction was 
carried out. It was observed that the transformation from DC to DMI was 

not a thermal reaction, but required the presence of both DMC and 
catalyst. This fact has led to propose a mechanism in which both the 
DMC and the carboxymethylated intermediates were adsorbed and 
activated on the catalyst surface, later evolving to DMI. The activation of 
both compounds can be deduced from computational studies of DMC 
adsorption on the catalyst, which showed that DMC adsorbs preferen
tially on the Al cation via the carbonyl group, as opposed to adsorption 
by the methoxy group. Therefore, it is expected that the carbox
ymethylated compounds also interact with the catalyst via the carbonyl 
group of the carbonate.

The changes observed in the selectivity pattern of the catalyst during 
its reuse in the reactor at atmospheric pressure are due to the presence 
on its surface of compounds derived from DMC, such as methoxy groups 
and MMC, which cover the active centers of the catalyst, preventing the 
DC formed from evolving to DMI.
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