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ABSTRACT: Nanoporous aluminosilicate materials efficiently catalyze the formation of furaldehyde
dimethyl acetal directly from methanol in high yields and in short reaction times. The facile nature of this
reaction has led to the development of a telescoped protocol in which the acyclic acetal is produced in situ
and subsequently functions as a substrate for a transacetalization reaction with glycerol to produce the
corresponding dioxane and dioxolane products which are potentially useful biofuel additives. These
products are generated in high yield without the requirement for high reaction temperatures of prolonged
reaction times, and the aluminosilicate catalysts are operationally simple to produce, are effective with

either purified furaldehyde or crude furaldehyde and are fully recyclable.
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INTRODUCTION

Current interest in the development of alternative strategies for energy production which have reduced
environmental impact is of significant importance given the increase in demand for resources derived
from fossil fuels. In particular, the demands of the transportation market have highlighted the need to
develop fuels sources that are derived from more sustainable and renewable carbon sources. Of these,
biomass valorization has attracted considerable interest as a sustainable and renewable solution to both
energy and fuel requirements, and also as an alternative source of platform chemicals for the chemical
industry.'™ Of these, inedible lignocellulose residues offers a low cost and abundant source of materials
capable of providing a rich diversity of chemical entities which fulfill these requirements.>® In parallel to
these developments, the rapid growth in the production of biodiesel has led to a surfeit of glycerol,
produced as a by-product of biodiesel manufacture, that is also a potentially important and versatile
platform chemical. It is not surprising that glycerol valorisation has also attracted great interest from
within the scientific community, and considerable efforts have led to the development of strategies for the
conversion of glycerol into products with a diverse range of applications.” !> One such approach is the
formation of acetals derived from glycerol and bio-mass derived carbonyl compounds, such as
furaldehyde, which have found promising application as fuel additives. While routes for the conversion
of related furanic materials for use as biofuels are well established,'*'® similar routes for the valorization

of furfural as a platform for biofuel production are less well established.!”->

Our interest in this area stems from the potential limitations encountered in the direct acetalization
reactions of furaldehyde with alcohols and polyols. Furaldehyde is highly sensitive to polymerisation
under the conditions typically encountered in acetal formation, that is, highly acidic environments, high
temperatures and extended reaction times.?'**? Furthermore, acetalization protocols generally require a
method of removing the water generated in the course of the acetalization reaction to shift the equilibrium
in favour of the acetal product and, in the case of water sensitive catalysts, to avoid catalyst degradation.
This is achieved either by a number of methods such as the inclusion of a sacrificial dehydrating agent or

by physical removal of the water, for example, by aspiration with a stream of gas or the use of a Dean-
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Stark apparatus.??~?’ While effective, these approaches are inefficient both in terms of energy requirements
necessitating high temperatures which also contribute to furaldehyde degradation and impact negatively
on overall atom efficiency. In addition, the direct acetalization of glycerol with carbonyl compounds can
be limited by the poor solubility of reagents in glycerol which leads to mass transfer issues. Thus, the
synthesis of cyclic furaldehyde acetals would appear to be best suited to a transacetalization approach
which is thermodynamically and kinetically favoured over the direct acetalization strategy”® and so might
allow for the development of more benign and operationally simple reaction protocols. Transacetalization
of acyclic acetals has previously been demonstrated to be a highly effective strategy to circumvent the
low yields of cyclic acetal products obtained from unreactive carbonyl compounds, and to improve

selectivity in the case of substrates bearing multiple functional groups.? 3!

We have previously demonstrated that mildly acidic nanoporous aluminosilicate materials,
produced by an operationally simple evaporation induced self-assembly (EISA) approach,?¢ are highly
effective catalysts for the formation of acyclic acetals directly from carbonyl compounds and short chain
alcohols without the requirement for additional dehydrating agents.’’° Furthermore, their acidic
characteristics are also highly suited to catalyze transacetalization reactions of acyclic acetals to the
corresponding cyclic acetals.*” We reasoned therefore that it should be possible to combine these two
reactions to develop an operationally simple and efficient telescoped protocol which would avoid the
requirement to employ separate acetalization/transacetalization protocols, and the requirement to isolate
and purify sensitive products (Scheme 1). Ideally, this protocol would employ only mildly acidic
conditions, short reaction times and moderate reaction temperatures to limit furaldehyde decomposition

commonly observed in acetalization reactions.?
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Scheme 1: Telescoped Routes to Glycerol Acetals



Herein we report our initial studies for the development of such a telescoped reaction protocol in which
the acyclic acetal is generated in situ before undergoing transacetalization with glycerol to produce acyclic

acetal products in short reaction times and under mild reaction conditions.

EXPERIMENTAL SECTION
General Methods

Purified furaldehyde refers to material obtained by distillation under reduced pressure which provided a
clear material that was stored out of direct light. Crude furaldehyde refers to material used as received
(see Supplementary Information). Methanol and anhydrous 1-propanol, dimethyl carbonate,
dimethoxypropane and glycerol were used as received. Nuclear magnetic resonance (NMR) spectra were
recorded at 400 MHz in CDClI; at 20 °C. The nanoporous materials employed here were prepared using
an evaporation induced self-assembly (EISA) approach (see Supplementary Information) or as

described previously.?337-340

Synthesis of Furaldehyde Dimethyl Acetal (2a) Employing Nanoporous Aluminosilicate Catalysts

The Al-13-(3.18) catalyst (40 mg) was added to a solution of crude furaldehyde (96mg, 1 mmol) in
methanol (2 mL) and the reaction heated to 60 °C for 1 hour. On completion of the reaction, a sample of
the reaction mixture was withdrawn and filtered through a Celite plug to remove the catalyst. The plug
was washed with deuterated chloroform (2 x 0.25 mL) and the crude reaction mixture was analysed by

quantitative 'H NMR analysis employing para-xylene as an internal standard.



Telescoped Reaction for the Formation of Glycerol Acetal Products

The Al-13-(3.18) catalyst (40 mg) was added to a solution of crude furaldehyde (384mg, 4 mmol) and
glycerol (92 mg, 1 mmol) in dimethyl carbonate (2 mL) and 1-propanol (300 mg, 5 mmol) and the reaction
heated to 80 °C for 1 hour. On completion of the reaction, a sample of the reaction mixture was withdrawn and

filtered through a Celite plug to remove the catalyst. The plug was washed with deuterated chloroform (2 % 0.25
mL) and the crude reaction mixture was analysed by quantitative 'H NMR analysis employing para-xylene as an

internal standard.

RESULTS AND DISCUSSION

Our previous studies have demonstrated that the nanoporous aluminosilicate materials Al-13-(2.42) and
Al-13-(3.18) displaying a Si/Al ratio of 13:1 (see Supplementary Information) are highly effective
catalysts for both acetal formation and acetal exchange reactions. Our initial work therefore investigated
the ability of these aluminosilicate materials (Table 1) to catalyze the formation of the corresponding

acyclic dimethyl acetal 2a from furaldehyde, employing methanol as the acetalization reagent.

Table 1: Nanoporous Silicate Physical Properties.

Catalyst® M:Al:Si Gel BET Surface Area Acidity Pore Width
Composition (m2gh)® (pmol g)* (nm)¢
Al-13-(2.34) 0:1:13 614 440 2.34
Al-13-(3.18) 0:1:13 980 530 3.18
B-13-(3.54) 1:0:13 1095 590 3.54
B-13-(2.34) 1:0:13 797 330 2.34
B-Al-13-(2.20) 1:1:13 569 590 2.20
Ce-Al-13-(2.60) 1:1:13 342 ND 2.60
Zr-Al-13-(2.13) 1:1:13 280 ND 2.13

* M/Al/Si gel ratio with pore size in parenthesis.

® Obtained by the Brunauer-Emmett-Teller (BET) method.

¢ Determined by temperature programmed desorption (TPD) analysis.

4 Determined by the non-linear density function theory (NLDFT) method.



We envisaged that 2a might serve as a suitable precursor for the subsequent acetal exchange reaction with
glycerol to provide the corresponding cyclic acetals and allow for the development of a telescoped route
in which the acyclic acetal is generated in situ and so does not require isolation. Telescoped reaction
strategies have proven to be a highly attractive approach given the potential savings in time and efficiency
afforded by reducing the number of isolation and purification steps and this approach has found
widespread use in synthetic chemistry especially where products are unstable, highly reactive or are

difficult to isolate.*! ¢

In line with our previous studies, both aluminosilicate materials Al-13-(2.42) and Al-13-(3.18)

efficiently catalyzed the formation of 2a from distilled furaldehyde in methanol in short reaction times

under mild reaction conditions (Table 2, entries 2 and 3).7%

Table 2: Optimisation of Furaldehyde Dimethylacetal Formation®

7 Catalyst, 40 mg 7\

H OMe

0 MeOH, 60°C O

1 O 22 OMe
Entry Catalyst Solvent Acetal Time Yield 2a

(h) (%)

1 No Catalyst MeOH - 1 10°
2 Al-13-(2.42) MeOH - 1 75¢
3 Al-13-(3.18) MeOH - 1 75¢
4 Al-13-(2.42) MeOH - 1 72
5 Al-13-(3.18) MeOH - 1 71
6 B-13-(3.54) MeOH - 1 63
7 B-13-(2.43) MeOH - 1 54
8 B-Al-13-(2.20) MeOH - 1 62
9 Ce-Al-13-(3.18) MeOH - 1 64
10 Zr-Al-13-(3.18) MeOH - 1 76
11 Al-13-(2.42) DMC DMOP 2 184
12 Al-13-(3.18) DMC DMOP 2 344

# Experimental: The catalyst (40 mg) was added to a solution of crude furaldehyde
(96 mg, 1 mmol) in methanol (2 mL) and the reaction heated to 60 °C for 1 hour.
®Determined by 'H NMR analysis of the crude reaction mixture.

¢ Reaction employing distilled furaldehyde.

d Reaction in dimethyl carbonate (DMC).

We were also interested, however, in the possibility of employing crude furaldehyde and so further
improve the efficiency of this approach by developing a route that was not reliant on using purified starting
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material. Gratifyingly, little difference in overall yields were observed on employing crude furaldehyde

in these reactions (entries 4 and 5).

We next investigated the role of the catalyst, and whether overall yields 2a were strongly affected
by the Lewis acid or Brensted acid properties of the catalyst. It has been reported that a combination of
strong Lewis acid sites and an excess of Brensted acid sites provides an ideal combination for high
conversions of carbonyl compounds to acetal products using short chain alcohols.*” We were intrigued as
to whether a similar effect could be achieved here, and so we next studied a selection of nanoporous
silicate materials displaying either predominantly Lewis acidity (B-13-(2.43) and B-13-(3.54)),* in
addition to aluminosilicate materials containing metals demonstrated to exhibit both Lewis and Brensted
acidity (B-Al-13-(2.20), Ce-Al-13-(2.60) and Zr-Al-13-(2.13)).*>! The Lewis acid catalysts B-13-(3.54)
and B-13-(2.43) displayed moderate catalytic activity (entries 6 and 7), which was comparable to the
performance of the B-Al-13-(2.20) and Ce-Al-13-(2.60) material (entries 8 and 9). The zirconia/alumina
material Zr-Al-13-(2.13) performed best of these mixed metal catalysts producing similar yields to the
aluminosilicate materials (entry 10). Finally, we also took the opportunity to confirm the potential for
employing an acetal exchange approach using these catalysts employing the acyclic ketal dimethoxy
propane (DMOP) as the acetalization reagent in dimethyl carbonate (DMC). Both of the aluminosilicate
catalysts provided 2a in moderate yields under similar reaction conditions, albeit employing

stoichiometric quantities of DMOP (entries 11 and 12).

With effective methodology for the preparation of 2a in hand, we next investigated conditions for
the development of the telescoped reaction protocol employing the Al-13-(3.18) catalyst. Our initial
reactions carried out in methanol with stoichiometric quantities of glycerol provided high conversions of
furaldehyde to the corresponding dimethyl acetal 2a, however, the subsequent transacetalization reaction
proved to be sluggish providing only small amounts of the dioxane and dioxolane products 3 and 4 which
were not improved by increasing the reaction temperature (Table 3, entries 1-3). We reasoned that the

low yields observed were due in part to the high nucleophilicity of methanol coupled with the large excess



present in the reaction which was detrimental to transacetalization. We therefore next investigated the
telescoped protocol in dimethyl carbonate,>> employing only a small excess (5 equivalents) of methanol.
Reactions in dimethyl carbonate with no methanol present provided low yields of 3 and 4 (entry 4),
however, we were highly gratified to observe that on the addition of methanol, significant conversions to
cyclic acetal products were achieved with reasonable selectivity for the acetal products (entry 5) which
were improved on increasing the reaction temperature (entries 6—8). We reasoned that further
improvements in overall yields of dioxane and dioxolane products might be realised by switching to a less
nucleophilic alcohol, and indeed, employing 1-propanol in place of methanol provided acceptable yields

of 3 and 4 with excellent selectivity for the cyclic acetal products (entries 9 and 10).

Table 3: Optimisation of Telescoped Protocol for Glycerol Acetalization

I\ |, A-1343.18), 40 mg &TOR _ Catalyst _ [—>\< " (x(
o)
© ROH, A Glycerol (1 equiv) ]/\ }

' OR
1 © 2

Entry Solvent Time Temp ROH Conversion Ratio Yield Mass

h)  (C) (Sequiv) (%) 3:4 (%) 3+4(%)° Balance (%)
1 MeOH 2 60 - 68 60:40 204 98
2 MeOH 2 60 - 74 57:43 20 94
3 MeOH 1 80 - 68 55:45 18 94
4 DMC 2 60 - 18 67:33 18 98
5 DMC 2 60 MeOH 40 64:36 32 94
6 DMC 1 80 - 24 67:33 24 94
7 DMC 1 80 MeOH 48 68:32 44 98
8 DMC 2 80 MeOH 48 70:30 42 96
9 DMC | 80 PrOH 52 71:29 50 98
10 DMC 2 80 PrOH 54 68:32 52 96
11 DMC 2 80 PrOH 54 68:32 52¢ 98
12 PrOH 2 80 - 44 64:36 26° 98

? Experimental: The catalyst (40 mg) was added to a solution of crude furaldehyde (96 mg, 1 mmol) in
the specified solvent (2 mL) and heated to the specified temperature for the specified time.
®Determined by 'H NMR analysis of the crude reaction mixture.

¢ Sum of acetal products and furaldehyde determined by "H NMR analysis of the crude reaction.

d Reaction employing distilled furaldehyde.

¢Reaction employing 75 mg of catalyst,

In line with previous literature reports, increasing the amount of catalyst had little effect (entry 11).

Carrying out the reaction in 1-propanol as the solvent provided only moderate overall conversions



producing significant quantities of the acyclic dipropyl actal 2b and hence poor selectivity for the cyclic
acetal products (entryl12). In all cases, ratios of dioxane and dioxolane product ratios were similar to
previous literature reports consisting of approximately 2:1 quantities of the four possible conformational
isomers (trans)-3, (cis)-3, (trans)-4 and (cis)-4,>*> and reflects the existence of a temperature-dependent
acid catalyzed equilibrium.>* Mass balances for these reactions were calculated from '"H NMR reactions
and indicated that very little insoluble polymeric materials were formed under the reaction conditions. We
next investigated whether modification of the Lewis acid/Bronsted acid characteristics of the catalyst
played a significant role in determining catalyst activity and product ratios. Disappointingly, nanoporous
borosilicate materials or aluminosilicate materials containing boron, cerium or zirconium performed
poorly under our standard conditions, with only the zirconium containing aluminosilicate material Zr-Al-

Si-(2.13) displayed significant catalytic activity (Supplementary Information, Table S1).

Finally, we completed our optimisation studies by investigating the effect of changing the
stoichiometry of the reaction components. Previous studies in this area have demonstrated that high
conversions to cyclic acetals are achieved by using an excess of either furaldehyde or glycerol. Given the
propensity of heterogeneous catalysts to aggregate at high glycerol loadings,*® we investigated the effect
of increasing quantities of furaldehyde (Table 4). Direct acetalization of furaldehyde with glycerol
proceeded efficiently in the absence of 1-propanol under our standard reaction conditions to provide
moderate overall yields of 3 and 4 in short reaction times (entry 1). As previously, however, overall yields
of 3 and 4 were significantly increased in the presence of a small excess of 1-propanol (entry 2). Similarly,
further increasing the amount of furaldehyde to four equivalents provided additional improvements, and
under these conditions, excellent yields of cyclic acetal products were obtained (entries 3—4). We have
previously demonstrated that these nanoporous aluminosilicate materials are fully recyclable and reusable,
and indeed, similar yields of acetal products were achieved from reactions employing catalyst that had

).34

been isolated from reaction mixtures and recalcined (entry 5).°* Additional benefits of using an excess of



furaldehyde were also evident on the reaction temperature and allowed high yields of acetal products to

be obtained even at 60 °C albeit with slightly extended reaction times (entries 6 and 7).

Table 4: Reaction Optimisation and Catalyst Recycling

T\, AH13E18).40mg | Y, | Catalyst 7'\, o on * U N_o
o DMC, 5 PrOH, A 9 Glycerol o ,\]/\ ©
o o OH
3 4

1 e} % OPr
Entry Solvent Furaldehyde ROH Conversion Ratio Yield Mass
(equiv) (5 equiv) (%) 3:4 (%) 3+4(%)° Balance (%)
1 DMC 2 - 50 68:32 50 94
2 DMC 2 PrOH 76 69:31 70 98
3 DMC 4 - 58 69:31 58 96
4 DMC 4 PrOH 88 68:32 80 96
5 DMC 4 PrOH 88 67:33 84°¢ 96
6 DMC 4 - 30 65:35 30¢ 92
7 DMC 4 PrOH 64 62:38 604 98
8 DMC 4 PrOH 48 70:30 40° 93

? Experimental: The catalyst (40 mg) was added to a solution of crude furaldehyde in the specified
solvent (2 mL) and the reaction heated to the specified temperature for 1 hour.

b Determined by "H NMR analysis of the crude reaction mixture.

¢ Reaction employing recycled/recalcined catalyst

d Reaction at 60 °C.

¢ Reaction using B-13-(3.54)

Furthermore, significant improvements in overall yields were now also observed with catalysts that were
effectively inactive under stoichiometric conditions, for example, with the boron containing catalyst B-

13-(3.54) (Supplementary Information, Table S1).

Our final studies investigated whether the enhanced yields of acetal products observed in reactions
containing methanol and 1-propanol do indeed result from a transacetalization reaction of the acyclic
acetal intermediate, rather than enhanced dispersion of the catalyst in the presence of a polar co-solvent.
We have previously observed that aluminosilicate materials have a tendency to aggregate in glycerol
containing reactions in non-polar solvents leading to poor dispersion of the catalyst in the reaction
medium.** With this in mind, we synthesized and isolated an authentic sample of 2a, and reacted it in the

presence of glycerol and Al-13-(3.18) in DMC under our standard reaction conditions. Gratifyingly, the
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dimethyl acetal underwent smooth conversion to provide only the dioxane and dioxolane products 3 and

4 in excellent yield (Scheme 2).

\ Al-13-(3,.18), 40 mg, DMC 100% conversion
/ (0]
Me OH 88% yield
0 Glycerol, (1 equiv), 80°C, 1 h

OMe
2a

Scheme 2: Transacetalization Reaction of Furaldehyde Dimethyl Acetal 2a

CONCLUSIONS

In conclusion, we have demonstrated that mildly acidic nanoporous aluminosilicate materials efficiently
produce acetal products from either pure or crude furaldehyde at low catalyst loadings in the presence of
alcohols and polyols, such as glycerol. In the case of glycerol, yields can be further improved by the
addition of a small excess of short chain alcohols, such as methanol or 1-propanol, allowing for the
development of a telescoped acetalization/transacetalization protocol in which the acyclic acetal is
initially generated in situ and undergoes subsequent transacetalization in the presence of glycerol to
produce the corresponding dioxane and dioxolane products in high yields. Importantly, these telescoped
reaction protocols proceed efficiently employing crude furaldehyde and so is not reliant on using purified
material. They proceed at moderate reaction temperatures employing catalysts displaying moderate
acidity and hence the formation of the insoluble polymeric materials typically observed in acetalization
processes is minimal. In contrast to previous literature examples, these reactions are operationally simple
and do not employ any additional measures, such as the requirement to use an inert atmosphere or a
continuous stream of dry nitrogen over the reaction to remove water in order to achieve high yields of
acetal products or distillation conditions employing Dean-Stark conditions to remover the more volatile
alcohol. The reaction employs a fully recyclable catalyst and proceeds efficiently in short reaction times

to give high yields of cyclic acetal products which do not require prolonged heating at high temperatures.
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biofuel additives from starting materials derived from waste biomass.
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