Volume 1
Number 6
June 2022
Pages 333-392

Energy
Advances

rsc.li/energy-advances

ISSN 2753-1457

ROYAL SOCIETY PAPER

Benjamin G. Harvey et al.
O F CH EMIST RY Thermal cyclodimerization of isoprene for the production of
high-performance sustainable aviation fuel

(3



¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

Energy
Advances

View Article Online

View Journal | View Issue

Thermal cyclodimerization of isoprene for the
production of high-performance sustainable
aviation fuelf

’ '.) Check for updates ‘

Cite this: Energy Adv., 2022,
1,338

Josanne-Dee Woodroffe (2 and Benjamin G. Harvey (=2 *

Isoprene was converted to a jet fuel blendstock through thermal cyclodimerization followed by
hydrogenation. The dimerization was performed at moderate temperature (200 °C) and completed in
90 min. The product distribution consisted of six isomers produced via Diels—Alder [4+2]-cycloadditions
as well as [4+4]-cycloadditions. The hydrogenation reactions were conducted with Pt, Pd, and Ni-based
catalysts. The Pt and Ni catalysts yielded >99% saturated C,oH,o products, while significant quantities
of p- and m-cymene were generated with the Pd-catalyst. The hydrogenated isoprene dimers
(HID) exhibited outstanding fuel properties including a gravimetric net heat of combustion (NHOC) of
4334 MJ kg%, a density of 0.806 g mL™, and a —20 °C kinematic viscosity of 3.10 mm? s~*. These
values are 1.3% higher, 4% higher, and 61% lower, respectively, compared to the Jet-A specifications.
These properties suggest that HID can be used as a blendstock with either conventional jet fuel or bio-
based synthetic paraffinic kerosenes (SPKs) to enhance the operability and performance of the final fuel
blend. The catalyst- and solvent-free dimerization method is amenable to a high-throughput process for
fuel production. In combination with biosynthetic generation of isoprene or isoprene precursors, the
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Introduction

The growing impacts of global warming have heightened the
need to develop sustainable methods for the production of
transportation fuels."* Although a number of ground vehicles can
be powered by electricity, the enormous power requirements of
commercial and military jet aircraft suggest that the development
of energy-dense, hydrocarbon-based sustainable aviation fuels
(SAF) will be critical for supporting global commerce while
reducing net greenhouse gas emissions."* Current SAFs are based
on acyclic synthetic paraffinic kerosenes (SPKs) that have out-
standing gravimetric net heats of combustion (NHOCs), but low
densities, and low volumetric NHOCs.*® Furthermore, these SPKs
are not effective at swelling nitrile rubber engine seals, which
requires them to be blended with conventional jet fuel to ensure
engine integrity and compatibility with fuel storage and delivery
systems. Conventional jet fuel contains a significant concen-
tration of aromatic compounds (8-25%) that are highly effective
at swelling elastomeric O-rings. Recent studies have shown that
some cycloalkanes are also effective at swelling O-rings,®® which
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suggests that zero-aromatic SAF blends could be prepared that
meet the requirements of conventional jet fuel. The elimination of
aromatic compounds results in a number of enhanced properties
including increased gravimetric NHOC, improved combustion
properties, and reduced particulate formation.”*" To realize these
optimized blends, efficient routes for the production of bio-based
cycloalkanes are required.

A number of selective methods for the production of bio-based
cycloalkanes have been developed.® For example, our group
studied alkyl cyclobutane fuels generated by [Fe]-catalyzed [2+2]-
cycloaddition of unactivated alkenes." Multicyclic hydrocarbons
like tetrahydrodicyclopentadiene (JP-10) have been synthesized
from furfural™® while dimethyltetrahydrodicyclopentadiene (RJ-4)
has been synthesized from bio-based substrates including
linalool,"* and cellulose-derived platform chemicals.””™” Cyclic
monoterpenes are an important class of bio-based cycloalkenes
that can be derived from turpentine or produced via fermentation
of biomass sugars.'®*° Simple hydrogenation of these feedstocks
can generate monocyclic and bicyclic hydrocarbons,* while che-
moselective hydrogenation can afford bicyclic alkanes containing
ring-strained cyclopropane groups.”! The densities and volumetric
NHOC:s of terpenes can be further enhanced through cyclopropa-
nation reactions.”>>*

Isoprene is a compelling substrate for the preparation of
sustainable jet fuel blendstocks. It can be directly produced

© 2022 The Author(s). Published by the Royal Society of Chemistry
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from biomass sugars via fermentation,”® by dehydration of
biosynthetic 3-methyl-3-buten-1-0l,>” or from other bio-based
substrates including mevalonolactone®®?° and mesaconic/ita-
conic acid.*** In addition, isoprene and related dienes can be
produced by the dehydra-decyclization of bio-based tetrahydro-
furans.**>* The conjugated diene in isoprene allows for the
controlled synthesis of dimers. For example, dimerization of
isoprene with palladium catalysts can yield various acyclic C10
trienes.>®> More recently, Ottosson and co-workers reported a
photochemical route to cyclic isoprene dimers.*® Isoprene can
also be effectively dimerized via a [4+4]-cycloaddition catalyzed by
an iron pyridineimine (Fe-PDI) catalyst to generate 2,6-dimethyl-
1,5-cyclooctadiene (DMCOD).*’*® As an alternative to these
approaches, isoprene can undergo a [4+2]-cycloaddition to gen-
erate substituted cyclohexenes. This reaction can be catalyzed by
low valent iron catalysts*>*° or conducted under high tempera-
ture/pressure conditions.*"

To evaluate the potential to generate a high-performance
jet fuel blendstock from isoprene using an economical and
high-throughput approach, the thermal cyclodimerization of
isoprene was conducted followed by hydrogenation with three
different heterogeneous catalysts. The fuel properties of the
resulting blend were then measured and compared to related
bio-based fuels as well as conventional petroleum-based jet/
rocket fuels.

Experimental
General

All glassware was dried in an oven at 140 °C prior to use.
Isoprene was obtained from Millipore Sigma and distilled from
CaH, under nitrogen. 4,6-Dinitro-o-cresol was obtained from
Eastman Organic Chemicals and was used as received. 'H and
3C NMR spectra were obtained as described previously.”” Fuel
characterization details (GC-FID, GC-MS, kinematic viscosity,
density and heat of combustion measurements) are included in
the ESL.¥

Thermal dimerization of isoprene

A Parr reactor was charged with freshly distilled isoprene
(524.4 g, 7.7 mol), 4,6-dinitro-o-cresol (0.524 g, 1000 ppm), and
swept with nitrogen. The reactor was then heated to 200 °C and
stirred for 90 min. To reduce the formation of heavy oligomers,
the reactor was rapidly cooled in a salt/ice bath to ambient
temperature and the reaction mixture was then transferred to a
round bottom flask fitted with a short-path distillation appara-
tus. The product was distilled under reduced pressure to obtain
three fractions. The first fraction contained residual isoprene
(47.44 g, 9.0%). Fraction 2 (75-79 °C, 44.6 mm Hg) contained a
mixture of isoprene dimers (375.98 g, 71.7%), and fraction 3, the
residual material, contained trimers and heavier oligomers
(67.74 g, 12.9%). 'H NMR of the dimer fraction (500 MHz,
CDCl,): § 6.49-6.42 (m), 5.86-5.78 (m), 5.78-5.41 (m), 5.21-5.17
(bd), 5.09-5.06 (bd), 5.01-4.91 (m), 4.72 (s), 2.36-1.64 (m), 1.57-
1.34 (m), 1.00 (s). '*C NMR (125 MHz, CDCl;) & 150.11, 150.06,
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147.7,147.6, 135.8, 133.7, 133.5, 132.9, 122.7, 122.5, 120.8, 120.1,
119.6, 110.3, 110.2, 108.6, 108.5, 41.7, 41.2, 36.9, 35.6, 34.1, 33.5,
30.9, 30.7, 28.0, 27.8, 27.4, 25.8, 25.7, 23.8, 23.5, 23.5, 20.84,
20.79. MS data: molecular ion peaks at 136 m/z for the dimer
fraction.

Hydrogenation of isoprene dimers with Pt

PtO, (0.5 g, 2.2 mmol) and glacial acetic acid (10 mL, 0.17 mol)
were added to isoprene dimers (57.12 g, 0.42 mol) in a Parr
reactor. The reaction vessel was charged with hydrogen 3 times
via pump/pressurize cycles, and then pressurized to 45 psi and
stirred for 24 h at ambient temperature. The reaction mixture
was filtered through Celite with diethyl ether, and the filtrate
was then washed with a 10% aqueous solution of Na,CO; (2 x
20 mL) and brine (2 x 20 mL). The organic extracts were dried
with MgSO, and concentrated under reduced pressure.
The crude product was then distilled under reduced pressure
(50-52 °C, 12.2 mm Hg) to yield 44.22 g (75.1%) of hydrogenated
dimers as a complex mixture of isomers with 0.44% (by GC-FID)
aromatic compounds (p- and m-cymene). 'H NMR (500 MHz,
CDCl;) 6 1.89-1.84 (m), 1.78-1.57 (m), 1.62-1.57 (m), 1.56-1.19
(m), 1.18-1.02 (m), 0.96-0.59 (m). MS molecular ion for saturated
hydrocarbons: 140 m/z. MS molecular ion for aromatic com-
pounds: 134 m/z. Anal. cale. for CioH,o: C, 85.63; H, 14.37.
Found: C, 85.48; H, 14.27.

Hydrogenation of isoprene dimers with RANEY® Ni

In a similar manner to the procedure described for platinum,
activated RANEY™® nickel in ethanol (3.13 g. 4 mol%) was added
to isoprene dimers (64.99 g, 0.48 mol) in a Parr reactor, which
was then pressurized to 500 psi H, and heated to 150 °C with
vigorous stirring for 24 h. The reaction mixture was transferred
to a flask with diethyl ether, filtered through Celite, dried with
MgS0O,, and concentrated under reduced pressure. The crude
product was then distilled under N, at 154-156 °C (atmospheric
pressure) to yield 59.4 g (88.8%) of a mixture of isomers with
0.68% (by GC-FID) aromatic compounds (p- and m-cymene).
Spectroscopic data were similar to those obtained from the Pt-
catalyzed hydrogenation.

Hydrogenation of isoprene dimers with Pd/C

In a similar manner to the procedure described for platinum,
10% Pd/C (1.64 g, ~0.164 g Pd) was added to isoprene dimers
(123.6 g, 0.91 mol) and acetic acid (3.5 mL) in a Parr reactor,
which was then pressurized to 500 psi and stirred for 24 h.
A salt-ice bath was used to control the exotherm and the
temperature of the reactor did not increase above 29 °C. The
reaction mixture was then diluted with diethyl ether, filtered
through Celite, and the filtrate was then washed with a 10%
aqueous solution of Na,COj; (2 x 40 mL) and brine (2 x 40 mL).
The organic extracts were dried with MgSO, and concentrated
under reduced pressure. The crude product was then distilled
(62-64 °C, 17.6 mm Hg,) to yield 104.5 g (82.2%) of a mixture of
isomers with 6.82% (by GC-FID) aromatic compounds (p- and
m-cymene). Spectroscopic data were similar to those obtained
from the Pt-catalyzed hydrogenation.

Energy Adv,, 2022, 1, 338-343 | 339
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Results and discussion

Recent work on the selective dimerization of isoprene showed
that an iron pyridineimine (Fe-PDI) catalyst could be used for
the selective transformation of isoprene into 1,6-dimethyl-1,5-
cyclooctadiene (DMCOD).*”*®* DMCOD could subsequently be
hydrogenated to generate 1,4-dimethylcyclooctane, a high-
performance jet fuel blendstock exhibiting a higher density
and gravimetric heat of combustion compared to conventional jet
fuel.’” Although the dimerization reaction proceeded with yields
greater than 90% and high selectivity, it was of interest to study
other approaches for the preparation of jet fuel blendstocks from
isoprene. A number of literature examples describe the use of low-
valent iron catalysts for the [4+2]-Diels-Alder cycloaddition of
isoprene.**° In contrast to these approaches, the catalyst-free
cycloaddition of isoprene was studied with an eye toward a high-
throughput, low-cost method that would potentially allow for the
production of jet fuel surrogates on a commercial scale.

Using a similar approach to that described by Colvin,*" we
thermally dimerized isoprene at 200 °C in the presence of a
radical inhibitor, 4,6-dinitro-o-cresol, to reduce the formation
of heavy oligomers. Fractional distillation of the product
resulted in a 71.7% isolated yield of isoprene dimers, 9.0%
unreacted isoprene, and 12.9% trimers and heavier oligomers,
with a mass balance of 93.7%. Although the oligomers were not
extensively studied in this work, the trimers have potential
applications as high-density turbine or diesel fuels**** while
the heavier oligomers can be used in heating oil or heavy diesel
for ship propulsion.*>™” Residual isoprene can be recycled for
further conversion to dimers, and losses due to distillation or
the volatility of isoprene can be minimized in an industrial
environment, resulting in near quantitative conversion of iso-
prene to fuel products.

Six different dimer isomers were expected from a combination
of [4+2]-Diels-Alder and [4+4]-cycloaddition of isoprene (Fig. 1).
The composition of the dimer fraction was first studied by GC-MS,
which revealed three poorly resolved sets of peaks (Fig. 2). A
careful evaluation of the mass spectra and comparison of reten-
tion times with authentic samples of limonene and 1,6-dimethyl-
1,5-cyclooctadiene (5) showed that 1 and 2 comprised 79% of the
product with 5 and 6 comprising 15% and 3 and 4 accounting for
only 6% of the total. Compounds 1-4 are produced via [4+2] Diels
Alder cycloadditions, while 5 and 6 are generated via [4+4]

PR
NSRS

Fig. 1 Structures of isoprene dimers generated by Diels—Alder (1-4) and
[4+4]-cycloaddition (5 and 6).
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Fig. 2 Gas chromatogram (FID) of isoprene dimers generated by heating
under pressure.

cycloadditions. 1 and 2 are present in the highest concentrations
due to reduced steric hindrance when the primary alkene of
isoprene serves as the dienophile. These values can be compared
to those obtained by Colvin (29.1% 1, 33.6% 2, 18.6% 3, 9.2% 4,
5.2% 5, 4.2% 6).*" The difference in the product distribution
reported by Colvin is likely due to the lower temperature
conditions used in that work (175 °C). Other factors could
include isoprene purity, heating/cooling rates, or even the reactor
used for the cycloaddition. [4+4]-Cycloadditions are forbidden
in the ground state, so it’s possible that interactions with the
reactor surface may facilitate the formation of cyclooctadienes.
The higher concentration of cyclooctadienes in the current work is
beneficial due to the higher density and heat of combustion of the
hydrogenated products.

To generate a jet fuel blendstock from the isoprene dimers,
the mixture was hydrogenated with three different commercial
catalysts: PtO,, 10% Pd/C, and RANEY" Ni. Hydrogenation
with PtO, was accomplished at ambient temperature and low
pressure (45 psi). These conditions were selected to minimize
the dehydrogenation of compounds 1 and 2, which would lead
to formation of p- and m-cymene, respectively. The resulting
product distribution was composed of a complex mixture of
CioH,o isomers, along with a trace (0.44%) of aromatic pro-
ducts (cymenes). Hydrogenation with RANEY®™ Ni required a
much higher temperature and pressure (150 °C, 500 psi), but
resulted in a similar product distribution, including 0.68%
cymenes. The hydrogenation with 10% Pd/C was conducted
with careful temperature control. Similar reactions with pure
limonene are highly exothermic, with the Pd catalyst facilitating
both isomerization and dehydrogenation.*®*° In the current work,
the reactor was maintained at or below room temperature with
the aid of an ice bath. Despite this precaution, the resulting
hydrogenated product contained substantially more aromatic
compounds (6.82%) compared to the other catalysts. Increased
production of aromatic compounds could be desirable for fuel
formulations due to the seal swelling property of this class of
molecules,’® which is important for maintaining engine integrity.
However, aromatic compounds also exhibit lower gravimetric net
heats of combustion (NHOC) and are more prone to incomplete
combustion and particulate emissions.”™* Recent work has also

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Fuel properties of hydrogenated isoprene dimers (HID)
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Fuel NHOC MJ kg™") NHOCMJL™") p[15°C,gmL '] 5[-20°C,mm*s '] »5[-40°C,mm’s ']  Flash point (°C)
HID 43.34 34.94 0.806 3.10 5.45 42
p-Menthane® 43.20 34.72 0.804 2.98 5.19 NM

DMCO?*’ 43.82 36.22 0.827 417 7.95 50

Jet-A >42.8 >33.17 >0.775 <8.0 <12.0 >38

RP-1°? 43.37 34.96 0.806 — — 57

shown that many cycloalkanes can effectively swell legacy
nitrile rubber o-rings,®® while nearly all synthetic kerosenes
are compatible with modern fluorosilicone or Viton™-based
engine seals.

RANEY™ nickel is an order of magnitude cheaper than Pt or
Pd-based catalysts and only generates slightly more cymenes
compared to PtO,. Therefore, nickel-based catalysts are likely
preferred for the hydrogenation of the isoprene cyclodimers.>"
However, the higher pressures and temperatures required to
obtain complete conversion may partially offset the lower
catalyst cost.

After successfully demonstrating the preparative-scale synth-
esis of saturated jet fuel blendstocks from isoprene, it was of
interest to measure key fuel properties including density, heat
of combustion, low-temperature viscosity, and flashpoint
(Table 1). The density of the mixture was slightly higher than
p-menthane (hydrogenated limonene), due to the presence of
the higher density cyclooctane isomers. The density also falls
within the specification range of commercial Jet-A, while it was
2.6% lower than 1,4-dimethylcyclooctane (DMCO). The gravi-
metric NHOC was slightly higher than p-menthane, well within
the specification range for Jet-A, but lower than DMCO, due to
the modest concentration of ring-strained (cyclooctane-based)
structures in the mixture. The —40 °C viscosity of the HID
mixture was intermediate between that of p-menthane and
DMCO (Fig. 3) while the flashpoint was within the specification
for Jet-A. These preliminary fuel screening results were
promising and suggest that HID can be blended with Jet-A
in high concentrations while imparting enhanced energy
density (gravimetric NHOC) and lower viscosity. Although not
studied in the current work, HID blends with other synthetic
paraffinic kerosenes (SPKs) could be prepared to generate full-
performance SAFs with broader distillation profiles.

9

8
a7 ——HID
& ——DMCO
E6 —— p-menthane
E 5 Jet-A
Z
.3 4
2
S 3

2

1

-40 -30 -20 -10 0 10 20

Temperature (°C)

Fig. 3 Kinematic viscosities of HID, DMCO, p-menthane and Jet-A.

© 2022 The Author(s). Published by the Royal Society of Chemistry

In addition to comparisons to conventional jet fuel, the
similarities between the properties of the HID mixture and
petroleum-derived rocket propellant (RP-1) are striking
(Table 1). Both fuels have the same density, gravimetric NHOC,
and similar H/C ratios (~2). This suggests the potential to
use HID as a sustainable surrogate for kerosene-based
rocket fuels.

Conclusions

Isoprene is a versatile platform chemical that can be readily
converted to jet fuel blendstocks with outstanding properties
including, high energy density and low viscosity. In the current
work, thermal dimerization of isoprene was shown to be a
viable pathway for the generation of a high-performance jet fuel
blendstock. Catalyst-free cyclodimerization holds great promise
for the low-cost, high-throughput production of cyclic mono-
terpenes. Interestingly, this approach affords both cyclohex-
enes as well as dimethyleyclooctadienes. The formation of
dimethylcyclooctadienes via [4+4]-cycloaddition in the absence
of a conventional transition metal catalyst is surprising and
warrants further study. Hydrogenation of the terpene mixture
can be accomplished with both precious and first-row transi-
tion metals and the process tailored to generate significant
amounts of p- and m-cymene, if desired.

Large-scale production of jet fuels from biosynthetic iso-
prene will require significant fermentation advances including
increased titers, more efficient direction of carbon flux toward
isoprene, and the utilization of crude biomass sources (ligno-
cellulosic) as feedstocks. Alternative approaches may include
derivation of isoprene and related dienes from cyclic ethers
generated through valorization of biomass. If efficient large-
scale production of biosynthetic isoprene can be realized,
hydrogenated isoprene dimers may become a key component
in SAF blends used to power commercial and military jet
aircraft in the coming years.
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