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The production of essential oils by steam distillation is invariably associated with large amounts of organic

waste which is normally disposed of or returned to the fields, although it may still contain some valuable

components. In particular, Cannabis sativa essential oil produced by steam distillation of the apical part of

industrial hemp plants yields a soaked biomass residue that may contain high-value cannabinoids. From

the perspective of sustainable exploitation of agricultural resources, a method to extract cannabidiol

(CBD) from such waste was demonstrated and scaled-up, using bioethanol as a renewable bio-based

solvent and without requiring chromatographic separation, with an overall yield of 10.1 mg CBD per g

waste. The work paves the way to an integrated complete utilisation of industrial hemp byproducts.

Furthermore, two alternative lipase-mediated chemo-enzymatic derivatisations have been designed and

optimised for the conversion of the recovered CBD into cannabielsoin (CBE), an underexploited cannabi-

noid with attractive bioactivity. The processes are practical and efficient, with 31–47% isolated yields and

green metrics comparing well with the established chemical alternatives.

Introduction

Substances that have long represented a waste, often associ-
ated with a disposal expense, are now becoming valuable
resources. Organic waste and residual materials from bio-
based industries ought to gain increasing importance in the
modern economy, and exploiting the potential of such
resources requires a systemic change for a transition to a sus-
tainable industrial system.1 The need for a more intelligent
use of resources, materials and energy, or for the decoupling
of economic growth from environmental impacts is now con-
sidered to be critical, as highlighted, for instance, in the UN
Sustainable Development Goals (Goal 12: Ensure sustainable
consumption and production patterns).2

Food waste and crop residues have significant potential as
bio-resources since they offer a high level of chemical complexity
that should be exploited as much as possible before sending the
material to the conventional treatment of these residues, such as
animal feeding, composting, anaerobic digestion, incineration or
landfill disposal.3 This more far-sighted waste valorisation
approach requires the development of new techniques and
approaches to recover high-value compounds such as fine chemi-
cals, materials or fuels, before the residue is conventionally pro-
cessed. In order to meet the increasing societal and environ-
mental pressure, it is essential to boost the implementation of
such strategies, moving towards a fully circular and sustainable
economy,4 which will decrease our dependence on natural
resources, reduce pollution and prevent unnecessary waste.

As an example, hemp (Cannabis sativa) is one of the most
ancient and versatile crops, cultivated in many temperate
climate areas and appreciated for its strength, durability and
resistance to rot. It has been employed for millennia, with
documented evidence dating back to 10 000 BC, primarily as a
source of fibre to produce coarse fabrics, paper and rope, but
also for food applications, religious and spiritual practices,
and oriental medicine. The plant seeds have been used for
producing seed oil (rich in polyunsaturated fatty acids)5 or

†Electronic supplementary information (ESI) available: Supplementary figures
and tables, details of sEF calculations, and NMR and GC-MS characterisation of
compounds. See DOI: https://doi.org/10.1039/d4gc00415a
‡Equal contribution.

Department of Chemistry, Materials and Chemical Engineering “G. Natta”,

Politecnico di Milano, P.za Leonardo da Vinci, 20133 Milano, Italy.

E-mail: fabio.parmeggiani@polimi.it

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 5211–5220 | 5211

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 1

1:
18

:4
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/greenchem
http://orcid.org/0000-0002-6950-7446
http://orcid.org/0000-0002-3106-0247
http://orcid.org/0009-0009-6141-6687
http://orcid.org/0000-0002-1315-7248
http://orcid.org/0000-0001-5861-9269
https://doi.org/10.1039/d4gc00415a
https://doi.org/10.1039/d4gc00415a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4gc00415a&domain=pdf&date_stamp=2024-05-02
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc00415a
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC026009


flour for both human and animal consumption due to their
nutritional properties, while the essential oil finds use in aro-
matherapy and cosmetics, as discussed below.

Currently, interest in hemp is growing because it is seen as
a low-cost, sustainable and versatile material suitable as a re-
placement for fossil-based materials and acoustic and thermal
insulators. Its cultivation has proven environmental benefits
and, due to its high harvest yield and sustainability, it is an
attractive biomass for chemical and energetic valorisation.6

Nowadays, hemp is cultivated in at least 40 countries and global
leaders in hemp production are in particular Canada, China,
France and Chile, with a total productivity of around 200 × 103

tons per year and an estimated market value of over $6 billion
in 2022.7 The global hemp industry has the potential to expand
significantly since the consumer demand for eco-friendly and
organic products rises. Notably, in the food sector, in the last
few decades the hemp-based food market share has grown stea-
dily ($3.9 billion in 2020, expected to double before 2027).8

Among the many applications of industrial hemp, the pro-
duction of essential oil is quite relevant, due to its uses in aro-
matherapy, biopesticides, antimicrobials, food additives, cos-
metics and even for claimed therapeutic properties.9 C. sativa
essential oil is predominantly obtained by steam distillation of
fresh aerial parts of the plant.10 The extraction is carried out
by injection of steam, which crosses plant matter from the
bottom up and carries the volatile materials into a condenser.
After phase separation in a decanter, the essential oil is col-
lected from the surface while the condensed water (saturated
with essential oil) is also a product of commercial value for
the cosmetic industry, known as hydrolate (Fig. 1).

The essential oil extraction yield is intrinsically low
(0.1–0.4% w/w of the starting material) and, currently, a large
amount of soaked biomass depleted of volatiles represents a
waste from an environmental perspective: typically, this
residue is either partly digested to recover energy or returned
to the field (Fig. 1a). Several factors limit its use for biodiges-
tion and composting: a low nitrogen content prevents rapid
decomposition11 and its antimicrobial properties are detri-
mental to many classes of microorganisms. From a circular
bioeconomy perspective,12 the best option would be to further
exploit the material to extract high-value compounds, for a
profitable valorisation. Therefore, the aim of this project was
to study the possibility of processing this soaked distillation
residue to recover potentially useful components and also to
explore chemo-enzymatic conversion of the latter into high-
value derivatives (Fig. 1b).

Results and discussion
Recovery of CBD from the hemp essential oil distillation
residue

The steam distillation process selectively extracts only the vola-
tile components which are easily removed by steam at atmos-
pheric or near-atmospheric pressure. Indeed, the main con-
stituents of C. sativa essential oil are monoterpenes
(α-terpinolene, α- and β-pinene, β-myrcene) and sesquiterpenes
(α-caryophyllene, α-bergamotene and caryophyllene oxide),13

which are responsible for the characteristic aroma of the
plant.

Among different hemp varieties, C. sativa Futura 75
achieved the highest content and yield of essential oil.14 The
soaked waste obtained from essential oil distillation of
C. sativa Futura 75 was kindly provided by Sacmar s.r.l.
(Settimo Milanese, Italy), a company manufacturing natural
extracts, flavours and fragrances for food and personal care
applications. Under typical environmental conditions, 1 ha of
cultivated field affords approximately 20–25 tons of fresh
above-ground matter,15 from which around 20–40 kg of essen-
tial oil can be obtained. Therefore, the vast majority of the
plant matter ends up in the form of the soaked lignocellulosic
residue for disposal, containing approximately 50% cellulose,
15% hemicelluloses, 20% pectic substances and 5% lignin.6d

However, among the most precious components of the
plant residues are cannabinoids, a class of meroterpenoids,
specifically terpenophenolics, mainly synthesized in epidermal
trichomes, which are more abundant in female inflorescences.
The main biosynthetic pathways leading to the most abundant
phytocannabinoids in C. sativa are summarised in Scheme 1.
The key step is the enzyme-mediated alkylation of an alkyl
resorcinol derivative with a monoterpene unit, leading to the
main precursor cannabigerolic acid (CBGA), which is then
cyclised by specific enzymes to a variety of terpenophenolic
acids, followed by decarboxylation to give the corresponding
neutral cannabinoids.16,17 These compounds have raised the
interest of medicinal chemists and pharmacologists for many

Fig. 1 Process flow diagram for C. sativa essential oil production, high-
lighting the residue considered in this work (soaked waste), the current
practices for its processing (a) and the valorisation methods proposed
herein (b).
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years, due to their ability to interact with multiple receptors,
triggering a range of effects on pain perception, sleep, memory
and other biological mechanisms.18

In general, the plant shows the highest content of cannabi-
noids when harvested at full maturity. The precise ratios and
amounts of the different cannabinoids in the plant depend on
a number of factors, including cultivar, growth conditions,
climate and harvest time, as well as its physical state (fresh or
dried). Furthermore, the spontaneous non-enzymatic de-
carboxylation of terpenophenolic acids into neutral cannabi-
noids can be accelerated by light exposure, heating, or ageing.
This is extremely relevant for the distinction between legal var-
ieties (i.e., industrial hemp) and restricted varieties (i.e., mari-
juana) of C. sativa. According to current regulations, legal hemp
plants are characterised by <0.2–0.3% w/w Δ9-tetrahydro-
cannabinol (THC), which is the major psychotropic canna-
binoid in the plant, responsible for its narcotic and rec-
reational properties. Futura 75 belongs to this class, due to the
lack of a functional gene encoding for THCA synthase (dashed
arrows in Scheme 1).19 The cannabinoid profile of this variety
is dominated by CBD (>95%), along with minor amounts of
CBG.

Due to their relatively high molar mass, poor volatility and
very low solubility in water, only minute amounts of cannabi-
noids are removed by steam distillation (<1% in the Futura 75
essential oil obtained from the samples used in this study)
and the vast majority remains in the soaked waste at the end
of the process. Therefore, the first goal of this project was to
examine the residual cannabinoids content of the waste and to
verify the feasibility of their extraction and concentration.20

Maceration tests were performed using a range of different
solvents used in the literature for cannabinoid extractions
(methanol, ethanol, chloroform, methanol/chloroform 1 : 1,
and n-heptane). For comparison, a weighed amount of

biomass (2 g) in 50 mL of solvent was subjected to magnetic
and/or mechanical stirring at room temperature for 2 hours.
The solution was then filtered, and the residue was extracted
for the second time with the same procedure. The filtrates of
the two extractions were then combined, evaporated under
reduced pressure and dried. The yields of the extracts obtained
from the soaked waste (either wet or dried at 60 °C) are
reported in Table 1, expressed as mg extract per g sample.
Tests were repeated in duplicate to verify consistency and only
minor variations were observed. In order to establish a refer-
ence value, also the fresh aerial parts of the same crop were
extracted with the same procedure. In terms of the total
amount of material extracted, the differences observed were
not particularly remarkable, except for the case of n-heptane,
which was the least efficient, likely due to its low polarity. The
latter was also tested with a Soxhlet apparatus, affording even
slightly lower yields. From this dataset, the best solvent
appeared to be ethanol, not only because of the highest recov-
ered mass in all cases (although the differences were not stat-
istically significant), but also in terms of sustainability, safety
and environmental impact.

Pleasingly, GC-MS analysis of the extracts obtained by
maceration of the waste showed that, of the various possible
neutral cannabinoids, only cannabidiol (CBD) was present in

Scheme 1 General biosynthetic pathways of the major cannabinoids present in C. sativa varieties.

Table 1 Yield of the crude extract obtained by solvent extraction

Sample

Yield [mg extract per g sample]

MeOH EtOH CHCl3
MeOH/
CHCl3 n-C7

n-C7
Soxhlet

Wet waste 18 22 15 16 12 11
Dried waste 22 33 31 29 23 15
Dried aerial parts 42 51 45 50 44 25
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significant amounts, constituting the predominant peak in all
the samples. A representative GC-MS trace is shown in Fig. 2.
It can be inferred that all carboxylated cannabinoid precursors
were converted into the corresponding decarboxylated neutral
cannabinoids during the steam distillation process. Typically,
CBD accounted for >95% of the total volatile components
observed by GC-MS. However, this was invariably associated
with a consistent amount of polar non-volatile materials (e.g.,
chlorophylls, flavonoids and pigments) not detected by
GC-MS. Therefore, to establish the correct CBD contents of the
extraction samples, the compound was purified by column
chromatography, which removed completely all the associated
impurities. Table 2 shows the yield of pure CBD obtained,
expressed as mg CBD per g sample.

The data confirms that the highest CBD extraction yield is
achieved using ethanol, which also offers the additional advan-
tages of greenness and low toxicity. With the aim of minimis-
ing the environmental footprint of this process even further,
the use of commercial hardware store bioethanol was also con-
sidered (1H NMR analysis of the solvent is provided in the ESI,
Fig. S1†). This inexpensive and fully renewable option gave
identical results to those obtained with laboratory grade
ethanol. Furthermore, the results are in line with the reported
CBD content of C. sativa Futura 75, quoted by producers in the
range 1.5–3.0% w/w.21

As an alternative to column chromatography, which
requires relatively large amounts of solvents, the purification
of CBD by Kugelrohr distillation was considered: a larger
extraction batch using 10 g of dried waste and 2 × 100 mL of
bioethanol afforded 0.97 g of crude extract, which, when sub-
jected to vacuum distillation in a Kugelrohr apparatus
(120–140 °C, 0.1 mbar), yielded pure CBD. The overall yield

was 10.1 mg CBD per g waste, slightly lower than that
obtained by chromatography, but the minimal solvent con-
sumption and better scalability make this option consider-
ably more appealing for CBD recovery on an industrial scale.
Complete NMR and GC-MS characterisation data of the iso-
lated CBD confirmed the identity of the compound and
proved the high purity of the sample. A comparison of the
1H NMR analysis of samples of CBD recovered from waste by
chromatography and by vacuum distillation is provided in
the ESI (Fig. S2†).

Currently, CBD is a very valuable commercial product
with an estimated global market of $6.4 billion in 2022.22 It
is a bioactive molecule of wondrous diversity with claimed
antioxidant, neuroprotective, immunomodulatory, anti-
inflammatory, antipsychotic and anticonvulsant activity.23 It
is non-psychoactive and essentially non-toxic; it has been
administered to humans since the 1980s,24 and in 2018 it
was approved by the FDA under the trade name Epidiolex®

for the treatment of two forms of epilepsy in children: Dravet
syndrome and Lennox-Gastaut syndrome. Lately, CBD has
even been proposed as a potential preventative agent for
COVID-19.25 Furthermore, it is also added in small amounts
to cosmetics, food products, beverages and over-the-counter
supplements. A recent perspective extensively covered the
scientific evidence related to CBD uses in medicinal chem-
istry.26 Thus, the possibility to recover CBD easily and effec-
tively from the hemp essential oil distillation residue seems
to be a viable strategy to extract additional value from the
waste before its disposal, in line with the mandates of circu-
lar economy.

Chemo-enzymatic conversion of CBD to CBE

Inspired by the rich ethnopharmacology of Cannabis extracts
and the broad diversity of the bioactivity observed for several
natural phytocannabinoids, CBD has been used as a starting
point for many medicinal chemistry studies aimed at boosting
specific activities.26 A number of examples of bioactive chemi-
cally modified CBD derivatives are known in the literature
(Fig. 3), such as the hydrogenated–hydroxylated HU-446,27 the
ring-fluorinated HUF,28 the quinone HU-331,29 the 2-O′-glucur-
onide30 and the monoepoxide CBDO.31

Therefore, the other major target of our project was to
examine the possibility of developing new chemo-enzymatic
strategies to convert the CBD recovered from the hemp distilla-
tion residue into other cannabinoids with relevant bioactivity,

Fig. 2 Representative GC-MS chromatogram of the crude extract of
the dried hemp distillation residue obtained with EtOH. The bottom
spectrum shows the MS data for the most abundant peak (tR =
29.04 min), matching with the MS data of pure CBD from database
standards.

Table 2 Yield of purified CBD obtained from the dried hemp distillation
residue by column chromatography

Solvent Yield [mg CBD per g sample]

MeOH 10.8
EtOH 12.4
CHCl3 10.7
MeOH/CHCl3 11.4
n-C7 9.8
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as added-value products. Our attention first turned to CBD
monoepoxidation, inspired by a recent study reporting the
potent inhibitory activity of CBDO against the Wnt/β-catenin
signalling pathway, implicated in pain sensation in a dose-
dependent manner.31 The compound has been studied as an
effective neuroprotective agent for the management of neuro-
pathic pain, a debilitating form of treatment-resistant chronic
pain caused by damage to the nervous system. In this study,
the authors claimed to have obtained CBDO by treatment with
Oxone® in acetone at ambient temperature overnight, in 95%
yield.

However, in a more recent report,32 an inconsistency of the
published NMR data with the structure of CBDO was uncov-
ered, proving that the molecule actually isolated and respon-
sible for the bioactivity was instead cannabielsoin (CBE,
Fig. 3).33 This is formed spontaneously after epoxidation, by
nucleophilic attack of one of the phenolic oxygens on the less
substituted carbon of the epoxide functionality.34 The authors
also reported a much lower yield (24%) with the same Oxone®

method published in the previous study, and developed a new
and improved synthesis of CBE based on the protection of the
phenolic groups by silylation with BSTFA at 60 °C, oxidation

with mCPBA in an ice bath and deprotection with ring closure
with NaOH in methanol at ambient temperature, with an
overall yield of 72%.32 Analogously, a similar route from CBD
to CBE was published very recently, involving acetylation with
Ac2O, chemical epoxidation with mCPBA at low temperature
and deprotection/cyclisation with K2CO3 in methanol, with an
overall yield of 51%.35

In this context, we envisaged an alternative one-pot single-
step approach for the epoxidation of CBD and conversion to
CBE under milder conditions, by employing a chemo-enzy-
matic procedure (Scheme 2). This involves peroxyacetic acid as
the epoxidising reagent obtained in situ by lipase-catalysed per-
hydrolysis of the solvent EtOAc in the presence of hydrogen
peroxide. This method for the epoxidation of alkenes was first
described by Björkling et al. using octanoic acid to generate
the peroxyacid in a water/toluene biphasic mixture as a
solvent.36 Commercial immobilized lipase B from Candida ant-
arctica, Novozym® 435, was found to have the highest perhy-
drolytic activity among other conventional lipases. The use of a
biphasic water/EtOAc system avoids the need for an additional
carboxylic acid since the peracid is formed directly by perhy-
drolysis of the organic solvent in the presence of low concen-
trations of H2O2.

37

The reaction was firstly screened at a 50 mg scale in a range
of conditions, varying the amount of H2O2 (1.1–4.0 equiv.),
enzyme loading (5–10% w/w), temperature (4–30 °C) and reac-
tion time (1–24 h). Complete conversion of CBD to CBE could
never be achieved under any of the conditions tested (see ESI,
Table S1†), affording a maximum analytical yield of 53%. This
could be ascribed mainly to a relatively slow reaction rate,
coupled with the formation of multiple polar overoxidation
products, likely oligomeric, visible by TLC but not by GC-MS
(see ESI, Fig. S3†), which is in line with previously reported
observations on direct chemical epoxidations of CBD.32

Attempts to increase the rate of epoxidation also led to faster
accumulation of polar by-products, either not affecting or even
decreasing the overall yield of CBE. Although similar yields
could be obtained in a range of conditions, the reaction
appeared most efficient with 1.1 equiv. of peroxide and 5%
w/w biocatalyst, at 30 °C for 4 h.

The epoxidation was scaled-up to 200 mg CBD, and the
product was isolated and purified by column chromatography,
affording pure CBE in 31% overall yield. The NMR characteris-
ation data of the product matches the data provided for CBE,
as reassigned by Monroe et al. recently.32,35

Fig. 3 Examples of chemically modified CBD derivatives with specific
bioactivity reported in the literature.

Scheme 2 One-pot chemo-enzymatic conversion of CBD to CBE.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 5211–5220 | 5215

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 1

1:
18

:4
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc00415a


As an alternative, we speculated that the formation of over-
oxidation products and the related yield loss could be limited
by decreasing the electronic activation of the aromatic ring by
acylation of the phenolic hydroxyl groups, inspired by the
recently published route to CBE involving acetylation, chemi-
cal epoxidation and deprotection.35 Therefore, the recovered
CBD was firstly acetylated with Ac2O, and then subjected to
enzymatic epoxidation to afford CBDO diacetate, followed by
hydrolysis of the acetyl groups, leading to pure CBE
(Scheme 3). Notably, the epoxidation run under the same con-
ditions described above (1.1 equiv. of H2O2 and 5% w/w bioca-
talyst, 30 °C) did not show accumulation of large quantities of
polar side-products by TLC, even for extended reaction times
(up to 24 h). The isolated yield of the epoxidation could thus
be increased to 70%, and the overall yield for the 3-step con-
version of CBD to CBE was 47%, higher than the direct chemo-
enzymatic conversion described above (31%), and very similar
to the 3-step chemical method reported (51%).35

Overall, in spite of their similar or lower isolation yields,
these chemo-enzymatic approaches for the synthesis of CBE
are appealing because of the mild and safe conditions in
which the critical oxidation step is run, the absence of wasteful
side-products (as opposed to mCPBA epoxidations) or toxic
reagents, and the simplicity of operation. A summary of the
methods reported in the literature and a comparison with the
routes presented in this work is provided in Table 3, highlight-
ing the overall yields, the simplified E-factors (sEFs),38 and
other green metrics. From the comparison, it is apparent that
the methods presented in this work compare favourably in
terms of those parameters with established chemical routes,
albeit at the cost of a lower overall yield.

Conclusion

The principles of circular economy are bound to become
increasingly more central in the future societal, economic and
technological development. As a consequence, methods to
recover and recycle chemical components from waste bio-
masses before disposal are highly sought after. One of the
most wasteful processes is the steam distillation of essential
oils, generating high volumes of spent material per kg of oil.

As a specific example, in hemp essential oil production,
such a residue constitutes a particularly valuable source
because of the presence of cannabinoids, not removed by
steam distillation. In this work, the feasibility of the extraction
and isolation of CBD from the hemp distillation residue has
been demonstrated, using a simple and environmentally
friendly maceration with bioethanol followed by vacuum distil-
lation (yield ∼10 g CBD per kg waste). This represents a first
step towards the fully circular utilisation of the waste con-
sidered. As a general perspective, it would be significantly
important to convert also the remaining lignocellulosic
residue into fermentable sugar fractions for bioethanol pro-
duction, solid lignin-derived biofuels, and high-value bioma-
terials like cellulose nanocrystals or functionalised lignin
nanoparticles.39 This would lead to the development of an
integrated model for full exploitation of this residual stream,
with very little or no waste. Ongoing work is focused in this
direction.

Additionally, in this paper, two novel chemo-enzymatic
strategies have been proposed and demonstrated for the con-
version of the recovered CBD to its structural homolog CBE, a
minor cannabinoid with an interesting pharmacological
profile. Both routes exploit chemo-enzymatic epoxidation
mediated by lipase, leading to pure CBE in 31–47% yield,
without the need for low temperatures and hazardous organic
peracids in stoichiometric amounts. Further work is ongoing
to explore alternative chemo-enzymatic approaches to the
valorisation of recovered CBD from the spent hemp distillation
residue.

Experimental section
General methods

The C. sativa Futura 75 spent distillation residue has been
obtained from Sacmar s.r.l. (Settimo Milanese, Italy). All

Scheme 3 Chemo-enzymatic conversion of CBD to CBE via diacetate.

Table 3 Comparison of alternative routes for the conversion of CBD to CBE

Method Ref. Overall yield [%] No. of steps sEFa Low temp. steps Atom economy

Chemical via silylated CBD 32 72 3b ∼10 Yes Low
Chemical via CBD diacetate 35 51 3 ∼7 Yes Medium
Chemo-enzymatic via CBD diacetate This work 47 3 ∼7 No Medium
Chemo-enzymatic one-pot This work 31 1 ∼3 No High

a Simplified E-factor, calculated according to Roschangar et al.,38 including all waste originated from reagents, co-substrates and catalysts, while
not taking into account water, solvents and recyclable materials (see the ESI† for detailed calculations). b 3-Step sequence without purification of
the intermediates.
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chemicals and solvents were purchased from Zentek s.r.l.
(Milano, Italy) or Merck (Merck Life Sciences s.r.l., Milano,
Italy) and used without further purification. All the chromato-
graphic purifications were carried out on a PuriFlash XS-420+
(Interchim) using Purezza-Daily Standard Flash cartridges
(Sepachrom, Italy). TLC analyses were performed on Merck
Kieselgel 60 F254 plates purchased from Merck. Novozym® 435
(Novozymes) was purchased from Strem Chemicals Inc.
(Bischheim, France). 1H and 13C NMR spectra were recorded
on a Bruker Avance 400 MHz spectrometer in CDCl3 solution
at room temperature. GC-MS analyses were performed on an
Agilent 7890A gas-chromatograph with a 5975C mass detector,
using an HP-5MS column (30 m × 0.25 mm × 0.25 μm).
Detected substances were identified using GC-MS by compar-
ing the MS data with the National Institute of Standards and
Technology (NIST) database, the available standards, or litera-
ture data. The following temperature program was employed:
60 °C (1 min)/6 °C min−1/150 °C (1 min)/12 °C min−1/280 °C
(5 min).

Solvent extraction and purification of CBD

Extraction by dynamic maceration was performed in duplicate
on a weighed amount of hemp distillation residue (2 g) with
50 mL of the extraction solvent (MeOH, EtOH, n-heptane,
CHCl3, MeOH/CHCl3 1 : 1 v/v) at room temperature for >2 h,
under magnetic stirring. The solution was filtered and the
residue was extracted again with the same procedure. The fil-
trates of the two extractions were then combined together and
subjected to evaporation under reduced pressure at 40 °C
using a rotary evaporator. Yields are reported as mg extract per
g sample.

Soxhlet extraction was performed on a weighed amount of
hemp distillation residue (10 g) with 250 mL of the extraction
solvent (n-heptane, CHCl3, MeOH/CHCl3 1 : 1 v/v) under reflux
for >2 h. The solution was filtered and the residue was sub-
jected to evaporation under reduced pressure at 40 °C using a
rotary evaporator. Yields are reported as mg extract per g
sample.

The presence of CBD was monitored by TLC using the Fast
Blue salt B stain (0.2% w/v in MeOH/H2O 1 : 1). TLC separ-
ations were performed with an n-hexane/Et2O ratio of 8 : 2; the
plates were left to dry and sprayed with Fast Blue salt B solu-
tion. CBD was identified by its Rf and colour (Rf = 0.73, colour
= orange-red).40 Purification of CBD was carried out either by
column chromatography on silica gel (gradient elution from
pure n-hexane to n-hexane/EtOAc of 96 : 4 over 20 column
volumes) or by vacuum distillation in a Kugelrohr apparatus
(120–140 °C, 0.1 mbar). Yields are reported as mg CBD per g
sample. 1H NMR, 13C NMR and GC-MS data matched those
reported in the literature.41,42

Characterisation data of cannabidiol (CBD)
1H NMR (CDCl3, 400 MHz): δ 6.24 (2H, br s, 3′ + 5′), 6.00 (1H,
br s, 2′-OH), 5.60 (1H, s, 2), 4.77 (1H, br s, 6′-OH), 4.70–4.66
(1H, m, 9-trans), 4.60–4.57 (1H, m, 9-cis), 3.92–3.85 (1H, dm,
J = 10.1 Hz, 1), 2.46 (2H, t, J = 7.6 Hz, 1″), 2.43 (1H, dt, J = 10.6,

3.4 Hz, 6), 2.33–2.20 (1H, m, 4a), 2.16–2.08 (1H, m, 4b),
1.89–1.75 (2H + 3H, m, 5ab + 7), 1.68 (3H, s, 10), 1.58 (2H,
quint, 2″, J = 7.4 Hz), 1.39–1.26 (2H + 2H, m, 3″ + 4″), 0.91 (3H,
t, 5″, J = 6.9 Hz). 13C NMR (101 MHz, CDCl3): δ 155.1 (br d, J =
195.6 Hz), 149.3, 143.1, 140.0, 124.3, 113.9, 111.0, 108.9 (br d,
J = 166.0 Hz), 46.3, 37.3, 35.6, 31.6, 30.8, 30.5, 28.5, 23.8, 22.7,
20.5, 14.1. GC-MS: tR = 29.0 min, m/z (%) = 314 (M+, 7), 246
(13), 231 (100), 193 (9), 174 (9), 121 (7).

One-pot chemo-enzymatic oxidation of CBD to CBE

To a solution of CBD (200 mg, 0.637 mmol) in EtOAc (30 mL,
20 mM), Novozym® 435 (10 mg, 5% w/w) was added, followed
by H2O2 (680 μL, 3.5% w/w aq. solution, 1.1 equiv.). The sus-
pension was magnetically stirred in a water bath set at 30 °C,
until the highest content of CBE was obtained, as checked by
GC-MS (4 h). Enzyme beads were removed by filtration and the
reaction mixture was quenched with aq. Na2SO3 solution
(1 mL) and aq. sat. NaHCO3 solution (1 mL). Water (5 mL) was
added and the mixture was extracted with EtOAc. The organic
phase was dried over anhydrous Na2SO4 and concentrated
under reduced pressure. The combined organic extracts were
washed with brine, dried over Na2SO4, concentrated under
reduced pressure, and purified by flash chromatography (SiO2,
pet. ether/EtOAc = 9 : 1 to 85 : 15) to afford CBE as a colorless
oil (65 mg, 0.197 mmol, 31% yield, 98% purity by GC-MS). Rf =
0.2 (pet. ether/EtOAc = 85 : 15). 1H NMR, 13C NMR and GC-MS
data matched those reported in the literature.32,35

Chemo-enzymatic conversion of CBD to CBE via diacetate

Step 1: CBD diacetate. To a solution of CBD (300 mg,
0.95 mmol) in CH2Cl2 (3.0 mL, 0.3 M) were added Ac2O
(0.34 mL, 3.6 mmol, 4.0 equiv.), Et3N (0.5 mL, 3.6 mmol, 4.30
equiv.) and DMAP (22 mg, 0.18 mmol, 0.2 equiv.), and the
reaction mixture was stirred at room temperature under an
inert atmosphere for 16 h before it was quenched with sat. aq.
NaHCO3. The layers were separated, and the aqueous phase
was extracted with CH2Cl2. The combined organic extracts
were washed with brine, dried over Na2SO4, concentrated
under reduced pressure, and purified by flash chromatography
(SiO2, pet. ether/EtOAc = 95 : 5) to give CBD diacetate as a
colorless oil (290 mg, 0.73 mmol, 77% yield). Rf = 0.4 (pet.
ether/EtOAc = 95 : 5). 1H NMR, 13C NMR and GC-MS data
matched those reported in the literature.35

Step 2: CBDO diacetate. To a solution of CBD diacetate
(240 mg, 0.6 mmol) in EtOAc (30 mL, 20 mM), Novozym® 435
(12 mg, 5% w/w) was added, followed by a solution of (80 μL,
30% w/w aq. solution, 1.1 equiv.). The suspension was magne-
tically stirred in a water bath set at 30 °C for 24 h, until full
conversion of CBD diacetate, as confirmed by GC-MS analysis.
Enzyme beads were removed by filtration and the reaction
mixture was quenched with aq. Na2SO3 solution (1 mL) and
aq. sat. NaHCO3 solution (1 mL). Water (10 mL) was added,
the layers were separated, and the aqueous phase was extracted
with EtOAc. The combined organic extracts were washed with
brine, dried over Na2SO4, concentrated under reduced
pressure, and purified by flash chromatography (SiO2, pet.
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ether/EtOAc = 95 : 5 to 9 : 1) to give CBDO diacetate as a color-
less oil (174 mg, 0.42 mmol, 70% yield). Rf = 0.2 (pet. ether/
EtOAc = 95 : 5). 1H NMR, 13C NMR and GC-MS data matched
those reported in the literature.35

Step 3: CBE. To a solution of CBDO diacetate (140 mg,
0.34 mmol) in MeOH (3.4 mL, 0.1 M) at room temperature,
K2CO3 was added as a solid (234 mg, 1.70 mmol, 5.0 equiv.).
The reaction mixture was stirred at room temperature for 4 h,
until full conversion of CBDO diacetate was confirmed by
GC-MS. The reaction was quenched by the addition of aq. sat.
NH4Cl solution, the layers were separated, and the aqueous
phase was extracted with EtOAc. The combined organic
extracts were washed with brine, dried over Na2SO4, concen-
trated under reduced pressure, and purified by flash chromato-
graphy (SiO2, pet. ether/EtOAc = 8 : 2 to 7 : 3) to give CBE as a
colorless oil (101 mg, 0.30 mmol, 88% yield). Rf = 0.2 (pet.
ether/EtOAc = 85 : 15). 1H NMR, 13C NMR and GC-MS data
matched those reported in the literature.32,35

Characterisation data of cannabielsoin (CBE)
1H NMR (400 MHz, CDCl3): δ 6.30 (s, 1H), 6.27 (s, 1H), 5.35 (s,
1H), 5.07 (s, 1H), 5.04 (s, 1H), 4.11 (d, J = 5.9 Hz, 1H), 3.33 (dd,
J = 11.1, 5.9 Hz, 1H), 2.49 (t, J = 7.9 Hz, 2H), 1.92–1.85 (m, 1H),
1.83 (s, 3H), 1.77–1.68 (m, 3H), 1.62–1.46 (m, 6H), 1.36–1.25
(m, 4H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ
160.1, 153.4, 152.1, 145.0, 116.9, 111.5, 109.8, 103.3, 89.4, 69.3,
48.5, 42.1, 36.2, 34.8, 31.7, 31.0, 28.4, 25.9, 22.7, 22.7, 14.1.
GC-MS: tR = 29.5 min, m/z (%) = 330 (M+, 48), 247 (73), 205
(100), 147 (37), 135 (14).
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