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REVIEW ARTICLE

Upgrading biomass to high-added value chemicals: 
synthesis of monoterpenes-based compounds using 
catalytic green chemical pathways
Julián E. Sánchez-Velandia a, Luis A. Gallego-Villada b,c, Päivi Mäki-Arvela c, 
Alexander Sidorenko d, and Dmitry Yu. Murzin c

aSustainable and Supramolecular Research Group, Universidad Jaume Castelló de la Plana, España; 
bEnvironmental Catalysis Research Group, Chemical Engineering Faculty, Universidad de Antioquia, 
Medellín, Colombia; cLaboratory of Industrial Chemistry, Process Chemistry Centre, Åbo Akademi 
University, Turku, Turku Finland; dLaboratory of Wood-Chemical products and technologies, institute of 
Chemistry of New Materials of NAS of Belarus, Belarus

ABSTRACT
Monoterpenes derived from various biomass constitute an 
important platform for synthesizing fragrances, intermediates, 
and pharmaceuticals. In this review, the most recent and rele-
vant transformations of terpenes are discussed with the primary 
focus on heterogeneous catalysis emphasizing green chemistry 
and green chemical engineering aspects. This review aims to 
outline significant recent advancements in the transformations 
of terpenes of particular importance for academic and industrial 
research. This is accomplished by highlighting the most pivotal 
reactions, including oxidation, epoxidation, hydroformylation, 
CO2 cycloaddition, isomerization, condensation, and one-pot 
synthesis (such as tandem and telescopic reactions), using het-
erogeneous catalytic routes that have been published in the 
literature in the last decade. The review provides insights on the 
catalyst design for the transformations mentioned above tailor-
ing selectivity and highlights the structure–activity relationship.
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1. Introduction

Fine chemistry represents one of the most important industries that involve the 
production of molecules used as precursors of fragrances, pharmaceutical pro-
ducts, drugs, and related compounds. Generally, fine chemicals are produced in 
limited quantities (10000 metric t y−1), their costs are high (8 € kg−1) in 
comparison with other chemicals, and moreover, they are highly pure sub-
stances (>99% and <10 ppm metal residues and ee>98% in pharmaceuticals). 
Additionally, exhibit a relatively high E-factor ((kg waste) (kg product)−1) with 

CONTACT Dmitry Yu. Murzin dmurzin@abo.fi Sustainable and Supramolecular Research Group, Universidad 
Jaume I, Av. Vicent Sos Baynot, s/n, 12006 Castelló de la Plana, España; Julián E. Sánchez-Velandia velandia@uji.es Sus 
tainable and Supramolecular Research Group, Universidad Jaume I, Castelló de la Plana, España.

CATALYSIS REVIEWS                                        
https://doi.org/10.1080/01614940.2024.2329553

© 2024 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/ 
licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly 
cited. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) 
or with their consent.

http://orcid.org/0000-0002-4914-6102
http://orcid.org/0000-0001-6415-3178
http://orcid.org/0000-0002-7055-9358
http://orcid.org/0000-0003-1238-2184
http://orcid.org/0000-0003-0788-2643
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/01614940.2024.2329553&domain=pdf&date_stamp=2024-04-06


large amounts of unwanted products (Table 1) [2,3]. On the other hand, fine 
chemicals can be synthesized using flexible and multipurpose batch processes in 
relatively small amounts and with high-quality and purity products [4,5]. 
Fragrances, personal care, household products, or their precursors are fine 
chemicals products which can be composed of natural organic substances or 
their derivatives such as monoterpenes, carboxylic acids, esters, ketones, and 
complex mixtures of these molecules [6].

Essential oils (EOs) are products obtained from a natural raw material of 
plant origin, using dry or steam distillation or mechanical processes from the 
epicarp of citrus fruits [7,8]. EOs are composed of lipophilic and highly volatile 
secondary plant metabolites, reaching a mass 300 g/mol. In general, the main 
components of essential oils are formed by monoterpenes and sesquiterpenes; 
one of the examples is the turpentine oil which is mainly comprised of 
monoterpenes, such as α- and β-pinene [7]. Terpenes are hydrocarbons 
produced from a combination of several isoprene units (C5H8)n. The classifi-
cation of terpenes is given by the number of isoprene units: monoterpenes 
(n=2), sesquiterpenes (n=3), diterpenes (n=4), sesterpenoids (n=5), triterpe-
noids (n=6), carotenoids (n=8) and resinoids (n>8) [9,10].

Table 2 shows the monetary transactions related to imports and exports of the 
category of essential oils, as presented by the Trade Map tool [11], developed by 
the International Trade Center (INTRACEN). This category includes i) con-
cretes and absolutes, ii) resinoids, iii) extracted oleoresins, iv) concentrates of 
essential oils in fats, fixed oils, waxes, or similar substances obtained by enfleu-
rage or maceration, v) terpenic by-products of the deterpenation of essential 
oils, vi) aqueous distillates, and vii) aqueous solutions of essential oils. World 
imports and exports have varied between 5.2 and 6.1 billion US dollars, repre-
senting approximately 0.022 to 0.025% of the US gross domestic product in 2022 
[12]. Furthermore, Figure 1 illustrates the top importers and exporters of 

Table 1. Production volume and E-factor of different industries [1].
Industry segment Production volume (t y−1) E-factor value*

Oil refining 106 – 108 < 0.1
Bulk chemicals 104 – 106 < 1-5
Fine chemicals 102 – 104 5-50
Pharmaceuticals 10 – 103 25-100

*E-factor value is defined as the ratio between kg of waste products to kg of 
the desired substance. A higher E-factor is associated with more waste and 
additionally, a larger negative environmental impact, while a lower E-factor 
corresponds to lower amounts of waste. In the calculation of the E-factor, 
water is excluded.

Table 2. World imports and exports (values in US Dollars thousand) of essential oils (Trade Map – 
Product: 3301 Essential oils, whether or not terpeneless [11]).

Year 2018 2019 2020 2021 2022

Imports 6,100,596 5,770,483 5,267,908 5,702,287 5,391,299
Exports 5,944,571 5,627,479 5,320,372 6,047,482 5,235,281
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essential oils worldwide for the past 5 years, respectively. The United States 
stands out as the leading importer, accounting for around 23% in 2022, but also 
as the leading exporter in 2022 with 13.5%, followed by India with 13.3% [11].

Monoterpenes are, interestingly, organic, and biomolecules derived from 
the isoprene unit and obtained by the plant’s metabolic processes. They are 
cheap and abundantly available. Because of their odor and taste, monoterpenes 
are useful in cosmetic materials, food additives, and attractant drugs, among 
others. Oxygenated monoterpenes (monoterpenoids) are distributed in higher 
plants, algae, fungi, and even some insects [13]. Currently, isoprene mono-
terpenes represent a significant percentage of biomass and they are also 
included as volatile organic compounds (VOCs) in which more than 55000 
different isoprenoids are well known [14]. There are a lot of classifications of 
monoterpenes which include the type of structure and its disposition in the 
geometrical space. For example, monoterpenes can be classified into three 
groups: lineal, monocyclic terpenes, and bicyclic monoterpenes (with strained 
structures).

Catalytic conversion of monoterpenes and different derivatives is still a way 
to synthesize different medicines [15,16], cosmetics [17], fragrances [18], etc. 
Furthermore, polysulfides derived from renewable natural product-based 
monomers such as terpenes, terpenoids and essential oils [19] can be used in 
many fields such as infrared imaging [20], energy storage [21,22], heavy metal 
adsorbents [23,24], oil adsorbents [25,26], fertilizers [27] and antibacterial 
agents [28,29].

Among a lot of applications of monoterpenes in the field of medicine, it has 
been reported that different essential oils of aromatic plants exhibit anti- 
inflammatory action, for example, limonene and 1,8-cineole [30]. Several 
reviews about the analgesic and anti-inflammatory activity of monoterpenes 
have been published [30,31], which provided detailed information about 
acyclic monoterpenes (linalool, linalyl acetate, myrcene, neral, geranial, 

Figure 1. Imports (a) and exports (b) of the last five years of essential oils (Trade Map – Product: 
3301 Essential oils, whether or not terpeneless [11]).
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citronellal, citronellol), monocyclic monoterpenes (menthol, pulegone, R-(+)- 
limonene, α-phellandrene, thymoquinone, thymol, thymol acetate, carvacrol, 
p-cymene, carvone, carvone, hydroxydihydrocarvone, α-terpineol), and bicyc-
lic monoterpenes (1,8-cineol, α-pinene, β-pinene, fenchone, rotundefolone, 
limonene oxide, carvone epoxide, pulegoneoxide). On the other hand, the 
cardiovascular effects of 16 monoterpenes (carvacrol, citronellol, p-cymene, 
1,8-cineole, linalool, menthol, myrtenal, myrtenol, α-pinene, rotundifolone, 
sobrerol, thymol, limonene, α-terpinen-4-ol, α-terpineol, and perillyl alcohol) 
have been reported, observing vasorelaxation as the main effect, which 
decreased the heart rate and blood pressure, showing applicability of mono-
terpenes for prevention or treatment of cardiovascular diseases [32].

The objective of this review is to outline significant recent advancements in 
the transformation of terpenes, which hold particular importance in both 
industry and academia. This will be accomplished by highlighting the most 
pivotal reactions, including oxidation, epoxidation, hydroformylation, 
cycloaddition of CO2, isomerization, condensation, and one-pot synthesis 
(such as tandem and telescopic reactions), using heterogeneous catalytic 
routes that have been published in the last decade.

2. Isomerization of monoterpenes

2.1. Some general aspects

Non-Timber Forest Products (NTFPs) are biological resources derived from 
the coniferous forests, mainly from the Pinus genus [33]. The primary source 
of these products is raw resin, extracted from live pine trees. This resin is thick, 
sticky, and milky in appearance, often containing forest remnants like insects 
and bark [33,34]. Historically, this resin has held significant economic value 
and finds application in various industries including wax, paint, soap, adhe-
sive, and pharmaceutical production [35–37]. The extraction process yields 
two major products: rosin and turpentine; steam distillation is the common 
method employed, resulting in a gaseous phase (turpentine) and a solid 
residue (rosin) [38]. Conceptually, this process involves placing a large quan-
tity of resin inside the reactor, with steam being fed into the reactor through 
cylindrical coils surrounding it [39]. As a result of the steam distillation 
process, the lower boiling fraction present in the resin escapes the reactor 
and condenses to form turpentine, leaving behind rosin as a residue. On 
average, a pine tree can yield around 2.75 kg of resin containing roughly 
20% turpentine and 65% rosin. However, the composition and properties of 
pine resin can vary due to several factors such as nature of pine species, 
climate, geographic location, and soil conditions [39]. In the same way, the 
mass yield of the resin obtained from a pine tree can vary depending on these 
factors, but in general terms, a single Pinus caribaea tree can yield about 
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around 2 tons of resin per hectare [40,41]. Turpentine oil is a colorless liquid 
of low viscosity that is mainly composed of α- and β-pinene monoterpenes, 
which have been widely used as a raw material for hydration of α-pinene using 
several types of catalysts [42–46]. However, a very common transformation 
route of turpentine is the isomerization of the monoterpenes contained in it 
such as α- and β-pinene (Figure 2), resulting in the formation of other 
monoterpenes that can be extracted in low amounts from essential oils such 
as limonene, camphene, terpinene, terpinolene, and β-phellandrene. 
Controlling the strength and type of the acid sites, selectivity toward 
a specific target can be obtained; while Brønsted acid sites are beneficial for 
the formation of monocyclic compounds, the Lewis acid sites favor the 
synthesis of bicyclic monoterpenes [47,48]. All these compounds have signifi-
cant applications in fine chemistry. Furthermore, limonene is the major 
constituent of several essential citrus fruits (91–96%) such as limes, lemons, 
mandarins, grapefruits, and oranges [49,50], and can be oxidized yielding 
ketones, epoxides, and diepoxides; moreover, it can also be isomerized into 
such products as p-cymene, terpinene, terpinolene, among others. On the 
other hand, camphene is a widespread natural product found in Liquidamar 
species, Chrysanthetbmum, Zingiber officinale, and Rosmarinus offinialis [13]. 
Camphene can be used as a pyrogen for the production of nano/macroporous 
polycaprolactone for injectable cell delivery [51], and as starting material for 
the production of isoborneol derivatives [52,53]. Borneol and isoborneol 

 

Figure 2. Main isomerization products of α-pinene and β-pinene: (1) camphene, (2) tricyclene (3) 
α-fenchene (4) bornylene (5) limonene (6) terpinene (7) β-phellandrene (8) p-cymene. *p-cymene 
is obtained as a secondary product for the aromatization (or dehydrogenation) of limonene- 
derivatives not corresponding to isomers of α- or β–pinene.
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derivatives have been found as promising compounds demonstrating antiviral 
activity against the influenza virus A/Puerto Rico/8/34 (H1N1) [54] and 
larvicidal activity against Aedes aegypti [55].

2.2. Relevant heterogeneous catalysts

Recently, a mild alkali-treated 13X zeolite [56] has been reported as an active 
catalyst for the isomerization of α-pinene toward limonene (Table 3, entry 1) 
with a yield of 59.1% at 150°C and 3 h in a solvent-free system, highlighting 
this system as a promising environmentally friendly route for α-pinene valor-
ization. The study also emphasized that superior catalytic performance in 
limonene production was linked to a higher density of medium-strong acid 
sites, larger surface area of micropores, and an optimal Brønsted/Lewis acidity 
ratio ranging from 0.06 to 0.2. Activation of TiO2 using various acids (formic, 
nitric, phosphoric, sulfuric, and acetic acids) has been investigated to evaluate 
their catalytic potential in the isomerization of α-pinene [57]. The experimen-
tal procedure involved an initial treatment with 30% NaOH solution at 110°C 
for 12 h, followed by thorough washing with deionized water until reaching 
a neutral pH. Subsequently, the resulting wet cake was dissolved in water, and 
the pH was adjusted to 2 through addition of the corresponding acid under 
stirring for 3 h. The highest yields of camphene were achieved using acetic 
(Table 3, entry 2) and nitric acids (Table 3, entry 3) as surface modifiers. These 
two modifications led to camphene yields of approximately 48.0% and 37.5%, 
respectively, after the reaction time of 1.5 h under reflux conditions in 
a solvent-free system. In both cases, limonene was also produced as 
the second major isomerization product, with selectivity falling within the 
range of 15–20%. Notably, acetic acid-activated TiO2 exhibited a remarkable 
increase in the total surface area compared to commercial TiO2 (108 m2 g−1 > 
9 m2 g−1), correlating well with enhanced reaction rates and maximum 
selectivity toward camphene. In addition, this catalyst was successfully reused 
eight times in the isomerization of α-pinene with a slight decrease in the 
selectivity toward camphene and no significant losses of conversion.

Preparation of porous carbon materials [58] was investigated for their 
potential as heterogeneous catalysts in α-pinene isomerization, utilizing 
three types of waste biomass: orange peels, coffee grounds, and sunflower 
seed husks. This method proved to be both cost-effective and environmentally 
friendly, resulting in minimal generation of chemical waste. The activation 
process involved the use of KOH, followed by carbonization at 800°C under 
nitrogen atmosphere. Although the activated carbon prepared from coffee 
grounds (Table 3, entry 4) exhibited the highest activity, it demonstrated 
limited selectivity for a specific product, namely 34% toward camphene and 
38% toward limonene, even at a very high temperature (160°C). However, the 
material with the highest activity correlated well with the largest surface area 
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(1566 m2 g−1), total pore volume (0.694 cm3 g−1), and the acid-site concentra-
tion (0.50 mmol g−1), indicating a direct relationship between α-pinene con-
version and those physicochemical properties. Acidity as a fundamental and 
critical factor can drive selectivity of pinenes isomerization because of the 
carbocation rearrangement. Figure 3 shows the proposal reaction pathway in 
which the intermediate pinyl carbocation is generated when the acid site 
(Lewis or Brønsted) is coordinated with the double bond. As well known, 
tertiary carbocations are generally stable; however, for the mentioned case, the 
angles of the internal cyclobutene make the pinyl cation less stable promoting 
rearrangement into sabinyl cation after a 2,6 closure and 6,7 hydride shifts, 
with sabinene as the main product. For the second case, a C-C shift is preferred 
leading to camphene. Finally, elimination of the steric strain of the pinyl cation 
with a C-C shift can produce α-terpinyl cation which after elimination gives 
limonene and terpinolene as the main products.

Hierarchical zeolites represent some of the most promising acidic catalytic 
materials. These materials consist of a crystalline network that possesses not 
only uniform micropores but also secondary meso- or macro-porosity. This 
unique structure enables efficient conversion of bulky organic molecules [67– 
69]. Numerous synthetic methodologies have been reported in the literature 
for the creation of these materials, involving the use of amphiphilic organo-
silanes [70], cationic polymers [71], hard templates [72], and multi-quaternary 
ammonium surfactants [73]. Catalysts based on hierarchical mordenite 
[59,60] have demonstrated high activity for α-pinene conversion in a solvent- 
free system, achieving values above 94% (Table 3, entries 5 and 6). However, 

Figure 3. Proposal reaction pathway for the products obtained from the isomerization of pinenes. 
(1) Camphene (2) Limonene (3) Terpinolene (4) a-p-dimethylstyrene.
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Table 3. Some relevant heterogeneous catalysts for the isomerization of the main monoterpenes.
Entry Catalyst Monoterpene Solvent Reaction conditions X (%) S (%) Ref

1 Mild alkali- 
treated 13X

α-Pinene Solvent-free 30 g of substrate, 1.5 g of 
catalyst, 150°C,3 h.

100 59.1 limonene [56]

2 Acetic acid 
activated TiO2

α-Pinene Solvent-free 100 mL of substrate, 0.6% of 
catalyst loading, 90 min, 
reflux condition.

71.78 66.81 camphene 
6.19 tricyclene 
1.91 carene 
15.17 limonene 
1.23 terpinene 
7.34 terpinolene 
1.35 others

[57]

3 Nitric acid 
activated TiO2

58.36 64.27 camphene 
18.5 limonene 
5.86 tricyclene 
1.2 carene 
1.69 terpinene 
6.87 terpinolene 
1.61 others

4 Activated carbon α-Pinene Solvent-free 3 g of substrate, 5 wt. % of 
catalyst, 160°C,400 rpm,  
3 h

84 34 camphene 
38 limonene

[58]

5 Hierarchical 
mordenite

α-Pinene Solvent-free 3 mL of substrate, 0.15 g of 
catalyst, 140°C, 40 min

94.7 33.1 camphene 
30.0 limonene 
12 α-terpinene 
6 γ-terpinene 
12 terpinolene 
4 p-cymene

[59]

6 H-Mordenite α-Pinene Solvent-free 20 mL of substrate, 1 g of 
catalyst, 130°C, 4 h

98.5 NR [60]

7 Hierarchical 
zeolite 
mazzite

α-Pinene Solvent-free 3 mL of substrate, 5 mg of 
zeolite, 120°C, 3 h

44 39.6 camphene 
38.4 limonene 
1 β-pinene 
3 α-terpinene 
9 terpinolene

[61]

8 NT-TiO2-wc α-Pinene Cyclohexane 0.25 mmol of substrate, 
50 mg of catalyst, 3 mL of 
solvent, 90°C, 1 h, 450 rpm

90 77 camphene 
11 limonene 
12 others

[62]

β-Pinene 99 69 camphene 
18 limonene 
2 α-pinene 
11 others

Limonene 99 40 terpinene 
40 p-cymene 
2 menthene 
15 phellandrene 
3 others

Camphene 20 99 tricyclene
9 USY α-Pinene > 99 14 camphene 

7 limonene 
2 β-pinene 
22 terpinolene 
5 p-cymene 
15 β-phellandrene 
35 others

β-Pinene > 99 5 camphene 
12 limonene 
17 α-pinene 
10 terpinolene 
10 p-cymene 
11 β-phellandrene 
35 others

(Continued)
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these systems require temperatures exceeding 130°C. Additionally, these mate-
rials exhibit limited selectivity toward specific products, with camphene 
(33.1%) and limonene (30%) being the primary products. Although the BET 
surface area (437 m2 g−1) and the total pore volume (0.16 cm3 g−1) of this 
material are notably lower than those of activated carbon, its higher α-pinene 
conversion suggests that its activity stems from the superior acidity of zeolites 

Figure 4. A) General scheme for the synthesis of Metal-Macrocycle Framework. b) catalytic 
application in the limonene isomerization into terpinolene. Reproduced with permission from 
ref [63].

Table 3. (Continued).
Entry Catalyst Monoterpene Solvent Reaction conditions X (%) S (%) Ref

10 Supramolecular  
2-NBSA@MMF

Limonene Solvent-free 1 mol% of catalyst, 25°C, 51 h 45 91 terpinolene [63]

11 HSiW/Q-10 Limonene Solvent-free Inert atmosphere (pyrolysis 
conditions), 250°C

24 31.6 p-cymene 
7.9 γ-terpinene 
5.3 α-phellandrene 
10.5 terpinolene 
13.2 menthenes 
31.6 C+10

[64]

12 Pd(OAc)2 Limonene Anhydrous 
DMF

10 mol% of catalyst, 120°C, 3 
h, 4 equiv. CuCl2, 9 equiv. 
2,6-lutidine, argon 
atmosphere

39 100 DMS [65]

13 Ti3C2 Mxene α-pinene HF as 
etching 
agent

1 g of substrate, 0.05 g of 
catalyst, 160°C, 500 rpm, 6 
h

75 65 camphene 
23 α-terpinene

[66]

wc: Without calcination. C+10: compounds with a carbon number larger than 10. NR: Not-reported. DMS: p, α- 
dimethylstyrene.

CATALYSIS REVIEWS 9



compared to carbon. A mazzite-type zeolite with mesopores [61] (Table 3, 
entry 7) has also been evaluated in a solvent-free conditions at a similar 
temperature (120°C). However, the conversion does not exceed 44% even 
after 3 h of the reaction. Furthermore, this zeolite does not exhibit a clear 
preference for any specific product, rendering it unsuitable for efficient pro-
duction of camphene or limonene. This limitation arises from significant 
challenges in separating these target products from the reaction mixture, 
primarily due to the formation of a mixture of three isomers at low conversion.

Hydrogen titanate was prepared using a hydrothermal treatment at 110°C 
for 24 h on a suspension of TiO2 nano-powder and a 10 M NaOH solution 
[62]. This was followed by filtration and washing with deionized water until 
reaching a neutral pH. The resulting material was then dispersed in a 0.1 
M nitric acid solution followed by stirring for 24 h, and subsequent washing 
until a neutral pH was achieved. Finally, the material was dried at 110°C for 6 
h. This material was tested in pinenes, limonene and camphene isomerization 
(Table 3, entry 8) at 90°C for 1 h. Notably different from previous reports, this 
process required the use of cyclohexane as a solvent. Remarkably, such treat-
ment gave one of the most active and selective catalysts, yielding approxi-
mately 69.3% and 68.3% of camphene from α-pinene and β-pinene, 
respectively. Additionally, limonene was identified as the primary secondary 
product. Although this material exhibited a low surface area (394 m2 g−1), its 
acidity was significantly enhanced due to the hydrothermal synthesis metho-
dology and the subsequent nitric acid washing. In comparison, hierarchical 
zeolite-type Y (Table 3, entry 9) was also tested under the same reaction 
conditions as the titanates [62]. While it displayed high activity, as evidenced 
by substantial pinenes conversion, it did not demonstrate a preference for any 
specified product. This lack of selectivity represents a significant drawback of 
these materials for this application.

Figure 5. Kinetic scheme for the isomerization of α-pinene over a heterogeneous catalyst.
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Terpinolene, a cyclic monoterpene, is a common constituent of certain 
commercial cannabis chemovars [51,74] and is a distinguishing feature of 
“sativa” strains [75]. This compound has demonstrated the ability to inhibit 
LDL oxidation, which holds significance in the treatment of atherogenesis and 
coronary artery disease [76]. Additionally, it has been reported to possess 
antifungal and larvicidal properties [77]. Terpinolene has been identified as 
the primary isomerization product resulting from the conversion of limonene, 
accomplished by utilizing a porous metal-macrocycle framework (MMF) as 
a heterogeneous catalyst (Table 3, entry 10) [63]. This framework was created 
by immersing MMF crystals in an acetonitrile solution of 2-nitrobenzenesul-
fonic acid (2-NBSA‧H2O) for 1 day. This material, in a free-solvent system, 
exhibited a high selectivity toward terpinolene (91%) although at a relatively 
low limonene conversion of 45% after 51 h of reaction at 25°C (Figure 4). 
Preferred terpinolene formation was associated with the Brønsted acid sites 
supported in the pores of the MMF with high symmetry as was shown by 
molecular dynamic calculations (Figure 4). On the other hand, heterogeneity 
of this material was confirmed using 1H NMR analysis of a CDCl3 solution 
containing dissolved 2-NBSA‧H2O or a solution heterogeneously containing 
the catalyst (2-NBSA@MMF). Incorporation of 2-NBSA was confirmed by 
single-crystal X-ray diffraction, which showed that it was site-selectively 
adsorbed to the bottom pockets of the MMF with 37% occupancy, accompa-
nied by two water molecules.

Heteropolyacids (HPAs) function as promising catalysts due to their cost- 
effectiveness, ease of handling, and reducing toxicity in comparison to corro-
sive and toxic liquid catalysts like HCl, HF, and H2SO4 [64]. Their inherent 
acidity and redox properties have led to their extensive use across various 
applications [78–81]. However, their practical utility is hampered by their very 
low surface area (<10 m2/g) and thermal stability [82]. To overcome these 
limitations, HPAs can be anchored to micro or mesoporous supports. In that 
way, different heteropolyacids (H3PW12O40, H3PMo12O40, H4SiW12O40, and 
H4PMo11VO40) have been supported on Q-10 (amorphous commercial silica), 
SBA-15, MCM-41, and KIT-6. These catalytic systems were evaluated in the 
limonene isomerization under highly elevated reaction temperatures (250°C) 
under inert N2 atmosphere [64]. The outcomes of this study revealed that 
silicon-supported HPAs demonstrated a more pronounced activity for con-
verting limonene to p-cymene than those with phosphorus. Of particular 
significance is the remarkable efficacy exhibited by H4SiW12O40 supported 
on Q-10 (Table 3, entry 11), which attains limonene conversion of 24%. 
Nonetheless, selectivity toward p-cymene remains relatively subdued at 
31.6%. An augmented Lewis/Brønsted acidic ratio coupled with lower BET 
surface area can potentially yield higher p-cymene amounts. Notably, the 
physical properties of this material encompass a surface area of 274 m2 g−1, 
a pore volume of 1.21 cm3 g−1, and pore dimensions within the range of 13- 
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15.4 nm. On the other hand, nanoparticles of phosphotungistic acid- 
impregnated niobium-coated superparamagnetic iron oxide have been 
assessed as a heterogeneous catalyst in the isomerization of turpentine oil, 
which serves as a source of pinenes. This catalyst yielded approximately 50% of 
camphene and limonene, with polymeric byproducts accounting for 18% to 
28% of the total products [83].

Although p-cymene (C10H14) is known as the main dehydrogenation pro-
duct of pinenes and limonene [84], p, α-dimethylstyrene (DMS, C10H12) has 
been synthesized using several palladium catalysts, with copper chloride as an 
oxidant [65]. This system required the use of a sterically hindered base such as 
2,6-di-tert-butylpyridine and 2,6-lutidine. The highest yield (30%) was 
reached under the reaction conditions presented in Table 3, entry 12. DMS 
is used in alcoholic beverages and soft confection at 5 ppm, in bakery and 
frozen confection at 2.5 ppm, and in desserts and nonalcoholic beverages at 1 
ppm [85]. Additionally, DMS is reported to occur in citrus fruits, curry 
(Bergera koenigii L.), eucalyptus oil (Eucalyptus globulus Labill), mace (myr-
istica fragrans Houttuyn), mastic (Pistacia lentiscus), nutmeg (Myristica fra-
grans Houttuyn), pistachio oil (Pistacia vera), Pistacia atlantica, Salvia species, 
and turpentine oil [86]. 2D materials like MXenes (Mn+1XnTx), where M is an 
early transition metal, X is carbon and/or nitrogen, n=1,2,3, and Tx is a surface 
functional group (-F, =O, -OH) have been synthesized via acidic etching 
aluminum from MAX phase (Ti3C2-Al-Ti3C2-Al-Ti3C2), and tested in the 
isomerization of α-pinene (Table 3, entry 13), yielding 49% of camphene 
and 17% of α-terpinene.

A kinetic study for the isomerization of α-pinene (A) to different isomers, 
such as β-pinene (B), camphene (C), tricyclene (D), terpinene (E), 3-carene 
(F), and limonene (G), over a heterogeneous catalyst [57], can be illustrated by 
Figure 5, assuming the surface reactions as the rate-limiting steps. The reac-
tion rate constants (ksi), and equilibrium adsorption (KA), desorption (Ki), and 
reaction (Ksi) constants can be estimated by optimization of the sum of 
squared errors between experimental and fitted data [87,88].

3. Oxidation and epoxidation

3.1. Why oxidation and epoxidation are important as chemical organic 
transformation?

Among transformations of monoterpenes, oxidation reactions of terpenes 
have been widely studied focusing on two routes: the first one related to the 
typical oxidation by radical pathways and using oxidizing agents, and 
the second associated with the epoxidation of the C=C bond to achieve the 
corresponding cyclic ether. Selective oxidation of monoterpenes under mild 
conditions is currently of great interest because of the valuable intermediates 
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used for the synthesis of fine chemicals. In the case of monoterpenes, bioder-
ived biomass, recent development of epoxidation routes has featured several 
catalysts (homogeneous, heterogeneous, and enzymatic) to be highly selective 
at the laboratory scale; however, many of them cannot be scaled up or used in 
a continuous mode. Then, the practical implementation is still unexplored. In 
fact, the synthesis of biomass-derived epoxides is tremendously important in 
the modern era as they lead to a series of important chemicals, which can be 
used for the production of polymers, fragrances, formulations in manufacture, 
pharmaceuticals, cosmetics, etc.

3.2. Reactivity of some monoterpenes in oxidation and epoxidation

Figure 6 shows the main oxidized and epoxidation products obtained from the 
most abundant and commercially available monoterpenes: Limonene, α- 
pinene, and β-pinene. Conventionally, limonene (in their two stereochemical 
configurations R-(+) and S-(-)) is extracted from the peels of citric fruits such 
as lemon and orange. In the case of lemon, the peel contains a sole isomer, S- 
(-)-limonene, while for orange the main stereoisomer corresponds to R- (+)- 
limonene. Both contain two C=C bonds which are susceptible to oxidation 
and epoxidation. Interestingly, location of both alkene bonds drastically affects 
selectivity of the final product. Several factors such as the type of catalyst, 
reaction conditions, the oxidizing agent, and location of the C=C are the most 
reported factors to drive the selectivity to desired target. Because of the 
presence of an external C=C bond for limonene and with the use of thermal 
initiators, biodegradable polymers can be achieved. In many of these cases, the 
formation of oligomers (up to 40 of polymerization degree) has been reported 
[89]. Epoxidation of limonene is an interesting chemical route to obtain 
derived biomass substances for applications in fine chemistry, synthesis of 
intermediates used in disease treatments, building blocks in the polymeric 
industry, etc. The oxygen-rich epoxides are susceptible to replacing many 
common monomers such as bisphenol A, and they can also be used for the 
fabrication of new biodegradable materials [90]. In addition, epoxides can 
react together with other substrates to produce polyesters, polycarbonates, and 
copolymers with vinyl and non-vinyl monomeric units.

Limonene contains two C=C bonds susceptible to epoxidation: one of them 
is localized in the endo location while the other is in the exo position. From the 
chemical point of view, the endo C=C is epoxidized faster than exo C=C 
because of its reactivity. More rigid double bonds tend to be more reactive 
because of the strain. Then, the strainer is the most reactive in epoxidation. 
Several factors influence epoxidation selectivity and yield, namely, reaction 
conditions (temperature, pressure, additive) and the oxidizing agent nature. 
However, the reactivity of the olefin together with the type of catalyst and the 
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oxidizing agent could be determined as the most critical factors in driving 
selectivity toward the epoxide product.

3.3. Recent literature involving heterogeneous catalysts

Several olefins including monoterpenes and monoterpenoids were converted 
into epoxides by using a one-pot procedure dissolving the olefin into DMSO 
(anhydrous grade) and adding NBS to the reaction mixture [91]. However, this 
strategy requires adding DBU at the final step, otherwise it would not work. By 
using this procedure, the yields of the desired epoxides with camphene and α- 
terpineol as the starting materials were up to 76% in both cases. Other 
monoterpenoids were also used to achieve the epoxides giving up to 88% 
yield of carvenone. With limonene, the yield of limonene epoxide did not 
exceed 69%. Interestingly, it appears that sterically hindered alcohols are 
oxidized more rapidly and give better results than less hindered substrates. 
This fact could be attributed to various factors: 1) capacity of the oxidizing 
agent to produce radicals which then attack the C=C, II) steric hindrance, and 
III) reactivity of the alkene.

On the other hand, microporous zeolites have also been reported for the 
synthesis of epoxides starting from monoterpenes such as α-pinene, β-pinene, 
and limonene. For example, with the composite ZSM-5@Co-MOF (Table 4, 

Figure 6. The most relevant oxidized and epoxidized products from commercial monoterpenes: 
Epoxidation: (1) 1,2-limonene-epoxide, (2) 8,9-epoxy-limonene, (3) limonene diepoxide, (4) α-pinene 
epoxide, (5) β-pinene epoxide, (6) other monoterpenes epoxides. Oxidation: (1) carveol, (2) carvone, 
(3) limonene-2-hydroperoxide, (4) verbenone, (5) verbenol, (6) myrtenol, (7) pinocamphone, (8) 
pinocarveol. *limonene-1.2-diol and 4-terpineol can be also obtained but after opening of 
limonene-1,2-epoxide by water.
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entry 1) and using a green oxidizing agent (air), selectivity to the cyclic ether 
was up to 96.2% in the case of α-pinene. Because of the presence of bicyclic 
structure, both α- and β-pinene are more reactive in comparison with limo-
nene which did not exhibit a similar structure. Then, in these cases, reactivity 
will depend on the type of monoterpene structure and ability of the catalyst for 
the adsorption and activation of the oxidizing agent. Well-known methodol-
ogy for the homogeneous synthesis of epoxides starting from hydrogen per-
oxide and acetonitrile has been used for several decades which is comparable 
with those reported for the composite of zeolite-MOF. The use of air as the 
oxidizing agent drastically decreases the E-factor, improving the green metrics 
and making it more sustainable. Comparatively, a complex based on Co 
achieved promising results with selectivity up to 99% to limonene epoxide 
albeit at mediocre conversion (less than 10%). Again, α-pinene as starting 
monoterpene achieved almost complete conversion and total selectivity to α- 
pinene epoxide. The same order of reactivity as for the composite was 
obtained. The use of this kind of complex catalyst makes the process difficult 
to reuse and scale up.

In the same way, the 5-(2-pyridyl) tetrazole complex of molybdenum (VI) 
(Table 4, entry 3) was tested as an active catalyst for the synthesis of limonene 
epoxide in different stereochemical configurations and using TBHP as an 
oxidizing agent. Relative low selectivity to the desired epoxide was achieved, 
which is related to ability of TBHP to form radicals and generate polymeriza-
tion reactions of C=C in limonene. It is well known that many of these 
reactions (polymerization or oligomerization) depend on the initiator, solva-
tion, and the intermediate carbocation. Control of epoxidation over oligomer-
ization (or polymerization) is associated with the amount of the oxidizing 
agent, temperature, and the type of solvent. For radical polymerization, the use 
of nonpolar solvents (such as benzene and toluene) generates a co-lateral chain 
transfer reaction which affects the overall kinetics.

Among complexes covalently attached to heterogeneous supports, β-tetra- 
brominated meso-tetraphenylporphyrinatomanganese(III) acetate 
[MnTPPBr4(OAc)] (MnPor) [95] was anchored onto a magnetite imidazole- 
modified graphene oxide nanosheet (Fe3O4.GO.Im) (Table 4, entry 4). The 
catalyst was successfully applied for epoxidation of different alkenes using 
hydrogen peroxide (UHP) and acetic acid (HOAc) as oxidant activators under 
mild conditions. Olefins were oxidized efficiently to their corresponding 
epoxide with 63–100% selectivity in the presence of Fe3O4.GO.Im@MnPor. 
Moreover, a remarkable turnover frequency (93 h−1) was achieved for the 
oxidation of α-pinene. The graphene oxide-bound Mn-porphyrin was recov-
ered from the reaction mixture by magnetic decantation and reused several 
times. Similarly, tungsten complexes were used as active catalysts for oxidation 
of commercial and naturally available limonene (including other natural- 
based compounds) (Table 4, entry 5). The molybdenum (II) catalyst 
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precursors are very active, reaching 100% of conversion and 98% of selectivity 
to the epoxide. However, their heterogenization seems to be beneficial with to 
improve the sustainability. In general, W complexes exhibit better activity than 
Mo complexes, however when supported on MCM-41, activity decreased 
substantially. This could be related to poor anchoring, dispersion, and size 
of the crystallite. The authors [96] performed DFT (Density Functional 
Theory) calculations to elucidate the reaction mechanism and the difference 
between the W and Mo centers. Surprisingly, in the catalytic cycle, tungsten 
complexes and iodide ligands can be oxidized from M(II) to M(VI) more 
readily than molybdenum complexes, even though the energies of the relevant 
species involved in the cycle are very comparable across all complexes. 
Furthermore, it appears that iodide complexes were more easily oxidized by 
ROOH, but the catalytic reaction was less favored than for bromides. In 
general, tungsten complexes serve as effective catalysts; however, their perfor-
mance was not improved when supported on MCM-41. Due to the challen-
ging synthesis process compared to molybdenum analogues, such complexes 
are not promising. On the other hand, certain molybdenum heterogeneous 
catalysts show activity, higher than the complexes and offer the advantages 
typical of heterogeneous catalysts.

In comparison with the previous reports [92–96], a series of composite 
materials composed of WOx and SiO2 (Table 4, entry 6) were synthesized by 
using a novel, template-free sol-gel method [97]. The effectiveness of the 
synthesis method lies in its custom-designed reactor, which enables interac-
tions of the reactants exclusively in the presence of scCO2 (supercritical carbon 
dioxide). Various synthetic parameters were carefully examined to optimize 
the performance of the resulting materials as heterogeneous catalysts in 
epoxidation reactions using H2O2 as an environmentally friendly oxidant.

On the other hand, modification of zeolite Y with a complex of the type 
[VO(Sal2bz)]2 [98] was successfully applied as a heterogenous catalyst for the 
synthesis of allylic products from the two renewable molecules such as limo-
nene and α-pinene. Relatively mild conditions (Table 4, entry 7) have allowed 
to achieve conversion close to 99% and selectivity up to 70% to the desired 
products. Decrease of the steric hindrance increases the formation of the 
olefinic product at the expense of formation of allylic oxidation products. 
Formation of a specific product (epoxide vs allylic or diols) can be explained 
from coordination of the C=C bond (electron rich) to the oxo vanadium active 
specie (Figure 7).

On the other hand, two double-layer hydroxides ZnAl-LDH and 
MgAl-LDH were functionalized with bis(4- HOOC-phenyl)- 
acenaphthenequinonediimine) (H2BIAN) [99] (Table 4, entry 8), and then 
tested for the selective synthesis of epoxides starting from limonene. The 
rational design of this catalyst was based on the idea that -based ligands exhibit 
high activity in the metal transition chemistry. In this way, the material was 
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evaluated as a possible catalyst for the transformation of limonene with TBHP 
as the oxidizing agent. In comparison with the previously discussed reports 
[92–98], the temperature was as high as 110°C in toluene as a solvent. From 
the green chemistry point of view, the use of toluene as the solvent is deemed 
undesirable due to its toxicity and potential negative effects. ZnAl-LDH-BIAN 
-MgI2 was the most active catalyst resulting in 94% of conversion with almost 
97% selectivity to the epoxide [99]. Stereoselectivity was also assessed for 
R-(+)-limonene-1,2-epoxide which was found to be crucial to achieve one 
diastereomer over another other and comparing homogeneous and hetero-
geneous catalysts. Homogeneous catalysts clearly favor the trans diastereomer 
contrary to heterogeneous counterparts. Three catalysts did not show any 
preference, producing both diastereomers in approximately equal amounts 
(around 50/50 ratio). However, the ZnAl-LDH-BIAN-MoBr2 catalyst displays 
an intermediate behavior, favoring the trans diastereomer with a ratio of 28- 
to-72.

Materials containing special textural properties, e.g. silica, zeolites, etc. can 
be of interest for the selective synthesis of organic reactions because of their 
ability to distribute active sites in confined spaces. In many cases, they can be 
highly dispersed increasing catalytic activity. A particular example of these 

Figure 7. Proposed reaction mechanism for epoxidation and ring-opening of some epoxides. 
Steps: (I) Activation of hydrogen peroxide by coordination of the oxo-vanadium unit (II) back 
donation of the oxygen to the olefin (III) formation of the oxirane ring.
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Table 4. Heterogeneous catalyst for the oxidation/epoxidation of monoterpenes.
Entry Catalyst Substrate Reaction conditions Oxidizing 

agent
X (%) Sb (%) Ref

1 ZSM-5@Co-MOF α-pinene 10 mg ZSM-5@Co-MOF-150 
catalyst, 3 mmol olefin, 5 
h

Air 98.2 96.2 [92]
β-pinene 72.6 78.3
Limonene 48.1 98.0

2 [Co(NH3)6]Cl3 α-pinene 5 mg of catalyst, 3 mol of 
pinene, 10 g of solvent, 
90°C, 0.3 mmol of TBHP, 5 
h, flow rate of air 40 mL 
min−1.

Air 98 99 [93]
β-pinene 43 55
Limonene 9 >99

3 5-(2-pyridyl) 
tetrazole 
complex of  
molybdenum 
(VI)

Limonene TFT, 70°C, ratio Mo: 
monoterpene: TBHP: 
1:100:210, 24 h.

TBHP >99 51 to 
monoepoxidesaa

[94]

4 Fe3O4.O. 
Im@MnPor

α-pinene Molar ratios catalyst: 
substrate: UHP: HOAc of 
1:100:200:300 in CH2Cl4, 1 
h, room temperature.

UHP with 
acetic acid 
(HOAc)

93 95 to epoxide [95]
Limonene 67 95% exo- 

epoxide and 5% 
endo-epoxide

5 MCM-MoIL2 S-Limonene 2 eq. of oxidant, 3 mL of 
dichloromethane, and 
175 mg of catalyst at 328 
K and 24 h.

TBHP 100 98 [96]

6 WO3-SiO2 Limonene 1 eq. of oxidant and 20 mg 
catalyst in 1-4-dioxane 
+isopropanol, at 80°C for 
4 h.

H2O2 54 53 epoxide 
33 glycol 

9 allylic products

[97]

7 [VO(sal2bz)]2-Y Limonene 2 eq. of oxidant, 15 mf of 
catalyst, 3 mL acetonitrile 
as solvent, at 80°C for 24 
h.

H2O2 90 39 glycol 
49 allylic 
products

[98]

α-pinene 100 70 allylic 
products

8 ZnAl-LDH-BIAN- 
MoI2

Limonene 2 eq. of oxidant, toluene as 
solvent, at 110°C for 24 h

TBHP 94.0 97.0 epoxides [99]

ZnAl-LDH-BIAN- 
MoBr2

80.0 89.0 epoxides

MgAl-LDH-BIAN- 
MoI2

64.0 93.0 epoxides

MgAl-LDH-BIAN- 
MoBr2

79.0 93.0 epoxides

9 Co/SBA-16 Limonene 3.6 mmol of substrate, 
170 mg of catalyst, 10 mL 
min−1 of O2, 12 mmol 
Isobutyraldehyde, and 
10 mL of ethyl acetate, at 
301 K for 200 min.

O2 99 (Co/Si = 
1.1%) 

99 (Co/Si = 
8.8%)

44 epoxide 
41 diepoxide 
41 epoxide 

25 diepoxide

[100]

10 W/SiO2 Limonene 1 mmol of substrate, 2 mmol 
of oxidant, 5 mL of 
acetonitrile, 10 mg of 
catalyst, at 90°C for 6 h.

H2O2 68 53% 1,2-epoxide 
11% 8,9-epoxide

[101]

11 [VO(L).H2O]-Y α-Pinene 10 mmol substrate, 20 mmol 
of oxidant, 70 mg of 
catalyst, 2 mL of 
acetonitrile, at 75°C for 24 
h.

H2O2 85.4 46.5 verbenone 
7.7 verbenol 

44 nol 
44.2 α- 

campholenic 
aldehyde 

1.5 epoxide

[102]

Limonene 87.4 40.6 carvone 
32.0 carveol 

9.1 glycol 
6.5 1,2-epoxide 
11.8 4-terpineol

(Continued)
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kind of materials is Co/SBA-16 (Table 4, entry 9) in which Co can be located 
inside of the pores of the well-defined structure of SBA-16. Interestingly, the 
catalyst was used as heterogeneous material for aerobic Mukaiyama epoxida-
tion of limonene in the presence of isobutyraldehyde, under mild conditions 
(28°C, ethyl acetate as the solvent, 200 min). Synthesis of these catalysts by 
adjusting the pH was performed with the aim to obtain isolated tetrahedrally 
coordinated Co2+ ions in the support which could act as the active species. The 
reported methodology affords materials with larger pore volumes and with 
larger pore sizes making them very attractive for the diffusion of relatively 
large molecules such as limonene. In general, these new materials displayed 
high reactivity for epoxidation of limonene yielding different epoxides in both 
the endo and exo positions. In addition, the authors [100] suggested that Co3 

+OO− peroxo intermediate could be critical for the formation of the epoxides 
which was rigorously analyzed by kinetic analysis.

In a similar way, tungstenocene (IV) dichloride (Table 4, entry 10) was 
deposited and grafted on an amorphous silica using two approaches: liquid- 

Table 4. (Continued).
12 ZnCo-MOF α-Pinene 3 mmol of substrate, 40 mL 

min−1 of oxidant, 30 mg 
of catalyst, 10 g of DMF as 
solvent, at 90°C for 5 h.

Air 95.5 96.7 epoxide [103]
β-Pinene 70.8 62.5 epoxide
Limonene 42.4 80.3 epoxide

13 Pd/HPA-300/ 
SBA-15

β-Pinene 1 mmol of substrate, 6.8 
mmol of oxidant, 15 mg 
of catalyst, 1 mL of 
acetone as solvent, 50°C, 
18 h, 450 rpm.

H2O2 99 63 trans- 
pinocarveol 

12 
pinocamphone 

16 myrtenol

[104]

Pd(0.5)/HPA/ 
SBA-15

90 67 trans- 
pinocarveol 

13 
pinocamphone 

15 myrtenol
14 Co(II) complex α-Pinene 20 g of α-pinene, 100 mg of 

catalyst, volumetric flow 
ratio 5:5 for mixture: CO2, 
160 atm, at 260°C in 
a tubular reactor of 7 cm3.

Atmospheric  
O2

59.8 21.1 camphene 
3.0 tricyclene 

5.5 α-fenchene 
4.0 verbenone 
6.2 β-pinene 

19.4 limonene 
5.7 p-cymene 

4.2 bornyl 
acetate 

4.2 α-fenchyl 
acetate

[105]

15 MgO Limonene 0.1 mmol substrate, mass 
ratios for  
substrate/MgO/H2 

O/acetone/acetonitrile:H2 

O2 of  
1:1.20:30.3:19.7:15.7:1.20, 
50°C, 1000 rpm

Peroxya 
cetimidic 
acida

80(0.5 h) 100 epoxides 
(1,2 + 8,9)

[106]

100 (2 h) 96 diepoxide

*Reported as the isolated yield. **Molar ratio of diepoxide/monoepoxides was 0.3. BIAN: bis(4-HOOC-phenyl)- 
acenaphthenequinonediimine. LDH: Layered double hydroxide. Bipy: 2,2’-bipyridine-4,4’-dicarboxylate. aIn-Situ 
production from H2O2 with acetonitrile. b The epoxidized double bond is at the 1,2 position unless otherwise 
indicated.
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phase and dry impregnation. The results suggest that W-containing systems 
were active in the epoxidation of limonene when hydrogen peroxide was used 
as an oxidizing agent. Only WO3 displayed mediocre activity because of the 
amount of tungsten in the bulk of pure tungsten oxide samples. In fact, 
selectivity to epoxide was good (for both 1,2- and 8,9- C=C bonds) while 
formation of carveol (and their isomers) was low. As no menthenediols were 
formed as side products, it is possible to suggest that with this catalyst oxida-
tion via the homolytic pathway did not play a role. In comparison, when 
TBHP was used as the oxidant agent, limonene indeed underwent oxidation 
with a very large number of minor side-products which are related with the 
radical species generated by TBHP decomposition [107].

In comparison with the previous catalytic system, transition metals contain-
ing complexes with Schiff-base ligands (Table 4, entry 11) were entrapped and 
deposited in the cages of zeolite-Y and then were tested in the catalytic 
oxidation of limonene and α-pinene. Zeolite-Y [102] has gained attention 
because of their properties such as a high surface area, large pore volume as 
well as the typical channels and cavities which made it possible for entrapment 
of large size complexes [108,109]. Nevertheless, the post-activation of the 
complex for further uses is still a challenge. Because of the organic counterpart, 
typical calcination of these kind of materials is not possible. On the other hand, 
several steps required for the covalent anchoring of the complex to the zeolite, 
make this alternative not too simple. With respect to catalytic activity, the 

Figure 8. Some selected characterization and catalytic activity of materials active in oxidation or 
epoxidation of terpenes: a) epoxidation of α-pinene with ZSM-5@Co-MOF b) allylic oxidation of β- 
pinene with Pd/HPA/SBA-15. Images reproduced with permission of ref [92] (a) and [104] (b).
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material was successfully applied as an active catalyst for oxidation of both α- 
pinene and limonene monoterpenes and using hydrogen peroxide as a green 
oxidizing agent. The ratio monoterpene to the oxidizing agent was 1:2. 
Oxidation was performed at relatively mild conditions (75°C, 24 h and acet-
onitrile as a solvent). Interestingly, after such a long time, the conversion was 
not complete, achieving values up to close to 90% and with mediocre selectiv-
ity to verbenone (46.5%) in the case of α-pinene and carvone (40.6%) for 
limonene. Interestingly for oxidation of α-pinene, campholenic aldehyde was 
obtained almost in the same amounts as verbenone. It is well known that 
campholenic aldehyde (campholenal) is one of the main products of α-pinene 
epoxide isomerization with Lewis acidic sites. This suggests that a large 
amount of this epoxide is converted totally to campholenic aldehyde in the 
presence of Lewis acid sites. On the other hand, oxidation of limonene also 
gave limonene-1,2-diol (glycol) and 4-terpineol as the main subproducts, 
which also suggest that an intermediate epoxide is obtained thereafter being 
consumed by reacting with water. Diols can be obtained in a one-pot two steps 
in which the first step is formation of the epoxide and then, the ring-opening 
using water as the nucleophile. The stereochemistry of these diols remained 
unexplored.

ZnCo-MOF catalyst (Table 4, entry 12) was tested as an efficient material 
for the air epoxidation of monoterpenes (including also other cycloalkenes) 
[103]. Activation of oxygen is as well a very difficult process requiring energy 
or at least a sacrificial reducing agent and initiator to obtain the singlet-state 
atomic oxygen. The use of the sacrificial agent has been reported to have 
a negative effect on the epoxidation because of the large quantity of low-value 
secondary products. Metal organic frameworks, which are porous, crystalline 
materials, with a high surface area and adjustable structure, were successfully 
modified with Zn and Co by using the dry-gel method. Synthesis of the 
material was performed in only one vessel containing the desired amounts 
of the ligand (dicarboxylic acid), precursors of Zn and Co, HF and water. 
Exceptionally, synthesis of MOF does not require high temperature and 
pressure and usually the synthetic protocols are reproducible. A typical crystal 
structure and functional groups were identified by TEM and Raman spectro-
scopy (Figure 8). Growing crystalline MOFs together with Zn and Co avoids 
the use of a co-reductant and a sacrificial agent in the epoxidation of olefines. 
Almost complete conversion with 96.7% selectivity to α-pinene epoxide was 
achieved after 5 h of reaction time (Figure 8) [103]. Detected by-products such 
as campholenic aldehyde illustrate the nature of the Lewis acid sites in the 
catalyst.

The last example, i.e. combination of metal/acid sites for selective epoxida-
tion, demonstrates that the nature of the metal center, together with the 
distribution of acid/basic sites can promote epoxidation rather than isomer-
ization and allylic oxidation. Sometimes, the solvent also plays a critical role 
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together with the oxidizing agent. Then, a combination of these all factors can 
drive the reaction to the desired epoxide/oxidized product. Considering these 
facts, recently a Pd supported on a modified heteropolyacid-silica (HPA/SBA- 
15, Table 4, entry 13) [104] was reported to be active in the allylic oxidation of 
β-pinene into trans-pinocarveol as the main product and myrtenol/pinocam-
phone as the byproducts. Multifunctional heterogeneous materials containing 
both a metal and an acid function were prepared by using wetness impregna-
tion, showing typical laminar geometry together with Pd2+ as the oxidation 
state (Figure 8). In this case, the material containing Pd with a heteropolyacid 
supported on SBA-15 (Pd/HPA-300/SBA-15) was one of the best materials to 
give trans-pinocarveol with the yield of 65% (total conversion of β-pinene). 
Independent on the Pd loading (0.5 wt% or 1.0 wt%) and calcination tem-
perature (heteropolyacid over SBA-15), selectivity to the desired trans- 
pinocarveol was not affected. At the same time, the calcination temperature 
influenced conversion, Pd dispersion, acidity, and the surface area. It appears 
that when the support was changed to amorphous silica, the selectivity chan-
ged drastically. Then, distribution, dispersion and location of the metal and 
acid functions drive selectivity to the desired product. The catalyst was suc-
cessfully reused, and the process was scaled up to 10 mL with no negative 
implication for selectivity or conversion.

CoBr2 complex with 2,6-lutidine [Co(2,6-Me2C5H3N)2Br2] (Table 4, entry 
14) was prepared and tested for the oxidation of α-pinene in a flow reactor 
using a supercritical solvent (mixture of CO2 and ethyl acetate) [105]. The 
range of temperature and pressure varied between 190-230°C and 110-125 
atm, giving with these conditions’ isomerization products with partial race-
mization. Oxidized products such as verbenone and pinocamphone were also 
obtained with high enantioselectivity in which selectivity seems to be lower 
(<20%). The authors suggest the presence of campholenic aldehyde, which is 
formed by the ring-opening of α-pinene epoxide. Formation of acetoxylated 
products was also observed (up to 6%). The studied reaction conditions with 
the Co-complex seem not to be favorable either for oxidation or epoxidation.

Recently, commercial MgO (Table 4, entry 15) has been reported as 
a versatile catalyst for the selective synthesis of limonene epoxides and diep-
oxide, depending on the reaction conditions [106]. The epoxidation catalytic 
route was carried out with H2O2 in a Payne system, which used acetonitrile as 
an oxidant activator, and water and acetone as solvents. The highest yields for 
limonene epoxide (80%) and diepoxide (96%) were achieved after 30 min and 
2 h, respectively, at a low temperature (50°C). The catalyst exhibited 
a composition of 82.6 wt.% of the periclase phase (mineral form of MgO) 
and 17.4% of the brucite phase (mineral form of Mg(OH)2). After the reaction, 
a slight phase transition was observed from periclase to brucite, explained by 
the hydration under the reaction conditions, which had a negative effect on the 
selectivity to diepoxide after three reuses (a decrease from 97% to 76%). In 
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general, the authors [106] reported that diepoxide is favored with high con-
centrations of MgO and H2O2, high temperatures, and long reaction times, 
while epoxide is favored mainly with low temperatures and short reaction 
times. A successful kinetic modeling was reported for the first time for the 
epoxidation of R-(+)-limonene using a Payne reaction system, with a set of 
three reactions describing the formation of intermediate oxidant, the H2O2 
decomposition, and the epoxidation reaction of limonene with intermediate.

4. Isomerization of monoterpene epoxides

4.1. Reactivity of monoterpenes epoxides and main factors that affect them

Isomerization of monoterpene epoxides refers to the rearrangement of the 
epoxy group within a monoterpene molecule, resulting in the formation of 
different isomers with altered chemical structures and properties. During 
isomerization of monoterpene epoxides, the epoxy group undergoes intramo-
lecular rearrangement, leading to high-added value chemicals of interest in the 
field of natural product chemistry and has implications in various industries, 
such as fragrance, flavor, and pharmaceuticals. Because epoxides are highly 
strained (strain energy, SE, of 27.9 kcal mol−1) due to the bond angle distortion 
[36], they react with nucleophiles and electrophiles that rearrange their struc-
ture into thermodynamically stable substances such as aldehyde, alcohols, and 
ketones, among other compounds. In the case of monoterpene epoxides such 
as α- and β-pinene epoxides (Figure 9) can rearrange using an acidic or basic 
medium onto oxygenated compounds. These epoxides are constituted by three 
organic cycles: cyclohexane, cyclobutene, and epoxy-cyclopropane. For α- 
pinene epoxide, the epoxy group is in the endo-position being for β pinene 
epoxide in the exo-position, which is the cause of their different reactivity. α- 
Pinene epoxide acquires more stress in comparison to β-pinene epoxide (see 
Figure 9). It is attributed to lower β-pinene epoxide torsional strain in com-
parison with α-pinene epoxide and for this reason, its arrangement energy is 
higher [36].

Both epoxides are usually starting materials for the synthesis of chemicals of 
interest in the fragrance industry. For example, from α-pinene epoxide, it is 
possible to achieve campholenic aldehyde, trans-carveol, trans-sobrerol, pino-
carveol, and pinocamphone, among others. Campholenic aldehyde and trans- 
carveol are the main products when the epoxide is in contact with an acidic 
catalyst. Selectivity is dependent on the specific reaction conditions and also 
on the type of catalyst. In general, the most important factors that drive 
selectivity to a specific target starting from these epoxides are the type of 
acid sites (Brønsted, Lewis or their ratio) and the solvent (polar or nonpolar, 
e.g.: toluene, DMSO, DMF, etc.). Figure 9 shows the most relevant products 
obtained from isomerization of both epoxides.
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Isomerization of α-pinene epoxide, one of the most studied monoterpene 
epoxides, can give two main products: campholenic aldehyde and trans- 
carveol with trans-sobrerol, pinocamphone, pinocarveol and p-cymene as 
the secondary products. Campholenic aldehyde can be selectively obtained 
using a Lewis acid catalyst and nonpolar solvents such as toluene. Ring- 
opening of the epoxide was described by coordination to the Lewis acid site 
and then rearrangement of the internal cyclobutene finally giving the desired 
isomerization products. Interestingly, the C-C shift to give a secondary carbo-
cation in the second step can be carried out because of the internal tension of 
cyclobutene. This kind of bicyclic compound tends to relax their internal stress 
to give more favorable energetic products. The most relevant references for the 
synthesis of both industrially important commodities such as trans-carveol 
and campholenic aldehyde are mentioned in Table 5.

4.2. Analysis of the most relevant heterogeneous catalysts for synthesis of 
aldehydes and alcohols from monoterpenes epoxides

A selective catalyst based on zirconium phosphate was used as an inexpensive, 
efficient, and cost-effective material for synthesis of trans-carveol from α- 

Figure 9. The most relevant isomerization products from α-, β-pinene and limonene epoxides by 
using acidic heterogeneous and homogeneous catalysts. 1=Campholenic aldehyde, 2=Carveol, 
3=Pinocamphone, 4=Pinocarveol, 5=trans-sobrerol, 6=p-cymene, 7=Perillyl alcohol, 8=myrtenol, 
9=Myrtanal, 10= Dihydrocarvone, 11= Carvenone.
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pinene epoxide. Trans-carveol has been widely reported as a precursor for the 
synthesis of fragrances, shampoo, toilet soaps and non-cosmetics products. It 
is the main constituent of spearmint essential oil. In addition, carveol as 
a phytochemical together with other monoterpenes was demonstrated to be 
active in the cloned α7 subunit of the human nicotinic acetylcholine recep-
tor [126].

It is well known that Zr-phosphate catalysts comprising the Zr-framework 
together with the covalently anchored Zr-P can be effective for the ring- 
opening of epoxides (Table 5, entry 1). The acidic nature of the catalyst can 
be controlled by tuning Zr to P ratios. In [110], the authors claimed that 
exceptional activity is attributed to broad functionality of the phosphate 
groups which give the Brønsted acidic nature of this together with DMA as 
a solvent provided the best results reported up to now for the synthesis of the 
six-member ring product (trans-carveol). A similar yield of carveol (73%) has 
been reported using task-specific ionic liquids (TSILs) which act as both eco- 
friendly catalysts and reusable solvents in numerous industrial reaction [127]. 
The authors successfully correlated the reaction behavior with physical prop-
erties, such as conductivity, density, molecular volume, standard entropy, and 
lattice energy. In addition, the designed process complies with the green 
metrics criteria having 100% of atom economy and E-factor of 1 [127].

Fe supported catalysts [111,112] were reported to be selective in isomeriza-
tion of α and β-pinene epoxides and also in the rearrangement of limonene 
epoxide with solvent polarity playing a critical role (Table 5, entries 2-4). As 
mentioned previously, this is a very sensitive reaction that can give a variety of 
aldehydes, alcohols, alkenes, etc. Then, controlling the type and strength of the 
acid sites as well as the solvent type can change the distribution of products. In 
the case of Fe/MCM-41, a decrease in selectivity to campholenic aldehyde was 
observed when the solvent was changed from toluene to tert-butanol, while 
selectivity to trans-carveol was apparently increased. The same trend was 
observed with Fe/SBA-15; however, the effect was more prominent. At total 
conversion of pinene oxide, selectivity decreased from 64% (for toluene) to 
48% when tert-butanol was used as the solvent. When the authors [111] 
compared the same support with another metal (Cu), lower yields (in terms 
of conversion and selectivity) to the desired aldehyde and alcohol were 
achieved. For example, in the case of Cu/MCM-41, the maximum conversion 
was 20% while selectivity to campholenic aldehyde was 82%. An increase of 
conversion (46%) resulted in lower selectivity to the aldehyde (71%). The 
ability of Cu to coordinate tert-butanol is an explanation offered at such 
reaction conditions. The total Lewis acidity of Cu materials in comparison 
with Fe counterparts is the reason Cu being more selective to campholenic 
aldehyde. In the same way, thermodynamics of the isomerization of both 
epoxides at the reported reaction conditions showed that all the isomers 
(campholenic aldehyde, trans-carveol, isopinocamphone, fencholenic 
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aldehyde from α-pinene oxide and myrtanal, myrtenol and perillyl alcohol 
from β-pinene oxide) are thermodynamically favorable, with campholenic 
aldehyde and myrtanal being preferential from thermodynamic viewpoint. 
The solvent effect was found not to be critical in thermodynamics [128].

The same Fe catalysts were also active in the isomerization of limonene and 
β-pinene epoxides (Table 5, entries 3-4) [111,112]; however, in the first case, 
poor activity and selectivity were obtained. Changing polarity of the solvent 
(from toluene to acetonitrile) induces a slight increase of conversion, however, 
selectivity to isomers was in all the cases lower than 50%. Competition 
between isomerization and hydrolysis is expected to be one of the most 
important factors to control. Remaining water (in the solvent, catalyst, or 
the additive) can produce limonene-1,2-diol rather than typical isomers 
(dihydrocarvone, trans-carveol, etc). Although the undesired diol finds appli-
cations in fine chemistry, formation of the isomers is more attractive because 
of their annual costs and direct implications in factory processes. On the other 
hand, isomerization of β-pinene epoxide which typically produces myrtanal, 
myrtenol and perillyl alcohol as the major products, was also tested with Fe 
catalysts showing that in all the cases and changing the polarity of the solvent, 
the major product is myrtanal [115]. However, modification of catalyst as well 
as the solvent can give perillyl alcohol as the main target; some examples are 
described in Entries 6-7 (Table 5). In the case of zeolite-beta [114], the use of 
DMSO as a polar basic solvent improves selectivity to perillyl alcohol over 
myrtanal and myrtenol while for Ti- and Mo-based silica materials (MCM-41 
and SBA-15) [115] the same main target was obtained but with a nonpolar 
solvent. It is well known that, generally, perillyl alcohol is favored with a polar 
basic solvent, whereas myrtanal is obtained with nonpolar ones. This excep-
tional case in which Ti or Mo materials were selective to perillyl alcohol using 
n-hexane as a nonpolar solvent is due to 1) the typical texture and distribution 
of the active sites and II) the stabilization of the transition state. Myrtanal 
requires less steps from the opening of β-pinene epoxide, and the energetic 
barrier of the two transition states (TS) can be unfavored because of solvation 
and its interaction with TS. For perillyl alcohol, more steps are necessary in 
addition to a conformation change in which a Csp3 rotates to favor a hydrogen 
transfer [117].

In the same way, MoO3 modified beta zeolite was also tested for the selective 
ring-opening of α-pinene epoxide at relatively mild conditions (Table 5, entry 
8). In this case, the authors reported that effect of different solvents (cyclohex-
ane, toluene, nitromethane, propan-1-ol, dichlorobenzene, cyclohexanone, 
cyclohexanol, ethyl acetate and N,N’-dimethylformamide) slightly influenced 
selectivity to campholenic aldehyde and trans-carveol. The highest selectivity 
(44.9%) to the aldehyde was achieved when nitromethane was used as 
a nonpolar solvent while N,N’-dimethylformamide (polar basic) favored 
trans-carveol. In the latter case, conversion was only 27%. As mentioned 
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previously, the synergy between acidity (strength and type) and the solvent 
type can favor the formation of a specific product in isomerization of α-pinene 
epoxide. The use of alcohols of a low molecular weight can induce the 
formation of high-molecular weight substances which result from the nucleo-
philic attack of the alcohol to the epoxide. A typical example is methanolysis of 
α-pinene epoxide in an acid medium which can yield sobrerol ethers [129]. 
The proposed reaction pathways are depicted in Figure 10. As the first step, α- 
pinene oxide is coordinated to the acid site (Brønsted or Lewis which will 
change the strength of the non-covalent bond) leading to an intermediate 
carbocation. Then, different rearrangement of the carbocation to have a more 
thermodynamically favorable cation occurs. At this point, simple proton 
elimination can give pinocarveol and pinocamphone, while the C-C shift in 
the two routes can eliminate the strain of the internal cyclobutene generating 
two different carbocations. Thereafter, carveol and its isomers and campho-
lenic aldehyde are formed as more favorable products. Kinetics (which could 
be affected by temperature, the type of the solvent and the catalyst) is crucial to 
obtain a specific target. Thermodynamics is also crucial in this reaction but 
less critical with respect to kinetics.

With the aim of investigating the oxidation state in Fe/MCM-41, different 
precursor salts were tested and then compared with the heterogeneous cata-
lysts (Table 5, entry 9). For this, iron nitrate, chloride, sulfate, and iron oxide 
were tested at the same reaction conditions and the results suggest a crucial 
effect on the role of the oxidation state of both Fe3+ and Fe2+. Although the 

Figure 10. Schematic representation of the main reaction pathways in isomerization of α-pinene 
epoxide into various products.1=Campholenic aldehyde, 2=carveol and their isomers, 3=p-cym-
ene, 4=pinocarveol, 5=pinocamphone, 6=trans-sobrerol ether.
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Table 5. Some heterogeneous catalysts for isomerization of monoterpene epoxides.
Entry Catalyst Monoterpene 

epoxide
Reaction conditions X (%) S (%) Ref

1 ZrPa (0.6 M) α-Pinene 
epoxide

3.28 mmol substrate, 
50 mg catalyst, 2 mL 
N,  
N Dimethy 
lacetamide, 160°C, 5 
h.

45 72 TC 
21 CA 

7 Others

[110]

ZrPa (1.2 M) 60 71 TC 
20 CA 

9 Others
ZrPa (2.4 M) 100 73 TC 

19 CA 
8 Others

2 Fe/MCM-41 
(1.7 wt%)

α-Pinene 
epoxide

0.25 mmol substrate, 
1 mL solvent, 10 mg 
catalyst, 70°C, 2.5 h, 
750 rpm

100 (Toluene) 66 CA 
34 Others

[111]

100 (Ethyl acetate) 58 CA 
42 Others

100 (tert-Butanol) 53 CA 
47 Others

Cu/MCM-41 
(1.3 wt%)

20 (Toluene) 82 CA 
18 Others

5 (Ethyl acetate) 80 CA 
20 Others

0 (tert-Butanol) -
Fe/SBA-15 (3.9 

wt%)
100 (Toluene) 64 CA 

36 Others
100 (Ethyl acetate) 58 CA 

42 Others
98 (tert-Butanol) 48 CA 

52 Others
Cu/SBA-15 (1.2 

wt%)
46 (Toluene) 71 CA 

29 Others
5 (Ethyl acetate) 79 CA 

21 Others
1 (tert-Butanol) 72 CA 

28 Others
3 Fe/SBA-15 (3.9 

wt%)
Limonene 

epoxide
0.25 mmol substrate, 

1 mL solvent, 10 mg 
catalyst, 70°C, 1 h, 
750 rpm

21 (Toluene) 15 LD 
3 CC 

35 TC 
42 DHCV 
5 Others

[111]

15 (Ethyl acetate) 6 LD 
35 CC 
15 TC 

44 DHCV
5 (Acetonitrile) 50 LD 

50 DHCV
17 (Acetone) 84 LD 

16 CC
5 (THF) 48 DHCV 

52 Others
8 (1,4-Dioxane) 74 LD 

26 Others
5 (tert-Butanol) 71 LD 

13 DHCV 
16 Others

12 (Cyclohexane) 86 LD 
7 TC 

7 DHCV
10 (Hexane) 86 LD 

7 CC 
3 TC 

2 DHCV 
2 Others

(Continued)
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Table 5. (Continued).

4 Fe/MCM-41 β-pinene 
epoxide

0.25 mmol substrate, 
1 mL solvent, 26% of 
catalyst, 70°C, 1 h, 
750 rpm

18 (Hexane) 34 PA 
63 Myrtanal 
3 Myrtenol

[112]

23 (Acetonitrile) 8 PA 
90 Myrtanal 
2 Myrtenol

14 (tert-Butanol) 14 PA 
81 Myrtanal 
5 Myrtenol

Fe/SBA-15 27 (Hexane) 26 PA 
68 Myrtanal 
6 Myrtenol

20 (Acetonitrile) 13 PA 
82 Myrtanal 
5 Myrtenol

7 (tert-Butanol) 6 PA 
87 Myrtanal 
7 Myrtenol

5 MZ-5 (1.5) α-Pinene 
epoxideb

2 mmol substrate, 
100 mL of N, 
N-dimethy 
lacetamide 
(solvent), 75 mg 
catalyst, 140°C, 3 h.

92 45 TC 
27 CA

[113]

6 Zeolite beta 25 β-pinene 
epoxide

0.8 mL substrate, 25 wt 
% based on the 
weight of substrate, 
volume ratio 
substrate: DMSO = 
1:5, demineralized 
water (molar ratio 
substrate: H2O = 
1:8), 70°C, 2 h.

100 36 PA 
19 Myrtanal 
10 Myrtenol 

9 nol 
9 p-Menth- 

1-en-7,8-diol

[114]

7 SBA-15 β-pinene 
epoxide

0.25 mmol substrate, 
0.5 mL hexane, 
10 mg catalyst, 80°C, 
1 h.

70 45 PA 
9 Myrtanal 
46 Others

[115]

Ti/SBA-15 > 99 45 PA 
20 Myrtanal 

35 Others

Mo/SBA-15 > 99 63 PA 
37 Others

MCM-41 50 34 PA 
20 Myrtanal 
7 Myrtenol 

39 nol 
39 Others

Ti/MCM-41 60 47 PA 
2 Myrtanal 
51 Others

Mo/MCM-41 98 20 PA 
2 Myrtanal 
5 Myrtenol 

73 nol 
73 Others

SiO2 14 5 PA 
95 Others

Ti/SiO2 64 15 PA 
55 Myrtanal 
4 Myrtenol 

26 nol 
26 Others

(Continued)
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Table 5. (Continued).

Mo/SiO2 > 99 32 PA 
12 Myrtanal 
2 Myrtenol 

54 nol 
54 Others

8 MoO3-Modified 
Beta zeolite

α-Pinene 
epoxide

1.25 g substrate, 6 mL 
solvent, 125 mg 
catalyst, 70°C, 3 h.

99 (Cyclohexane) 34.6 CA 
17.4 TC 

13.9 PMD

[116]

100 (Toluene) 34.2 CA 
14.8 TC 

14.0 PMD
86 (Nitromethane) 44.9 CA 

10.7 TC 
12.3 PMD

100 (Propan-1-ol) 3.3 CA 
6.4 TC 

2.7 PMD

100 
(Dichlorobenzene)

42.1 CA 
13.3 TC 

13.1 PMD

100 (Cyclohexanone) 37.4 CA 
15.0 TC 

16.6 PMD

100 (Cyclohexanol) 24.1 CA 
21.1 TC 
5.1 PMD

97 (Ethyl acetate) 37.1 CA 
15.8 TC 

13.9 PMD

27 (N, N’- 
Dimethylformamide)

26.5 CA 
43.8 TC 

14.0 PMD

9 Fe/MCM-41 α-Pinene 
epoxide

0.25 mmol substrate, 
1 mL toluene, 15 mg 
catalyst, 70°C, 
750 rpm, 2.5 h.

> 99 65 CA 
14 Carveol 

5 FA 
16 Others

[117]

Fe(NO3)3·9H2O 97 59 CA 
10 Carveol 

6 FA 
28 Others

FeCl3·4H2O 99 61 CA 
9 Carveol 

3 FA 
27 Others

FeSO4·7H2O 7 40 CA 
45 Carveol 

5 FA 
10 Others

Fe2O3 0 -

10 Cs2.5H0.5PW12 

O40

α-Pinene 
epoxide

0.75 mmol substrate, 
7.50 μmol catalyst, 
5 mL of reaction 
volume with 
acetone as solvent.

100 (5 min, 25°C) 17 CA 
22 TC 
9 TS 

45 Pinol

[118]

100 (180 min, 25°C) 19 CA 
5 TC 

70 Pinol
100 (5 min, 40°C) 17 CA 

11 TS 
62 Pinol

100 (120 min, 40°C) 17 CA 
75 Pinol

(Continued)
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amount of Fe active sites was not the same, the excess (almost 7-10-fold with 
respect to iron in Fe/MCM-41) showed that, apparently, the most active site 
was Fe3+ rather than Fe2+. Only 7% of conversion was achieved when FeSO4. 
7H2O was used as the catalyst, Fe2O3 was completely inactive. In fact, it was 
evident that the nature and the oxidation state of the metal site play an 
important role in determining the conversion and selectivity of α-pinene 
epoxide isomerization. This fact could be explained by the acidic nature of 
Fe3+ with respect to Fe2+: In the first case, more available free d-orbital is 
present, enhancing Lewis acidity.

Table 5. (Continued).

11 SiO2
c α-Pinene 

epoxide
0.25 mmol substrate, 

2 mL 
dichloroethane, 
5 mg catalyst, 30°C, 
30 min.

3 50 CA 
6 FA 

10 TC 
6 TS 

28 Others

[119]

Al-SiO2
c (12 wt 

%)
80 72 CA 

2 FA 
15 TC 
8 TS 

3 Others

12 Ti/MCM-22 α-Pinene 
epoxide

Toluene, 70°C 100 96 CA 
1 TC 
1 FA 
1 PC

[120]

13 Cs2.5H0.5PW12 

O40

Limonene 
epoxide

1.5 mmol substrate, 
5 mg Catalyst, 10 mL 
total volume with 
dichloromethane as 
solvent, 25°C, 240 
min

100 69 DHCV 
20 MICC 

8 LD

[121]

14 HPW/SiO2 Limonene 
epoxide

0.45 mmol substrate, 
14.29 mg catalyst 
μmol−1 HPW, 25°C, 
15 min, 3 mL of total 
volume with 
dimethyl carbonate 
as solvent

100 84 DHCV 
8 MICC 

7 LD

[122]

15 Phosphonate/ 
Carbon

α-Pinene 
epoxide

3.28 mmol substrate, 
50 mg catalyst, 2 mL 
DMF, 140°C, 1 h

100 67 TC 
22 CA 
9 TPC

[123]

16 Ionic liquid- 
supported 
indenyl- 
molyb 
denum(II)- 
bipyridine 
complexes

α-Pinene 
epoxide

0.9 M initial substrate 
concentration, 
0.044M Mo,  
[Ch][NTf2] as 
solvent, 35°C, 1 min.

100 79 CA 
6 TCV

[124]

17 TECHNOSA-H2 
mordenite

α-Pinene 
epoxide

25°C, 10 min 100 57 CA [125]

aValues in parenthesis refer to the concentration of H3PO4 employed in the synthesis of the catalyst. bSelectivities at 
70% conversion. cValues in parenthesis refer to the aluminum loading. ZrP: Zirconium phosphate. CA: Campholenic 
aldehyde. CC: cis-Carveol. TC: trans-Carveol. LD: Limonene diol. DHCV: Dihydrocarvone. PA: Perillyl alcohol. MZ: 
Hierarchical beta zeolites, where the value in parenthesis denotes the Brønsted-to-Lewis acid site ratio. CB-1: 
Conventional beta zeolite. PMD: p-methadien-2-ol. FA: Fencholenic aldehyde. TS: trans-sobrerol. MICC: 1-methyl- 
3-isopropenyl-cyclopentyl-1-carboxaldehyde. PC: pinocamphone. TPC: trans-pinocarveol.
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On the other hand, heteropolytungstate based on Cs [118] was selectively 
tested in biomass-derived α-pinene epoxide yielding mainly trans-carveol, 
trans-sobrerol and pinol in 60–80%, exceeding the yields reported previously 
for the synthesis of pinol (Table 5, entry 10). For this case, different reaction 
conditions were tested (mainly time, temperature, and polarity of the solvent) 
highlighting that relatively short reaction times (<180 min) and low tempera-
ture enhance formation of pinol over campholenic aldehyde and trans- 
sobrerol. Further optimization of the reaction temperature and catalyst load-
ing enabled the pinol yield up to 80% while the combined selectivity with 
campholenic aldehyde was ca. 95%. In addition, low temperatures are favor-
able for the intermediate carbocation to form trans-carveol. Interestingly, 
decreasing the amount of residual water during the reaction (when acetone 
solutions were used) favors the intramolecular cyclization for the intermediate 
carbocation giving pinol as the main product.

On the other hand, a series of silicas modified chemically with Al were 
tested in the isomerization α-pinene oxide pointing out in the effect of Al 
amount (Table 5, entry 11) [119]. Particularly, the silica modification was 
performed by using a one-pot two-step synthesis in which the first step was 
activation of silica while in the second step, TEA (tetraethyl aluminum) was 
added with subsequent drying and calcination [119]. The best result was 
achieved for Al-SiO2 containing 12 wt% of Al with 80% of conversion and 
72% selectivity to campholenic aldehyde. In comparison with previously dis-
cussed literature, the relatively mild conditions used in this work (only 30°C 
and 30 min) enhanced formation of the desired aldehyde. However, under 
these conditions, the catalysts could not be reused. The expected activity was 
attributed mainly to the oligomeric species of Al2O3 present in the catalyst and 
to an increase in the textural properties. Among many heterogeneous catalysts 
reported for selective synthesis of campholenic aldehyde starting from α- 
pinene oxide, Ti-MCM-22 (Table 5, entry 12) [120] has been the most 
effective catalyst yielding up to 96% of the aldehyde with 4% of other isomers. 
Excellent performance of this catalyst was associated with the presence of 
isolated tetrahedrally coordinated Ti, which acts as a Lewis acid without 
undesired Brønsted acidity, together with the typical MWW shape which 
can favor the transition state for aldehyde formation. Finally, phosphotung-
stated-based catalyst (Cs2.5H0.5PW12O40 and HPW/SiO2) was reported for 
isomerization of limonene epoxide yielding mainly dihydrocarvone as the 
major product (Table 5 entry 13-14). Exceptional acidity together with utiliza-
tion of the green solvent (in case of HPA/SiO2) can lead to a feasible method 
for synthesis of such isomer.

Recently [123], the reusable biomass-derived phosphonate carbon was used 
for the synthesis of trans-carveol from α-pinene oxide at relatively mild 
conditions indicating the role of the amounts and distribution of the phos-
phonate groups in the selective synthesis of this alcohol (Table 5 entry 15). The 
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use of DMF as a polar basic solvent confirms the hypothesis previously that 
such solvents favor formation of the alcohol over aldehydes (campholenic and 
fencholenic aldehydes). Although the process is in line with the typical green 
processes, the remaining issue is the removal of DMF from the reaction 
mixture.

Ionic liquid supported indenyl-molybdenum (II) bipyridine complexes as 
an organometallic and robust catalyst was used for the selective synthesis of 
campholenic aldehyde starting from α-pinene epoxide (Table 5 entry 16) 
[124]. Interestingly, only 1 min is enough for obtaining 94% of the desired 
aldehyde, which is comparable with Fe/MCM-41 (Table 5 entry 2). The 
authors [124] claimed that a change of the ligand during synthesis of the 
complexes can alter Lewis acidity of the metal center. For the mentioned 
complex, introduction of electron-donating or electron withdrawing groups 
can modify the overall reactivity of the catalysts, decreasing the electronic 
density and changing the catalytic activity and robustness of the material.

Finally, the mordenite-based natural zeolite (TECHNOSA-H2) [125] com-
ing from volcanic islands in Greek Islands (Table 5 entry 17) achieved up to 
57% of selectivity to campholenic aldehyde at total conversion with only 10 
min of the reaction. Although the authors did not measure acidity of the 
material by using TPD of ammonia or FTIR of pyridine, the authors suggested, 
for this case, that active sites on the mordenite-based catalyst are mostly 
Brønsted one because of selectivity. Despite these results, the catalyst was 
not tested in this reaction in additional cycles.

5. Synthesis of cyclic carbonates based on monoterpenes epoxides

5.1. General aspects

The current efforts for valorization of CO2 have grown in the last years 
because of the increasing emission of greenhouse gases causing several climate 
changes. Then, new alternatives for decreasing the emissions and a rational use 
of CO2 are a current approach that has been implemented to obtain high- 
added value chemicals in the context of green and sustainable chemistry. 
Among several strategies for using CO2 is the synthesis of cyclic carbonates 
starting from epoxides and CO2. In 2021, the production of cyclic carbonates 
was estimated to be in the order of 100 kton/y. These kinds of compounds find 
applications as a monomer in the preparation of polymers (e.g.: replacement 
of non-isocyanate polymers), components in batteries, green solvents, etc. 
[130]. Among many advantages, this reaction demonstrates 100% economy 
efficiency and can be performed at solventless conditions being thermodyna-
mically favorable [131]. The main factors that affect the reaction are the type of 
catalyst used, reactivity of the epoxides, and the reaction conditions. Although 
different epoxides coming from hydrocarbons have been used for this 
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transformation (epichlorohydrin [132], styrene oxide [133], cyclohexene 
oxide, etc.), reactivity of monoterpene epoxides as a starting epoxide has 
been almost unexplored. The synthesis of cyclic carbonates starting from 
terpene scaffolds can result in 100% bio-based derived compounds with 
a high potential [134]. There are a few reports in which these epoxides 
(especially limonene epoxide) have been used to synthesize cyclic carbonates 
with CO2 as a reactant [135,136]. Another strategy for synthesis of cyclic 
carbonate is the ring-opening of the epoxide giving the diol and then the 
ring closure with the use of a base and dimethyl carbonate as the CO2 
source [137].

The use of heterogeneous catalysts for the synthesis of cyclic carbonate 
follows a reaction mechanism illustrated in Figure 11. The control of water as 
well as the type and the amount of acid sites, mainly Lewis and the base are the 

Figure 11. Proposed reaction pathway for catalytic cycloaddition of CO2 to epoxides by using 
a bifunctional catalyst (Lewis acid and base).
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most critical factors to achieve the desired target avoiding isomerization and 
condensation products (e.g.: hydrolysis). The reaction pathway starts from the 
coordination of the epoxide to the Lewis acid site, then activating the epoxide 
to further nucleophilic attack by a Lewis base, which leads to opening of the 
epoxide. The intermediate alkoxylate is then closed by an intermolecular 
reaction with CO2. The design of a catalyst for this reaction would require 
a bifunctional character comprising a Lewis acid site (e.g.: by using metals) and 
the Lewis’s base species, which are typically halides. Secondary reactions such 
as hydrolysis and isomerization could be present, but they can be avoided by 
drying the catalyst, decreasing the strength of acidity, and using a base (typi-
cally TBABr – tetrabutylammonium bromide-) while performing the reaction.

5.2. Current research and advances in synthesis of cyclic carbonates from 
monoterpene epoxides

There are a few reports in which the formation of cyclic carbonates has been 
explored by using monoterpene epoxides as the starting material. In general, 
synthesis of these kinds of compounds is of interest because of their versatility 
which aims to build more complex compounds such as monomers that can be 
used to replace the typical fossil-based polymers, e.g. polyurethanes. Figure 12 
shows a general scheme invoking synthesis of cyclic carbonates starting from 
monoterpene scaffolds.

Figure 12. A general scheme of the synthesis of cyclic carbonates starting from monoterpenes 
scaffolds as well as CO2 sources.
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Limonene dicarbonate (starting from limonene diepoxide) was synthe-
sized as a new monomer for the synthesis of a polymer based on non- 
isocyanate and polyurethanes [138]. In this study, TBABr was used as 
a homogeneous catalyst along with heterogeneous silica supported 4-pyr-
rolidinopyridinium iodide (SiO2-I) in the synthesis of this carbonate. 
Tetrabutyl ammonium bromide has been reported as a selective catalyst 
for the synthesis of cyclic carbonates [139] starting from biomass-derived 
epoxides however its poor recyclability made this catalyst poorly attractive 
for further industrial applications. The maximum conversion achieved with 
the SiO2-I system was 80% at 30 bar and 140°C. The required time for this 
step was 2 h. In comparison, the homogeneous TBABr catalyst was capable 
of converting all the epoxide into the limonene carbonate within only 50 
min and the same reaction conditions. Monitoring of the reaction was 
successfully carried out using IR spectroscopy (namely a band close to 
1800 cm−1 in all the carbonates) and confirming the structure of the final 
product with 1H-NMR.

Interestingly, the flow synthesis concept was applied for synthesis of limo-
nene carbonate by using supercritical carbon dioxide (Tc: 31.0°C, pc: 7.38 
MPa) [140]. At such pressures and temperatures, carbon dioxide can act both 
as a reactant and as a solvent. High solubility of supercritical carbon dioxide in 
ionic liquids makes them promising candidates as the reaction media for 
catalytic and sustainable processes. Similarly [141], as in the previous case, 
tetrabutylammonium iodide (TBABI) was adsorbed on mesoporous silica to 
further obtain a supported ionic liquid phase (SILP). Under the best condi-
tions, the maximum yield of the desired limonene carbonate was up to 17% 
without leaching. In the case of limonene diepoxide as the starting material, 
the maximum yield (in flow operation) of 16% was obtained; however, some 
traces related with the catalyst leaching were observed.

Coupling terpene oxides and CO2 were performed using an amino-
(trisphenolate) ligands (namely, tris(3,5-dichloro-2-hydroxybenzyl)amine 
and tris(3,5-ditertbutyl-2-hydroxylbenzyl)amine) [134]. In this case, bis-
(triphenylphosphine)iminium chloride was used as a co-catalyst. After 66 
h of the reaction under 10 bar of pressure, the maximum yield obtained (via 
1H NMR) was 57% starting from trans-limonene epoxide. In the same way, for 
limonene diepoxide the maximum yield was up to 74% while for carvone 
epoxide it was 45%. The use of pure cis isomer only led to 4% yield of its 
respective carbonate. As expected, the retention of the configuration in the 
final cyclic carbonate is mainly associated with the double inversion pathway. 
Although relevant results were achieved, the catalyst was not reused at all, 
being not in line with principles of green and sustainable chemistry. Similarly, 
a homogeneous catalyst based on scorpionate-based helical organoaluminums 
was successfully used for the synthesis of limonene carbonate giving 79% 
conversion (70°C, 10 bar CO2, 1 mol% catalyst, 66 h) [142]. The experiment 
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was only performed with trans-limonene epoxide achieving a mixture of 
diastereomers during formation of the cyclic carbonate.

Alkali and alkali earth metal salts in combination with polyethers as hetero-
geneous materials were applied as selective catalysts for the synthesis of 
limonene carbonate in which the trans- configuration was predominant 
[143]. Thus, poly (ethylene glycol) (PEG) dimethyl ethers were acceptable 
polymers for performing complexing agents with CaI2 which also showed the 
best performance along with other tested salts (LiI, NaI, KI, RbI, CsI, MgI2, 
SrI2 and BaI2). Relatively mild tested conditions (90°C, 48 h, 50 bar) allowed to 
achieve only 18% yield with 10 mol% of CaI2 supported on PEG. The catalytic 
systems were shown to be robust and could be used several times (up to 7) 
without a significant decrease in the catalytic activity when 2-(tert- 
butoxymethyl)oxirane was used as the reagent.

A series of ammonium, phosphonium, imidazolium and diazabyciclounde-
cenium tungstate and peroxotungstate ionic liquids were successfully synthe-
sized and applied to the cycloaddition of CO2 to limonene epoxide [144]. 
Synthesis of the material was performed by metathesis with Ag2WO4. 
Furthermore, fixation of CO2 to limonene epoxide render to achieve up to 
43% of conversion with poor selectivity of only 33% to the desired carbonate (4 
mmol of substrate, 50 bar of CO2, 90°C, 18 h, 0.12 mmol of catalyst). Although 
different epoxides (butyl glycidyl ether, hexene oxide, cyclohexene oxide) were 
evaluated with acceptable conversions and selectivity, the catalyst was not 
reusable.

6. Acetoxylation

6.1. General considerations for acetoxylation of terpenes

Acetoxylation of monoterpenes gives products with a special interest in the 
field of fine chemistry, including pharmaceuticals, perfumes, agrochemicals, 
and as intermediates in the synthesis of more complex molecules or as build-
ing blocks. These kinds of reactions involve the addition of an acetyl group 
(-COCH3) to the C=C bond of the monoterpene. The process usually requires 
the use of acetic anhydride and acid-based catalysts. The resulting product can 
have improved solubility, stability, and biological acidity in comparison with 
the starting product. Acetoxylating can occur in the hydroxyl group of the 
monoterpenoid. This reaction can be carried out under relatively mild reac-
tion conditions and typically results in a high yield of the desired product. 
Overall, acetoxylation of monoterpenes is a very useful strategy for modifying 
the properties of these natural compounds making it possible to have applica-
tions in pharmaceuticals, cosmetics, and other industries. Figure 13 shows the 
most common acetoxylated products obtained from typical raw materials: α- 
pinene, β-pinene and limonene.
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6.2. Designing a specific catalyst for acetoxylation of terpenes

Design of a heterogeneous catalyst that drives selectivity to the acetoxylated 
product requires an acidic function together with well-distributed active sites. 
There are few catalysts that have been reported for this specific application. 
Typically, a complex mixture of acetoxylated products together with isomers 
of the monoterpenes is obtained. For example, in one of the cases, Amberlyst- 
36 (Table 6, entry 1) [145] was tested as an active catalyst for synthesis of 
bornyl acetate starting from α-pinene (crude turpentine) using acetic acid as 
the acetoxylated agent. Although complete conversion of pinene was obtained 
the overall selectivity did not exceed 40% to bornyl acetate. Amberlyst-36 is 
a macroreticular resin in a bed form with sulfonic acid groups. The concen-
tration of the acid sites is typically 1.95 eq/L [150] which made the material 
a strong acidic cation exchange. Isomerization of α-pinene took place under 
the reported reaction conditions [145]. Kinetic study of these reactions indi-
cates that the reaction rate is slow in the temperature range 45 – 90°C; 
however, it was observed that acetoxylation requires a higher activation energy 
(94 kJ/mol) in comparison with the isomerization reaction (70 kJ/mol). Both 
reactions are kinetically driven, and an excess of the acid sites can promote 
isomerization rather than the desired acetoxylation.

In the second example (Table 6, entry 2), α-pinene was used as the starting 
monoterpene with the same acetylated group as in the previous case [145]. 
SBA-15 modified with MPTMS to introduce sulfonic acid groups was used as 
the active catalyst [146]. Modification of SBA-15 with such kind of sulfonic 
groups resulted in high activity exceeding than the commercial acidic resins 
(see Figure 14). Conversion was limited (80%), with a poor selectivity to the 
acetoxylated product (18% to α-terpinyl acetate). Terpinyl acetate is found in 
pine oil, cardamom oil and other essential oils and it is widely used as an 
aromatic compound [151]. Despite low catalytic activity, conversion of the 
monoterpene increased when increased the surface area and the pore volume 
of the catalyst, suggesting better accessibility of α-pinene to the active sites. In 

Figure 13. The most common acetylated products from typical monoterpenes (α-pinene, β-pinene 
and limonene) and acetic anhydride. 1=Bornyl acetate 2=Fenchyl acetate 3=Terpinyl acetate.
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the same way, modification of SBA-15 by the sulfonic groups promotes 
conversion to the desired products. Changing the amount of catalyst increased 
the selectivity to the overall acetoxylated products (up to 30% to bornyl acetate 
+ α-terpinyl acetate); however, the conversion decreased to 50–60%. It appears 
that strong acid sites promote isomerization and polymerization rather than 
acetoxylation. Then, application of materials with medium or even low acid 
sites could be enough for synthesis of acetated derived terpenes.

In the same way as for Amberlyst-36, a polymeric resin (Amberlyst 70), 
containing less acid sites (>0.9 eq/L) [152] but designed for high temperatures, 
was used as an active heterogeneous material for the synthesis of acetals 
starting from α-pinene (Table 6, entry 3). Amberlyst-70 is a low degree cross- 
linked chlorinated and sulfonated styrene-divinyl benzene resin. The same 
acetoxylation agent was used under two different reaction conditions. Using 
water as the co-solvent, a sum of both acetates (fenchyl acetate and bornyl 
acetate) was almost 48% while when nonpolar toluene was used as the co- 
solvent, selectivity decreased substantially to ca. 36% to all the acetates. An 
increase of temperature as well as hydrogen atmosphere increased formation 
of by-products, (products formation were formed under oxygen atmosphere) 
However, after several experimental runs the catalyst displayed dramatic 
catalyst morphology changes suggesting a loss of catalytic activity (starting 
from 95% to 60% of conversion of α-pinene).

Figure 14. A) TEM images for neat SBA-15 and modified with sulfonic groups b) Catalytic activity of 
SBA-15 in the synthesis of terpinyl acetate c) SEM images of Amberlyst-70 before and after reaction 
d) Concentration curves as a function of time and using different reaction conditions. Images 
reproduced with permission of ref [146] (a and b) and ref [147] (c and d).
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Table 6. Heterogeneous catalysts for acetoxylation of some terpenes.

Entry Catalyst Terpenoid Acetoxylation 
agents

Reaction 
conditions

X (%) S (%) Ref

1 Amberlyst 36 α-Pinene  
(turpentine 
oil)

Acetic acid 0.05 g mL−1 

catalyst 
concentration, 
molar ratio of 
1:1 for α- 
pinene: acetic 
acid, at 90°C 
for 8 h.

100 40 bornyl 
acetate

[145]

2 SBA-15 with 
MPTMS

α-Pinene Acetic acid 6.3 mmol of α- 
pinene, 30 mL 
of acetic acid, 
120 mg of 
catalyst, at 
60°C for 30 h.

83 41 polymer 
18 α-terpinyl 
acetate 
5 bornyl 
acetate 
12 
camphene 
14 limonene 
5 terpinolene

[146]

3 Amberlyst 70 α-Pinene Acetic acid 5.5 g of α-pinene, 
120 mL of 
acetic acid, 
100 mg of 
catalyst, 5 wt 
% of co- 
solvent, 20 bar  
O2, at 100°C for 
10 h.

99.2 
(Water as 

co- 
solvent)

42.5 limonene 
1.1 γ- 
terpinene 
7.0 fenchyl 
acetate 
39.9 bornyl 
acetate

[147,148]

95.7 
(Toluene 

as co- 
solvent)

35.3 limonene 
15.7 γ- 
terpinene 
7.0 fenchyl 
acetate 
28.1 bornyl 
acetate 
0.3 α-terpinyl 
acetate

4 Ion- 
exchanged 
beta zeolite

Limonene Acetic acid 2 mL of substrate, 
10 mL of acetic 
acid, 0.1 g of 
catalyst, at 
50°C for 24 h.

23 42 α-terpinyl 
acetate 
16 
terpinolene 
14 α- 
terpinene 
10 α- 
terpineol 
6 γ-terpinene 
3 α- 
phellendrene 
3 p-cymene

[149]

α-Pinene 93 27 limonene 
14 bornyl 
acetate 
13 
camphene 
8 p-cymene 
8 terpinolene 
7 α- 
terpinene 
4 γ-terpinene 
2 α- 
phellendrene 
2 α-terpineol 
2 α-terpinyl 
acetate

*Reported as the isolated yield.
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Another possibility to obtain acetals is starting from limonene which 
requires two steps: hydration and bioconversion in which limonene is con-
verted into terpineol and then transformed into the desired acetal (Table 6, 
entry 4). For this case, a cation-exchanged zeolite beta was evaluated in the 
reaction using two monoterpenes (α-pinene and limonene) showing better 
performance in comparison with the conventional acidic catalysts such as 
sulfuric acid and Amberlyst-15 (comparable with Amberlyst-36 and 
Amberlyst-70). In the case of α-pinene, the distribution of products showed 
that more isomerization products were formed rather than the typical addition 
products. Although several metal-modified zeolites (Cu, Co, Zn, Ce, Ni, Fe, 
Mn, La, Sr, Li, Ag) were synthesized and tested in the reaction, the acetate 
products did not exceed 32% at total conversion of pinene. Overall, the authors 
[149] confirmed that hydration, isomerization and acetoxylation are governed 
by the Brønsted acid behavior of the catalysts. In the case of limonene, terpinyl 
acetate and terpineol were obtained as the main products. Usually, in the 
presence of strong acid catalysts, limonene can be arranged into oligomeriza-
tion products, however this was not the case. Subsequently, only isomerization 
took place together with formation of hydration/acetoxylated products.

Alternatively, acetoxylated limonene derivatives were formed using 
a system containing Pd (II) acetate and benzoquinone with a mixture of 
DMSO/acetic acid as the solvent enabling acetoxylation of the exocyclic 
double bond [153]. Remarkable selectivity (up to 88% to terpinyl acetate) 
can be obtained via this way. The role of benzoquinone is just to drive 
reoxidation of the catalyst, while iron(II) phthalocyanine as co-catalyst 
which acted as the electron transfer mediator. Maximum conversion (91%) 
with selectivity up to 86% toward terpinyl acetate can be achieved. While no 
data on catalyst recycling are available in [153], the catalytic system is promis-
ing in comparison with the previously discussed heterogeneous materials. This 
type of systems could be further considered to increase both the conversion 
and selectivity in the acetoxylation of limonene.

7. Hydrogenation

7.1. General consideration for hydrogenation of terpenes

Typically, fine chemicals are produced using homogeneous catalysts, for 
example, menthol is synthesized via the Takasago process utilizing ZnBr2, 
H2SO4 and noble metal-based organometallic, homogeneous catalysts [154]. 
These processes are not environmentally benign, and metal complex catalysts 
are especially expensive and difficult to recover and reuse. Furthermore, fine 
chemical processes are often carried out in a batch mode, which limits their 
production capacity. The aim especially in academia is to develop inexpensive, 
easy to recover and recyclable heterogeneous catalysts and to enhance 
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productivity via implementing continuous operation. Supported metal cata-
lysts have been widely explored and discussed in the literature for the synthesis 
of hydrogenated compounds. In the current review, some recent results of 
hydrogenation of biobased terpenes to valuable products are summarized. In 
addition to supported metal catalysts for hydrogenation with dihydrogen also 
results from the Meerwein-Ponndorf-Verley reduction of citral using 2-pro-
panol as a hydrogen donor are discussed [155].

Hydrogenation of myrcene, farnesene, and squalene has yielded valuable 
saturated derivatives such as 2,6-dimethyloctane, farnesane, and squalane, 
respectively. Myrcene and farnesene are industrially available terpenes that 
can be obtained from fermentation of biomass-derived sugars like sugar cane 
or through biosynthesis [156,157]. These compounds are suitable as raw 
materials for synthesizing sustainable fine chemicals [158]. On the other 
hand, squalene is a polyunsaturated linear triterpene found in sources such 
as shark liver oil (which is not commonly used due to ethical concerns) or olive 
oil [159]. Hydrogenation of these terpenes has been performed using 3D- 
printed catalysts based on palladium in continuous flow reactors [158,160]. 
This process is conducted under moderate reaction conditions (25 bar and 
200°C) and results in high purity of the target products (>74%), depending on 
the residence time in the flow reactor.

Other renewable molecules interesting to be used as intermediates and for 
pharmaceutical products are α-pinene, which can be produced from turpen-
tine [161]. Citral is present in essential oil [162] and limonene, which in 
addition to natural resources, can be produced via hydropyrolysis of rubber 
gloves to produce limonene, which thereafter will be hydrogenated to 
cycloalkanes, suitable as fuel [163,164]. Cis-pinane, a valuable product from 
selective α-pinene hydrogenation exhibits biological inhibitory properties 
[165], while menthol produced from citral, finds applications in cosmetic, 
pharmaceutical, and fragrance industries [162]. A derivative of pinane, pinane 
hydroperoxide is used as an intermediate in the synthesis of perfumes and as 
an initiator in the radical polymerization of olefines such as styrene-butadiene 
synthetic rubber [166]. Citral hydrogenation to unsaturated alcohols, nerol 
and geraniol, has been investigated for decades. Unsaturated alcohols are used 
for synthesis of fine chemicals and special property polymers or as fuel 
additives [167]. Geraniol is one of the common products from hydrogenation 
of citral but also it can be extracted from the essential oils of different aromatic 
plants such as Cinnamomum tenuipilum Kosterm., Valeriana officinalis subsp. 
collina (Wallr.) Nyman, and Phyla scaberrima (Juss. ex Pers.) Moldenke [168], 
Geraniol is a primary, acyclic, doubly unsaturated terpene alcohol with 
a characteristic flowery, rose-like odor, which possesses numerous beneficial 
medicinal properties like anti-inflammatory, antioxidant, antitumor, antimi-
crobial, hepatoprotective, cardioprotective, and neuroprotective ones 
[169,170].
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7.2. Overview of the most recent literature on hydrogenation of terpenes

For terpenes hydrogenation, the following model compounds were recently 
used α-pinene [163,164,171], limonene [162,172], and citral 
[155,161,165,167,173,174]. For these reactions, both noble [161,172,173] and 
transition metals [155,163–165,167,171–173] were applied as catalysts. In α- 
pinene hydrogenation, high conversions and high selectivities to cis-pinane 
have been obtained both in the presence [163,171] and absence of solvents 
[164]. The main challenge in the selective α-pinene hydrogenation is that 
inexpensive transition metal catalysts, such as Ni-based catalysts, exhibit 
typically low activity due to its poor thermal stability and easy agglomeration 
of nickel particles [163]. Especially high nickel dispersion is desirable. Very 
good performance was, however, observed with an amorphous Ni-B alloy 
supported on mesoporous KIT-6 [163]. An important parameter in using 
this catalyst was the mass ratio between Ni2+ to KIT-6 with the optimum 
ratio of 1.3 giving the highest selectivity to cis-pinane, ca 97% in turpentine oil 
hydrogenation at 120°C in ethanol under 4 MPa (Table 7, entry 2). With 
a higher Ni-loading agglomeration of nickel occurred, while with a lower Ni2 

+/KIT-6 mass ratio catalyst activity was too low. The role of boron is to act as 
an anti-oxidation agent while the 3D pore structure of KIT-6 provides 
a suitable small steric hindrance to facilitate selective formation of cis-pinane.

Ni-B-alloys supported on carbon-silica hybrid material, called as Janus 
amphiphilic Ni-B-alloy catalyst, was also applied as a catalyst in α-pinene 
hydrogenation in aqueous medium [171]. In a water/oil mixture, the role of 
the catalyst was to act as a solid foaming agent which also promoted hydrogen 
dissolution and contact with α-pinene. This catalyst gave in water 98.5% 
selectivity to cis-pinane at 99% conversion (Table 7, entry 1) [171]. The 
support highly stable up to 500°C contains mesopores of the size of 5.6 nm 
and both graphitized sp3-C and disordered sp2-C as well as several types of 
N-species including graphitic-N, pyrrolic-N, and pyridinic-N. Metallic Ni 
particles were produced via chemical reduction with NaBH4 during synthesis. 
The size of Ni-B alloy nanoparticles varies in the range of 1–8 nm and with the 
average of 4.5 nm inside the pores, while outside of the pore system they were 
1.4 nm. Furthermore, metal particles were uniformly dispersed, and the small 
size of the alloy particles was stated to originate due to coordination of Ni with 
N atoms doped in the framework. This novel catalyst was reusable ca. eight 
cycles, however, after that some leaching or oxidation of Ni occurred. In 
addition, at high temperatures there is a risk of the crystallization of amor-
phous Ni-B alloy.

Ni supported on aluminophosphate catalyst exhibited also high conver-
sion and selectivity to cis-pinane under solvent-free conditions (Table 7, 
entry 3) [164]. Alumino phosphate exhibits thermal and hydrothermal 
stability, being resistant toward oxidation [175]. This support has 
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mesopores in the range of 3–4 nm. Although recyclability of the catalyst 
was rather good and conversion was decreasing between the first and 
seventh runs from 98% to 95%, it was confirmed by TPR and TPO that 
hydrogen consumption decreased after recycling and Ni was partially 
leached from the catalyst. On the other hand, selectivity to cis-pinane 
remained constant. High selectivity was stated to originate from a minor 
small steric hindrance and a small pore size of the support [175]. It was 
concluded that Ni supported on alumino phosphate exhibits better perfor-
mance in comparison to other supported Ni catalysts.

A novel circular economy approach is to hydropyrolyze rubbers to produce 
limonene, which will further be hydrogenated to cycloalkanes [162,172]. 
Polyisoprene rubbers were transformed into a tandem process in which 
hydrotreatment, and hydrogenation of biomass-based polyisoprene rubbers 
produced via β-scission was followed by intramolecular cyclization limonene 
and isoprene. In the forthcoming hydrogenation step, high yields of C10 
cycloalkanes were formed both with Pt/C (Table 7, entry 4) and Ni/Al2O3- 
SiO2 (Table 7, entry 5). Formation of C10 cycloalkanes was promoted by 
relatively low temperature of 200°C, while p-cymene was formed via limonene 
dehydrogenation at high temperature. The two main competitive reactions 
occurring are the Diels Alder reaction producing limonene as well as its 
scission to isoprene at low vs high temperature, respectively. A reaction 
mechanism was proposed based on the use of limonene as a model compound 
[172].

One-pot synthesis of menthols has been recently intensively studied over 
bifunctional catalysts [161,165,173] as well as selective hydrogenation of an 
unsaturated aldehyde to unsaturated alcohols, nerol and geraniol [155]. In 
one-pot synthesis of menthol, both citral [13, 14, 19, 161, 165, 167] and 
citronellal [161] were used as feedstock. In some cases, the catalytic properties 
were not suitable for menthol productions, e.g., Ru/HY (Table 7, entry 6) 
exhibited high hydrogen and dehydration ability. Both batch [161,165] and 
continuous operations have been recently applied in one-pot menthol synth-
esis and especially the properties of extrudates in continuous operation under 
mass transfer limitations have been investigated [167] and compared with the 
performance in a batch reactor.

Ni-supported on tungstophosphoric acid (TPA) mesoporous clay gave 
56% selectivity to menthols at complete citral conversion at 80°C under 
0.5 MPa (Table 7, entry 8), while the corresponding Pd supported catalyst 
was more active toward hydrogenated products [161]. The benefit of 
supporting tungstophosphoric acid on a clay is to enlarge the surface 
area of the catalyst. Furthermore, the support material, montmorillonite 
clay was dealuminated prior to loading the metal and tungstophosphoric 
acid to remove strong Brønsted acid sites. It was stated that especially 
Lewis acid sites in Ni-TPA-clay catalyst restricted the undesired 

44 J. E. SÁNCHEZ-VELANDIA ET AL.



hydrogenation. From the mechanistic point of view, it was stated that 
strong Lewis acid sites together with weak Brønsted acid sites are pre-
ferred for cyclization of citronellal.

One-pot synthesis of menthol from citral was also investigated in a trickle 
bed reactor in the presence of mass transfer limitations [162,172]. Successful 
menthol synthesis was obtained over Ni/(H-Beta-38+ sepiolite) extrudates at 
70°C under 20 bar total pressure giving maximally 56% selectivity to menthols 
[167]. The extrudates composed of 70 wt% H-Beta-38 and 30 wt% of sepiolite 
exhibited the Brønsted to Lewis acid ratio of 0.6 and the average nickel particle 
size of 25.5 nm. It was also stated that in this case conversion of citral 
decreased with increasing time on stream, when pressure was decreased as 
follows: during the first 180 min, the reaction was performed under 20 bar 
total pressure followed by 15 bar for next 170 min and finally 90 min under 10 
bar. It was also observed that initially, when the catalyst acidity was high, the 
main products were defunctionalized ones, i.e. dehydrated menthols, while 
when the most acidic sites were poisoned, menthol yield rapidly increased. At 
the maximum menthol yield the ratio between menthols and acyclic hydro-
genated products was still rather high, being 1.4 indicating that this catalyst 
was also active for hydrogenation instead of cyclization of the formed citro-
nellal. Noteworthy is that stereoselectivity to the desired product L-menthol 
(77%) remained constant during the whole experiment despite pressure 
changes. As a comparison, a trial of using Ru-H-Y-80 (the number denotes 
SiO2 /Al2O3 ratio) in one pot synthesis of menthol from citral did not give any 
menthols due to the presence of Ru as a metal, while the acidity of this catalyst 
was mild (Table 7, entry 6) [173].

Figure 15. The main hydrogenated products are obtained from α-pinene, limonene and citral. 
1=pinane, 2=limonene, 3=citronellal, 4=Menthol, 5=Isopulegol, 6=Geraniol/Nerol.
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Table 7. Hydrogenation of terpenes by using supported heterogeneous materials.

Entry Catalyst Terpenoid
Reaction 
medium

Reaction 
conditions X (%) S (%) Ref

1 Ni-B loaded on 
a carbon-silicon 
nanomaterial

α-Pinene H2O 1 g of substrate, 1 
MPa H2, 80°C, 3 
h, 50 mg of 
catalyst, 4 mL 
of H2O.

99 98.5 cis-pinane [171]

2 Ni-B/KIT-6 α-Pinene Ethanol 10 g turpentine 
oil, 4 MPa H2, 
10 mL solvent, 
120°C, 3 h.

90.92 97.35 cis-pinane [163]

3 Ni/APO-PT α-Pinene Solvent free 10 g substrate, 
3.32 wt. % 
catalyst, 3 MPa  
H2, 132°C, 1 h.

98.5 96.2 pinane [164]

4 Pt/Carbon Limonene Vapor-phase 1.2 mg substrate, 
1.2 mg catalyst, 
110 mL min−1  

H2, 0.2 MPa H2, 
200°C.

100 100 cycloalkane  
C10

[172]

5 Ni/Al2O3-SiO2 Limonene Vapor-phase 2.0 catalyst to 
feedstock mass 
ration, GHSV = 
17s−1, 0.2 MPa  
H2, 2°C.

100 90.8 cycloalkane  
C10

[162]

6 Ru/H-Y-80 Citral Cyclohexane 7.76 mmol 
substrate, 
100 mg of 
catalyst, 70°C, 
10 bar H2.

26 78 acyclic 
hydrogenation 

products 
22 cyclic 
products 

composed of: 
traces of 

menthols, 
15 pulegols 

7 
defunctionalized 

products

[173]

7 Ni/(H-Beta-38 + 
sepiolite)

Citral Cyclohexane C0 = 0.086 
M substrate, 20 
bar H2, contact 
time 4.2 min, 
residence time 
16.7 min, time- 
on-stream 180 
min 
(continuous 
mode).

88 56 (-)-menthol, 
76 

stereoselectivity 
to L-menthol

[167]

8 Ni-TPA- 
Mesoporous 
clay

Citral Cyclohexane 4.5 mmol 
substrate, 0.2 
g catalyst, 
25 mL solvent, 
80°C, 0.5 MPa  
H2, 24 h.

100 56 menthols 
2 isopulegols 

12 3,7-dimethyl- 
1-octanol

[161]

9 Ni-HPA- 
Montmorillonite

Citral Cyclohexane C0 = 0.018 
M substrate, 1 
MPa H2, 3.4% 
wt. substrate- 
catalyst, 80°C, 
24 h.

100 63 menthols 
5 citronellal 

8 isopulegols 
1 

dihydrocitronellal 
6 3,7-dimethyl- 

1-octanol

[165]

(Continued)
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A very specific catalyst was prepared for selective hydrogenation of 
citral to unsaturated alcohols nerol and geraniol, namely Cu/Al2O3, 
which was coated with an ionic liquid containing 10 wt% of 1-ethyl- 
3-methylimidazolium bis(trifluoromethylsulfonyl)imide coating. It was sta-
ted that copper is prone to activate C-O bond instead of the C-C bond, 
although it is thermodynamically easier to hydrogenate ethylenic double 
bond than the carbonyl bond [174]. Metallic copper exhibits Lewis acidity 
[176]. As a comparison, the corresponding Cu/Al2O3 catalyst in the 
absence of an ionic liquid gave 30% selectivity to isopulegol.

As a comparison, transfer hydrogenation of citral using 2-propanol as 
a hydrogen donor for production of unsaturated alcohols was demon-
strated over meso-ZrO2 [155]. The catalyst calcined at an optimum 
temperature at 350°C gave 71% conversion and 100% selectivity to the 
desired unsaturated alcohols at 80°C. Only catalytic activity was chan-
ging with the calcination temperature, while selectivity to unsaturated 
alcohols was at all calcination temperatures 100%. High selectivity to 
unsaturated alcohols was related to a high surface area and Lewis acidity 
of the catalyst. In the temperature range for calcination of 350–600°C, 
citral conversion decreased with increasing calcination temperature and 
at the same time the surface area and acidity of the catalyst decreased 
explaining the catalytic results. Furthermore, mesoporous ZrO2 could be 
easily regenerated via calcination and reuse [155].

Table 7. (Continued).

Entry Catalyst Terpenoid
Reaction 
medium

Reaction 
conditions X (%) S (%) Ref

10 Cu/Al2O3, coated 
with 10 wt% [C2 

C1Im][NTf2]

Citral Cyclohexane C0 = 0.1 
M substrate, 
400 mg 
catalyst, 0.3 
MPa H2, 
100 mL 
solvent, 130°C, 
6.67 h

95 42 citronellal 
13 citronellol 
31 geraniol 

3 nerol

[174]

11 Meso-ZrO2 Citral 2-Propanol 2.50 mmol 
substrate, 130 
mmol solvent, 
0.3 g catalyst, 
80°C, 
atmospheric 
pressure,10 h

71 100 geraniol + 
nerol

[155]

12 Pd-TPA- 
Mesoporous 
clay

Citronellal Cyclohexane 4.5 mmol 
substrate, 0.2 
g catalyst, 
25 mL solvent, 
80°C, 0.5 MPa  
H2, 3 h.

100 82 menthols 
3 

dihydrocitronellal 
3 3,7-dimethyl- 

1-octanol

[161]

GHSV: Gas hourly space velocity.
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8. Hydration

8.1. Exploring the importance of monoterpene hydration

The acid-catalyzed hydration of terpenes is one of the most favorable pathways 
to obtain different high-added value substances such as alcohols, aldehydes, 
and even epoxides. These are precursors for the perfume industry. Typical 
hydration of α-pinene yields different monocyclic and bicyclic compounds 
containing water molecules and products of terpenes isomerization of the 
terpenes because of the acid sites nature (Figure 16). As can be seen, the strong 
acid sites of the heterogeneous catalysts are responsible for the isomerization 
while the addition of water can tailor selectivity to the desired hydration 
products. Then, products such as terpineol and cineol can be considered as 
condensation products of the primary monoterpenes together with water.

Among a lot of derived hydration products, the main product which can be 
obtained in this way is α-terpineol. This material may be present in two 
enantiomeric forms, i.e.: S-(-) and R-(+); however, the S-(-)-is the most 
abundant [177], being widely used in the fragrance and aroma industry. 
This colorless, crystalline solid, smelling of lilac, optically active monoterpe-
noid can be found in flowers such as narcissus and freesia, in herbs, such as 
marjoram, oregano, and rosemary, and in lemon peel oil [178]. However, it 
can be synthesized in a relatively simple way by hydration of α-pinene using 
different heterogeneous catalysts (Table 8). α-Terpineol has various interesting 
biological effects such as cardiovascular and antihypertensive [187,188], anti-
oxidant [189–191], anticancer [192,193], antinociceptive [194], antiulcer 
[195], anticonvulsant and sedative [196], antibronchitis [197], skin penetra-
tion enhancing [198], and finally insecticidal activity [199]. Four of the main 
companies which manufacture α-terpineol are as follows: Foreverest resource 

Figure 16. The most relevant hydration products of α-pinene and limonene: (1) α-terpineol, (2) 
1,8-terpin (3) terpinen-4-ol (4) 1,4-cineol, (5) 1,8-cineol.
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(Xiamen, china), EcoGreen International Group Limited (Wanchai, 
Hong Kong), Socer Brasil Indústria e Comércio Ltda (Sao Paulo, Brazil) and 
Workwell (Mohali, Punjab, India) [200].

8.2. Recent literature on hydration of monoterpenes

Synthesis of α terpineol from α-pinene can be performed using heterogeneous 
catalysts and water. Acidic hydration is one of the main routes proposed for 
the selective synthesis of this molecule. Table 8 shows the main catalytic 
systems proposed for synthesis of this compound using heterogeneous cata-
lysts. In the first case (Table 8, entry 1), an acidic beta zeolite (the number 
indicates the Si-to-Al ratio) was used as a catalyst for hydration of limonene. 
Relatively soft reaction conditions (50°C and 24 h) were applied to obtain 
directly α-terpineol as the major product. It was found that the reaction rate 
increased with temperature and with the amount of acetic acid. Selectivity to 
this target was observed to increase with the conversion when temperature was 
50°C. Other byproducts such as eucalyptol, α-terpinene, terpinolene, p-cym-
ene, and α-terpinyl acetate were detected. Similarly, to previous reactions, the 
amount and strength of the acid sites affect the product distribution. Strong 
acid sites can give isomerization rather than the condensation products [201]. 
Then, controlling the active acidic catalytic sites can drive the reaction to the 
desired hydration product. In this study, the addition of a weak organic acid to 
the reaction mixture had a positive effect on both the reaction rate and 
selectivity to α-terpineol.

Comparatively, an acid treated Montmorillonite K10 was used as the acid 
catalyst for the synthesis of α-terpineol starting from α-pinene (Table 8, entry 
2). Montmorillonite is a natural material longing a very soft phyllosilicate 
group of minerals being also a member of the smectite group [202]. The acid 
treatment gives a material that can be used for several applications including 
acetylation of sugars [203], synthesis of heterocycle compounds [204], among 
others. For the present case, α-pinene hydration was carried out by using 
several solvents (acetone, n-butane, dibutyl ether, toluene, and 1,4-dioxane) at 
80°C (in some of the cases at reflux) giving acceptable conversions but poor 
selectivity to α-terpineol. Maximum selectivity to the desired target (45%) was 
obtained at moderate conversion of pinene (up to 60%) using 1,4-dioxane as 
the solvent. Comparison of the acid-treated montmorillonite with the raw 
material reinforces the hypothesis that the acid treatment is necessary to 
achieve α-terpineol. In addition, acidity together with the specific surface 
area are important factors influencing the catalytic activity of the material.

A low-cost deep eutectic solvent (DES) was considered as a green and 
environmentally friendly solvent for various catalytic applications. 
Considering the acidic character of the reaction and formation of the carboca-
tion intermediates of α-pinene generated under the reaction, isomerization 
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would be preferred rather than hydration. DES was used for hydration of α- 
pinene at benign conditions (Table 8, entry 3). Interestingly, DES can act as 
both the solvent and catalyst in the reaction. A series of carboxylic acid- 
functionalized deep eutectic solvents was synthesized using a dicarboxylic 
oxalic acid as the hydrogen donor and the polyethylene glycol (PEG) with 

Table 8. Heterogeneous catalysts for hydration of terpenes.
Entry Catalyst Terpenoid Reaction 

medium
Reaction conditions X (%) S (%) Ref

1 Beta 25 zeolite Limonene - 50 wt. % of catalyst, 10% 
aqueous acetic acid 
(10 mL) (volume ratio 
limonene: H2O = 1:4.5), 
50°C, 24 h.

36 88 α- 
terpineol

[114]

2 Acid treated  
montmorillonite 
K10

α-Pinene Acetone 250 mg substrate, 25 wt. % 
K10/HCl, 250 mg of H2O, 
3 g solvent, 80°C, 24 h.

74 3 α- 
terpineol

[179]

n-Butanol 92 27 α- 
terpineol

Dibutyl ether 89 8 α- 
terpineol

Toluene 100 0 α- 
terpineol

1,4-Dioxane 60 45 α- 
terpineol

3 Deep eutectic 
solvents (DES)

α-Pinene Oxalic acid  
(OA)/ 
polyethylene 
glycol

0.03 mol DES (based on 
OA), 0.06 mol of 
substrate, 0.3 mol of H2O, 
75°C, 8 h

81.5 51.2 α- 
terpineol

[180]

4 Carbon-based solid 
acid catalyst 
with rice straw 
biomass

α-Pinene Presence of 
solvent (not 
reported)

5 mL substrate, 5.25 mL of 
deionized water, 0.5 
g catalyst, 20 mL solvent, 
80°C, atmospheric 
pressure, 300 rpm, 24 h.

67.60 57.07 α- 
terpineol

[181]

5 Purolite CT175 (Ion 
exchange resin)

Turpentine 
oil

Isopropyl 
alcohol as 
solvent

1 g turpentine, 0.6 g H2O, 
2 mL solvent, 0.1 
g catalyst, reflux 
temperature, 8 h.

97 57 α- 
terpineol

[182]

6 H2SO4 α-Pinene Ionic liquid as 
a green 
solvent

10.2 g substrate, 12 g H2O, 
24.1 g solvent, 3 
g catalyst, 70°C, 4 h

93.2 26.8 α- 
terpineol

[183]

7 SO4
2-/Zr-MCM-41 α-Pinene Supercritical 

carbon 
dioxide  
(scCO2)

1.36 g substrate, 0.54 g H2 

O, 0.95 g chloroacetic 
acid, 9 MPa scCO2, 60°C, 
8 h

93.9 87.6 α- 
terpineol

[184]

HY 54.8 57.5 α- 
terpineol

HZSM-5 56.1 58.1 α- 
terpineol

Si-MCM-41 57.9 73.8 α- 
terpineol

Zr-MCM-41 37.6 55.8 α- 
terpineol

SO4
2-/Si-MCM-41 80.8 53.2 α- 

terpineol
8 LCx-SO3H α-Pinene Isopropanol as 

solvent
4 g substrate, 4 g H2O, 0.40 

g catalyst, 20 mL solvent, 
80°C, 300 rpm, 24 h.

95.3 58.1 α- 
terpineol

[185]

Amberlyst-15 97.4 34.4 α- 
terpineol

9 p-Toluenesulfonic 
acid (PTSA) + 
oxalic acid (OA)

Turpentine 
oil

- 1 mol of substrate, excess of 
water, 0.2 mol PTSA, 1 
mol of OA, 85°C, 6 h

99.1 21.7 
cineole

[186]
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different polymerization degrees. It was concluded that an increase in the 
molecular weight and dosage of PEG results in a decrease of acidity leading 
a notable effect in the catalytic activity. Under the optimal conditions (75°C, 
8h), an acceptable conversion of the pinene (81.5%) was obtained, whereas 
selectivity to α-terpineol was 51.2%. Moreover, the catalyst can be refrigerated 
and reused in several cycles (up to seven including the fresh use) offering 
a clean catalytic route for the synthesis of α-terpineol.

On the other hand, searching of new catalytic systems for the green synth-
esis of α-terpineol is nowadays a hot topic reflecting a trend for rational 
exploitation of biomass. Interestingly, an acidic carbon based on rice straw 
biomass was prepared and used as an active catalyst for the synthesis of α- 
terpineol from α-pinene (Table 8, entry 4). Use of rice straw waste is based on 
the fact that almost 300 million tons are burned and the rest is left to rottering 
in the fields where it emits methane (greenhouse gas worse than CO2) [205]. In 
the reported research, a carbon-based solid acid catalyst was prepared and 
fully characterized, with the focus on investigating both carbonization and 
sulfonation temperature. Conversion of pinene and selectivity to α-terpineol 
reached values of 67% and 57%, respectively, which were related with a density 
of the acid sites and porosity of this mesoporous materials having a surface 
area of 421 m2/g. Although the use of rice straw is environmentally friendly, 
details of the reuse were not reported.

An ionic exchange resin (purolite CT175: Polystyrenic microporous strong 
acid cation ion exchange resin in the hydrogen form) [182] was tested in both 
isomerization and hydration of biomass-derived turpentine using relatively 
mild conditions (Table 8, entry 5). The composition tested for the catalytic 
activity was 60:40 of α-pinene and β-pinene, respectively. Among many of ion 
exchange resins (CT175, Amberlyst15, Amberlyst 35 and Amberlyst 36) and 
solvents (water, THF, 1,4-dioxane, DMSO, n-hexane, ethanol, IPA, t-BuOH), 
the best ones were purolite CT175 and IPA as the benign solvent. At these 
conditions, the maximum conversion of pinene was 97% while the selectivity 
to α-terpineol reached 57%. Based on [182], the use of IPA in the reaction is 
beneficial vs other solvents because of better ionization of H+ from the resin 
and the solubility of the turpentine oil and water, which in fact can promote 
better miscibility and better catalytic activity. However, data in [182] indicate 
potential catalyst instability.

Within the context of green chemistry, an ionic liquid (IL) composed 
mainly of tripropylamine hydrogen sulfate was used as a solvent with sulfuric 
acid as the homogeneous catalyst (Table 8, entry 6). Although the transforma-
tion of α-pinene into α-terpineol was performed using homogeneous catalysis, 
the reuse of the inorganic phase (containing IL, water, and sulfuric acid) was 
carried out successfully. The low cost, highly stable ionic liquid and the use of 
sulfuric acid simplify this transformation being advantageous for the produc-
tion of α-terpineol. However, selectivity of the reaction is as low as 27% at 
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almost total conversion of pinene (93%). Other by-products typical for iso-
merization were obtained e.g. 2-carene, limonene, and camphene.

In the context of heterogeneous catalysis, several materials including those 
related to MCM-41, HY, ZSM-5 [184] were tested for the efficient transforma-
tion of α-pinene into α-terpineol by using the supercritical carbon dioxide 
technology (Table 8, entry 7). The authors [184] have shown that high con-
version of α-pinene and selectivity to α-terpineol (94% and 88%, respectively) 
in comparison with the previous reports can be obtained by using the system 
SO4

2-/Zr-MCM-41. Modulating acidity of MCM-41 by incorporation of Zr 
and SO4

2- can avoid the secondary reactions i.e. isomerization of pinene. 
Hydrothermal synthesis of Zr-MCM-41 following by impregnation of SO4

2- 

suggests the presence of both Lewis and Brønsted acid sites in comparison 
with Zr-MCM-41 which exhibited only Lewis acidity. High selectivity to α- 
terpineol (73.8%) was achieved with only Si-MCM-41; however, conversion 
was only half in comparison with the main catalytic system. Reuses of the 
material (using different Zr precursors for the catalyst synthesis) were per-
formed for three cycles concluding that formation of Zr(SO4)2 is the main 
reason requiring regeneration activity in SO4

2-/Zr-MCM-41.
Following the green chemistry principles, an amphiphilic mesoporous 

carbon-based solid acid synthesized from Kraft lignin (KL) was tested and 
compared with Amberlyst-15 for hydration of α-pinene (Table 8, entry 8) 
[185]. Kraft lignin is the main source of energy in Kraft mills and is commer-
cialized for lignosulfonate applications [206]. In recent years, its use and 
valorization have gained more attention. Kraft lignin was used as the starting 
material for the synthesis of the acidic catalyst. The authors suggested that the 
specific surface area, pore structure, and amphiphilic nature can be adjusted 
through the phosphoric acid dosage. Almost total conversion of α-pinene 
(95.3%) with a slightly exceeding 50% selectivity to α-terpineol was achieved. 
The use of isopropanol as a solvent is because of the solubility and better 
ionization as suggested previously for purolite CT175 (Table 8, entry 5). Both 
the architecture of the material together with the distribution and strength of 
the acid sites can control selectivity to the hydrated product. On the other 
hand, the catalyst was successfully reused up to five cycles with a slight 
decrease of both conversion and selectivity suggesting a high potential of the 
material for the mentioned application.

Previous studies were mainly focused mainly on the synthesis of α-terpineol 
because of its applications. However, another product which can be obtained 
from hydration of α-pinene is 1,8-cineole (Figure 16). 1,8-cineole (eucalyptol) 
is mainly obtained from essential oils of different plants (e.g.: Pinus merkussi) 
having a potential application as anti-inflammatory and antioxidant [207]. 
Cineole has been considered as the component with the highest market price 
exceeding even the one for α-terpineol. P-toluene sulfonic acid together with 
oxalic acid (OA) were tested for the synthesis of (1,8 and 1,4) cineol from 
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crude turpentine (Table 8, entry 9). The reaction was divided into two steps: 
hydration of turpentine to yield α-terpineol and then isomerization to 
1,8-cineole. The highest conversion and selectivity to cineole (both 1,8 and 
1,4) by using a strong acidic catalyst together with a weak organic catalyst was 
99% and 22%, respectively. Catalyst stability was typically not consid-
ered [186].

9. Amination

9.1. Importance of terpene amines for fine chemistry

Terpene amines have potential to be used as drugs for neurological diseases 
and it is of high interest to produce them from renewable resources using 
easily reusable and relatively inexpensive heterogeneous catalysts [208–212]. 
Catalytic one-pot amination also has one benefit, the reaction can be carried 
out under an inert atmosphere without the presence of gaseous hydrogen. This 
reaction proceeds via the hydrogen borrowing mechanism, in which hydrogen 
is obtained from alcohol dehydrogenation to an aldehyde, which in turn reacts 
further with an amine to produce the corresponding imine. In the forth-
coming step hydrogen transfer from the alcohol to the imine occurs via metal- 
hybrid intermediates forming the amine.

9.2. Recent reports for the synthesis of amines from monoterpenes

Several heterogeneous catalysts, such as Au and Pd as well as their combina-
tion supported on alumina, zirconia, different alkali metal oxides were used 
especially in the amination of myrtenol and its derivatives with aniline and 
other amines in [208–211]. As the main parameters, the types of the support 
[211], terpene alcohol [209] and catalyst redox-activation [208,210] were 
investigated with the main results summarized in Table 9. Scientifically, it is 
very demanding to produce an unsaturated amine 5 (Fig. 17) from one-pot 
amination of myrtenol with aniline, because it is easy to reduce the reactive 
C=C group in myrtenol and get myrtanol (6) instead of myrtenal (3). 
Furthermore, the produced myrtenal can also be easily reduced to myrtanal 
(7) promoting thus the formation of imine II (8) and amine II (9).

In one-pot amination of myrtenol, the highest selectivity to the desired 
amine 5 has been obtained with Au/ZrO2 as a catalyst which exhibited both 
acidic and basic sites (Table 9, entry 41) [211]. The performance of this 
catalyst was also compared with alumina and alkali metal supported catalysts. 
Superiority of Au/ZrO2 promoting high conversion and selectivity to the 
desired amine was related to its ability to catalyze hydrogen transfer which is 
an acid catalyzed reaction. Au/ZrO2 exhibited also small average gold particle 
size in the range of 1.2-1.3 nm and zirconium oxide as in monoclinic phase 

CATALYSIS REVIEWS 53



based on XRD. In addition, Au supported on basic supports gave much lower 
turnover frequencies in comparison to Au/ZrO2.

The effect of the redox pretreatment of different Au, Pd, and Au-Pd 
catalysts supported on alumina was investigated in one pot amination of 
myrtenol (Table 9, entries 1-6) [208–210]. The results showed that the highest 
selectivity to the desired secondary amine I (5) and the corresponding imine 
I (4) was obtained over Au/Al2O3 pretreated with oxygen prior to the experi-
ment (entry 5). This catalyst exhibited a small average particle size of gold, 2.4 
nm and it contained only metallic gold. Furthermore, it was the most selective 
to amination routes, i.e., formation of products 4, 5, 8, and 9. On the other 
hand, a bimetallic Au-Pd/Al2O3 oxidized prior to the experiment gave the 
highest selectivity to the hydrogenation products (entry 1). Monometallic Pd- 
catalysts pretreated either with hydrogen or oxygen were selective to forma-
tion of hydrogenation products. The reason for lower selectivity of the pre- 
reduced Au/Al2O3 toward amination was stated to be a lack of aniline adsorp-
tion on the catalyst surface. Analogously to Au/Al2O3 [208] also preoxidized 
Au/ZrO2 was more efficient for producing the target amine 5 than the 
corresponding hydrogen treated catalysts [210]. These results are explained 
as follows: oxygen treatment retains the basic sites required for alcohol 
activation, while hydrogen treatment decreases the amount of ionic gold 
known to promote the hydrogen transfer step. Furthermore, it was observed 
in [210] that both dehydrogenation/hydrogenation as well as hydrogen trans-
fer were structure sensitive, i.e. the catalytic activity decreased with an increase 
in the metal particle size.

In addition to a study of the support nature and the catalyst pretreat-
ment, the effect of substrate structure was investigated in monoterpene 

Figure 17. The scheme for one-pot amination of myrtenol (2) with aniline (1). Notation: 3. 
Myrtenal, 4. Imine I, 5. Amine I, 6. Myrtanol, 7. Myrtanal, 8. Imine II and 9. Amine II.
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alcohol amination over Au/ZrO2 catalyst (Table 9, entries 7-28) [209]. 
Au/ZrO2 catalyst after oxidation at 350°C exhibited a relatively large 
amount of cationic gold species, which promote amination. Slow reac-
tion rates were obtained with nopol. On the other hand, the highest 
selectivity to the desired secondary amine I was obtained with nopol. In 
the case of perillyl alcohol, a complicated product mixture was obtained 
as a result.

In comparison with the amine structure, the results showed that 
myrtenal conversion increased in the following order for three selected 
amines: 4-methylaniline < aniline < 4-bromoaniline (entries 7, 10 and 
12) [209]. It was possible to correlate the corresponding rate constants 
with the Hammett equation showing that the highest rate was obtained 
with 4-bromoaniline due to its electron-withdrawing group, however, 
giving a high number of hydrogenated products due to polarization of 
C=C group. The amination rate of 3-aminopyridine was also ca. tenfold 
lower compared to aniline.

10. Photocatalytic transformations of some selected monoterpenes into 
high-added value chemicals

10.1. Synthesis of fine commodities from terpenes using photocatalytic 
processes

Heterogeneous photocatalysis involves the use of solar light, which is 
a sustainable source, milder reaction conditions in comparison to the 
traditional thermal catalysis affording faster reaction rates [213]. The 
photocatalytic activity in catalysis strongly depends upon capability of 
the catalyst to generate electron-hole pairs [214]. The material used in 
a reaction may be regarded as a “photocatalyst” only if the photon is 
considered as the reactant [215]. Different photocatalytic transformations 
have been observed for the synthesis of new chemicals from terpenes. 
Some of them include hydrogenation and epoxidation. Several factors can 
affect the performance of the materials, including the effectiveness poten-
tial of the light, the HOMO-LUMO bandgap in the material, the size of 
the reactor, the particle size and even the light source nature. Other 
factors include pH, size, and structure of the photocatalyst, surface area, 
temperature, irradiation time, etc. [216,217]. Then, strict selection of the 
conditions (light power and source, nature of the material, absorption 
capacity, etc.) should be critical for obtaining a better catalytic activity. 
Considering all these factors, we have included some relevant references 
in which photoinduced reactions for terpenes have been involved as 
discussed below, most of them with high selectivity and lower generation 
of subproducts.
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10.2. Recent literature on synthesis of biomass-derived terpenes using 
photocatalytic transformations

For example, Table 10 (entry 1-6) shows the catalytic activity of different TiO2 
nanoparticles-based materials for the hydrogenation of citral (see Figure 15, 
section hydrogenation). TiO2 in different types and forms demonstrated 
a significant potential in photocatalysis because of their nontoxicity, reactivity, 
stability, and light absorption [225]. Photocatalytic hydrogenation has 
emerged as a new synthetic organic strategy for obtaining high-added value 
chemicals of interest in fine chemistry industry. Moreover, the transforma-
tions are highly regio- and stereoselective, which add additional advantages 
over other synthetic strategies. It seems that the calcination temperature plays 
a critical role in the synthesis of hydrogenated products from citral, e.g., nerol 
and geraniol. The optimum range for the calcination temperature giving the 
maximum yield of hydrogenated products (conversion >99%, selectivity to 
unsaturated alcohols of 99%) was 450°C–500°C. Apparently, an increase in the 
temperature of calcination decreased considerably conversion of citral, yield-
ing, besides, other by-products such as nerol and citronellal. Comparison of 
these materials shows a dramatical change in the surface area of TiO2 NP 
calcined at 500°C from those calcined at 750°C (50 m2/g vs 1.2 m2/g). A large 
surface together with hierarchical porous structures are beneficial for the 
synthesis of hydrogenated products from citral using light. The reuses revealed 
that the selected material can be reused only until two additional cycles with 
a notable decrease in the catalytic activity (conversion from 99% to 76% and 
selectivity from 99% to 93%).

On the other hand, a dioxo-molybdenum complex anchored to a large 
surface area MOF (in this case a COMOC: Gallium-based metal-organic 
framework) was tested for the green synthesis of epoxides starting from bicycle 
monoterpenes e.g.: α- and β-pinene, using oxygen as a green regenerated 
oxidizing agent (Table 10, entry 7-13). While MOF can enhance the dispersion 
of active catalytic units, the complex composed of dioxo dichloride molybde-
num with dicarboxylic acid as the ligand is the oxygen transfer agent, which 
yields epoxide as the sole product. This process implies the oxygen transfer 
from the catalyst to the olefin and the reoxidation and generation of the 
catalytic unit using diatomic oxygen. Oxygen activation by using transition 
metals is a well-known process in which oxo-peroxo entities are formed [226]. 
Different immersion lamps, i.e. laser and halogen, with different excitation 
wavelengths were evaluated and the results showed drastic changes in conver-
sion but not in selectivity (99% in all cases). While for α-pinene the change of 
the lamp produces a meaningful change in conversion (from 50% to 62%), the 
increase for β-pinene was only 5%. The results suggested that the use of laser is 
in fact more beneficial for epoxidation of the mentioned monoterpenes. 
Herein, the authors [219] obtained with this green strategy a maximum 
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conversion of 62% with 99% selectivity to α-pinene epoxide but with longer 
times than previously reported. In addition, the proposed catalytic system was 
not robust due to the loss in the conversion decreasing from 62% in the fresh 
use to ca. 40% in the third cycle of use which made it not stable.

In the same way, the photo-assisted atom transfer to further synthesis of 
epoxides was performed (Table 10, entry 14-17) starting from renewable raw 
materials such as α-pinene, β-pinene, camphene and limonene. In this case, 
a mercury lamp with a smaller wavelength than reported in the previous 
research was used as the light source [220]. The same system, e.g.: dichloro- 
dioxo-bipy molybdenum (VI) complex (Bipy=2,2’-pyridine-4,4’- 
dicarboxylato) anchored on TiO2 nanotubes was used as the catalytic material 
to achieve epoxidation. In this case, conversion of each monoterpene varied 
significantly due to i) reactivity of the olefin ii) the light source and power and 
iii) dispersion of the catalytically active units. The maximum conversion (87%) 
was achieved for α-pinene, whereas β-pinene was less active (conversion: 
46%). Limonene and camphene were converted to similar values as α-pinene 
(75 and 65%, respectively). In some cases, the allylic oxidation products were 
obtained e.g.: verbenone, verbenol, myrtenal, and camphor, suggesting for-
mation of oxygen radicals by interactions of molecular oxygen with the 
titanium dioxide support and also by the UV-Vis radiation as reported in 
[220] generating reactive oxygen species such as superoxide radical anions, 
hydroxyl radicals, etc.

Binary systems comprising TiO2 and mesoporous silica nanoparticles and 
functionalized with hexadecyl chains or imidazolium groups were evaluated 
for the photo epoxidation of limonene using molecular oxygen as the 

Figure 18. (a) Overall reaction pathways for the synthesis of epoxides from olefines using the 
dioxo-Mo (VI) anchored to TiO2, (b) Detection of the intermediates by using FTIR with 18O labeling. 
Image b reproduced with permission from ref [227].
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oxidizing agent (Table 10, entry 18-19). The use of Mn for the photocatalytic 
runs yields a very low conversion of limonene and selectivity to 1,2-limonene- 
epoxide, suggesting that Mn can act as a recombination center, and then 
decreasing the photo efficiency of the catalyst (not measured). The authors 
suggested that only the presence of composite TiO2-SiO2 in an optimum 
intermediate ratio can increase the selectivity of the desired epoxide. Higher 
exposure of TiO2 gave lower catalytic activity in terms of epoxidation. As 
mentioned before, only TiO2 can induce the hydroxyl radical-mediated oxida-
tion therefore resulting in limonene overoxidation. The post modification 
with alkyl or imidazolinyl groups can improve selectivity yielding up to almost 
60% of selectivity at 120 min of the reaction. The highest selectivity at 180 min 
was achieved for both TSI and TSH composites having the same Ti-to-Si ratio, 
but with imidazolium groups (25 mol%) and C16 alkyl groups (25%), respec-
tively. However, conversion of both of them reached poor values close to 60% 
and 30% (TSI and TSH, respectively). Although higher conversion values were 
not obtained with these materials, the surface functionalization can induce 
modification in the TiO2-SiO2 composite generating polarity changes and 
then favoring the surface-solvent-substrate interaction.

Similarly, that for titanium dioxide nanotubes and for Ga-containing MOFs 
(Table 10, entry 7-17), the Martinez-O’s group designed, following the same 
concept, a dioxo-Mo complex over titanium dioxide analyzing the effect of 
different OH’s groups on the surface of the support (Table 10, entry 20-25) 
and their catalytic activity in the oxygen atom transfer to further synthesis of 
α-pinene epoxide starting from renewable α-pinene. The amount of Mo 
anchored to different TiO2 is directly related to the distribution, concentra-
tion, and different accessibility points of Ti-OH surface groups which, in fact, 
would depend on the preparation methodology of titania. In the same way, 
accessibility of such groups affects the epoxidation reaction of α-pinene giving 
significant differences in the conversion (ranging from 58 to 83%) but not in 
the selectivity to α-pinene epoxide (90–93%). The overall reaction mechanism 
proposed for these kinds of systems is illustrated in Figure 18. The first step 
(Figure 18a) is the coordination of the unsaturated terpene to the dioxo- 
molybdenum catalysts and then generating the intermediate (2). The latter 

Figure 19. Schematic representation of the synthesis of S-(-)-lavandulol from R-(-)-carvone.
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Table 10. Heterogeneous materials for the photocatalytic transformation of terpenes into high- 
added value chemicals.

Entry Catalyst Photocatalytic 
application

Reaction conditions X (%) S (%) Ref

1 TiO2 NP* 
(450°C)

Selective 
hydrogenation of 
citral

40 mL anhydrous CH3CN, 
5 mL triethanolamine, 75 
μL citral, 0.2 g catalyst, 
20°C, 24 h, N2 

atmosphere, 300 W Xe 
lamp light source.

99.0 62.3 Geraniol 
37.7 Nerol

[218]

2 TiO2 NP* 
(500°C)

99.0 60.3 Geraniol 
39.1 Nerol

3 TiO2 NP* 
(250°C)

28.2 43.8 Geraniol 
26.6 Nerol 

29.6 
Citronellal

4 TiO2 NP* 
(600°C)

75.0 63.8 Geraniol 
35.2 Nerol 

1.0 
Citronellal

5 TiO2 NP* 
(700°C)

3.0 40.1 Geraniol 
16.5 Nerol 

43.4 
Citronellal

6 TiO2 NP* 
(800°C)

2.1 10.5 Geraniol 
6.9 Nerol 

82.6 
Citronellal

7 MoO2Cl2 

@COMOC- 
4

Epoxidation of α- 
pinene with 
molecular O2

Solution of the substrate in  
CH3CN (1 x 10−2 M) was 
deoxygenated by 
bubbling N2 for several 
hours, before the addition 
of the catalyst (30 mg), 
19°C, 18 h, two immersion 
lamps (halogen lamp, λ = 
467 nm; laser λ = 406 
nm).

50 (467 nm) 99 Epoxide [219]

8 62 (406 nm) 99 Epoxide

9 Epoxidation of β- 
pinene with 
molecular O2

35 (467 nm) 99 Epoxide

10 40 (406 nm) 99 Epoxide

11a Epoxidation of α- 
pinene with 
molecular O2 under 
irradiation at 406- 
nm laser.

33 99 Epoxide

12b 54 99 Epoxide
13c 60 83 Epoxide

14 MoCl2O2 

Bipy/TiO2- 
NT

Epoxidation of 
monoterpenes with 
molecular O2

10 mL of a substrate solution 
(1 x 10−2 M), 15 mg of 
catalyst, CH3CN as 
solvent, 19°C, 
atmospheric pressure, 18 
h, mercury lamp (λ = 360 
nm).

87 (α-Pinene) 90 Epoxide 
8 Verbenone 
2 Verbenol

[220]

15 46 (β-Pinene) 72 Epoxide 
18 Myrtenal

16 75 
(R-Limonene)

85 
1,2-Epoxides 

(cis and 
trans) 

10 Diepoxide 
5 Carvone

17 65 
(Camphene)

76 Epoxide 
8 Camphor 

16 Diol

18 TiO2/SiO2-I** Epoxidation of 
limonene with 
molecular O2

1 g/L of the catalyst was 
dispersed in an 
R-limonene solution (1.23 
mM) in acetonitrile 
(10 mL). Oxygen was 
bubbled throughout for 
10 min at room 
temperature. Then, the 
suspension under 
vigorous stirring, was 
irradiated using 6 
fluorescent tubes (Philips, 
actinic lamps, 10 W each, 
at 365 nm), 3 h.

55 25 Epoxide [221]
19 TiO2/SiO2- 

H**
35 35 Epoxide

(Continued)
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in oxygen and dark can produce the oxo-peroxo adduct which was further 
confirmed using 18O labeling (Figure 18b). Finally, regeneration of the initial 
catalyst can be performed by donation of the intermediate (3) to another 
unsaturated terpene to yield a second epoxide molecule [227]. The green 
conditions applied for this strategy seem to be highly robust; however, the 
reaction time is longer than in other previous reports (>18 h), and especially 
when the catalyst is reused for several times. For this catalytic system, the 
reaction can take even 4 days to have the same conversion and selectivity as for 
the fresh one (96 h for the selected catalyst). The scope of the catalyst was also 
tested with other monoterpenes (β-pinene, limonene, and camphene), giving 
the corresponding epoxide as the major product. For limonene, the main 
product was 1,2-limonene epoxide rather that 8,9-limonene epoxide or even 
limonene di-epoxide.

Taking into advantage that light is a green renewable source for 
catalytic reactions, photocatalytic transfer hydrogenolysis of allylic 

Table 10. (Continued).

20 MoCl2O2 

Bipy/TiO2 

(P-25)

Epoxidation of α- 
pinene with 
molecular O2

Solution of the substrate in  
CH3CN (1 x 10−2 M) was 
deoxygenated by 
bubbling N2 for several 
hours, before the addition 
of the catalyst (15 mg), 
19°C, 18 h, and UV-Vis 
light.

58 91 Epoxide 
9 Ketone

[222]

21 MoCl2O2 

Bipy/TiO2 

(HT-400)

63 93 Epoxide 
7 Ketone

22 MoCl2O2 

Bipy/TiO2 

(SC-150)

67 91 Epoxide 
9 Ketone

23 MoCl2O2 

Bipy/TiO2 

(NP)

72 93 Epoxide 
7 Ketone

24 MoCl2O2 

Bipy/TiO2 

(NT from 
P-25)

77 92 Epoxide 
8 Ketone

25 MoCl2O2 

Bipy/TiO2 

(NT from 
NP)

83 93 Epoxide 
7 Ketone

26 Pd/TiO2 Regio- and 
stereoselective 
hydrogenolysis of 
allylic alcohols to 
form unsaturated 
hydrocarbons

2 mmol intermediate diol, 
15 mg Pd(5% wt.)/TiO2, 
2.5 mol % TsOH·H2O, 5 mL  
CH3OH, 36 h, Ar, 25°C, 
hv (λ > 365 nm)

88 56% (S)-(+)- 
lavandulol

[223]

27 HY-zeolite Isomerization of α- 
pinene epoxide

0.5 g substrate, 10 mg 
catalyst, 2 mL dimethyl 
acetamide, 12 h, UV lamp 
(200-400 nm)

60 71 carveol 
29 CA

[224]

NP: Nanoparticle * Value in parenthesis refers to the calcination temperature of the catalyst. I: refer to the 
functionalization of TiO2/SiO2 with 50 mol% of imidazolinyl groups and H to the functionalization with 50 mol% 
of C16 alkyl groups. The solvent used in the photocatalytic reaction was adichloromethane, bchloroform, and 
cethanol. Bipy: 2,2’-bipyridine–4,4’–dicarboxylic acid. NT: Nanotubes. P–25: Degussa P-25. NP: Sigma-Aldrich 
nanopowder. HT: Mesoporous TiO2 support was prepared under hydrothermal conditions and CTAB-assisted. SC: 
Mesoporous TiO2 support was prepared by sol-gel under supercritical CO2.
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alcohol over Pd/TiO2 was carried out at room temperature without 
stoichiometric generation of salt wastes. By this protocol, the synthesis 
of S-(-)-lavandulol from R-(-)-carvone can be performed avoiding addi-
tional steps. Lavandulol is an important intermediate and additive in 
perfumes and it can act as a defensive pheromone in the red-lined 
carrion beetle. Using light, the performance of the reaction starting 
from R-(-)-carvone achieved 88% conversion with 55% of selectivity to 
S-(-)-lavandulol (Figure 19). The very mild reaction conditions by using 
the selected Pd/TiO2 and TsOH as the additive for 36 h can give 
selectively the desired product. Methanol can act as the hydrogen/elec-
tron donor, and the hole scavenger in photocatalysis, thereby showing 
together with the catalyst a direct route to useful synthesis of fine 
chemicals from renewable raw biomass.

Finally, HY zeolite together with light were employed for the selective 
synthesis of carveol and campholenic aldehyde from α-pinene epoxide. The 
results suggested that light plays a critical role in activating zeolite giving the 
acid proton and then isomerizing selectively to carveol. DMF as a polar basic 
solvent also favored synthesis of the respective alcohol over the aldehyde 
(Table 10, entry 27).

11. Coupling of monoterpenes with aldehydes: The Prins reaction

11.1. Acid transformation of terpenes with aldehydes: General considerations

Acid-catalyzed condensation of unsaturated hydrocarbons with carbonyl 
compounds was discovered in 1919 by the Dutch chemist Hendrik 
J. Prins [228] and is still a powerful tool in the synthesis of various 
functional compounds that, for example, are used in perfumery, as well 
as exhibiting various biological activities [228–230]. The Prins reaction 
is a versatile and convenient synthetic route for the preparation of 
oxygenated heterocyclic compounds, whose key step is the formation 
of an oxocarbenium ion that reacts with 1 equiv of the alkene in an 
intermolecular or intramolecular fashion [229]. Since the reaction often 
produces several products, their separation is carried out by distillation 
or column chromatography [230, 230].

The main source of renewable hydrocarbons is turpentine, which is 
produced annually in quantities of about 360,000 tons and contains α- 
pinene (40–85%), β-pinene (up to 35%), and 3-carene (up to 40%) 
[231]. Coupling of terpene hydrocarbons with formaldehyde (FA) allows 
one to obtain compounds containing a hydroxymethyl moiety, which 
are used in perfumery and as platform molecules for further synthesis 
[228,230,232].
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11.2. Recent literature for the Prins-reaction of terpenes

Thus, during the catalytic condensation of β-pinene with FA (in the form of 
paraformaldehyde), nopol is formed (Figure. 20a), which is produced on an 
industrial scale, has a woody aroma, and is used in perfume and cosmetic 
products [228,232]. The traditional catalyst for this reaction is ZnCl2, and in 
recent years, a number of studies have been published on the development of 
novel heterogeneous catalysts for the synthesis of nopol [233–244]. In the 
presence of Indian montmorillonite clay (MMT) impregnated with ZnCl2 
under optimized conditions, the selectivity for this product reached 97% 
with β-pinene conversion of 75%, which was comparable to the results on 
ZnCl2 per se. (Table 11, entry 1-2). The original clay showed almost no 
catalytic activity [233].

Figure 20. Examples of terpene hydrocarbons functionalization with hydroxymethyl groups. (1) 
Nopol, (2) 8-Acetoxy-6-hydromethyllimonene, (3) Trans-4-hydroxymethyl-2-carene, (4) 
Homolimonenol.
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Table 11. Some relevant catalysts for the monoterpene compounds condensation with aldehydes.

Entry Catalyst Reactants Reaction conditions X (%) S (%) Ref.

1 ZnCl2-MMT β-pinene + FA (in form of 
para-formaldehyde)

5 mmol of substrate, 10 
mmol of FA, 10 mL of 
acetonitrile, 0.1 g of 
catalyst, 80°C

75 97 Nopol [233]

2 ZnCl2 5 mmol of substrate, 10 
of mmol FA, 10 mL of 
acetonitrile, 0.136 g of 
catalyst, 80°C

95 93 Nopol

3 SZ-1N 6 mmol of substrate, 18 
mmol of FA, 0.15 g of 
catalyst (pretreated at 
450°C), 80°C, 
acetonitrile, substrate: 
solvent ratio 1:5, 9 h

90 92 Nopol [234]
4 SZ-1.5N 92 95 Nopol

5 SZ-2N 99 99 Nopol

6 SZ-2N 6 mmol of substrate, 18 
mmol of FA, 0.15 g of 
catalyst (pretreated at 
450°C), 80°C, toluene, 9 
h

40 88 Nopol 
3 Nopyl 
acetate 
9 Others

7 SZ-2N 6 mmol of substrate, 18 
mmol of FA, 0.15 g of 
catalyst (pretreated at 
450°C), 80°C, 9 h, 
solvent-free

88 5 Nopol 
95 Others

8 Zn-Na-X 10 mmol of substrate, 20 
mmol of FA, 20 wt. % 
catalyst, 90°C, 5 mL 
benzonitrile, 10 h

n.d. 66 Nopol [237]
9 Zn-H-Y 84

10 Zn-H-Beta 86
11 Zn-H-ZSM-5 35

12 Zn-H-MOR 18
13 H-Beta 36
14 Fe-Beta 35

15 Mn-Beta 57
16 K-Beta 43

17 0.4 wt. % MoOx/γ- 
Al2O3

60 83 Nopol 
14 PIP

[238]

18 1 wt. % MoOx/γ-Al2 

O3

70 87 Nopol 
11 PIP

19 9 wt. % MoOx/γ-Al2 

O3

94 84 Nopol 
12 PIP

20 11 wt. % MoOx/γ- 
Al2O3

96 86 Nopol 
10 PIP

21 20 wt. % MoOx/γ- 
Al2O3

84 90 Nopol 
7 PIP

22 11 wt. % MoOx/γ- 
Al2O3

5 ml cyclohexane as 
solvent

81 34

23 Dichloromethane 100 40
24 benzonitrile 82 89

25 Acetonotrile 53 90
26 DMSO 21 10

(Continued)
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Table 11. (Continued).

27 CuBTC 4 mmol of substrate, 8 
mmol of FA, 0.2 g of 
catalyst, 80°C, 
acetonitrile, 6 h

n.d. 3 Nopol [239]
28 FeBTC 27

29 ZIF-8 9
30 MIL-100(Fe) 82

31 MIL-100(Cr) 64
32 MIL-53(Al) 23

33 USY 35
34 BEA 28
35 25wt%MoO3-SiO2 10 mmol substrate, 20 

mmol FA, 0.27 
g catalyst, 80°C, 
benzonitrile, 24 h

77 99 Nopol [240]

36 25wt%WO3-SiO2 38 97

37 25wt%ZnO-SiO2 Similar, 0.54 g of catalyst 78 96

38 Sn-MCM-41-T 0.5 mmol of substrate, 1 
mmol of FA, 1 mL ethyl 
acetate, 90°C, 2 h

65 98 Nopol [241]
39 Sn-MCM-41-S 64 98 Nopol

40 Sn/MCM-41 Turpentine oil (11% β- 
pinene) + FA

0.5 mmol of β-pinene, 1 
mmol FA, 25 wt.% of 
catalyst, turpentine as 
solvent, 24 h.

69 96 Nopol [235]

41 Sn/MCM-41 Turpentine oil (40% β- 
pinene) + FA

0.8 mmol of β-pinene, 1 
mmol of FA, 12 mg of 
catalyst, 0.25 mL ethyl 
acetate, 90°C,

92 93 Nopol [236]

42 HNT(halloysite 
nanotrube)- 
HCl

α-Pinene  
+ FA (in form of para- 
formaldehyde)

7.1 mmol of substrate, 
14.2 mmol of FA, 1 g of 
catalyst, 12 mL of 
AcOH, 25°C

50 11 HML-Ac 
33 TP-Ac 
29 WMP

[245]

43 HNT-H3PO4 12 HML-Ac 
34 TP-Ac 
28 WMP

44 H-Beta-25 4 HML-Ac 
21 TP-Ac 
35 WMP

45 H3PO4 Similar, 2 eq of catalyst 20 HML-Ac 
29 TP-Ac 
14 WMP

46 H3PO4 Similar, 2 eq of catalyst, 
8°C

46 24 HML-Ac 
27 TP-Ac 
15 WMP

47 ZnCl2 3-Carene + FA (in form of 
para-formaldehyde)

7.1 mmol of substrate, 
14.2 mmol of FA, 1 eq 
of catalyst, 6 mL of 
AcOH, 1 mL Ac2O, 15°C, 
120 min

50 8 HM2C 
50 IBF 
16 AcP

[246]

48 HNT-H3PO4 Similar, 1 g of catalyst, 
360 min

24 5 HM2C 
26 IBF 
45 AcP

49 K-10 34 9 HM2C 
30 IBF 
40 AcP

50 H3PO4 Similar, 1 eq of catalyst, 
105 min

50 50 HM2C 
15 IBF 
12 AcP

51 Similar, 2 eq of catalyst, 
45 min

50 60 HM2C 
14 IBF 
10 AcP

52 Similar, 2 eq of catalyst, 
21.3 mmol of FA, 35 
min

50 66 HM2C 
12 IBF 
9 AcP

(Continued)
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Table 11. (Continued).

53 Sn-MCM-41 Limonene + FA (in form of 
para-formaldehyde)

FA: limonene molar ratio 
of 2:1, 0.75 mL of 
solution (0.62 M) in 
ethyl acetate, 18 mg of 
catalyst, 90°C, 24 h

19 89 
homolimonelol [247]

54 Sn-KIT-6 21 88

55 Sn-SBA-15 26 90

56 20%HPW/SiO2 Limonene + 
crotonaldehyde

1 mmol of substrate, 3 
mmol of aldehyde, 
10 mg of catalyst, 
1,2-dichlorethane, 
50°C, 5 h

68 92 OBN [248]

57 Similar, 60C 90 90

58 CsPW 50°C 52 90
59 70°C 83 86

60 20%HPW/SiO2 α-Pinene + crotonaldehyde 1 mmol of substrate, 4.5 
mmol of aldehyde, 
25 mg of catalyst, 
1,2-dichlorethane, 
25°C, 1 h

96 82
61 β-Pinene + crotonaldehyde 100 83

62 HPW/SiO2 Limonene + 
cuminaldehyde

1 mmol of substrate, 3 
mmol of aldehyde, 
15 mg of catalyst, 
1,2-dichlorethane, 
40°C, 8 h

80 82 OBN 
10 MD

[249]

63 CsPW Similar, 30 mg of catalyst, 
60°C 3 h,

100 85 OBN 
13 MD

64 HPW/SiO2 1 mmol of substrate, 3 
mmol of aldehyde, 
20 mg of catalyst, 
diethylcarbonate, 60°C, 
8 h

91 82 OBN 
16 MD

65 CsPW Similar, 30 mg of catalyst, 
9 h

70 85 OBN 
12 MD

66 HPW/SiO2 α-Pinene + cuminaldehyde Similar, 15 mg of catalyst, 
diethylcarbonate 50°C 
2 h

100 75 OBN 
22 MD

67 CsPW Similar, 2 h 99 61 OBN 
25 MD

68 α-Terpineol + 
cinnamaldehyde

Similar, 10 mg of catalyst, 
70°C, 5 h

95 85 OBN 
12 MD

68 Nerol + cinnamaldehyde Similar, 30 mg of catalyst, 
60°C, 3 h

100 62 OBN 
19 MD

69 HPW Limonene + benzaldehyde 1 mmol of substrate, 1 
mmol of aldehyde, 
50°C, 5 h

99 80 OBN [201]
70 HPW/SiO2 99 70

71 HPW/P-25 92 72
72 HPW/TiO2 40 50
73 HPW/SBA-15 91 60

74 HPW/Al2O3 3 0
75 K-10 2-Carene + 

4-methoxybenzaldehyde
3.68 mmol of substrate, 

3.38 mmol of 
aldehyde, 2.5 g of 
catalyst, solvent-free, 
RT, 1.5 h

78 31 IBF 
5 OBN 
(isolated 
yield)

[250]

76 2-Carene + 
vanillinaldehyde

2.94 mmol of substrate, 
2.36 mmol of 
aldehyde, 2.5 g of 
catalyst, solvent-free, 
RT, 2 h

77 33 IBF 
4 OBN 
(isolated 
yield)

(Continued)
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In [234], the catalysts based on sulfated zirconia (SZ) containing different 
amounts of sulfur were synthesized by two-stage precipitation and impregna-
tion methods. The material obtained by impregnating Zr(OH)4 with a 2N 

Table 11. (Continued).

77 HNT-HCl 2-Carene  
+ 
4-methoxybenzaldehyde

0.71 mmol of substrate, 
0.71 mmol of 
aldehyde, 1 g of 
catalyst, cyclohexane, 
50°C, 2 h

60 71 IBF 
1 OBN

[251]

78 K-10 Similar, 3 h 52 IBF 
2 OBN

79 Amberlyst-15 2 h 3 IBF 
13 OBN

80 Scandium triflate 3 h 20 16 IBF 
4 OBN

81 K-10 2-carene containing 
reaction mixture 
obtained by 3-carene 
isomerization + vanilin

1 g of mixture (15% of 
2-carene), 0.4 g of 
vanillin, 1.5 g of 
catalyst, RT, 20 h

89 60 IBF 
7 OBN

[252]

82 K-30 92 49 IBF 
3 OBN

83 Illite L-1 96 51 IBF 
1 OBN

84 HNT-HCl Similar, 
4-methoxybenzaldehyde

1 g of mixture (15% of 
2-carene), 1 eq of 
aldehyde, 1 g of 
catalyst, cyclohexane, 
50°C, 6 h

50 71 IBF 
1 OBN

[250]

PIP: β-pinene isomerization products. HML-Ac: 8-acetoxy-6-hydroxymethyllimonene. TP-Ac: terpinyl acetate; WMP: 
Wagner–Meerwein rearrangement products (borneol derivatives). HM2C: trans-4-hydroxymethyl-2-carene. IBF: 
isobenzofurans. AcP: acetylation products (trans-4-hydroxymethyl-2-carene acetate and its derivative). OBN: 
3-oxabicyclo[3.3.1]nonene, MD: menthadienes

Figure 21. Examples of limonene (a) and 2-carene (b) condensation with aldehydes.
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solution of sulfuric acid was active (conversion>99%) with selectivity for nopol 
of ca. 99% in acetonitrile (Table 11, entry 5). The catalyst could be reused for 
up to five cycles with a negligible loss of activity and unchanged selectivity. 
A mechanism for nopol formation has been proposed, which involves the 
participation of both Lewis and Brønsted sites on the surface of SZ. Selectivity 
decreased when toluene was used, while practically no nopol was formed 
without the solvent (Table 11, entry 6-7).

Utilization of metal ion-exchanged zeolites as highly active and selective 
catalysts for the nopol synthesis was reported in [237]. The Zn-beta catalyst 
displayed the best performance among different types of solids with 86% of the 
desired product yield (Table 11). Acidity of the Zn-beta zeolite was correlated 
with the amount of zinc and activity of the reaction. For different metal ion- 
exchanged Beta catalysts, the yield of the desired product increased with 
a decrease in Brønsted to Lewis acidity (B/L) ratio. Thus, increasing the Zn 
loading into Beta zeolite from 0.14 to 0.57 mmol/g made it possible to increase 
selectivity to nopol to 94% due to decreasing of B/L from 0.45 to 0.07 [185]. At 
low amounts of Zn, selectivity was limited to formation of β-pinene isomer-
ization products, apparently occurring at Brønsted acid sites.

An effective catalyst for the synthesis of nopol via the Prins reaction is also 
molybdenum oxide/γ-alumina (MoOx/γ-Al2O3) [238]. These solids with dif-
ferent Mo loading were synthesized by the impregnation method and carefully 
characterized. The total surface acid density of MoOx/γ-Al2O3 increased with 
an increase in MoOx loading till to 11 wt %, which led to an increase in both β- 
pinene conversion and selectivity for the target product, while the amount of 
substrate isomerization products decreased (Table 11, entry 17 – 20). It has 
been shown that solvents with acceptor and donor number values from 10 to 

Figure 22. A scheme of (-)-isopulegol condensation with aldehydes (a) and ketones (b) carbonyl 
compounds to substituted octahydro-2H-chromenes.

CATALYSIS REVIEWS 73



20 (such as acetonitrile and benzonitrile) promote the desired condensation. 
The authors suggested that weak Brønsted and Lewis acidity in the catalyst 
contribute to the nopol formation, while on strong Brønsted acids the iso-
merization of β-pinene occurs [238].

The catalytic properties of a number of metal-organic frameworks (MOFs) 
such as CuBTC, FeBTC, MIL-100(Fe), MIL-100(Cr), ZIF-8, and MIL-53(Al) 
were studied in the condensation of β-pinene with formaldehyde (Table 11 
entry 27 – 32 [239]). Activity of the investigated solids increased with the 
increasing concentration of accessible Lewis acid sites being the largest for 
MIL-100(Fe). In the presence of USY and BEA zeolites, the yield of nopol did 
not exceed 35% (Table 11, entry 33 – 34) due to isomerization of the substrate 
at strong Brønsted sites, which is similar to the conclusions made in [237,238]. 
The best catalyst, MIL-100(Fe), showed stability over three cycles without loss 
of activity.

Several metal (Mo, W and Zn) modified SiO2 solids were prepared by the 
wetness impregnation method and tested in nopol synthesis [240]. Materials 
with 25 wt% of MoO3 or ZnO loading on SiO2 demonstrated both high activity 
and selectivity (up to 99%, Table 11, entry 35–37) toward nopol. Possibility of 
catalyst regeneration was also shown.

In [241], the reaction of β-pinene with FA was studied in the presence of Sn- 
modified MCM-41 obtained using traditional tetraethyl orthosilicate (TEOS) 
and cheaper Colombian sodium silicate as silicon sources. Materials with Na2 
SiO3 (Sn/MCM-41-S) showed crystalline, textural, and structural properties 
very similar to MCM-41 synthesized with TEOS (Sn/MCM-41-S). Solids 
obtained by both methods demonstrated high selectivity (up to 98%) at 
terpene conversion of ca. 65% after 2 h (Table 11, entry 38 – 39). It has also 
been shown that paraformaldehyde with a higher degree of polymerization is 
less active in the Prins reaction because of a lower rate of depolymerization.

Kinetics of β-pinene condensation with FA in ethyl acetate and toluene was 
studied with Sn/MCM-41 [242]. The largest adsorption constant for nopol 
with respect to the reactants allows to explain experimentally observed strong 
inhibition effect of this compound. Higher selectivity in ethyl acetate can be 
explained by better solubility of paraformaldehyde compared to that in 
toluene. The reaction proceeded with an apparent activation energy of 98 kJ/ 
mol. The same research group recently demonstrated the feasibility of produ-
cing nopol over Sn/MCM-41 immobilized in a wall-coated microreactor using 
formaldehyde generated ex-situ [243]. The reaction rate equation is obtained 
from a reaction pathway based on the Langmuir-Hinshelwood formalism with 
dual sites and desorption of the product as a limiting step.

An assessment of the environmental impact of nopol synthesis showed that 
the impact of the solvent is most significant, and the use of ethyl acetate is 
beneficial. The carbon footprint for nopol catalytic synthesis from β-pinene 
was 13.0 and 37.4 kg CO2-eq for the system with solvent recirculation and 
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Table 12. Some relevant catalysts for the monoterpenoids condensation with carbonyl 
compounds.

Entry Catalyst Reactanrs Reaction conditions X (%) S (%) Ref.

1 H-K10 (-)-Isopulegol + 
different 
aldehydes

1 mmol of substrate, 1.2 mmol of aldehyde, 20 
wt.% of catalyst, microwave radiation for 3 
min, solvent-free

n.d. 50–84% 
OCh-ol 
(isolated 
yield) 
4R/4S up 
to 20

[267]

2 H-Beta-25 (-)-Isopulegol + 
benzaldehyde

0.04 mol L−1 of isopulegol, benzaldehyde as 
solvent and reagent, 0.3 g of catalyst, 70°C, 
120 min

100 74 OCh-ol 
14 OCh

[268]

3 H-Beta-150 100 66 OCh-ol 
20 OCh

4 H-Beta-300 100 75 OCh-ol 
7 OCh

5 Fe-Beta 
-150

76 56 OCh-ol 
25 OCh

6 Au-Beta-25 90 67 OCh-ol 
25 OCh

7 Ce-Beta 
-150

100 18 OCh-ol 
67 OCh

8 Ce-MCM 
-41

100 5 OCh-ol 
93 OCh

9 M-HCl (-)-Isopulegol + 
vanilin

0.65 mmol of substrate, 0.65 mmol of 
aldehyde, 100 mg of catalyst, 4 mL of 
toluene, 35°C, 2h

76 74 OCh-ol 
4R/4S 5.7

[269]

10 K-HCl Similar, 50°C 30 77 OCh-ol 
4R/4S 6.2

11 MK-HCl 26 90 OCh-ol 
4R/4S 7.0

12 K-10 (-)-Isopulegol +  
heteroaromatic 
aldehydes

0.3 – 0.4 g of substrate, 1 eq of aldehyde, 1 – 
1.6 g of catalyst, solvent-free, RT

n.d. 50 – 86% 
(isolated 
yield) 
4R/4S up 
to 10

[264]

13 Treated by 
HCl illite 
L-1

(-)-Isopulegol 
+thiophene- 
2-carbaldehyde

0.4 g of substrate, 1 eq (0.29 g) of aldehyde, 
0.69 g of catalyst, solvent-free, 25°C, 1 h

99 82 OCh-ol 
8 OCh 
4R/4S 4.9

[270]

14 K-10 99 79 OCh-ol 
8 OCh 
4R/4S 4.3

15 Treated by 
HCl 

glauconite 93 78 OCh-ol 
9 OCh 

4R/4S 4.4

16 Treated by 
HCl illite 
L-1

Similar, in cyclohexane (0.26 mol/l), 20°C, 9 h 50 86 OCh-ol 
9 OCh 
4R/4S 5.7

17 Similar, 40°C, 1 h 86 OCh-ol 
9 OCh 
4R/4S 5.7

18 Similar,  
60°C, 0.2 h

79 OCh-ol 
14 OCh 
4R/4S 5.8

(Continued)
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Table 12. (Continued).

19 HNT-HCl, 
air-dry

(-)-Isopulegol 
+thiophene- 
2-carbaldehyde

0.4 g of substrate, 1 eq (0.29 g) of aldehyde, 
0.69 g of catalyst, solvent-free, 25°C, 1 h

83 92 OCh-ol 
4 OCh 
4R/4S 6.5

[271]

20 HNT-HCl, 
dried at 
105°C

98 85 OCh-ol 
6 OCh 
4R/4S 5.4

21 HNT-HCl, 
dried at 
200°C

99 78 OCh-ol 
8 OCh 
4R/4S 3.9

22 HNT-HCl, 
dried at 
350°C

95 76 OCh-ol 
7 OCh 
4R/4S 3.6

23 HNT-HCl, 
air-dry

(-)-Isopulegol + 
different 
aldehydes

Similar, in cyclohexane (0.26 mol/l), 20°C 50 78 – 94 
OCh-ol 
3–8 OCh 
4R/ 
4S 7.6– 
14.5

24 HNT-HCl 
air-dry

(-)-Isopulegol 
+thiophene- 
2-carbaldehyde

0.4 g of substrate in cyclohexane (0.5 mol/L), 1 
eq (0.29 g) of aldehyde, 0.69 g of catalyst, 
40°C, 6 h

99 91 OCh-ol 
6 OCh 
4R/4S 6.8

[272]

25 K-10 
air-dry

Similar, 3 h 82 OCh-ol 
11 OCh 
4R/4S 4.3

26 K-30 
air-dry

Similar 82 OCh-ol 
11 OCh 
4R/4S 4.4

27 Amberlyst- 
15, 
dried at 
110°C

Similar, 0.35 g of catalyst, substrate 
concentration of 0.09 mol/L, 1.5 h

60 31 OCh-ol 
68 OCh 
4R/4S 3.0

28 Scandium 
triflate

Similar, in CH2Cl2 (0.5 mol/L) 20°C, 5 mol. % of 
catalyst, 3 h

45 OCh-ol 
39 OCh 
4R/4S 3.4

29 K10-CSA (-)-Isopulegol + 
benzaldehyde

0.013 mol/L of substrate in benzaldehyde, 0.1 
g of catalyst, 30°C, 1 min

90 70 OCh-ol 
4R/4S 3.6

[273]

30 K10-CSP Similar, 60 min 95 OCh-ol 
4R/4S 5.5

31 HNT-CSA Similar, 70°C, 240 min 82 OCh-ol 
4R/4S 4.0

32 HNT-CSP Similar 35 OCh-ol 
4R/ 
4S 11.5

33 H-Beta-24 
h-S-15

0.013 mol/L of substrate in benzaldehyde, 0.1 
g of catalyst, 30°C

65 88 OCh-ol 
12 OCh 
4R/4S 7.6

[274]

34 H-Beta-12 
h-R-150

90 OCh-ol 
10 OCh 
4R/4S 7.1

35 H-Beta-17 
h-R-150

91 OCh-ol 
9 OCh 
4R/4S 6.6

36 H-Beta-24 
h-R-150

83 OCh-ol 
17 OCh 
4R/4S 7.4

(Continued)
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Table 12. (Continued).

37 H-K-10 (-)-Isopulegol + 
different 
aldehydes

0.3 – 0.9 g of substrate, 1 eq of aldehyde, 0.5 – 
1 g of catalyst, solvent-free, RT

n.d. 17 – 57 
OCh-ol 
31–59 
OCh 
4R/ 
4S 3.0 – 
17.0

[275]

38 HNT (-)-Isopulegol 
+acetone

0.9 g of substrate, 2 eq of ketone, 0.9 g of 
catalyst, solvent-free 30°C, 30 min

50 77 OCh-ol 
13 Och 
10 Ether 
4R/4S 8.2

[276]

39 K-10 Similar, 180 min 75 OCh-ol 
15 Och 
9 Ether 
4R/4S 8.0

40 Amberlyst- 
15

Similar, 3 min 50 67 OCh-ol 
32 Och 
1 Ether 
4R/ 
4S 13.6

41 Scandium 
triflate

Similar, 5 mol. % of catalyst, in CH2Cl2, 180 
min

70 16 OCh-ol 
79 Och 
1 Ether 
4R/4S 22

42 K10-CSA Substrate in 25 mL of acetone (0.013 mol/L), 
50 mg of catalyst, 30°C, 4 h

85 83 OCh-ol 
17 Och 
0 Ether 
4R/4S 3.3

[277]

43 Similar, 0.052 mol/L 100 88 OCh-ol 
12 Och 
0 Ether 
4R/4S 4.1

44 Similar, 0.52 mol/L, 25°C 87 83 OCh-ol 
11 Och 
6 Ether 
4R/4S 7.6

45 K10-CSP Similar, 0.013 mol/L 72 67 OCh-ol 
33 Och 
0 Ether 
4R/4S 6.2

46 Similar, 0.52 mol/L 30 78 OCh-ol 
24 Och 
6 Ether 
4R/4S 6.7

47 HB-1 Substrate in 50 mL of acetone (0.013 mol/L), 
50 mg of catalyst, 30°C, 4 h

45 69 OCh-ol 
33 Och 
4R/ 
4S 10.5

[278]

48 HB-2 47 66 OCh-ol 
34 Och 
4R/ 
4S 11.1

49 HB-3 35 61 OCh-ol 
39 Och 
4R/4S 8.5

50 HB-4 52 65 OCh-ol 
35 Och 
4R/ 
4S 10.8

51 HB-5 38 65 OCh-ol 
35 OCh 
4R/ 
4S 10.0

(Continued)
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Table 12. (Continued).

52 K-10 Diol + aromatic 
aldehydes

0.7 – 0.8 g of substrate, 1 eq of aldehyde, 3– 
3.5 g of catalyst, solvent-free, RT

n.d. 14–39 HCh- 
diol 
7 HCh 
4S/4R 
1.3–3.0

[279]

53 Diol + aliphatic 
aldehydes

0.18 – 0.2 g of substrate, 1 eq of aldehyde, 
0.15–0.6 g of catalyst, solvent-free, RT

34–80 HCh- 
diol 
n.d. HCh 
4S/4R 
1.0–3.0

[280]

54 H-Beta-25 Diol + 
benzaldehydes

0.04 mol L−1 of substrate, benzaldehyde 
(40 mL) as solvent and reagent, 10 mL of 
toluene, 0.3 g of catalyst, 70°C,120 min 
(selectivity data at 90% conversion)

99 67 HCh-diol 
4 HCh 
7 BD

[268]

55 H-Beta-150 98 64 HCh-diol 
4 HCh 
8 BD

56 H-Beta-300 81 64 HCh-diol 
2 HCh 
6 BD

57 Fe-Beta 
-150

78 64 HCh-diol 
7 HCh 
7 BD

58 Ce-MCM 
-41

92 67 HCh-diol 
9 HCh 
3 BD

59 HNT-HCl Diol + decanal 0.3 g (1.68 mmol) of substrate in toluene (0.34 
mol/L), 1 eq of aldehyde, 0.56 g of catalyst, 
40°C, 240 min

70 77 HCh-diol 
23 HCh 
4S/4R 1.6

[281]

60 Illite-HCl Similar, 360 min 76 HCh-diol 
24 HCh 
4S/4R 1.0

61 K-10 Similar, 180 min 78 HCh-diol 
22 HCh 
4S/4R 0.8

62 Amberlyst- 
15

Similar, 5 min 10 HCh-diol 
69 HCh 
4S/4R 0.9

63 Scandium 
triflate

Similar, in CH2Cl2, 20°C, 240 min 100 37 HCh-diol 
60 HCh 
4S/4R 2.3

64 H-Beta-25 Verbenol epoxide 
+ aldehydes

0.303 g of substrate, 2 eq of 
fluorobenzaldehyde, 150 mg of catalyst, 
50 mL of ethyl acetate, 70°C, 120 min

100 1 BD 
21 Diol

[282]

65 Similar, 5 eq of fluorobenzaldehyde, 300 mg 
of catalyst, 50 mL of toluene

13 BD 
0 Diol

66 Fe-Beta 
-150

Similar, 5 eq of benzaldehyde 9 BD 
10 Diol

67 Similar, 5 eq of fluorobenzaldehyde 10 BD 
24 Diol

68 H-Beta-150 Similar, 133 eq of benzaldehyde 40 BD 
8 Diol

69 Fe-H-Beta- 
150

Similar 46 BD 
12 Dio

OCh-ol: octahydro-2H-chromen-4-ol. OCh: octahydro-2H-chromenes. HCh-diol: hexahydro-2H-chromene-4,8-diols. 
HCh: hexahydro-2H-chromenes. BD: benzodioxin compounds.
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without recirculation, respectively [244]. Nopol can also be obtained from 
turpentine containing β-pinene [235,236]. Thus, the Prins reaction was stu-
died using turpentine with the substrate content of 11% on Sn/MCM-41 [235]. 
Performing multifactor optimization using response surface plots made it 
possible to establish optimal parameters that ensured selectivity for nopol of 
96% (Table 11, entry 40). Note that other terpene hydrocarbons per se (α- 
pinene, 3-carene, and camphene) did not react with FA under the reaction 
conditions. When using raw materials with 40% β-pinene content on a similar 
catalyst, high selectivity to the target product was also observed (93%, 
Table 11, entry 41). Presence of turpentine also makes it possible to signifi-
cantly reduce the amount of the solvent [236].

α-Pinene, unlike the β-isomer, contains an endocyclic double bond 
(Figure. 20b), which is obviously less active in the Prins reaction. Under 
conditions of acid catalysis, α-pinene undergoes direct protonation with ring 
opening, as well as the Wagner-Meerwein rearrangements with expansion of 
the bicyclic framework [231,232]. These structural features are obviously the 
reason for the lack of progress in the synthesis of hydroxymethyl derivatives of 
this terpene.

More recently, catalytic condensation of (–)-α-pinene with formaldehyde in 
acetic acid into a novel terpenoid 8-acetoxy-6-hydroxymethyllimonene 
(Figure 20) has been studied [245]. Common Lewis and Brønsted acids 
catalyzed the desired condensation although selectivity did not exceed 24% 
in the case of phosphoric acid due to the side reactions. On acid-modified 
halloysite nanotubes with weak acidity (45 µmol/g), the products of a direct 
substrate protonation (such as terpinyl acetate) were predominantly formed 
(Table 11, entry 42 – 43). In the presence of strongly acidic H-Beta-25 (301 
µmol/g) and phosphoric acid, selectivity to α-pinene addition products with 
formaldehyde and substrate direct protonation were comparable [245]. 
However, with H3PO4 the content of products formed via the Wagner- 
Meerwein rearrangement (borneol derivatives) was the smallest (14–15%) 
giving subsequently the largest selectivity to the desired 8-acetoxy-6-hydro-
xymethyllimonene (up to 24%, Table 11, entry 46). According to DFT calcula-
tions in the presence of H3PO4, there are no significant differences (83–85 kJ/ 
mol) between the energies of the intermediates formed due to the addition of 
formaldehyde to α-pinene and its direct protonation correlating with activa-
tion energies for the formation of the target product and terpinyl acetate (78– 
82 kJ/mol). Synthesis was carried out on a scale up to 25 g. Obtained terpenoid 
can be considered as a new chiral platform for further synthesis.

The reaction of 3-carene with formaldehyde produces trans-4-hydroxy-
methyl-2-carene as one of the products (Figure 20c). The classic two-step 
synthesis of this terpenoid involves boiling the starting terpene with FA in 
acetic acid and subsequent saponification of the resulting acetate [253]. 
Trans-4-hydroxymethyl-2-carene has a flower odor with a fruit note and 
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has been commercialized by the perfume company Dragoco [254]. In 
addition, it is the precursor for the preparation of a number of chiral 
heterocyclic compounds [246,255,256], some of which have high cytotoxic 
activity [255].

A comprehensive study of the one-pot catalytic condensation of 3-carene 
with FA to trans-4-hydroxymethyl-2-carene was carried out in the recent 
study [257]. It has been shown that traditional Brønsted and Lewis acids, as 
well as aluminosilicates, are able to catalyze the reaction in AcOH, however, 
selectivity to the target product is limited due to side acetylation and addition 
of a second formaldehyde molecule.

Compounds of further condensation with FA (isobenzofurans) are mainly 
formed in the presence of Lewis acids (such as ZnCl2), giving up to 50% yield 
(Table 11, entry 47), while weak to moderate acidic halloysite and K-10 (45– 
104 µmol/g) result in a low conversion of 3-carene with a prevalence of 
acetylation products (up to 45%) [257]. The largest selectivity toward trans- 
4-hydroxymethyl-2-carene at conversion of 50% was observed with phospho-
ric acid (50–66%). The yield of the desired terpenoid increased significantly 
with an excess of FA or catalyst loading (Table 11, entry 50–52), because the 
amount of the active form of formaldehyde is the key factor in the reaction. 
The DFT calculations show that further transformations of the desired terpe-
noid are energetically favorable in agreement with the experimental data [257]. 
The apparent activation energy is 76 kJ/mol, which is lower than in the case of 
α-pinene condensation with FA (84 kJ/mol [245]), as well as a similar reaction 
of β-pinene on Sn-MCM-41 (98 kJ/mol [242]) in ethyl acetate.

Limonene undergoes a Prins reaction with FA, resulting in the formation of 
the corresponding carbinol, also called homolimonelol (Figure 20d) [228,247]. 
This compound is used in perfumes and cosmetic products, and also finds 
application in organic synthesis [247]. Early works proposed a number of 
methods for its preparation, including thermal condensation at 180°C [258], 
or in the presence of SnCl4 in methylene chloride [259].

A recent study [247] reported the utilization of Sn-modified mesoporous 
silicates MCM-41, SBA-15, and KIT-6 for the synthesis of homolimonelol at 
90°C in ethyl acetate. The materials contained mainly Lewis acid sites due to 
the presence of Sn4+ on their surface, which determined the catalytic activity. 
Solid Sn-SBA-15 showed the highest activity (26% limonene conversion) with 
a homolimonelol selectivity of 90% (Table 11, entry 55). The reaction was 
scaled up to a 200 ml reactor, and the catalyst could be used five times without 
a loss of activity [247].

Limonene is also capable of reacting with aliphatic and aromatic aldehydes 
involving both double bonds, resulting in the formation of heterocyclic com-
pounds with a 3-oxabicyclo[3.1.1]nonane structure [201,248,249,260]. The 
synthesis of this compound was first described in the presence of natural 
bentonite clay in work [260].
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The condensation of limonene with crotonaldehyde using silica- 
supported tungstophosphoric heteropoly acid H3PW12O40 (HPW) and its 
acidic salt Cs2.5H0.5PW12O40 (CsPW) as solid catalysts in dichloroethane 
resulted in the formation of 3-oxabicyclo[3.3.1]nonene products in a high 
selectivity (86–90%, Table 11, entry 56–59). Utilization of α- and β-pinenes 
as substrates on HPW/SiO2 also yielded in similar products (Table 11, 
entry 60–61), indicating that protonation of both pinenes and limonene 
produces a p-menthenyl cation as an intermediate, which further reacts 
with aldehyde.

In addition to limonene and pinenes, α-terpineol and nerol were used as 
substrates, and benzaldehyde, crotonaldehyde as well as cuminaldehyde and 
trans-cinnamaldehyde were used as aldehydes. Condensations were carried 
out on HPW/SiO2 and CsPW in green solvents particularly 2-methyltetrahyr-
ofuran, dimethylcarbonate and diethylcarbonate, leading to 3-oxabicyclo 
[3.3.1]nonene products in good to excellent yields. Some quantitative results 
are given in Table 11, entry 62–68.

In [201], the limonene condensation with benzaldehyde in the presence of 
HPW supported on SiO2, TiO2, SBA-15, and P-25 oxides was studied 
(Table 11, entry 69–74). Among these materials, the HPW/P-25 system, 
which has high activity, turned out to be the most selective to oxabicyclo 
[3.3.1]nonene (72%). By varying the reaction conditions, it was possible to 
improve the yield to 80%. The synthesis was carried out on a scale up to 10 g.

The terpene hydrocarbon 2-carene under heterogeneous catalysis condi-
tions (montmorillonite K-10) reacts with aldehydes to form hexahydroisoben-
zofuran, as well as oxabicyclo[3.3.1]nonene compounds (Fig. 21, Table 11, 
entry 75-76 [250]). In this case, the cyclopropane ring is involved in the 
isobenzofuran fragment formation, apparently due to its conjugation with 
the double bond, whereas in the case of condensation of 3-carene with FA, 
isobenzofuran moiety is formed due to the addition of a second FA mole-
cule [257].

Later, the reaction of 2-carene with 4-methoxybenzaldehyde was studied as 
a model for the bioactive chiral hexahidroisobenzofurans production in over 
a number of acidic aluminosilicates [251]. It was shown that the selectivity for 
these products increased with decreasing a.s. concentration in the catalyst 
being the highest (71%) on modified by HCl halloysite nanotubes (HNT- 
HCl, Table 11, entry 77) On strong Brønsted and Lewis acids (Amberlyst- 
15, scandium triflate), the yield of isobenzofurans did not exceed 16% with 
formation of mainly 2-carene isomerization products [251].

Note that 2-carene is an expensive compound [251]; however, it has been 
shown that it is formed in an amount of 10–15% during isomerization of 
3-carene on illite and montmorillonite clays [252,261]. Based on this, the 
catalytic synthesis of isobenzofurans was developed by reacting a 2-carene 
containing reaction mixture with vanillin on clays with the isolated yields of 
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49–60% (Table 11, entry 81–83 [252]). Even higher selectivity for the target 
product was observed on HNT-HCl (71%) [251].

As a further progress of research [250–252,261], a number of novel iso-
benzofurans and oxabicyclo[3.3.1]nonenes were synthesized by reacting 2-car-
ene containing a mixture with various aldehydes in the presence of 
commercial montmorillonite K-10 [262]. Biological studies have shown that 
some of the obtained compounds have a powerful ability to inhibit the TDP1 
enzyme, which may be promising in the complex therapy of oncological 
diseases [262].

11.3. The Prins reaction of terpenoids: synthesis of heterocycles

The Prins reaction is a versatile and convenient synthetic route for the pre-
paration of oxygenated heterocyclic compounds, whose key step is the forma-
tion of an oxocarbenium ion that reacts with 1 eq of the alkene in an 
intermolecular or intramolecular fashion [229]. Thus, reactions of terpenoid 
alcohols containing an unsaturated bond with aldehydes lead to the formation 
of substituted chromene (benzopyran) compounds [230]. Interest in the 
synthesis of chromenes is due, in particular, to their diverse and potent 
biological activity, and accordingly they have a high pharmaceutical potential 
[230,263–265]. This section discusses the synthesis of chromene and benzo-
dioxin framework compounds in the context of heterogenous catalysis, espe-
cially those with a high potential for pharmaceutical use.

A common naturally occurring and commercially available terpenoid is the 
unsaturated alcohol isopulegol [230]. It finds industrial application as an 
intermediate in the menthol synthesis and is also considered as a chiral plat-
form for the production of bioactive agents [266].

A possibility of (-)-isopulegol condensation with aromatic and aliphatic 
aldehydes (Fig. 22a) in the presence of a heterogeneous catalyst (acid-treated 
montmorillonite K-10) under microwave conditions was first demonstrated in 
[267]. The reaction products were substituted octahydro-2H-chromen-4-ols, 
as 4R- and 4S-isomers, the total yields of which were 50–86% (Table 12, entry 
1). The reaction proceeded most selectively with 4-methyl- and 4- methoxy- 
substituted benzaldehydes.

Beta zeolites, as well as the mesoporous material MCM-41 including their 
metal-modified forms, were studied in the Prins reaction of isopulegol with 
benzaldehydes. The main reaction products on these catalysts were octahydro- 
2H-chromen-4-ols while octahydro-2H-chromenes were formed in much 
smaller quantities (Table 12, entry 2–8, [268]). The most selective system 
was Ce-MCM-41 with a comparably low Lewis and Brønsted acidity (147 
µmol/g). It has been shown that formation of octahydro-2H-chromenes 
occurs by dehydration on catalysts characterized by high Brønsted acid-
ity [268].
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Acid clays are effective catalysts for the synthesis of octahydro-2H-chromen 
-4-ols. Thus, montmorillonite clays from Russia and Kazakhstan were acti-
vated with hydrochloric acid, and the concentration of acid sites on their 
surface increased with increasing concentration of HCl used in the treatment 
[283]. In turn, this led to a decrease in (i) the ratio of the target to dehydration 
products, as well as (ii) the ratio of 4R/4S isomers.

In work [269], the catalytic properties was pretreated by HCl montmor-
illonine (M-HCl), kaolinite (K-HCl) and metakaolin (MK-HCl) of the Russian 
origin in the condensation of isopulegol and vanillin were studied. The sub-
strate conversion in 2 h on M-HCl was significantly higher (76%) than on 
kaolin-based catalysts (26–30%) with selectivity toward octahydro- 
2H-chromen-4-ol in the range of 74–90% (Table 12, entry 9 – 11).

A large set of chiral compounds with the octahydro-2H-chromene scaffold 
was first synthesized by a reaction of (-)-isopulegol with furan-2-carbaldehyde, 
thiophene-2- carbaldehyde and their derivatives over montmorillonite K-10 
with the yield of 50–86% (Table 12, entry 12) [264]. It was established that 
most of the obtained compounds exhibited significant analgesic activity. The 
product of the (-)-isopulegol reaction with thiophene-2-carbaldehyde is the 
most promising, since the 4R-isomer of the corresponding octahydro- 
2H-chromen-4-ol exhibits high and long-term (24 h) analgesic effect [264]. 
The yield of this compound was 78% with the 4R/4S ratio of 5.0. Based on the 
outstanding analgesic activity of the abovementioned 4R-isomer, 
a comprehensive study was carried out on (-)-isopulegol condensation with 
thiophene-2-carbaldehyde, focusing on stereoselective catalysis [270–272]. 
Thus, in this reaction on acid-modified illite clay (L-1, from Belarus), the 

Figure 23. A scheme of diol (a) and verbenol oxide (b) condensation with aldehydes (a) as well as 
chromene transformation to benzodioxine compound (c).
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yield of 4R-isomer of octahydro-2H-chromen-4-ol increased with decreasing 
catalyst acidity and the temperature, as well as by increasing the ratio of 
catalyst/reactants and the initial concentration of the reagents [270]. Kinetic 
modeling was used to explain the observed regularities. It was shown that 
formation of chromenes occurs both directly from the reagents and by dehy-
dration of only 4R-diastereomer of chromenol. Some quantitative results are 
shown in Table 12, entry 13–18.

A significant advance in the field of stereoselective synthesis of chromenols 
was the utilization of halloysite nanotubes pretreated with HCl (HNT-HCl) in 
the Prins condensation of (-)-isopulegol with aliphatic and aromatic alde-
hydes. The reaction of these catalysts gave the desired products with very high 
4R/4S isomer ratios (7.6–14.5). Unprecedented selectivity (79–83%) to 
4R-isomer of thiophenyl-substituted chromenol exhibiting high analgesic 
activity was achieved. An increase in stereoselectivity with a decrease in the 
halloysite drying temperature and catalyst acidity clearly indicates formation 
of the target diastereomer on the weak Brønsted sites. Table 12 (entry 19–23) 
shows selected data reported in [271].

The mechanistic aspects as well as the effect of acid treatment of halloysite 
on its physico-chemical and catalytic properties in the reaction of (-)- 
isopulegol with thiophene-2-carbaldehyde was studied in detail [272]. At 
99% of the substrate conversion in cyclohexane over HNT treated with 5% 
HCl selectivity to 4R-isomer of chromenol alone (ca. 80%) was achieved close 
to the sum of both diastereomers on a commercial montmorillonite K-10, 
whereas with scandium triflate it did not exceed 45% (Table 12, entry 24 – 28). 
A substantial difference in the order to the catalyst for the dried resin 
Amberlyst-15 (1.1 ± 0.12) and air-dry halloysite (1.95 ± 0.09) for the target 
4R-isomer formation clearly indicates the key role of water in the reaction. 
A dual mechanism of the halloysite action was proposed implying formation 
of an intermediate with the reagents and transfer of the surface water to the 
intermediate giving chromenols. Stability and reusability of HNT were also 
demonstrated [272].

Acidic functionalization of the aluminosilicates surface can also be accom-
plished by grafting -SO3H groups. Thus, montmorillonite K-10 and halloysite 

Figure 24. General scheme of the hydroformylation reaction.
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were pretreated with chlorosulfonic acid (CSA) or 2-(4-chlorosulphonylphe-
nyl)ethyltrimetoxysilane (CSP) and tested in the Prins reaction of (-)- 
isopulegol with benzaldehyde as the reagent and the solvent (Table 12, entry 
29-32) [273]. The highest selectivity toward octahydro-2H-chromenol (95% 
with 4R/4S of 5.5) was recorded in the presence of K10-CSP. Although 
halloysite treated with the same reagent afforded high stereoselectivity (4R/ 
4S of 11.5), the total yield of chromenol was only 35%. The K10-CSP catalyst 
did not display any leaching [273].

In [274], a series of Beta zeolites with a systematic variation of synthesis 
parameters was prepared and tested in a similar reaction (Table 12, entry 33 – 
36). The most efficient catalyst H-Beta-17(h-R-150) exhibited well-developed 
textural and structural properties as well as mild acidity (285 µmol/g) with the 

Figure 25. A scheme of heterocyclic compounds synthesis based on trans-4-hydroxymethyl- 
2-carene.
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largest ratio of Brønsted to Lewis a.s. (10). This was accompanied by high 
selectivity to the desired product (4R-isomer, 79%) and the lowest amount of 
the side dehydration product (9%).

The condensation of (-)-isopulegol with ketones (Fig. 22b) occurs with 
much lower selectivity than in the case of aldehydes. Thus, a set of novel 
octahydro-2H-chromen-4-ols was synthesized using aliphatic and cyclic 
ketones in the presence of the H-K-10 catalyst with yields not exceeding 
57% (Table 12, entry 37) [275]. 4R-isomer of chromenol produced via the 
substrate reaction with acetone was found to exhibit an outstanding activity 
against a number of H1N1 and H2N2 influenza viruses. Based on the high 
pharmaceutical potential of this product, further research was carried out to 
prepare selective catalysts for this reaction [276–278].

Thus, halloysite nanotubes treated with 5% HCl were applied as catalytic 
systems for the Prins reaction of (-)-isopulegol with acetone [276]. As a result, 
high selectivity (up to 77%, 4R/4S of 8.2) toward chromenols was achieved 
using HNT under solvent-free conditions (Table 12, entry 38 – 41) with the 
isolated yield of the 4R-isomer of 66%. The proposed reaction mechanism is 
more complex than in the case of aldehydes. Formation of the target chrome-
nols occurs through water in addition to the cyclic intermediate. Interactions 
of this intermediate with isopulegol lead to stereoselective formation of an 
ester with the chromene structure (Fig. 21b), which after hydrolysis also gives 
chromenols.

Condensation of (−)-isopulegol with acetone was investigated over clays, 
including halloysite and montmorillonite functionalized with acid groups by 
treating them with chlorosulfonic acid (CSA) 2-(4-chlorosulfonylphenyl)- 
ethyltrimethoxysilane (CSP) [277]. The best catalyst was a highly acidic (294 
µmol/g), large pore K10-CSA. By varying the temperature and the initial 
concentration of the reagents it was possible to achieve a high selectivity to 

Figure 26. A scheme of monoterpene coupling with phenylacetaldehyde.
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octahydro-2H-chromenol (up to 88%) with the 4R/4S ratio up to 7.6 (Table 12, 
entry 42–46).

A series of hierarchical beta zeolites (HB) obtained via the hydrothermal 
method was investigated in the same Prins reaction under mild (30°C) con-
ditions [278]. The largest (-)-isopulegol conversion (52%) after 4 h was 
reached over HB-4 zeolite consisting of fused beta zeolite nanoparticles with 
a small (15 nm) size which resulted in the formation of the developed 
mesoporous structure (Smeso 230 m2/g, Vmeso 0.81 cm3/g) with a high con-
centration of accessible to the reagents acid sites (202 µmol/g). Utilization of 
the prepared zeolite catalysts allowed to achieve selectivity to octahydro- 
2H-chromenol up to 69% with a high (up to 11.1) stereoisomers ratio 
(Table 12, entry 47–51).

High antiviral activity is also demonstrated by F- and OH-containing 
isopulegol-derived octahydro-2H-chromenes formed in the presence of the 
BF3∙Et2O/H2O catalytic system [284], which illustrates a high potential for 
further developments in this field. Another platform molecules for the synth-
esis of heterocyclic compounds promising for pharmaceutical applications are 
terpenoid p-menta-1,8-diene-5,6-diol (diol, Fig. 22a), which can be synthe-
sized in several steps from α-pinene [230].

A platform molecule for the synthesis of chromene compounds promising 
for pharmaceutical applications is also the terpenoid p-menta-1,8-diene- 
5,6-diol (diol, Fig. 23) which can be synthesized in several steps from α- 
pinene, where the key stage is the epoxide verbenol isomerization [230]. The 
reaction of a diol with aromatic [279] and aliphatic [280] aldehydes leads to 
the formation of substituted hexahydro-2H-chromene-4,8-diols, some of 
which exhibit significant analgesic [279,280] or antiviral [230] activity. 
Initially, the synthesis of these heterocycles was carried out on montmorillo-
nite K-10 clay without a solvent. As can be seen from Table 12 (entry 52–53), 
the yields of the target hexahydro-2H-chromene-4,8-diols and stereoselectivity 

Figure 27. A scheme of (-)-isopulegol reaction with benzaldehyde and acetonitrile.
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Table 13. Some catalysts for cascade reactions of monoterpenoids.

Entry Catalyst Reactants Reaction conditions X (%) S (%) Ref.

1 K-10 trans-4-hydroxymethyl-2-carene 
(HM2C) 
+ benzaldehyde 
(4-methoxybenzaldehyde)

0.6 mmol of substrate, 0.8 
mmol of aldehyde, 0.35 g of 
catalyst, 4 mL of CH2Cl2, 3 h, 
RT

n.d. 14 – 17 IBF 
(isolated 
yield)

[255]

2 HM2C + salicylaldehydes Similar 65 29 – 62  
Xanthene 
(isolated 
yield)

3 HM2C + 3,4,5- trisubstituted 
benzaldehydes

Similar n.d. 49 – 85 PC 
(isolated 
yield)

4 HNT-HCl HM2C + salicylaldehyde 0.35 g (1.85 mmol) of substrate, 
1 eq of aldehyde, 0.37 mol/L 
(in CH2Cl2),1 g of catalyst 
(dried at 105°C), 25°C, 120 
min

50 65 
Xanthene 
15 IBF

[256]

5 K-10 Similar, 10 min 66 
Xanthene 
11 IBF

6 Amberlyst- 
15

Similar, 30 min 7 Xanthene 
13 IBF

7 HNT-HCl HM2C +  
3,4,5-trimethoxybenzaldehyde

Similar, 30 min 74 PC 
11 IBF

8 K-10 Similar, 15 min 78 PC 
6 IBF

9 Amberlyst- 
15

Similar, 10 min 7 PC

10 K-10 HM2C + 3,4,5-trisubstituted 
benzaldehydes

Similar, substrate concentration 
of 0.06 mol/L in CH2Cl2, 
catalyst dried at 105°C 60- 
120 min

99 88 – 97 PC

11 CsPW Limonene+ phenylacetaldehyde 0.45 mmol of substrate, 4.45 
mmol of aldehyde, anisole 
(3 mL total volume), 3 µmol 
of catalyst, 70°C, 1 h

100 60 TP 
35 OBN

[314]

12 Similar, 90°C 45 TP 
32 OBN

13 Similar, 50°C, 5 h 54 TP 
41 OBN

14 α-terpineol+ 
phenylacetaldehyde

Similar, 70°C, 1 h 70 TP 
28 OBN

15 Similar, 2 h 78 TP 
19 OBN

16 α-pinene+ phenylacetaldehyde Similar, 50°C, 1 h 60 TP 
35 OBN

17 β-pinene+ phenylacetaldehyde Similar 47 TP 
38 OBN

(Continued)
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Table 13. (Continued).

18 K10-CSA (-)-isopulegol + benzaldehyde + 
acetonitrile

0.1 g (0.65 mmol) of substrate, 
3.0 mmol of aldehyde, 20 mL 
of dry acetonitrile, 0.1 g of 
catalyst, 30°C, 0 mmol of 
water

50 42 Amides 
4R/4S 
1:4.3 
14 OCh- 
ol 
44 OCh

[315]

19 Similar, 2.2 mmol of water 62 Amides 
4R/4S 
1:2.9 
17 OCh- 
ol 
22 OCh

20 Similar, 17.3 mmol of water 76 Amides 
4R/4S 
2.2:1 
20 OCh- 
ol 
5 OCh

21 CNT-CSA Similar 83 Amides 
4R/4S 
5.1:1 
15 OCh- 
ol 
2 OCh

22 Amberlyst- 
15

47 Amides 
4R/4S 
2.8:1 
35 OCh- 
ol 
17 OCh

23 p-TSA 
(0.53 
mmol)

100 70 Amides 
4R/4S 
2.6:1 
21 OCh- 
ol 
9 OCh

24 Biochar- 
CSA

50 84 Amides 
4R/4S 
5.7:1 
13 OCh- 
ol 
3 OCh

[316]

25 Biochar- 
CSP

67 Amides 
4R/4S 
2.4:1 
24 OCh- 
ol 
8 OCh

26 CNT-CSP 69 Amides 
4R/4S 
3.5:1 
22 OCh- 
ol 
10 OCh

27 HNT-CSP 57 Amides 
4R/4S 
2.5:1 
31 OCh- 
ol 
12 OCh

IBF: isobenzofurans. PC: polycyclic compounds. TP: tetracyclic products. OBN: 3-oxabicyclo[3.3.1]nonene. OCh-ol: 
octahydro-2H-chromen-4-ol. OCh: octahydro-2H-chromenes
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were lower than when using isopulegol as the substrate. When verbenol 
epoxide was used for the reaction with aldehydes, excluding the stage of its 
isomerization, in addition to chromenediols, formation of the products with 
the benzodioxine framework (Fig. 23b) in small quantities was observed [279]. 
Given the pharmaceutical potential for these compounds, additional mechan-
istic studies have been carried out [268].

Thus, the H- and Fe-forms of Beta zeolites, as well as mesoporous silicate 
Ce-MCM-41, were studied as catalysts for the Prins condensation of diol with 
benzaldehyde [268]. A high substrate conversion (up to 99%) was achieved 
after 2h with selectivity to hexahydro-2H-chromene-4,8-diols in the range of 
64–67% (Table 12, entry 54–58). The reaction rate with diol was lower than in 
the case of isopulegol, apparently due to a decrease in the electron density in 
the reacting hydroxyl group by influencing the neighboring one. Selectivity to 
the desired products was decreased by subsequent transformations including 
dehydration and rearrangement into benzodioxin structures 
[268,281,282,285,286].

Condensation of diol with decanal was studied over acid-modified halloy-
site nanotubes and compared with clays and common catalysts [281]. 
Selectivity toward the target hexahydro-2H-chromene-4,8-diol with a high 
analgesic activity was 76–80% not depending practically on the aluminosilicate 
type (Table 12, entry 59–63), while the 4S/4R ratio decreased with increasing 
catalyst acidity. The largest selectivity to 4S-isomer (48.1%) on halloysite is 
a result of weak acidity of this nanocatalyst. Optimization of the key inter-
mediate structure by DFT calculations shows that the nucleophile attack 
proceeds at the equatorial position with the 4S-diastereomer formation, 
which was preferred on HNT. On the contrary, with Brønsted (Amberlyst- 
15) and Lewis (scandium triflate) acids the target product yield did not exceed 
37% because of dehydration [281]. Diol, similar to isopulegol, can also react 
with ketones. Moreover, the product of cyclohexanone interaction with this 
substrate on K-10 catalyst (yield 51%, 4S/4R of 2.0) demonstrated an analgesic 
effect significantly larger than that of sodium diclofenac [285]. The use of 
halloysite nanotubes in this reaction [281] makes it possible to significantly 
increase both the yield (67%) and stereoselectivity (4S/4R of 21.0), which 
makes further research in this area promising.

The verbenol epoxide reaction with aromatic aldehydes, including 
benzaldehyde over H- and Fe-Beta zeolites for the synthesis compounds 
with benzodioxin framework (Fig. 23b) was studied in [282]. Two parallel 
reactions occurred, namely epoxide isomerization giving diol and other 
products, as well as formation of the target product from the reagents. 
With an equivalent amount or a slight excess of aldehyde, isomerization 
products are formed. However, Fe-H-Beta-150 catalyst containing both 
Lewis and Brønsted acidity at a substrate-to-benzaldehyde ratio of 1:133 
provided 46% selectivity with complete conversion of the epoxide. Based 
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on the kinetic analysis for Fe-H-Beta-150 a reaction network was pro-
posed [282]. Some relevant experimental data are presented in Table 12, 
entry 64–69. Synthesis of benzodioxin compounds can be realized from 
isopulegol in two steps (Fig. 23c) [286]. At the first stage, its condensation 
with benzaldehyde on Ce-MCM-41 into octahydro-2H-chromen-4-ol took 
place with a selectivity of 93%. The second step involves rearrangement of 
the resulting product when the desired reaction of tetrahydropyran to 
dioxin moiety was observed in the presence of mesoporous Ce composite 
catalyst, which exhibited both, mild acidic and basic properties with 
selectivity of 36%.

Note that there are examples of the involvement of some terpenoids, in 
particular myrcene, verbenol, trans-sobrerol, terpineol, α- and β-pinene epox-
ides, in reactions with aldehydes, leading to formation of the heterocyclic 
compounds. These studies are performed in the context of organic chemistry 
and are summarized in the review [230]. A recent study also reports the 
synthesis of oxabicyclo[3.2.1]octenes from (-)-terpinen-4-ol using sulfamic 
acid with yields up to 97% [287]. The catalytic synthesis of menthol from 

Figure 28. A scheme of limonene (a) and α-terpinene (b) tandem hydroformylation/acetalization.
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citral and citronellal in the presence of heterogeneous catalysts was recently 
reviewed in [288].

12. Hydroformylation of terpenes

Addition of carbon monoxide and hydrogen to olefins in the hydroformyla-
tion reactions can lead to both linear and branched aldehydes (Figure 24) 
[289–291]. The chemical reaction holds special significance due to the dis-
tinctive properties of aldehydes [292]. It was first discovered by Roelen in 1938 
using cobalt catalyst systems [293]. Typically, terpenes undergo this reaction 
in the presence of transition metal catalysts, such as rhodium or cobalt 
complexes [294,295]. One of the initial catalysts reported for hydroformyla-
tion of terpenes, including α-pinene, dipentene, α-terpinene, and myrcene, is 
the crystalline dicobalt octacarbonyl, which was prepared from CoCO3 [296]. 
Hydroformylation serves to modify terpenes by introducing functional groups 
capable of influencing specific properties or enabling further chemical trans-
formations [297]. Hydroformylation of limonene, a major monoterpene found 
in citrus fruit oils, produces limonenal [298], a key ingredient in flavorings, 
soaps, and fragrances [299]. Modification of C=C bonds in different positions 
within the terpene structure through hydroformylation allows generation of 
various aldehyde products, each possessing distinct chemical functionalities.

Hydroformylation of endocyclic monoterpenes, including 2-carene, 3-car-
ene, α-pinene, terpinolene, γ-terpinene, and α-terpinene, as substrates 
[300,301], has been investigated extensively in the past. Additionally, diter-
penes such as kaurenoic and grandiflorenic acids have also been studied in this 
context [302]. These investigations employed the presence of PPh3 or various 
diphosphines and phosphites under mild reaction conditions (80–100°C, 40– 

Figure 29. A scheme of (-)-isopulegol (1), isoprenol (2), perillyl alcohol (3), carveol (4) and nopol/ 
myrtenol (5) one-pot hydroformylation/O-acylation (modified from [321]).
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80 atm total pressure, with a CO/H2 molar ratio ranging from 2:1 to 1:2). The 
outcome demonstrated high conversion along with chemo- and regio- 
selectivity. For unmodified systems lacking phosphorous ligands, the rhodium 
catalyst could induce the isomerization of monoterpenes, which underwent 
hydroformylation at a relatively slow rate. However, the introduction of PPh3, 
diphosphines, or triphenylphosphite, in a P/Rh ratio of at least 20, enhanced 
this process. A comprehensive review published by Gusevskaya et al. in 2013 
covered hydroformylation of linear aliphatic and cyclic monoolefins as well as 
polyolefins [303], providing valuable insights up to that point.

More recently, hydroformylation of limonene using Rh-based catalytic 
systems, prepared in situ was explored, under relatively mild reaction condi-
tions (40 atm of syngas and 80°C) [304]. Among homogeneous systems, those 
based on complexes of phosphine ligands like dicarbonyl(acetylacetonato) 
rhodium(I) with triphenylphosphine (PPh3), exhibited exceptional activity. 
Specifically, limonene conversion of 96% and a 90% selectivity toward limo-
nenal were achieved after 4 h. Secondary products, terpinolene (6%) and 
menthene (<1%), were obtained through isomerization and hydrogenation 
routes, respectively. These findings suggested that the catalytically active 
species were hydrido-carbonyl complexes containing two phosphorus atoms 
coordinated to the Rh center.

A biphasic system consisting of water and toluene has been utilized for the 
hydroformylation of various acyclic terpenes, namely β-citronellene, linalool, 
and nerolidol, employing a rhodium-based catalyst [305]. The catalyst 

Figure 30. Schematic representation of the one-pot synthesis of amines from the tandem 
hydroformylation/reductive amination reaction.
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precursor used was [Rh(COD)(OMe)]2 (COD = 1,5-cyclooctadiene), and 
a water-soluble tris(3-sulfonatophenyl)phosphine trisodium salt (TPPTS) 
ligand was employed to maintain the catalyst solubility in the aqueous 
phase. For β-citronellene, a substrate with low solubility in water, no conver-
sion was observed under the conditions of 20 atm total pressure, a CO/H2 
molar ratio of 1, 80°C, and 2 h. However, introduction of a small amount of 
cationic surfactants, such as cetyltrimethylammonium chloride (CTAC) at 2.5 
mM (considering only the volume of the aqueous phase), facilitated a slow 
hydroformylation process, resulting in 10% conversion after 2 h. This rate 
could be substantially enhanced by progressively increasing the amount of 
surfactant. With 50 mM of CTAC87% conversion was achieved, with overall 
selectivity 90% toward linear aldehydes and 10% to branched aldehydes. On 
the contrary, the hydroformylation of linalool in toluene solutions primarily 
yielded hemiacetals as the main products. These hemiacetals originated from 
the intramolecular cyclization of initially formed hydroxy aldehydes. Similarly, 
at 80°C, the presence of the surfactant (25 mM) in the biphasic system 
substantially enhanced the substrate conversion (98%), as compared to 10% 
conversion achieved using the free-surfactant system. The selectivity ratio 
between cis and trans hemiacetals was 97:3. Therefore, under identical reaction 
conditions, linalool exhibited significantly higher reactivity than β- 
citronellene. This discrepancy can be attributed to the larger hydrophilicity 
of linalool, allowing the reaction to take place not only at the water/organic 
medium interface but also within the aqueous phase. Additionally, linalool 
solubility was approximately 1000 times than that of β-citronellene.

In the case of nerolidol [305], hydroformylation resulted in the formation of 
a hemiacetal as the main product. This molecule existed in two natural 
isomeric forms: cis (Z-nerolidol) and trans (E-nerolidol), differing in the 
geometry of their central double bonds. Analogous to the linalool reaction, 
the target hemiacetal was formed through the intramolecular cyclization of 
initially produced hydroxy aldehydes, not previously reported in the literature. 
Different reaction conditions yielded selectivity ranging from 90% to 95%, 
with a minor non-functionalized sesquiterpenic acyclic triene identified as the 
remaining product. This minor product originated from dehydration and 
monohydrogenation of the nerolidol molecule [306]. Similar to the findings 
with linalool, the reactions employing CTAC concentrations ranging from 
12.5 mM to 50.0 mM displayed nearly complete conversion within 2 h, 

Figure 31. A scheme of terpenes hydroaminomethylation using β-pinene as an example.
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accompanied by remarkable stereoselectivity of 96–98% for the cis isomers. In 
all three cases, a complete phase separation could be achieved by simply 
stopping the magnetic stirrer after the reaction and allowing the mixture to 
cool to room temperature. Furthermore, this system is deemed a promising 
green approach due to immobilization of the rhodium catalyst in water, an 
environmentally benign solvent. Moreover, facile separation of the catalyst 
from the products dissolved in the organic phase can be accomplished.

Homogeneous Rh, Co, and Pt complexes have been studied as catalysts 
for the hydroformylation of various terpenes [307]. A catalyst screening 
study using camphene as the substrate and toluene as the solvent revealed 
that, in all cases, the primary product was 3,3-dimehtyl-2-norbornaneace-
taldehyde (terminal aldehyde), present as a diastereomeric mixture of exo 
and endo isomers. Additionally, minor quantities of secondary products, 
such as tricyclene and isocamphane resulting from hydrogenation side 
reactions, were observed. A byproduct, fenchene, was formed due to an 
isomerization reaction. Among the tested catalysts, Rh(CO)2(acac)/P(OPh)3 
demonstrated the highest catalytic activity (TOF of 186 h−1) when employ-
ing the following conditions: camphene concentration of 0.64 mol L−1, 
catalyst concentration of 1.23 × 10−3 mol L−1, 7.4 x 10−3 moles of ligand, 
Rh: P molar ratio of 1:6, 100°C, and total pressure of 4.14 MPa. This 
catalyst gave the yield of 94% and selectivity of 99% toward the aldehyde. 
This outcome was attributed to facile dissociation of the phosphite ligand, 
which facilitated the rapid coordination of olefins to the metal center. 
Given its superior activity, the aforementioned catalyst was further evalu-
ated in the hydroformylation of other terpenes, including (R)-limonene, β- 
pinene, γ-terpinene, 3-carene, R-(-)-carvone, α-pinene and myrcene. 

Figure 32. General scheme of the transformations of terpene by using heterogeneous catalysis.
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Similar reaction conditions were employed, except for an initial terpene 
concentration of 0.37 mol L−1. This catalyst exhibited remarkable activity in 
the hydroformylation of limonene and β-pinene, achieving conversions of 
99% and 79%, respectively, along with corresponding aldehyde selectivity of 
99% and 70%. Comparatively lower hydroformylation activities were 
observed for 3-carene and γ-terpinene, resulting in conversion of approxi-
mately 11% and 45.5%, respectively. In the cases of limonene and β-pinene 
hydroformylation, the main product obtained was 3-(4-methylcyclohex- 
3-enyl)butanal. Conversely, the products derived from 3-carene were 2-car-
anecarbaldehyde and 3-caranecarbaldehyde in equal amount.

Hydroformylation of hydroxyolefins, such as myrtenol and nopol, was 
investigated using a rhodium(I)/bulky phosphite catalytic system with toluene 
as the solvent. The experimental setup involved 0.20 M of substrate, 0.25 mM 
(5 μmol) of catalyst, 80 atm of gas phase (CO/H2 = 1:1), and 20 mL of the 
solvent [308]. Both substrates exhibited considerable resistance to hydrofor-
mylation and displayed a notable tendency to form isomeric saturated alde-
hydes under the provided conditions. Despite these challenges, the catalytic 
systems enabled synthesis of the corresponding hydroxyaldehydes. After 48 
h of the reaction, conversions of 90% and 68% were achieved for myrtenol and 
nopol substrates, respectively. Selectivity toward the primary aldehyde was 
54% and 46% with myrtenol and nopol, respectively. The authors [308] 
attributed difficulties in hydroformylating these two olefins to the endocyclic, 
trisubstituted, and sterically hindered. Character of their double bonds. 
Additionally, the presence of the electron-withdrawing hydroxyl group in 
proximity with the olefinic bonds retarded their interactions with the Rh 
catalyst. Moreover, nopol exhibited lower reactivity, likely due to the homo-
allylic hydroxyl group´s ability to form stable chelates with the Rh center. 
These chelates hindered the catalytic process from occurring at reasonable 
rates. As an alternative, diethyl carbonate can be used as an eco-friendly 
solvent for the hydroformylation of these olefins, replacing aromatic solvents 
derived from petrochemical sources.

13. Telescoping/One-pot multistep reactions

Cascade (tandem) reactions including Prins-initiated ones are an effective 
method for the synthesis of functional compounds, the main advantage 
being sequential formation of several chemical bonds in one reaction space, 
which eliminates a need for isolation and purification of intermediate pro-
ducts. Several recent reviews have been devoted to these reactions, being more 
focused on synthetic organic chemistry [230,309–311] rather than catalysis 
[312]. Moreover, very few publications consider solid catalysts for tandem 
terpenoid reactions.
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13.1. Cascade Prins reactions

One of the platform molecules for the heterocyclic compounds preparation is 
trans-4-hydroxymethyl-2-carene (Fig. 25a-d) [246,255,256], which is obtained 
from 3-carene [253,257]. When it reacts with benzaldehyde (or p-metoxy 
derivative) on K-10 clay, isobenzofurans are formed (Fig. 25a, [255]), and in 
the presence of a hydroxyl group at the o-position of the aldehyde, a cascade 
Prins reaction occurs with formation of the xanthene framework (Fig. 25b, 
[255]). If there are three electron-donating substituents in the 3,4,5-position of 
the benzaldehyde ring, a cascade Prins-Friedel-Crafts reaction occurs (Fig. 25c, 
[255,313]), which gives tetracyclic compounds, some of which have cytotoxic 
activity [255]. The trans-4-hydroxymethyl-2-carene condensation with thio-
phene-2-carbaledheide over K-10 leads to the formation of thienobenzofuran 
derivatives (Fig. 25d, [246]). The quantitative results are shown in Table 13, 
entry 1–3.

The reaction of trans-4-hydroxymethyl-2-carene with salicylic as well as 
3,4,5-trisubstituted aldehydes has been studied in the presence of a number of 
clays, including montmorillonite K-10, illite and halloysite [256]. Both the 
reaction rate and selectivity to the target products (Fig. 25b,c) increased with 
an increase in acidity and clays drying temperature, demonstrating that 
relatively strong Brønsted and Lewis acid sites favored formation of these 
desired products. Under optimized reaction conditions, selectivity to tetra-
cyclic products (Fig. 25c) reached 97% on montmorillonite K-10 with acidity 
of 104 μmol/g. It was shown that an electron-donor substituent at 
the m-position of benzaldehyde is critical for the Prins-Friedel-Crafts reaction 
[256]. The calculated thermodynamic

parameters for products are in complete agreement with the values of the 
initial rates of formation of target and by-products of the reaction. Some 
results reported in the literature are shown in Table 13, entry 4-10.

A one-pot tandem process has been developed which involves condensation 
of phenylacetaldehyde (formed by isomerization of styrene oxide) with com-
mon monoterpenes (Fig. 26, [314]), catalyzed by a cesium salt of tungstopho-
sphoric heteropoly acid. In addition to the expected compound with an 
3-oxabicyclo[3.3.1]nonene structure, formation of a Prins-Friedel-Crafts reac-
tion product with a fused tetracyclic structure occurred in the yields of up to 
78% (Table 13, entry 11–17). The reactions were performed under mild 
conditions in green solvents with a heterogenous catalyst (CsPW) stable to 
leaching [314].

It is known that an (-)-isopulegol-derived octahydro-2H-chromene com-
pounds containing the amide fragments are potent inhibitors of the TDP1 
enzyme being promising in the complex anticancer therapy [317]. According 
to [318], synthesis of 4-amidotetrahydropyran compounds based on (-)- 
isopulegol can be carried out via the Prins-Ritter reaction in the presence of 
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2–3 eq of triflic acid at temperature from −50 to −25°C giving a complex 
product mixture.

A number of functionalized by chlorosulfonic acid (CSA) solids including 
carbon nanotubes (CNT) and montmorillonite K10 were studied in the Prins- 
Ritter reaction of (-)-isopulegol with benzaldehyde and acetonitrile (Fig. 27, 
[315]). An unusual strong effect of water addition on the overall selectivity to 
amides and its isomers ratio in the case of heterogeneous and homogeneous 
(p-toluenesulfonic acid) catalysis was found (Table 13, entry 18–24). DFT 
calculations showed that at 30°C formation of 4S-amide thermodynamically is 
more beneficial than that of chromenols and dehydration products. However, 
the addition of water results in a sharp increase in the reaction rate and 
4R-amide selectivity due to a reaction transition to the kinetic control, leading 
eventually to both high yields and stereoselectivity. Thus, selectivity of the 
desired products (up to 83%) at 30°C after water addition exceeded the values 
reported in the literature previously.

A high selectivity to (-)-isopulegol-derived amides with the presence of H2 
O was observed on catalysts modified with CSA reaching 84% (4R/4S of 5.7) in 
the case of biochar, while a relatively large amount of chromenols (up to 31%) 
was formed (Table 13, entry 25-27) on the solids functionalized by 2-(4-chlor-
osulfonylphenyl)ethyltrimethoxysilane (CSP) [316]. While the Prins conden-
sation proceeds on weak acid sites [270–272], the Prins-Ritter reaction 
requires SO3H-materials with strong (0.33–5.8 mmol/g) Brønsted acidity. 
Catalysts functionalized by CSP were stable, while for the solids modified 
with CSA, leaching of -SO3H groups was observed [316].

13.2. Cascade acetalization and hydroformylation reaction

Condensation of alcohols with aldehydes or ketones, namely acetalization/ 
ketalization reactions, has been used as a strategy to protect carbonyl groups in 
synthetic chemistry and also as a way to produce ketals and acetals, important 
substances for pharmaceutical and fine chemical industry [319]. It has been 
reported that an effective catalyst for acetalization of β-citronellal with alipha-
tic alcohols is SO3H-functionalized carbon obtained by pyrolysis of lignocel-
lulosic waste followed by treatment with sulfuric acid. The resulting solids 
were highly acidic (up to 0.5 mmol/g) and provided both substrate conversion 
and acetal selectivity of more than 90%.

A promising method for the terpene compounds utilization is tandem 
hydroformylation/acetalization since it allows access to novel fragrances and 
flavors in one synthetic step (Figure 28) [320,321]. In [320] hydroformylation 
of limonene, α- and γ-terpinenes, and terpinolene in ethanol solutions was 
studied using [Rh(COD)(OMe)]2 complex (COD = 1,5-cyclooctadiene) as 
a catalyst precursor with triphenylphosphine (PPh3) or tris(O-tbutylphenyl) 
phosphite (P(O-o-tBuPh)3), as P-donor auxiliary ligands. Limonene 

98 J. E. SÁNCHEZ-VELANDIA ET AL.



containing an endocyclic double bond gives a desired acetal (Figure 28a) in 
high yields (up to 90%) in both systems.

Hydroformylation of the conjugated diene, α-terpinene, using PPh3 
occurred with formation of the two corresponding aldehydes (Figure 28b, 
up to 78%), as well as acetals as minor products (no more than 51%). The use 
of P(O-o-tBuPh)3 not only accelerated hydroformylation of the studied sub-
strates but also significantly increased selectivity for acetalization products 
which in the case of α-terpinene reached 85%.

Hydroformylation of compounds containing hydroxyl groups is proble-
matic, since the resulting aldehydes react with this moiety to give undesirable 
products [308,321]. To overcome these drawbacks, a protocol was developed 
that included one-pot hydroformylation and O-acylation by Ac2O of 
a number of terpene alcohols in anisole preventing side reactions (Figure 29, 
[321]). Compounds previously described in [320] were used as a precursor to 
the catalyst [Rh(COD)(OMe)]2 and ligands (PPh3, P(O-o-tBuPh)3). In the case 
of myrtenol and nopol, the acylation step also avoids side isomerization and 
formation of chelates with rhodium particles.

Isopulegol and isoprenol under hydroformylation/acylation conditions 
tend to form compounds with the tetrahydropyran ring (up to 55%) due to 
intramolecular cyclization of the intermediate hydroxyaldehydes. To avoid 
cyclization, it is necessary that O-acylation occurs faster than hydroformyla-
tion, which is achieved by adding an additional catalyst, 4-dimethylaminopyr-
idine (DMAP). This made it possible to completely avoid formation of 
tetrahydropyran products with high yields of desired acetoxyaldehydes. 
Overall, selectivity to acetoxyaldehydes (up to 99%) was much higher than 
to the analogous hydroxyaldehydes produced by hydroformylation only [321].

Another challenging transformation includes hydroaminomethylation of 
olefin bonds in terpenes. This transformation is a tandem reaction that 
involves hydroformylation followed by reductive amination (Figure 30) 
[322]. It is a one-pot process, where the same catalyst is responsible for both 
hydroformylation of the C=C double bond, forming an aldehyde, and the 
subsequent amination and hydrogenation of the imine-enamine intermediate 
[323,324], giving finally a secondary or a tertiary amine [325]. 
Hydroformylation is extensively employed in the chemical industry, with an 
annual global production of over 10 million metric tons of the corresponding 
chemicals [326]. It finds applications primarily in the commodity sector but is 
also utilized in fine chemicals and pharmaceuticals [321]. Selectivity control is 
crucial, especially for more complex substrates, and it is commonly achieved 
by adding phosphorus (III) compounds as ligands to the metal complex 
catalysts [303].

As stated previously, tandem hydroaminomethylation of terpenes consists 
of the alkene hydroformylation step followed by reductive amination of the 
resulting aldehydes making it possible to obtain their amino derivatives in one 
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step [327], as illustrated in Fig. 31. The reaction has been studied using 
limonene, camphene and β-pinene, amines (di-n-butylamine, morpholine or 
n-butylamine) in toluene at 100°C and 60 bar an equimolar mixture of CO and 
H2 in the presence of [Rh(cod)(μ-OMe)]2 as a catalyst precursor with triphe-
nylphosphine or tribenzylphosphine as additives. The yield of the correspond-
ing amines was in the range of 75–94% [327].

In [328], hydroaminomethylation of biomass-derived alkenes (estragole, 
limonene, camphene, and β-pinene) has been studied using several amines, 
namely di-n-butylamine, morpholine, 4-methylpiperidine or 1,2,3,4-tetrahy-
droisoquinoline. The results obtained in the presence of p-cymene or anisole 
as solvents are like those for a more toxic toluene. The use of ethanol as 
a solvent made it possible not only to improve sustainability but also to obtain 
high yields of amines (up to 81–99%), especially for estragole and β-pinene 
[328].

Recently, a novel catalytic system based on Rh(I) and Co(0) in glycerol was 
proposed for the production of amines through the tandem hydroamino-
methylation reaction of terpenes (limonene, β-pinene, and camphene) [329]. 
This system, under optimized conditions, is highly selective to the target 
amine and avoids hydrogenation of aldehyde-based substrates and intermedi-
ates, as well as aldol condensation. Mechanistically, the role of Rh is to 
promote the initial hydroformylation reaction and, in combination with Co, 
to promote rapid condensation of the aldehyde and amine, thereby preventing 
the aldol reaction. In turn, the role of Co and glycerol is to enhance the 
reduction of the transition enamine through hydrogenation and hydrogen 
transfer, respectively. It was suggested that only the metal-based molecular 
compounds are catalytically active, and their agglomeration to form nanopar-
ticle systems leads to loss of activity in hydroaminomethylation [329].

14. Conclusions and perspectives

Terpenes and terpenoids are considered an important platform for synthesis 
of molecules of special complexity covering different fields not limited only to 
fragrances, intermediate chemicals, or pharmaceuticals. Because of their reac-
tivity, monoterpenes can be transformed into valuable compounds using the 
reactions mentioned in this review. Furthermore, terpenes and their deriva-
tives are naturally available representing an unlimited resource to replace 
current not sustainable industrial processes for the production of drugs, and 
specialty chemicals, etc. An interest in how terpenes can be transformed and 
how catalysts can be used has grown in recent years resulting in exploitation of 
alternative pathways to produce valuable chemicals (Figure 32). In this review, 
the most recent and relevant transformations of terpenes are discussed cover-
ing heterogeneous catalysis with the main emphasis on green chemistry and 
green chemical engineering.
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Monoterpenes compounds, such as α-pinene, β-pinene, and limonene, have 
been widely recognized as the most investigated substrates for catalytic trans-
formations due to significant abundance in essential oils derived from pine 
trees and citrus fruits. These compounds have been extensively studied for 
isomerization, oxidation, epoxidation, hydrogenation, and hydration, result-
ing in numerous scientific reports. Furthermore, there is a significant body of 
research on the isomerization of their corresponding epoxides, yielding 
important products like campholenic aldehyde, myrtanal, and dihydrocarvone 
from the epoxides of α-pinene, β-pinene, and limonene, respectively. These 
products find wide applications in various industries. In the case of amination, 
the literature highlighted the importance of investigating the transformation 
of myrtenol, a typical product of β-pinene epoxide isomerization, with aniline. 
This transformation leads to the production of imines and amines with 
significant industrial relevance. Another challenge in monoterpenes transfor-
mation is the valorization of CO2 through its reaction with epoxides to 
generate renewable cyclic carbonates. This approach serves as an alternative 
to conventional (bio)polymers, providing a green alternative reducing inter-
mediate purification steps, by minimizing energy consumption, resources 
utilization, and waste production.

This review explored alternative ways to oxidize and epoxidize monoter-
penes, focusing on robust and stable catalytic systems. Allylic oxidation of 
compounds like α-pinene, β-pinene, and limonene can create valuable chemi-
cals like verbenone, verbenol, pinocarveol, pinocamphone, etc. Controlling the 
reactivity of the olefin, oxidizing agent, catalyst structure, and temperature is 
key to achieving desired products. For epoxidation, more sustainable methods 
are still being developed, including catalysts with cheaper metals and milder 
reaction conditions. Developing new epoxide intermediates from terpenes is 
also valuable for further advancements in synthetic and organic chemistry.

Monoterpenes hold promise for sustainable fuel and chemical production. 
By hydrogenation routes, we can create jet fuel blends directly from mono-
terpenes using mild conditions and hydrogenation reactions. However, devel-
oping affordable catalysts with abundant metals is crucial for widespread 
adoption. On the other hand, by hydration pathways, just adding water to 
common monoterpenes like pinene or limonene using well-designed acidic 
materials can generate fragrant compounds and molecules with biological 
applications. The amount and type of acid, along with the water content, 
determine the specific products formed.

Developing one-pot catalytic pathways for monoterpenes such as α-pinene, 
β-pinene, and limonene, involving their epoxidation and subsequent isomer-
ization, also represents a significant challenge. Achieving this goal requires 
establishing suitable reaction conditions, encompassing factors like tempera-
ture, solvent choice, oxidant selection, catalyst(s), the oxidant: substrate molar 
ratio, etc. Crucial consideration in these transformations is the presence of 
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water, often originating from typical oxidants like H2O2 or TBHP, as well as 
from the solvents. Water has a detrimental effect on high yields of the isomers 
of monoterpenes epoxides favoring secondary catalytic pathways such as 
hydration of epoxides and thereby resulting in the production of trans- 
sobrerol and limonene glycol from α-pinene and limonene, respectively. 
Furthermore, the right choices should be made regarding the acid strength 
of acidity, nature of the acid sites, and the solvent type. These parameters are 
highly relevant in the isomerization of these epoxides. Finally, involving 
terpenoids in cascade reactions makes it possible to produce complex com-
pounds in one pot. On novel heterogeneous catalysts, they selectively proceed 
under mild conditions and some of the obtained products have approved 
biological activity.

ABREVIATIONS

Abreviation Description

Amberlyst (15, 16 or 36) Acidic Polymeric Resins
BET Brunauer-Emmett-Teller
COMOC Gallium-based Metal Organic Framework
COD 1,5-Cyclooctadiene
CSA Chlorosulfonic Acid
CSP 2-(4-chlrosulfonylphenyl)-ethyltrimethoxysilane
CTAC cetyltrimethylammonium chloride
DES Deep Eutectic Solvent
DFT Density Functional Theory
ee Enantiomeric excess
E-Factor Environmental factor
EOs Essential oils
FA Formaldehyde
Fe3O4.GO.Im Magnetite imidazole-modified graphene oxide nanosheet
GHVS Gas Hourly Space Velocity
HB Hierarchical Zeolites
HF Fluorhydric Acid
H2BIAN bis(4- HOOC-phenyl)-acenaphthenequinonediimine)
HNT Halloysite nanotubes
HOMO Highest Occupied Molecular Orbital
HOAc Acetic acid
HPA Heteropolyacids
HPW Heteropolytungstate acid
H2O2 Hydrogen Peroxide
IL Ionic liquid
INTRACEN International Trade Center
IPA Isopropanol
KIT-6 Ordered Mesoporous Silica with bicontinuous structure
KL Kraft lignin
K-10 Montmorrillonite K-10
LUMO Lowest Occupied Molecular Orbital
MCM-41 Mobil Composition of Matter No. 41
MIL Materials Institute of Lavoisier
MK Metakaolin
MMF Metal Macrocycle Framework
MMT Indian Montmorillonite Clay
MnPor Manganese based on Porphyrin
MOF Metal Organic Framework
MPTMS Mercaptopropyltrimethoxysilane

(Continued)
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Abreviation Description

MWW Zeolite with structure type MWW-layered zeolite-
NBS N-bromo Succininimide
NBSA.H2O Hydrated N-Bromo Succinimide
NTFPs Non-Timber Forest Products
NT-TiO2 Nanotubes based on Titanium Dioxide.
OA Oxalic Acid
PEG Polyethyleneglycol
PMI Process mass intensity
Purolite CT175 Polystyrenic microporous strong acid cation ion exchange resin in the hydrogen form
Q-10 Amorphous Commercial Silica
SAL2Bz (Z)-3-methyl-1-phenyl-4-(2,2,2-trifluoro-1-(2-hydroxyphenyl)imino)ethyl)-1H-pyrazol 

-5-ol)
SBA-15 Mesoporous Amorphous Silica coming from Santa Barbara University
SEM Scanning Electronic Microscopy
SiO2 Silicon dioxide
ScCO2 Supercritical carbon dioxide
SE Strain energy.
TBHP Tert-butyl hydrogen peroxide
TDPI O-[3-(trimethylammonio)phenyl]-1,3,2-dioxaphosphorinane 2-oxide iodide
TEM Transmission Electronic Microscopy
TEOS Tetraethylortosilicate
TiO2 Titanium Dioxide
TPA Tungstophosphoric Acid
TPR Temperature Programmed Reduction
TPO Temperature Programmed Oxidation
TPPTS tris(3-sulfonatphenyl)phosphine trisodium salt
TsOH p-Toluenesulfonic acid
UHP urea Hydrogen Peroxide
US United States
USY The ultrastable Y zeolite
UV-Vis Ultraviolet and Visible Radiation
VOCs Volatile Organic Compounds
WOx Tungsten oxides
XRD X-ray Diffraction
ZSM-5 Zeolite Socony Mobil-5
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