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Aromatic essential oils play a significant role in pharmaceuticals, food additives, cosmetics, and perfumery.
Essential oils mostly comprise aliphatic hydrocarbons, monoterpenoids, sesquiterpenoids and diterpenes. Plant
extracts comprise a complex mixture of terpenes, terpenoids, aliphatic and phenol-derived aromatic components.
Terpenes are a significant class of hydrocarbons with numerous health benefits. Monoterpenes are the most
important constituents of essential oils. a-phellandrene (a-PHE) is a cyclic monoterpene with two double bonds in a

heterocyclic ring (endocyclic).

o-phellandrene essential oils terpenes

| 1. Introduction

Plant-based medicines are playing a vivid role in health care. Plant-derived essential oils are one of the prominent
sources of bioactive molecules, including volatile lipophilic compounds with strong aromas. Essential oils are
composed of hydrocarbons and their derivatives, such as alcohols, acids, esters, aldehydes, ketones, amines,
nitrogen and sulfur compounds, oxygenated terpenes, terpenoid hydrocarbons and sesquiterpenes L2, Essential
oils are isolated from plants through various distillation processes, such as hydro and steam distillation, effleurage,
maceration, supercritical, microwave-assisted, and solvent extractions . Other chromatographic techniques, such
as column, thin layer, high-pressure liquid chromatography, mass spectrometry (MS), nuclear magnetic resonance
(NMR) spectroscopy, gas chromatography/mass spectrometry (GC/MS), liquid chromatography/mass
spectrometry, and Fourier-transform infrared spectrophotometry were also used in the characterization and

identification of compounds in the essential oils .

Monoterpenes are the most important constituents of essential oils. a-phellandrene (o-PHE) is a cyclic
monoterpene with two double bonds in a heterocyclic ring (endocyclic) Bl It was named after Eucalyptus
phellandra (E. phellandra), the plant from where a-PHE was first isolated. a-PHE is a natural plant-derived
compound with various medicinal properties, found useful in the pharmaceutical, food, cosmetic and perfume
industries 4B, Phellandrene (PHE) compounds are prevalently used in fragrances €. PHE is found in plants, such
as Angelica and Eucalyptus, and due to its pleasant scent, it has been used in fragrances . E. microtheca, E.
viminalis, and E. dives primarily emit a-PHE into the atmosphere, and the a-PHE produces particle nucleation due
to monoterpene oxidation, observed over Eucalypt forests [Bl8 |n the indoor environment, a-PHE is used in

cleansing products, detergents, and room fresheners 19, o-PHE interacts with the local environment when it is
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emitted. a-PHE is an important component for ozonolysis and produces a significant, blue-colored haze due to

nocturnal nucleation over the Eucalypt forests [11],

| 2. Properties of Phellandrene

Phellandrenes comprise alpha-phellandrene (o-PHE) and beta-phellandrene (B-PHE), prominently found in
eucalyptus plant species. PHEs are also present in other plants, such as mint, black pepper, parsley, cinnamon,
lavender, pine, ginger grass, water fennel, and dill 22, PHEs are herbaceous with different aromas, which have
been known for their anti-fungal 3], anti-inflammatory, anti-hyperalgesic, anti-depressant 24! analgesic 22 and
anti-cancer activity 2617 plant-derived secondary metabolites comprise different active components, most
prevalently, terpenes, alkaloids, and phenolic compounds 8. The compounds are extracted from the medicinal
plants via various methods, which yield a complex liquid mixture of chemicals, including terpenes, terpenoids,
aliphatic and aromatic compounds and characteristic volatile properties, and are mostly lipophilic 13l The
monoterpene a-PHE is one of the predominant constituents of many plant species. The list of the representative
plant species containing a-PHE is summarized in Table 1, and pictures of the few representative plant species are

displayed in Figure 1.

Curcuma zedoaria (Christm.) Roscoe Xylopia aromatica (Lam.) Mart Solanum erianthum D. Don Thymus kotschyanus Boiss. & Hohen

Anethum graveolens L. Monodora myristica (Gaertn.) Dunal Piper nigrum

Figure 1. The pictures of the few representative plant species reported to have a-phellandrene 22,

Table 1. The list of representative plant species that are reported to have a-Phellandrene.

S. No. Plant Species a-Phellandrene Content (%) ¥ References
1 Curcuma zedoaria (Christm) 14.93 (20]
2 Xylopia aromatica L. 2.2-6.4 [21]
3 Rosmarinus officinalis L. 0.1-0.4 22]
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S. No. Plant Species a-Phellandrene Content (%) ¥ References
4 Eucalyptus dives 17.4 [23]
5 Eucalyptus staigeriana 8.8 [23]

15.7 [24]

7 Schinus terebinthifolius Raddi
34.38 (23]
6 Schinus molle L. 46.52 [25]
8 Solanum erianthum D. Don. 17.5 (26]
9 Thymus kotschyanus Boiss. and Hohen. 10.8 [27]
10 Cupressus atlantica Gaussen 5.5 (28]
11 Anethum graveolens L. 32 (29]
12 Myrica gale L. 8 [30]
13 Ligusticum mutellina L. Crantz 23.4 1]
14 Ligusticum marginatum 50.2 [32]
15 Artemisia feddei 5.78 [33]
16 Bursera morelensis 1 [34]
Monodora myristica (Gaertn.) 34.4 (35]
o Monodora myristica (Gaertn.) Dunal 53 (361
18 Piper nigrum 8.56 [37]

| 3. Chemistry and Synthesis of a-PHE

Tea and lemon tree oils hafePHitfhGRRARERE)dRINSRSSRIM il BRIscSpeslive. PaptSene (1-isopropyl-4-methyl-
1,4-cyclohexadiene) and a-PHE (5-isopropyl-2-methyl-1,3-cyclohexadiene) with the molecular formula C1oH16 are
grouped under the class of monoterpenes. In a-PHE, the cis-1, 3-diene chain is inserted into the 6-membered ring.
Photooxidation of a-PHE revealed that the ring structure of a-PHE opens to produce a cyclohexatriene-type
product 49 | jke y-terpinene, a-PHE can also exhibit three structural conformations due to the internal rotation of
the exocyclic isopropyl group. The three conformers can be identified using experimental IR spectra. The UV-
induced photoreaction results in the reorganization of the 1t-system. At A > 200 nm, new bands are produced in the
spectrum of a-PHE; this shows that the a-PHE seems to be photolabile under UV-C light [49]

In solution, a-PHE exists in folded conformation with the left-handed diene helix 22, The diene helix is left handed
in the axial conformer, and in the equatorial conformer, it is right handed. In a-PHE, (R)-(-)-5-isopropyl-2-methyl-

1,3-cyclohexadiene possesses the quasi-axial-isopropyl group to sustain in solution [42] o-PHE exists as an axial-
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isopropyl conformer in conformational equilibrium, and its stability is due to the presence of the CH/mt hydrogen
bond ©3. The electron transfer catalysis reaction of (R)-a-PHE with 4-methoxystyrene produces mixed

cycloaddition products 4],

Upon photoexcitation, the ground state and excited state dynamics of a-PHE were studied using broadband
femtosecond UV absorption spectroscopy ©2. The ring-opening dynamics of a-PHE were examined using
picosecond time-resolved UV resonance Raman spectroscopy 48l In the matrix isolation experiment, a-PHE
photochemistry and ground state conformational size were intermediate between 1,3-cyclohexadiene (CHD) and 7-
dehydrocholesterol, provitamin D3 (DHC) 42,

Synthesis of a-PHE from (R)-carvone through the batch process was reported by Sen and Grosch 44 and, through
the continuous-flow process, by 8l In Sen and Grosch’s model of a-PHE synthesis, R-carvone converted to the
unsaturated ketone with the help of Wilkinson’s catalyst (Rh (PPh3)5;Cl) and toluene. Unsaturated ketone converted
to N-tosyl hydrazone in the presence of tosyl hydrazide resin (TsSNHNH,) and tetrahydrofuran (THF). With the help
of methyllithium (2MeLi) and diethylether (Et,O), N-tosyl hydrazone converted into (S)-a-PHE, and the yield was
48% 471 (Figure 2). In the continuous-flow process model, R-carvone was subjected to reduction with the help of a
metal nanoparticle as a catalyst in the first reactor. Then the condensation was carried out in the second reactor
with TSNHNH,, and acid resin as the catalyst. The steam from the second reactor was linked with the third reactor,
which contains a strong base, n-butyllithium (nBuLi). The organic phase was collected and dried in the presence of
disodium sulphate (Na,SO,) and filtered with alumina, which yielded crude a-PHE. The product was then purified

using flash chromatography and distilled to produce 96% pure a-PHE 48] (Figure 3).

e (s CH, CHs
0O Wilkinson catalyst 0 NNHTs
{Rh (PPhs);Cl} Ts\IHNH 2M eLi
—
Toluene Tetrah\ drofuran Et 0
- G 5 §
HoCZ NCH; HaC” NCHa HaC” Ca HaC” “CHy
(R)- Carvone Unsaturated ketone N-tosyl hydrazone (S) - phellandrene

Figure 2. The batch process model of the synthesis of (S)—phellandrene “4. Chemical structures were drawn
using free online ChemDoodle Web software (https://web.chemdoodle.com/demos/2d-sketcher, accessed on 22
August 2022).
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Figure 3. The illustration describes the process of (S)—phellandrene synthesis using a continuous-flow process
48], Chemical  structures  were  drawn using free online ChemDoodle Web  software

(https://web.chemdoodle.com/demos/2d-sketcher, accessed on 22 August 2022).

| 4. Biotransformation of a-PHE

Generally, fragrance compounds exist as single enantiomers. The diversity in sensory properties of fragrance is
associated with different types of enantiomers. The chemical synthesis or derivatizations of stereo-, enantio- and
regioselective forms can be made by the biotransformation method. The stereo- and enantioselective chiral
compound biotransformations were found useful in pharmaceutical and chemical industries in commercial-scale

applications 491,

o-PHE exists in two enantiomer forms, such as (-)-(R) and (+)-(S), with varied physicochemical and olfactory
properties 2. iscan et al. bio-transformed enantiomerically pure (-)-(R)-a-PHE using 16 microorganisms, including
bacteria, yeasts, and fungi. Organisms, such as Escherichia coli (E. coli), Escherichia coli 0157-
H7, Staphylococcus aureus (S. aureus), Staphylococcus aureus MRSA, Staphylococcus epidermidis (S.
epidermis), Pseudomonas aeruginosa (P. aeruginosa), Enterobacter aerogenes (E. aerogenes), Proteus vulgaris
(P. wvulgaris), Salmonella typhimurium (S. typhimrium), Bacillus cereus (B. cereus), Bacillus subtilis (B.
subtilis), Agrobacterium tumefaciens (A. tumefaciens), Erwinia carotovora subsp. carotovora (E. carotovora subsp.
carotovora), Peudomonas syringae pv. Phaseolicola (P. syringae pv. phaseolicola), and Pseudomonas syringae pv.
tomato (P. syringae pv. tomato) and Serratia marcescens, were used in the biotransformation of (-)-(R)-a-PHE &,
(-)-(R)-a-PHE biotransformation yielded six metabolites namely, 5-p-menthene-1,2-diol, 6-hydroxypiperitone, o-
PHE epoxide, cis-p-menth-2-en-1-ol, p-mentha-1(7), 5-dien-2-ol and carvotanacetone. The resulting metabolites
were screened by chromatographic techniques, and their biological activities were examined against pathogenic
microorganisms. The anti-bacterial activity of a-PHE and the compound 5-p-menthene-1,2-diol were analyzed.
Among these two metabolites, 5-p-menthene-1,2-diol showed significant anti-microbial and anti-candidal (anti-

fungal) activity compared to a-PHE &,

In other studies, a-PHE was bio-transformed into other metabolites using different organisms. Three different
metabolites, 5-p-menthene-1,2-diol, p-mentha-1(7), 5-dien-2-ol and 5-p-menthen-2-one, were synthesized
by Corynespora cassiicola (C. cassiicola) (DSM 62474) (Figure 4) B9, Biotransformation of a-PHE by Alternaria

alternata produces 5-p-menthen-1, 2-diol with anti-microbial activity 211,
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Figure 4. The microbial biotransformation of (-)-(R)-(a)-phellandrene produces different products namely (A) 5-p-
menthene-1,2-diol, (B) 6-hydroxypiperitone, (C) a-PHE epoxide, (D) cis-p-menth-2-en-1-ol, (E) p-mentha-1(7), 5-
dien-2-ol, (F) carvotanacetone, (G) 5-p-menthen-2-one [l Chemical structures were drawn using free online

ChemDoodle Web software (https://web.chemdoodle.com/demos/2d-sketcher, accessed on 22 August 2022).

The chemical transformation of a-PHE by photo-oxidation and electrochemical processes has been reported 52,
(-)-(R)-a-PHE was also bio-transformed by fungal species such as Fusarium heterosporium (F.
heterosporium), Aspergillus alliaceus (A. alliaceus), Yarrowia lipolitica (Y. lipolitica), Alternaria alternata (A.
alternata), Saccharomyces cerevisiae (S. cerevisiae), Kluyveromyces lactis (K. lactis), Neurospora crassa (N.
crassa), Fusarium solani (G. solani), Fusarium culmorum (F. culmorum), Botrytis cinerea (B. cineria), Aspergillus
flavus (A. flavus), Phanerochaete chrysosporium (P. chrysosporium), and Devosia riboflavina (D.

riboflavina) strains 21,

| 5. a-PHE in Atmospheric Emission

Naturally, the monoterpenes play an important function in the atmosphere’s chemistry and influence the
atmosphere’s oxidative capacity, which results in the formation and development of the tropospheric ozone and the
secondary organic aerosol (SOA), which cause changes in climate and health B3IB4. The biogenic emission
sources exceed the emission level of volatile compounds globally into the atmosphere; in this scenario, the
monoterpenes produce a significant proportion of non-methane hydrocarbons B3, a-PHE is the most reactive
monoterpene, known for its tropospheric degradation and aerosol formation €. The ozonolysis changes of a-PHE
and other associated mechanisms were studied. The results showed that when a-PHE reacts with ozone, one of
the double bonds in a-PHE opens and releases SOA with 10 carbons. Then, the second addition of ozone causes

fragmentation and produces SOA with three or seven carbons 28],
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