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High performance alkyl dialkoxyalkanoate
bioderived transportation fuels accessed using
a mild and scalable synthetic protocolf
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Replacement of conventional petroleum fuels with renewable fuels reduces net emissions of carbon and
greenhouse gases, and affords opportunities for increased domestic energy security. Here, we present
alkyl dialkoxyalkanoates (or DAOAs) as a family of synthetic diesel and marine fuel candidates that feature
ester and ether functionality. These compounds employ pyruvic acid and fusel alcohols as precursors,
which are widely available as metabolic intermediates at high titer and yield. DAOA synthesis proceeds in
high yield using a simple, mild chemical transformation performed under air that employs bioderived
and/or easily recovered reagents and solvent. The scalability of the synthetic protocol was proven in
continuous flow with in situ azeotropic water removal, yielding 375 g of isolated product. Chemical

stability of DAOAs against aqueous 0.01 M H,SO4 and accelerated oxidative conditions is demonstrated.
Received 22nd June 2023

Accepted 1st August 2023 The isolated DAOAs were shown to meet or exceed widely accepted technical criteria for sustainable

diesel fuels. In particular, butyl 2,2-dibutoxypropanoate (DAOA-2) has indicated cetane number 64, yield

DOI: 10.1039/d35e00804e soot index 256 YSI per kg, lower heating value 30.9 MJ kg™* and cloud point < —60 °C and compares
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Introduction

Establishment of a sustainable, low-net carbon emission
transportation infrastructure is attractive for increasing
national energy independence. By using renewable fuels, the
anthropogenic net emission of carbon dioxide can be reduced,
ameliorating climate impact.' In the United States, the trans-
portation sector consumed 4.85 billion barrels of petroleum-
based fuels in 2021, accounting for 67% of the overall petro-
leum usage.” Electrification is underway for light duty vehicles,
but commercial transportation often involves long distance
travel with heavy loads, for which liquid fuels are currently more
practical for space and time considerations. This is especially
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favorably to corresponding values for renewable diesel, biodiesel and petroleum diesel.

true for marine and air travel, where options to refuel or
recharge are more limited.?

A range of alternative liquid fuels have been investigated for
use in compression ignition (e.g. diesel) engines, but limitations
to more widespread usage exist. For example, despite energy
content and cetane number (CN) comparable to petroleum
diesel, the high cloud point temperature of biodiesel fatty acid
esters (FAE) precludes blend ratios > 20% with conventional
diesel, especially in cold environments.*® Renewable diesel can
serve as a drop-in replacement for petroleum diesel in some
markets, but similar to biodiesel competes with food usage for
lipid feedstocks. More recent renewable fuel concepts, such as
branched alkyl ethers and poly(oxymethylene)ethers (POMEs),
appear to alleviate low temperature operability concerns while
maintaining combustion performance. However, these classes
have relatively low energy densities and their production
requires multiple operationally complex synthesis and purifi-
cation steps from bioavailable feedstock, reducing the overall
yield and increasing the fuel selling price and/or net greenhouse
gas (GHG) emissions.*™

Our group initially investigated lactate ester—ethers (alkyl
alkoxyalkanotes or AOAs) that were synthesized in two steps
from lactic acid.* (Scheme 1) while derived cetane number 43.6,
YSI per kg 324, cloud point < —50 °C and LHV 32.1 of isopentyl
2-(isopentyloxy)propanoate was promising, the etherification
requires hazardous and toxic reagents, dry solvent and inert
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Scheme 1 Realized and envisioned routes to AOA diesel fuel candidates, beginning with biologically available carboxylic acids.

atmosphere. A milder route featuring reductive etherification of
the corresponding pyruvate ester-ketal was proposed.®** While
this direct approach to AOAs was not successful using hydrogen
at ~1 atmosphere, it was recognized that the pyruvate ester—
ketal (“DAOA”) intermediate could be a diesel fuel candidate
itself, based on the promising results obtained for AOAs.**

This report details a new class of molecules that combine the
high synthesis yield and bioavailability associated with ester
functional groups with the strong combustion performance of
alkyl ethers. The compounds can be accessed using continuous
flow synthesis, and an average of 1.96 g h™' (2.13 mL h™ ") of
DAOA-2 was isolated over 8 days of operation. Indicated cetane
number (ICN), lower heat of combustion (LHV), yield soot index
(YSI), cloud point and other physical properties of several
synthesized compounds were found to meet or exceed appli-
cable target values for sustainable diesel fuel candidates,
demonstrating their potential as fuels. Together, these findings
provide: (1) identification of a new class of drop-in diesel fuels
that combines the low temperature performance of renewable
diesel with the low sooting of biodiesel, (2) chemically benign
production without the need for lipid feedstocks, which are
anticipated to be increasingly limiting in light of demand for
hydrocarbons for scale-up of sustainable aviation fuels,** (3)
new chemical structure-property relationships for mixed
moiety oxygenate diesel fuels, and (4) a path to at least 60%
reduction in the CO,-intensity of renewable fuels compared to
petroleum diesel.’

Results and discussion
Design

Key properties of a fuel candidate include fluid and combustion
properties, operational temperature window, boiling range,
emissions produced, production scalability and chemical
stability.*>** Leveraging recent reports of alkyl ethers as prom-
ising diesel fuel components to meet many of these proper-
ties,** we aimed to identify a simple, scalable, sustainable
synthetic route that provided access to geminal diethers as
high-performance diesel fuels at 100% carbon atom economy.

Pyruvate and fusel alcohols were chosen as reactants for
their  availability = from  well-studied  biochemical
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transformations. Pyruvate is produced by living organisms
during glucose metabolism. Several groups have recently re-
ported biological routes to pyruvate in at hectogram scale
from sugars or woody biomass using microbial digestion.'>"”
Aliphatic alcohols are also produced biochemically, through
fermentation. In particular, the range of C,-Cs has been
heavily studied with commercial processes developed for
production of fusel alcohols and 1-butanol.**** While alkyl-C¢
DAOAs were identified as the useful limit with respect to
purification by common laboratory equipment (normal
boiling point ~345 °C), information from prior work on AOAs
indicated that diesel fuel performance increased with
increasing alkyl chain length, so C,~C¢s DAOAs were of most
practical interest.

Batch synthesis of DAOAs

A previous report detailed the synthesis of several DAOAs in 61-
72% yield by combining pyruvic acid and geminal dialkox-
ypropanes in refluxing alcohol solution containing 2 mol% p-
TsOH.”” This method requires prior synthesis of dialkox-
ypropanes from commercially available 2,2-dimethoxypropane,
which functions as an auxiliary. We sought a simplified and
sustainable method to access the same family of compounds
using alcohols directly as starting materials (Scheme 2).

Amberlyst 15 was selected as a commercially available,
recyclable, solid-supported strong acid catalyst, previously
shown to be effective in ester and ketal synthesis.**** Aqueous
washes of the reaction mixtures after filtration had neutral pH,
indicating the possibilities of (1) catalyst recyclability between
batches and (2) simplified reaction workup. Alkane solvents
were used to induce aqueous-organic azeotrope layer separa-
tion, which was not as successful with toluene or bulk
alcohols.?®

Optimization was carried out for the synthesis of isopentyl
2,2-bis(isopentyloxy)propanoate (DAOA-5) by reacting pyruvic
acid and isopentyl alcohol (Table 1). Variables included reaction
temperature, alcohol equivalents, solvent, and catalyst loading.
Equilibrium position of DAOA synthesis is inversely related to
reflux temperature, which is consistent with negative entropy of
reaction for acetal formation.” Additionally, higher

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Synthetic routes employed to access DAOA compounds in this work.

temperatures led to increased prevalence of side reactions,
including etherification and elimination of alcohol from DAOA.
5 equiv. alcohol and hexane solvent led to effective azeotrope
layer separation and 75-80 °C reflux temperature, which
balanced reaction rate with equilibrium position and product
selectivity and led to 90+% conversion of alkyl pyruvate to DAOA
after 18-24 hours. Furthermore, Amberlyst 15 at 5 mol% could
be reused at least ten times without degradation to 'H NMR
yield (see ESIT). A "H NMR time series revealed that at 75-80 °C,
the rapidly formed pyruvate ester intermediate is steadily con-
verted to DAOA.

With the general aspects of the synthetic procedure opti-
mized, the substrate scope was investigated with respect to
alcohol and carbonyl compounds (Table 2). 51-95% yield of
DAOA compounds was achieved by combining pyruvic or
glyoxylic acid and C,-C¢ primary alcohols (DAOAs 1-7, 11), but
only trace conversion was observed for 2° or 3° alcohol reac-
tants. Combination of glyoxylic acid and 2-butanol furnished
DAOA-10 in good yield, but 3° alcohols were still unsuccessful.
Base-catalyzed transesterification using catalytic sodium
hydroxide enabled chemoselective exchange of the ester func-
tionality (DAOAs 8 and 9).

Table 1 Results of DAOA-5 batch optimization study

While a-carbonyl acids were shown to be successful
substrates for DAOA production, poorer conversion and
isolated yield was encountered with acetoacetate (DAOAs 12
and 13). This was thought to result from the decreased
inductive influence at the B-carbonyl position and/or stabi-
lization of the hemiacetal intermediate via 6-membered
intramolecular hydrogen bonding. Similarly, application of
the reaction conditions to ordinary ketones such as 3-pen-
tanone resulted in only trace ketal formation by GC-MS.
Glutaric acid (a-ketopentanedioic acid) was a productive
substrate in forming a diether-diester (DAOA-14), but as for
DAOA-1, this synthesis encountered slow reaction rate and
difficult separation from the a-ketodiester intermediate.
Finally, the reaction conditions were applied to bioderived
acetaldehyde and furfural (compounds 15 and 16), leading to
isolation of the corresponding diisoamyl acetals in 81%
yield.

Combustion properties of DAOAs

Sustainable diesel fuel candidates are commonly evaluated for
combustion performance and for similarity to physical

o A equiv. o o o
Me \[])L B mol % Amberlyst 15 Me% Me\")L Hzcﬁ)l\
o OH solvent (vol. eq), o fo)
reflux, Dean-Stark, air
(1) ) 3) (4)
=i-Pen

Entry A B Alkane solvent® Temp. (°C) Time (h) 1:2:3:4°
1 6 10 None 133 6° 36:29:4:31
2 4 10 C, (0.5) 120 6° 65:26:5:4
3 4 10 1:1 v/v Ce/C (0.5) 100 6° 70:26:4:0
4 4 10 Ce (0.5) 93 25 78:17:4:2
5 4 10 Ce (1) 85 25 81:15:3:1
6 5 10 Cs (1) 78 19 94:4:2:0
7 6 10 Ce (1) 75 20 94:4:1:0
8 5 5 Ces (1) 80 24 94:4:2:0
9 5 2.5 Ce (1) 78 24 86:12:1:0

“ Volume equiv. relative to i-PenOH.  Mole ratio calculated by "H NMR integration of reaction mixture after time specified. ¢ Product distribution

did not further favour (1) after 6 hours.

This journal is © The Royal Society of Chemistry 2024
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properties of petroleum diesel to minimize changes to existing
infrastructure and engine design. Several important measures
of diesel fuel performance include ICN, LHV and YSI. Results
for DAOA compounds are presented in Table 2.

CN is inversely related to ignition delay in compression
ignition engines. Higher cetane numbers are associated with
improved ignition quality, complete combustion, lower hydro-
carbon emissions and increased fuel efficiency.”®*** Values
ranging between 38.6 and 80.1 were recorded for DAOAs.
Increasing carbon number with constant branching pattern (i-
Bu vs. i-Pen and Et — n-Hex) or decreasing branching (neo-
Pen vs. i-Pen vs. n-Pen) led to increased ICNs, in agreement
with previous studies (Fig. 1).>>*° For DAOA-5, crude product
obtained by removal of solvent, alcohol and catalyst from
reaction mixtures yielded fuel with increased ICN without
detriment to LHV, suggesting that rigorous purification is not
required for DAOAs applied as fuels (see ESIY}).

LHV is the heat of combustion, corrected for vaporization of
water. This property correlates directly to energy density and
fuel efficiency (e.g. miles per gallon). Most LHVs for DAOAs were
above the 30 MJ kg criterion, and the LHV correlates well with
C: O ratio in the series of pyruvate DAOAs.

DAOAs Reference Fuels
100 4 T T T T T T T T T
[ JioN : 40
90 MM YS!/ 100¢g H
LY He @ :
80 \\)L C [m i -
Oc, i L35 2
g 70 4 Y=0...n-alkyl H é
=] Y=1...iso-alkyl ! 8
~ 60 Y=2...neo-alkyl H ©
N ! >
& 1 H L
B 50 ; e
— 1 ©
O 404 H 3
= T
© 3 25 8
5
20 -
10
L 20
0 -

S & £

XY

Fig. 1 Graphical comparison of C,—Cg¢ DAOA and reference fuel
combustion properties. ICN for DAOA-1 (X = 2, Y = 0) is <33 and
shown for illustrative purposes. POME = "BB, n = 1-6", BioD = FAME
biodiesel, PetD = petroleum diesel; RenD = renewable diesel from
hydroprocessed esters and fatty acids (HEFA) process.
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YSI measures the tendency of a specific fuel to form soot
under similar conditions.*** It is quantified by measuring
soot concentrations in methane-air non-premixed laminar
flames doped with a small amount of test fuel. In agreement
with previous studies, YSI measurements of DAOAs indicate
that more sooting is encountered for (1) longer, unbranched
alkyl groups (Et; < n-Buj < n-Pen; < n-Hex;) (2) more branched
carbon chain isomers (n-Pen; vs. i-Pens; vs. neo-Penj) (3)
increased C:O ratio (Fig. 1).** All neat DAOAs investigated
have substantially lower YSI than petroleum diesel, which
contains appreciable amounts of high-sooting aromatic
hydrocarbons (representative YSI per kg = 1462).>> YSI is not
currently available for heavy fuel oil used in marine applica-
tions, but PM, 5 (particulate matter < 2.5 pm) and polycyclic
aromatic hydrocarbon (PAH) emissions exceed those of diesel,
per unit marine fuel.*®

ICN, LHV and YSI of compounds 12-14 were generally
consistent with the structural trends found for DAOAs. Substi-
tution of the ester functionality of DAOA-5 with H in DAO15 led
to increased ICN, LHV and similar YSI. The aromatic furan
moiety of compound 16 was expected to decrease ICN and LHV,
and increase YSI relative to saturated analogues.

Chemical reactivity of DAOAs

An important consideration for fuel candidates is the stability
of their chemical composition, combustion performance, and
hazard profile are over time. For DAOA-2, no obvious change in
composition was observed by '"H NMR and GC-MS for after
storage at 22 °C under air for over one year after isolation. In
a more rigorous aging study, neat DAOAs were exposed to air
in open containers at 43 °C for up to 8 weeks, with aliquots
periodically analyzed for chemical composition. While
peroxide formation was encountered at the 100-5000 ppm
level, gross changes by "H NMR and GC-MS were only observed
for DAOAs 1 and 11 (see ESI}). Dissolution of 100-500 ppm
BHT or blending with petroleum diesel at 20% vol DAOA,
a typical blend ratio for sustainable diesel, suppressed DAOA-5
oxidative susceptibility under accelerated conditions per
ASTM D7545 to meet the >60 minute target for oxidation
induction period.*

To determine acid stability, 50.0 g DAOA-5 was combined
with rapidly stirring 0.01 M H,SO, aqueous solution at 45 °C for
4 weeks. Significant chemical changes could not be discerned
by "H NMR or GC-MS. 48.9 g (97.8%) DAOA-5 was recovered,
indicating stability to a worst-case storage scenario. Elimination
of one equivalent of alcohol from the ketal functionality occurs

HaC 5 mol % H,SO, (0] 1 atm. H,, Pd/C HyC (o)
—_— H,C _— H
80 °C, vacuum CHCI;, 50 °C
20 % (unoptimized) 50 % (NMR)
R= i-Pen R= i-Pen R= i-Pen

Scheme 3 Elimination of one equivalent of alcohol from DAOA-5 to yield compound 17, and subsequent reduction to form AOA.

This journal is © The Royal Society of Chemistry 2024
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under dynamic vacuum at 80 °C in the presence of catalytic
acid, including during isolation if residual acid is not quenched
(Scheme 3).

Scale up in continuous flow

With the realization of recyclable, chemically stable reagents
and catalyst in DAOA synthesis, a continuous flow reaction with
in situ water removal was pursued for synthesis of DAOA-2.%° The
assembled reactor consists of a three-neck round-bottomed
flask equipped with a Dean-Stark apparatus, and with inlet
and outlet connections to a peristaltic pump (Fig. 2). Per-
fluorinated elastomeric tubing was selected for maximum
chemical compatibility and exhibited no loss of performance
after multiple days of continuous operation.

Using optimized conditions identified for batch synthesis,
138 g L™ " pyruvic acid in 1:1 v/v hexane/1-butanol solution was
introduced at 0.17 mL per minute to the reaction vessel, which
initially contained 1.50 L of 1:1 v/v hexane/1-butanol solution
and 54 g Amberlyst 15, resulting in a theoretical average resi-
dence time of 6.1 days. Reaction mixture was removed at 0.17 mL
per minute at maintain reaction volume. This led to 2.78 g h™" of
theoretical productivity of DAOA-2 at steady state. In practice, "H
NMR in-line and of isolated aliquots revealed 80+% steady-state
conversion of intermediate pyruvate ester to DAOA-2, and 376 g
(70.4% yield, 1.96 g h™ ") was isolated by vacuum distillation as
the result of an 8 day run. 1.61 kg (81.9%) of hexanes and 1-
butanol at approximately 1: 1 v/v was recovered during isolation.

This experiment demonstrates the ease of scaling DAOA
synthesis in continuous flow, while minimizing hazard scope
and process intensity. Adding additional continuous stirred
vessels in series with the same total reaction volume should
increase throughput while maintaining percent conversion.
Further applicability of the method toward other continuous
lab-scale reactive distillation and water removal processes is
under investigation.

Physical properties of DAOAs

Boiling point, cloud point, density, viscosity and water solubility
were measured for DAOAs in alignment with tiered fuel screening

wa | !
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criteria (see ESIt).** Calorimetric normal boiling point values for
most DAOAs synthesized were between 200-300 °C and were
correlated with molecular weight and degree of alkyl branching.
Mass densities were in the range 0.882-0.984 g cm ™ and were
inversely correlated with steric bulk. Viscosities measured at 23 °©
C were in the range 2.11-15.33 cSt and were also predictable
based on alkyl fragment length and degree of branching. Finally,
water solubilities of water saturated, neat DAOAs were measured
using Karl Fischer titration. All neat compounds studied phase
separated from water at room temperature and met the <20 g
H,O per L fuel screening criterion.

Cloud point measurements were performed in an environ-
mental chamber using a custom-built optical transmission
measurement system that houses a 1 cm cuvette of sample.
While cloud point temperatures of neat DAOAs were generally
below —60 °C, cloud points of 20 and 50% blends with several
commercially available diesel fuels were minimally changed
from the neat blendstocks.

Qualitative lifecycle assessment (LCA) of DAOAs

DAOA lifecycle assessment was performed by analogy to the
rigorous analysis performed for AOAs, which utilize similar
biological feedstocks and chemical processes.’” For AOAs,
lignocellulosic biomass is fermented to produce lactic acid and
fusel alcohols, which are in turn combined in sequential
esterification and etherification units to generate AOAs. A key
result of the analysis is that a reduction from 92 to 31 g CO,e per
M] (65%) is anticipated for the AOA lifecycle relative to
conventional petroleum diesel, which is one of the largest
reductions among recent sustainable diesel concepts and
exceeds biofuel emission targets of 60% lifecycle CO, reduc-
tion.** Interestingly, the primary source of GHG production
during the AOA lifecycle comes indirectly from NaOH usage in
the deacetylation and mechanical refining (DMR) of biomass to
aid in enzymatic hydrolysis, which presents opportunities for
future optimization. Applied in the maritime industry, reduced
sooting potential, and reduced nitrogen oxide, metal, PAH and
sulfur content of AOA/DAOA combustion emissions relative to
bunker fuel present additional environmental incentives.**?*”
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Fig. 2 (Left) Physical apparatus for continuous flow synthesis of DAOA-2 with in-line *H NMR acquisition. (Right) Progress of continuous flow
reaction monitored by *H NMR and water collected in Dean-Stark trap using time-lapse photography.
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Since the proposed DAOA production process uses similar
chemical, and thermodynamic and process inputs as for AOAs,
and since LHV is similar, DAOA synthesis is also anticipated to
result in a similar 60-70% overall GHG reduction relative to
petroleum diesel. Further minor reductions from AOAs in g
CO,e could result from the process intensification of the
combined ester- and etherification steps for DAOAs. Two sour-
ces of uncertainty in this analogy are (1) the overall efficiency at
scale and process integration of the glycolysis unit to generate
pyruvic acid, which is less mature than the corresponding lactic
acid process and (2) the efficiency of hexane recovery at scale,
which represents a positive g CO,e contribution through addi-
tion of fresh hexane.

Conclusions

We detail the synthesis, reactivity, and physical property char-
acterization of a family of bioderived DAOA sustainable diesel
and marine fuel candidates. The synthetic protocol used
exemplifies many principles of green chemistry, chiefly that
mild reactants and reaction conditions are used, while high
mass yield and atom economy are achieved simultaneously.
Continuous flow synthesis with in situ water removal was
demonstrated, generating 376 g of DAOA-2 over 8 days. DAOA-5
exhibited adequate oxidative stability when blended with
hydrocarbon diesel or 500 ppm BHT, and was not adversely
affected by extended exposure to aqueous pH 2 at 45 °C.

Fuel performance was assessed by ICN, LHV and YSI. Most
DAOAs met or exceeded the threshold values for renewable diesel
fuels in each of these categories and are competitive with existing
candidates. Use of pyruvate as a tripodal molecular scaffold
limited individual carbon chain lengths, benefitting YSI and
gravimetric density, while overall hydrocarbon content was
sufficient to provide competitive cetane number and specific
energy values. Other physical properties such as boiling point,
cloud point and water solubility were predictable functions of
chemical structure and inside threshold values. Overall, DAOAs 2
and 5 were the most promising in terms of meeting or exceeding
the most fuel screening criteria, while leveraging widely available,
bioderived starting materials. Given the hesitance of the trans-
portation sector to rapidly deviate from hydrocarbons as primary
fuel components, the expected initial implementations of DAOAs
are as blends with hydrocarbon diesel and/or biodiesel. However,
the reduced cloud point of DAOAs relative to biodiesel affords
opportunities to exceed 20 percent v/v blend ratios.

Ongoing work includes (1) establishing rigorous tech-
noeconomic and lifecycle assessments for DAOAs 2 and 5, (2)
further developing the lab-scale concept for azeotropic water
removal in continuous flow reactions (3) evaluating related
molecules in other applications such as bioderived plastics,*®
lubricants, green solvents and multi-arm ionic surfactants.

Experimental
General procedure for batch synthesis of DAOAs

To a round-bottomed flask equipped with a magnetic stir bar
was added carbonyl compound (1 equiv.), 0.10 eq. Amberlyst 15,

This journal is © The Royal Society of Chemistry 2024
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alcohol (5 equiv.), and hexanes (1 mL per mL alcohol). The flask
was adapted with a Dean-Stark apparatus and a reflux
condenser and heated to reflux under air at atmospheric pres-
sure using a hotplate and Al heating block. Conversion was
monitored by NMR and GC-MS. Upon completion, the reaction
vessel was cooled to rt, and quenched with NaHCO; (sat., aq.).
Drying agents were not used. The organic layer was directly
concentrated in vacuo at 75 °C, ~20 torr to reclaim unreacted
alcohol and hexanes. The crude product was vacuum distilled at
using an 8" Vigreux column yielding clear, colorless oils.

Synthesis of DAOA-2 in continuous flow

A 2 liter, three-neck round-bottomed flask was equipped with
a magnetic stir bar, Dean-Stark apparatus, reflux condenser
and heating mantle. 1.5 L of 1: 1 v/v 1-butanol : hexane and 54 g
wet Amberlyst 15 were added to the flask. The flask was then
sealed with rubber septa modified with inlet and outlet tubing
ports. Fluid routing was achieved with an Ismatec ISM4206
cassette-based peristaltic pump equipped with Chem-Durance®
Bio elastomeric tubing at pump heads and fluorinated ethylene
propylene (FEP) tubing at the reactor. Stirring and refluxing was
established in the flask for 12 h whereupon ~50% water was
released from Amberlyst. Then a 138 g L™ solution of pyruvic
acid in 1:1 v/v 1-butanol : hexane solution was introduced at
0.17 mL per minute. The outlet flow rate was matched to
maintain steady-state reaction volume. In-line "H NMR analysis
was performed with a Magritek SpinSolve 80 MHz instrument,
equipped with a 5 mm path length glass flow cell. Upon
exhausting the pyruvic acid solution, heating was terminated.
The combined contents of the reaction flask and outlet reservoir
were quenched, worked up and purified offline, as for batch
synthesis.

YSI. YSI was measured using the previously developed yield-
based approach.* The specific procedures and apparatus used
in this study were identical to those in McEnally et al., 2019.*° It
consisted of three steps: (1) 1000 ppm of n-heptane, toluene,
and each test compound were sequentially doped into the fuel
of a nitrogen-diluted methane/air coflow nonpremixed flame;
(2) the maximum soot concentration was measured in each
flame with line-of-sight spectral radiance (LSSR); and (3) these
concentrations were rescaled into a yield sooting index (YSI)
defined by eqn (1):

YSITC = (YSITOL — YSIHEP)X

LSSRyc — LSSRygp
LSSRtoL — LSSRygp

+ YSIHEP (1)

The subscripts TC, TOL, and HEP refer to the test compound
(DAOA), toluene, and n-heptane respectively. This rescaling
method removes sources of systematic uncertainty such as
errors in the gas-phase reactant flow rates. Furthermore, it
allows the new results to be quantitatively compared with
a database that contains measured YSIs for hundreds of organic
compounds. The parameters YSItor, and YSIggp are constants
that define the YSI scale; their values—170.9 and 36.0—were
taken from the database®' so that the newly measured YSIs
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would be on the same scale. Measured YSI are per mole of
compound, and the values presented here are per kg or per liter.

Indicated cetane number (ICN). Indicated cetane number
(ICN) was measured using an Advanced Fuel Ignition Delay
Analyzer (AFIDA) device following ASTM D8183-18 method-
ology, which produces results with repeatability of 0.9 units for
a sample with ICN of 50. Repeatability varies slightly with the
ICN result, and further information can be found in Table 3
within ASTM D8183-18 procedure.*

Gross heat of combustion. Gross heat of combustion, or high
heating value (HHV), was measured using an IKA C2000 bomb
calorimeter following ASTM D240-19 methodology,”® which
produces results that exhibit a repeatability of 0.13 MJ kg™ .
HHV was converted to LHV using eqn (2), where % H is the
gravimetric percentage of hydrogen in the compound.**

LHV = HHV — (0.2122 x % H) )
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