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Sustainable catalytic protocols for the solvent
free epoxidation and anti-dihydroxylation of the
alkene bonds of biorenewable terpene feedstocks
using H,O, as oxidanty}

William B. Cunningham,?® Joshua D. Tibbetts, {2 2® Marc Hutchby,*®
Katarzyna A. Maltby,”< Matthew G. Davidson,?® Ulrich Hintermair, 2
Pawel Plucinski®© and Steven D. Bull @& *2

A tungsten-based polyoxometalate catalyst employing aqueous H,O, as a benign oxidant has been used for
the solvent free catalytic epoxidation of the trisubstituted alkene bonds of a wide range of biorenewable
terpene substrates. This epoxidation protocol has been scaled up to produce limonene oxide, 3-carene oxide
and a-pinene oxide on a multigram scale, with the catalyst being recycled three times to produce 3-carene
oxide. Epoxidation of the less reactive disubstituted alkene bonds of terpene substrates could be achieved by
carrying out catalytic epoxidation reactions at 50 °C. Methods have been developed that enable direct epoxi-
dation of untreated crude sulfate turpentine to afford 3-carene oxide, a-pinene oxide and f-pinene oxide.
Treatment of crude epoxide products (no work-up) with a heterogeneous acid catalyst (Amberlyst-15) results
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Introduction

The development of efficient processes that enable biorenew-
able feedstocks to be converted into fine chemicals, drugs and
polymers that are currently sourced from petroleum feedstocks
is a key challenge for the 21° century. Consequently, much
attention has been focused on the use of biopolymers (e.g.
lignocellulose, chitin, etc.) as potential biorenewable feed-
stocks for sustainable chemical production." However, use of
oxygenated biopolymers as chemical feedstocks currently
requires the use of chemical/microbial hydrolytic processes to
enable their efficient depolymerization.> Separation methods
are then required to purify complex mixtures of highly oxyge-
nated products, which can be difficult to achieve economically
on a large scale. Most of the oxygen-rich bioproducts produced
are incompatible with industrial catalytic technologies used to
upgrade the aryl and alkene functionalities of hydrocarbon-
based petrochemical feedstocks. This means that further
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in clean epoxide hydrolysis to afford their corresponding terpene-anti-diols in good yields.

microbial fermentation is required to convert these oxygenated
products into relatively low value organic products (e.g. fermen-
tation of glucose into bioethanol).” Alternatively, new catalytic
transformations (e.g. catalytic deoxydehydration reactions) have
been developed to access new chemical products (e.g. conver-
sion of fructose into 5-hydroxymethyl-furfural) for which new
chemical supply chains need to be developed.! However, signifi-
cant technological barriers still need to be overcome and
further investment will be required before oxygenated biopoly-
mers become established as replacement biorenewable feed-
stocks for the industrial synthesis of chemical products.
Monoterpenes (and monoterpenoids) represent a large and
diverse set of secondary metabolites produced by plants, insects
and microbes that exhibit a wide range of biological activity.
They are produced from reactions of Cs isoprene-containing pre-
cursors that afford lightly oxygenated unsaturated acyclic/cyclic
C;o frameworks containing one or more alkene functionalities.’
The hydrocarbon nature of terpenes means they are easy to
purify/derivatize using existing petrochemical technologies and
so can be considered as potentially attractive non-polymeric
biorenewable feedstocks for the sustainable synthesis of chemi-
cal products.® Global biogenic production of terpenes is esti-
mated to be around 10° tons per year, although most terpenes
are currently only available in relatively small amounts and so
are not suitable as bulk feedstocks for industrial chemical
synthesis. However, large volumes of a defined sub-set of bulk
monoterpene feedstocks (e.g. a-pinene, p-pinene, 3-carene and
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limonene) are currently available as low-cost waste by-products
of the agricultural and forestry industries.?

An estimated annual volume of around 330000 tonnes of
terpene feedstocks are produced worldwide,” which is
sufficient quantity to consider using terpenes as biorenewable
feedstocks for the sustainable synthesis of selected chemical
products. Turpentine represents the cheapest and largest
volume monoterpene feedstock available that is produced by
the forestry and paper industries. Annual worldwide turpen-
tine production ranges between 300 000-310 000 tonnes,® with
turpentine comprised of a-pinene and f-pinene, and different
amounts of other terpenes, such as 3-carene, camphene,
(=)-limonene and terpinolene, whose ratios are dependent on
the geographical origin of the tree extracts.’

Crude sulfate turpentine (CST) is the cheapest source of tur-
pentine available in bulk quantities (two thirds of world
supply, $220 per metric tonne),*® which is produced as a by-
product of the Kraft process used to produce pulp for paper
production.'® Current applications of CST involve burning it
as a fuel to provide energy for the paper mill, or carrying out
desulfurization/processing to enable it to be used as paint-
thinner or cleaning fluids (e.g. a-terpineol). Alternatively, frac-
tional distillation can be carried out to afford its individual
terpene components (e.g. a-pinene, p-pinene and 3-carene)
that can then be sold as biorenewable feedstocks for the syn-
thesis of value-added products (e.g. flavours and fragrances).
The remainder of the turpentine that is commercially available
is gum turpentine, which is produced from distillation of resin
obtained from the renewable tapping of tree plantations
(mainly pine), which currently retails at around $1000-1500
per tonne.

Other commercial bulk terpene sources include (+)-limo-
nene which is available in smaller volumes as a by-product of
waste fruit peel from the citrus juice industry. Global pro-
duction levels of (+)-limonene are currently estimated to be
around 70 000 tonnes per year, which retails at a more volatile
price of between $3300-10 000 per tonne.'' Promising indus-
trial biotechnology developments have recently revealed the
potential of synthetic biology to engineer metabolic pathways
into microbes/plants for the industrial production of economi-
cally important higher terpenes such as farnesene and squa-
lene." Monoterpenes are relatively toxic to microbial cells,
which has typically limited their maximum titre levels to
around 1 g L' or less, which potentially limits their commer-
cial production on a large scale. However, a recent report has
described the creation of a recombinant bacteria expressing a
metabolic pathway incorporating 27 enzymes that can trans-
form glucose into a-pinene (or limonene) at titres of up to
15 g L7"."* The impact of these biotechnological processes is
potentially significant, because they can potentially provide
geographically flexible processes that enable low-cost ligno-
cellulosic waste streams to be converted into terpene based
feedstocks on a large scale.

The volumes and prices of commercial turpentine (and
derived products) supplies suggest that a scalable biorefinery
industry based on biorenewable terpene feedstocks is poten-
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tially feasible.® Terpenes and terpenoids are already widely
used for the production of flavours, fragrances, cleaning
agents and medicinally active compounds,® with the wide-
spread use of a-pinene and f-pinene as biorenewable feed-
stocks for the synthesis of camphor, menthol and rose oil par-
ticularly noteworthy. Monoterpenes have often been used as
chiral building blocks for impressive natural product and drug
syntheses, albeit on a comparatively small scale.'* However,
many of the reactions used to transform terpenes into more
complex high-value products do not conform to the principles
of green chemistry, with many of these transformations relying
on waste generating reactions, stoichiometric reagents, expen-
sive catalysts and environmentally unfriendly solvents.'*
Therefore, a concerted effort to identify sustainable catalytic
transformations that can be used to transform biorenewable
monoterpene feedstocks into value-added chemical products
on a large scale is urgently required."®

The unsaturated hydrocarbon nature of monoterpenes
means that access to catalytic oxidative protocols that enable
selective functionalization of their alkene functionalities is
necessary. Epoxides are widely used as privileged functional
groups in organic synthesis, with many regio- and stereo-
selective protocols available for their transformation into a
wide range of functional groups.'® Indeed, the synthetic utility
of many terpene epoxides has already been demonstrated,
including their use as chiral building blocks for the synthesis
of a wide range of fragrances, natural products, polymers, vita-
mins, pharmaceuticals, insecticides and natural products.'”
However, the development of scalable epoxidation reactions of
terpene substrates is challenging, because terpenes (and their
epoxides) readily undergo competing ring-opening, rearrange-
ment and hydrolysis reactions to give unwanted product mix-
tures that are difficult to separate.'® Alkene selectivity is also
an important issue, because many key terpene substrates (e.g.
limonene) contain trisubstituted and disubstituted alkenes
that often need to be selectively epoxidized. Therefore, the
development of sustainable catalytic protocols that enable the
selective epoxidation of terpene feedstocks on a large scale is
challenging, particularly when the catalytic epoxidation
process must be capable of tolerating the multiple sulfur com-
pounds (e.g. Me,S, Me,S,) present in untreated CST.

Polyoxometalate (POM) catalysts and H,0, have been widely
used in catalytic epoxidation reactions, because these proto-
cols exhibit low peroxide disproportionation that maximize
oxygen atom transfer from H,O, to the alkene substrate.'® In
this respect, tungsten oxide based Venturello phase transfer
catalysts (VPTCs) have previously been used to epoxidize tri-
substituted, disubstituted and monosubstituted alkenes in a
variety of organic solvents.”® These easily prepared catalysts
contain lipophilic quaternary counter-ions that facilitate
alkene epoxidation at the interface of biphasic aqueous-
organic mixtures. Their catalytic epoxidation reactions exhibit
similar reactivity profiles to those of stoichiometric peracid
epoxidation reactions, with more substituted alkenes normally
being epoxidized from their least hindered face. These VPTC
systems have been shown to exhibit good functional group
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compatibility, use H,O, as a cheap, environmentally friendly
oxidant with the use of immobilised catalysts potentially allow-
ing for catalyst recycling.'®?" Consequently, VPTC based
systems represent a highly promising candidate for the devel-
opment of catalytic epoxidation protocols for biorenewable
terpene substrates within a biorefinery context.

VPTCs have previously been used for catalytic epoxidation
of the alkene bonds of a range of terpene substrates to give
their corresponding epoxides in acceptable to good yields.*'
These previous terpene epoxidation reactions have employed a
wide range of conditions, including the use of homogeneous
(preformed and in situ generated) and heterocyclic catalysts,
varying catalyst loadings ranging from 1-8 mol%, 30-50%
solutions of H,0, of varying pH (3.0-7.0), different tempera-
tures (rt-90 ©°C), varying reaction times (1.5-72 h), and
different organic co-solvents (e.g. benzene, toluene, CHCl;,
t-BuOH, acetone). Furthermore, a number of reports have also
described the use of additives [e.g. NH,CH,PO;H, (1-2 mol%),
PhP(O)(OH), (4-10 mol%), Na,SO, (30 mol%), imidazole
(5 mol%)] to increase the rate of epoxidation and/or prevent
unwanted acid catalysed hydrolysis of terpene epoxides into
their corresponding anti-diols.”’ *® However, a systematic
study to identify optimal conditions for the VPTC mediated
epoxidation of a wide range of terpene substrates has not been
carried out. Building on previous literature precedent, we now
report the development of practically simple and broadly appli-
cable solvent-free epoxidation protocols that employ a cheap
preformed homogeneous tungsten based VPTC for the selec-
tive epoxidation of the trisubstituted alkene bonds of a wide
range of biorenewable terpene/terpenoid substrates. These sus-
tainable epoxidation conditions have been scaled up to safely
produce limonene oxide, 3-carene oxide and a-pinene oxide on
multigram scales, with recycling studies showing that the cata-
lyst can be recycled three times for the solvent free production
of 3-carene oxide. Use of elevated temperatures (up to 50 °C)
enables epoxidation of terpenes containing less electron-rich
disubstituted alkene functionalities, which enabled both
alkene bonds of limonene to be epoxidized in good yield.
Optimal VPTC/H,0, epoxidation conditions have been applied
for the first direct epoxidation of the major components of
crude CST (non-desulfurized) to afford mixtures of 3-carene
oxide, a-pinene oxide and p-pinene oxide that could be separ-
ated by distillation. Finally, treatment of crude epoxide mix-
tures with a heterogeneous Lewis acid catalyst (Amerlyst-15)
has enabled a tandem ‘one-pot’ stepwise catalytic epoxidation/
epoxide hydrolysis protocol to be developed that enables
Prilezhaev dihydroxylation of the alkene bonds of terpenes to
give their corresponding anti-diols in good yield.

Results and discussion

Solvent free VPTC/H,0, mediated epoxidation of the alkene
bonds of biorenewable terpenes and CST

Our goal was to develop practically simple protocols that used
preformed VPTC/H,0, system for the scalable catalytic epoxi-
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dation of a wide range of terpenes, including untreated CST.
Consequently, a preformed VPTC was first prepared by stirring
a solution of tungstic acid in 30 wt% aqueous H,0, at 60 °C
for 1.5 h, followed by cooling to rt and addition of 85% ortho-
phosphoric acid. A solution of Aliquat 336 [mixture of
MeN'(CgH;5);Cl~ and MeN'(CyoH,,);Cl7, £0.08 per mL
(Merck), phase transfer catalyst (PTC)] in CH,Cl, was then
added and the resultant mixture stirred vigorously for 1 h at rt,
before the organic phase was concentrated under vacuum to
give a Venturello-A336 catalyst (PW,0,,4[PTC];) as a viscous,
transparent yellow syrup in 70% yield on a multigram scale.>”
Limonene was chosen as a model terpene for the initial
reaction optimisation phase,® because it enabled the selectivity
of the VPTC for epoxidation of its trisubstituted alkene over its
disubstituted alkene to be determined. 1 mol% of
PW,0,,[PTC]; was dissolved in neat limonene, followed by
dropwise addition of 1.0 equiv. of 30% aqueous H,0, (pH 4.0)
and vigorous stirring of the resultant biphasic reaction
mixture at rt. This resulted in complete consumption of limo-
nene after 1 h, affording a ~1: 1 mixture of diastereomeric 1,2-
limonene oxides 1a/1b in 71% yield, along with 25% of the
corresponding limonene-anti-1,2-diols (1 : 1 mixture of diaster-
eomers), and a small amount (<5%) of limonene bis-epoxide
(mixture of all four stereoisomers). The unwanted 1,2-diols
formed in this reaction are formed by competing hydrolysis of
their corresponding 1,2-epoxides 1a/ib, which we sub-
sequently discovered was caused by the acidic nature of com-
mercial 30% aqueous H,O, (pH 3.0-4.0). Consequently, the
pH of the hydrogen peroxide solution was preadjusted to pH
7.0 using 0.5 M NaOH solution, and the catalytic epoxidation
reaction repeated to give a 57:43 mixture of 1,2-limonene
oxides 1a/b, with <5% of their corresponding diols now
present (Scheme 1). Isolation of the crude reaction product
was achieved by simply decanting off the upper organic layer
of the biphasic reaction which "H NMR spectroscopic analysis
revealed was comprised of limonene oxides 1a/b (containing
1 mol% catalyst) in >95% purity. The crude limonene oxides
1a/b were then purified by chromatography (or distillation in
vacuo) to afford pure limonene-1,2-oxide 1a/b in 94% isolated

R 1 mol% PW,40,,[PTCl, R
H 1 equiv. 30% H,05(aq) (pH 7.0) 0 H
RN — Ri
R, additive, time, rt R,
PTC = mixture of MeN*(CgH,7)3 and MeN*(C4oHz1)3 1-3
(0]

(0]

/\
57 :43 30% Na, SO,
1h, 94% 7 h, 92% 8h, 85%
1a/b 2 3

Scheme 1 Solvent free catalytic epoxidation of the bulk commodity
terpenes — limonene, 3-carene and a-pinene.
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yield (average of 5 repeat epoxidation reactions),** with no diol
or bis-epoxide contaminants present.

We then explored application of this solvent free protocol
for the epoxidation of the trisubstituted alkene functionalities
of the bulk commodity terpenes 3-carene and «-pinene
that are major components of CST. 3-Carene was cleanly epoxi-
dized using 1 mol% VPTC and 30% H,O, (pH 7.0) under
solvent free conditions at rt to afford 3-carene oxide 2 as a
single diastereomer in 92% isolated yield after 7 h
(Scheme 1).** Epoxidation reactions of a-pinene are known to
be potentially problematic, because its epoxide can undergo
competing acid catalysed rearrangement, fragmentation and
hydrolysis reactions that result in low yields of a-pinene oxide
3. Indeed, epoxidation of a-pinene using the standard con-
ditions developed for limonene proved unsuccessful, affording
complex mixtures of a-pinene and anti-diols, with no a-pinene
oxide 3 present. Sato and coworkers, had previously reported
that addition of 0.3 equiv. of Na,SO, to VPTC mediated epoxi-
dation protocol gave good yields of o-pinene oxide 3,
suggesting that competing epoxide hydrolysis at the biphasic
interface is minimized by the increased ionic strength of the
aqueous layer.>® Therefore, we repeated the catalytic epoxi-
dation reaction of a-pinene in the presence of 0.3 equiv. of
Na,SO, which resulted in clean epoxidation to afford a-pinene
oxide 3 as a single diastereomer after 8 h in 85% isolated yield
(Scheme 1).>> The excellent diastereoselectivities observed for
epoxidation of both 3-carene and a-pinene are consistent with
both their alkene bonds being epoxidized from their least-hin-
dered faces.

The epoxidation reactions of limonene, o-pinene and
3-carene were then scaled up to demonstrate the potential of
using these protocols for the large-scale synthesis of bulk
terpene  epoxides  containing  trisubstituted alkenes.
Preliminary scale-up reactions revealed that our solvent free
epoxidation conditions were associated with a potentially
dangerous exotherm that could result in a dangerous delayed
onset thermal runaway reaction occurring. However, modifi-
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cation of the experimental conditions enabled safe solvent free
epoxidation of limonene to be carried out on a larger scale.
This involved slow dropwise addition of a 30% H,0O, solution
(pH 7.0) to a rapidly stirred solution of limonene (500 rpm)
containing 1 mol% catalyst, whilst ensuring that the tempera-
ture of the reaction was maintained between 35 and 50 °C
through external cooling. This modified protocol enabled the
safe and reproducible solvent free epoxidation of 100 g of limo-
nene to afford 95 g of limonene oxide 1 after 2 h in 85% iso-
lated yield. This scaled-up procedure was then used to epoxi-
dize 15 g of 3-carene to afford 11.4 g of 3-carene oxide 2 in
76% isolated yield and epoxidise 15 g of a-pinene (2 mol%
catalyst, 30 mol% Na,S0,) to afford 12.8 g of a-pinene-oxide 3
in 85% isolated yield. A representative range of catalytic epoxi-
dation reactions of limonene using H,0, as an oxidant are
shown in Table 1. These results clearly show that our catalytic
solvent and additive free system affords higher yields of limo-
nene oxide in shorter reaction times.***?

The potential of these protocols to catalyse epoxidation of
the trisubstituted alkene bonds of a range of other naturally
occurring cyclic monoterpene alcohols was then investigated
(Scheme 2). Perillyl alcohol was monoepoxidized to give a
clean mixture of its corresponding o-/f-epoxides 4a/b in a
58:42 ratio after 2 h in 71% yield, with no epoxidation of its
terminal alkene or oxidation of its primary alcohol occurring.
Similarly, myrtenol was cleanly epoxidized (30 mol% Na,SO,)
to give a single diastereomeric epoxide 5 after 2 h in 70%
yield, with epoxidation occurring exclusively on the face oppo-
site to its more bulky 1,1-dimethyl substituent. The homo-
allylic alkene bond of carvomenthenol was successfully epoxi-
dized to give a mixture of epoxide diastereomers 6a/b in 77%
yield, with the 90: 10 selectivity for the cis epoxide due to the
directing effect of the tertiary alcohol group. Attempts to epoxi-
dize citronellol under these conditions resulted in a low 35%
yield of its corresponding epoxides, however, epoxidation of
O-acetyl-citronellol was more successful, affording a
50:50 mixture of epoxides 7a/b in an improved 55% isolated

Table 1 Comparison of recent reported literature methods for epoxidation of limonene using H,O,

(0}
Catalyst, Hy05 (aq)
solvent, additive, time
1alb

Catalyst H,0, equiv. Solv. Additive Time (h) Yield Ref.
PW,0,, (preformed) 1 — — 1 94% This work
PW,0,, (in situ) 1 — Na,S0, 1 73% 28
PW,0,, (in situ) 1 Limonene (300 mol%) Na,S0, 0.25 95% 28
Fe' cat. 6 Acetone — 24 78% 33a
W-SiO, 2 MeCN — 6 65% 33h
PW, on Si 24 MeCN — 24 54% 33¢
Candida arctica lipase 6 PhMe Octanoic acid 1 78% 33d
Eco-Mn® 3 DMF NaHCO; 4 43% 33e
Mn,(PWo), 2 MeCN — 2 23% 33f
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R 1 mol% PW,0,,[PTC], R

H 1 equiv. 30% H,0,(aq) (pH 7.0)
RN

additive, time, rt

Ry Ry
4-7
_/OH
ol

7"
58 : 42 30% NaySO4
2h, 71% 2h, 70%

4alb 5

90:10 50 : 50
3h, 77% 6 h, 55%
6a/b 7alb

Scheme 2 Solvent free catalytic epoxidation of the trisubstituted
alkene bonds of a series of cyclic and acyclic terpene alcohols/esters.

yield. This mixture of epoxides 7a/b could then be methano-
lyzed (5 equiv. K,CO3, MeOH, 12 h) to afford a 50: 50 mixture
of their corresponding deprotected citronellol oxides in 80%
yield.

Our standard catalytic epoxidation protocol was then
applied to a series of monoterpene, sesquiterpene, diterpene
and triterpene substrates that contain multiple alkene bonds
(Scheme 3). The non-conjugated trisubstituted alkene bond of
acyclic myrcene was epoxidized to give the monoepoxide (rac)-
8 in 82% yield after 3 h, with its less reactive synthetically
useful diene fragment remaining intact. Similarly, selective
epoxidation of the fused tricyclic alkene bond of the sesquiter-
pene valencene gave a 76 : 24 mixture of exocyclic and endocyc-
lic monoepoxides 9a/b after 24 h, with no epoxidation of its
isopropenyl group observed. The non-conjugated trisubsti-
tuted alkene functionality of (rac)-a-ionone was selectively
epoxidized at 50 °C to afford an 80:20 mixture of its a-/
B-mono-epoxides (rac)-10a/b in 79% yield after 4 h. The more
electron-rich tetra-substituted y,5-alkene of -ionone was selec-
tively epoxidized at 50 °C to afford its (rac)-epoxide 11 in 84%
yield. Use of two equiv. of H,O, enabled both trisubstituted
alkene functionalities of y-terpinene to be simultaneously
epoxidized to afford (rac)-cis-bis-epoxide 12 in 86% yield and
>90% de. In this case, unselective epoxidation of one of the tri-
substituted alkene bonds of y-terpinene affords two mono-
epoxide intermediates, whose oxygen atoms then direct epoxi-
dation of their remaining trisubstituted alkenes to the same
face. The catalytic epoxidation protocol was then used for the
epoxidation of farnesene and squalene, because both these ter-

This journal is © The Royal Society of Chemistry 2020
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R 1 mol% PW,0,,[PTC], R
H 1 equiv. 30% H;O0zaq) (PH 7.0) W
R R;
time, rt
Ra R2
8-14
W
o
1 eq H,0, "
0,
1,3 h, 82% o
(rac)-8

76:24
1eqH,0,
rt, 24 h, 62%
9a/b
(0]
S
(0]
(0]
1eqH,0,
80:20 50°C, 10 h, 84%
1eq H,0, (rac)-11
50°C, 4 h, 79%
(rac)-10alb =
0} (0]
A
+
0 (e] =
ol o)
: A
2eqH,0, 50:50
rt, 3 h, 86% 18h, 86%
(rac)12 (rac)-13alb
o] o] (0]
(0] (0] (0]

Mixture of all possible stereoisomers

6 eq H,0,
1, 12 h, 89%

(rac)-14

Scheme 3 Solvent free catalytic epoxidation of the trisubstituted
alkene bonds of a range of biorenewable terpene substrates.

penes are currently produced on a large scale using industrial
biotechnology processes.***> Use of 2.0 equiv. of H,0, resulted
in both trisubstituted alkene bonds of farnesene being selec-
tively epoxidized to afford a 50:50 mixture of its diastereo-
meric bis-epoxides 13a/b in 86% yield after 18 h, with its syn-
thetically valuable diene fragment untouched.

Even more impressively, treatment of squalene with
1 mol% Ishii-Venturello catalyst and 6 equiv. of H,O, under
solvent free conditions gave a mixture of diastereomeric hexa-
epoxides 14 in 89% yield after 12 h. Global epoxidation of all
the alkene bonds of squalene was confirmed by HPLC-MS ana-
lysis that revealed the presence of a single broad peak (mul-
tiple hexaepoxy diastereomers) with a correct HPLC-HRMS
molecular ion of 529.3628 m/z.
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R 1 mol% PW,40,4[PTC]3 R
1 equiv. 30% H,0,(aq) (pH 7.0)

H time, 50 °C

o ) Os A
+ +
0) H o,,| H o, H
10:10:1:1
2h,71%
15a-d
+ (o}
OH +
H > )@;\)\/‘
A\
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Scheme 4 Solvent free catalytic epoxidation of the disubstituted
alkene bonds of a series of monoterpene substrates.

We next turned our attention to determining whether use
of higher temperatures might enable epoxidation of terpenes
containing less reactive disubstituted alkenes (Scheme 4).
Epoxidation of dihydrocarvone (4:1 mixture of trans:cis
isomers) using 1 mol% catalyst and 1 equiv. of H,0, at 50 °C
for 2 h, resulted in formation of a 10:10:1: 1 mixture of four
diastereomeric epoxides 15a-d in 71% isolated yield. The di-
substituted alkene bond of isopulegol was epoxidised at 50 °C
to give a 60:40 mixture of diastereomeric epoxides 16a/b in
63% yield after 1 h, whilst acyclic dihydromyrcenol was epoxi-
dised at 50 °C to afford a 50 : 50 ratio of its corresponding dia-
stereomeric epoxides 17a/b in 75% yield after 4 h.

Attempts to epoxidise the bulk monoterpene B-pinene were
less successful, due to the lower reactivity of its sterically hin-
dered disubstituted alkene bond and the propensity of
B-pinene oxide 18 to undergo facile ring-opening reactions.
For example, treatment of B-pinene with 3 mol% VPTC and 1
equiv. of 30% H,0, at 20 °C in the presence 30 mol% Na,SO,
for 7 h on a 1 g scale, only gave p-pinene oxide in 47% isolated

3 mol% PW40,4[PTC]3
1 equiv. 30 % H,0, (pH 7.0)

30 mol% NaySO,,
20 °C, 7 h, 47% yield

~ o

+
diols and other

3 mol% PW,0,4[PTC];
products

1 equiv. 50 % H,0, (pH 7.0)
2 equiv. toluene
30 mol% Na,SOy,,
35°C, 2 h, 62% yield

Scheme 5 Catalytic epoxidation of p-pinene using modified conditions
designed to reduce ring-opening of -pinene oxide 18.
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yield (Scheme 5).*” The mass balance from this epoxidation
reaction was found to be a complex mixture of by-products,
with previous unsuccessful p-pinene epoxidation reactions
reported to produce up to 9 possible by-products (e.g. pinocar-
veol).*® Consequently, it was decided to modify the epoxi-
dation conditions to try and increase the rate of epoxidation of
f-pinene and minimize hydrolysis of pf-pinene-oxide 18 at the
aqueous interface. Gratifyingly, use of 3 mol% VPTC, 1 equiv.
of a more concentrated commercial 50% H,O, solution,
increasing the temperature of the epoxidation reaction to
35 °C and employing 2 equiv. of toluene as an organic cosol-
vent resulted in B-pinene epoxide 18 being produced to a more
satisfactory 62% isolated yield after only 2 h.

Limonene has proven to be a popular terpene feedstock for
the production of a range of biorenewable polymers, with 1,2-
limonene oxide 1a/1b having been copolymerised with carbon
dioxide for the production of polycarbonates, or copolymerised
with cyclic anhydrides for the production of polyesters.*® The
use of limonene bis-epoxide 19 as a bifunctional monomer for
biopolymer synthesis is less well explored, however it has
recently been reacted with carbon dioxide to afford cyclic bis-
carbonates that were polymerised to afford biorenewable poly-
urethanes and polycarbamates.’>*® Attempts to catalyse the
simultaneous epoxidation of both alkene bonds of limonene
using our standard mono-epoxidation conditions for longer
periods of time (or at higher temperatures) proved unsuccess-
ful, affording complex mixtures of epoxides, diols and tetrol
products. However, use of the modified conditions developed
to epoxidize p-pinene (50% H,0,, 30 mol% Na,SO,, toluene)
resulted in initial formation of a mixture of diastereomeric 1,2-
limonene mono-epoxides 1a/1b after 20 minutes, with further
epoxidation of their disubstituted alkenes then occurring to
afford limonene bis-epoxide 19 (mixture of all four possible
stereoisomers) after 7 h in 69% isolated yield (Scheme 6).

We then decided to challenge our catalytic protocols for the
direct catalytic epoxidation of the major terpene components
of untreated CST, which would require alkene epoxidation in
the presence of multiple sulfur contaminants (e.g. Me,S) that
are known to deactivate many metal-based catalysts. Non-
desulfurized industrial grade CST was obtained from the Sodra
Forestry Cooperative based in Southern Sweden, whose compo-
sition was analysed by "H NMR spectroscopy and GCMS ana-
lysis. The major terpene components of this CST were found
to be 49% a-pinene, 39% 3-carene and 12% p-pinene, which is

3mol% PW,0,[PTC], o
2 equiv. 50 % H,0, (pH 7.0)
2 equiv. toluene

H 30 mol% Na,SO,, H
e 35°C, 7 h, 69% yield >
O
Mixture of all 4
stereoisomers
19

Scheme 6 Modified conditions applied to epoxidation of both alkenes
in limonene to afford bis-epoxide 19.
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a typical terpene distribution for North European sources of
CST that generally exhibit a high 3-carene content. Treatment
of this industrial CST with 1 mol% of VPTC and 1.5 equiv. of
neutralised 30 wt% H,0, (pH 7.0) under solvent free con-
ditions at rt resulted in 90% consumption of its three major
terpene components after 5 h. Analysis revealed that its
3-carene fraction had been converted into 3-carene oxide 2,
whilst a- and B-pinene had been transformed into their corres-
ponding diols (and other ring-opened products). The crude
product (no sulfurous odour) was purified by fractional distil-
lation (or chromatography) to afford 3-carene oxide 2 (bp 87 °C
at 50 mm Hg) in 30% overall yield (77% theoretical yield)
(Scheme 7a). Repeating this CST epoxidation reaction using
1 mol% of catalyst with 1.5 equiv. of 30 wt% H,O, (pH 7.0)
and 30 mol% Na,SO, for 5 h gave 36% (92% theoretical) and
37% yields (76% theoretical) of 3-carene oxide and a-pinene
oxide, respectively, with all the p-pinene component converted
into its corresponding diol (and other products) (Scheme 7b).
Finally, CST was subjected to the more forcing epoxidation
conditions (3 mol% catalyst, 50% H,0,, 30 mol% Na,SO,,
toluene) developed for B-pinene, which gave 3-carene oxide,

(a) 1 mol% PW,0,,[PTCl,
1.5 equiv. 30% HyOp(aq) (PH 7.0)

+ Diols
5h,25°C

35%

49%

(b) 1 mol% PW40,4[PTCl5
1.5 equiv. 30% Hy05(4q) (PH 7.0)
0.3 equiv. Na,SO,

5h,25°C

+

2 3

39% 36% 33%

+ Diols

12%

Crude Sulfate

(c) 3 mol% PW,40,4[PTCl3
Turpentine

1.5 equiv. 50% Hy05(aq) (PH 7.0)
0.3 equiv. Na,SO,
2 equiv. toluene 2 3

36%

+

1h,35°C 43%

(@)

+ Diols
18
6%

Scheme 7 Catalytic epoxidation of CST to selectively afford (a)
3-carene oxide; (b) 3-carene oxide and a-pinene oxide; (c) 3-carene
oxide, a-pinene oxide and f-pinene oxide.
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a-pinene oxide and B-pinene oxide in 36% (92% theoretical),
43% (88% theoretical) and 6% (50% theoretical) yields,
respectively (Scheme 7c). These epoxides could be separated by
fractional distillation under reduced pressure to afford
3-carene oxide (bp 87 °C at 50 mm Hg), followed by a-pinene
oxide (bp 102 °C at 50 mm Hg) and then p-pinene oxide (bp
112 °C at 50 mm Hg).

Catalyst recycling studies

We next investigated the possibility of recycling the catalyst for
use in consecutive epoxidation reactions, with 3-carene chosen
as a model substrate because its relatively fast epoxidation rate
and the fact that it affords a single epoxide diastereomer that
is easily purified by distillation. Epoxidation of 3-carene was
carried out using 1 mol% catalyst using our standard solvent/
additive free conditions using 1.0 equiv. of 30% H,O,,
which resulted in 100% consumption of 3-carene after 7 h.
Separation and '"H NMR spectroscopic analysis of the resultant
biphasic aqueous/organic layers revealed that the organic layer
contained the VPTC species. Distillation of the crude organic
layer afforded 3-carene oxide in 73% isolated yield, with the
recovered distillation residue containing the catalyst then
reused for epoxidation of a fresh batch of 3-carene. This
second epoxidation reaction required 24 h to proceed to com-
pletion, with distillative purification affording 3-carene oxide
in a comparable 76% yield. A third epoxidation run using the
recovered catalyst distillate took 100 h to reach 90% conver-
sion, with distillation affording unreacted 3-carene (9%) and
3-carene oxide in 66% yield. Finally, a fourth run using the
recycled catalyst distillate only gave 13% conversion of
3-carene after 100 h, indicating that the recycled VPTC had lost
most of its activity after the third epoxidation run (Fig. 1). The
mass of the recovered distillate residue was found to effectively
double after each run, with '"H NMR spectroscopic analysis
(see ESII for details) revealing the presence of high boiling/oli-
gomeric/polymeric terpene residues accumulating over time to
deactivate the catalyst. Additionally, the POM anion (or its

100% L L
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80%
70%
B —@®&—runl
9O 60%
7 : ceeserun 2
o 50% |z
2 4 run 3
o 40% -
Q 3 — A— runé
30%
20%
10% _a- & =k - k=== '
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0 20 40 60 80 100 120 140 160 180
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Fig. 1 Graph showing the conversion of 3-carene over time with
1 mol% catalyst recycled through four reactions.
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degradation products) was presumed to be leaching into the
aqueous phase of each subsequent reaction to some extent, as
has been previously observed by other groups.** This was con-
firmed by 'H and *'P NMR spectroscopy which revealed reten-
tion of PTC species but the absence of any phosphorous-con-
taining POM anion species in the organic layer after the fourth
run. However, the first three catalytic recycling runs gave
acceptable 66-75% yields of 3-carene oxide under solvent free
conditions, suggesting that catalyst recycling is potentially
feasible, particularly if distillative purifications of terpene
oxides are carried out at lower temperatures/higher pressures
that are available on an industrial scale. These recycling
results are in accordance with previous studies by other groups
using similar homogeneous polyoxotungsten-based epoxi-
dation catalysts, who also described a significant drop in
activity after successive epoxidation runs.*>*? Efficient re-
cycling has been achieved using polyoxotungsten-based cata-
lysts immobilised on graphene and polymer supports,***’
however, these heterogeneous systems generally require longer
reaction times and higher temperatures for epoxidation to
occur. Finally, we found that the catalyst distillate residue iso-
lated after the fourth run was highly flammable, which affords
the opportunity of burning it for energy and recovering its
tungsten metal content (Fig. 2).

One-pot catalytic epoxidation/hydrolysis protocol for
Prilezhaev anti-dihydroxylation of biorenewable terpenes

Since a number of our catalytic epoxidation experiments had
resulted in competing in situ hydrolysis of epoxides to afford
anti-1,2-diols, it was decided to develop a one-pot stepwise pro-
tocol for carrying out Prilezhaev anti dihydroxylation of the
alkene bonds of terpenes.*® Venturello et al. have previously
reported that low loadings of a preformed Venturello-PTC cata-
lyst could be used to catalyse tandem epoxidation/hydrolysis
reactions of aryl- and alkyl-alkene substrates (no terpenes)
using benzene as a solvent to afford their corresponding anti-

Fig. 2 Image of recycled catalyst residue burning vigorously after being
ignited using an open flame.
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diols.*® Attempts to employ Venturello’s conditions®® for the
epoxidation/hydrolysis of limonene produced variable results,
with replacement of benzene with a range of cosolvents (e.g.
toluene) resulting in complex mixtures of limonene, limonene-
1,2-oxide and limonene anti-1,2-diols. Consequently, we
devised an alternative stepwise one-pot anti-dihydroxylation
protocol, involving catalytic epoxidation of limonene (1 mol%
catalyst, 30 wt% H,0, (pH 3-4)) to afford a crude epoxidation
product (no work-up) that was then treated with the hetero-
geneous Lewis acid catalyst Amberlyst-15 (0.1 mol%) at rt.
Although initial hydrolysis of the crude mixture of limonene
oxide proceeded smoothly, the viscosity of this solvent free
system was found to increase dramatically as the percentage of
diols 20a/b present exceeded 25%, with inefficient stirring/
mixing resulting in the hydrolysis reaction stalling at around
50% epoxide conversion. Consequently, the epoxidation reac-
tion was repeated on a 5 mmol scale, using 1.0 mL of EtOAc
(10 mmol, 2.0 equiv.) as a co-solvent, which enabled efficient
stirring and complete hydrolysis of the limonene epoxides in
the second Amberlyst-15 hydrolysis step. Filtering off the
heterogeneous Amberlyst-15 catalyst and removal of the EtOAc
solvent in vacuo enabled a mixture of diastereomeric limo-
nene-1,2-anti-diols 20a/b to be obtained in 68% yield
(Scheme 8). Attempts to carry out this Prilezhaev reaction by
including Amberlyst-15 at the start of the epoxidation reaction
produced inferior results, leading to significantly lower rates
of epoxidation which resulted in complex mixtures of pro-
ducts. Attempts to recover and recycle the Amberlyst-15 were
unsuccessful due to rapid stirring of the biphasic mixture
resulting in mechanical degradation of the resin.

This catalytic one-pot stepwise epoxidation/hydrolysis
method was then applied to the dihydroxylation of a range of
nine cyclic and acyclic terpene substrates to afford their
respective anti-diol derivatives 21-28 in 56 to 77% isolated
yields (Scheme 8).?® Reaction of 3-carene gave anti 3,4-carene
diol 21 as a single diastereoisomer in 73% isolated yield, with
<5% of 3-carene (or its corresponding epoxides) present in the
crude reaction product. The anti-dihydroxylation reactions of
3-carene and y-terpinene were carried out on a larger 10 g
scale, allowing their corresponding diol 21 and tetrol (rac)-22
to be obtained in 55% and 62% isolated yields, respectively.
Anti-dihydroxylation of the exocyclic disubstituted isopropyl-
idene bond of isopulegol (epoxidation at 50 °C) gave the
corresponding triols 23a/b as a 60:40 mixture of diastereo-
mers in 65% yield. Epoxidation/hydrolysis of dihydrocarvone
(4 : 1 mixture of isomers) gave a 10:10:1: 1 mixture of diaster-
eomeric diols 24a-d in 62% yield. Anti-dihydroxylation of peri-
llyl alcohol and carvomenthenol gave 58:42 and 90:
10 mixtures of triols 25a/b and 26a/b in 56% and 77% yields,
respectively. Anti-dihydroxylation of the non-conjugated alkene
bond of a-ionone gave a-ionone anti-diols (rac)-27a/b as an
80 :20 mixture of cis-/trans-diastereomers in 70% yield, whilst
anti-dihydroxylation of the trisubstituted y,5-alkene bond of
B-ionone gave (rac)-diol 28 in 55% yield.

Unsurprisingly, attempts to apply these epoxidation (0.3
equiv. Na,SO,)/hydrolysis (Amberlyst-15) conditions to

This journal is © The Royal Society of Chemistry 2020
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Scheme 8 Solvent free catalytic epoxidation/hydrolysis protocol for
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i) 1.0 equiv. Hy0,,
2.0 equiv. EtOAc, 5 h. rt
ii) 8 h, rt, 55% (2 steps)

(rac)-28

the anti-dihydroxylation of selected monoterpenes.

a-pinene were only partially successful, affording a mixture of
a-pinene-diol 29 (39%) and the ring-opened products - cam-
pholenic aldehyde 30 (15%), trans-sobrerol 31 (31%) and cis-
sobrerol 32 (13%) (Scheme 9).>° Epoxidation/hydrolysis of
B-pinene was not carried out because of the relatively low yield
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(i) 1 mol% PW,0,4[PTCl5
30% HyOpaq) (PH 3.0-4.0)

0.3 equiv. Na,SO,4 39% 15%
5h,25°C
(ii) cat. Amberlyst-15,
H,0, 6 hatrt l WOH
31 % 3%
31 32

Scheme 9 Solvent free catalytic epoxidation/hydrolysis of «-pinene
affords a mixture of four products.

of its epoxidation step and the fact that p-pinene oxide 18
readily undergoes acid catalysed ring-opening reactions to
afford mixtures of myrtenal, myrtenol and perillyl alcohol.*’
Attempts to apply our epoxidation/hydrolysis protocol to
untreated CST resulted in formation of a complex mixture of
oxygenated products, with 3-carene-diol 21 (~20% yield) being
the only identifiable product detected by 'H NMR spectro-
scopic/GCMS analysis. Nevertheless, the anti-dihydroxylation
results reported in Scheme 8 clearly demonstrate that
Amberlyst-15 can be used as a heterogeneous acid catalyst
for catalysing hydrolysis of a of crude terpene epoxide mix-
tures, without unwanted dehydration/rearrangement reactions
occurring.

Conclusions

An inexpensive and easily prepared tungsten based polyoxome-
talate VPT catalyst has been used for the solvent free catalytic
epoxidation of the trisubstituted alkene bonds of fourteen
biorenewable terpene substrates using aqueous 30% H,0, as a
cheap and benign stoichiometric oxidant at rt. These scalable
sustainable epoxidation conditions have been applied for the
synthesis of a-pinene oxide, 3-carene oxide and limonene
oxide (85 g) on a multigram scale. Carrying out this catalytic
epoxidation reaction at higher temperatures enabled the less
reactive disubstituted alkene bonds of terpenes to be epoxi-
dized in good yields. These catalytic conditions have been
used for the direct epoxidation of untreated CST for the first
time, affording mixtures of 3-carene oxide, a-pinene oxide and
B-pinene oxide that could be separated by distillation. The
VPTC could be recycled three times for the catalytic solvent
free epoxidation of 3-carene affording 3-carene oxide in
64-75% yield. Treatment of the crude epoxide products (no
work-up) with a heterogeneous acid catalyst (Amberlyst-15)
results in clean epoxide hydrolysis to afford their corres-
ponding terpene-anti-diols in good yields. Therefore, we
believe these green, sustainable and scalable catalytic epoxi-
dation and anti-dihydroxylation protocols provide valuable syn-
thetic tools for transforming cheap biorenewable terpene feed-
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stocks into valuable chemical building blocks for the synthesis
of valuable chemical products within a biorefinery context.

Experimental

Preparation of modified Ishii-Venturello catalyst

Tungstic acid [H,WO,] (15 g, 60 mmol) was added to 30 wt%
aqueous H,0, (30 mL) in distilled H,O (12 mL) and the bright
yellow mixture stirred for 1.5 h at 60 °C until a cloudy pale-
yellow solution formed. The solution was cooled to room
temperature and a solution of 85% orthophosphoric acid
(H3PO,) (1.86 mL) in distilled water (1.86 mL) added, followed
by addition of 180 mL of distilled H,O. The reaction mixture
was stirred for 30 min at rt, followed by dropwise addition of a
solution of Aliquat 336 (13.7 mL, £0.80 per 10 mL (Fisher
Scientific)) in CH,Cl, (240 mL) over a period of 15 min. The
resulting mixture was then stirred vigorously at room tempera-
ture for 1 h, with the organic phase separated off, washed with
distilled H,O, dried (MgSO,), and concentrated under vacuum
to give the Venturello-A336 catalyst as a viscous, transparent
yellow syrup (16.5 g, 70%).

Solvent free catalytic epoxidation of terpene substrates

A terpene (5 mmol, 1.0 equiv.) and PW,0,,PTC]; (0.11 g,
2259 g mol™", 0.05 mmol, 1 mol%) were added to a 20 mL
glass tube and the resultant suspension stirred rapidly for
10 minutes to fully dissolve the catalyst. 30% aqueous H,O,
solution (0.5 mL, 5 mmol, preadjusted to pH 7.0 using 0.5 M
NaOH) was then added dropwise to the neat terpene that was
stirred slowly at ~50 rpm. CAUTION - Exothermic runaway
needs to be prevented by controlling the rate of H,0, addition
and cooling the reaction flask using an external water bath.
The epoxidation reaction was then stirred (~100 rpm) at room
temperature until tlc indicated that all the terpene had been
consumed. The top organic layer of the biphasic reaction was
then collected and purified via column chromatography (or
fractional distillation under reduced pressure) to produce the
desired epoxide as a clear oil.

Experimental variants of the general epoxidation protocol are
as follows

(a) Incorporation of 0.3 equiv. Na,SO, into the catalytic
epoxidation protocol was achieved by dissolving 0.3 equiv. of
Na,S0, in the hydrogen peroxide solution (pH 7.0) prior to its
dropwise addition to the stirred terpene solution.

(b) Higher catalyst loadings were used for epoxidation of less
reactive terpenes, with the catalyst loadings employed for each
terpene substrate reported on their respective reaction schemes.

(c) Elevated temperatures of 35-50 °C were used to epoxi-
dize terpene substrates that contained less reactive di-
substituted alkenes.

(d) Incorporation of toluene (2 equiv.) into the catalytic
epoxidations was achieved by dissolving the terpene substrate
and catalyst in the solvent prior to addition of H,0,.
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(e) Higher concentration H,O, (50 wt%) was used for sub-
strates where hydrolysis of epoxidation products to their corres-
ponding anti-diols occurred under standard conditions.

(f) One equiv. of H,0, was used to for every alkene bond
present in the terpene substrate. For example, the six tri-substi-
tuted alkene bonds of squalene were epoxidized using six equiv.
of H,0,.

(g) Large scale batch epoxidations were stirred at a faster
stirring rate of 500 rpm to take into account the larger volumes
of terpene substrate used, with hydrogen peroxide added in
small portions using a dropping funnel.

Catalyst recycling study for epoxidation of 3-carene

3-Carene (3.26 g, 24 mmol) and PW,0,,PTC]; (0.55 g,
2259 gmol ™", 0.24 mmol, 1 mol%) were added to a 20 mL glass
tube and the resultant suspension stirred rapidly for
10 minutes to fully dissolve the catalyst. 30% aqueous H,O,
solution (2.5 mL, 24 mmol, preadjusted to pH 7 using 0.5 M
NaOH) was then added dropwise to the terpene mixture that
was stirred slowly at ~50 rpm. CAUTION - Exothermic runaway
needs to be prevented by controlling the rate of H,0O, addition
and cooling the reaction mixture using an external water bath.
The reaction was then stirred (~100 rpm) at room temperature
and monitored by "H NMR spectroscopy, with the epoxidation
reaction complete after 7 h. The top organic layer of the biphasic
reaction was then collected and purified via fractional distillation
under reduced pressure to produce 3-carene oxide as a clear oil
(2.65 g, 73%). The same amount of 3-carene (3.26 g, 24 mmol)
was then added to the recovered catalyst residue and the epoxi-
dation reaction repeated using the same amount of H,O, (1
equiv.). This epoxidation/catalyst recycling procedure was carried
out for a total of four experiments, giving 3-carene oxide yields of
73% for run 1, 76% for run 2, 66% for run 3 (+9% recovered
3-carene) and 11% for run 4 (+65% recovered 3-carene).

Prilezhaev anti-dihydroxylation reaction of terpene substrates

A terpene substrate (5 mmol, 1.0 equiv.), PW,0,4[PTC];
(0.11 g, 2259 g mol™", 0.05 mmol, 1 mol%) and EtOAc
(10 mmol, 1 mL) were stirred in a 20 mL glass tube for
10 minutes to afford a homogeneous solution. 30% aqueous
hydrogen peroxide solution (0.5 mL, 5 mmol, pH 3.0-4.0) was
then added, with slow stirring carried out at ~50 rpm for the
duration of peroxide addition. CAUTION - exothermic runaway
needs to be prevented by controlling the rate of H,0, addition
and cooling the reaction mixture using an external water bath.
The reaction was then stirred as a faster rate (~100 rpm) at
room temperature until tlc indicated that the epoxidation reac-
tion was complete. Amberlyst-15 (0.13 mol%, 140 mg,
4.6 mmol g') was then added directly to the crude reaction
mixture which was then stirred (50 rpm) for 7-8 h at room
temperature, with tlc analysis used to determine when
epoxide hydrolysis was complete. The reaction mixture
was then filtered to remove Amberlyst-15, extracted with
EtOAc (3 x 10 mL), the combined organic layers dried (MgSO,)
and solvent removed in vacuo to give a crude product that
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was purified by chromatography to afford the desired terpene-
anti-diol.
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