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ABSTRACT: Catalytic strategies for the efficient transformation of abundant sustainable bioderived 

molecules, like glycerol, into higher value more useful products is an important research goal. In this 

study, we demonstrate that atom efficient dehydrative etherification reactions of glycerol with 
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activated alcohols are effectively catalyzed by nanoporous aluminosilicate materials in 

dimethylcarbonate (DMC) to produce the corresponding 1-substituted glyceryl ethers in high yield. 

By carrying out the reaction in acetone, it is possible to capitalize on the ability of these materials to 

catalyze the corresponding acetalization reaction allowing for the development of novel, telescoped 

acetalization-dehydrative etherification reaction sequences to selectively produce protected solketal 

derivatives. These materials also catalyze the telescoped reaction of glycerol with tert-butanol (TBA) 

in acetone to produce the corresponding solketal mono tert-butyl ether product in high yield, 

providing a potential route to convert glycerol directly into a useful and sustainable fuel additive. 

 

INTRODUCTION 

The development of renewable feedstocks, and in particular, feedstocks derived from 

biorenewable sources, has emerged as a vibrant and rich research area for the production of 

commodity chemicals and clean fuels. Glycerol is one such non-toxic, biorenewable and cheap 

feedstock candidate that is widely produced as a by-product in biodiesel production and soap 

manufacturing, and by the fermentation of biomass.1,2 Glycerol is therefore considered to be an ideal 

candidate as a highly flexible feedstock chemical, given its biosustainable production, its rich 

chemical functionality, and biodegradability. It is therefore not surprising that processes for the 

valorization of glycerol have attracted considerable recent interest.3-6 Amongst the many appealing 

strategies currently being explored are the transformation of biomass derived glycerol into 

oxygenated compounds by acetalization, esterification and etherification reactions for use as fuel 

additives or for improving engine performance.7-10 Established processes for the etherification of 

glycerol, which employ alkenes as the alkylating agent, have a number of disadvantages, in that the 

alkene component can be relatively expensive and the reaction can display poor selectivity producing 

a mixture of mono-, di- and tri-ethers.11 Furthermore, a number of secondary reactions, such as alkene 

oligomerization, may also reduce the yield of the desired ether products and impact on overall atom 
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efficiency.12 This has led to interest in alternative etherification strategies with reduced environmental 

impact that employ alcohols in a dehydrative etherification approach.13-18 In contrast to the classical 

Williamson ether synthesis, which utilize organohalide compounds and strongly basic conditions for 

the generation of the requisite alkoxide intermediate, dehydrative etherification reactions proceed 

under essentially neutral conditions, and do not suffer from limitations imposed by competing 

elimination reactions or the use of halogenated hydrocarbon starting materials. 

An additional area of interest for glycerol valorization has been as a starting material for the 

synthesis of complex organic structures which contain a functionalized glycerol moiety within the 

core architecture. A diverse array of compounds feature this motif, including marine natural products 

with cytotoxic activity, phospholipids involved with both metal chelation and cellular signaling 

pathways, advanced intermediates in the synthesis of pharmaceutically active compounds and 

amphipilic polymers for the formation of polymeric micelles.19-23 In general, glycerol does not lend 

itself well as a starting material for the synthesis of the protected 1-substituted glyceryl ethers 

required as intermediates in these synthetic sequences, unless protecting group strategies are 

employed to differentiate the chemically similar hydroxyl groups and improve solubility. Thus, the 

requisite-protected mono-glyceryl ethers are typically accessed by a relatively inefficient three-step 

process involving initial acetalization, followed by etherification with a halogenated hydrocarbon 

followed by acetal hydrolysis.20-23 This has led to the development of alternative synthetic strategies 

which derive the desired functionalized glycerol moiety from either carbohydrates or highly reactive 

and toxic epoxide starting materials, such as epichlorohydrin or glycidol.24,25 

We recently reported a protocol for the dehydrative etherification of alkyl alcohols and diols with 

activated alcohols catalyzed by nanoporous aluminosilicate materials to give the corresponding ether 

products in high yield and with excellent selectivity.26 As part of our ongoing studies to develop novel 

reaction strategies,27-32 we have extended our work in this area to consider protocols for the reaction 

of glycerol with activated and unactivated alcohols under aluminosilicate catalysis to provide the 
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corresponding 1-substituted glyceryl ethers. This can be achieved either by direct reaction of glycerol 

with the alcohol component to provide unprotected glyceryl ethers which are useful synthetic 

intermediates, or by novel, telescoped acetalization-dehydrative etherification protocols which 

provide direct and rapid access to protected ether products which are also of interest as potentially 

useful fuel additives. 

 

RESULTS AND DISCUSSION 

A range of silicate (S-1) and aluminosilicate materials (Al-5-(3.00), Al-13-(3.18) and Al-54-

(3.06)) displaying varying amounts of aluminum (Si/Al ratio 5:1, 13:1 and 54:1 respectively) and the 

borosilicate material (B-13-(3.54) were synthesized using our previously reported evaporation 

induced self-assembly (EISA) procedure,26,27 and characterized using a range of standard techniques 

(Table 1 and pages S4-S9 supplementary information). All of these silicate materials displayed the 

expected large surface areas and narrow pore size distributions (Table 1), and the mesoporous nature 

of the Al-13-(3.18) material was further confirmed by TEM, which displayed sponge-like structures 

typical of amorphous materials (Figure 1).  

 

 

Figure 1. Transmission electron micrographs of calcined Al-13-(3.18) a) 120kX and b) 1200kX 

The disordered mesoporous nature of these materials was also confirmed by the XRD patterns 

obtained for this sample, which displayed a broad peak at low angles (2θ ~ 2.5o) of moderate intensity 

(S-6 Supplementary Information). Samples synthesized by this modified EISA procedure produced 
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materials with a significantly larger pore size and exhibited higher acidity than the smaller pore 

materials produced using our original EISA method.28-30  

 

Table 1. Nanoporous Silicate Physical Properties. 

Catalyst 
Si/Al Gel 

Composition 

Si/Al 

(EDX)a 

BET Surface 

Area (m2g-1)b 

Acidity 

(mol g-1)c 

Pore Width 

(nm)d 

S-1-(3.42) - - 914 130 3.42 

Al-13-(3.18) 13 14 980 530 3.18 

Al-5-(3.00) 5 5 1542 214 3.00 

Al-54-(3.06) 54 56 1230 400 3.06 

B-13-(3.54) 13 - 1095 590 3.54 

Zeolite Y-5 5 3 763 300 1.11 

ZSM-5-30 30 19 405 1450 0.82 

AmberlystTM-15 - - 45e 4600e 24e 
a Determined by energy dispersive X-ray (EDX) analysis. b Obtained by the Brunauer–Emmett–
Teller (BET) method. c Determined by temperature programmed desorption (TPD) analysis. d 

Determined by the non-linear density function theory (NLDFT) method. e Literature values: see 

reference [33]. 

 

Our initial studies built on our previous experience in this area employing the aluminosilicate 

material Al-13-(3.18) to catalyze the reactions of a two-fold excess of glycerol with para-

methoxybenzyl alcohol (PMBA) 1a in dimethyl carbonate (DMC) (Table 2). Disappointingly, 

reactions carried out at reflux temperatures gave only low conversions to the desired 1-functionalized 

PMB ether 2a even after protracted reaction times (entry 1). Conversions were much improved, 

however, by employing higher temperatures and carrying out the transformation in sealed reaction 

vessels. Under these modified conditions, high conversions to the desired PMB ether were achieved 

with the expected high selectivity for the 1-PMB ether 2a over the isomeric 2-PMB ether 3a (entry 

2). In addition to the isomeric ethers 2a and 3a, small quantities of the self-condensation product 4a 

were also observed in these reactions. We next examined the ability of a range of silicate materials, 
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in addition to two commercially available zeolites, to catalyze the etherification reaction of glycerol 

and PMBA.  

 

Table 2: Catalyst Optimizationa 

OH

HO OH

OH

HO OPMB

OPMB

HO OH
O

OMeMeO

Catalyst (50 mg), DMC

PMBA (0.5 equiv), 4 hr, 100 oC

+ +

2a 3a 4a  

Entry Catalyst Selectivity  

2a:3a:4a (%)b 

Conversion  

(%)b 

1 Al-13-(3.18) - <10c 

2 Al-13-(3.18) 90:6:4 85d 

3 Al-54-(3.06) 88:7:5 93 

4 Al-5-(3.00) 90:6:4 90 

5 B-13-(3.54) - <10 

6 ZSM-5-30 95:5:0 70 

7 Zeolite Y-5 80:20:0 15 

8 AmberlystTM-15 65:11:0:24e 95 

9 S-1-(3.42) - <10 
a Experimental conditions: The catalyst (50 mg) was added to a solution of PMBA (1 

mmol) and glycerol (2 mmol) in DMC (3 mL) in a sealed reaction vessel and heated to 

100 oC. b Determined by 1H NMR and GC–MS analysis of the crude reaction mixture. c 

Reaction at 80 oC. d Reactions with no catalyst present gave no conversion to ether 

products. e Contains 24% 4-methoxybenzyl methyl ether. 

 

Reactions employing aluminosilicate catalysts with lower or higher aluminum loadings gave 

similar conversions and product profiles to the Al-13-(3.18) material (entries 3 and 4), while the 

borosilicate material B-13-(3.54) provided no ether products, and in this case the starting materials 

were recovered unchanged (entry 5). Similarly, the commercially available zeolite materials ZSM-5-

30 and Zeolite Y-5 provided inferior conversions (entries 6 and 7). In contrast, the highly acidic 

macroreticular ion exchange resins AmberlystTM-15 provided high conversions to 2a with slightly 

elevated quantities of the isomeric ether 3a (entry 8). Importantly, GCMS and 1H NMR analysis of 

the crude reaction mixture of this reaction identified the presence of significant quantities (24%) of 

4-methoxybenzyl methyl ether which significantly impacts on both the selectivity and overall yield 
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of this reaction, and further highlights the efficiency of the nanoporous silicate materials. This product 

presumably arises due to the high acidity of AmberlystTM-15 which is sufficient to catalyze the 

hydrolysis of DMC to produce methanol, which subsequently reacts with PMBA to give the methyl 

ether product. The quantity of 4-methoxybenzyl methyl ether present was unaffected by pre-drying 

the AmberlystTM-15 catalyst, and suggests that it is the water generated during the dehydrative 

etherification reaction which is responsible for DMC hydrolysis, and subsequent methanol 

generation. No 4-methoxybenzyl methyl ether was observed in the corresponding reactions catalyzed 

by zeolites or nanoporous aluminosilicates, presumably due to the much lower acidity of these 

materials. In line with previous reports and our own observations,26,27 the silicate material S-1-(3.42) 

displayed little catalytic activity, and in this case starting materials were again recovered unchanged 

(entry 9).  

We next addressed strategies for improving selectivity by minimizing the formation of the dimeric 

ether 4a. We have previously demonstrated that this can be achieved by ensuring that only low 

concentrations of the activated alcohol are present in the reaction mixture by slow addition of the 

activated alcohol as a dilute solution.26 Since this was not possible in these reactions, we employed 

increased quantities of glycerol (Table 3, entry 2). While this approach was successful in minimizing 

dimer formation, it also led to significant catalyst aggregation in the early stages of the reaction due 

to the polar nature of glycerol, resulting in capricious catalyst activity marked by slower reactions 

and decreased product formation (entry 2). In an attempt to overcome the deleterious effects of high 

glycerol loadings, we next assessed the potential of employing other polar solvents with a view to 

reducing catalyst aggregation. Disappointingly, reactions carried out in acetonitrile gave significantly 

poorer conversions (entry 3), as did reactions in methanol. The use of chloroform did partially 

ameliorate the aggregation issue, but provided overall yields of 2a and product distributions 

comparable to reactions carried out in DMC (entry 4). We determined that the benefits of pursuing 
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chloroform as a solvent in these reactions were not sufficient to justify using a material with such a 

poor environmental profile. 

 

Table 3: Optimisation of Reaction Conditionsa 

OH

HO OH

OH

HO OR

OR

HO OH

Al-13-(3.18) (50 mg)

100 oC, ROH

+

2a-d 3a-d

+ R R
O

4a-d  

Entry Alcohol Glycerol:ROH 

ratio 

Solvent Time  

(h) 

Selectivity  

2:3:4 (%)b 

Conversion 

(%)b 

1 PMBA 2:1 DMC 4 90:6:4 85 

2 PMBA 4:1 DMC 5 95:5:0 70 

3 PMBA 4:1 CH3CN 4 81:19:0 40 

4 PMBA 4:1 CHCl3 4 95:5:0 75 

5 DMDPM 2:1 DMC 1  92:7:1 95c 

6 DMDPM 2:1 CHCl3 1 85:6:9 90c 

7 DMBA 2:1 DMC 1 88:9:0 92 

8 DMBA 2:1 CHCl3 1 100:0:0 12 

9 DPM 2:1 DMC 4 98:2:0 40c 

10 DPM 2:1 CHCl3 4 75:5:20 41c 
a Experimental conditions: The catalyst (50 mg) was added to a solution of the specified alcohol 

(1 mmol) and glycerol in the specified solvent (3 mL) in a sealed reaction vessel and heated to 

100 oC. b Determined by 1H NMR and GC–MS analysis of the crude reaction mixture. c 1H 

NMR analysis in DMSO-d6. 

 

We next extended our studies to consider the reaction of glycerol with a range of activated alcohols 

to produce the corresponding mono-ether glyceryl derivatives bearing commonly employed 

protecting groups.34 Our initial reactions, employing a two-fold excess of glycerol over 4,4’-

dimethoxybenzhydrol (DMDPM) 1b in DMC, proceeded rapidly to provide high yields of the 1-

DMDPM ether 2b again with excellent selectivity over the 2-DMDPM ether 3b (entry 5). In this 

case, only low yields of the dimeric ether 4b were observed, which may reflect the reported ability 

of this material to act as an alkylating species in its own right. Similarly, reactions of the activated 

alcohol 3,4-dimethoxybenzyl alcohol (DMBA) 1c provided high yields of the desired  ether product 

2c again with minimal formation of the dimeric ether (entry 7). Reactions of the less activated 
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diphenylmethanol (DPM) 1d proceeded more slowly, and gave only moderate yields of 2d (entry 9). 

Reactions carried out with alcohols 1b-1d under similar conditions in chloroform displayed no 

significant improvements over DMC, highlighting the effectiveness of DMC as a sustainable and less 

toxic alternative to commonly employed halogenated solvents.35 

An alternative strategy that could effectively address both the issues encountered with the 

formation of the dimeric ether product, and hence improve selectivity for the 1-alkylated ether 

products, is to reduce the polarity of glycerol by selective protection of one or more of the hydroxyl 

groups. This is a widely employed but relatively inefficient strategy, where the protected glyceryl 

derivative is first synthesized and isolated, and then reacted with an alkylating agent in a separate 

reaction.20-23 In contrast to this two-step approach, we identified strategies where the protection step 

and the dehydrative etherification reaction are achieved in a telescoped sequence either in a one-pot, 

sequential protocol or alternatively, by a one-pot tandem reaction sequence (Scheme 1). This strategy 

is highly attractive, not only because of its improved efficiency, but also due to the potential 

improvements in the selectivity of the etherification reaction which is beneficial in the synthesis of 

synthetic building blocks for further elaboration into complex glycerol derivatives. Furthermore, it 

also allows access to glycerol derivatives with significantly reduced polarity and physical properties 

more suited to application as fuel additives. 

OH

HO OH

Al-13-(3.18), ROH

Acetone, 100 oC,

O

O OR
OR

OH

HO

O

O OH

Acetone, 
100 oC,
Al-13-(3.18)

5

deprotection    Synthetic 
Intermediates

    Fuel
Additives

    ROH
Al-13-(3.18)

 

Scheme 1: Telescoped Sequential and Tandem Reaction Sequences 
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There has been considerable interest in the development of reaction sequences where multiple 

synthetic transformations are achieved without the isolation and purification of intermediates, as they 

offer potential savings and improved efficiency due to the reduction in the number of synthetic steps, 

the elimination of work-up procedures and the subsequent reduction in the quantity of solvents 

employed, and the overall improvement in atom efficiency.36-39 Examples of telescoped catalytic 

processes, however, in which one catalyst is responsible for catalyzing two distinctly different 

reactions, are somewhat less common.28,40-43 We have previously demonstrated that our nanoporous 

aluminosilicate materials are highly efficient catalyst for the direct conversion of carbonyl 

compounds to acetals in the presence of alcohols and diols without the requirement for an additional 

dehydrating agent.44 We reasoned that it should be possible to extend our studies to develop a tandem 

acetalization-dehydrative etherification process that did not require prior synthesis and isolation of 

the protected glycerol component. A significant benefit of this streamlined approach is that the 

efficiency of the sequence is considerably improved, as the acetal is generated in situ and does not 

require prior synthesis and purification. This strategy also capitalizes on the benefits of our direct 

dehydrative etherification chemistry which avoids the use of traditional etherification conditions 

employing halogenated alkylating agents under strongly basic conditions.  

We identified the isopropylidene group as a suitable protecting group strategy, employing acetone 

both as a solvent and as an acetalization reagent. An additional benefit of this strategy is that it 

selectivity forms the 5-membered dioxolane product solketal 5, produced from selective reaction of 

the 1- and 2-hydroxy groups of glycerol,7,44 rather than the isomeric 6-membered dioxane, which 

would provide enhanced selectivity for 1-protected ether products in the subsequent etherification 

reaction. We initially considered a telescoped, sequential protocol, as we reasoned that this strategy 

should provide the optimal outcome in terms of overall yield and selectivity, as it initially forms the 

protected glycerol intermediate solketal 5 produced in situ, which is then selectively converted into 

the mono-ether product on addition of the activated alcohol component. 



11 

 

 Our initial reactions employed an excess of glycerol over PMBA, as it has been demonstrated that 

these protecting group reactions are typically most efficient when carried out with an excess of the 

solketal/glycerol component.19,20,23 Furthermore, carrying out the reaction in the presence of an 

excess of solketal also has the added benefit of minimizing the formation of the self-condensation 

product 4a. We began our studies in this area by rescreening our nanoporous silicate materials to 

assess the efficacy of these catalysts to promote both the acetalisation and dehydrative etherifcation 

reactions of glycerol in acetone (Table 4). 

 

Table 4: Telescoped, Sequential Acetalization-Etherification Reactions of Glycerol with 

PMBAa 

OH

HO OH

i)  Catalyst (50 mg), 100 
o
C, Acetone, 1 hr

ii)  PMBA (0.25 equiv),  Acetone, 100 oC, 2hr

O
O OPMB

6a

+ O

OMeMeO

4a  

Entry Catalyst Conversion of 5 to 6a (%)b 

1 Al-13-(3.18) 88 

2 Al-5-(3.00) 80 

3 Al-54-(3.06) 78 

4 ZSM-5-30 50 

5 AmberlystTM-15 39c 
a Experimental conditions: The catalyst (50 mg) was added to a solution of 

glycerol (4 mmol) in acetone (3 mL) in a sealed reaction vessel and heated 

to 100 oC for 1 hour before the addition of PMBA (1 mmol). b Determined 

by 1H NMR and GC analysis of the crude reaction mixture. c Reaction gave 

4-methyl-3-penten-2-one as the major product. 

 

These initial reactions confirmed the high efficiency of all of these catalysts to promote the 

formation of solketal 5 directly from acetone and glycerol, which proceeded to give quantitative 

conversions in very short reaction times, and with the expected selectivity for the dioxolane product. 

Importantly, no catalyst aggregation occurred in these reactions. PMBA was then added to the 

reaction, followed by heating to promote the etherification reaction. Gratifyingly, GCMS, GC and 

1H NMR analysis of the crude reaction mixtures employing our aluminosilicate materials after two 
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hours confirmed the presence of high yields of the desired protected solketal derivative 6a (Table 4, 

entries 1-3) with only trace quantities of the dimeric ether species 4a. In order to confirm the high 

selectivity for the formation of the 1-protected PMB ether product over the 2-protected ether product 

3a, the crude reaction mixture from the reaction employing Al-13-(3.18) was treated with dilute acid 

to remove the isopropylidene protecting group. 1H NMR and GCMS analysis of the crude reaction 

mixture confirmed the formation of the 1-PMB ether product 2a with excellent selectivity (>98%) 

over the corresponding 2-PMB ether 2b. Reactions employing ZSM-5-30 also proceeded to give 

good conversions to 6a, however, trace quantities of the expected aldol product, formed by self 

condensation of acetone, were detected by both GCMS and 1H NMR analysis (entry 4). 

AmberlystTM-15 gave only moderate conversions to 6a, however, in line with literature reports,45 this 

highly acidic material was very effective in promoting the aldol condensation of acetone to give the 

aldol by-product as the major product (entry 5).  

We also investigated the corresponding sequential reactions in the presence of both stoichiometric 

and excess quantities of the alkylating agent under similar reaction conditions (Table 5). While this 

approach also proved successful for the formation of 6a, overall conversions at stoichiometric or near 

stiochiometric ratios were significantly limited by the formation of the dimeric ether product 4a 

(entries 2-4). Acceptable yields of 6a were achieved, however, employing a four-fold excess of 

PMBA to compensate for the material consumed in the unproductive dimerization reaction (entry 5). 

We also investigated the potential for catalyst recovery and recycling using this telescoped, sequential 

protocol as a representative example. We have previously demonstrated that it is beneficial to subject 

the catalyst recovered from dehydrative etherification reactions to a short recalcination step in order 

to achieve consistent results. This process restores full catalytic activity without significantly 

changing the physical properties of the material even after multiple recalcination steps.26 We were 

highly gratified to observe that the recovered, recalcined, Al-13-(3.18) material displayed near 
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identical activity to the fresh material for the formation of the 1-PMB ether 6a in the sequential 

reaction protocol (Table 5, entry 6). 

 

Table 5: Optimisation of Telescoped, Sequential Acetalization-Etherification Reactions of 

Glycerol with PMBAa 

OH

HO OH

i)  Al-13-(3.18), 100 
o
C, Acetone, 1 hr

ii)  PMBA,  Acetone, 100 oC, 2hr

O
O OPMB

6a

+ O

OMeMeO

4a  

Entry Glycerol:PMBA  

ratio 

Selectivity 6a:4a  

(%)b 

Conversion of 5 

to 6a (%)b 

1 4:1 >98:2 88 

2 1:1 65:35 60 

3 1:2 50:50 55 

4 1:2 50:50 52c 

5 1:4 20:80 70 

6 4:1 >98:2 86c 
a Experimental conditions: The catalyst (50 mg) was added to a solution of glycerol in 

acetone (3 mL) in a sealed reaction vessel and heated to 100 oC for 1 hour before the 

addition of PMBA. b Determined by 1H NMR and GC analysis of the crude reaction 

mixture. c Recycled catalyst. 

 

We subsequently extended our studies to consider the reactions of a number of activated alcohols 

with glycerol to produce the corresponding ether derivatives exhibiting commonly employed alcohol 

protecting group strategies. We were highly gratified to observe that the sequential acetalization-

dehydrative etherification reactions of DMDPM 1b, DMBA 1c and DPM 1d all proceeded rapidly to 

give excellent yields of the corresponding mono protected solketal derivatives (Table 6, entries 1-4). 

In the case of benzyl alcohol (BA) 1e (entry 5), little or no ether product was observed even after 

extended reaction times, which is presumably due to the relatively low reaction temperatures 

employed here.16 

Table 6: Telescoped, Sequential Acetalization-Etherification Reactions of Glycerol with 

Activated Alcoholsa 
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OH

HO OH

i)  Al-13-(3.18), 100 
o
C, Acetone, 1 hr

ii)  ROH (0.25 equiv),  Acetone, 100 oC

O
O OR

+ H2O

6b-e  

Entry Alcohol Time (h) Yield 6b-6e (%)b 

1 DMDPM 2 78 

2 DMBA 3 72 

3 DMBA 2 69c 

4 DPM 2 68 

5 BA 4 <10 
a Experimental conditions: The catalyst (50 mg) was added to a solution of 

glycerol (4 mmol) in acetone (3 mL) in a sealed reaction vessel and heated to 

100 oC for 1 hour before the addition of the activated alcohol (1 mmol). b Isolated 

yields. c Recycled catalyst. 

 

The tandem variant of this telescoped process, in which all of the reagents are present at the start 

of the reaction, was also successful employing PMBA with an excess of glycerol, and provided 

moderate conversions to 6a (Table 7; entries 1 and 2). In this case, the competing dimerization 

reaction proved to be more problematic than in the corresponding sequential reactions, and impacted 

on overall yields of 6a by consuming PMBA. In this case, the addition of an excess of PMBA led to 

the formation of significant quantities of 4a without significantly improving overall yields of 6a 

(entries 3 and 4). 

 

 

 

 

 

 

Table 7: Telescoped Tandem Acetalization-Etherification Reactions of Glycerol with PMBAa 
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OH

HO OH

Al-13-(3.18), (50 mg), PMBA

Acetone, 100 
o
C, 3hr

O

O OPMB

6a

O

OMeMeO

+

4a  

Entry Glycerol:PMBA  

ratio 

Conversion of 5  

to 6a (%)b 

1 4:1 65 

2 2:1 45 

3 1:2 52 

4 1:3 60 
a Experimental conditions: The catalyst (50 mg) was added to a 

solution of glycerol and PMBA in acetone (3 mL) in a sealed 

reaction vessel and heated to 100 oC for 3 hours. b Determined 

by 1H NMR and GC analysis of the crude reaction mixture.  

 

Finally, we considered the reactions of glycerol with unactivated alcohols, such as tert-butanol 

(TBA) (1f) and 1-butanol 1g. The formation of di- and tri-alkyl ether products derived from glycerol 

and alkenes under heterogeneous catalysis has proved to be a vibrant research area10-12,16-18 for the 

synthesis of potentially useful oxygenated fuel additives. These studies have demonstrated that 

macroreticular ion exchange resins, such as Amberlyst-35, are highly efficient promoters of this 

reaction, while zeolites, such as H-Y and Z-beta, are unsuitable due to their small pore size.18 

Furthermore, reactions employing TBA as the alkylating agent generally produce poor yields of the 

mono-ether product 2f, which is unsuitable for use as a fuel additive owing to its high water solubility. 

These poor yields are due to deactivation of the catalyst by water produced in the etherification 

reaction.18 To improve the miscibility of glycerol mono-ether products it is necessary to protect the 

remaining free alcohol functionalities, and for example, a crude mixture of glycerol, solketal and the 

corresponding mono tert-butyl ether 2f derived from solketal, has been demonstrated  to perform as 

an efficient octane booster when added to gasoline.46 It occurred to us that a variant of our telescoped 

acetalization-etherification protocols may provide an attractive approach for the synthesis of these 

tert-butyl protected materials, given the demonstrated efficiency of the acetalization reaction and the 

ability to perform the sequence in a one-pot manner.  



16 

 

We began these studies by rescreening our silicate materials to assess the efficacy of these catalysts 

for the dehydrative etherifcation reactions of glycerol in an excess of TBA, and monitoring product 

formation by 1H NMR and GCMS analysis (Table 8).47 

 

Table 8: Nanoporous Silicate-Mediated Reactions of Glycerol with Unactivated Alcoholsa 

OH

HO OH

Al-13-(3.18) (50 mg)

OR

OH

HO
1 hr, ROH, 100 

o
C

OH

OR

HO

2f-g 3f-g  

Entry Alcohol Catalyst Selectivity 

2:3 (%) 

Conversion 

(%)b 

Product 

1 TBA Al-13-(3.18) >98:2 35 2f 

2 TBA Al-5-(3.00) >98:2 30 2f 

3 TBA Al-54-(3.06) >98:2 32 2f 

4 TBA Al-13-(3.18) >98:2 68c 2f 

5 TBA B-13-(3.54) - <5 2f 

6 TBA No Catalyst - <5 - 

7 1-Butanol Al-13-(3.18) - <10d 2g 
a Experimental conditions: The catalyst (50 mg) was added to a solution of glycerol (100 

mg) in the specified solvent (3 mL) in a sealed reaction vessel and heated to 100 oC. b 

Determined by 1H NMR analysis of the crude reaction mixture. c An additional 25 mg 

portion of catalyst was added after 1 hr and the reaction continued for an additional 1 hour. 
d Reaction at 120 oC. 

 

Gratifyingly, all of the aluminosilicate materials performed well, and provided moderate yields of 2f 

(entries 1-3) after one hour with the expected high selectivity for the mono-ether product.13 Extending 

reaction times led to no significant increase in the yield of ether, presumably due to deactivation of 

the catalyst. Improved yields could be achieved if an additional portion of catalyst was added (entry 

4), and under these modified conditions, respectable yields of the mono-ether product 2f were 

achieved. It is noteworthy that at higher conversions, small quantities of the di- and tri-ether products 

(<5%) were observed by GCMS analysis. While the requirement to use comparatively high catalyst 

loadings to achieve acceptable yields is at first sight undesirable, the complete recyclability of the 

aluminosilicate material employed in these reactions ameliorates this limitation. As previously, the 
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use of the borosilicate material B-13-(3.54) (entry 5) or indeed no catalyst (entry 6), produced no 

ether products, and starting materials were recovered unchanged. We also investigated the use of 

primary alcohols in the etherification reaction employing 1-butanol 1g as a model alkylating reagent. 

Under our standard conditions or at slightly elevated reaction temperatures, no significant quantity 

of ether product 2g were observed (entry 7) by GC–MS or 1H NMR analysis, which is again 

presumably due to the relatively low reaction temperatures employed here.3,16 

Finally, we investigated the opportunity to develop a one-pot protocol by carrying out the 

etherification reaction in acetone under our standard telescoped reaction conditions (Scheme 2). The 

addition of an excess of TBA to an acetone solution of solketal, led to the formation of a 2:1 mixture 

of solketal and ether product 6f as determined by 1H NMR, GC and GC-MS analysis. In addition, 

small quantities of the mono-ether product 2f were observed, presumably due either to hydrolysis of 

6f, or by hydrolysis of solketal followed by dehydrative etherification of the resulting free glycerol. 

OH

HO OH

i)  Al-13-(3.18), 100 
o
C, Acetone, 1 hr

ii)  TBA,  Acetone, 100 oC, 2hr

O
O O

t
Bu

6f

+ O
O OH

5  

Scheme 2: Telescoped, Sequential Reactions of Glycerol with TBA 

 

In conclusion, the high aluminum containing nanoporous aluminosilicate material Al-13-(3.18) is 

a highly effective catalyst for the dehydrative etherification reactions of glycerol in DMC, providing 

direct access to protected 1-substituted ethers from activated alcohols. In order to overcome issues 

with catalyst aggregation at high glycerol loadings, acetone was employed as solvent which allowed 

us to extend our studies to successfully develop telescoped acetalization-dehydrative etherification 

protocols applying either a sequential or tandem approach. This strategy avoids the prior isolation 

and purification of the intermediate solketal product by carrying out both the acetalization and 

dehydrative etherification reactions in one reaction vessel. Furthermore, in addition to achieving 

higher and more consistent yields of ether products, this approach allows for improved selectivity in 
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the etherification reaction, and provides a simple, efficient and effective synthetic strategy for the 

generation of advanced intermediates useful for the synthesis of a range of complex glycerol 

derivatives. This telescoped approach is also effective for the etherification of glycerol employing 

the unactivated alcohol TBA, and directly provides direct access to the mono tert-butyl ether of 

solketal which is a potentially useful and bio-sustainable fuel additive.  

 

EXPERIMENTAL SECTION 

Catalyst Preparation. 

A typical preparation for the synthesis of the aluminosilicate AS-13-(3.18) catalyst is as follows:26,27 

cetyltrimethylammonium bromide (4.0 g, 11 mmol) was dissolved in a solution of hydrochloric acid 

(2.5 mL, 0.1 M), ethanol (17.5 mL) and water (22.5 mL). Tetraethyl orthosilicate (25 mL, 112 mmol) 

was then added and the mixture stirred for 10 minutes at 40 oC. The solution was cooled to room 

temperature and aluminum nitrate nonahydrate (3.35 g, 8.95 mmol) was added in one portion. The 

mixture was stirred for 20 minutes and then left to age at room temperature for 24 hours. The resultant 

orange solid was crushed into a fine powder and calcined in air at 550 oC for 6 hours to remove the 

organic template to give a fine white powder. All materials were stored at 120 oC for at least 12 hours 

prior to use. 

 

General Procedure for the Direct Dehydrative Etherification of Glycerol with PMBA. 

The aluminosilicate catalyst Al-13-(3.18) (50 mg) was added to a solution of glycerol (184 mg, 2.0 

mmol) and PMBA (138 mg, 1 mmol) in DMC (3 mL) and the reaction heated to 100 oC with vigorous 

stirring. On completion of the reaction, the catalyst was removed by filtration through a Celite plug 

which was washed with dimethyl carbonate (2  2 mL), and the combined solvents were removed 

under reduced pressure to afford the crude product as a colorless oil that was purified by column 

chromatography (hexane → 30% diethyl ether:hexane);23 1H NMR (400 MHz; CDCl3)  = 7.25 (2H, 



19 

 

d, J = 9.0 Hz), 7.00 (2H, d, J = 9.0 Hz), 4.50 (2H, s), 3.50-3.85 (8H, m); 13C NMR (100 MHz; CDCl3) 

 = 159.3, 129.7, 129.5, 113.9, 73.2, 71.4, 70.8, 64.0, 55.3; max (film)/cm-1 (neat) 3401, 2934, 1613, 

1513, 1302, 1248 and 1174; MS (EI) m/z 212 (M)+. 

 

General Procedure for the Sequential Acetalization-Dehydrative Etherification of Glycerol 

with PMBA. 

The aluminosilicate catalyst Al-13-(3.18) (50 mg) was added to a solution of glycerol (368 mg, 4.0 

mmol) in acetone (3 mL) and the reaction heated to 100 oC with vigorous stirring. After one hour, 

the reaction mixture was cooled to room temperature and PMBA (138 mg, 1 mmol) was added, and 

the reaction reheated to 100 oC with vigorous stirring for an additional 2 hours. On completion of the 

reaction, the catalyst was removed by filtration through a Celite plug which was washed with 

dimethyl carbonate (2  2 mL), and the combined solvents were removed under reduced pressure to 

afford the product as a colorless oil. This crude product was dissolved in methanol (3 mL) and treated 

with H2SO4 (50 L, 1M solution) at room temperature for four hours.47 Removal of the solvent under 

reduced pressure gave the crude product as colorless oil with spectroscopic data identical to that 

above. 

 

 

General Procedure for the Dehydrative Etherification of Glycerol with tert-Butanol. 

The aluminosilicate catalyst Al-13-(3.18) (50 mg) was added to a solution of glycerol (100 mg, 1.09 

mmol) in tert-butanol (3 mL) and the reaction heated to 100 oC with vigorous stirring for 1 hour. At 

this time, the reaction was cooled to room temperature and an additional quantity of catalyst (25 mg) 

was added and the reaction reheated to 100 oC with vigorous stirring for an additional hour. On 

completion of the reaction, the catalyst was removed by filtration through a Celite plug which was 
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washed with dimethyl carbonate (2  2 mL), and the combined solvents were removed under reduced 

pressure to afford the crude product as a colorless oil.48 
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Recyclable nanoporous aluminosilicate materials efficiently catalyze the formation of 1-glyceryl 

ethers from alcohols in novel, telescoped acetalization-dehydrative etherification reactions. 

 

 

 


