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Introduction

Dimethyl sulfide facilitates acid catalysed ring
opening of the bicyclic monoterpenes in crude
sulfate turpentine to afford p-menthadienes in
good yield+t

Joshua D. Tibbetts 2 #° and Steven D. Bull (2 *2

The potential of using turpentine for the production of biorenewable chemicals within a biorefinery
context is discussed, focussing on the development of practical methodology to convert the bicyclic
monoterpene components present in untreated crude sulfate turpentine into mixtures of synthetically
useful p-menthadienes (p-MeDs) as feedstocks for chemical production. A simple and scalable biphasic
acid catalysed ring-opening (ACRO) protocol employing recyclable 6 M ag. H,SO4 at 90 °C has been
developed to transform the major bicyclic monoterpenes (3-pinene, a-pinene, and 3-carene) in untreated
commercial crude sulfate turpentine (CST) into mixtures of monocyclic p-MeDs in >70% yield.
Investigations using pure bicyclic monoterpenes reveal that the ~3 mol% Me,S present in CST plays a key
role in increasing the rate and yield of these ACRO reactions. Reaction monitoring studies have identified
the presence of induction periods and autocatalytic effects, as well as an intriguing time-dependent
increase in p-MeD yield after all the bicyclic terpene substrate has been consumed. These effects have
been explained using a mechanism that invokes reversible addition of Me,S to the alkene bonds of mono-
terpenes to produce in situ generated sulfonium salts. These sulfonium salts then function as surfactants
to increase the degree of mixing of the aqueous/terpene layers of the biphasic ACRO reaction, resulting
in faster protonation of the alkene bonds of the bicyclic terpenes in the rate-determining step. The
shorter reaction times of the Me,S facilitated ACRO reactions of CST and gum turpentine enable better
yields of p-MeDs to be obtained by minimising p-MeD losses to competing polymerisation pathways that
occur at elevated temperatures over time.

monoterpenes are estimated to be around 100 million tonnes,
although only a relatively small fraction of this total volume is

The non-renewable supply and fluxional price of fossil fuel-
derived chemical products means there is a growing demand
for biorefineries that can be used to process biomass into bio-
fuels, biopolymers and biorenewable chemicals." In this
respect, monoterpenes (and monoterpenoids) obtained from
plants (and microbes) represent a potentially attractive source of
biomass that are available in sufficient quantities to be used for
chemical production.> Monoterpenes are the most energy-dense
of the biorenewable feedstocks, whose lightly-oxygenated, unsa-
turated C,, hydrocarbon structures can be catalytically upgraded
using processes that already exist to transform petrochemicals
on an industrial scale.> Annual global biogenic emissions of

“Department of Chemistry, University of Bath, Bath, BA27AY, UK.

E-mail: s.d.bull@bath.ac.uk

bCentre for Sustainable Chemical Technologies, University of Bath, BA27AY, UK
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
dogc03452e

This journal is © The Royal Society of Chemistry 2021

currently available for chemical production.*

Turpentine is the largest and cheapest source of monoter-
pene biomass, with around 360 000 tonnes produced annually
as waste by-products of the forestry industry.” Around 260 000
tonnes of crude sulfate turpentine (CST) is generated as a by-
product of the Kraft pulping process® that is used to convert
trees (mainly pine and fir) into paper (around 15 kg CST per
tonne pulp).” The remaining 100 000 tonnes is produced as
gum turpentine (GT), which is obtained through the tapping
of trees grown in large plantations. This tapping process
involves cutting the trunk of a living tree and harvesting the
crude balsam that exudes from the wound, with the resultant
oleoresin then distilled to produce GT.” Turpentine is com-
prised of a mixture of bicyclic and monocyclic monoterpenes
such as o-pinene, f-pinene, 3-carene, camphene, and limo-
nene, as well as small amounts of oxygenated terpenoids and
sesquiterpenes. Its composition varies significantly depending
on its geographical origin, with North American sources of tur-
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pentine rich in o-pinene, f-pinene and limonene, whilst
European and Asian sources contain large amounts of pinenes
and 3-carene.’® Unfractionated turpentine sources are primar-
ily used as a solvent for paints, resins, coatings and varnishes,
whilst 3-carene-rich turpentine has been used as a biorenew-
able pesticide for protecting forestry plantations against insect
infestations.>®® Crude turpentine sources can also be used as
biofuels, with excess CST often burnt for energy to supply
power to Kraft paper pulping mills.>”

Turpentine is also fractionally distilled into its individual
components to produce the bicyclic monoterpenes a-pinene,
B-pinene, 3-carene, camphene, and monocyclic limonene, as
well as small amounts of other monoterpenes of value to the
flavour and fragrance industries.®>® The similar boiling points
of these monoterpene components means that multiple distil-
lations are often required to effectively fractionate turpentine
into its monoterpene components, which adds significant
energy costs to the production process. Untreated CST con-
tains ~3% volatile sulfur compounds (e.g. MeSH, Me,S, Me,S,)
that are present as by-products of the Kraft pulping process.
The noxious odor and metal catalyst poisoning properties of
these sulfur impurities can be problematic,® with oxidative
treatments and nickel-catalyzed hydrodesulfurization pro-
cesses often required to reduce the sulfur content of CST to
enable it to be transformed using catalytic processes.'’
However, these pretreatment processes add production costs,
so purified monoterpenes are normally only used to produce
high-value products, with up to 50% of the world’s CST supply
currently consumed for the production of flavours, fragrances
and vitamins (Fig. 1).>"

The multiple chemical products produced industrially from
turpentine clearly demonstrate that monoterpenes can serve as
versatile biorenewable feedstocks for the synthesis of commer-
cially valuable products within a biorefinery context.” A poten-
tial benefit of using monoterpenes as biorenewable feedstocks
is the opportunity to transform their cyclic p-menthene skel-
etons into benzenoid products that are more challenging to
access from lignocellulosic feedstocks. The ring structure of
p-cymene clearly makes it a highly attractive ‘drop-in’ chemical
target for a terpene based biorefinery, particularly as petro-
chemically sourced p-cymene is currently used as an industrial
solvent and as a precursor for the synthesis of a range pesti-
cides, fungicides, flavours and pharmaceuticals."® Catalytic
global oxidation of the methyl and isopropyl sidechains of
p-cymene can also be used to transform p-cymene into ‘green’
terephthalic acid (TA),"* which could potentially be used to
produce the bulk polymer polyethylene terephthalate (i.e. to
prepare bio-PET)."* Importantly, conversion of the chiral bicyc-
lic monoterpenes present in CST into achiral p-menthadienes
(p-MeDs) and p-cymene products means that CST feedstocks
containing bicyclic monoterpenes with varying enantiopurities
and different absolute configurations can be used to prepare
p-cymene.” This would enable batches of CST obtained from
different geographical locations to be used as feedstocks, thus
providing supply chain flexibility to improve the economics
and logistics of the biorefining process.
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Fig. 1 A representative range of scalable catalytic reactions that can be
used to transform purified monoterpenes from turpentine into valuable
biorenewable chemical products on an industrial scale.

Numerous one-step (see Table S11)'*'” and two-step pro-
cesses (see Table S21) have been developed to transform the
bicyclic monoterpenes present in turpentine into p-cymene.
These processes rely on acid catalyzed ring-opening (ACRO)
reactions to convert the bicyclic monoterpenes into mixtures
of p-MeDs, whose diene-ring systems are then oxidatively isoar-
omatized to produce the aromatic ring of p-cymene (Fig. 2)."®
Many of these one-step processes require the use of high temp-
eratures (>150 °C), access to specialized equipment, extended
reaction times, or use catalysts/zeolite additives that are sus-
ceptible to poisoning by the sulfur contaminants present in
untreated CST. They may also produce mixtures of p-MeDs,
p-cymene containing other monoterpenes (e.g. camphene), o/
m-cymene and terpene dimers/polymers that require further
purification, leading to lower yields and scale-up issues (see
Table S1f). This means that two-step processes that employ
aqueous acidic conditions in the first-step to convert turpen-
tine into isolable mixtures of p-MeD intermediates, followed

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Conversion of biorenewable CST into p-MeD mixtures that can
be used as feedstocks to produce p-cymene and other commercially
valuable chemical products.

by a second isoaromatization step generally proceed in higher
yields." The ability to produce p-cymene via a two-step process
is also potentially attractive from a terpene biorefinery perspec-
tive, because it enables access to mixtures of p-MeDs that can
be used as versatile synthetic intermediates to produce other
value-added biorenewable products, such as fungicides,
epoxide monomers, anthelmintic ascaridole and a number of
resins and polymers (Fig. 2).>°7

As part of studies directed towards broadening the range of
biorenewable products that can be produced in terpene based
biorefineries using untreated CST feedstocks,”® we now report
development of a practically simple, biphasic ACRO protocol
(6 M aq. H,SO, at 90 °C, 4 h) that enables the bicyclic mono-
terpenes present in untreated CST to be converted into p-MeD
mixtures in >70% yields. Our studies reveal for the first time
that Me,S impurities present in CST, that are generally con-
sidered to be troublesome noxious contaminants in catalytic
upgrading processes,> play a crucial role in improving the
efficiency of industrial CST ACRO processes. This means that
the presence of ~3-5 mol% Me,S as a contaminant in these
CST ACRO reactions is essential to produce p-MeDs in good
70-80% yields in short reaction times.

Reaction monitoring studies have revealed the presence of
significant induction periods and autocatalytic effects in these
ACRO reactions, which have enabled us to propose a working

This journal is © The Royal Society of Chemistry 2021
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hypothesis to explain how Me,S accelerates these ACRO reac-
tions. It is proposed that reversible nucleophilic addition of
Me,S to the alkene bonds of the monoterpene substrates in CST
generates terpene sulfonium salts in situ that are responsible
for the time-dependent increase in the rate of the ACRO reac-
tions of its bicyclic monoterpene components. The presence of
terpene sulfonium salts in these ACRO reactions has been con-
firmed through HRMS analysis, with these sulfonium salts pro-
posed to function as in situ generated surfactants that improve
mixing of the biphasic ACRO reactions, which results in
increased mass transfer between the aqueous/organic layers to
generate a more acidic interface. This localised increase in inter-
facial acidity then results in faster protonation of the alkene
bonds of the bicyclic monoterpene substrates, which is known
to be the rate determining step in these types of ACRO reac-
tions. The higher p-MeD yields produced in the presence of
Me,S is due to faster ACRO reactions minimising losses from
competing p-MeD polymerisation processes that are proble-
matic in the absence of Me,S. The ability of using ~3-5 mol%
Me,S as an exogenous additive to improve the efficiency of
ACRO reactions of other bicyclic monoterpenes has also been
demonstrated, with GT and eucalyptus oil (cineole)** also
affording improved p-MeD yields in even shorter reaction times.

Results and discussion

An eco-friendly ACRO process for transforming untreated CST
into mixtures of p-MeDs

Initial investigations focused on identifying an economically
viable and eco-friendly method for converting commercial
untreated CST into mixtures of p-MeDs in good yield. We
sought to develop a simple, organic solvent free batch protocol
using a cheap, recyclable aqueous Brgnsted acid catalyst at
ambient pressure and moderate temperature (<100 °C),
without the need for any specialised equipment. This ACRO
process would ideally afford good yields of p-MeD products
that were uncontaminated by any rearranged monoterpene
products (e.g. camphene). The biphasic nature of this type of
ACRO process would enable clean mixtures of p-MeDs to be
isolated using a simple decantation work-up procedure, thus
enabling crude p-MeD mixtures to be used in subsequent
transformations without the need for purification.

A survey of previously reported ACRO reactions of bicyclic
monoterpenes® (ESI, Table S21) revealed a highly promising
Holmen patent which reported that stirring CST (rich in
3-carene) with 6.75 M H,SO, at 110 °C for 5 h gave a mixture
of p-MeDs in 76% yield.*** We opted to trial these biphasic
conditions on a commercial sample of untreated CST that was
obtained from a paper mill operated by the Sodra Forestry
Cooperative in Sweden. "H NMR spectroscopic analysis of this
authentic CST revealed that it contained a-pinene (39%),
3-carene (34%), p-pinene (10%), limonene (4%), Me,S (3%)
and p-cymene (1%), with the remaining mass balance com-
prised of a complex mixture of other minor terpenes (~10%). A
brief optimisation study of the original patent conditions*>®
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(time, temperature, volume of acid, stirring rate and reaction
work-up) revealed that rapid stirring (500 rpm) of a biphasic
mixture of CST and 6 M aq. H,SO, (20 vol% wrt CST) at 90 °C
resulted in >95% of its bicyclic monoterpene fraction being
consumed after 4 h (Fig. 3). Reaction monitoring of aliquots
revealed that the p-pinene fraction was consumed after
60 min, with its a-pinene fraction taking 2.5 h to fully react.
The least reactive 3-carene component took 5 h to be fully con-
sumed (ESI, Fig. S1 and S27). The initial phase of this ACRO
reaction produced a p-MeD fraction that was rich in limonene
and terpinolene, which then isomerised to afford a thermo-
dynamic p-MeD mixture of a-terpinene, y-terpinene and isoter-
pinolene over time (ESI, Fig. S31).>° A small amount of
p-cymene was also formed, presumably from aerobic oxidation
of the cyclohexadiene ring systems of the terpinene fractions.
Attempts to employ longer reaction times to drive consump-
tion of the less reactive 3-carene fraction to completion were
counterproductive, with competing cationic polymerisation
reactions resulting in a decrease in p-MeD yield over time
(¢f 70% p-MeD yield after 3.5 h with 50% p-MeD yield after
6 h) (ESI, Fig. S371).

The biphasic nature of these ACRO reactions allowed for
simple work-up, with the crude p-MeD products isolated by
simply decanting off the top organic layer from the bottom
aqueous acidic layer. "H NMR spectroscopic analysis of the
monoterpene layer after 4 h at 90 °C revealed that it was com-
prised of a 34:18:15:3:3:2 mixture of a-terpinene, isoterpi-
nolene, y-terpinene, terpinolene, unreacted 3-carene, and
p-cymene, respectively, with the remaining 25% mass balance
comprised of terpene oligomers/polymers (Fig. 3). Distillation
of this crude product (b.p. 170-185 °C, 760 mmHg) gave a
mixture containing pure p-MeDs (same ratio) and ~10%
p-cymene in 72% isolated yield, with the p-cymene component
formed from aromatisation occurring in the distillation step. A
viscous red-brown polymeric terpene residue was also recov-
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ered from the distillation pot in 22% yield. This polyterpene
gum proved to be highly flammable, burning vigorously in air
when lit with an open flame, thus demonstrating that it is
potentially useful as a liquid biofuel.

Untreated aqueous sulfuric acid layers recovered from the
ACRO reaction of CST could be reused as a catalyst in four con-
secutive ACRO reactions of CST, affording ~70% yields of
p-MeDs, with only a small drop in rate between each successive
4 hours run.”” This ability to reuse the untreated sulfuric acid
layer significantly reduces the cost and environmental impact
of using 6 M aq. H,SO, as a cheap Brensted acid catalyst.

Optimal conditions for the ACRO reaction of CST on a 10 g
scale were then established, which involves rapid stirring
(500 rpm) of a biphasic mixture of CST with 20 mol% 6 M aq.
H,SO, for 4 h. These conditions reproducibly afforded ~70%
isolated yields of p-MeD products (identical ratio) over five sep-
arate runs. Since the four major monoterpenes (a-pinene,
3-carene, B-pinene, limonene) only constitute 87% of the total
CST mass, this meant that these ACRO conditions are produ-
cing p-MeD products in >80% average yields.

Me,S accelerates the ACRO reactions of the bicyclic monoter-
penes present in CST

Aliquot-based reaction monitoring of the ACRO reaction of
CST revealed that its pinene fractions were much more reactive
than its 3-carene component (ESI, Fig. S27). This encouraged
us to apply our aqueous acidic conditions (6 M aq. H,SO,,
90 °C, no Me,S) to pinene-rich commercial GT (Barrettine
Genuine Turpentine; 54:46 mixture of o-pinene/p-pinene).
However, we found that the ACRO reactions of the pinene frac-
tions of GT were much slower than the corresponding ACRO
reactions of the pinene fractions of CST. For example, it took
>5 h for all the p-pinene fraction in GT to be consumed (¢f 1 h
for p-pinene present in CST), with >75% of its a-pinene frac-
tion still remaining after 6 h (¢f. 2.5 h for total consumption of
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Fig. 3 ACRO reactions of the bicyclic monoterpenes present in CST to afford thermodynamic mixtures of p-MeDs and polyterpenes.
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a-pinene fraction of CST).>® These results implied that some-
thing present in untreated CST was functioning to increase the
rate of the ACRO reactions of its bicyclic monoterpene
components.>®

We reasoned that Me,S (typically ~3 mol%) was potentially
responsible for the increased rate of the ACRO reaction, and so
decided to compare the reactivity profiles of ACRO reactions of
‘mock’ samples of CST (4:3:1 mixture of a-pinene, 3-carene
and p-pinene) in the absence/presence of 5 mol% Me,S. ACRO
reaction of ‘mock’ CST using 6 M aq. H,SO, at 90 °C (no Me,S)
resulted in only 33% of its total bicyclic monoterpene content
being consumed after 3 h. Conversely, the ‘mock’ sample of
CST containing 5 mol% Me,S as an additive reached >95%
total consumption after 3 h, under otherwise identical con-
ditions (ESI, Fig. S47). Furthermore, treatment of pinene-rich
GT with 6 M aq. H,SO, and 5.0 mol% Me,S at 90 °C resulted
in faster consumption of its pinene components, with both
ACRO reactions complete after only 45 min (ESI, Fig. S5%).
Although Me,S has a b.p. of 37 °C, it forms a negative azeo-
trope®® with the bicyclic monoterpenes present in turpentine
(b.p. 156-171 °C), enabling it to persist in the monoterpene
layer over the course of these ACRO reactions at 90 °C. This
was evidenced by the strong sulfurous smell of Me,S of the
terpene layers that remained when their ACRO reactions were
complete.

The p-MeD mixtures produced in the Me,S-containing
ACRO reactions of ‘mock’ CST and GT were initially rich in
limonene and terpinolene, with thermal equilibration then
affording a thermodynamic mixture containing o-terpinene,
y-terpinene and isoterpinolene as major components.>® The
shorter 2 h reaction time required for full consumption of GT
(no 3-carene) in its Me,S-facilitated ACRO reaction enabled
~90% isolated yields of p-MeDs to be obtained. However,
addition of >5 mol% Me,S to either the ‘mock’ CST or GT
samples did not produce any further increase in the overall
rates of their ACRO reactions.

The optimal ACRO conditions (6 M aq. H,SO,, 5.0 mol%
Me,S, 90 °C) developed for GT were then applied to 1,8-cineole
(major component of eucalyptus oil) as an alternative biore-
newable terpene feedstock. This resulted in 1,8-cineole being
rapidly converted into an identical thermodynamic mixture of
p-MeDs in 80% yield after 1 h.'”" Therefore, these solvent-free
ACRO conditions provide a simple, inexpensive method to
rapidly transform three readily available biorenewable terpene
feedstocks (CST, GT, and eucalyptus oil) into mixtures of
p-MeDs in 70-90% yields in an eco-friendly and cost-effective
manner.

Unusual reaction profiles in the Me,S facilitated ACRO reac-
tions of bicyclic monoterpenes

The role of Me,S in facilitating the ACRO reactions of the
bicyclic monoterpenes in CST was then investigated by carry-
ing out comparative ACRO reactions on pure samples of
B-pinene, a-pinene and 3-carene. Reaction of p-pinene with 6
M aq. H,SO, at 90 °C (no Me,S) took 5 h (ESI, Fig. S61) to
reach completion (¢f 1 h for p-pinene in CST, Fig. S27).

This journal is © The Royal Society of Chemistry 2021
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a-Pinene and 3-carene were even less reactive under these
ACRO reactions (no Me,S), with only 32% of a-pinene (ESI,
Fig. S77) (¢f. 45 min for a-pinene in CST, Fig. S2t) and 34% of
3-carene (ESI, Fig. S8%) (¢f 100 min for 3-carene in CST,
Fig. S2}) being consumed after 6 h. Significant amounts of
a-pinene were produced in the Me,S-free ACRO reaction of
B-pinene (peaking at 9% after 2.5 h), thus indicating that
B-pinene could equilibrate into its more thermodynamically-
stable o-pinene isomer under these acidic conditions (ESI,
Fig. $67).*

As expected, the ACRO reaction of p-pinene in the presence
of 5 mol% Me,S was much faster, with a short induction
period (~2 min) followed by its rapid consumption over the
next 20 min. This rate of reaction was 3 times faster than when
B-pinene was present as a fraction in CST and 15 times faster
than when Me,S was absent (Fig. 4a). The ACRO reaction of
B-pinene initially gave a complex mixture of p-MeDs (20 min),
which then equilibrated to a thermodynamic mixture of
p-MeDs after 1 h. Much less a-pinene was formed as an inter-
mediate in the 5 mol% Me,S containing ACRO reaction, with a
maximum amount of 3% a-pinene produced after 15 min
(Fig. 4a).

Examination of reactant to product ratios in the ACRO reac-
tion of p-pinene over the first 45 min (at 90 °C) revealed a
curious time-dependent, non-proportional relationship
between the amount of f-pinene consumed and the total yield
of p-MeD present (Fig. 4a). For example, >95% of the p-pinene
was consumed after 15 min to produce a combined 79% yield
of p-MeDs, whose total yield then increased by 10% over the
next 30 min to give a total p-MeD yield of 87% after 45 min
(Fig. 4a). This observation implied that the Me,S-facilitated
ACRO reaction of p-pinene was reversibly generating some
form of water-soluble terpene-derived species that were not
detectable by the aliquot sampling protocol. We reasoned that
these water-soluble terpene species were initially being pro-
duced under kinetic control (0-15 min) with equilibration over
time (from 15-45 min) then generating greater amounts of
p-MeDs under thermodynamic control (vide infra). The rates of
the competing oligomerisation/polymerisation reactions of the
p-MeDs in these ACRO reactions were also found to be greater
in the presence of 5 mol% Me,S. For example, the Me,S-facili-
tated ACRO reaction of pB-pinene initially gave an 85% com-
bined yield of p-MeDs after 1 h, with their amount then falling
by 35% over the next 2.5 h to give a 50% combined p-MeD
yield.

The Me,S-mediated ACRO reaction of a-pinene displayed a
significantly longer induction period (only 14% a-pinene con-
sumed after 45 min, Fig. 4b), with more rapid ring-opening
then occurring over the next 45 min. This ACRO reaction pro-
duced a fully equilibrated mixture of p-MeDs in a combined
85% yield after 90 min (¢f. 150 min for a-pinene fraction in
CST) which fell to a combined 75% yield after 3.5 h. The 10%
loss in p-MeD yield observed for a-pinene from 1.5 to 3.5 h was
significantly less than the 25% loss in p-MeD yield for
f-pinene over a corresponding time period. This difference
indicates that the water-soluble terpene species produced in
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Fig. 4 Changes in the ratio of the mixtures of p-MeDs when (a) p-pinene; (b) a-pinene; and (c) 3-carene were reacted with 6 M aqg. H,SO, and

5 mol% Me,S at 90 °C over time.

the ACRO reaction of f-pinene were more efficient at initiating
p-MeD polymerisation than the corresponding water-soluble
terpene species produced from a-pinene.

The Me,S-mediated ACRO reaction of a-pinene also dis-
played a significant autocatalytic effect, with the rate of con-
sumption of a-pinene increasing significantly over the first

602 | Green Chem., 2021, 23, 597-610

90 min. For example, only 7% of the a-pinene was consumed
in the first 30 min, with 46% consumed after 60 min and
>99% consumed after 90 min. This suggested that the terpene-
derived water-soluble species generated in these ACRO reac-
tions over time were also likely to be responsible for the corres-
ponding time-dependent increase in the rate of the ACRO reac-

This journal is © The Royal Society of Chemistry 2021
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tion of a-pinene. Importantly, the 1.5 h taken to consume pure
a-pinene in its Me,S-mediated ACRO reaction was significantly
slower than the 45 min required for its total consumption
when present as a fraction in GT. Conversely, the 15 min
required to consume pure f-pinene was significantly faster
than the 30 min required for its consumption when present as
a fraction in GT. These results indicated that the water-soluble
terpene intermediates that are produced more rapidly from the
more reactive p-pinene fraction of GT were capable of accelerat-
ing the ACRO reactions of both its pinene fractions.

As expected, 3-carene was the least reactive bicyclic mono-
terpene investigated, with its Me,S-facilitated ACRO reaction
taking between 3.5-4.0 h to proceed to completion to afford a
significantly lower 51% yield of p-MeDs (Fig. 4c). Once again, a
significant autocatalytic effect was apparent in this Me,S-
mediated ACRO reaction, with a relatively slow reaction over
the first 30 min, followed by an increased rate of reaction
between 30-135 min and an even faster reaction rate after
135 min. The lengthier reaction times and lower p-MeD yields
observed in the ACRO reaction of 3-carene confirmed that its
presence in CST was responsible for the lower yield of p-MeDs
from CST (70% yield, 3.5 h) when compared to GT (95% yield,
2 h). The decreased p-MeD yields from CST are not only
caused by the relatively inefficient ACRO reaction of its
3-carene fraction, but are also due to longer reaction times at
90 °C resulting in polymerisation of p-MeDs that originate
from its pinene fractions. The relatively large amounts of
unreactive 3-carene present in the CST sample used in this
study meant that its ACRO reaction needed to be carried out
for ~4.0 h to ensure that >95% of its less reactive 3-carene
component was consumed. This time period represents the
best compromise for maximising 3-carene consumption,
whilst minimising p-MeD losses to polymerisation pathways.
However, it should be noted that other sources of pinene-rich
CST (e.g. from North American pine) do not contain significant
amounts of 3-carene, with these CST sources predicted to
produce greater amounts of p-MeD product, similar to the
90% yields obtained in the Me,S-facilitated ACRO reactions of
GT. Conversely, prior distillation of 3-carene-rich CST
to separate its more volatile a-pinene (b.p. 156 °C)/p-pinene
(b.p. 165 °C) components from its higher-boiling 3-carene frac-
tion (b.p. 171 °C) may be beneficial within a biorefinery
context. This would enable the more reactive a-pinene/
B-pinene fractions to be transformed into mixtures of p-MeDs,
with the less reactive 3-carene fraction used to produce other
types of useful chemical products.

Mechanism of Me,S free ACRO reactions of f)-pinene, a-pinene
and 3-carene

The mechanisms of the ACRO reactions (no Me,S) of both
pinenes to give p-MeD mixtures under strong aqueous acidic
conditions are well established (Fig. 5).>> Rate-limiting proto-
nation of their alkene bonds at the organic-water interface
generates a non-classical carbenium ion 1 that fragments with
loss of a proton to afford limonene and terpinolene. Virtually
no camphene or a-fenchene products are formed, which indi-

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Mechanism of the ACRO reactions of a-pinene and p-pinene to
afford limonene and terpinolene. HSO,~ counterions of carbenium
species omitted for clarity.

cates that carbenium ion 1 is likely to be formed as a tight ion
pair. This ion pair does not appear to dissociate appreciatively
into more naked carbenium species, since this would favour
skeletal rearrangement to produce bicyclic monoterpenes (e.-
g camphene) that are not generally observed under these
aqueous conditions.

The acid-catalysed fragmentation reaction of p-pinene (no
Me,S) produces up to 9% of its thermodynamically more
stable a-pinene isomer as an intermediate, indicating that the
initial alkene protonation steps of both pinenes are fully
reversible and rate-determining.®” Irreversible ring-fragmenta-
tion of pinane carbenium ion 1 then affords a tertiary
p-menthene carbenium ion 2 that can lose a proton to afford
limonene or terpinolene. This carbenium rearrangement
pathway has been proposed to proceed via a tight ion-pair that
is protected from nucleophilic attack by water, with the
retained HSO,~ counterion potentially acting as a base to
facilitate deprotonation of the rearranged p-menthene carbe-
nium ion 2.*?

An alternative reaction pathway may also be considered,
involving water acting as a nucleophile to carry out Sy2 attack
at Cq of the non-classical carbenium ion 1 to trigger ring
opening to produce a-terpineol (not observed),® that would
then be rapidly dehydrated to give limonene/terpinolene
under the strongly acidic conditions. We found that treatment
of a-terpineol with 6 M aq. H,SO, at 90 °C resulted in its rapid
conversion into mixtures of limonene and terpinolene within
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5 min. This confirms that any a-terpineol formed as an inter-
mediate in the ACRO reactions of CST will be rapidly de-
hydrated under the strongly acidic conditions and so would be
unlikely to be observed. Acid-catalysed fragmentation of
a-pinene occurs in a similar manner, with slower protonation
of its more stable trisubstituted alkene bond affording the
same pinane carbenium ion 1 that then fragments to afford
p-menthene carbenium ion 2 (as described for p-pinene).**
Acid-catalysed protonation of the alkene bond of $-pinene has
been reported to be ~10 times faster than the corresponding
protonation reaction of a-pinene,** so this explains why
B-pinene is totally consumed after 5 h, with only 35% of the
a-pinene transformed after 6 h.

The fragmentation reaction of 3-carene under these ACRO
conditions is more complex, because its alkene bond must
first isomerise into 2-carene that must then fragment via a
relatively unfavoured ACRO pathway (Fig. 6).>* Therefore, acid-
catalysed protonation of 3-carene produces a tertiary carbe-
nium ion 3 that eliminates a proton to afford a mixture of
3-carene and 2-carene isomers. Favoured Markovnikoff proto-
nation of the alkene bond of 2-carene will regenerate tertiary
carbenium ion 3, however anti-Markovnikoff protonation will
produce non-classical secondary carbenium ions 4/5. These
disfavoured carbenium ions 4/5 can then fragment to afford
p-menthene carbenium ions 6/7 that then eliminate a proton
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Fig. 6 Mechanism of the ACRO reaction of 3-carene to afford isolimo-
nene and isoterpinolene. HSO,~ counterions of carbenium species
omitted for clarity.
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to give isoterpinolene (or isolimonene as a mixture of diaster-
eomers - not observed).

Support for this two-step mechanistic process was found
from "H NMR spectroscopic analysis of the Me,S-mediated
ACRO reaction of 3-carene, which showed the appearance of a
small amount of 2-carene over time (peaking at 2% after
90 min). Furthermore, treatment of a 55:45 mixture of
3-carene and 2-carene (see ESIT for details) with 6 M aq. H,SO,
at 90 °C resulted in its 2-carene fraction being consumed 1.5
times faster than its 3-carene fraction. These observations indi-
cate that protonation of the alkene bond of 3-carene must be
rate-determining, otherwise more significant amounts of
2-carene would be expected to accumulate over time.

Once again, an alternative reaction mechanism may be
envisaged whereby water acts as a nucleophile to trigger ring-
opening at C; of the carbenium ions 4/5 to deliver p-menth-2-
en-8-ol (mixture of diastereomers). These alcohols would then
dehydrate to afford isoterpinolene and isolimonene (not
observed) under the strongly acidic conditions. Both proposed
mechanisms are consistent with the higher amount of isoterpi-
nolene observed in the Me,S-facilitated ACRO reactions of
3-carene (Fig. 4). No isolimonene was observed in any of the
ACRO reactions of 3-carene, which is unsurprising as it would
be predicted to rapidly isomerise to its more stable limonene
and/or isoterpinolene isomers under strong acidic conditions.

Mechanisms of the acid-catalysed alkene isomerisation and
polymerisation reactions of the p-MeD mixtures

The alkene bonds of the limonene/terpinolene products pro-
duced from the ACRO reactions of the pinenes can reversibly
protonate under the strongly acidic conditions to afford reac-
tive p-menthene carbenium ions 2, 8, 9 (and others not shown)
that can then lose protons to generate other p-MeD isomers
(Fig. 7). This results in a series of reversible, acid-catalysed
alkene isomerisation reactions (via carbenium ion intermedi-
ates 2, 8-10) that combine to produce a thermodynamic
mixture of p-MeDs over time that contain a-terpinene,
y-terpinene and isoterpinolene as major components.’> A
similar reversible protonation mechanism can also operate to
catalyse isomerisation of the isolimonene and isoterpinolene
products produced from the ACRO reaction of 3-carene to
generate identical thermodynamic p-MeD mixtures.

The carbenium ions 2, 8-10 can also react reversibly with
the alkene bonds of other p-MeD donors to afford dimeric car-
benium species such as 11 that can eliminate protons to afford
dimeric species containing two p-menthene sub-units
(Fig. 8).>° Subsequent protonation of an alkene bond of these
dimers can reversibly generate carbenium species 11, which
can then undergo C-C o-bond cleavage to produce two mono-
meric p-MeD species (i.e. depolymerisation), or react further
with the alkene bond of a p-MeD-donor to afford trimeric car-
benium species 12 (Fig. 8). Multiple repetitions of this type of
cationic oligomerisation process, using different p-MeDs and
oligomeric terpene carbenium ions as donor and propagating
species then results in reversible formation of complex mix-
tures of oligomeric terpene species over time (Fig. 8).”

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Reversible protonation of the alkene bonds of p-MeDs generates
p-menthene carbenium ions 2, 8-10 that equilibrate under thermo-
dynamic control to afford a mixture of p-MeDs that is rich in
a-terpinene, y-terpinene and isoterpinolene.

Irreversible chain transfer events, cross-polymerisation reac-
tions and carbenium ion rearrangements then combine to
produce irreversible oligomerisation steps that lead to increas-
ing amounts of terpene polymer and decreasing amounts of
p-MeD over time.

Role of ~3-5 mol% Me,S in accelerating the ACRO reactions of
the bicyclic monoterpenes in CST

We then considered the role that Me,S might be playing in
increasing the rate of the ACRO reactions of the pinenes and
3-carene, with the aim of identifying a mechanism that would
also explain the anomalous reactivity profiles and unusual
time-dependent variation in p-MeD yields.*® The rate-deter-
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mining step in these ACRO reactions is known to involve
initial protonation of the alkene bond of these bicyclic terpene
substrates.?

Similar p-MeD product ratio profiles were observed in the
absence/presence of Me,S in the initial phases of both types of
ACRO reaction, which indicated that similar reaction pathways
were operating in both cases. A review of the literature revealed
two patents describing that use of small amounts of emulsi-
fiers had been used to improve the efficiency of ACRO reactions
of pinenes/turpentine for the synthesis of a-terpineol.'"°
Another key patent described that use of 0.1-1.0% of Polyrad
1100™ (a tertiary amine polymer produced from reaction of
dehydroabietyl amine with ethylene oxide) as a cationic surfac-
tant in the biphasic ACRO reaction of 3-carene [35% aq. H,SO,
(~6 M aq.), 108 °C] was necessary to produce good yields (87%)
of p-MeD mixtures after 3 h.*® The reaction conditions and
yield/composition of the p-MeDs reported in this surfactant-
mediated ACRO reaction of 3-carene were remarkably similar
to the results obtained in our Me,S-facilitated ACRO reactions
of CST. Consequently, this led us to consider whether a similar
surfactant effect was operating to account for the rate accelera-
tion effects in our 5 mol% Me,S-containing ACRO reactions.
This would also provide an explanation as to why the rate of
these ACRO reactions was not increased when >5 mol% Me,S
was used, since surfactant concentrations of 0.1-1.0 mol%
Polyrad 1100™ were shown to be optimal in the surfactant-
mediated ACRO reactions of 3-carene.*’ This surfactant
hypothesis was also consistent with a previous report that
addition of weak emulsifiers to ACRO reactions of highly puri-
fied turpentine reactions is beneficial for producing improved
p-MeD yields.”®

The pK,y of Me,S is —7.0 which means that it is essentially
unprotonated under the strong acidic conditions used in these
ACRO reactions. This means that Me,S can potentially act as a
nucleophile to intercept terpene carbenium species in situ to
reversibly generate water-soluble bicyclic 13, monocyclic 14
and oligomeric 15-18 terpene sulfonium salts (Fig. 9).*'
Cationic sulfonium salts are known to be good surfactants that
could potentially increase the degree of mixing of the organic
and aqueous layers of the biphasic ACRO systems.*> More

+a-Terpinene
<~———> Tetramer
—a-Terpinene

Higher oligomers

* Chain transfer
 Cross-linking

* Carbenium ion
rearrangement

Irreversible

| Branched terpene
polymers
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Fig. 8 Reversible cationic polymerisation of monomeric/oligomeric carbenium species using different p-MeD donors affords a complex mixture of
oligomeric and polymeric terpenoid species over time. Representative oligomerisation process shown for limonene, terpinolene and a-terpinene
participating as p-MeD monomers in the oligomerisation process. HSO,~ counterions of carbenium species omitted for clarity.
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HSO,4~ counterions of carbenium species omitted for clarity.

efficient mixing would lead to better mass transfer between
the aqueous and organic layers of the ACRO reactions, result-
ing in acidity levels at the aqueous-organic interface being
relatively increased. Formation of a more acidic interfacial
environment would result in faster protonation of the alkene
bonds of the bicyclic terpenes, thus accelerating the rate-deter-
mining step of these ACRO reactions (Fig. 10). Consequently,
high resolution mass spectrometry (HRMS) was used to
analyse for the presence of any monomeric and/or oligomeric
terpene sulfonium salts in the CST ACRO reactions. Significant
accurate mass peaks corresponding to monomeric C;,H,3S"
(199.1520), dimeric C,,H30S" (335.2775) and even trimeric
C3,Hs5S" (471.4008) sulfonium ion species were detected in
both the organic and aqueous layers of the ACRO reaction
(ESI, Fig. S18-207). Crucially, this demonstrates that the
terpene sulfonium species can partition between both the
aqueous and organic phases, thus enabling them to function
as cationic surfactants that promote better mixing, improved
mass transfer and faster ACRO reactions. As expected, [M + H]"
ions for the parent bicyclic monoterpenes, p-MeDs and their
corresponding oligomers were also observed in the HRMS

606 | Green Chem., 2021, 23, 597-610

spectra of both aqueous and organic phases of the ACRO reac-
tion (ESI, Fig. S177).

In situ formation of terpene sulfonium surfactant species
can also be used to explain the latency period observed in the
initial phase of these Me,S-mediated ACRO reactions. These
delays are likely to be caused by the time taken for a sufficient
concentration of terpene sulfonium salts to build up to enable
it to facilitate efficient mixing of the water-organic interface.*?
Similarly, the time-dependent rate acceleration effects in these
ACRO can also be explained by the generation of increasing
levels of in situ generated sulfonium surfactants producing a
corresponding increase in interfacial acidity levels over time.
The increased rate of the ACRO reaction of the a-pinene frac-
tion in GT would be caused by faster ring-opening of its
B-pinene fraction resulting in more rapid production of sulfo-
nium surfactants over time. This would lead to a faster net
increase in the acidity of the interfacial layer than occurs in
the corresponding ACRO reaction of pure a-pinene, thus
explaining the observed difference in reactivities.

Reversible formation of oligomeric sulfonium species 15-18
in these ACRO reactions can also explain the ‘time-lag’ effects

This journal is © The Royal Society of Chemistry 2021
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observed between the degree of consumption of p-pinene and
the amount of p-MeD product produced over time. The water
soluble oligomeric sulfonium species (e.g. 15-18) contain mul-
tiple p-menthene monomer units whose structures are stabil-
ised by the presence of a single charged sulfonium head-
group. Their reversible formation could explain how the 79%
p-MeD yield in the ACRO reaction of p-pinene at full conver-
sion (after 15 min) was found to increase by 8% to afford an
87% yield after 45 min. This would be caused by initially
formed kinetic mixtures of oligomeric sulfonium species
15-18 (at 15 min) equilibrating into monomeric p-MeD pro-
ducts under thermodynamic control (from 15-45 min).
Perturbation of the equilibria from oligomeric terpene species
towards monomeric p-MeD species over this period could
potentially be driven by isomerisation of initially-formed limo-
nene/terpinolene ring-opened products into their thermo-
dynamically more stable o-terpinene, y-terpinene and isoterpi-
nolene isomers.**

The more acidic water/organic interface produced by these
types of p-menthene sulfonium surfactants also provide a
simple explanation for the rate increases in the p-MeD isomeri-
sation/oligomerisation reactions in the presence of Me,S. This
is because the rate-determining steps of both these type of
reactions involve protonation of the alkene bonds of mono-
meric and oligomeric p-menthene species, so a more acidic
interfacial region will result in faster reactions in both cases.

The greater rate of polymerisation of the p-MeDs produced
in the ACRO reaction of p-pinene over time (when compared to

This journal is © The Royal Society of Chemistry 2021

a-pinene) indicate that the structures of the oligomeric species
formed can significantly affect the efficiency of subsequent
p-MeD oligomerisation/polymerisation processes. Reversible
formation of sulfonium species in polyisobutylene reactions
has previously been used to control the efficiency of living
chain polymerisation reactions of isobutylene to produce
uniform polymers with narrow molecular weight distri-
butions.*® Therefore, similar quasi-living effects may also be
operating in the oligomerisation reactions of the p-MeDs, with
reversible formation of stable terpene sulfonium intermediates
resulting in more controlled oligomerisation pathways. These
terpene sulfonium intermediates may also increase the
chances of non-reversible reactions (e.g. chain transfer, cross-
linking and carbenium ion rearrangement) occurring to favour
polymer formation in the presence of Me,S over extended
periods of time.

Conclusions

This paper describes the development of a highly practical
acid-catalysed method (6 M aq. H,SO,, 90 °C, 4 h) for convert-
ing the bicyclic monoterpenes present in untreated CST into
mixtures of p-MeDs in good 70-75% yields. Mechanistic
investigations have revealed that the ~3% Me,S present as a
contaminant in CST plays a key role in accelerating the acid-
catalysed ring-opening reactions of its bicyclic terpene com-
ponents. Reaction monitoring and HRMS analysis of these

Green Chem., 2021, 23, 597-610 | 607
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ACRO reactions suggests that Me,S reacts with the alkene
bonds of monoterpenes to generate in situ terpene sulfonium
salts that can serve as surfactants to improve mixing of the
aqueous and organic layers of these biphasic ACRO reactions.
Increased mass transfer effects then produce a more acidic
aqueous-organic interface, facilitating faster protonation of
the alkene bonds of the bicyclic terpenes in the rate-determin-
ing step of their ACRO reactions. Addition of 5 mol% Me,S to
the ACRO reactions of GT and cineole has been used to facili-
tate their efficient conversion into mixtures of p-MeDs in simi-
larly good yields and shorter reaction times. Ongoing studies
directed towards using unpurified p-MeD mixtures generated
in these sulfurous ACRO reactions as biorenewable feedstocks
for the production of bio-p-cymene and a range of useful
chemical products within a terpene biorefinery context will be
reported in due course.

Experimental
General experimental details

All reagents were purchased from commercial suppliers apart
from CST which was obtained from a Swedish paper mill
owned by Sodra Forestry and Barrettine Genuine Turpentine
that was purchased from a local hardware store. All reactions
were carried out under air. Nuclear magnetic resonance
spectra were recorded using either a Bruker Avance 300, 400 or
500 MHz spectrometer, or an Agilent Technologies 500 MHz
spectrometer. All *C spectra were proton decoupled (“*C{'H})
and all spectra run in CDCl;. Chemical shifts (5) are reported
in parts per million (ppm) and are referenced to residual
solvent peaks. HRMS analysis was carried out via direct injec-
tion using a Bruker MaXis HD ESI-QTOF mass spectrometer.
Representative NMR spectra used to analyse and characterise
the mixtures of p-MeDs produced in this study, as well as
HRMS spectra used to identify the presence of terpene sulfo-
nium species, can be found in the ESL{

Reaction monitoring experiments

A mixture of CST (5.0 mL, 4.35 g, 32.0 mmol) and 1,2,4,5-tetra-
methylbenzene (0.43 g, 3.2 mmol, 10 mol%, inert) was heated
to 90 °C and stirred at 500 rpm. Aq. H,SO, (1.0 mL, 6 M aq.)
was added in one portion and the reaction stirred at 90 °C for
7 h. Stirring was periodically stopped and the two layers
allowed to separate and settle before an aliquot of the organic
layer was taken and diluted with CDCI; for 'H NMR analysis.
This reaction monitoring protocol was repeated using pure
a-pinene, p-pinene, 3-carene and GT, both with and without
addition of Me,S (0.12 mL, 0.10 g, 1.6 mmol, 5 mol%) to the
organic layer at the start of the reaction.

Preparative ACRO reactions of CST

CST (12.0 mL, 10.44 g, 76.8 mmol) was heated to 90 °C and
stirred at 500 rpm. Aq. H,SO, (2.4 mL, 6 M aq.) was added in
one portion and the reaction stirred at 90 °C for 4 h. Stirring
was then stopped and the organic and aqueous layers allowed
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to separate and cool to rt. The organic layer was then decanted
off and distilled under reduced pressure to afford a distillate
(b.p. = 170-185 °C, 760 mmHg) containing a mixture of mono-
meric p-MeDs [7.52 g, 55.3 mmol, major components =
a-terpinene, y-terpinene, isoterpinolene and p-cymene] in 72%
yield and a brown terpene oligomer/polymer residue in 22%
yield. The acidic aqueous layer could be recovered and reused
in subsequent ACRO reactions as required.

Preparative ACRO reactions of GT

GT (12.0 mL, 10.44 g, 76.8 mmol) and Me,S (0.28 mL, 0.24 g,
3.8 mmol, 5 mol%) were heated to 90 °C and stirred at 500
rpm. Aq. H,SO, (2.4 mL, 6 M aq.) was added in one portion
and the reaction stirred at 90 °C for 4 h. Stirring was then
stopped, and the organic and aqueous layers allowed to separ-
ate and cool to rt. The organic layer was then decanted off and
distilled under reduced pressure to afford a distillate (b.p. =
170-185 °C, 760 mmHg) containing a mixture of monomeric
p-MeDs [9.03 g, 66.4 mmol, major components: a-terpinene,
y-terpinene, isoterpinolene and p-cymene] in 87% yield and a
brown terpene oligomer/polymer residue in 11% yield. The
acidic aqueous layer could be recovered and reused in sub-
sequent ACRO reactions as required.
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