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The acetalization of 2,3-butanediol with bio-derived C, g aldehydes
has yielded a route to substituted 1,3-dioxolanes from small bio-
building blocks. The reported reaction system features excellent
carbon yields (> 93 %), atom economy (> 89 %) and phase
separation of the analytically pure product which eliminates
elaborate purification processes and facilitates simple catalyst
recycle. The 1,3-dioxolanes offer performance advantages over
traditional diesel and have the potential to augment petroleum
derived fuels.

Significant efforts have been focused on developing new
methods to convert non-food biomass feedstocks' into
suitable liquid fuels that meet or exceed the performance and
physical properties of gasoline, diesel and/or jet fuels.? This
approach aims to supplant single use carbon with renewable
carbon that can quickly be reincorporated into the carbon
cycle. Biodiesel has been employed3 since the advent of the
diesel engine and traditionally refers to the transesterification
products of animal fats, vegetable oils, or recycled restaurant
grease with methanol to produce fatty acid methyl ester
(FAME) fuels and glycerol.4 These biodiesels have some
favourable properties when compared to traditional diesel
including significant reduction in aromatic emissions, increased
lubricity, and increased cetane number (a measure of the
ignitability of a fuel in a compression ignition engine).“'6
Another aspect of these biofuels is the presence of oxygen-
containing functional groups;5 in contrast to petroleum diesel
which contains < 0.6 wt. % oxygen.7 This offers a significant
benefit for current biofuels over petroleum diesel, as the
oxygen helps increase combustion efficiency, reduce NO,
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emissions and helps to produce significantly less particulate
matter.”” While these properties encourage further
development of oxygenated biodiesel, there are several
drawbacks that limit their extensive application. These include
a much higher kinematic viscosity than petroleum diesel and a
high freezing point, both of which render these fuels less likely
to be suitable for cold weather applications.8 To circumvent
these issues, significant efforts have been focused on
producing advanced renewable diesel fuels which have
improved performance over traditional biodiesel.*

We have been interested in utilizing ethanol as a bio-
derived building block for fuel production. This is due to the
high volume and growth of global ethanol production (2.65 x
10'° U.S. gal in 2016) versus its limited applicability in road
transport fuels by the current “blend wall” which imposes
limits (typically 10-15 %) on the volume that is allowed to be
blended with gasoline.9 Recently, we described a method by
which C,3 aldehydes could be produced from the
condensation of acetaldehyde, the dehydrogenation product
of ethanol.’® While there are many currently employed routes
to produce aldehydes, including the hydroformylation of
propene to generate butyraldehyde11 or the oxidation of
alt:ohols,12 these routes, however, often rely on hydrocarbons
derived from petroleum (i.e. propene). Other efforts have
focused on the production of hydrocarbons directly from
ethanol,”® but these products would require additional
upgrading (akin to petroleum)14 to introduce additional
beneficial functional groups. By contrast, in order to capitalise
on the abundant functional groups ever present in biomass,
our previous work uses bioderived precursors to provide
access to industrially-relevant aldehydes (i.e. butyraldehyde
and 2—ethy|hexana|).10 Further stepwise and selective
derivatization of these aldehydes (i.e. hydrogenation or
acetalization) provides access to both relevant chemical
precursors and drop-in renewable fuels.

The aldehyde moiety provides a functional handle through
which various reaction pathways could modify the end product
to suit a range of fuel applications. A traditional approach
would be to perform the hydrodeoxygenation (HDO) of the
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bio-derived aldehydes to obtain the respective alkanes.

Amberlyst 15

4-6h
40°C

However,
(o]
b

2R =Bu, R'= Et, Yield 96.1%
3 R=Et, R =H, Yield 93.0%
4R =Bu, R'=H, Yield 94.8%
5 R=Hex, R'=H, Yield 97.1%

Fig. 1. The acetalization of bio-derived aldehydes with 2,3-butanediol to yield
substituted 1,3-dioxolanes (A), reaction mixture before stirring (B), and reaction
mixture after 4 - 6 h which shows a clear phase separation (C).

Journal Name

reaction, and dioxolanes produced from condensation of bio-
derived methylketones with diols (such as BDO, 1,2-
propanediol and ethylene glycol).lg'22 In the case of the “BDO-
only” work, the dioxolane mixture obtained (2-ethyl-2,4,5-
trimethyl-1,3-

these hydrocarbons do not have octane or cetane numbers
high enough for gasoline or diesel use, respectively, and would
decrease the overall atom efficiency of the process.15 To this
end, we sought to emulate the chemical structures of some
known fuel additives i.e. petroleum ether and diethyl ether.
These are typically used to increase the cetane number of
diesel fuels and to decrease fuel viscosity (which is a key fuel
property directly related to combustion efficiency and fuel
economy) while not negatively impacting other relevant fuel
properties.le’17 Consequently, we aimed at incorporating
additional carbon into the aldehydes via acid catalysed
acetalization to obtain fuels that both retain valuable oxygen
as well as increased renewable carbon. Rather than extending
the carbon chain and subsequently removing all the oxygen via
HDO, we instead paid mind to extensive efforts which have
been focused on the synthesis of oxygenated hydrocarbons,
similar to traditional biodiesel, which burn cleaner than
petroleum diesel."®™ several advantages of ethers over fatty
acids exist; namely, the ethers are less viscous, less likely to
freeze and are more resistant to common microbes in the
environment.*®2°

While we previously showed that bio-derived aldehydes
can be readily transformed into diethyl acetals via acid
catalysed acetalization with ethanol,m we decided to
investigate the synthesis of 1,3-dioxolane compounds as
renewable diesel molecules since they are likely to have higher
stability than the corresponding diethyl acetals. Through
careful selection of the vicinal diol, it would be possible to
incorporate additional renewable carbon into the molecule,
while maintaining the oxygen atoms. For example, ethylene
glycol (EG) and 2,3-butanediol (BDO) are both vicinal diols,
however BDO would incorporate twice as much renewable
carbon, is available via fermentation of biomass with
Zymomonas mobilis.”*

Harvey and coworkers have previously described
dioxolanes produced from BDO via a dehydration/acetalization

2 | J. Name., 2012, 00, 1-3
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Fig. 2. Representative reaction for catalyst recycling (A) and the isolated yields and
conversions for each of the recycling runs (B). *Indicates when the aqueous phase was
removed to provide adequate space for additional reactants.

dioxolane and isomers) had excellent fuel properties for use in
spark ignition engines (anti-knock index = 90.1) and could be
blended with gasoline without introducing adverse water
solubility, however this fuel exhibited a poor derived cetane
number (DCN) of 22.9.”2 Dioxolane fuels more suitable for
compression ignition engines were reported by Harvey and co-
workers and were produced from the condensation of methyl
ketones with diols (obtaining three dioxolanes 2,4,5-trimethyl-
2-undecyl-1,3-dioxolane  (H1), 2,4-dimethyl-2-undecyl-1,3-
dioxolane (H2), and 2-methyl-2-undecyl-1,3-dioxolane (H?>)).18
These fuels showed excellent cetane numbers and viscosities
similar to that of biodiesel. While the above reports
demonstrate the potential for dioxolanes as renewable fuel
blendstocks, alternative sources of renewable carbon and
methods for their production should be assessed to fully
understand the impact of these potential biofuels. In this work
we demonstrate a strategy for producing dioxolane fuels from
dio-derived aldehydes using a solvent-free method which
produces fuels with excellent suitability for blending with
petroleum diesel.

We examined the acetalization of ethanol-derived C,g
aldehydes with BDO using the commercially available solid acid
catalyst, Amberlyst 15. Initially, we investigated the reaction of
2-ethylbutyraldehyde and BDO, by stirring with Amberlyst 15
in the absence of any solvent. The synthesis is outlined in Fig. 1
A, where the reaction is conducted in a slight BDO molar

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Summary of fuel properties for compounds 1 - 5, other dioxolanes, FAME biodiesel, and winter diesel.

Entry Fuel (Dzznfict,yg L) ?‘JJOLE) zﬂgcfé it:mz &) (F‘,rg)izmg/ MP ysi DCN
1 1 0.893 29.45 1.26 <-100 58 a4.8
2 2 0.885 30.41 1.88 <-100 69 64.2
3 3 0.894 27.67 0.94 <-100 36 33.4
a4 a4 0.887 29.20 1.49 <-100 49 48.1
5 5 0.883 30.06 2.34 <-100 63 68.9
6 H1b 0.868 31.99 4.44 -51/-18 84

7 H2° 0.872 31.99 5.15 -48/-14 91

8 H3 0.883 32.28 4.98 -25/0 81

9 Soy biodiesel® 0.882 32.63 4.26 0/-4 51.3*
10 Palm biodiesel® 0.873 32.55 4.61 14/13 61.9*
11 Winter diesel” 0.843-0.830 35.96 2.51-2.67 <-21 240 45-54*

“Freezing and melting points were measured by DSC (Ar = 40 sccm, Tramp = 10 K min™, Trange = 123-323 K). “Taken from reference 18. “Taken from reference 23.

“Taken from reference 24, for USA diesel East-West coasts. * Indicates measured Cetane Number (CN).

excess (ca. 1.5:1; V/V). The two compounds are miscible when
mixed, Fig. 1 B. After stirring for 5 h under mild (< 40 °C)
temperatures the reaction was complete and a distinct phase
separation was observed, Fig. 1 C. The organic phase
contained only the desired 1,3-dioxolane while the unreacted
BDO and the produced water formed an aqueous layer. This
phase separation, along with the absence of any solvent,
allowed the reaction product to be simply decanted and the
remaining BDO could then be used for additional cycles, with
no additional workup or purification. The initial reaction of 2-
ethylbutyraldehyde and BDO yielded compound 1, in 93.6%
isolated yield. To prove the generality of this method to other
aldehydes, we investigated the acetalization of BDO with 2-
ethylhexanal and butyraldehyde to obtain 2 (96.1% vyield) and
3 (93.0% vyield), respectively. Given the availability of both
branched and straight chain aldehydes as starting materials,
we wished to investigate the effect of branching on cetane
number. To this end, we reacted hexanal and octanal with BDO
to obtain the straight chain acetals 4 (94.8% yield) and 5
(97.1% yield), respectively.

Given that the only loss in atom economy is water, we
achieve quantitative conversion with atom economy of greater
than 88.9% for all five reactions, with carbon yields equalling
the isolated vyield. The purity of each of the acetals was
determined via 'H NMR, and shown to be a mixture of three
In these spectra, no water was observed
suggesting low or zero solubility. As such, no toxic side
products have been identified and the water could potentially
be separated from the remaining BDO viag distillation.
Additionally, each reaction proceeds to completion, and while
no carbon is lost in the form of unidentifiable side products,
the carbon balance is 100% for every example presented in
this work. Due to the requirement of a slight BDO excess and
generation of water as a side-product, it was imperative to
investigate the recyclability of the catalyst system. In a similar
reaction system, it was previously reported23 that during
acetone condensation, Amberlyst CH28 was deactivated due
to water build up on the catalyst surface. Therefore, we

diastereomers.

This journal is © The Royal Society of Chemistry 20xx

assessed the stability of Amberlyst 15 for the acetalization of
compounds 1 - 5. To test the catalyst recyclability, we chose
the reaction of 2-ethylbutyraldehyde with BDO, which
produces 1, Fig. 2 A. After 10 catalyst recycle runs, the reaction
was still producing > 87% isolated yield of 1, with 100%
conversion observed for each of ten catalyst recycle runs, Fig.
2 B.

The solubility of water in BDO likely prevents competitive
inhibition on the catalyst surface and affords the high degree
of catalyst recyclability evidenced above. It is imperative to
note that the conversion for each of the ten catalyst recycle
runs was 100 % and the discrepancy between the conversion
and isolated yield is due to the workup procedure. The product
was simply decanted away from the aqueous phase to the best
of our ability, and the ability to remove all of the product was
limited due to our desire to eliminate the use of an organic
solvent for extraction purposes. While the isolated yields are
not unity, the absence of additional solvents or purification
steps demonstrate the simplicity and sustainability of this
method. This property, as well as the employment of a solid
acid catalyst could allow this method to easily be translated to
a continuous flow reactor, for large scale production.

The efficient acquisition of five distinct dioxolanes merits
further investigation to determine if they would make suitable
fuel components.“' 8 161820 The first metric we considered
was viscosity. While many current biodiesels®* are significantly
more viscous than their petroleum counterparts®>, compounds
1 - 5 exhibited kinematic viscosities significantly lower than
biodiesel, H1 - H3, and petroleum diesel at temperatures
ranging from — 20 to 40 °C, Fig. 3. Viscosity is a key fuel
property because if the viscosity falls outside of the ASTM D
975 specification (> 4 mm? s"l), it leads to poor atomization of
the fuel which results in poor combustion and a subsequent
loss of power and decrease in fuel economy.17 In this respect,
compounds 1 - 5 could be used to thin biodiesel to meet
standards for petroleum diesel.

In addition to high viscosities, many current biodiesels have
high freezing point524, which lie at temperatures near or even
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above the freezing point of water, which is another critical
drawback to their extensive application. Compounds 1 - 5 have
freezing points below - 100 °C, which is likely due to each of
the compounds existing as a mixture of three diastereomers,
which is a significant improvement over both biodiesel, H1, H2,
H3, and petroleum diesel. Additionally, compounds 1 - 5 have
molecular weights that are between 49 and 68% that of soy
biodiesel,24 for the Cg and C,, acetals, respectively. This lower
molecular weight likely contributes to the low viscosity and
freezing point of compounds 1 - 5.

Two other important considerations for diesel fuels are the
density and net heat of combustion (NHOC). For a chemical
compound to be able to be blended with diesel it must not
decrease the density of the fuel mixture below 0.82 g mL'l,
because the energy content of the fuel brought into the engine
is dependent on the density of the fuelt” ® Compounds 1 -5
maintain densities which are slightly higher than biodiesel, H1 -
H3, and petroleum diesel. A related metric is the NHOC, which
is a measure of the energy contained in a given quantity of a
compound. While compounds 1 - 5 do not have NHOC'’s
comparable to winter diesel, this is only one metric of fuel
performance, and other measurements are potentially more
important. Petroleum diesel is prone to producing a high level
of soot during combustion.?® One method of determining how
cleanly a fuel burns is via determination of the yield sooting
index (YSI), which provides a measure of soot formation
rates.”” 2% When compared to petroleum diesel, compounds 1 -
5 display much lower YSI values, and therefore will likely burn
cleaner.

One of the most important measures of the quality of a
diesel fuel is the cetane number (CN), which is a dimensionless
measurement typically ranging from 0 — 100 (though
measurements outside this range are possible), and measures
how readily a fuel autoignites in a compression ignition engine.
Using ignition quality testing (IQT), we obtained the derived
cetane number (DCN, ASTM D689D), which is an excellent
predictor of CN. It was observed than only compound 3 did not
meet diesel standards (minimum cetane number of 40
required for most of North America),25 while compounds 1, 2,
4 and 5 have DCN values comparable to, or exceeding that of
winter diesel. This suggests that compounds 1 - 5 (excluding 3)
could be readily blended with either petroleum diesel or
biodiesel to reduce the viscosity and help to depress the
freezing point, without hampering the combustion
performance of the fuel. Additionally, the cetane number of
the branched acetals was approximately 4 units lower than
their corresponding straight chain counterparts. While this is
expected, it is not significant and indicates that increasing
carbon number is a more efficient way to increase cetane
number, which is evident when comparing compounds 1 - 5 to
dioxolanes H1 - H3 reported by Harvey and co-workers.

The atom economic acetalization of bio-derived aldehydes
with BDO affords a simple method to substituted 1,3-
dioxolanes. This work represents a catalytic transformation
which operates at mild temperatures (< 40 °C), using the
commercially available solid acid Amberlyst-15. The solvent-
free reaction system provides easy isolation of the product

4| J. Name., 2012, 00, 1-3

through phase separation and subsequent decantation, which
allows for simple synthesis of potential renewable diesel
molecules. While the energy density of compounds 1, 2, 4 and
5 is lower than petroleum diesel, several other properties
indicate that blending these compounds would be beneficial.
These include an increased cetane number and density, as well
as decreased viscosity, freezing point and soot formation.
Given that both BDO and ethanol can be produced industrially,
combining this work with our previous report of ethanol
upgrading provides a feasible avenue by which this process
could be combined to be conducted at a single biorefinery. In
addition, the method described herein for the formation of
1,3-dioxolanes could be used for the simultaneous production
and extraction of renewable diesel additives directly from BDO
fermentation broths using bio-derived aldehydes.29 As such,
this work provides a potential opportunity to further diversify
the use of ethanol as a renewable diesel fuel and provide
performance advantages to the consumer.
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