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Abstract. Sodium aluminate is presented as a highly active heterogeneous catalyst able to convert
a range of alcohols into the corresponding unsymmetrical carbonate esters by reaction with
dimethyl carbonate. Preparing NaAlO, via spray drying allows to boost the basic properties and

the activity of the catalyst.
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Carbonate esters are important compounds in the bulk chemicals industry, as they find
applications as green solvents, lubricating oils and fuel additives.!"> Carbonates esters are also key
compounds in organic synthesis.>> They are used as synthetic intermediates in the total synthesis
of biologically active natural products such as atomoxetine, nephrosteranic acid, and roccellaric
acid.® They serve as protecting groups of alcohols owing to their higher stability compared to the
corresponding esters under basic conditions.””® In particular, allylcarbonates are valuable
intermediates in asymmetric allylic substitution reactions.’

Unfortunately, the currently applied routes toward these chemicals rely on toxic reagents — e.g.
chloroformates, trimethylamine, pyridine, phosgene — and on the use of homogeneous catalysts,
which are non-reusable and require onerous separation procedures (Scheme 1A).'° A greener
alternative is the carboxymethylation reaction using (i) environmental friendly reagents and (ii)
heterogeneous catalysts.

Dialkyl carbonates are interesting reagents for the synthesis of mixed carbonate esters from
alcohols. For example, dimethyl carbonate (DMC) — which can be obtained by the reaction of
methanol with CO,!!'"!® —is emerging as a green and versatile reagent for a wide range of chemical
transformations, including carboxymethylation.'*!> Various homogeneous acid or base catalysts
have been reported for the carboxymethylation reactions using DMC (Scheme 1B). For example,
in situ generated lanthanum(IIl) nitrate alkoxide was proposed by Hatano et al.'® Recently,
McElroy et al. reported various homogeneous acids as efficient catalysts.!” While primary alcohols
were efficiently converted, secondary alcohols required stoichiometric amounts of acids to
undergo the carboxymethylation reaction. An attractive route was proposed by Mutlu et al., using

an organo catalyst (1,5,7,-triazabicyclo[4.4.0]dec-5-ene) able to convert a large range of alcohols



— including tertiary alcohols — to the corresponding unsymmetrical carbonates in a solvent-less
reaction with DMC. '8

Heterogeneous catalysts would offer an even greener pathway, provided they can demonstrate
high efficiency, selectivity, and recyclability. However, up until now, only a handful of
heterogeneous catalysts showed significant activity for the synthesis of mixed carbonate esters
using di alkylcarbonate (Scheme 1B). Sartorio et al. developed an efficient hybrid organic-
inorganic catalyst by anchoring Triazabicyclodecene (TBD) onto a MCM-41 silica.' Figueras et
al. used fluorinated hydrotalcites, Mgla mixed oxides and CsF/a-Al>O3 as basic solid catalysts,
demonstrating that the rate of the reaction was roughly proportional to the number of strongly basic
sites present on the catalyst.?’ Kantam et al. proposed a nano crystalline magnesium oxide showing
good efficiency, selectivity and stability.?! Stanley et al. used various basic catalysts for the
carboxymethylation of cinnamyl alcohol.?? Tabanelli et al. used MgO for the synthesis of aliphatic

mixed alkyl-methyl carbonates and catechol carbonate.??
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Scheme 1. Methods for the carboxymethylation of alcohols.

These reports prompted us to investigate strongly basic catalysts. Over the past few decades,
research on solid basic catalysts, such as magnesium oxides, apatites, layered double hydroxides,
alkali doped zeolites and basic metal-organic frameworks has gained interest.**** Sodium
aluminate (NaAlO») is a highly basic material, inexpensive and readily available in the solid form

or as a concentrated solution. It finds applications in water purification, paper industry and as a



precursor in zeolite synthesis.*! Being insoluble in various organic solvents, NaAlO; can be used
as a true heterogeneous catalyst.3> Nevertheless, only a small number of publications have reported
NaAlO: as an active heterogeneous catalyst for a limited number of base-catalyzed reactions such
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as isomerisation,>>3 transesterification, and condensation.’® Recently, we showed that

NaAlOs is an excellent catalyst for the production of glycerol carbonate in mild conditions.?”3#
Earlier, the in-situ formation of NaAlO; from NaOH and y-alumina was indeed also reported
during this reaction.’® Thus, we anticipated that NaAlO> would also catalyze transcarbonation
reactions between DMC and other types of alcohols.

Here, NaAlO> is probed as a catalyst for the carboxymethylation reaction. Various mixed
carbonate esters are synthesized by reacting the corresponding alcohols with DMC, acting both as
the reagent and the solvent. The NaAlO> catalysts are either readily acquired from commercial

sources or prepared using a spray drying process* aiming at increasing the concentration of

defects, responsible for the formation of strong basic sites.

Table 1. Screening of common heterogeneous and homogeneous basic catalysts for the

carboxymethylation of cinnamyl alcohol (1) with DMC and comparison with sodium aluminate.?

DMC 2 (10 eq.) Ph\/\/O\H/OMe Ph\/\/O\H/O\/\/F’h

N e 900 3o ¢+ o4
Entry Catalyst Time Conversion Selectivity
(h) (%)° for 3:4 (%)°
1 Blank 24 0 —
2 Triethylamine® 24 100 97:3
3 NaOH* 24 15 15:0
4 K>CO;3¢ 96 91 90:10
5 CsF/ALL 03¢ 50 94 94:6



6 NaX, NaY4 24 0

7 MgO 24 30 100:0
Hydrotalcite 24 40 99:1

9 NaAlO; 24 52 99:1

10 SD-NaAlO; 24 76 99:1

aReaction conditions: 5 mmol of 1, 50 mmol of DMC, 0.10g of catalyst at 90 °C. ®Conversion
and selectivity were determined by gas chromatography. 1.2 equivalent basic homogeneous
catalyst. ‘Results from Stanley et al.??

The carboxymethylation of cinnamyl alcohol (CA, 1) with DMC in the liquid phase was used as
a probe reaction (Table 1). After 24h reaction at 90°C the reaction did not proceed at all in the
absence of a catalysts (Table 1, entry 1). Using an excess of triethylamine as a conventional
homogeneous basic catalyst, a total conversion of could be achieved with 97% selectivity. Using
NaOH, the conversion reached only 15%. K>COj3 was also reported to catalyse the reaction but
longer reaction times had to be used to reach decent conversion.?? In the same conditions, basic
NaX and NaY zeolites were reported to be inactive but CsF/Al,O3; showed significant activity after
a long reaction time (50h).?? Here, common solid base catalysts such as MgO and hydrotalcites
were tested as benchmarks and showed only moderate CA conversion (entries 7 and 8). On the
contrary, sodium aluminate showed high CA conversion (entries 9 and 10). Interestingly, the
NaAlO; catalyst prepared by spray drying (vide infra) was even more active than the commercial
NaAlO,. After standard workup, H-NMR analysis of the crude mixture showed purity well above
95% (see ESI), excluding the need for purification. Selectivity towards cinnamyl methyl carbonate
(3) was close to 100%. Thus, among the tested catalysts, NaAlO, showed the best performance

and appeared as a highly promising catalyst for the carboxymethylation reaction.
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Figure 1. CO2-DRIFT spectra of NaAlO; and SD-NaAlO; catalysts

The superior activity of NaAlO; catalysts has to be related to the strongly basic properties of this
crystalline material.>! XRD confirmed that the main crystalline phases were NaAlO»-1.25H,0,
NaAlO; and Na,CO3 (see Figure S1).41#? Consistently, DRIFT spectroscopy coupled with CO»
adsorption showed the abundance of surface basic sites (Figure 1). Bridged bidentate carbonate
(1690 and 1642 cm™) and chelating bidentate carbonate (1536 cm™) adsorption can be assigned to
moderate or weak basic sites.**** CO, adsorbed on oxygen ions with the lowest coordination
number (usually monodentate) leads to strong basic sites (1319 cm™). FTIR spectra obtained on
NaAlO; catalysts feature an intense band at 1420 cm™, attributed to carbonates (Figure S2A). The
other main IR peaks correspond to O-O bonds at 794 cm™! and vibrations of the Al-O bond at 558
cm ! and 627 cm™!, and O-Na-O bonds at 454 cm™!. Compared to the commercial sodium
aluminate (NaAlQ3), the catalyst prepared by spray drying (denoted SD-NaAlO;; see supporting
information for the preparation procedures) was significantly more active. This catalyst consists
of spherical particles in the 0.1-5.0 um size range (Figure 2). Their spherical shape is linked to the

preparation process in which particles are produced after the evaporation of the solvent contained



in aerosol droplets.** Such spray drying method favors the formation of smaller crystallites (Figure
S1), which leads to a higher concentration and/or accessibility of strongly basic edge ions
(defects).’” Indeed, CO,-DRIFTS shows that SD-NaAlO> globally exhibits higher basicity
compared to the commercial NaAlO,, and especially a larger contribution of strong basic sites
(Figure 1). COz-temperature programmed desorption (TPD) experiments (Figure S2B and Table
S1) provide a more quantitative analysis of the total basicity of the catalysts, and confirm that the
spray dried catalysts showed higher surface basicity (0.80 mmolCO».g™' for SD-NaAlO; vs. 0.47
mmolCO,.g"! for commercial NaAlO>). With this highly efficient catalyst in hand, the reaction
was further studied and optimized to boost conversion levels, check for the stability of the catalyst,

and expand its scope.

Figure 2. Scanning electron micrograph of SD-NaAlO- catalyst.

Under atmospheric pressure, the maximum reaction temperature is 90°C (the boiling
temperature of DMC). Lower conversion was obtained at lower temperature but the selectivity
reached 100% instead of 99% (Figure S3). Almost quantitative conversion of CA into cinnamyl
methyl carbonate can be reached by increasing the catalyst amount to 0.2 g (Table S2). The

recyclability of SD-NaAlO; was tested by performing 5 consecutive runs of reaction (Figure 3).



After each reaction, the catalyst was centrifuged, washed three times with 5 mL ethanol, and dried
at 120°C for 6h before being used with fresh reactants. In these recycling experiments, no
significant activity drop was observed. Additionally, a “hot filtration” experiment was run,
demonstrating that the activity is strictly arising from the solid catalyst (Figure S5). The integrity
of the spent SD-NaAlO; catalyst was also verified by XRD, FTIR and CO»-TPD. Both the
crystalline structure (Figure S1) and the surface basicity (Figure S2B) of the used solid were
unaffected after the reaction. Thus, the catalyst can be described as truly heterogeneous, stable,
resistant to leaching during the reaction, and therefore recyclable.

The scope of the catalyst was evaluated with a large series of alcohols, at 8h and 24h of reaction.
Various primary allylic alcohols 2a-d afforded the corresponding carbonate esters with high
conversion and selectivity after only 8 hours of reaction. Secondary allylic alcohol 2f gave only
31% of conversion after 8h and 45% by increase in reaction time to 24h. In this case, we did not
observe any diallylcarbonate product 4f. No conversion was observed from the tertiary allylic
alcohol, linalool (2e). Steric hindrance is probably the reason for the lower activity when going
from the primary to the secondary and then tertiary allyl alcohols. Primary benzylic alcohols like
3,5-dimethoxy benzyl alcohol and 3,5-di(trifluoromethyl) benzyl alcohol 2h-j afforded the
corresponding carbonate esters in good yields. Secondary benzylic alcohols such as, 1-
phenylpropan-1-ol and 1-(naphthalen-2-yl)ethan-1-ol were also converted to the corresponding
carbonate esters 3k and 31 with 100% selectivity but with moderate conversion. Interestingly,
alcohols bearing a hetero aryl group (e.g. furfural 1m) can also be converted. 2-furfurmethyl
carbonate 3m was obtained after 8h with 78% conversion and full selectivity. The same reaction
after 24h gave 100% conversion with 93% selectivity. The carboxymethylation reaction of primary

aliphatic alcohols (1n) was also established, with quantitative conversion and selectivity at 24h



reaction time. Menthol 1o reacted with 100% of selectivity, with 45% of conversion. We also
tested this reaction for obtaining propargyl carbonates, which are important synthetic precursors
in the synthesis of allenes and various heterocyclic compounds.*® After 24h, the reaction showed

93% conversion of 2-butyne-1-o0l 2g with 100% selectivity to 3g.



Table 2: Scope of the reaction for the NaAlO»-catalysed carboxymethylation of alcohols.

o O.__OMe o.__O
on v L e e Oy
R Me0” “ome  90°C o o
1 2 8 or 24h 3 4
Entry? Alcohol (1) Product (3) Time (h)  Conversion® Selectivi't)y
3/4 (%)
a _~__O-__OMe
A~OH Y 24 97% 97:3
o
8 85% 96:4
N0~ OMe
b AN il
o] 24 92% 90:10
N0 OMe 8 93% 97:3
c N ANOH Y
o] 24 95% 97:3
OH
o AT )\)W\r ’ e
X
S o 24 76% 100:0
OH OYOME 8 0%
e
= \ = \o 24 0%
8 31% 100:0
f _~__OH _~__O-__OMe
Y 24 45% 100:0
Ph Ph O
2 8 70% 100:0
g /\ ont = O)'LOME
Me = 24 93% 100:0
Me'
i 8 100% 97:3
o B
h ©/\OH O)'LOMe
24 100% 96:4
MeO. f
e
| OH MeO o)korvm 8 79% 98:2
24 81% 98:2
OMe
OMe o
FaC
. OH FsC OXOMQ 8 94% 94:6
]
24 92% 91:9
CFs
CFs
Et Et O
)k 8 17% 100:0
k OH 0~ “OMe
24 69% 100:0
Me Me O
)k 8 39% 100:0
| OH 0~ “OMe
24 65% 100:0
OM 8 78% 100:0
n LYo LY o™ °
o © 0 24 100% 93:7
O~ OMe 8 93% 100:0
OH Ph
n ph” N Y
o] 24 100% 100:0
Me Me Me Me
o OH oYOMe 8 45% 100:0
o 24 45% 100:0
Me Me

%Conditions: Alcohol (5.0 mmol), DMC (50 mmol) and NaAlO> (0.20g) at 90 °C. °"Conversion
and selectivity were measured by '"H NMR (300MHz) using the NMR integration ratio between
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the desired product and the by-product (see ESI). For entry a, conversion and selectivity were
measured by GC and confirmed by NMR. For entries b, ¢, and d, selectivity was evaluated by GC.

40

30 1

20 1

CA conversion (%)

10 A

Fresh Cycle 1 Cycle 2 Cycle 3 Cycle 4

Figure 3. Regeneration studies (Reaction conditions: Smmol of CA, 50 mmol of DMC, 0.10 g of
catalyst at 90 °C for 2 h). Under these conditions, the conversion is far from equilibrium. A
recycling experiment was also done at high conversion (8h reaction, 0.20 g of catalyst) to show

that high yields can be achieved over several runs as well (see Figure. S4).

In conclusion, the heterogeneously catalyzed synthesis of mixed carbonate esters using sodium
aluminate and DMC is demonstrated for a large range of substrates. The reaction can be considered
greener than the classical routes because it is run with environmentally friendly reactants and with
a recyclable solid catalyst. The preparation of NaAlO: by a simple spraying method yield a highly

basic catalyst which shows excellent performance levels and acts as a truly heterogeneous and

recyclable catalyst.
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Supporting Information. General experimental procedures, additional catalyst
characterization, characterization of the spent catalyst, optimization of reaction conditions,

heterogeneity and leaching test, NMR spectra of the products

AUTHOR INFORMATION

Corresponding Author

*Damien P. Debecker Damien.debecker@uclouvain.be

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript.

ACKNOWLEDGMENT

Authors gratefully acknowledge the Walloon Region for the financial support (BEWARE
programme, convention no.1410279). KI would like to acknowledge the ‘“MOVE-IN Louvain’
Incoming post-doc Fellowship programme for the financial support. F. Devred is acknowledged

for the logistical and technical support.

REFERENCES
1. Pacheco, M. A.; Marshall, C. L., Review of Dimethyl Carbonate (DMC) Manufacture and

Its Characteristics as a Fuel Additive. Energy Fuels 1997, 11 (1), 2-29.

2. Schiéffner, B.; Schiffner, F.; Verevkin, S. P.; Borner, A., Organic Carbonates as Solvents

in Synthesis and Catalysis. Chem. Rev. 2010, 110 (8), 4554-4581.

12


mailto:Damien.debecker@uclouvain.be

3. Martin, C.; Fiorani, G.; Kleij, A. W., Recent Advances in the Catalytic Preparation of

Cyclic Organic Carbonates. ACS Catal. 2015, 5 (2), 1353-1370.

4.  Wickens, Z. K.; Skakuj, K.; Morandi, B.; Grubbs, R. H., Catalyst-Controlled Wacker-Type

Oxidation: Facile Access to Functionalized Aldehydes. J. Am. Chem. Soc. 2014, 136 (3), 890-893.

5. Fournier, J.; Lozano, O.; Menozzi, C.; Arseniyadis, S.; Cossy, J., Palladium-Catalyzed
Asymmetric Allylic Alkylation of Cyclic Dienol Carbonates: Efficient Route to Enantioenriched
y-Butenolides Bearing an All-Carbon a-Quaternary Stereogenic Center. Angew. Chem. Int. Ed.

2013, 52 (4), 1257-1261.

6. Yang, Y.;Szabo, K. J., Synthesis of Allenes by Catalytic Coupling of Propargyl Carbonates

with Aryl Iodides in the Presence of Diboron Species. J. Org. Chem. 2016, 81 (1), 250-255.

7. Chen, M.; Hartwig, J. F., Iridium-Catalyzed Enantioselective Allylic Substitution of Enol

Silanes from Vinylogous Esters and Amides. J. Am. Chem. Soc. 2015, 137 (43), 13972-13979.

8.  Trost, B. M.; Crawley, M. L., Asymmetric Transition-Metal-Catalyzed Allylic

Alkylations: Applications in Total Synthesis. Chem. Rev. 2003, 103 (8), 2921-2944.

9. Trost, B. M.; Miller, J. R.; Hoffman, C. M., A Highly Enantio- and Diastereoselective
Molybdenum-Catalyzed Asymmetric Allylic Alkylation of Cyanoesters. J. Am. Chem. Soc. 2011,

133 (21), 8165-8167.

10. Wallingford, V. H.; Homeyer, A. H.; Jones, D. M., Alkyl Carbonates in Synthetic
Chemistry. I. Condensation with Organic Esters. Synthesis of Malonic Esters1. J. Am. Chem. Soc.

1941, 63 (8), 2056-2059.

13



11. Bilde, M.; Mggelberg, T. E.; Sehested, J.; Nielsen, O. J.; Wallington, T. J.; Hurley, M. D.;
Japar, S. M.; Dill, M.; Orkin, V. L.; Buckley, T. J.; Huie, R. E.; Kurylo, M. J., Atmospheric
Chemistry of Dimethyl Carbonate: Reaction with OH Radicals, UV Spectra of CH3OC(O)OCH2
and CH30C(O)OCH202 Radicals, Reactions of CH30OC(O)OCH202 with NO and NO2, and

Fate of CH30C(O)OCH20 Radicals. J. Phys. Chem. A 1997, 101 (19), 3514-3525.

12. Chen, L.; Wang, S.; Zhou, J.; Shen, Y.; Zhao, Y.; Ma, X., Dimethyl carbonate synthesis
from carbon dioxide and methanol over CeO2 versus over ZrO2: comparison of mechanisms. RSC

Adv. 2014, 4 (59), 30968-30975.

13. Zhang, Z.-F.; Liu, Z.-W.; Lu, J.; Liu, Z.-T., Synthesis of Dimethyl Carbonate from Carbon
Dioxide and Methanol over CexZr1-xO2 and [EMIM]Br/Ce0.5Z10.502. Ind. Eng. Chem. Res.

2011, 50 (4), 1981-1988.

14. Fiorani, G.; Perosa, A.; Selva, M., Dimethyl carbonate: a versatile reagent for a sustainable

valorization of renewables. Green Chem. 2018, 20 (2), 288-322.

15. Tundo, P.; Selva, M., The Chemistry of Dimethyl Carbonate. Acc. Chem. Res. 2002, 35

(9), 706-716.

16. Hatano, M.; Kamiya, S.; Ishihara, K., In situ generated "lanthanum(iii) nitrate alkoxide" as
a highly active and nearly neutral transesterification catalyst. Chem. Commun. 2012, 48 (76), 9465-

9467.

17. Jin, S.; Hunt, A. J.; Clark, J. H.; McElroy, C. R., Acid-catalysed carboxymethylation,
methylation and dehydration of alcohols and phenols with dimethyl carbonate under mild

conditions. Green Chem. 2016, 18 (21), 5839-5844.

14



18. Mutlu, H.; Ruiz, J.; Solleder, S. C.; Meier, M. A. R., TBD catalysis with dimethyl

carbonate: a fruitful and sustainable alliance. Green Chem. 2012, 14 (6), 1728-1735.

19. Carloni, S.; De Vos, D. E.; Jacobs, P. A.; Maggi, R.; Sartori, G.; Sartorio, R., Catalytic
Activity of MCM-41-TBD in the Selective Preparation of Carbamates and Unsymmetrical Alkyl

Carbonates from Diethyl Carbonate. J. Catal. 2002, 205 (1), 199-204.

20. Veldurthy, B.; Clacens, J.-M.; Figueras, F., Correlation between the basicity of solid bases
and their catalytic activity towards the synthesis of unsymmetrical organic carbonates. J. Catal.

2005, 229 (1), 237-242.

21. Kantam, M. L.; Pal, U.; Sreedhar, B.; Choudary, B. M., An Efficient Synthesis of Organic
Carbonates using Nanocrystalline Magnesium Oxide. Adv. Synth. Catal. 2007, 349 (10), 1671-

1675.

22. Stanley, J. N. G.; Selva, M.; Masters, A. F.; Maschmeyer, T.; Perosa, A., Reactions of p-
coumaryl alcohol model compounds with dimethyl carbonate. Towards the upgrading of lignin

building blocks. Green Chem. 2013, 15 (11), 3195-3204.

23. Tabanelli, T.; Cailotto, S.; Strachan, J.; Masters, A. F.; Maschmeyer, T.; Perosa, A.;
Cavani, F., Process systems for the carbonate interchange reactions of DMC and alcohols: efficient

synthesis of catechol carbonate. Catal. Sci. Technol. 2018, 8 (7), 1971-1980.

24. Sun, L.-B.; Liu, X.-Q.; Zhou, H.-C., Design and fabrication of mesoporous heterogeneous

basic catalysts. Chem. Soc. Rev. 2015, 44 (15), 5092-5147.

25. Gruselle, M., Apatites: A new family of catalysts in organic synthesis. J. Organomet.

Chem. 2015, 793, 93-101.

15



26. Nishimura, S.; Takagaki, A.; Ebitani, K., Characterization, synthesis and catalysis of
hydrotalcite-related materials for highly efficient materials transformations. Green Chem. 2013,

15 (8), 2026-2042.

27. Debecker, D. P.; Gaigneaux, E. M.; Busca, G., Exploring, Tuning, and Exploiting the
Basicity of Hydrotalcites for Applications in Heterogeneous Catalysis. Chem. Eur. J. 2009, 15

(16), 3920-3935.

28. Keller, T. C.; Desai, K.; Mitchell, S.; Pérez-Ramirez, J., Design of Base Zeolite Catalysts

by Alkali-Metal Grafting in Alcoholic Media. ACS Catal. 2015, 5 (9), 5388-5396.

29. Zhu, L.; Liu, X.-Q.; Jiang, H.-L.; Sun, L.-B., Metal-Organic Frameworks for

Heterogeneous Basic Catalysis. Chem. Rev. 2017, 117 (12), 8129-8176.

30. Chen, L.; Zhao, J.; Yin, S.-F.; Au, C.-T., A mini-review on solid superbase catalysts

developed in the past two decades. RSC Adv. 2013, 3 (12), 3799-3814.

31. Rayzman, V.; Filipovich, I.; Nisse, L.; Vlasenko, Y., Sodium aluminate from alumina-

bearing intermediates and wastes. JOM 1998, 50 (11), 32-37.

32. Despax, S.; Estrine, B.; Hoffmann, N.; Le Bras, J.; Marinkovic, S.; Muzart, J.,
Isomerization of d-glucose into d-fructose with a heterogeneous catalyst in organic solvents. Catal.

Commun. 2013, 39 (Supplement C), 35-38.

33. Wang, M.; Gasmalla, M. A. A.; Admassu Tessema, H.; Hua, X.; Yang, R., Lactulose
production from efficient isomerization of lactose catalyzed by recyclable sodium aluminate. Food

Chem. 2017, 233 (Supplement C), 151-158.

16



34. Wan, T.; Yu, P.; Wang, S.; Luo, Y., Application of Sodium Aluminate As a Heterogeneous

Base Catalyst for Biodiesel Production from Soybean Oil. Energy Fuels 2009, 23 (2), 1089-1092.

35. Mutreja, V.; Singh, S.; Ali, A., Sodium Aluminate as Catalyst for Transesterification of

Waste Mutton Fat. J. Oleo Sci. 2012, 61 (11), 665-669.

36. Bai, R.; Liu, P.; Yang, J.; Liu, C.; Gu, Y., Facile Synthesis of 2-Aminothiophenes Using
NaAlO2 as an Eco-Effective and Recyclable Catalyst. ACS Sus. Chem. Eng. 2015, 3 (7), 1292-

1297.

37. Ramesh, S.; Debecker, D. P., Room temperature synthesis of glycerol carbonate catalyzed
by spray dried sodium aluminate microspheres. Catal. Commun. 2017, 97 (Supplement C), 102-

105.

38. Ramesh, S.; Devred, F.; Biggelaar, L. v. d.; Debecker, D. P., Hydrotalcites Promoted by
NaAlO2 as Strongly Basic Catalysts with Record Activity in Glycerol Carbonate Synthesis.

ChemCatChem 2018, 10 (6), 1398-1405.

39. Bai, R.; Wang, Y.; Wang, S.; Mei, F.; L1, T.; Li, G., Synthesis of glycerol carbonate from
glycerol and dimethyl carbonate catalyzed by NaOH/y-A1203. Fuel Process. Technol. 2013, 106,

209-214.

40. Debecker, D. P.; Le Bras, S.; Boissiere, C.; Chaumonnot, A.; Sanchez, C., Aerosol
processing: a wind of innovation in the field of advanced heterogeneous catalysts. Chem. Soc. Rev.

2018, 47,4112-4155.

41. de Kroon, A. P.; Schifer, G. W.; Aldinger, F., Crystallography of potassium aluminate

K20-A1203. J. Alloys Compd. 2001, 314 (1), 147-153.

17



42. Kaduk, J. A.; Pei, S., The Crystal Structure of Hydrated Sodium Aluminate, NaAlO2 -

5/4H20, and Its Dehydration Product. J. Solid State Chem. 1995, 115 (1), 126-139.

43. Du, H.; Williams, C. T.; Ebner, A. D.; Ritter, J. A., In Situ FTIR Spectroscopic Analysis
of Carbonate Transformations during Adsorption and Desorption of CO2 in K-Promoted HTlc.

Chem. Mater. 2010, 22 (11), 3519-3526.

44. Li, H.; Jiao, X.; Li, L.; Zhao, N.; Xiao, F.; Wei, W.; Sun, Y.; Zhang, B., Synthesis of
glycerol carbonate by direct carbonylation of glycerol with CO2 over solid catalysts derived from
Zn/Al/La and Zn/Al/La/M (M = Li, Mg and Zr) hydrotalcites. Catal. Sci. Technol. 2015, 5 (2),

989-1005.

45. Debecker, D. P.; Stoyanova, M.; Colbeau-Justin, F.; Rodemerck, U.; Boissiére, C.;
Gaigneaux, E. M.; Sanchez, C., One-Pot Aerosol Route to Mo0O3-Si02-A1203 Catalysts with
Ordered Super Microporosity and High Olefin Metathesis Activity. Angew. Chem. Int. Ed. 2012,

51(9),2129-2131.

46. Wu, T.; Chen, M.; Yang, Y., Synthesis of Indolizines via Palladium Catalyzed Annulation
of Propargyl Carbonates and 2-(Pyridin-2-yl)acetonitrile Derivatives. J. Org. Chem. 2017, 82 (20),

11304-11309.

18



Graphical abstract

- p

R\/\/o OMe
Large scope of w \oJ\o/ \IC]’/
alcohols [ N o~
R2 O Q\/ \‘g
RAOH R1\(>)\0)1\0Me
. I N Alkyl/o OMe
» Q\/ R \g/
OH
o Unsymmetrical
U Alkyl Spray-dried carbonate esters
NaAlO, catalyst )
Synopsis

A range of mixed carbonate esters are obtained in high yields, using NaAlO; as a strongly basic
heterogeneous catalyst. The reaction is carried out starting from various alcohols and with
dimethyl carbonate acting as the solvent and carboxymethylation reagent. Sodium aluminate is

shown to be a cheap, stable and recyclable solid catalyst.
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