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ABSTRACT: An efficient elevated-pressure catalytic oxidative
process (2.5 mol % Co(NOs),, 2.5 mol % MnBr,, air (30 bar),
125 °C, acetic acid, 6 h) has been developed to oxidize p-cymene
into crystalline white terephthalic acid (TA) in ~70% yield. Use of
this mixed Co®"/Mn?" catalytic system is key to obtaining high 70%
yields of TA at relatively low reaction temperatures (125 °C) in
short reaction times (6 h), which is likely to be due to the // oy cymen

synergistic action of bromine and nitrate radicals in the oxidative @
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process. Recycling studies have demonstrated that the mixed metal
catalysts present in recovered mother liquors could be recycled
three times in successive p-cymene oxidation reactions with no loss Rlzuci
in catalytic activity or TA yield. Partial oxidation of p-cymene to

give p-methylacetophenone (p-MA) in 55—60% yield can be achieved using a mixed CoBr,/Mn(OAc), catalytic system under 1 atm
air for 24 h, while use of Co(NO;),/MnBr, under 1 atm O, for 24 h gave p-toluic acid in S55—60% yield. Therefore, access to these
simple catalytic aerobic conditions enables multiple biorenewable bulk terpene feedstocks (e.g., crude sulfate turpentine, turpentine,
cineole, and limonene) to be converted into synthetically useful bio-p-MA, bio-p-toluic acid, and bio-TA (and hence bio-
polyethylene terephthalate) as part of a terpene based biorefinery.
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Bl INTRODUCTION flavors/fragrances (e.g, camphor, menthol), vitamins (e.g.,
vitamins E and D), and antioxidants (e.g., f-carotene).” These

Biorefineries are predicted to play an increasingly important . : )
transformations can potentially be used as the basis of a

role in the sustainable transformation of biomass into the

diverse range of chemical products and fuels that are currently terpene-based biorefinery, so the development of scalable
sourced from petrochemicals.' ™ The forestry industry has processes to produce additional biorenewable products from
pioneered use of the biorefinery concept for more than 150 bulk monoterpene feedstocks is highly desirable."”” We have
years, with the Kraft paper making process used to transform recently reported an optimal acid catalyzed ring opening
wood chips into paper generating significant amounts of other process (6 M H,SO,, 90 °C, 2—4 h) to convert the major
sustainable product streams, including Kraft lignin, crude tall bicyclic monoterpene components (a-pinene, -pinene, and 3-
oil, and crude sulfate turpentine (CST).” CST is a useful carene) present in the bulk monoterpene feedstocks CST,
biorenewable monoterpene feedstock that is comprised of a turpentine, and eucalyptus oil (cineole) into thermodynamic
sulfurous mixture of the bicyclic monoterpenes a-pinene, /- mixtures of p-menthadienes (a-terpinene, y-terpinene, and
pinene, and 3-carene, as well as smaller amounts of camphene isoterpinolene) (p-MeDs) (Figure 1).* Importantly, significant

and other monocyclic terpenes (e.g., limonene and terpino-
lene). CST production from the paper pulping industry
accounts for around two-thirds of global turpentine supplies
(~260000 t year™'), with the remainder produced as gum
turpentine (GT) through distillation of oleoresin harvested
from living trees.’” Current commercial uses of turpentine
include its use as a biofuel for power generation, its conversion
into solvents and cleaning products (e.g., a-terpineol,
camphene), and its fractional distillation into individual
monoterpene components that are then used to produce

quantities of other biorenewable p-MeD feedstocks are also
available as byproducts of acid catalyzed hydrolysis processes
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Figure 1. Terpene biorefinery model showing conversion of CST,
GT, limonene, and 1,8-cineole into p-MeD mixtures that are then
valorized into biorenewable chemical products.®

used to convert turpentine into a-terpineol and camphene,
while ~30 000 t of limonene (a p-MeD) is available as a waste
product from fruit peel generated by the citrus industry.”” ">
The synthetic utility of these p-MeD mixtures as biorenewable
substrates in ozonolysis, Diels—Alder reactions, and hydro-
genation reactions”'* has been demonstrated to produce
biorenewable intermediates that are useful for the production
of fragrance precursors, antioxidants, drug precursors, biofuels,
solvents, and biopolymers (Figure 1).%">~"

A potential advantage of using monoterpene-based feed-
stocks for biorenewable chemical synthesis is the ability to
convert their preexisting p-menthene ring systems into the
wide range of aromatic products that are currently sourced
from petroleum feedstocks.”***' Therefore, a key trans-
formation developed during this valorization study was the
oxidative isomerization of p-MeD mixtures into synthetically
useful bio-p-cymene in 65—75% yields (Figure 1)."* This
isoaromatization process could be achieved in batch reactions
using $ mol % Me,S, 1 equiv of p-cymene, O,, and 100 °C,*"*
or in flow reactions using 1 equiv of ‘BuOOH, 2 equiv of p-
cymene, O,, and 138 °C.** p-Cymene is a useful aromatic
intermediate that is produced industrially on a kilotonne scale
through Friedel—Crafts alkylation of petrochemically sourced
toluene, with mixtures of cymene regioisomers then separated
using the energy intensive Cymex process.23 Major commercial
uses of p-cymene include its use for the production of tonalide
(synthetic musk) and other fragrances, for the synthesis of p-
cresol (antioxidant precursor), and as a green solvent for
cleaning applications (Figure 2).”'* Therefore, the availability
of facile catalytic routes from multiple terpene feedstocks to
bio-p-cymene would provide convenient pathways to a series
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Figure 2. Use of p-cymene as a solvent and as a synthetic intermediate
for chemical production.'*

of commercially important products that are currently sourced
from nonrenewable petrochemical sources.

Another potentially attractive commercial application for
bio-p-cymene is its use as a drop-in bioreplacement for
petroleum derived p-xylene that is currently used to produce
the bulk commodity chemical terephthalic acid (TA).”* The
industrial Amoco process used to transform p-xylene into TA
involves use of a mixed Co(OAc),/Mn(OAc), catalyst and a
bromide promoter (commonly referred to as the “Mid-Century
Catalyst”) in acetic acid under 15—30 bar air at temperatures
between 175 and 225 °C.* Purification of crude TA by Pd/C
catalyzed, high pressure, aqueous phase hydrogenolysis is then
used to remove the undesirable impurity 4-carboxybenzalde-
hyde (4-CBA) to afford “polymer-grade” purified terephthalic
acid (PTA) that is then condensed with ethylene glycol to
afford polyethylene terephthalate (PET).”> Global consump-
tion of PTA was estimated to be >65 million tons in 2018, with
this figure predicted to grow by around 6% annually for the
foreseeable future.”**° Most of the PTA produced is
condensed with ethylene glycol to prepare PET as a bulk
polymer for the production of synthetic fibers (e.g., for fabrics)
and clear plastic packaging (e.g, for water/soda bottles).”*
However, smaller amounts of PTA are also used for production
of lower volume, high-value products, including high-perform-
ance polymers (e.g,, Kevlar), metal—organic frameworks (e.g.,
for gas storage), and various drug molecules (e.g, tamibar-
otene).”” ! Therefore, development of a variant of the Amoco
process that could be used to catalytically convert bio-p-
cymene into bio-PTA would increase the availability of
biorenewable chemicals/polymers from bulk terpene feed-
stocks (Figure 3).

Consequently, this study now describes our investigations
into developing an industrially compatible variant of the Co**/
Mn** catalyzed Amoco process that can be used to oxidize the
isopropyl and methyl side chains of bio-p-cymene into bio-TA
in good yield. The elevated-pressure aerobic process that we
have identified employs a cheap mixed Co(NO;),/MnBr,
catalyst system (both < $0.20/g) to convert bio-p-cymene
into highly crystalline bio-TA (30 bar air, acetic acid, 125 °C, 6
h) in ~70% yields. The catalytic metal salts present in the
mother liquors of spent p-cymene oxidation reactions can be
recycled in serial bio-p-cymene oxidation reactions with no
noticeable losses in catalytic activity or TA yield between each
run. Furthermore, carrying out catalytic oxidation reactions of
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Figure 3. Industrial Amoco process used to convert p-xylene into
PTA, which is useful as a bulk chemical feedstock for chemical and
polymer production.”®

p-cymene under milder oxidative conditions using mixed
Co(OAc),/MnBr, (1 atm air, 120 °C, 24 h) or Co(NO;),/
MnBr, (1 atm O,, 120 °C, 24 h) catalytic systems can be used
to selectively produce p-methylacetophenone (p-MA) or p-
toluic acid as major products in 55—65% yields, respectively.
Therefore, these new catalytic aerobic processes significantly
broaden the range of biorenewable aromatic products that can
be produced from bio-p-cymene within a terpene based
biorefinery.

B RESULTS AND DISCUSSION

With viable routes to transform biorenewable bulk terpene
feedstocks into bio-p-cymene established, we wanted to
identify optimal catalytic aerobic conditions to convert it
into bio-TA (and hence bio-PET).”” Ideally, we aimed to
identify conditions that were compatible with industrial
Amoco processes [e.g, 1 mol % Co(OAc),/Mn(OAc),, 1
mol % bromide additives (e.g,, HBr, NH,Br, NaBr), 15—30 bar
air at 175—-225 °C in AcOH)] that are used to oxidize
petrochemically derived p-xylene into PTA in 95—99% yields
on a megaton scale.”> This would allow bio-p-cymene to be
used as a direct “drop-in” biorenewable replacement for p-
xylene in industrial processes used to prepare PTA on a tonne
scale in large chemical plants.”* These p-xylene oxidation
plants would invariably require some modifications to enable
bio-p-cymene to be used as a feedstock. However, use of
similar catalyst/solvent systems should ensure good compat-
ibility with existing reactors. The benefits of using the Amoco
process to transform p-xylene into PTA are well-established,
including reduced metal catalyst loadings, use of bromide
salts/additives to generate bromine radical species that initiate
efficient benzylic hydrogen atom abstraction reactions,”
synergistic action of Co/Mn cocatalysts to regenerate bromine
radicals, and minimization of competing reaction pathways that
can lead to byproducts and oxidative degradation of acetic acid
solvent.”> However, the presence of the isopropyl group of p-
cymene also has the potential to cause problems in Amoco-
type processes, with competing oxidative processes potentially
affording phenolic byproducts that can inhibit oxidative radical
processes, formation of brominated aryl byproducts that
undergo hydrodebromination during the TA purification
process, and the detrimental effects of acetaldehyde/formic
acid cleavage products on oxidative radical processes.”’
However, development of controllable catalytic aerobic
conditions that would allow selective oxidation of the isopropyl
group of bio-p-cymene had the advantage of potentially
affording bio-p-MA and bio-p-toluic acid as alternative
biorenewable products.

A review of the literature revealed two promising patents
describing Amoco-like conditions that employed mixed Co/

Table 1. Optimization of Atmospheric-Pressure Conditions Used for Co(II)/Mn(II) Catalyzed Oxidation of p-Cymene into p-

MA, p-Toluic Acid, and Terephthalic Acid

Co/Mn/Additive
O, (1 bar),
Acetic acid (0.4 M),
Temp (°C),
Time (h)
tem time Co source Mn source
entry (°C§ (h) (2.5 mol %) (2.5 mol %)
1 120 48 Co(OAc), Mn(OAc),
2 120 48 Co(OAc), Mn(OAc),
3¢ 120 24 CoBr, Mn(OAc),
4 120 24 Co(NO;), Mn(NO;),
S 120 24 CoBr, Mn(NO,),
6 120 24 Co(NO;), MnBr,
7 100 24 Co(NO,), MnBr,
8 100 48 Co(NO;), MnBr,

“Reaction carried out in air.

HO._O
HO™ "0 HO™ o
TA

+
o
MA p-Toluic acid

additive yield of p-MA yield of p-toluic acid yield of TA
(mol %) (%) ) %)

- 20 2 0

NaBr (5%) ) 3 0

- 60 10 0

- 12 27 0

- 26 48 2

- 17 56 7

- 16 54 12

- 9 20 49
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Mn catalytic systems in the presence of bromide additives for
the elevated-pressure aerobic oxidation of p-cymene into TA.
The first report described that treatment of p-cymene with a
mixed 0.5% Co(OAc),/0.25% Mn(OAc), catalytic system in
the presence of 0.5% NaBr in propionic acid under 1 bar O, at
130 °C for 30 h gave TA in 67% yield.”* Alternatively, the
second report described that use of a mixed Co(OAc),/
Mn(OAc), catalytic system in the presence of 0.5% LiBr
additive in acetic acid under 15 bar air at 180 °C for S h gave
TA in 65% yield.”** Therefore, we used these promising
mixed metal catalyst/bromide additive conditions to guide our
initial choice of conditions directed toward identifying optimal
Amoco-like conditions for the catalytic aerobic conversion of
bio-p-cymene into bio-p-MA, biotoluic acid, and bio-TA,
respectively.

Catalytic Atmospheric-Pressure Aerobic Oxidation of
p-Cymene into p-MA and p-Toluic Acid. Initial studies
commenced with an investigation into developing mild
catalytic aerobic conditions to transform bio-p-cymene into
bio-p-MA in good yield. Treatment of p-cymene with
Co(OAc), (2.5 mol %)/Mn(OAc), (2.5 mol %) in acetic
acid at 120 °C under 1 atm O, for 48 h gave p-MA as the
major product in 20% yield (Table 1, entry 1). Inclusion of
NaBr (5 mol %) as an additive in this catalytic aerobic reaction
resulted in an increase in p-MA yield from 20 to 42% (Table 1,
entry 2), consistent with the ability of bromine radical species
to promote benzylic hydrogen abstraction processes.”> Amoco
processes used to transform p-xylene into PTA are normally
carried out in the presence of bromide additives;>® however,
we reasoned that bromine radical species could also be
generated through the use of a metal bromide catalyst.
Consequently, p-cymene was refluxed with CoBr, (2.5 mol
%)/Mn(OAc), (2.5 mol %) in acetic acid at 120 °C in air for
24 h, which gave p-MA as a major product in 55—60% yield, as
well as small amounts of recovered p-cymene (~5%) and p-
toluic acid (10%) (Table 1, entry 3). Fractional distillation of
the crude reaction product (bp values: p-cymene = 177 °C; p-
MA = 226 °C; p-toluic acid = 274 °C) obtained from this
catalytic aerobic reaction enabled pure p-MA to be
reproducibly isolated in 55—65% yields.

Our attention then turned to identifying catalytic aerobic
conditions to oxidize p-cymene into p-toluic acid under more
forcing oxidative conditions. A review of the literature revealed
that metal nitrate salts had been reported to be more effective
than their corresponding acetate salts in mixed metal catalytic
systems used to oxidize acetophenones into their correspond-
ing benzoic acids.’® This was consistent with previous reports
that highly oxidizing nitrate radicals are efficient at abstracting
tertiary benzylic hydrogen atoms in other catalytic benzylic
oxidation reactions.”’~*° Consequently, we decided to
incorporate a nitrate counterion into the mixed metal catalyst
system used to oxidize p-cymene, with the hope that any
nitrate radicals produced would serve to generate higher yields
of p-toluic acid. Use of a mixed Co(NO;),/Mn(NOs,), catalyst
at 120 °C for 24 h was successful in producing a greater 27%
yield of p-toluic acid, along with a 12% yield of p-MA (Table 1,
entry 4). It had previously been reported that mixtures of
cobalt bromide/manganese nitrate salts in acetic acid produced
bromine radicals in situ,*' so we decided to trial use of a mixed
metal nitrate/metal bromide catalytic system to see whether
improved yields of p-toluic acid would be obtained, with use of
a mixed CoBr,/Mn(NO;), catalytic system at 120 °C leading
to p-toluic acid in an increased 48% yield (Table 1, entry S).

8645

Switching the bromide and nitrate counterions of the metal
catalysts resulted in a mixed Co(NO;),/MnBr, catalyst at 120
°C producing p-toluic acid in an even better 56% yield (Table
1, entry 6). Repeating the catalytic aerobic reaction using a
mixed Co(NO;),/MnBr, catalyst at a slightly lower temper-
ature of 100 °C for 24 h produced p-toluic acid in 54% yield,
with a 12% yield of fully oxidized TA being observed for the
first time (Table 1, entry 7). We propose that the increased
solubility of O, in acetic acid at 100 °C may be responsible for
the combined 66% yield of p-toluic acid (54%) and TA (12%)
being greater than the 56 and 7% yields of p-toluic acid and TA
produced under otherwise identical conditions at 120 °C.
Alternatively, oxidation of p-cymene at higher temperatures
could potentially lead to substrate/solvent degradation.”” A
brief optimization study identified that treatment of p-cymene
with a Co(NO;), (2.5 mol %)/MnBr, (2.5 mol %) catalytic
system in acetic acid under 1 atm O, at 120 °C for 24 h gave p-
toluic acid in 55—60% yield, along with minor amounts of p-
MA (~20%) and TA (<5%). The crude product was easily
purified through flash distillation of the acetic acid solvent,
base extraction (NaHCOs,,)), acidification (6 M H,SO,),
extraction with EtOAc, and solvent removal to afford p-toluic
acid in 60% yield.

Finally, running the Co(NO;),/MnBr, catalyzed reaction at
100 °C for 48 h was found to produce TA as the major
product in a promising 49% yield, along with a 20% yield of p-
toluic acid and a 9% yield of p-MA (Table 1, entry 8), with the
white crystalline TA produced easily isolated by filtering the
crude reaction mixture at room temperature. These atmos-
pheric-pressure oxidation conditions for the production of TA
from p-cymene are notably milder (100 °C, 1 bar O,) than
those previously reported.”® This is likely to be due to use of a
mixed Co(NO;),/MnBr, catalytic system that can generate
mixtures of highly oxidizing nitrate and bromine radicals that
can act synergistically to carry out more efficient benzylic
hydrogen abstraction reactions.

"H NMR spectroscopic analysis of the mother liquor of a
catalytic oxidation reaction of p-cymene (Co(NOs;), (2.5 mol
%)/MnBr, (2.5 mol %), AcOH, 1 atm O,, 100 °C) over time
revealed that 95% of the p-cymene was consumed after the first
24 h (Figure 4), with essentially no TA produced during this
period (either in solution or as a precipitate). The fact that
~4% p-cymene was still present after 30 h indicates that initial
oxidation of the benzylic position of the isopropyl group is a
relatively slow process. The concentration of p-MA increased
to around 10—15% after ~1 h, remaining relatively constant at
this level for the remaining 29 h, thus indicating that it is
formed as quickly as it is consumed during this period.
Subjecting p-MA to the standard oxidative conditions resulted
in its clean conversion to TA after 24 h in 99% yield, thus
providing further evidence that the initial initiation oxidation
step from p-cymene to p-MA is rate determining. The
concentration of p-toluic acid increased steadily to around
30% after 24 h (no TA formed), indicating that oxidation of its
methyl group is relatively slow under these conditions, with
si%niﬁcant amounts of crystalline TA only appearing after 24
h.*>* Increasing reaction times beyond 48 h did not improve
the overall yield of TA (49%), suggesting that competent free
radical oxidation pathways responsible for oxidizing p-MA
(~10% byproduct) to TA are no longer operating after this
time. Formation of volatile methyl bromide may lead to loss of
bromide promoter through evaporation over extended reaction
times, while buildup of significant amounts of water may also

https://doi.org/10.1021/acssuschemeng.1c02605
ACS Sustainable Chem. Eng. 2021, 9, 8642—8652


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02605?rel=cite-as&ref=PDF&jav=VoR

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

100%
—4&— p-cymene
90% p-methylacetophenone
p-toluic acid
80% )
—e— p-isopropylbenzaldehyde
70% p-isopropylbenzoic acid
S 60%
=
‘@
8_ 50%
€
8 40%
30%
20% \
10% \\E
0% (/,v—\/_f > >—e = =
0 5 10 20 25 30

15
Time/ hours

Figure 4. Reaction profile of the catalytic oxidation reaction of p-
cymene to TA over time. Reaction conditions: p-cymene (1 equiv),
Co(NO;), (2.5 mol %)/MnBr, (2.5 mol %), AcOH (40 equiv), 1 atm
0,, 100 °C.

deactivate the catalyst system.”> Only a small amount (<3%) of
p-isopropylbenzaldehyde was present during the first 24 h of
the reaction, indicating that oxidation of the isopropyl group of
p-cymene is preferred over its methyl group, which is
consistent with the relative stabilities of the tertiary and
primary radicals produced in their corresponding benzylic
oxidation reactions.**

The flux of the different partially oxidized intermediates
generated in the catalytic aerobic oxidation reaction of p-
cymene over time is consistent with two oxidative pathways

operating to produce TA (Figure S). The major pathway
involves initial slow oxidation of the benzylic position of the
isopropyl group to afford p-cymene hydroperoxide, whose
weak peroxy bond is then cleaved to afford 8-hydroxycymene
(not observed) that then undergoes a formal dehydration
reaction to produce p,a-dimethylstyrene (not observed).
Further oxidation of the alkene bond of p,a-dimethylstyrene
then produces the ketone group of p-MA (with loss of a
formaldehyde equivalent), with further oxidation then
occurring to produce p-toluic acid (with loss of a second
formaldehyde equivalent). The methyl group of p-toluic acid
then undergoes slow oxidation to afford the second carboxylic
acid group of TA (via p-formylbenzoic acid), as occurs in
Amoco oxidation reactions of p-xylene.”” The second minor
oxidation pathway occurs through competing benzylic
oxidation of the methyl group of p-cymene to afford p-
isopropylbenzaldehyde (observed in the 'H NMR spectrum),
which is then further oxidized to p-isopropylbenzoic acid
(observed in the "H NMR spectrum) whose isopropyl group is
then converted into TA via a series of benzylic oxidation
reactions similar to those that occur in the major pathway.
Catalytic Elevated-Pressure Aerobic Oxidation of p-
Cymene to TA. Our attention then turned toward developing
a catalytic elevated-pressure aerobic process for oxidizing p-
cymene into TA in better yield. Elevated-pressure oxidation
reactions of p-cymene were carried out using a semibatch glass-
lined stainless steel autoclave with the capacity to flow an
oxidizing gas through a pressurized solution of p-cymene in
acetic acid at atmospheres up to 36.5 bar pressure of air (or
10% O, in N,) (see Figures SI and S2 for details). The gas
inlet tube supplying the pressure reactor with oxygen was fitted
with a gas-porous PTFE membrane to prevent it from
becoming blocked with the highly crystalline TA product
that precipitates from solution over the course of the p-cymene
oxidation reaction (see the Supporting Information for
details). Elevated-pressure oxidation reactions of p-cymene
were carried out with a mixed 2.5 mol % Co(NO,),/MnBr,

Observed in
"H NMR spectrum
A
I — . N
E} E } E 3 ol Ho Yo 0+ OH
0. OH eneet R ’
OH
p-cymene 8-hydroxy- p,a-dimethyl p-MA p-toluic acid
— hydroperoxide p-cymene styrene —
H0° HO™ Y0
p-cymene TA

EO\OH ; ;

p-isopropylbenzaldehyde

Observed in

"H NMR spectrum

_0__0 -
HO i H

p-isopropylbenzoic acid
Observed in
"H NMR spectrum

Figure S. Major (top) and minor (bottom) oxidation pathways that occur in the catalytic aerobic oxidation of p-cymene into TA.
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catalyst system in acetic acid under 30 bar air or 10% O, in N,
at different temperatures. A significant increase in the rate of
consumption of p-cymene was observed as the temperature
was raised from 100 to 200 °C, with step changes in reactivity
observed between 100 and 125 °C, between 125 and 150 °C,
and between 150 and 200 °C, respectively (see Figure 6). For

100%
90%
80%
70%
—e—200°C
S 60%
@ 175 °C
g 50%
2 —e—150°C
S 40%
—e—125°C
30%
’ —e—100°C
20%
10%
0%
0 20 40 60
Time/ min

Figure 6. Rates of consumption of p-cymene using 2.5 mol %
Co(NO;), and 2.5 mol % MnBr, in acetic acid under 30 bar air at
different temperatures between 100 and 200 °C.

example, it took 1 h for 85% of the p-cymene to be consumed
at 125 °C, >90% of the p-cymene was consumed after 45 min
at 150 °C, and >98% of the p-cymene was consumed after 15
min at 175 °C.

Analysis of the products present in the elevated-pressure p-
cymene oxidation reactions using 30 bar air (or 10% O, in N,)
at 100 °C revealed that no TA was present after 6 h (Table 2,

Table 2. Optimization of the Elevated-Pressure Oxidation
Reaction of p-Cymene to TA

30 bar air or 10% O in N, O~__OH
2.5 mol% Co(NO3),,
2.5 mol% MnBrj,
40 eq. acetic acid,
Temp, 6 h
HO™ ~O
entry oxidizing gas T (°C) isolated yield (%)
1 air or 10% O, in N, 100 0
2 10% O, in N, 150 62
3 air 150 70
4 air 175 68
S air 200 68
6 air 125 70

entry 1); however, use of 30 bar 10% O, in N, at 150 °C
produced a 62% yield of TA after 6 h (Table 2, entry 2). As
expected for a reaction where oxygen mass transfer is rate
limiting, switching to use of 30 bar air at 150 °C (higher O,
partial pressure, greater concentration of dissolved O,) gave
further improvement, producing a better 70% yield of
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crystalline TA at 150 °C after 6 h (Table 2, entry 3).
Elevated-pressure aerobic reactions of p-cymene using 30 bar
air at 175 and 200 °C also produced similar 68—70% yields of
TA (Table 2, entries 4 and S). However, use of temperatures
of >150 °C in these elevated-pressure aerobic reactions (Table
2, entries 3—5) produced light yellow crystalline TA products,
with formation of colored TA in Amoco reactions of p-xylene
known to be associated with the presence of dimeric
byproducts (e.g, 2,6-dicarboxyanthraquinone and 2,6-dicar-
boxyfluorenone),” partially oxidized intermediates (e.g., 4-
formylbenzoic acid), or brominated byproducts (e.g., benzylic
bromides).** Formation of yellow TA is problematic due to
transparent colorless PET polymer generally being required for
commercial applications; however, PTA purification processes
normally convert these yellow impurities into colorless
products. Consequently, optimal conditions were established
based on treatment of p-cymene with 2.5 mol % Co(NO;),/
2.5 mol % MnBr, in acetic acid (40 equiv) under 30 bar air at
125 °C for 6 h (cf. 175—225 °C for 2—24 h in industrial
Amoco processes of p-xylene), which reproducibly gave white
crystalline TA in ~70% vyield (Table 2, entry 6). The TA
product produced in this process could be isolated from the
reactor by simply releasing the reactor pressure, cooling the
mother liquor to room temperature, and then filtering off the
highly crystalline TA (see Figure 7) from the mother liquor.

Figure 7. White crystalline TA obtained from filtration of an
untreated crude reaction product produced in an optimal elevated-
pressure p-cymene oxidation reaction at 125 °C.

We next explored the possibility of increasing the efliciency
and economic viability of this elevated-pressure oxidative
process from p-cymene to TA by investigating whether we
could recycle the metal catalysts, partially oxidized aromatic
intermediates, and acetic acid (solvent) present in the mother
liquor. "H NMR spectroscopic analysis of the filtered mother
liquor obtained from an optimal elevated-pressure p-cymene
oxidation reaction (2.5 mol % Co(NOj;),/2.5 mol % MnBr, in
acetic acid, 30 bar air, 125 °C, 70% yield of TA) revealed that
it contained useful quantities of p-MA (~5%) and p-toluic acid
(~10%). Fresh p-cymene (1 equiv) was added to the mother
liquor filtrate, and a small amount of acetic acid (<10%) was
added to replenish the solvent volume (no new metal catalysts
added). This reaction mixture was then used to carry out a new
p-cymene oxidation reaction at 125 °C under 30 bar air to
produce a second batch of crystalline TA in 63% yield after 6 h.
The resultant mother liquor filtrate obtained from this second
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oxidation reaction was then recycled two further times to
transform fresh p-cymene into third and fourth batches of TA
in 65 and 78% yields, respectively (Figure 8), with no

78
| | | I
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100
90
80
70
60
50
40
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0
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Figure 8. Yields of white crystalline TA (63—78%) obtained from
recycling mother liquors in consecutive p-cymene oxidation reactions
under optimal elevated-pressure aerobic conditions.

noticeable change in the quality of the TA product produced
after each run. The increase in yields in later recycling
experiments can be explained due to the presence of a greater
concentration of the intermediates p-MA and p-toluic acid in
the mother liquors of initial runs. Therefore, these recycling
results demonstrate that the catalytic metal complex species
present in the untreated mother liquors can be used at least
four times with no significant losses in catalyst activity, which
significantly enhances the economic/environmental credentials
of this catalytic aerobic process.

For comparative purposes, our elevated-pressure exper-
imental rig was then used to oxidize p-xylene using 2.5 mol %
Co(NO;),/2.5 mol % MnBr, in acetic acid (40 equiv) at 200
°C under 30 bar air, which gave an 85% yield of white
crystalline TA after 6 h. The conditions used to produce 90—
95% yields of TA in optimal industrial elevated-pressure
Amoco processes of p-xylene have been optimized over many
years. Consequently, we anticipate that the ~70% yields of TA
produced from p-cymene in this pilot study could potentially
be improved further in a modified and fully optimized
industrial process. The optimal catalytic elevated-pressure
aerobic conditions used to convert terpene derived bio-p-
cymene into bio-TA in ~70% yields compares favorably with
other single-step catalytic aerobic routes that have been
reported previously, with previous processes generally lower
yielding, employing higher catalyst loadings, and/or requiring
higher temperatures to proceed (see Table 3). 343946751

Use of Bio-p-MA, Bio-p-toluic Acid, and Bio-PTA in a
Terpene Biorefinery. Successful economic production of
biorenewable chemicals in a terpene biorefinery requires access
to a range of reaction pathways that can be used to transform
multiple biorenewable terpene feedstocks into different value-
added product streams. Petroleum derived p-MA, p-toluic acid,
and PTA are widely used as chemical intermediates for the
industrial synthesis of a wide range of commercially available
products (e.g., perfumes, drugs, inks, polymers, solar cells,
antioxidants, and MOFs).>> ">’ Therefore, use of scalable
catalytic aerobic transformations to convert terpene derived
bio-p-cymene into bio-p-MA, bio-p-toluic acid, and bio-PTA is
particularly useful for increasing the range of aromatic
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Table 3. Single-Step Catalytic Aerobic Oxidation
Conditions Used to Transform p-Cymene into TA

O
Catalytic Aerobic Oxidation OH
HO
O
yield
catalyst conditions (%) ref
Mn/Fe/O mixed metal 140 °C, 20 bar O,, 24 h S1 46
oxide (6 wt %)
V,0; (1%) 200 °C, 0.2 bar air, 1 h, flow 40 47
reactor
Co/Mn mixed metal 140 °C, 20 bar O,, 6 h 12 48
oxide (6 wt %)
Fe,05 (7%) NaOH (3 equiv), H,O, 62 49
sodium stearate
(4%), 20 bar air, 160 °C
MnBr, (1%) acetic acid, §5-70 S0
180 °C, 24 bar air, 2 h
Mn(OAc), (0.95%), acetic acid, 180 °C, 18 bar air, 59 S1
NH,Br (0.75%) 2h
Co(OAc), (0.5%), propionic acid, 67 34
Mn(OAc), (0.25%) 130 °C, 1 bar O,, 30 h
NaBr (0.5%)
Co(OAc), (0.25%), acetic acid, 65 3

Mn(OAc), (0.28%),
LiBr (0.5%)

180 °C, 15 bar air, S h

bioproducts that can be produced in a terpene biorefinery
(Figure 9).

Polymerization of terpene derived bio-PTA with biorenew-
able ethylene glycol (already produced from lignocellulose
biomass”") would enable access to fully biorenewable PET for
the production of synthetic fibers (e.g, for clothing) and clear
plastic packaging (e.g, to produce water/soda bottles). The
global annual demand for PTA (produced from petrochemi-
cally derived p-xylene) for PET production is >65 million
t,>**° which dwarfs the ~400000 t annual commercial
volumes of biorenewable terpene feedstocks (CST ~
260000 t year™'; GT ~ 100000 t year™'; limonene ~30 000
t year™'; 1,8-cineole ~7000 t year™').>* Therefore, any bio-
PTA produced by a terpene biorefinery for bio-PET
production is likely to be used for the production of premium
“green” products (e.g, fabrics for high-end fashion items,
plastic containers for designer cosmetics), with any additional
cost associated with bio-PET use offset by the ability of
companies to market a fully biorenewable product. Looking to
the future, introduction of environmental legislation (e.g., from
the European Union) is likely to drive the transition from
nonsustainable plastics to the use of fully biorenewable
polymers, which should increase the future cost competitive-
ness of bio-PET.”® Biotechnological developments have
recently shown that recombinant microorganisms and cell-
free biocatalytic systems can be used to ferment cheap
abundant lignocellulosic biomass into monoterpene products,
which could potentially be useful for increasing future terpene
feedstock volumes.’” %> This would enable large scale,
geographically flexible terpene based biorefineries to be
established to meet large scale demand for bio-PTA (and
hence bio-PET) production in countries that do not have
access to large arboreal resources. Bio-PTA is also potentially
useful for the synthesis of a wide range of other higher value,
lower volume products (see Figure 3), thus providing
alternative biorenewable product streams to underpin the
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Figure 9. Range of biorenewable products available from bio-p-MA and bio-p-toluic acid.
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economics of bio-PTA production in a terpene biorefinery.
The elevated-pressure catalytic aerobic protocols described
herein complete the three-step route required to convert the
bulk terpene feedstocks CST, GT and 1,8-cineole into bio-TA
in 35—-45% overall yields and a two-step route to convert
limonene into bio-TA in 42% yield (see Figure 1 and Table 2).
The overall yields of bio-TA produced in these monoterpene
based routes compare favorably with and complement other
pathways that have been developed to transform other types of
biomass into bio-TA (see Figures S3 and S4 for details),
although some of the lignocellulose based feedstocks used in
these studies are potentially more abundant (and hence

cheaper) than the monoterpene based feedstocks used in this
study. 2567

B CONCLUSIONS

This study describes the development of a series of catalytic
aerobic oxidation reactions of terpene derived bio-p-cymene
that can be used to produce a series of oxygenated aromatics
for the production of a range of biorenewable commercial
products that are currently sourced from petrochemical
precursors. These transformations are variants of well-
established Amoco oxidative processes that are currently
used to convert petrochemically derived p-xylene into PTA
on a megaton scale. Use of a mixed CoBr,/Mn(OAc), catalytic
system at 120 °C for 24 h enables partial oxidation of the
isopropyl unit of p-cymene to produce p-MA in 55—60% yield.
Alternatively, use of Co(NOj3),/MnBr, under 1 atm O, at 100
°C for 24 h affords p-toluic acid in 55—60% yield, with
bromine and nitrate radicals proposed to act synergistically to
carry out efficient benzylic hydrogen abstraction reactions that
generate strong oxidative conditions under milder reaction
conditions. Use of optimal elevated-pressure catalytic oxidative
process (2.5 mol % Co(NO;),, 2.5 mol % MnBr,, air (30 bar),
125 °C, acetic acid, 6 h) results in oxidation of p-cymene into
crystalline white TA that can be isolated through simple
filtration of the mother liquors in ~70% yield. The metal
catalysts present in the mother liquors of these elevated-
pressure reactions could be recycled up to three times with no
loss in catalytic activity or yield of TA (~70%), thus improving
the overall sustainability and economic viability of the process.

8649

Scalable catalytic routes can now be used to convert multiple
biorenewable bulk terpene feedstocks (e.g, crude sulfate
turpentine, gum turpentine, 1,8-cineole, and limonene) into
synthetically useful bio-p-MA, bio-p-toluic acid, and bio-TA
(and hence bio-PET), which significantly diversifies the range
of biorenewable products available in a terpene based

biorefinery.

B EXPERIMENTAL SECTION

General Experimental Details. All reagents were purchased
from commercial suppliers. Bio-p-cymene was prepared in 50—60%
yield from CST using our previously reported two-step process,” with
CST obtained from a Swedish paper mill owned by S6dra Forestry.
All reactions were carried out in air unless otherwise stated. Nuclear
magnetic resonance spectra were recorded with a Bruker Avance 300,
400, or 500 MHz or an Agilent Technologies 500 MHz spectrometer.
All BC spectra were run proton decoupled in CDCly. Chemical shifts
(8) are reported in parts per million (ppm) and are referenced to the
residual solvent peaks. Coupling constants (J) are quoted to the
nearest 0.1 Hz. Abbreviations used in reporting peaks were s, br s, d,
and m, to denote singlet, broad singlet, doublet, and multiplet,
respectively.

p-Methylacetophenone (p-MA). p-Cymene (0.268 g, 2 mmol)
was added to a solution of cobalt(IT) bromide (0.011 g, 0.05 mmol)
and manganese(II) acetate (0.009 g, 0.05 mmol) in glacial acetic acid
(5 mL), and the stirred reaction mixture was heated at reflux for 24 h.
The reaction mixture was cooled to room temperature, and the
solvent was removed in vacuo. Saturated NaHCO; (10 mL) was
added to the crude product, which was then extracted with diethyl
ether (10 mL). The organic extract was dried (MgSO,), and the
solvent was removed in vacuo to afford a crude product that was
purified by fractional distillation (bp 226 °C) to afford the title
compound as a pale-yellow oil (0.155 g, 1.16 mmol, 58%).

'H NMR (500 MHz, CDCl,, 8): 7.86 (d, ] = 7 Hz, 2H, ArH), 7.26
(d, ] = 7 Hz, 2H, ArH), 2.58 (s, 3H, COCH,;), 2.43 (s, 3H, ArCH;,).

13C NMR (125 MHz, CDCl,, §): 198.0, 144.0, 134.9, 129.4, 128.6,
26.7,21.8.%

p-Toluic Acid. p-Cymene (0.268 g, 2 mmol) was added to a
solution of cobalt(II) nitrate hexahydrate (0.015 g, 0.05 mmol) and
manganese(II) bromide (0.011 g, 0.05S mmol) in glacial acetic acid (S
mL). The reaction mixture was heated to reflux with oxygen then
bubbled through the solution for 15 min. The reaction was sealed
under a balloon of oxygen and then stirred at reflux for 24 h. The
reaction mixture was then cooled to room temperature and filtered
before the solvent was removed in vacuo. Saturated NaHCO; (10 mL)
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was then added and extracted with ethyl acetate (10 mL). The
aqueous layer was acidified with 6 M sulfuric acid and then back
extracted with ethyl acetate (10 mL). The organic layer was dried
(MgSO,) and the solvent removed in vacuo to afford the title
compound as a white solid (0.152 g, 1.12 mmol, 56%).

'H NMR (500 MHz, CDCl,, 6): 8.00 (d, J = 7.5 Hz, 2H, ArH),
7.27 (m, J = 7.5 Hz, 2H, ArH), 2.43 (s, 3H, CH,).

‘3(6: NMR (125 MHz, CDCl,, §): 171.1, 144.7, 130.4, 129.4, 126.7,
21.9.%

Terephthalic Acid. Method 1. Atmospheric-Pressure Oxidation
Conditions for Oxidation of p-Cymene into TA. p-Cymene (0.268 g,
2.00 mmol), cobalt(II) nitrate hexahydrate (0.01S g, 0.05 mmol), and
manganese(II) bromide (0.011 g, 0.05 mmol) were dissolved in
glacial acetic acid (S mL). The reaction mixture was heated to 100 °C,
and oxygen was bubbled through the solution for S min. The reaction
was sealed with a balloon of oxygen, and the reaction was stirred at
100 °C for 48 h before it was cooled to room temperature and the
precipitate was filtered off. The resultant solid was washed with acetic
acid to afford the title compound as a white crystalline solid (0.162 g,
0.98 mmol, 49%).

Method 2. Elevated-Pressure Oxidation Conditions for Oxida-
tion of p-Cymene into TA. p-Cymene (2.68 g, 20 mmol), cobalt(1I)
nitrate hexahydrate (0.15 g, 0.50 mmol), and manganese(1I) bromide
(0.11 g, 0.50 mmol) were dissolved in glacial acetic acid (50 mL) and
charged into a glass-lined high-pressure stainless steel reactor (see the
Supporting Information for details). The headspace of the reactor was
pressurized with air to 30 bar, and the reaction was heated to 125 °C.
The sparger inlet fitted with a Teflon membrane was then opened,
and oxidizing gas was bubbled through the reaction at 150 mL/min
under 30 bar for 6 h. The reaction was then cooled to room
temperature, and the pressure was reduced to atmospheric pressure.
The resultant white precipitate was filtered off and washed with acetic
acid before it was dried in air overnight to give the title compound as
a white solid (2.32 g, 14 mmol) in 70% yield.

Method 3. Three-Step Conversion of Scandinavian CST into TA.
Step 1. CST (12.0 mL, 10.44 g, 77 mmol) was stirred at 500 rpm at
90 °C. H,SO, (2.4 mL, 6 m aq) was added in one portion, and the
reaction was stirred at 90 °C for 4 h. Stirring was then stopped, and
the organic and aqueous layers were allowed to cool and separate. The
organic layer containing the desired p-MeDs mixture (a-terpinene, y-
terpinene, isoterpinolene) was then decanted off and used directly in
the next isoaromatization step.

Step 2. p-Cymene (12.0 mL, 10.29 g, 77 mmol) and Me,S (0.28
mL, 0.24 g, 3.8 mmol) were added to the crude sulfurous mixture of
p-MeDs (containing 25% terpene oligomers), and the resultant
mixture was heated to 100 °C. A steady stream of O, was bubbled
through the stirred solution for 2 h. The O, stream was stopped, the
reaction was cooled to room temperature, and the mixture was then
distilled under reduced pressure to afford p-cymene (bp =70 °C at 10
mmHg) as a colorless liquid (15.74 g, 118 mmol) in 53% yield
(allowing for 1 equiv of p-cymene used as solvent).

Step 3. The elevated-pressure procedure described in Method 2
was then used to transform the bio-p-cymene (2.68 g, 20 mmol) from
step 2 into TA, which was obtained as a white solid (2.30 g, 14 mmol)
in 70% yield (37% overall yield from CST).

'"H NMR (500 MHz, DMSO-d,, §): 13.30 (s, 2H, COOH), 8.04 (s,
4H, ArH).

BC NMR (125 MHz, DMSO-d, 8): 166.7, 134.5, 129.5.>

B ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02605.

Diagrams of experimental setups, comparative literature
methods, and NMR spectra of products (PDF)

8650

B AUTHOR INFORMATION

Corresponding Author
Steven D. Bull — Department of Chemistry, University of Bath,
Bath BA2 7AY, UK,; © orcid.org/0000-0001-8244-5123;
Email: s.d.bull@bath.ac.uk

Authors

Joshua D. Tibbetts — Department of Chemistry and Centre for
Sustainable Chemical Technologies, University of Bath, Bath
BA2 7AY, UK,; ® orcid.org/0000-0002-1269-6573

Danilo Russo — Department of Chemical Engineering and
Biotechnology, University of Cambridge, Cambridge CB3
0AS, United Kingdom

Alexei A. Lapkin — Department of Chemical Engineering and
Biotechnology, University of Cambridge, Cambridge CB3
0AS, United Kingdom; © orcid.org/0000-0001-7621-0889

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.1c02605

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to thank EPSRC for funding through the Centre
for Doctoral Training in Sustainable Chemical Technologies
(EP/L016354/1). We thank Sodra Forestry Cooperative for
supplying an authentic industrial sample of CST. This project
was funded in part by EPSRC grants EP/R009902 and EP/
K014889.

B REFERENCES

(1) IEA Bioenergy. Technical, Economic and Environmental Assess-
ment of Biorefinery Concepts; IEA Bioenergy: 2019.

(2) Pandey, A; Héfer, R;; Taherzadeh, M.; Nampoothiri, M. K;
Larroche, C. Industrial Biorefineries and White Biotechnology; Elsevier:
Amsterdam, 2015.

(3) Buisman, G. J. H;; Lange, J. H. M. in Industrial Biorenewables: A
Practical Viewpoint; Dominguez de Maria, P., Ed.; Wiley: 2016; pp
21-62..

(4) Cunningham, W. B.; Tibbetts, J. D.; Hutchby, M.; Maltby, K. A.;
Davidson, M. G.; Hintermair, U.; Plucinski, P.; Bull, S. D. Sustainable
catalytic protocols for the solvent free epoxidation and anti-
dihydroxylation of the alkene bonds of biorenewable terpene
feedstocks using H,O, as oxidant. Green Chem. 2020, 22 (2), 513—
524.

(5) Cuthbertson, J. D.; MacMillan, D. W. C. The direct arylation of
allylic sp(3) C-H bonds via organic and photoredox catalysis. Nature
2015, 519 (7541), 74—77.

(6) Horn, E. J; Rosen, B. R; Chen, Y,; Tang, J. Z; Chen, K;
Eastgate, M. D.; Baran, P. S. Scalable and sustainable electrochemical
allylic C-H oxidation. Nature 2016, 533 (7601), 77—81.

(7) Teh, W. P,; Obenschain, D. C.; Black, B. M.; Michael, F. E.
Catalytic Metal-free Allylic C-H Amination of Terpenoids. . Am.
Chem. Soc. 2020, 142 (39), 16716—16722.

(8) Tibbetts, J. D.; Bull, S. D. Dimethyl sulfide facilitates acid
catalysed ring opening of the bicyclic monoterpenes in crude sulfate
turpentine to afford p-menthadienes in good yield. Green Chem. 2021,
23 (1), 597-610.

(9) Sheffield, D. H. Method for the production of terpineol from
pinene. US 2178349, 1939.

(10) Roman-Aguirre, M.; De la Torre-Saenz, L.; Flores, W. A;
Robau-Sanchez, A.; Elguezabal, A. A. Synthesis of terpineol from
alpha-pinene by homogeneous acid catalysis. Catal. Today 2008,
107—108, 310—314.

https://doi.org/10.1021/acssuschemeng.1c02605
ACS Sustainable Chem. Eng. 2021, 9, 8642—8652


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02605/suppl_file/sc1c02605_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02605?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02605/suppl_file/sc1c02605_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+D.+Bull"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8244-5123
mailto:s.d.bull@bath.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+D.+Tibbetts"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1269-6573
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danilo+Russo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexei+A.+Lapkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7621-0889
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02605?ref=pdf
https://doi.org/10.1039/C9GC03208H
https://doi.org/10.1039/C9GC03208H
https://doi.org/10.1039/C9GC03208H
https://doi.org/10.1039/C9GC03208H
https://doi.org/10.1038/nature14255
https://doi.org/10.1038/nature14255
https://doi.org/10.1038/nature17431
https://doi.org/10.1038/nature17431
https://doi.org/10.1021/jacs.0c06997?ref=pdf
https://doi.org/10.1039/D0GC03452E
https://doi.org/10.1039/D0GC03452E
https://doi.org/10.1039/D0GC03452E
https://doi.org/10.1016/j.cattod.2005.07.061
https://doi.org/10.1016/j.cattod.2005.07.061
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02605?rel=cite-as&ref=PDF&jav=VoR

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

(11) Etsuno, J.; Tanaka, S.; Yamamoto, J. Production of alpha-
terpineol. JP H0927869 2A, 1997.

(12) Severino, A.; Vital, J.; Lobo, L. S. Isomerization of Alpha-
Pinene over TiO2 - Kinetics and Catalyst Optimization. Stud. Surf. Sci.
Catal. 1993, 78, 685—692.

(13) Corma, A; Iborra, S.; Velty, A. Chemical routes for the
transformation of biomass into chemicals. Chem. Rev. 2007, 107 (6),
2411-2502.

(14) Tibbetts, J. D.; Bull, S. D. p-Menthadienes as Biorenewable
Feedstocks for a Monoterpene-Based Biorefinery. Adv. Sustain. Syst.
2021, 2000292.

(15) Liu, L. Z; Liao, J. N.; Duan, W. G.; Lin, G. S.; Lei, F. H.
Synthesis and Biological Activity of N-Aminoethyl-terpinene-
maleimide-based Thiourea Compounds. Lett. Org. Chem. 2015, 12
(4), 283—289.

(16) Yen, Y. P.; Yeh, M. J.; Hsiao, W. F. Synthesis and nematocidal
activity of ascaridole derivatives against Meloidogyne incognita and
Aphelenchoides besseyi. J. Pestic. Sci. 2007, 32 (1), 49—52.

(17) Iwamuro, H.; Ohshio, T.; Matsubara, Y. Studies on Oxidation
of Terpenes with Dipolar Aprotic Solvent - Novel Synthesis of Para-
Methylacetophenone. Nippon Kagaku Kaishi 1978, No. 6, 909—911.

(18) Jensen, S. B.; Rodger, S. J.; Spicer, M. D. Facile preparation of
7(6)-p-cymene ruthenium diphosphine complexes. Crystal structure
of [(17(6)-p-cymene)Ru(dppf) Cl]PF6. J. Organomet. Chem. 1998, S56
(1-2), 151—158.

(19) Wilbon, P. A.; Chu, F. X; Tang, C. B. Progress in Renewable
Polymers from Natural Terpenes, Terpenoids, and Rosin. Macromol.
Rapid Commun. 2013, 34 (1), 8—37.

(20) Golets, M.; Ajaikumar, S.; Mikkola, J. P. Catalytic Upgrading of
Extractives to Chemicals: Monoterpenes to “EXICALS®. Chem. Rev.
2015, 115 (9), 3141—3169.

(21) For an alternative route where treatment of eucalyptus oil (1,8-
cineole, 1 equiv) with silicomolybdic acid (0.5 mol %) and O, (1
atm) in diethyl carbonate (~20 equiv) at 70 °C for 40 h gave
multigram amounts of biocymene in 78% yield, see: Liu, D. H.; He,
H. L; Zhang, Y. B; Li, Z. Oxidative Aromatization of Biobased
Chemicals to Benzene Derivatives through Tandem Catalysis. ACS
Sustainable Chem. Eng. 2020, 8 (38), 14322—14329.

(22) Jorayev, P.; Russo, D.; Tibbetts, J. D.; Schweidtmann, A. M,;
Deutsch, P.; Bull, S. D,; Lapkin, A. A. Multi-objective Bayesian
optimization of a two-step synthesis of p-cymene from crude sulphate
turpentine. Chem. Eng. Sci. 2021.

(23) Leita, B. A,; Warden, A. C.; Burke, N.; O’Shea, M. S.; Trimm,
D. Production of p-cymene and hydrogen from a bio-renewable
feedstock-1,8-cineole (eucalyptus oil). Green Chem. 2010, 12 (1), 70—
76.

(24) Collias, D. I; Harris, A. M,; Nagpal, V,; Cottrell, I. W,;
Schultheis, M. W. Biobased Terephthalic Acid Technologies: A
Literature Review. Ind. Biotechnol. 2014, 10, 91—108.

(25) Tomas, R. A. F.; Bordado, J. C. M.; Gomes, J. F. P. p-Xylene
Oxidation to Terephthalic Acid: A Literature Review Oriented toward
Process Optimization and Development. Chem. Rev. 2013, 113 (10),
7421—-7469.

(26) Nikolau, B. J.; Perera, M. A. D. N.; Brachova, L.; Shanks, B.
Platform biochemicals for a biorenewable chemical industry. Plant J.
2008, 54 (4), 536—545.

(27) Cornils, B.; Herrmann, W. A. In Applied Homogeneous Catalysis
with Organometallic Compounds Vol. 1: Applications; Wiley: 2002; pp
460—461.

(28) Kopnick, H.; Schmidt, M.; Brugging, W.; Ruter, J.; Kaminsky,
W. Polyesters. In Ullmann’s Encyclopedia of Industrial Chemistry;
Wiley: 2000; pp 623—648. .

(29) Getachew, N.; Chebude, Y.; Diaz, L; Sanchez-Sanchez, M.
Room temperature synthesis of metal organic framework MOEF-2. J.
Porous Mater. 2014, 21 (S), 769—773.

(30) Khandare, R. P.; Vaze, K. R; Bhat, S. V. Synthesis and
Antitumor Activity of New Retinobenzoic Acids. Chem. Biodiversity
2011, 8 (5), 841—849.

8651

(31) Gabara, V. High Performance Fibers. In Ullmann’s Encyclopedia
of Industrial Chemistry; Wiley, 2016; pp 1-22. .

(32) For an alternative two-step process that employs stoichiometric
amounts of HNO; and KMnO, as reagents to convert p-cymene into
TA in 85% yield, see: (a) Colonna, M.; Berti, C.; Fiorini, M.; Binassi,
E.; Mazzacurati, M.; Vannini, M.; Karanam, S. Synthesis and
radiocarbon evidence of terephthalate polyesters completely prepared
from renewable resources. Green Chem. 2011, 13 (9), 2543—2548.
(b) Berti, C.; Binassi, E.; Colonna, M.; Fiorini, M.; Kanna, G;
Karanam, S.; Mazzacurati, M.; Odeh, I. Bio-Based Terephthalate
Polyesters. US 8946472 B2, 2015.

(33) Metelski, P. D.; Espenson, J. H. Kinetics and Mechanism of
Reactions between Methyl Aromatic Compounds and the Dibromide
Radical. J. Phys. Chem. A 2001, 105 (24), 5881—5884.

(34) Mcintyre, J. E; O'Neill, W. A. Oxidation of organic or
carbonaceous substances. GB 833438 A, 1956.

(35) Ishihara, K.; Sato, Y. Aromatic carboxylic ester compound. JP
2011168501 A, 2011.

(36) Minisci, F.; Recupero, F.; Fontana, F.; Bjorsvik, H. R; Liguori,
L. Highly selective and efficient conversion of alkyl aryl and alkyl
cyclopropyl ketones to aromatic and cyclopropane carboxylic acids by
aerobic catalytic oxidation: A free-radical redox chain mechanism.
Synlett 2002, 2002 (4), 0610—0612.

(37) Hering, T.; Slanina, T.; Hancock, A; Wille, U; Konig, B.
Visible light photooxidation of nitrate: the dawn of a nocturnal
radical. Chem. Commun. 2015, 51 (30), 6568—6571.

(38) Fokin, A. A.; Peleshanko, S. A.; Gunchenko, P. A.; Gusev, D.
V.; Schreiner, P. R. Hydrocarbon activation with cerium (IV)
ammonium nitrate: Free radical versus oxidative pathways. Eur. J.
Org. Chem. 2000, 2000 (19), 3357—3362.

(39) Baciocchi, E.; Del Giacco, T.; Murgia, S. M.; Sebastiani, G. V.
Rate and Mechanism for the Reaction of the Nitrate Radical with
Aromatic and Alkylaromatic Compounds in Acetonitrile. J. Chem. Soc,
Chem. Commun. 1987, No. 16, 1246—1248.

(40) Jiang, P. Y.; Katsumura, Y.; Ishigure, K.; Yoshida, Y. Reduction
Potential of the Nitrate Radical in Aqueous-Solution. Inorg. Chem.
1992, 31 (24), 5135—5136.

(41) Partenheimer, W.; Fulton, J. L.; Sorensen, C. M.; Pham, V. T.;
Chen, Y. S. The aerobic oxidation of bromide to dibromine catalyzed
by homogeneous oxidation catalysts and initiated by nitrate in acetic
acid. J. Mol. Catal. A: Chem. 2014, 387, 130—137.

(42) Li, K. T; Li, S. W. CoBr,-MnBr, containing catalysts for
catalytic oxidation of p-xylene to terephthalic acid. Appl. Catal, A
2008, 340 (2), 271-277.

(43) Partenheimer, W. Methodology and Scope of Metal Bromide
Autoxidation of Hydrocarbons. Catal. Today 1995, 23 (2), 69—158.

(44) Waser, M,; Jary, W. G; Pochlauer, P.; Falk, H. Concerning
chemistry, reactivity, and mechanism of transition metal catalysed
oxidation of benzylic compounds by means of ozone. J. Mol. Catal. A:
Chem. 2008, 236 (1-2), 187—193.

(45) Roffia, P.; Calini, P.; Motta, L.; Tonti, S. Byproduct
identification in the terephthalic acid production process and possible
mechanisms of their formation. Ind. Eng. Chem. Prod. Res. Dev. 1984,
23 (4), 629—634.

(46) Neatu, F.; Culica, G.; Florea, M.; Parvulescu, V. L; Cavani, F.
Synthesis of Terephthalic Acid by p-Cymene Oxidation using Oxygen:
Toward a More Sustainable Production of Bio-Polyethylene
Terephthalate. ChemSusChem 2016, 9 (21), 3102—3112.

(47) Lundmark, S.; Kangas, M.; Higgman, B. Process for oxidation
of cymenes to aromatic acids. WO 2014133433 Al, 2014.

(48) Trandafir, M. M.; Neatu, S.; Bocirnea, A.; Counsell, J.; Cavani,
F.; Florea, M.; Neatu, F. The Role of Acidity in Terephthalic Acid
Synthesis from Renewable Carbon Source. ChemCatChem 2020, 12
(24), 6248—6258.

(49) Odaira, Y.; Torii, T.; Yamamoto, R.; Tsutsumi, S. Synthesis of
terephthalic acid from p-cymene by oxidation under pressure. Kogyo
Kagaku zasshi 1956, 59, 722—723.

(50) Landau, R; Egbert, R. B; Saffer, A. Preparation of phthalic
acids. US 2858334 A, 1958.

https://doi.org/10.1021/acssuschemeng.1c02605
ACS Sustainable Chem. Eng. 2021, 9, 8642—8652


https://doi.org/10.1016/S0167-2991(08)63383-2
https://doi.org/10.1016/S0167-2991(08)63383-2
https://doi.org/10.1021/cr050989d?ref=pdf
https://doi.org/10.1021/cr050989d?ref=pdf
https://doi.org/10.1002/adsu.202000292
https://doi.org/10.1002/adsu.202000292
https://doi.org/10.2174/1570178612666150226230645
https://doi.org/10.2174/1570178612666150226230645
https://doi.org/10.1584/jpestics.G06-44
https://doi.org/10.1584/jpestics.G06-44
https://doi.org/10.1584/jpestics.G06-44
https://doi.org/10.1246/nikkashi.1978.909
https://doi.org/10.1246/nikkashi.1978.909
https://doi.org/10.1246/nikkashi.1978.909
https://doi.org/10.1016/S0022-328X(97)00776-6
https://doi.org/10.1016/S0022-328X(97)00776-6
https://doi.org/10.1016/S0022-328X(97)00776-6
https://doi.org/10.1002/marc.201200513
https://doi.org/10.1002/marc.201200513
https://doi.org/10.1021/cr500407m?ref=pdf
https://doi.org/10.1021/cr500407m?ref=pdf
https://doi.org/10.1021/acssuschemeng.0c03544?ref=pdf
https://doi.org/10.1021/acssuschemeng.0c03544?ref=pdf
https://doi.org/10.1039/B916460J
https://doi.org/10.1039/B916460J
https://doi.org/10.1089/ind.2014.0002
https://doi.org/10.1089/ind.2014.0002
https://doi.org/10.1021/cr300298j?ref=pdf
https://doi.org/10.1021/cr300298j?ref=pdf
https://doi.org/10.1021/cr300298j?ref=pdf
https://doi.org/10.1111/j.1365-313X.2008.03484.x
https://doi.org/10.1002/14356007.a21_227
https://doi.org/10.1007/s10934-014-9823-6
https://doi.org/10.1002/cbdv.201000116
https://doi.org/10.1002/cbdv.201000116
https://doi.org/10.1002/14356007.a13_001.pub2
https://doi.org/10.1039/c1gc15400a
https://doi.org/10.1039/c1gc15400a
https://doi.org/10.1039/c1gc15400a
https://doi.org/10.1021/jp010311b?ref=pdf
https://doi.org/10.1021/jp010311b?ref=pdf
https://doi.org/10.1021/jp010311b?ref=pdf
https://doi.org/10.1055/s-2002-22706
https://doi.org/10.1055/s-2002-22706
https://doi.org/10.1055/s-2002-22706
https://doi.org/10.1039/C5CC01580D
https://doi.org/10.1039/C5CC01580D
https://doi.org/10.1002/1099-0690(200010)2000:19<3357::AID-EJOC3357>3.0.CO;2-R
https://doi.org/10.1002/1099-0690(200010)2000:19<3357::AID-EJOC3357>3.0.CO;2-R
https://doi.org/10.1039/c39870001246
https://doi.org/10.1039/c39870001246
https://doi.org/10.1021/ic00050a038?ref=pdf
https://doi.org/10.1021/ic00050a038?ref=pdf
https://doi.org/10.1016/j.molcata.2014.02.026
https://doi.org/10.1016/j.molcata.2014.02.026
https://doi.org/10.1016/j.molcata.2014.02.026
https://doi.org/10.1016/j.apcata.2008.02.025
https://doi.org/10.1016/j.apcata.2008.02.025
https://doi.org/10.1016/0920-5861(94)00138-R
https://doi.org/10.1016/0920-5861(94)00138-R
https://doi.org/10.1016/j.molcata.2005.04.017
https://doi.org/10.1016/j.molcata.2005.04.017
https://doi.org/10.1016/j.molcata.2005.04.017
https://doi.org/10.1021/i300016a024?ref=pdf
https://doi.org/10.1021/i300016a024?ref=pdf
https://doi.org/10.1021/i300016a024?ref=pdf
https://doi.org/10.1002/cssc.201600718
https://doi.org/10.1002/cssc.201600718
https://doi.org/10.1002/cssc.201600718
https://doi.org/10.1002/cctc.202001388
https://doi.org/10.1002/cctc.202001388
https://doi.org/10.1246/nikkashi1898.59.722
https://doi.org/10.1246/nikkashi1898.59.722
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02605?rel=cite-as&ref=PDF&jav=VoR

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

(51) Mid-Century Corporation. Process for the production of
aromatic polycarboxylic acids. GB 807091 A, 1955.

(52) Gobher, S. S.; Griffett, K.; Hegazy, L.; Elagawany, M.; Arief, M.
M. H.; Avdagic, A; Banerjee, S.; Burris, T. P.; Elgendy, B.
Development of novel liver X receptor modulators based on a
1,2,4-triazole scaffold. Bioorg. Med. Chem. Lett. 2019, 29 (3), 449—
453.

(53) Yalcin, L; Sener, E.; Ozden, T.; Ozden, S.; Akin, A. Synthesis
and Microbiological Activity of S-Methyl-2-[Para-Substituted
Phenyl]Benzoxazoles. Eur. J. Med. Chem. 1990, 25 (8), 705—708.

(54) de Almeida, L. S.; Esteves, P. M,; de Mattos, M. C. S.
Tribromoisocyanuric acid as a green reagent for benzylic bromination
of alkylarenes. Tetrahedron Lett. 2015, 56 (49), 6843—684S.

(55) Kumar, A.; Narasimhan, B.; Kumar, D. Synthesis, antimicrobial,
and QSAR studies of substituted benzamides. Bioorg. Med. Chem.
2007, 1§ (12), 4113—4124.

(56) Huang, H.; Wang, L.; Wang, X.; Yuan, F. Novel method for
preparing celecoxib. CN 103242233 B, 2013.

(57) Ohshima, T.; Komyoji, T.; Mitani, S.; Matsuo, N.; Nakajima, T.
Development of a novel fungicide, cyazofamid. J. Pestic. Sci. 2004, 29
(2), 136—138.

(58) Matthews, C.; Moran, F.; Jaiswal, A. K. A review on European
Union’s strategy for plastics in a circular economy and its impact on
food safety. J. Cleaner Prod. 2021, 283, 125263.

(59) Leavell, M. D.; McPhee, D. J; Paddon, C. J. Developing
fermentative terpenoid production for commercial usage. Curr. Opin.
Biotechnol. 2016, 37, 114—119.

(60) Fisher, K. J.; Renninger, N. S.; Ryder, J. A. WO 2008133658
A2, 2008.

(61) Zebec, Z.; Wilkes, J.; Jervis, A. J.; Scrutton, N. S.; Takano, E.;
Breitling, R. Towards synthesis of monoterpenes and derivatives using
synthetic biology. Curr. Opin. Chem. Biol. 2016, 34, 37—43.

(62) Korman, T. P.; Opgenorth, P. H.; Bowie, J. U. A synthetic
biochemistry platform for cell free production of monoterpenes from
glucose. Nat. Commun. 2017, 8, 1-8.

(63) Miller, K. K; Zhang, P.; Nishizawa-Brennen, Y.; Frost, J. W.
Synthesis of Biobased Terephthalic Acid from Cycloaddition of
Isoprene with Acrylic Acid. ACS Sustainable Chem. Eng. 2014, 2 (8),
2053—-2056.

(64) Pfennig, T.; Johnson, R. L.; Shanks, B. H. The formation of p-
toluic acid from coumalic acid: a reaction network analysis. Green
Chem. 2017, 19 (14), 3263—3271.

(65) Berard, S.; Vallee, C.; Delcroix, D. Sorbic Acid as a Renewable
Resource for Atom-Economic and Selective Production of p-Toluic
Acid and Alkyl-p-Toluates: Intermediates to Bioterephthalic Acid and
Esters. Ind. Eng. Chem. Res. 2015, 54 (28), 7164—7168.

(66) Zhang, P.; Nguyen, V.; Frost, J. W. Synthesis of Terephthalic
Acid from Methane. ACS Sustainable Chem. Eng. 2016, 4 (11), 5998—
6001.

(67) Frost, J. W.; Miermont, A.; Schweitzer, D.; Bui, V.; Wicks, D. A.
Terephthalic and trimellitic based acids and carboxylate derivatives
thereof. US 8367858 B2, 2013.

(68) Wang, X. Y.; Liu, M. C;; Xu, L.; Wang, Q. Z.; Chen, J. X; Ding,
J. C; Wu, H. Y. Palladium-Catalyzed Addition of Potassium
Aryltrifluoroborates to Aliphatic Nitriles: Synthesis of Alkyl Aryl
Ketones, Diketone Compounds, and 2-Arylbenzo[b]furans. J. Org.
Chem. 2013, 78 (11), 5273—5281.

(69) Zhang, X.; Zhang, W. Z.; Shi, L. L.; Guo, C. X,; Zhang, L. L;
Lu, X. B. Silver(I)-catalyzed carboxylation of arylboronic esters with
CO,. Chem. Commun. 2012, 48 (50), 6292—6294.

8652

https://doi.org/10.1021/acssuschemeng.1c02605
ACS Sustainable Chem. Eng. 2021, 9, 8642—8652


https://doi.org/10.1016/j.bmcl.2018.12.025
https://doi.org/10.1016/j.bmcl.2018.12.025
https://doi.org/10.1016/0223-5234(90)90137-R
https://doi.org/10.1016/0223-5234(90)90137-R
https://doi.org/10.1016/0223-5234(90)90137-R
https://doi.org/10.1016/j.tetlet.2015.10.081
https://doi.org/10.1016/j.tetlet.2015.10.081
https://doi.org/10.1016/j.bmc.2007.03.074
https://doi.org/10.1016/j.bmc.2007.03.074
https://doi.org/10.1584/jpestics.29.136
https://doi.org/10.1016/j.jclepro.2020.125263
https://doi.org/10.1016/j.jclepro.2020.125263
https://doi.org/10.1016/j.jclepro.2020.125263
https://doi.org/10.1016/j.copbio.2015.10.007
https://doi.org/10.1016/j.copbio.2015.10.007
https://doi.org/10.1016/j.cbpa.2016.06.002
https://doi.org/10.1016/j.cbpa.2016.06.002
https://doi.org/10.1038/ncomms15526
https://doi.org/10.1038/ncomms15526
https://doi.org/10.1038/ncomms15526
https://doi.org/10.1021/sc5003038?ref=pdf
https://doi.org/10.1021/sc5003038?ref=pdf
https://doi.org/10.1039/C7GC01290J
https://doi.org/10.1039/C7GC01290J
https://doi.org/10.1021/acs.iecr.5b01972?ref=pdf
https://doi.org/10.1021/acs.iecr.5b01972?ref=pdf
https://doi.org/10.1021/acs.iecr.5b01972?ref=pdf
https://doi.org/10.1021/acs.iecr.5b01972?ref=pdf
https://doi.org/10.1021/acssuschemeng.6b01268?ref=pdf
https://doi.org/10.1021/acssuschemeng.6b01268?ref=pdf
https://doi.org/10.1021/jo400433m?ref=pdf
https://doi.org/10.1021/jo400433m?ref=pdf
https://doi.org/10.1021/jo400433m?ref=pdf
https://doi.org/10.1039/c2cc32045b
https://doi.org/10.1039/c2cc32045b
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02605?rel=cite-as&ref=PDF&jav=VoR

